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New physics at the LHC
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ADD GKK + g/q 0 e, µ 1 − 4 j Yes 36.1 n = 2 1711.033017.7 TeVMD

ADD non-resonant γγ 2 γ − − 36.7 n = 3 HLZ NLO 1707.041478.6 TeVMS

ADD QBH − 2 j − 37.0 n = 6 1703.092178.9 TeVMth

ADD BH high
∑
pT ≥ 1 e, µ ≥ 2 j − 3.2 n = 6, MD = 3 TeV, rot BH 1606.022658.2 TeVMth

ADD BH multijet − ≥ 3 j − 3.6 n = 6, MD = 3 TeV, rot BH 1512.025869.55 TeVMth

RS1 GKK → γγ 2 γ − − 36.7 k/MPl = 0.1 1707.041474.1 TeVGKK mass

Bulk RS GKK →WW /ZZ multi-channel 36.1 k/MPl = 1.0 CERN-EP-2018-1792.3 TeVGKK mass

Bulk RS gKK → tt 1 e, µ ≥ 1 b, ≥ 1J/2j Yes 36.1 Γ/m = 15% 1804.108233.8 TeVgKK mass

2UED / RPP 1 e, µ ≥ 2 b, ≥ 3 j Yes 36.1 Tier (1,1), B(A(1,1) → tt) = 1 1803.096781.8 TeVKK mass

SSM Z ′ → ℓℓ 2 e, µ − − 36.1 1707.024244.5 TeVZ′ mass

SSM Z ′ → ττ 2 τ − − 36.1 1709.072422.42 TeVZ′ mass

Leptophobic Z ′ → bb − 2 b − 36.1 1805.092992.1 TeVZ′ mass

Leptophobic Z ′ → tt 1 e, µ ≥ 1 b, ≥ 1J/2j Yes 36.1 Γ/m = 1% 1804.108233.0 TeVZ′ mass

SSM W ′ → ℓν 1 e, µ − Yes 79.8 ATLAS-CONF-2018-0175.6 TeVW′ mass

SSM W ′ → τν 1 τ − Yes 36.1 1801.069923.7 TeVW′ mass

HVT V ′ →WV → qqqq model B 0 e, µ 2 J − 79.8 gV = 3 ATLAS-CONF-2018-0164.15 TeVV′ mass

HVT V ′ →WH/ZH model B multi-channel 36.1 gV = 3 1712.065182.93 TeVV′ mass

LRSM W ′
R
→ tb multi-channel 36.1 CERN-EP-2018-1423.25 TeVW′ mass

CI qqqq − 2 j − 37.0 η−LL 1703.0921721.8 TeVΛ

CI ℓℓqq 2 e, µ − − 36.1 η−LL 1707.0242440.0 TeVΛ

CI tttt ≥1 e,µ ≥1 b, ≥1 j Yes 36.1 |C4t | = 4π CERN-EP-2018-1742.57 TeVΛ

Axial-vector mediator (Dirac DM) 0 e, µ 1 − 4 j Yes 36.1 gq=0.25, gχ=1.0, m(χ) = 1 GeV 1711.033011.55 TeVmmed

Colored scalar mediator (Dirac DM) 0 e, µ 1 − 4 j Yes 36.1 g=1.0, m(χ) = 1 GeV 1711.033011.67 TeVmmed

VVχχ EFT (Dirac DM) 0 e, µ 1 J, ≤ 1 j Yes 3.2 m(χ) < 150 GeV 1608.02372700 GeVM∗

Scalar LQ 1st gen 2 e ≥ 2 j − 3.2 β = 1 1605.060351.1 TeVLQ mass

Scalar LQ 2nd gen 2 µ ≥ 2 j − 3.2 β = 1 1605.060351.05 TeVLQ mass

Scalar LQ 3rd gen 1 e, µ ≥1 b, ≥3 j Yes 20.3 β = 0 1508.04735640 GeVLQ mass

VLQ TT → Ht/Zt/Wb + X multi-channel 36.1 SU(2) doublet ATLAS-CONF-2018-0321.37 TeVT mass

VLQ BB →Wt/Zb + X multi-channel 36.1 SU(2) doublet ATLAS-CONF-2018-0321.34 TeVB mass

VLQ T5/3T5/3 |T5/3 →Wt + X 2(SS)/≥3 e,µ ≥1 b, ≥1 j Yes 36.1 B(T5/3 →Wt)= 1, c(T5/3Wt)= 1 CERN-EP-2018-1711.64 TeVT5/3 mass

VLQ Y →Wb + X 1 e, µ ≥ 1 b, ≥ 1j Yes 3.2 B(Y →Wb)= 1, c(YWb)= 1/
√
2 ATLAS-CONF-2016-0721.44 TeVY mass

VLQ B → Hb + X 0 e,µ, 2 γ ≥ 1 b, ≥ 1j Yes 79.8 κB= 0.5 ATLAS-CONF-2018-0241.21 TeVB mass

VLQ QQ →WqWq 1 e, µ ≥ 4 j Yes 20.3 1509.04261690 GeVQ mass

Excited quark q∗ → qg − 2 j − 37.0 only u∗ and d∗, Λ = m(q∗) 1703.091276.0 TeVq∗ mass

Excited quark q∗ → qγ 1 γ 1 j − 36.7 only u∗ and d∗, Λ = m(q∗) 1709.104405.3 TeVq∗ mass

Excited quark b∗ → bg − 1 b, 1 j − 36.1 1805.092992.6 TeVb∗ mass

Excited lepton ℓ∗ 3 e, µ − − 20.3 Λ = 3.0 TeV 1411.29213.0 TeVℓ∗ mass

Excited lepton ν∗ 3 e,µ, τ − − 20.3 Λ = 1.6 TeV 1411.29211.6 TeVν∗ mass

Type III Seesaw 1 e, µ ≥ 2 j Yes 79.8 ATLAS-CONF-2018-020560 GeVN0 mass

LRSM Majorana ν 2 e, µ 2 j − 20.3 m(WR ) = 2.4 TeV, no mixing 1506.060202.0 TeVN0 mass

Higgs triplet H±± → ℓℓ 2,3,4 e,µ (SS) − − 36.1 DY production 1710.09748870 GeVH±± mass

Higgs triplet H±± → ℓτ 3 e,µ, τ − − 20.3 DY production, B(H±±
L
→ ℓτ) = 1 1411.2921400 GeVH±± mass

Monotop (non-res prod) 1 e, µ 1 b Yes 20.3 anon−res = 0.2 1410.5404657 GeVspin-1 invisible particle mass

Multi-charged particles − − − 20.3 DY production, |q| = 5e 1504.04188785 GeVmulti-charged particle mass

Magnetic monopoles − − − 7.0 DY production, |g | = 1gD , spin 1/2 1509.080591.34 TeVmonopole mass

Mass scale [TeV]10−1 1 10
√
s = 8 TeV

√
s = 13 TeV

ATLAS Exotics Searches* - 95% CL Upper Exclusion Limits
Status: July 2018

ATLAS Preliminary∫
L dt = (3.2 – 79.8) fb−1

√
s = 8, 13 TeV

*Only a selection of the available mass limits on new states or phenomena is shown.

†Small-radius (large-radius) jets are denoted by the letter j (J). 1 TeV 10 TeV

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CombinedSummaryPlots

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CombinedSummaryPlots/EXOTICS/ATLAS_Exotics_Summary/ATLAS_Exotics_Summary.pdf


There are some glitches …
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but (apart from Higgs boson) ATLAS & CMS has so far 
not found any compelling evidence for new physics
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Figure 2: Upper row: the 12 < mµµ < 70 GeV range in SR1 (left) and SR2 (right) in the 8 TeV
analysis. Lower row: the 12 < mµµ < 70 GeV range in SR1 (left) and SR2 (right) in the 13 TeV
analysis. The results of an unbinned maximum likelihood fit for the signal-plus-background
(solid lines) and background-only (dashed lines) hypotheses are superimposed.

We further perform the combined fit to the two SRs at 8 TeV to reduce the uncertainties in the
extraction of the mass and the width of a hypothetical resonance. The number of the signal and
background events, NS and NB, and the parameters of the background functions, a1 and a2, in
the two SRs are varied independently in the fit, while the common signal mean and width are
used in both SRs. The mean and the width of the signal extracted from the combined fit are
mX = 28.3 ± 0.4 GeV and Gµµ = 1.8 ± 0.8 GeV.

Several cross-checks are performed to evaluate the stability of the observed excess in the 8 TeV
analysis. The analysis is repeated using an alternative jet reconstruction algorithm [69]; us-
ing a double-muon, instead of the single-muon, trigger; with alternative kinematic selections
targeting a reduction of the dominant tt background (increased p

miss
T requirement, the use of

CMS, 1808.01890
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Figure 6: Expected and observed exclusion limits (95% CL, in the asymptotic approximation)
on the product of the production cross section and branching fraction into two photons for
an additional Higgs boson, relative to the expected SM-like value, from the analysis of the 8
and 13 TeV data. The inner and outer bands indicate the regions containing the distribution of
limits located within ±1 and 2s, respectively, of the expectation under the background-only
hypothesis.

p-values are presented. No significant (>3s) excess with respect to the expected number of
background events is observed. The observed upper limit on the product of the production
cross section and branching fraction for the 2012 (2016) data set ranges from 129 (161) fb to
31 (26) fb. The statistical combination of the results from the analyses of the two data sets in
the common mass range between 80 and 110 GeV yields an upper limit on the product of the
cross section and branching fraction, normalized to that for a standard model-like Higgs boson,
ranging from 0.7 to 0.2, with two notable exceptions: one in the region around the Z boson
peak, where the limit rises to 1.1, caused by the presence of Drell–Yan dielectron production
where both electrons are misidentified as isolated photons, and a second due to an observed
excess with respect to the standard model prediction, which is maximal for a mass hypothesis
of 95.3 GeV with a local (global) significance of 2.8 (1.3) standard deviations. More data are
required to ascertain the origin of this excess. This is the first search for new resonances in the
diphoton final state in this mass range based on LHC data at a center-of-mass energy of 13 TeV.
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The year is 50 BC. Gaul is entirely 
occupied by the Romans.  
Well, not entirely …
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LHCb

SM

The year is 2018 AC. All LHC 
phenomena are well described 
by the Standard Model (SM).             
Well, maybe not all …



B anomalies in a nutshell
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Measurements by BaBar, Belle & LHCb show deviations in

What is particularly interesting is that these anomalies challenge 
an assumption, namely lepton flavour universality (LFU), which 
is typically taken for granted in high-energy physics

b → c charged currents, τ vs. μ, e:  
RD, RD*

b → s neutral currents, μ vs. e:  
RK, RK*, P5, …′



A digression on LFU
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Suppose we can test matter only with long wavelength photons:

Apart from different masses, positron & proton look like identical 
particles in this Gedankenexperiment, since low-energy photons 
cannot resolve substructure of proton 
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A digression on LFU
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We use a very similar argument to infer LFU:

µ
<latexit sha1_base64="XGgDl6tSa83Y4YyvCC/Hqt/ts9c=">AAAB6nicbZC7SgNBFIbPeo3xFrXUYjAIVmHXRsugjWWC5gLJEmYnJ8mQmdllZlYISx7BxkIRWx/C57Cz81GcXApN/GHg4z/nMOf8USK4sb7/5a2srq1vbOa28ts7u3v7hYPDuolTzbDGYhHrZkQNCq6wZrkV2Ew0UhkJbETDm0m98YDa8Fjd21GCoaR9xXucUeusu7ZMO4WiX/KnIssQzKFYPvmofgNApVP4bHdjlkpUlglqTCvwExtmVFvOBI7z7dRgQtmQ9rHlUFGJJsymq47JmXO6pBdr95QlU/f3REalMSMZuU5J7cAs1ibmf7VWantXYcZVklpUbPZRLxXExmRyN+lyjcyKkQPKNHe7EjagmjLr0sm7EILFk5ehflEKHFddGtcwUw6O4RTOIYBLKMMtVKAGDPrwCM/w4gnvyXv13matK9585gj+yHv/AWwakBc=</latexit><latexit sha1_base64="3SgE3/+6OwAqiLdMnKhnIPl7rI8=">AAAB6nicbZDLSgMxFIbP1Futt6pLRYJFcFVm3Oiy6MZli/YC7VAyaaYNTTJDkhGGoUuXblwo4taH6HO48xl8CdPLQlt/CHz85xxyzh/EnGnjul9ObmV1bX0jv1nY2t7Z3SvuHzR0lChC6yTikWoFWFPOJK0bZjhtxYpiEXDaDIY3k3rzgSrNInlv0pj6AvclCxnBxlp3HZF0iyW37E6FlsGbQ6lyPK59P56Mq93iZ6cXkURQaQjHWrc9NzZ+hpVhhNNRoZNoGmMyxH3atiixoNrPpquO0Jl1eiiMlH3SoKn7eyLDQutUBLZTYDPQi7WJ+V+tnZjwys+YjBNDJZl9FCYcmQhN7kY9pigxPLWAiWJ2V0QGWGFibDoFG4K3ePIyNC7KnuWaTeMaZsrDEZzCOXhwCRW4hSrUgUAfnuAFXh3uPDtvzvusNefMZw7hj5yPH0pfkX0=</latexit><latexit sha1_base64="3SgE3/+6OwAqiLdMnKhnIPl7rI8=">AAAB6nicbZDLSgMxFIbP1Futt6pLRYJFcFVm3Oiy6MZli/YC7VAyaaYNTTJDkhGGoUuXblwo4taH6HO48xl8CdPLQlt/CHz85xxyzh/EnGnjul9ObmV1bX0jv1nY2t7Z3SvuHzR0lChC6yTikWoFWFPOJK0bZjhtxYpiEXDaDIY3k3rzgSrNInlv0pj6AvclCxnBxlp3HZF0iyW37E6FlsGbQ6lyPK59P56Mq93iZ6cXkURQaQjHWrc9NzZ+hpVhhNNRoZNoGmMyxH3atiixoNrPpquO0Jl1eiiMlH3SoKn7eyLDQutUBLZTYDPQi7WJ+V+tnZjwys+YjBNDJZl9FCYcmQhN7kY9pigxPLWAiWJ2V0QGWGFibDoFG4K3ePIyNC7KnuWaTeMaZsrDEZzCOXhwCRW4hSrUgUAfnuAFXh3uPDtvzvusNefMZw7hj5yPH0pfkX0=</latexit><latexit sha1_base64="7MUEg/yDTcmMrEbJX5pfAPHgCms=">AAAB6nicbZBNTwIxEIZn8QvxC/XopZGYeCK7XvRI9OIRoyAJbEi3zEJD2920XROy4Sd48aAxXv1F3vw3FtiDgm/S5Mk7M+nMG6WCG+v7315pbX1jc6u8XdnZ3ds/qB4etU2SaYYtlohEdyJqUHCFLcutwE6qkcpI4GM0vpnVH59QG56oBztJMZR0qHjMGbXOuu/JrF+t+XV/LrIKQQE1KNTsV796g4RlEpVlghrTDfzUhjnVljOB00ovM5hSNqZD7DpUVKIJ8/mqU3LmnAGJE+2esmTu/p7IqTRmIiPXKakdmeXazPyv1s1sfBXmXKWZRcUWH8WZIDYhs7vJgGtkVkwcUKa525WwEdWUWZdOxYUQLJ+8Cu2LeuD4zq81ros4ynACp3AOAVxCA26hCS1gMIRneIU3T3gv3rv3sWgtecXMMfyR9/kDXCCN0g==</latexit>�, Z, W

<latexit sha1_base64="se2WdIWv7tbtRHnITK8mdE8j7N0=">AAAB83icbZC7SgNBFIbPeo3xFrXUYjAIFiHs2mgZtLFMwFwwu4Szk9lkyMzuMjMrhJDXsLFQxNbe57Cz81GcXApN/GHg4z/ncM78YSq4Nq775aysrq1vbOa28ts7u3v7hYPDhk4yRVmdJiJRrRA1EzxmdcONYK1UMZShYM1wcDOpNx+Y0jyJ78wwZYHEXswjTtFYy/d7KCWWyH2JNDuFolt2pyLL4M2hWDn5qH0DQLVT+PS7Cc0kiw0VqHXbc1MTjFAZTgUb5/1MsxTpAHusbTFGyXQwmt48JmfW6ZIoUfbFhkzd3xMjlFoPZWg7JZq+XqxNzP9q7cxEV8GIx2lmWExni6JMEJOQSQCkyxWjRgwtIFXc3kpoHxVSY2PK2xC8xS8vQ+Oi7Fmu2TSuYaYcHMMpnIMHl1CBW6hCHSik8AjP8OJkzpPz6rzNWlec+cwR/JHz/gN3RpLb</latexit><latexit sha1_base64="uZp2qsrKAKDoS7OF9aAF/EwRIvw=">AAAB83icbZDLSgMxFIbP1Futt6pLRYJFcFHKjBtdFt24bMFesDOUTJq2oUlmSDJCGbr0Fdy4UMSt+z6HO5/BlzC9LLT1h8DHf87hnPxhzJk2rvvlZFZW19Y3spu5re2d3b38/kFdR4kitEYiHqlmiDXlTNKaYYbTZqwoFiGnjXBwM6k3HqjSLJJ3ZhjTQOCeZF1GsLGW7/ewELiI7ouo0c4X3JI7FVoGbw6F8vG4+v14Mq60859+JyKJoNIQjrVueW5sghQrwwino5yfaBpjMsA92rIosaA6SKc3j9CZdTqoGyn7pEFT9/dEioXWQxHaToFNXy/WJuZ/tVZiuldBymScGCrJbFE34chEaBIA6jBFieFDC5goZm9FpI8VJsbGlLMheItfXob6RcmzXLVpXMNMWTiCUzgHDy6hDLdQgRoQiOEJXuDVSZxn5815n7VmnPnMIfyR8/EDVYuUQQ==</latexit><latexit sha1_base64="uZp2qsrKAKDoS7OF9aAF/EwRIvw=">AAAB83icbZDLSgMxFIbP1Futt6pLRYJFcFHKjBtdFt24bMFesDOUTJq2oUlmSDJCGbr0Fdy4UMSt+z6HO5/BlzC9LLT1h8DHf87hnPxhzJk2rvvlZFZW19Y3spu5re2d3b38/kFdR4kitEYiHqlmiDXlTNKaYYbTZqwoFiGnjXBwM6k3HqjSLJJ3ZhjTQOCeZF1GsLGW7/ewELiI7ouo0c4X3JI7FVoGbw6F8vG4+v14Mq60859+JyKJoNIQjrVueW5sghQrwwino5yfaBpjMsA92rIosaA6SKc3j9CZdTqoGyn7pEFT9/dEioXWQxHaToFNXy/WJuZ/tVZiuldBymScGCrJbFE34chEaBIA6jBFieFDC5goZm9FpI8VJsbGlLMheItfXob6RcmzXLVpXMNMWTiCUzgHDy6hDLdQgRoQiOEJXuDVSZxn5815n7VmnPnMIfyR8/EDVYuUQQ==</latexit><latexit sha1_base64="TgWq9E27Zy2mUhGxt6MMRhvrbb8=">AAAB83icbZBNS8NAEIYnftb6VfXoZbEIHkpJvOix6MVjBfuBTSiT7aZdupuE3Y1QQv+GFw+KePXPePPfuG1z0NYXFh7emWFm3zAVXBvX/XbW1jc2t7ZLO+Xdvf2Dw8rRcVsnmaKsRRORqG6Imgkes5bhRrBuqhjKULBOOL6d1TtPTGmexA9mkrJA4jDmEadorOX7Q5QSa+SxRjr9StWtu3ORVfAKqEKhZr/y5Q8SmkkWGypQ657npibIURlOBZuW/UyzFOkYh6xnMUbJdJDPb56Sc+sMSJQo+2JD5u7viRyl1hMZ2k6JZqSXazPzv1ovM9F1kPM4zQyL6WJRlAliEjILgAy4YtSIiQWkittbCR2hQmpsTGUbgrf85VVoX9Y9y/dutXFTxFGCUziDC/DgChpwB01oAYUUnuEV3pzMeXHenY9F65pTzJzAHzmfP2dMkJY=</latexit>

e
<latexit sha1_base64="aAZmgN+W7JftyHlG22uJeN0CS50=">AAAB6HicbZC7SwNBEMbn4ivGV9TSZjEIVuHORhsxaGOZgHlAcoS9zVyyZm/v2N0TwhGwt7FQxNZ/xt7O/8bNo9DEDxZ+fN8MOzNBIrg2rvvt5FZW19Y38puFre2d3b3i/kFDx6liWGexiFUroBoFl1g33AhsJQppFAhsBsObSd58QKV5LO/MKEE/on3JQ86osVYNu8WSW3anIsvgzaF09Vm4fASAarf41enFLI1QGiao1m3PTYyfUWU4EzgudFKNCWVD2se2RUkj1H42HXRMTqzTI2Gs7JOGTN3fHRmNtB5Fga2MqBnoxWxi/pe1UxNe+BmXSWpQstlHYSqIiclka9LjCpkRIwuUKW5nJWxAFWXG3qZgj+AtrrwMjbOyZ7nmlirXMFMejuAYTsGDc6jALVShDgwQnuAFXp1759l5c95npTln3nMIf+R8/AA3do6y</latexit><latexit sha1_base64="SwxuBag00fLwenfIuRrnN8ntgAY=">AAAB6HicbZC7SgNBFIbPeo3rLWppMxgEq7Bro40YtLFMwFwgCWF2cjYZMzu7zMwKYckT2FgoYqsPY28jvo2TS6GJPwx8/P85zDknSATXxvO+naXlldW19dyGu7m1vbOb39uv6ThVDKssFrFqBFSj4BKrhhuBjUQhjQKB9WBwPc7r96g0j+WtGSbYjmhP8pAzaqxVwU6+4BW9icgi+DMoXH64F8n7l1vu5D9b3ZilEUrDBNW66XuJaWdUGc4EjtxWqjGhbEB72LQoaYS6nU0GHZFj63RJGCv7pCET93dHRiOth1FgKyNq+no+G5v/Zc3UhOftjMskNSjZ9KMwFcTEZLw16XKFzIihBcoUt7MS1qeKMmNv49oj+PMrL0LttOhbrniF0hVMlYNDOIIT8OEMSnADZagCA4QHeIJn5855dF6c12npkjPrOYA/ct5+ACkFkCY=</latexit><latexit sha1_base64="SwxuBag00fLwenfIuRrnN8ntgAY=">AAAB6HicbZC7SgNBFIbPeo3rLWppMxgEq7Bro40YtLFMwFwgCWF2cjYZMzu7zMwKYckT2FgoYqsPY28jvo2TS6GJPwx8/P85zDknSATXxvO+naXlldW19dyGu7m1vbOb39uv6ThVDKssFrFqBFSj4BKrhhuBjUQhjQKB9WBwPc7r96g0j+WtGSbYjmhP8pAzaqxVwU6+4BW9icgi+DMoXH64F8n7l1vu5D9b3ZilEUrDBNW66XuJaWdUGc4EjtxWqjGhbEB72LQoaYS6nU0GHZFj63RJGCv7pCET93dHRiOth1FgKyNq+no+G5v/Zc3UhOftjMskNSjZ9KMwFcTEZLw16XKFzIihBcoUt7MS1qeKMmNv49oj+PMrL0LttOhbrniF0hVMlYNDOIIT8OEMSnADZagCA4QHeIJn5855dF6c12npkjPrOYA/ct5+ACkFkCY=</latexit><latexit sha1_base64="vTMpdrSxekJJj+nb7sPyM7cR1FI=">AAAB6HicbZBNT8JAEIan+IX4hXr0spGYeCKtFz0SvXiExAIJNGS7TGFlu212tyak4Rd48aAxXv1J3vw3LtCDgm+yyZN3ZrIzb5gKro3rfjuljc2t7Z3ybmVv/+DwqHp80tZJphj6LBGJ6oZUo+ASfcONwG6qkMahwE44uZvXO0+oNE/kg5mmGMR0JHnEGTXWauGgWnPr7kJkHbwCalCoOah+9YcJy2KUhgmqdc9zUxPkVBnOBM4q/UxjStmEjrBnUdIYdZAvFp2RC+sMSZQo+6QhC/f3RE5jradxaDtjasZ6tTY3/6v1MhPdBDmXaWZQsuVHUSaIScj8ajLkCpkRUwuUKW53JWxMFWXGZlOxIXirJ69D+6ruWW65tcZtEUcZzuAcLsGDa2jAPTTBBwYIz/AKb86j8+K8Ox/L1pJTzJzCHzmfP8gvjOU=</latexit>

�
<latexit sha1_base64="CGLmW/9VL7+GtaoqzI4rvJNzSo8=">AAAB63icbZA9SwNBEIbn4leMX1FLm8UgWIU7G23EoI1lBPMByRH2NnvJkr29Y3dOCEfAX2BjoYitv8Xezn/jXpJCE19YeHjfGXZmgkQKg6777RRWVtfWN4qbpa3tnd298v5B08SpZrzBYhnrdkANl0LxBgqUvJ1oTqNA8lYwusnz1gPXRsTqHscJ9yM6UCIUjGJudZGmvXLFrbpTkWXw5lC5+ixdPgJAvVf+6vZjlkZcIZPUmI7nJuhnVKNgkk9K3dTwhLIRHfCORUUjbvxsOuuEnFinT8JY26eQTN3fHRmNjBlHga2MKA7NYpab/2WdFMMLPxMqSZErNvsoTCXBmOSLk77QnKEcW6BMCzsrYUOqKUN7npI9gre48jI0z6qe5Tu3UruGmYpwBMdwCh6cQw1uoQ4NYDCEJ3iBVydynp03531WWnDmPYfwR87HD48nkBE=</latexit><latexit sha1_base64="OvQQa3gyPqMLZaWmR3mQ8LKp9cw=">AAAB63icbZA9SwNBEIbn/IznV9TSZjEIVuHORhsxaGMZwXxAcoS9zV6yZG/v2J0TQshfsLFQxE78LfY24r9xL0mhiS8sPLzvDDszYSqFQc/7dpaWV1bX1gsb7ubW9s5ucW+/bpJMM15jiUx0M6SGS6F4DQVK3kw1p3EoeSMcXOd5455rIxJ1h8OUBzHtKREJRjG32kizTrHklb2JyCL4MyhdfrgX6duXW+0UP9vdhGUxV8gkNableykGI6pRMMnHbjszPKVsQHu8ZVHRmJtgNJl1TI6t0yVRou1TSCbu744RjY0ZxqGtjCn2zXyWm/9lrQyj82AkVJohV2z6UZRJggnJFyddoTlDObRAmRZ2VsL6VFOG9jyuPYI/v/Ii1E/LvuVbr1S5gqkKcAhHcAI+nEEFbqAKNWDQhwd4gmcndh6dF+d1WrrkzHoO4I+c9x+AtpGF</latexit><latexit sha1_base64="OvQQa3gyPqMLZaWmR3mQ8LKp9cw=">AAAB63icbZA9SwNBEIbn/IznV9TSZjEIVuHORhsxaGMZwXxAcoS9zV6yZG/v2J0TQshfsLFQxE78LfY24r9xL0mhiS8sPLzvDDszYSqFQc/7dpaWV1bX1gsb7ubW9s5ucW+/bpJMM15jiUx0M6SGS6F4DQVK3kw1p3EoeSMcXOd5455rIxJ1h8OUBzHtKREJRjG32kizTrHklb2JyCL4MyhdfrgX6duXW+0UP9vdhGUxV8gkNableykGI6pRMMnHbjszPKVsQHu8ZVHRmJtgNJl1TI6t0yVRou1TSCbu744RjY0ZxqGtjCn2zXyWm/9lrQyj82AkVJohV2z6UZRJggnJFyddoTlDObRAmRZ2VsL6VFOG9jyuPYI/v/Ii1E/LvuVbr1S5gqkKcAhHcAI+nEEFbqAKNWDQhwd4gmcndh6dF+d1WrrkzHoO4I+c9x+AtpGF</latexit><latexit sha1_base64="XAQTWs+bJ5+8uDzeickQPEjDnqA=">AAAB63icbZBNSwMxEIZn61etX1WPXoJF8FR2veix6MVjBfsB7VKyabYNTbJLMiuU0r/gxYMiXv1D3vw3Zts9aOsLgYd3ZsjMG6VSWPT9b6+0sbm1vVPereztHxweVY9P2jbJDOMtlsjEdCNquRSat1Cg5N3UcKoiyTvR5C6vd564sSLRjzhNeajoSItYMIq51UeaDao1v+4vRNYhKKAGhZqD6ld/mLBMcY1MUmt7gZ9iOKMGBZN8XulnlqeUTeiI9xxqqrgNZ4td5+TCOUMSJ8Y9jWTh/p6YUWXtVEWuU1Ec29Vabv5X62UY34QzodMMuWbLj+JMEkxIfjgZCsMZyqkDyoxwuxI2poYydPFUXAjB6snr0L6qB44f/FrjtoijDGdwDpcQwDU04B6a0AIGY3iGV3jzlPfivXsfy9aSV8ycwh95nz8f745E</latexit>

However, SM quantum numbers of three families could be an 
accidental low-energy property. e, μ & τ may behave differently 
at high energies, as signalled by their different masses. Only 
experiment can tell whether LFU is exact symmetry in nature



Summary of LFU tests
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Decay Precision Channels Deviation
Z 0.3% e, μ & τ —
W 0.8% e & μ —
W 3% τ 2.3σ

μ & τ 0.15% e, μ & τ —
π 0.3% e & μ —
K 0.4% e & μ —

J/ψ 0.65% e & μ —
Ds 6% μ & τ —

Before 2012, stringent test of LFU in B decays did not exist 



What is RK *  ?
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( )

RK(�)(q2
0 , q2

1) =

� q2
1

q2
0

dq2 d�(B � K(�)µ+µ�)
dq2

� q2
1

q2
0

dq2 d�(B � K(�)e+e�)
dq2

<latexit sha1_base64="ASMjhFEEek/f2cO0MiD59QGCK/E="></latexit><latexit sha1_base64="5x54vmA9HjSEhwcO0Pqb3yqtplg="></latexit><latexit sha1_base64="5x54vmA9HjSEhwcO0Pqb3yqtplg="></latexit><latexit sha1_base64="vUyEZs8Knmq2/udFRtq0FgXo2eo="></latexit>

q2 = m2
�+��

<latexit sha1_base64="qm86E5WyTpAxXuU1DnQx5tjkppA=">AAACAnicbZDLSgMxFIbP1Futt1FX4iZaBEGUmW50oxTduKxgL9BOh0yaaUMzF5OMUIbixldx40IRty58Bne+jem0C209EPLx/+eQnN+LOZPKsr6N3Nz8wuJSfrmwsrq2vmFubtVklAhCqyTikWh4WFLOQlpVTHHaiAXFgcdp3etfjfz6PRWSReGtGsTUCXA3ZD4jWGnJNXfu2iV0jgI3bVHO20cou46H7ZJrFq0TKys0C/YEiuU9dPkJABXX/Gp1IpIENFSEYymbthUrJ8VCMcLpsNBKJI0x6eMubWoMcUClk2YrDNGBVjrIj4Q+oUKZ+nsixYGUg8DTnQFWPTntjcT/vGai/DMnZWGcKBqS8UN+wpGK0CgP1GGCEsUHGjARTP8VkR4WmCidWkGHYE+vPAu10omt+UancQHjysMu7MMh2HAKZbiGClSBwAM8wQu8Go/Gs/FmvI9bc8ZkZhv+lPHxA/7kl1g=</latexit><latexit sha1_base64="BbRP/efN97A5kOOXRVVBMBATiEg=">AAACAnicbZDLSgMxFIYz9VbrbbQrcRMtgiCWmSLoRim6cVnBXqCdDpk004ZmMmOSEcpQ3PgqblwoIuLGp3Dn25hOu9DWAyEf/38Oyfm9iFGpLOvbyMzNLywuZZdzK6tr6xvm5lZNhrHApIpDFoqGhyRhlJOqooqRRiQICjxG6l7/cuTX74iQNOQ3ahARJ0BdTn2KkdKSa27ftkvwDAZu0iKMtQ9heh0N2yXXLFhFKy04C/YECuVdePFx/J6vuOZXqxPiOCBcYYakbNpWpJwECUUxI8NcK5YkQriPuqSpkaOASCdJVxjCfa10oB8KfbiCqfp7IkGBlIPA050BUj057Y3E/7xmrPxTJ6E8ihXhePyQHzOoQjjKA3aoIFixgQaEBdV/hbiHBMJKp5bTIdjTK89CrVS0NV/rNM7BuLJgB+yBA2CDE1AGV6ACqgCDe/AInsGL8WA8Ga/G27g1Y0xm8uBPGZ8/Q7OYSw==</latexit><latexit sha1_base64="BbRP/efN97A5kOOXRVVBMBATiEg=">AAACAnicbZDLSgMxFIYz9VbrbbQrcRMtgiCWmSLoRim6cVnBXqCdDpk004ZmMmOSEcpQ3PgqblwoIuLGp3Dn25hOu9DWAyEf/38Oyfm9iFGpLOvbyMzNLywuZZdzK6tr6xvm5lZNhrHApIpDFoqGhyRhlJOqooqRRiQICjxG6l7/cuTX74iQNOQ3ahARJ0BdTn2KkdKSa27ftkvwDAZu0iKMtQ9heh0N2yXXLFhFKy04C/YECuVdePFx/J6vuOZXqxPiOCBcYYakbNpWpJwECUUxI8NcK5YkQriPuqSpkaOASCdJVxjCfa10oB8KfbiCqfp7IkGBlIPA050BUj057Y3E/7xmrPxTJ6E8ihXhePyQHzOoQjjKA3aoIFixgQaEBdV/hbiHBMJKp5bTIdjTK89CrVS0NV/rNM7BuLJgB+yBA2CDE1AGV6ACqgCDe/AInsGL8WA8Ga/G27g1Y0xm8uBPGZ8/Q7OYSw==</latexit><latexit sha1_base64="RWQRz/KPYD3v/AuUmW8MMTfh2zY=">AAACAnicbZDLSgMxFIYz9VbrbdSVuAkWQRDLTDe6UQpuXFawF2inQybNtKFJZkwyQhmKG1/FjQtF3PoU7nwb0+kstPVAyMf/n0Ny/iBmVGnH+bYKS8srq2vF9dLG5tb2jr2711RRIjFp4IhFsh0gRRgVpKGpZqQdS4J4wEgrGF1P/dYDkYpG4k6PY+JxNBA0pBhpI/n2wX2vCi8h99MuYax3CrPrbNKr+nbZqThZwUVwcyiDvOq+/dXtRzjhRGjMkFId14m1lyKpKWZkUuomisQIj9CAdAwKxIny0myFCTw2Sh+GkTRHaJipvydSxJUa88B0cqSHat6biv95nUSHF15KRZxoIvDsoTBhUEdwmgfsU0mwZmMDCEtq/grxEEmEtUmtZEJw51dehGa14hq+dcq1qzyOIjgER+AEuOAc1MANqIMGwOARPINX8GY9WS/Wu/Uxay1Y+cw++FPW5w/02ZXV</latexit>

�+
<latexit sha1_base64="cuWhcAR5Fq8P3I4ugg0RLQfd1l4=">AAAB7nicdZDLSgMxFIbP1Futt6pLN8EiCEJJWrDtRgtuXFawF2jHkkkzbWjmQpIRSulDuHGhiFvfwzdw59uYaRVU9IfAx/+fQ845XiyFNhi/O5ml5ZXVtex6bmNza3snv7vX0lGiGG+ySEaq41HNpQh50wgjeSdWnAae5G1vfJHm7VuutIjCazOJuRvQYSh8waixVrvHpbw5Qf18ARcxxoQQlAKpnGILtVq1RKqIpJFV4fy1XK4DQKOff+sNIpYEPDRMUq27BMfGnVJlBJN8luslmseUjemQdy2GNODanc7HnaEj6wyQHyn7QoPm7veOKQ20ngSerQyoGenfWWr+lXUT41fdqQjjxPCQLT7yE4lMhNLd0UAozoycWKBMCTsrYiOqKDP2Qjl7hK9N0f/QKhWJ5StcqJ/BQlk4gEM4BgIVqMMlNKAJDMZwBw/w6MTOvfPkPC9KM85nzz78kPPyAQpekNg=</latexit><latexit sha1_base64="RZvjgU3J1cZXvwMR/C4RZnxRG2M=">AAAB7nicdZDLSgMxFIYzXmu9VV26CRZBEEpSwbYbLbhxWcFeoB1LJj3ThmYuJBmhDH0INy4Ucet7+AbufBszrYKK/hD4+P9zyDnHi6XQhpB3Z2FxaXllNbeWX9/Y3Nou7Oy2dJQoDk0eyUh1PKZBihCaRhgJnVgBCzwJbW98keXtW1BaROG1mcTgBmwYCl9wZqzV7oGUN8e4XyiSEiGEUoozoJVTYqFWq5ZpFdMssiqev57M1OgX3nqDiCcBhIZLpnWXkti4KVNGcAnTfC/REDM+ZkPoWgxZANpNZ+NO8aF1BtiPlH2hwTP3e0fKAq0ngWcrA2ZG+neWmX9l3cT4VTcVYZwYCPn8Iz+R2EQ42x0PhAJu5MQC40rYWTEfMcW4sRfK2yN8bYr/h1a5RC1fkWL9DM2VQ/voAB0hiiqoji5RAzURR2N0hx7QoxM7986T8zwvXXA+e/bQDzkvH8VMkWQ=</latexit><latexit sha1_base64="RZvjgU3J1cZXvwMR/C4RZnxRG2M=">AAAB7nicdZDLSgMxFIYzXmu9VV26CRZBEEpSwbYbLbhxWcFeoB1LJj3ThmYuJBmhDH0INy4Ucet7+AbufBszrYKK/hD4+P9zyDnHi6XQhpB3Z2FxaXllNbeWX9/Y3Nou7Oy2dJQoDk0eyUh1PKZBihCaRhgJnVgBCzwJbW98keXtW1BaROG1mcTgBmwYCl9wZqzV7oGUN8e4XyiSEiGEUoozoJVTYqFWq5ZpFdMssiqev57M1OgX3nqDiCcBhIZLpnWXkti4KVNGcAnTfC/REDM+ZkPoWgxZANpNZ+NO8aF1BtiPlH2hwTP3e0fKAq0ngWcrA2ZG+neWmX9l3cT4VTcVYZwYCPn8Iz+R2EQ42x0PhAJu5MQC40rYWTEfMcW4sRfK2yN8bYr/h1a5RC1fkWL9DM2VQ/voAB0hiiqoji5RAzURR2N0hx7QoxM7986T8zwvXXA+e/bQDzkvH8VMkWQ=</latexit><latexit sha1_base64="j4CzoJRV2jP6jDGMJu18Jo/m3Fk=">AAAB7nicdZDLSgMxFIYzXmu9VV26CRZBEErShW03UnDjsoK9QDuWTHqmDc1khiQjlNKHcONCEbc+jzvfxkxbQUV/CHz8/znknBMkUhhLyIe3srq2vrGZ28pv7+zu7RcODlsmTjWHJo9lrDsBMyCFgqYVVkIn0cCiQEI7GF9lefsetBGxurWTBPyIDZUIBWfWWe0eSHl3jvuFIikRQiilOANauSAOarVqmVYxzSKnIlqq0S+89wYxTyNQlktmTJeSxPpTpq3gEmb5XmogYXzMhtB1qFgExp/Ox53hU+cMcBhr95TFc/d7x5RFxkyiwFVGzI7M7ywz/8q6qQ2r/lSoJLWg+OKjMJXYxjjbHQ+EBm7lxAHjWrhZMR8xzbh1F8q7I3xtiv+HVrlEHd+QYv1yeY4cOkYn6AxRVEF1dI0aqIk4GqMH9ISevcR79F6810XpirfsOUI/5L19AsyTjzA=</latexit>

��
<latexit sha1_base64="PoJ1ysY3YQPzVcYf16Gnl4/I9dg=">AAAB7XicdZDLSgMxFIbPeK31VnXpJlgEN5akBdtutODGZQV7gXYsmTRtYzMXkoxQhr6DGxeKuPVBfAN3vo2ZVkFFfwh8/P855JzjRVJog/G7s7C4tLyymlnLrm9sbm3ndnabOowV4w0WylC1Paq5FAFvGGEkb0eKU9+TvOWNz9O8dcuVFmFwZSYRd306DMRAMGqs1exyKa+Pe7k8LmCMCSEoBVI+wRaq1UqRVBBJI6v82WupVAOAei/31u2HLPZ5YJikWncIjoybUGUEk3ya7caaR5SN6ZB3LAbU59pNZtNO0aF1+mgQKvsCg2bu946E+lpPfM9W+tSM9O8sNf/KOrEZVNxEBFFseMDmHw1iiUyI0tVRXyjOjJxYoEwJOytiI6ooM/ZAWXuEr03R/9AsFojlS5yvncJcGdiHAzgCAmWowQXUoQEMbuAOHuDRCZ1758l5npcuOJ89e/BDzssHtceQsA==</latexit><latexit sha1_base64="Ya9IZhMLwXzCKzHC1+sFQkSHKrs=">AAAB7XicdZDLSgMxFIYz9VbrrerSTbAIbixJBdtutODGZQV7gXYsmTRtYzPJkGSEMvQd3LhQxK0P4hu4823MtAoq+kPg4//PIeecIBLcWITevczC4tLySnY1t7a+sbmV395pGhVryhpUCaXbATFMcMkallvB2pFmJAwEawXj8zRv3TJtuJJXdhIxPyRDyQecEuusZpcJcX3UyxdQESGEMYYp4PIJclCtVkq4AnEaORXOXo9nqvfyb92+onHIpKWCGNPBKLJ+QrTlVLBprhsbFhE6JkPWcShJyIyfzKadwgPn9OFAafekhTP3e0dCQmMmYeAqQ2JH5neWmn9lndgOKn7CZRRbJun8o0EsoFUwXR32uWbUiokDQjV3s0I6IppQ6w6Uc0f42hT+D81SETu+RIXaKZgrC/bAPjgEGJRBDVyAOmgACm7AHXgAj57y7r0n73lemvE+e3bBD3kvH3DEkTw=</latexit><latexit sha1_base64="Ya9IZhMLwXzCKzHC1+sFQkSHKrs=">AAAB7XicdZDLSgMxFIYz9VbrrerSTbAIbixJBdtutODGZQV7gXYsmTRtYzPJkGSEMvQd3LhQxK0P4hu4823MtAoq+kPg4//PIeecIBLcWITevczC4tLySnY1t7a+sbmV395pGhVryhpUCaXbATFMcMkallvB2pFmJAwEawXj8zRv3TJtuJJXdhIxPyRDyQecEuusZpcJcX3UyxdQESGEMYYp4PIJclCtVkq4AnEaORXOXo9nqvfyb92+onHIpKWCGNPBKLJ+QrTlVLBprhsbFhE6JkPWcShJyIyfzKadwgPn9OFAafekhTP3e0dCQmMmYeAqQ2JH5neWmn9lndgOKn7CZRRbJun8o0EsoFUwXR32uWbUiokDQjV3s0I6IppQ6w6Uc0f42hT+D81SETu+RIXaKZgrC/bAPjgEGJRBDVyAOmgACm7AHXgAj57y7r0n73lemvE+e3bBD3kvH3DEkTw=</latexit><latexit sha1_base64="U4kZ4AlvK4fgwOILAJG+ecHvaI8=">AAAB7XicdZDLSgMxFIYz9VbrrerSTbAIbixJF7bdSMGNywr2Au1YMmmmjc0kQ5IRytB3cONCEbe+jzvfxkxbQUV/CHz8/znknBPEghuL0IeXW1ldW9/Ibxa2tnd294r7B22jEk1ZiyqhdDcghgkuWctyK1g31oxEgWCdYHKZ5Z17pg1X8sZOY+ZHZCR5yCmxzmr3mRC3Z4NiCZURQhhjmAGuniMH9XqtgmsQZ5FTCSzVHBTf+0NFk4hJSwUxpodRbP2UaMupYLNCPzEsJnRCRqznUJKIGT+dTzuDJ84ZwlBp96SFc/d7R0oiY6ZR4CojYsfmd5aZf2W9xIY1P+UyTiyTdPFRmAhoFcxWh0OuGbVi6oBQzd2skI6JJtS6AxXcEb42hf9Du1LGjq9RqXGxPEceHIFjcAowqIIGuAJN0AIU3IEH8ASePeU9ei/e66I05y17DsEPeW+feAuPCA==</latexit>

B
<latexit sha1_base64="tBtwA6GtqE5z7+UonUv2ZHC4ANk=">AAAB6HicbZC7SgNBFIbPxluMt6ilzWAQrMKuFlpp0MYyAXOBZAmzk7PJmNnZZWZWCEuewMZCEVtfxTew822cXApN/GHg4//PYc45QSK4Nq777eRWVtfWN/Kbha3tnd294v5BQ8epYlhnsYhVK6AaBZdYN9wIbCUKaRQIbAbD20nefESleSzvzShBP6J9yUPOqLFW7aZbLLlldyqyDN4cStef5+cVAKh2i1+dXszSCKVhgmrd9tzE+BlVhjOB40In1ZhQNqR9bFuUNELtZ9NBx+TEOj0Sxso+acjU/d2R0UjrURTYyoiagV7MJuZ/WTs14aWfcZmkBiWbfRSmgpiYTLYmPa6QGTGyQJnidlbCBlRRZuxtCvYI3uLKy9A4K3uWa26pcgUz5eEIjuEUPLiACtxBFerAAOEJXuDVeXCenTfnfVaac+Y9h/BHzscPz6uOZg==</latexit><latexit sha1_base64="Kqf+1m+XTmqT5PzcR1Ln+cpc/Q8=">AAAB6HicbZC7SgNBFIbPxluMt6ilzWAQrMKuFlpp0MYyAXOBZAmzk7PJmNnZZWZWCCFPYGOhiK2v4hvY+TZONik08YeBj/8/hznnBIng2rjut5NbWV1b38hvFra2d3b3ivsHDR2nimGdxSJWrYBqFFxi3XAjsJUopFEgsBkMb6d58xGV5rG8N6ME/Yj2JQ85o8ZatZtuseSW3UxkGbw5lK4/zzNVu8WvTi9maYTSMEG1bntuYvwxVYYzgZNCJ9WYUDakfWxblDRC7Y+zQSfkxDo9EsbKPmlI5v7uGNNI61EU2MqImoFezKbmf1k7NeGlP+YySQ1KNvsoTAUxMZluTXpcITNiZIEyxe2shA2ooszY2xTsEbzFlZehcVb2LNfcUuUKZsrDERzDKXhwARW4gyrUgQHCE7zAq/PgPDtvzvusNOfMew7hj5yPH4qojvI=</latexit><latexit sha1_base64="Kqf+1m+XTmqT5PzcR1Ln+cpc/Q8=">AAAB6HicbZC7SgNBFIbPxluMt6ilzWAQrMKuFlpp0MYyAXOBZAmzk7PJmNnZZWZWCCFPYGOhiK2v4hvY+TZONik08YeBj/8/hznnBIng2rjut5NbWV1b38hvFra2d3b3ivsHDR2nimGdxSJWrYBqFFxi3XAjsJUopFEgsBkMb6d58xGV5rG8N6ME/Yj2JQ85o8ZatZtuseSW3UxkGbw5lK4/zzNVu8WvTi9maYTSMEG1bntuYvwxVYYzgZNCJ9WYUDakfWxblDRC7Y+zQSfkxDo9EsbKPmlI5v7uGNNI61EU2MqImoFezKbmf1k7NeGlP+YySQ1KNvsoTAUxMZluTXpcITNiZIEyxe2shA2ooszY2xTsEbzFlZehcVb2LNfcUuUKZsrDERzDKXhwARW4gyrUgQHCE7zAq/PgPDtvzvusNOfMew7hj5yPH4qojvI=</latexit><latexit sha1_base64="1oncHLbyZHJilsfY6/wF067SHu4=">AAAB6HicbZA9SwNBEIbn4leMX1FLm8UgWIU7G1NJ0MYyAfMByRH2NnPJmr29Y3dPCEd+gY2FIrb+JDv/jZvkCk18YeHhnRl25g0SwbVx3W+nsLG5tb1T3C3t7R8cHpWPT9o6ThXDFotFrLoB1Si4xJbhRmA3UUijQGAnmNzN650nVJrH8sFME/QjOpI85IwaazVvB+WKW3UXIuvg5VCBXI1B+as/jFkaoTRMUK17npsYP6PKcCZwVuqnGhPKJnSEPYuSRqj9bLHojFxYZ0jCWNknDVm4vycyGmk9jQLbGVEz1qu1uflfrZeasOZnXCapQcmWH4WpICYm86vJkCtkRkwtUKa43ZWwMVWUGZtNyYbgrZ68Du2rqme56VbqN3kcRTiDc7gED66hDvfQgBYwQHiGV3hzHp0X5935WLYWnHzmFP7I+fwBke+Mvg==</latexit>

K�
<latexit sha1_base64="K6RwxlyH48+0xaa4QB0MnQo1fOs=">AAAB7XicbZC7SgNBFIbPxluMt6ilzWIQrMKuFlppwEawiWAukKxhdjKbjJmdWWbOCmHJO9hYKGLrg/gGdr6Nk0uhiT8MfPz/Ocw5J0wEN+h5305uaXlldS2/XtjY3NreKe7u1Y1KNWU1qoTSzZAYJrhkNeQoWDPRjMShYI1wcDXOG49MG67kHQ4TFsSkJ3nEKUFr1W/u28Rgp1jyyt5E7iL4Myhdfp6eVgCg2il+tbuKpjGTSAUxpuV7CQYZ0cipYKNCOzUsIXRAeqxlUZKYmSCbTDtyj6zTdSOl7ZPoTtzfHRmJjRnGoa2MCfbNfDY2/8taKUbnQcZlkiKTdPpRlAoXlTte3e1yzSiKoQVCNbezurRPNKFoD1SwR/DnV16E+knZt3zrlSoXMFUeDuAQjsGHM6jANVShBhQe4Ale4NVRzrPz5rxPS3POrGcf/sj5+AGmU5Cj</latexit><latexit sha1_base64="LcFFPO8p6LhvzHNYsetC+isCQKE=">AAAB7XicbZC7SgNBFIbPxluMt6ilzWAQrMKuFlppwEawiWAukKxhdjJJxszOLjNnhbDkHWwsFLH1QXwDO9/GySaFJv4w8PH/5zDnnCCWwqDrfju5peWV1bX8emFjc2t7p7i7VzdRohmvsUhGuhlQw6VQvIYCJW/GmtMwkLwRDK8meeORayMidYejmPsh7SvRE4yiteo3921qsFMsuWU3E1kEbwaly8/TTNVO8avdjVgScoVMUmNanhujn1KNgkk+LrQTw2PKhrTPWxYVDbnx02zaMTmyTpf0Im2fQpK5vztSGhozCgNbGVIcmPlsYv6XtRLsnfupUHGCXLHpR71EEozIZHXSFZozlCMLlGlhZyVsQDVlaA9UsEfw5ldehPpJ2bN865YqFzBVHg7gEI7BgzOowDVUoQYMHuAJXuDViZxn5815n5bmnFnPPvyR8/EDYVCRLw==</latexit><latexit sha1_base64="LcFFPO8p6LhvzHNYsetC+isCQKE=">AAAB7XicbZC7SgNBFIbPxluMt6ilzWAQrMKuFlppwEawiWAukKxhdjJJxszOLjNnhbDkHWwsFLH1QXwDO9/GySaFJv4w8PH/5zDnnCCWwqDrfju5peWV1bX8emFjc2t7p7i7VzdRohmvsUhGuhlQw6VQvIYCJW/GmtMwkLwRDK8meeORayMidYejmPsh7SvRE4yiteo3921qsFMsuWU3E1kEbwaly8/TTNVO8avdjVgScoVMUmNanhujn1KNgkk+LrQTw2PKhrTPWxYVDbnx02zaMTmyTpf0Im2fQpK5vztSGhozCgNbGVIcmPlsYv6XtRLsnfupUHGCXLHpR71EEozIZHXSFZozlCMLlGlhZyVsQDVlaA9UsEfw5ldehPpJ2bN865YqFzBVHg7gEI7BgzOowDVUoQYMHuAJXuDViZxn5815n5bmnFnPPvyR8/EDYVCRLw==</latexit><latexit sha1_base64="N5Q1rebHRVkPas/YpSi3IzWsMlo=">AAAB7XicbZDLSgMxFIbPeK31VnXpJlgEV2XGja6k4EZwU8FeoB1LJs20sZlkSM4IZeg7uHGhiFvfx51vY3pZaOsPgY//nEPO+aNUCou+/+2trK6tb2wWtorbO7t7+6WDw4bVmWG8zrTUphVRy6VQvI4CJW+lhtMkkrwZDa8n9eYTN1ZodY+jlIcJ7SsRC0bRWY3bhw612C2V/Yo/FVmGYA5lmKvWLX11epplCVfIJLW2Hfgphjk1KJjk42InszylbEj7vO1Q0YTbMJ9uOyanzumRWBv3FJKp+3sip4m1oyRynQnFgV2sTcz/au0M48swFyrNkCs2+yjOJEFNJqeTnjCcoRw5oMwItythA2ooQxdQ0YUQLJ68DI3zSuD4zi9Xr+ZxFOAYTuAMAriAKtxADerA4BGe4RXePO29eO/ex6x1xZvPHMEfeZ8/aJeO+w==</latexit>

K
<latexit sha1_base64="Cqhuy32ZIiuolo0ZXslougnHiDg=">AAAB6HicdZDLSgMxFIbPeK31VnXpJlgEV2WmLW3daMGN4KYFe4F2KJk008ZmMkOSEcrQJ3DjQhG3vopv4M63MdMqqOgPgZ/vP4ecc7yIM6Vt+91aWl5ZXVvPbGQ3t7Z3dnN7+20VxpLQFgl5KLseVpQzQVuaaU67kaQ48DjteJOLNO/cUqlYKK71NKJugEeC+YxgbVDzapDL24XTWqVYriC7YNtVp+ikplgtl8rIMSRV/vy1VKoDQGOQe+sPQxIHVGjCsVI9x460m2CpGeF0lu3HikaYTPCI9owVOKDKTeaDztCxIUPkh9I8odGcfu9IcKDUNPBMZYD1WP3OUvhX1ou1X3MTJqJYU0EWH/kxRzpE6dZoyCQlmk+NwUQyMysiYywx0eY2WXOEr03R/6ZdLDjGN+18/QwWysAhHMEJOFCFOlxCA1pAgMIdPMCjdWPdW0/W86J0yfrsOYAfsl4+AD1tjrE=</latexit><latexit sha1_base64="otDWKO27H+DeBVW0+I+4ZcIDGNA=">AAAB6HicdZDLSgMxFIYzXmu9VV26CRbBVcm0pa0bLbgR3LRgL9AOJZOeaWMzF5KMUIY+gRsXirj1VXwDd76NmVZBRX8I/Hz/OeSc40aCK03Iu7W0vLK6tp7ZyG5ube/s5vb22yqMJYMWC0Uouy5VIHgALc21gG4kgfqugI47uUjzzi1IxcPgWk8jcHw6CrjHGdUGNa8GuTwpnNYqxXIFkwIhVbtop6ZYLZfK2DYkVf78tTRXY5B76w9DFvsQaCaoUj2bRNpJqNScCZhl+7GCiLIJHUHP2ID6oJxkPugMHxsyxF4ozQs0ntPvHQn1lZr6rqn0qR6r31kK/8p6sfZqTsKDKNYQsMVHXiywDnG6NR5yCUyLqTGUSW5mxWxMJWXa3CZrjvC1Kf7ftIsF2/gmydfP0EIZdIiO0AmyURXV0SVqoBZiCNAdekCP1o11bz1Zz4vSJeuz5wD9kPXyAfhbjz0=</latexit><latexit sha1_base64="otDWKO27H+DeBVW0+I+4ZcIDGNA=">AAAB6HicdZDLSgMxFIYzXmu9VV26CRbBVcm0pa0bLbgR3LRgL9AOJZOeaWMzF5KMUIY+gRsXirj1VXwDd76NmVZBRX8I/Hz/OeSc40aCK03Iu7W0vLK6tp7ZyG5ube/s5vb22yqMJYMWC0Uouy5VIHgALc21gG4kgfqugI47uUjzzi1IxcPgWk8jcHw6CrjHGdUGNa8GuTwpnNYqxXIFkwIhVbtop6ZYLZfK2DYkVf78tTRXY5B76w9DFvsQaCaoUj2bRNpJqNScCZhl+7GCiLIJHUHP2ID6oJxkPugMHxsyxF4ozQs0ntPvHQn1lZr6rqn0qR6r31kK/8p6sfZqTsKDKNYQsMVHXiywDnG6NR5yCUyLqTGUSW5mxWxMJWXa3CZrjvC1Kf7ftIsF2/gmydfP0EIZdIiO0AmyURXV0SVqoBZiCNAdekCP1o11bz1Zz4vSJeuz5wD9kPXyAfhbjz0=</latexit><latexit sha1_base64="NUMhRc3oZfe9qgJycE0akDlEVmc=">AAAB6HicdVBNS8NAEN3Ur1q/qh69LBbBU0liaetFCl4ELy3YVmhD2Wwn7drNJuxuhBL6C7x4UMSrP8mb/8ZNW0FFHww83pthZp4fc6a0bX9YuZXVtfWN/GZha3tnd6+4f9BRUSIptGnEI3nrEwWcCWhrpjncxhJI6HPo+pPLzO/eg1QsEjd6GoMXkpFgAaNEG6l1PSiW7PJ5vepWqtgu23bNcZ2MuLXKWQU7RslQQks0B8X3/jCiSQhCU06U6jl2rL2USM0oh1mhnyiICZ2QEfQMFSQE5aXzQ2f4xChDHETSlNB4rn6fSEmo1DT0TWdI9Fj99jLxL6+X6KDupUzEiQZBF4uChGMd4exrPGQSqOZTQwiVzNyK6ZhIQrXJpmBC+PoU/086btkxvGWXGhfLOPLoCB2jU+SgGmqgK9REbUQRoAf0hJ6tO+vRerFeF605azlziH7AevsE/6KNCQ==</latexit>
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phase space hadronic effects QED corrections



RK(�)(1.1 GeV2, 6 GeV2) = 1.00± 0.01
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SM prediction for RK *  
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( )

LFU ratios can be calculated with percent precision in SM.   
QED corrections well described by Monte Carlo (PHOTOS)

Bordone, Isidori & Pattori, 1605.07633 
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phase space hadronic effects QED corrections

https://arxiv.org/pdf/1605.07633.pdf


Measurements of RK 
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LHCb observes a 2.6σ deviation from SM prediction for RK. 
Measurement statistically limited with 3 fb-1 of 7 TeV & 8 TeV data 

RK(1 GeV2, 6 GeV2) = 0.745+0.090
�0.074stat

± 0.036syst
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LHCb,1406.6482
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RK�(0.045 GeV2, 1.1 GeV2) = 0.66+0.11
�0.07stat

± 0.03syst ,
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Measurements of RK*  
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Table 5: Measured RK⇤0 ratios in the two q2 regions. The first uncertainties are statistical and
the second are systematic. About 50% of the systematic uncertainty is correlated between the
two q2 bins. The 95.4% and 99.7% confidence level (CL) intervals include both the statistical
and systematic uncertainties.

low-q2 central-q2

RK⇤0 0.66 + 0.11
� 0.07 ± 0.03 0.69 + 0.11

� 0.07 ± 0.05

95.4% CL [0.52, 0.89] [0.53, 0.94]

99.7% CL [0.45, 1.04] [0.46, 1.10]
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Figure 10: (left) Comparison of the LHCb RK⇤0 measurements with the SM theoretical predic-
tions: BIP [26] CDHMV [27–29], EOS [30, 31], flav.io [32–34] and JC [35]. The predictions are
displaced horizontally for presentation. (right) Comparison of the LHCb RK⇤0 measurements
with previous experimental results from the B factories [4, 5]. In the case of the B factories the
specific vetoes for charmonium resonances are not represented.

of 3 fb�1 of pp collisions, recorded by the LHCb experiment during 2011 and 2012, are
used. The RK⇤0 ratio is measured in two regions of the dilepton invariant mass squared
to be

RK⇤0 =

(
0.66 + 0.11

� 0.07 (stat) ± 0.03 (syst) for 0.045 < q
2

< 1.1 GeV2
/c

4
,

0.69 + 0.11
� 0.07 (stat) ± 0.05 (syst) for 1.1 < q

2
< 6.0 GeV2

/c
4
.

The corresponding 95.4% confidence level intervals are [0.52, 0.89] and [0.53, 0.94]. The
results, which represent the most precise measurements of RK⇤0 to date, are compatible
with the SM expectations [26–35] at 2.1–2.3 standard deviations for the low-q2 region
and 2.4–2.5 standard deviations for the central-q2 region, depending on the theoretical
prediction used.

Model-independent fits to the ensemble of FCNC data that allow for NP contribu-
tions [27–35] lead to predictions for RK⇤0 in the central-q2 region that are similar to the
value observed; smaller deviations are expected at low-q2. The larger data set currently
being accumulated by the LHCb collaboration will allow for more precise tests of these
predictions.

19

LHCb sees 2.1σ (2.4σ) deviation in low-q2 (central-q2) bin from SM

LHCb, 1705.05802

RK�(1.1 GeV2, 6 GeV2) = 0.69+0.11
�0.07stat

± 0.05syst
<latexit sha1_base64="6CKXE5rAJzzksPvkwpQngjAP0IM="></latexit><latexit sha1_base64="2ka8f0pTDQZzfFk/W+3xhdesx1E="></latexit><latexit sha1_base64="2ka8f0pTDQZzfFk/W+3xhdesx1E="></latexit><latexit sha1_base64="QwvCO1xf6XwKJxx0GggNRetULY8="></latexit>

https://arxiv.org/pdf/1705.05802.pdf


How is RK * actually measured?
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LHCb,1705.05802
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Figure 6: Fit to the m(K+⇡�µ+µ�) invariant mass of (top) B0! K⇤0µ+µ� in the low- and
central-q2 bins and (bottom) B0! K⇤0J/ (! µ+µ�) candidates. The dashed line is the signal
PDF, the shaded shapes are the background PDFs and the solid line is the total PDF. The fit
residuals normalised to the data uncertainty are shown at the bottom of each distribution.

Table 2: Yields obtained from the mass fits to the muon and electron (in the three trigger
categories) channels. The uncertainties are statistical only.

B
0! K

⇤0
`
+
`
�

B
0! K

⇤0
J/ (! `

+
`
�)

low-q2 central-q2

µ
+
µ
� 285 + 18

� 18 353 + 21
� 21 274416 + 602

� 654

e
+
e
� (L0E) 55 + 9

� 8 67 + 10
� 10 43468 + 222

� 221

e
+
e
� (L0H) 13 + 5

� 5 19 + 6
� 5 3388 + 62

� 61

e
+
e
� (L0I) 21 + 5

� 4 25 + 7
� 6 11505 + 115

� 114

8 E�ciencies

The e�ciency for selecting each decay mode is defined as the product of the e�ciencies
of the geometrical acceptance of the detector, the complete reconstruction of all tracks,
the trigger requirements and the full set of kinematic, PID and background rejection
requirements. All e�ciencies are determined using simulation that is tuned to data, as
described in section 4, and account for bin migration in q

2 due to resolution, FSR and
bremsstrahlung in the detector. The net bin migration amounts to about 1% and 5% in
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Figure 7: Fit to the m(K+⇡�e+e�) invariant mass of (top) B0! K⇤0e+e� in the low- and
central-q2 bins and (bottom) B0! K⇤0J/ (! e+e�) candidates. The dashed line is the signal
PDF, the shaded shapes are the background PDFs and the solid line is the total PDF. The fit
residuals normalised to the data uncertainty are shown at the bottom of each distribution.

the low- and central-q2 regions, respectively.
The e�ciency ratios between the nonresonant and the resonant modes, "`+`�/"J/ (`+`�),

which directly enter in the RK⇤0 measurement, are reported in table 3. Besides a depen-
dence on the kinematics, the di↵erence between the ratios in the two q

2 regions is almost
entirely due to the di↵erent requirement on the neural-network classifier. The relative
fraction of the electron trigger categories is checked using simulation to depend on q

2 as
expected: the fraction of L0E decreases when decreasing in q

2, while L0H increases; on
the other hand, the fraction of L0I only mildly depends on q

2.

9 Cross-checks

A large number of cross-checks were performed before unblinding the result. The control
of the absolute scale of the e�ciencies is tested by measuring the ratio of the branching
fractions of the muon and electron resonant channels

rJ/ =
B(B0! K

⇤0
J/ (! µ

+
µ
�))

B(B0! K
⇤0

J/ (! e
+
e
�))

,

which is expected to be equal to unity. This quantity represents an extremely stringent
test, as it does not benefit from the large cancellation of the experimental systematic
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Figure 7: Fit to the m(K+⇡�e+e�) invariant mass of (top) B0! K⇤0e+e� in the low- and
central-q2 bins and (bottom) B0! K⇤0J/ (! e+e�) candidates. The dashed line is the signal
PDF, the shaded shapes are the background PDFs and the solid line is the total PDF. The fit
residuals normalised to the data uncertainty are shown at the bottom of each distribution.

the low- and central-q2 regions, respectively.
The e�ciency ratios between the nonresonant and the resonant modes, "`+`�/"J/ (`+`�),

which directly enter in the RK⇤0 measurement, are reported in table 3. Besides a depen-
dence on the kinematics, the di↵erence between the ratios in the two q

2 regions is almost
entirely due to the di↵erent requirement on the neural-network classifier. The relative
fraction of the electron trigger categories is checked using simulation to depend on q

2 as
expected: the fraction of L0E decreases when decreasing in q

2, while L0H increases; on
the other hand, the fraction of L0I only mildly depends on q

2.

9 Cross-checks

A large number of cross-checks were performed before unblinding the result. The control
of the absolute scale of the e�ciencies is tested by measuring the ratio of the branching
fractions of the muon and electron resonant channels

rJ/ =
B(B0! K
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J/ (! µ
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�))
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,

which is expected to be equal to unity. This quantity represents an extremely stringent
test, as it does not benefit from the large cancellation of the experimental systematic
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Figure 6: Fit to the m(K+⇡�µ+µ�) invariant mass of (top) B0! K⇤0µ+µ� in the low- and
central-q2 bins and (bottom) B0! K⇤0J/ (! µ+µ�) candidates. The dashed line is the signal
PDF, the shaded shapes are the background PDFs and the solid line is the total PDF. The fit
residuals normalised to the data uncertainty are shown at the bottom of each distribution.

Table 2: Yields obtained from the mass fits to the muon and electron (in the three trigger
categories) channels. The uncertainties are statistical only.

B
0! K

⇤0
`
+
`
�

B
0! K

⇤0
J/ (! `

+
`
�)

low-q2 central-q2

µ
+
µ
� 285 + 18

� 18 353 + 21
� 21 274416 + 602

� 654

e
+
e
� (L0E) 55 + 9

� 8 67 + 10
� 10 43468 + 222

� 221

e
+
e
� (L0H) 13 + 5

� 5 19 + 6
� 5 3388 + 62

� 61

e
+
e
� (L0I) 21 + 5

� 4 25 + 7
� 6 11505 + 115

� 114

8 E�ciencies

The e�ciency for selecting each decay mode is defined as the product of the e�ciencies
of the geometrical acceptance of the detector, the complete reconstruction of all tracks,
the trigger requirements and the full set of kinematic, PID and background rejection
requirements. All e�ciencies are determined using simulation that is tuned to data, as
described in section 4, and account for bin migration in q

2 due to resolution, FSR and
bremsstrahlung in the detector. The net bin migration amounts to about 1% and 5% in

12

( )
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How is RK * actually measured?( )

Since LHCb performance in detecting electrons is by a factor   
of around 5 weaker than detection efficiency for muons, RK *  is   
in practice measured relative to LFU ratio in B → K * J/ψ (→ l+l-). 
As a result LHCb measurements involve a significant amount of 
Monte Carlo extrapolations between signals in different phase-
space regions

LHCb updates eagerly awaited & are expected to shed further 
light on hints of LFU violation in b → sl+l-  modes. Future Belle-II 
test of LFU are also crucial. To which extent can ATLAS & CMS 
contribute? 

What is RK *  ?

�10
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K
<latexit sha1_base64="Cqhuy32ZIiuolo0ZXslougnHiDg=">AAAB6HicdZDLSgMxFIbPeK31VnXpJlgEV2WmLW3daMGN4KYFe4F2KJk008ZmMkOSEcrQJ3DjQhG3vopv4M63MdMqqOgPgZ/vP4ecc7yIM6Vt+91aWl5ZXVvPbGQ3t7Z3dnN7+20VxpLQFgl5KLseVpQzQVuaaU67kaQ48DjteJOLNO/cUqlYKK71NKJugEeC+YxgbVDzapDL24XTWqVYriC7YNtVp+ikplgtl8rIMSRV/vy1VKoDQGOQe+sPQxIHVGjCsVI9x460m2CpGeF0lu3HikaYTPCI9owVOKDKTeaDztCxIUPkh9I8odGcfu9IcKDUNPBMZYD1WP3OUvhX1ou1X3MTJqJYU0EWH/kxRzpE6dZoyCQlmk+NwUQyMysiYywx0eY2WXOEr03R/6ZdLDjGN+18/QwWysAhHMEJOFCFOlxCA1pAgMIdPMCjdWPdW0/W86J0yfrsOYAfsl4+AD1tjrE=</latexit><latexit sha1_base64="otDWKO27H+DeBVW0+I+4ZcIDGNA=">AAAB6HicdZDLSgMxFIYzXmu9VV26CRbBVcm0pa0bLbgR3LRgL9AOJZOeaWMzF5KMUIY+gRsXirj1VXwDd76NmVZBRX8I/Hz/OeSc40aCK03Iu7W0vLK6tp7ZyG5ube/s5vb22yqMJYMWC0Uouy5VIHgALc21gG4kgfqugI47uUjzzi1IxcPgWk8jcHw6CrjHGdUGNa8GuTwpnNYqxXIFkwIhVbtop6ZYLZfK2DYkVf78tTRXY5B76w9DFvsQaCaoUj2bRNpJqNScCZhl+7GCiLIJHUHP2ID6oJxkPugMHxsyxF4ozQs0ntPvHQn1lZr6rqn0qR6r31kK/8p6sfZqTsKDKNYQsMVHXiywDnG6NR5yCUyLqTGUSW5mxWxMJWXa3CZrjvC1Kf7ftIsF2/gmydfP0EIZdIiO0AmyURXV0SVqoBZiCNAdekCP1o11bz1Zz4vSJeuz5wD9kPXyAfhbjz0=</latexit><latexit sha1_base64="otDWKO27H+DeBVW0+I+4ZcIDGNA=">AAAB6HicdZDLSgMxFIYzXmu9VV26CRbBVcm0pa0bLbgR3LRgL9AOJZOeaWMzF5KMUIY+gRsXirj1VXwDd76NmVZBRX8I/Hz/OeSc40aCK03Iu7W0vLK6tp7ZyG5ube/s5vb22yqMJYMWC0Uouy5VIHgALc21gG4kgfqugI47uUjzzi1IxcPgWk8jcHw6CrjHGdUGNa8GuTwpnNYqxXIFkwIhVbtop6ZYLZfK2DYkVf78tTRXY5B76w9DFvsQaCaoUj2bRNpJqNScCZhl+7GCiLIJHUHP2ID6oJxkPugMHxsyxF4ozQs0ntPvHQn1lZr6rqn0qR6r31kK/8p6sfZqTsKDKNYQsMVHXiywDnG6NR5yCUyLqTGUSW5mxWxMJWXa3CZrjvC1Kf7ftIsF2/gmydfP0EIZdIiO0AmyURXV0SVqoBZiCNAdekCP1o11bz1Zz4vSJeuz5wD9kPXyAfhbjz0=</latexit><latexit sha1_base64="NUMhRc3oZfe9qgJycE0akDlEVmc=">AAAB6HicdVBNS8NAEN3Ur1q/qh69LBbBU0liaetFCl4ELy3YVmhD2Wwn7drNJuxuhBL6C7x4UMSrP8mb/8ZNW0FFHww83pthZp4fc6a0bX9YuZXVtfWN/GZha3tnd6+4f9BRUSIptGnEI3nrEwWcCWhrpjncxhJI6HPo+pPLzO/eg1QsEjd6GoMXkpFgAaNEG6l1PSiW7PJ5vepWqtgu23bNcZ2MuLXKWQU7RslQQks0B8X3/jCiSQhCU06U6jl2rL2USM0oh1mhnyiICZ2QEfQMFSQE5aXzQ2f4xChDHETSlNB4rn6fSEmo1DT0TWdI9Fj99jLxL6+X6KDupUzEiQZBF4uChGMd4exrPGQSqOZTQwiVzNyK6ZhIQrXJpmBC+PoU/086btkxvGWXGhfLOPLoCB2jU+SgGmqgK9REbUQRoAf0hJ6tO+vRerFeF605azlziH7AevsE/6KNCQ==</latexit>

�
<latexit sha1_base64="7sZqUx31RoysqmySpay2ZjANFsg=">AAAB6nicdZDLSsNAFIZPvNZ6q7p0M1gEVyVJS1s3WnDjsqK9QBvKZDpph04mYWYilNBHcONCEbe+iW/gzrdx0iqo6A8DP99/DnPO8WPOlLbtd2tpeWV1bT23kd/c2t7ZLeztt1WUSEJbJOKR7PpYUc4EbWmmOe3GkuLQ57TjTy6yvHNLpWKRuNHTmHohHgkWMIK1Qdf9mA0KRbt0Wq+6lSqyS7Zdc1wnM26tUq4gx5BMxfPXcrkBAM1B4a0/jEgSUqEJx0r1HDvWXoqlZoTTWb6fKBpjMsEj2jNW4JAqL52POkPHhgxREEnzhEZz+r0jxaFS09A3lSHWY/U7y+BfWS/RQd1LmYgTTQVZfBQkHOkIZXujIZOUaD41BhPJzKyIjLHERJvr5M0RvjZF/5u2W3KMv7KLjTNYKAeHcAQn4EANGnAJTWgBgRHcwQM8Wty6t56s50XpkvXZcwA/ZL18AOsWj68=</latexit><latexit sha1_base64="Qo91vD2vBpl2OhQxSTn5FmQHrqo=">AAAB6nicdZDLSsNAFIZPvNZ6q7p0M1gEVyVJS1s3WnDjsqK9QBvKZDpph04mYWYilNBHcONCEbe+iW/gzrdx0iqo6A8DP99/DnPO8WPOlLbtd2tpeWV1bT23kd/c2t7ZLeztt1WUSEJbJOKR7PpYUc4EbWmmOe3GkuLQ57TjTy6yvHNLpWKRuNHTmHohHgkWMIK1Qdf9mA0KRbt0Wq+6lSqyS7Zdc1wnM26tUq4gx5BMxfPX8lzNQeGtP4xIElKhCcdK9Rw71l6KpWaE01m+nygaYzLBI9ozVuCQKi+djzpDx4YMURBJ84RGc/q9I8WhUtPQN5Uh1mP1O8vgX1kv0UHdS5mIE00FWXwUJBzpCGV7oyGTlGg+NQYTycysiIyxxESb6+TNEb42Rf+btltyjL+yi40zWCgHh3AEJ+BADRpwCU1oAYER3MEDPFrcureerOdF6ZL12XMAP2S9fACmE5A7</latexit><latexit sha1_base64="Qo91vD2vBpl2OhQxSTn5FmQHrqo=">AAAB6nicdZDLSsNAFIZPvNZ6q7p0M1gEVyVJS1s3WnDjsqK9QBvKZDpph04mYWYilNBHcONCEbe+iW/gzrdx0iqo6A8DP99/DnPO8WPOlLbtd2tpeWV1bT23kd/c2t7ZLeztt1WUSEJbJOKR7PpYUc4EbWmmOe3GkuLQ57TjTy6yvHNLpWKRuNHTmHohHgkWMIK1Qdf9mA0KRbt0Wq+6lSqyS7Zdc1wnM26tUq4gx5BMxfPX8lzNQeGtP4xIElKhCcdK9Rw71l6KpWaE01m+nygaYzLBI9ozVuCQKi+djzpDx4YMURBJ84RGc/q9I8WhUtPQN5Uh1mP1O8vgX1kv0UHdS5mIE00FWXwUJBzpCGV7oyGTlGg+NQYTycysiIyxxESb6+TNEb42Rf+btltyjL+yi40zWCgHh3AEJ+BADRpwCU1oAYER3MEDPFrcureerOdF6ZL12XMAP2S9fACmE5A7</latexit><latexit sha1_base64="jIY4xNRsPUwS/tWuyb4fighV6JE=">AAAB6nicdVBNSwMxEJ31s9avqkcvwSJ4Ktla2nqRghePFe0HtEvJptk2NJtdkqxQlv4ELx4U8eov8ua/MdtWUNEHA4/3ZpiZ58eCa4Pxh7Oyura+sZnbym/v7O7tFw4O2zpKFGUtGolIdX2imeCStQw3gnVjxUjoC9bxJ1eZ37lnSvNI3plpzLyQjCQPOCXGSrf9mA8KRVy6qFfLlSrCJYxrbtnNSLlWOa8g1yoZirBEc1B47w8jmoRMGiqI1j0Xx8ZLiTKcCjbL9xPNYkInZMR6lkoSMu2l81Nn6NQqQxREypY0aK5+n0hJqPU09G1nSMxY//Yy8S+vl5ig7qVcxolhki4WBYlAJkLZ32jIFaNGTC0hVHF7K6Jjogg1Np28DeHrU/Q/aZdLruU3uNi4XMaRg2M4gTNwoQYNuIYmtIDCCB7gCZ4d4Tw6L87ronXFWc4cwQ84b5+tWo4H</latexit>

What is RK *  ?
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<latexit sha1_base64="ASMjhFEEek/f2cO0MiD59QGCK/E="></latexit><latexit sha1_base64="5x54vmA9HjSEhwcO0Pqb3yqtplg="></latexit><latexit sha1_base64="5x54vmA9HjSEhwcO0Pqb3yqtplg="></latexit><latexit sha1_base64="vUyEZs8Knmq2/udFRtq0FgXo2eo="></latexit>

q2 = m2
�+��

<latexit sha1_base64="qm86E5WyTpAxXuU1DnQx5tjkppA=">AAACAnicbZDLSgMxFIbP1Futt1FX4iZaBEGUmW50oxTduKxgL9BOh0yaaUMzF5OMUIbixldx40IRty58Bne+jem0C209EPLx/+eQnN+LOZPKsr6N3Nz8wuJSfrmwsrq2vmFubtVklAhCqyTikWh4WFLOQlpVTHHaiAXFgcdp3etfjfz6PRWSReGtGsTUCXA3ZD4jWGnJNXfu2iV0jgI3bVHO20cou46H7ZJrFq0TKys0C/YEiuU9dPkJABXX/Gp1IpIENFSEYymbthUrJ8VCMcLpsNBKJI0x6eMubWoMcUClk2YrDNGBVjrIj4Q+oUKZ+nsixYGUg8DTnQFWPTntjcT/vGai/DMnZWGcKBqS8UN+wpGK0CgP1GGCEsUHGjARTP8VkR4WmCidWkGHYE+vPAu10omt+UancQHjysMu7MMh2HAKZbiGClSBwAM8wQu8Go/Gs/FmvI9bc8ZkZhv+lPHxA/7kl1g=</latexit><latexit sha1_base64="BbRP/efN97A5kOOXRVVBMBATiEg=">AAACAnicbZDLSgMxFIYz9VbrbbQrcRMtgiCWmSLoRim6cVnBXqCdDpk004ZmMmOSEcpQ3PgqblwoIuLGp3Dn25hOu9DWAyEf/38Oyfm9iFGpLOvbyMzNLywuZZdzK6tr6xvm5lZNhrHApIpDFoqGhyRhlJOqooqRRiQICjxG6l7/cuTX74iQNOQ3ahARJ0BdTn2KkdKSa27ftkvwDAZu0iKMtQ9heh0N2yXXLFhFKy04C/YECuVdePFx/J6vuOZXqxPiOCBcYYakbNpWpJwECUUxI8NcK5YkQriPuqSpkaOASCdJVxjCfa10oB8KfbiCqfp7IkGBlIPA050BUj057Y3E/7xmrPxTJ6E8ihXhePyQHzOoQjjKA3aoIFixgQaEBdV/hbiHBMJKp5bTIdjTK89CrVS0NV/rNM7BuLJgB+yBA2CDE1AGV6ACqgCDe/AInsGL8WA8Ga/G27g1Y0xm8uBPGZ8/Q7OYSw==</latexit><latexit sha1_base64="BbRP/efN97A5kOOXRVVBMBATiEg=">AAACAnicbZDLSgMxFIYz9VbrbbQrcRMtgiCWmSLoRim6cVnBXqCdDpk004ZmMmOSEcpQ3PgqblwoIuLGp3Dn25hOu9DWAyEf/38Oyfm9iFGpLOvbyMzNLywuZZdzK6tr6xvm5lZNhrHApIpDFoqGhyRhlJOqooqRRiQICjxG6l7/cuTX74iQNOQ3ahARJ0BdTn2KkdKSa27ftkvwDAZu0iKMtQ9heh0N2yXXLFhFKy04C/YECuVdePFx/J6vuOZXqxPiOCBcYYakbNpWpJwECUUxI8NcK5YkQriPuqSpkaOASCdJVxjCfa10oB8KfbiCqfp7IkGBlIPA050BUj057Y3E/7xmrPxTJ6E8ihXhePyQHzOoQjjKA3aoIFixgQaEBdV/hbiHBMJKp5bTIdjTK89CrVS0NV/rNM7BuLJgB+yBA2CDE1AGV6ACqgCDe/AInsGL8WA8Ga/G27g1Y0xm8uBPGZ8/Q7OYSw==</latexit><latexit sha1_base64="RWQRz/KPYD3v/AuUmW8MMTfh2zY=">AAACAnicbZDLSgMxFIYz9VbrbdSVuAkWQRDLTDe6UQpuXFawF2inQybNtKFJZkwyQhmKG1/FjQtF3PoU7nwb0+kstPVAyMf/n0Ny/iBmVGnH+bYKS8srq2vF9dLG5tb2jr2711RRIjFp4IhFsh0gRRgVpKGpZqQdS4J4wEgrGF1P/dYDkYpG4k6PY+JxNBA0pBhpI/n2wX2vCi8h99MuYax3CrPrbNKr+nbZqThZwUVwcyiDvOq+/dXtRzjhRGjMkFId14m1lyKpKWZkUuomisQIj9CAdAwKxIny0myFCTw2Sh+GkTRHaJipvydSxJUa88B0cqSHat6biv95nUSHF15KRZxoIvDsoTBhUEdwmgfsU0mwZmMDCEtq/grxEEmEtUmtZEJw51dehGa14hq+dcq1qzyOIjgER+AEuOAc1MANqIMGwOARPINX8GY9WS/Wu/Uxay1Y+cw++FPW5w/02ZXV</latexit>

�+
<latexit sha1_base64="cuWhcAR5Fq8P3I4ugg0RLQfd1l4=">AAAB7nicdZDLSgMxFIbP1Futt6pLN8EiCEJJWrDtRgtuXFawF2jHkkkzbWjmQpIRSulDuHGhiFvfwzdw59uYaRVU9IfAx/+fQ845XiyFNhi/O5ml5ZXVtex6bmNza3snv7vX0lGiGG+ySEaq41HNpQh50wgjeSdWnAae5G1vfJHm7VuutIjCazOJuRvQYSh8waixVrvHpbw5Qf18ARcxxoQQlAKpnGILtVq1RKqIpJFV4fy1XK4DQKOff+sNIpYEPDRMUq27BMfGnVJlBJN8luslmseUjemQdy2GNODanc7HnaEj6wyQHyn7QoPm7veOKQ20ngSerQyoGenfWWr+lXUT41fdqQjjxPCQLT7yE4lMhNLd0UAozoycWKBMCTsrYiOqKDP2Qjl7hK9N0f/QKhWJ5StcqJ/BQlk4gEM4BgIVqMMlNKAJDMZwBw/w6MTOvfPkPC9KM85nzz78kPPyAQpekNg=</latexit><latexit sha1_base64="RZvjgU3J1cZXvwMR/C4RZnxRG2M=">AAAB7nicdZDLSgMxFIYzXmu9VV26CRZBEEpSwbYbLbhxWcFeoB1LJj3ThmYuJBmhDH0INy4Ucet7+AbufBszrYKK/hD4+P9zyDnHi6XQhpB3Z2FxaXllNbeWX9/Y3Nou7Oy2dJQoDk0eyUh1PKZBihCaRhgJnVgBCzwJbW98keXtW1BaROG1mcTgBmwYCl9wZqzV7oGUN8e4XyiSEiGEUoozoJVTYqFWq5ZpFdMssiqev57M1OgX3nqDiCcBhIZLpnWXkti4KVNGcAnTfC/REDM+ZkPoWgxZANpNZ+NO8aF1BtiPlH2hwTP3e0fKAq0ngWcrA2ZG+neWmX9l3cT4VTcVYZwYCPn8Iz+R2EQ42x0PhAJu5MQC40rYWTEfMcW4sRfK2yN8bYr/h1a5RC1fkWL9DM2VQ/voAB0hiiqoji5RAzURR2N0hx7QoxM7986T8zwvXXA+e/bQDzkvH8VMkWQ=</latexit><latexit sha1_base64="RZvjgU3J1cZXvwMR/C4RZnxRG2M=">AAAB7nicdZDLSgMxFIYzXmu9VV26CRZBEEpSwbYbLbhxWcFeoB1LJj3ThmYuJBmhDH0INy4Ucet7+AbufBszrYKK/hD4+P9zyDnHi6XQhpB3Z2FxaXllNbeWX9/Y3Nou7Oy2dJQoDk0eyUh1PKZBihCaRhgJnVgBCzwJbW98keXtW1BaROG1mcTgBmwYCl9wZqzV7oGUN8e4XyiSEiGEUoozoJVTYqFWq5ZpFdMssiqev57M1OgX3nqDiCcBhIZLpnWXkti4KVNGcAnTfC/REDM+ZkPoWgxZANpNZ+NO8aF1BtiPlH2hwTP3e0fKAq0ngWcrA2ZG+neWmX9l3cT4VTcVYZwYCPn8Iz+R2EQ42x0PhAJu5MQC40rYWTEfMcW4sRfK2yN8bYr/h1a5RC1fkWL9DM2VQ/voAB0hiiqoji5RAzURR2N0hx7QoxM7986T8zwvXXA+e/bQDzkvH8VMkWQ=</latexit><latexit sha1_base64="j4CzoJRV2jP6jDGMJu18Jo/m3Fk=">AAAB7nicdZDLSgMxFIYzXmu9VV26CRZBEErShW03UnDjsoK9QDuWTHqmDc1khiQjlNKHcONCEbc+jzvfxkxbQUV/CHz8/znknBMkUhhLyIe3srq2vrGZ28pv7+zu7RcODlsmTjWHJo9lrDsBMyCFgqYVVkIn0cCiQEI7GF9lefsetBGxurWTBPyIDZUIBWfWWe0eSHl3jvuFIikRQiilOANauSAOarVqmVYxzSKnIlqq0S+89wYxTyNQlktmTJeSxPpTpq3gEmb5XmogYXzMhtB1qFgExp/Ox53hU+cMcBhr95TFc/d7x5RFxkyiwFVGzI7M7ywz/8q6qQ2r/lSoJLWg+OKjMJXYxjjbHQ+EBm7lxAHjWrhZMR8xzbh1F8q7I3xtiv+HVrlEHd+QYv1yeY4cOkYn6AxRVEF1dI0aqIk4GqMH9ISevcR79F6810XpirfsOUI/5L19AsyTjzA=</latexit>

��
<latexit sha1_base64="PoJ1ysY3YQPzVcYf16Gnl4/I9dg=">AAAB7XicdZDLSgMxFIbPeK31VnXpJlgEN5akBdtutODGZQV7gXYsmTRtYzMXkoxQhr6DGxeKuPVBfAN3vo2ZVkFFfwh8/P855JzjRVJog/G7s7C4tLyymlnLrm9sbm3ndnabOowV4w0WylC1Paq5FAFvGGEkb0eKU9+TvOWNz9O8dcuVFmFwZSYRd306DMRAMGqs1exyKa+Pe7k8LmCMCSEoBVI+wRaq1UqRVBBJI6v82WupVAOAei/31u2HLPZ5YJikWncIjoybUGUEk3ya7caaR5SN6ZB3LAbU59pNZtNO0aF1+mgQKvsCg2bu946E+lpPfM9W+tSM9O8sNf/KOrEZVNxEBFFseMDmHw1iiUyI0tVRXyjOjJxYoEwJOytiI6ooM/ZAWXuEr03R/9AsFojlS5yvncJcGdiHAzgCAmWowQXUoQEMbuAOHuDRCZ1758l5npcuOJ89e/BDzssHtceQsA==</latexit><latexit sha1_base64="Ya9IZhMLwXzCKzHC1+sFQkSHKrs=">AAAB7XicdZDLSgMxFIYz9VbrrerSTbAIbixJBdtutODGZQV7gXYsmTRtYzPJkGSEMvQd3LhQxK0P4hu4823MtAoq+kPg4//PIeecIBLcWITevczC4tLySnY1t7a+sbmV395pGhVryhpUCaXbATFMcMkallvB2pFmJAwEawXj8zRv3TJtuJJXdhIxPyRDyQecEuusZpcJcX3UyxdQESGEMYYp4PIJclCtVkq4AnEaORXOXo9nqvfyb92+onHIpKWCGNPBKLJ+QrTlVLBprhsbFhE6JkPWcShJyIyfzKadwgPn9OFAafekhTP3e0dCQmMmYeAqQ2JH5neWmn9lndgOKn7CZRRbJun8o0EsoFUwXR32uWbUiokDQjV3s0I6IppQ6w6Uc0f42hT+D81SETu+RIXaKZgrC/bAPjgEGJRBDVyAOmgACm7AHXgAj57y7r0n73lemvE+e3bBD3kvH3DEkTw=</latexit><latexit sha1_base64="Ya9IZhMLwXzCKzHC1+sFQkSHKrs=">AAAB7XicdZDLSgMxFIYz9VbrrerSTbAIbixJBdtutODGZQV7gXYsmTRtYzPJkGSEMvQd3LhQxK0P4hu4823MtAoq+kPg4//PIeecIBLcWITevczC4tLySnY1t7a+sbmV395pGhVryhpUCaXbATFMcMkallvB2pFmJAwEawXj8zRv3TJtuJJXdhIxPyRDyQecEuusZpcJcX3UyxdQESGEMYYp4PIJclCtVkq4AnEaORXOXo9nqvfyb92+onHIpKWCGNPBKLJ+QrTlVLBprhsbFhE6JkPWcShJyIyfzKadwgPn9OFAafekhTP3e0dCQmMmYeAqQ2JH5neWmn9lndgOKn7CZRRbJun8o0EsoFUwXR32uWbUiokDQjV3s0I6IppQ6w6Uc0f42hT+D81SETu+RIXaKZgrC/bAPjgEGJRBDVyAOmgACm7AHXgAj57y7r0n73lemvE+e3bBD3kvH3DEkTw=</latexit><latexit sha1_base64="U4kZ4AlvK4fgwOILAJG+ecHvaI8=">AAAB7XicdZDLSgMxFIYz9VbrrerSTbAIbixJF7bdSMGNywr2Au1YMmmmjc0kQ5IRytB3cONCEbe+jzvfxkxbQUV/CHz8/znknBPEghuL0IeXW1ldW9/Ibxa2tnd294r7B22jEk1ZiyqhdDcghgkuWctyK1g31oxEgWCdYHKZ5Z17pg1X8sZOY+ZHZCR5yCmxzmr3mRC3Z4NiCZURQhhjmAGuniMH9XqtgmsQZ5FTCSzVHBTf+0NFk4hJSwUxpodRbP2UaMupYLNCPzEsJnRCRqznUJKIGT+dTzuDJ84ZwlBp96SFc/d7R0oiY6ZR4CojYsfmd5aZf2W9xIY1P+UyTiyTdPFRmAhoFcxWh0OuGbVi6oBQzd2skI6JJtS6AxXcEb42hf9Du1LGjq9RqXGxPEceHIFjcAowqIIGuAJN0AIU3IEH8ASePeU9ei/e66I05y17DsEPeW+feAuPCA==</latexit>

B
<latexit sha1_base64="tBtwA6GtqE5z7+UonUv2ZHC4ANk=">AAAB6HicbZC7SgNBFIbPxluMt6ilzWAQrMKuFlpp0MYyAXOBZAmzk7PJmNnZZWZWCEuewMZCEVtfxTew822cXApN/GHg4//PYc45QSK4Nq777eRWVtfWN/Kbha3tnd294v5BQ8epYlhnsYhVK6AaBZdYN9wIbCUKaRQIbAbD20nefESleSzvzShBP6J9yUPOqLFW7aZbLLlldyqyDN4cStef5+cVAKh2i1+dXszSCKVhgmrd9tzE+BlVhjOB40In1ZhQNqR9bFuUNELtZ9NBx+TEOj0Sxso+acjU/d2R0UjrURTYyoiagV7MJuZ/WTs14aWfcZmkBiWbfRSmgpiYTLYmPa6QGTGyQJnidlbCBlRRZuxtCvYI3uLKy9A4K3uWa26pcgUz5eEIjuEUPLiACtxBFerAAOEJXuDVeXCenTfnfVaac+Y9h/BHzscPz6uOZg==</latexit><latexit sha1_base64="Kqf+1m+XTmqT5PzcR1Ln+cpc/Q8=">AAAB6HicbZC7SgNBFIbPxluMt6ilzWAQrMKuFlpp0MYyAXOBZAmzk7PJmNnZZWZWCCFPYGOhiK2v4hvY+TZONik08YeBj/8/hznnBIng2rjut5NbWV1b38hvFra2d3b3ivsHDR2nimGdxSJWrYBqFFxi3XAjsJUopFEgsBkMb6d58xGV5rG8N6ME/Yj2JQ85o8ZatZtuseSW3UxkGbw5lK4/zzNVu8WvTi9maYTSMEG1bntuYvwxVYYzgZNCJ9WYUDakfWxblDRC7Y+zQSfkxDo9EsbKPmlI5v7uGNNI61EU2MqImoFezKbmf1k7NeGlP+YySQ1KNvsoTAUxMZluTXpcITNiZIEyxe2shA2ooszY2xTsEbzFlZehcVb2LNfcUuUKZsrDERzDKXhwARW4gyrUgQHCE7zAq/PgPDtvzvusNOfMew7hj5yPH4qojvI=</latexit><latexit sha1_base64="Kqf+1m+XTmqT5PzcR1Ln+cpc/Q8=">AAAB6HicbZC7SgNBFIbPxluMt6ilzWAQrMKuFlpp0MYyAXOBZAmzk7PJmNnZZWZWCCFPYGOhiK2v4hvY+TZONik08YeBj/8/hznnBIng2rjut5NbWV1b38hvFra2d3b3ivsHDR2nimGdxSJWrYBqFFxi3XAjsJUopFEgsBkMb6d58xGV5rG8N6ME/Yj2JQ85o8ZatZtuseSW3UxkGbw5lK4/zzNVu8WvTi9maYTSMEG1bntuYvwxVYYzgZNCJ9WYUDakfWxblDRC7Y+zQSfkxDo9EsbKPmlI5v7uGNNI61EU2MqImoFezKbmf1k7NeGlP+YySQ1KNvsoTAUxMZluTXpcITNiZIEyxe2shA2ooszY2xTsEbzFlZehcVb2LNfcUuUKZsrDERzDKXhwARW4gyrUgQHCE7zAq/PgPDtvzvusNOfMew7hj5yPH4qojvI=</latexit><latexit sha1_base64="1oncHLbyZHJilsfY6/wF067SHu4=">AAAB6HicbZA9SwNBEIbn4leMX1FLm8UgWIU7G1NJ0MYyAfMByRH2NnPJmr29Y3dPCEd+gY2FIrb+JDv/jZvkCk18YeHhnRl25g0SwbVx3W+nsLG5tb1T3C3t7R8cHpWPT9o6ThXDFotFrLoB1Si4xJbhRmA3UUijQGAnmNzN650nVJrH8sFME/QjOpI85IwaazVvB+WKW3UXIuvg5VCBXI1B+as/jFkaoTRMUK17npsYP6PKcCZwVuqnGhPKJnSEPYuSRqj9bLHojFxYZ0jCWNknDVm4vycyGmk9jQLbGVEz1qu1uflfrZeasOZnXCapQcmWH4WpICYm86vJkCtkRkwtUKa43ZWwMVWUGZtNyYbgrZ68Du2rqme56VbqN3kcRTiDc7gED66hDvfQgBYwQHiGV3hzHp0X5935WLYWnHzmFP7I+fwBke+Mvg==</latexit>

K�
<latexit sha1_base64="K6RwxlyH48+0xaa4QB0MnQo1fOs=">AAAB7XicbZC7SgNBFIbPxluMt6ilzWIQrMKuFlppwEawiWAukKxhdjKbjJmdWWbOCmHJO9hYKGLrg/gGdr6Nk0uhiT8MfPz/Ocw5J0wEN+h5305uaXlldS2/XtjY3NreKe7u1Y1KNWU1qoTSzZAYJrhkNeQoWDPRjMShYI1wcDXOG49MG67kHQ4TFsSkJ3nEKUFr1W/u28Rgp1jyyt5E7iL4Myhdfp6eVgCg2il+tbuKpjGTSAUxpuV7CQYZ0cipYKNCOzUsIXRAeqxlUZKYmSCbTDtyj6zTdSOl7ZPoTtzfHRmJjRnGoa2MCfbNfDY2/8taKUbnQcZlkiKTdPpRlAoXlTte3e1yzSiKoQVCNbezurRPNKFoD1SwR/DnV16E+knZt3zrlSoXMFUeDuAQjsGHM6jANVShBhQe4Ale4NVRzrPz5rxPS3POrGcf/sj5+AGmU5Cj</latexit><latexit sha1_base64="LcFFPO8p6LhvzHNYsetC+isCQKE=">AAAB7XicbZC7SgNBFIbPxluMt6ilzWAQrMKuFlppwEawiWAukKxhdjJJxszOLjNnhbDkHWwsFLH1QXwDO9/GySaFJv4w8PH/5zDnnCCWwqDrfju5peWV1bX8emFjc2t7p7i7VzdRohmvsUhGuhlQw6VQvIYCJW/GmtMwkLwRDK8meeORayMidYejmPsh7SvRE4yiteo3921qsFMsuWU3E1kEbwaly8/TTNVO8avdjVgScoVMUmNanhujn1KNgkk+LrQTw2PKhrTPWxYVDbnx02zaMTmyTpf0Im2fQpK5vztSGhozCgNbGVIcmPlsYv6XtRLsnfupUHGCXLHpR71EEozIZHXSFZozlCMLlGlhZyVsQDVlaA9UsEfw5ldehPpJ2bN865YqFzBVHg7gEI7BgzOowDVUoQYMHuAJXuDViZxn5815n5bmnFnPPvyR8/EDYVCRLw==</latexit><latexit sha1_base64="LcFFPO8p6LhvzHNYsetC+isCQKE=">AAAB7XicbZC7SgNBFIbPxluMt6ilzWAQrMKuFlppwEawiWAukKxhdjJJxszOLjNnhbDkHWwsFLH1QXwDO9/GySaFJv4w8PH/5zDnnCCWwqDrfju5peWV1bX8emFjc2t7p7i7VzdRohmvsUhGuhlQw6VQvIYCJW/GmtMwkLwRDK8meeORayMidYejmPsh7SvRE4yiteo3921qsFMsuWU3E1kEbwaly8/TTNVO8avdjVgScoVMUmNanhujn1KNgkk+LrQTw2PKhrTPWxYVDbnx02zaMTmyTpf0Im2fQpK5vztSGhozCgNbGVIcmPlsYv6XtRLsnfupUHGCXLHpR71EEozIZHXSFZozlCMLlGlhZyVsQDVlaA9UsEfw5ldehPpJ2bN865YqFzBVHg7gEI7BgzOowDVUoQYMHuAJXuDViZxn5815n5bmnFnPPvyR8/EDYVCRLw==</latexit><latexit sha1_base64="N5Q1rebHRVkPas/YpSi3IzWsMlo=">AAAB7XicbZDLSgMxFIbPeK31VnXpJlgEV2XGja6k4EZwU8FeoB1LJs20sZlkSM4IZeg7uHGhiFvfx51vY3pZaOsPgY//nEPO+aNUCou+/+2trK6tb2wWtorbO7t7+6WDw4bVmWG8zrTUphVRy6VQvI4CJW+lhtMkkrwZDa8n9eYTN1ZodY+jlIcJ7SsRC0bRWY3bhw612C2V/Yo/FVmGYA5lmKvWLX11epplCVfIJLW2Hfgphjk1KJjk42InszylbEj7vO1Q0YTbMJ9uOyanzumRWBv3FJKp+3sip4m1oyRynQnFgV2sTcz/au0M48swFyrNkCs2+yjOJEFNJqeTnjCcoRw5oMwItythA2ooQxdQ0YUQLJ68DI3zSuD4zi9Xr+ZxFOAYTuAMAriAKtxADerA4BGe4RXePO29eO/ex6x1xZvPHMEfeZ8/aJeO+w==</latexit>

K
<latexit sha1_base64="Cqhuy32ZIiuolo0ZXslougnHiDg=">AAAB6HicdZDLSgMxFIbPeK31VnXpJlgEV2WmLW3daMGN4KYFe4F2KJk008ZmMkOSEcrQJ3DjQhG3vopv4M63MdMqqOgPgZ/vP4ecc7yIM6Vt+91aWl5ZXVvPbGQ3t7Z3dnN7+20VxpLQFgl5KLseVpQzQVuaaU67kaQ48DjteJOLNO/cUqlYKK71NKJugEeC+YxgbVDzapDL24XTWqVYriC7YNtVp+ikplgtl8rIMSRV/vy1VKoDQGOQe+sPQxIHVGjCsVI9x460m2CpGeF0lu3HikaYTPCI9owVOKDKTeaDztCxIUPkh9I8odGcfu9IcKDUNPBMZYD1WP3OUvhX1ou1X3MTJqJYU0EWH/kxRzpE6dZoyCQlmk+NwUQyMysiYywx0eY2WXOEr03R/6ZdLDjGN+18/QwWysAhHMEJOFCFOlxCA1pAgMIdPMCjdWPdW0/W86J0yfrsOYAfsl4+AD1tjrE=</latexit><latexit sha1_base64="otDWKO27H+DeBVW0+I+4ZcIDGNA=">AAAB6HicdZDLSgMxFIYzXmu9VV26CRbBVcm0pa0bLbgR3LRgL9AOJZOeaWMzF5KMUIY+gRsXirj1VXwDd76NmVZBRX8I/Hz/OeSc40aCK03Iu7W0vLK6tp7ZyG5ube/s5vb22yqMJYMWC0Uouy5VIHgALc21gG4kgfqugI47uUjzzi1IxcPgWk8jcHw6CrjHGdUGNa8GuTwpnNYqxXIFkwIhVbtop6ZYLZfK2DYkVf78tTRXY5B76w9DFvsQaCaoUj2bRNpJqNScCZhl+7GCiLIJHUHP2ID6oJxkPugMHxsyxF4ozQs0ntPvHQn1lZr6rqn0qR6r31kK/8p6sfZqTsKDKNYQsMVHXiywDnG6NR5yCUyLqTGUSW5mxWxMJWXa3CZrjvC1Kf7ftIsF2/gmydfP0EIZdIiO0AmyURXV0SVqoBZiCNAdekCP1o11bz1Zz4vSJeuz5wD9kPXyAfhbjz0=</latexit><latexit sha1_base64="otDWKO27H+DeBVW0+I+4ZcIDGNA=">AAAB6HicdZDLSgMxFIYzXmu9VV26CRbBVcm0pa0bLbgR3LRgL9AOJZOeaWMzF5KMUIY+gRsXirj1VXwDd76NmVZBRX8I/Hz/OeSc40aCK03Iu7W0vLK6tp7ZyG5ube/s5vb22yqMJYMWC0Uouy5VIHgALc21gG4kgfqugI47uUjzzi1IxcPgWk8jcHw6CrjHGdUGNa8GuTwpnNYqxXIFkwIhVbtop6ZYLZfK2DYkVf78tTRXY5B76w9DFvsQaCaoUj2bRNpJqNScCZhl+7GCiLIJHUHP2ID6oJxkPugMHxsyxF4ozQs0ntPvHQn1lZr6rqn0qR6r31kK/8p6sfZqTsKDKNYQsMVHXiywDnG6NR5yCUyLqTGUSW5mxWxMJWXa3CZrjvC1Kf7ftIsF2/gmydfP0EIZdIiO0AmyURXV0SVqoBZiCNAdekCP1o11bz1Zz4vSJeuz5wD9kPXyAfhbjz0=</latexit><latexit sha1_base64="NUMhRc3oZfe9qgJycE0akDlEVmc=">AAAB6HicdVBNS8NAEN3Ur1q/qh69LBbBU0liaetFCl4ELy3YVmhD2Wwn7drNJuxuhBL6C7x4UMSrP8mb/8ZNW0FFHww83pthZp4fc6a0bX9YuZXVtfWN/GZha3tnd6+4f9BRUSIptGnEI3nrEwWcCWhrpjncxhJI6HPo+pPLzO/eg1QsEjd6GoMXkpFgAaNEG6l1PSiW7PJ5vepWqtgu23bNcZ2MuLXKWQU7RslQQks0B8X3/jCiSQhCU06U6jl2rL2USM0oh1mhnyiICZ2QEfQMFSQE5aXzQ2f4xChDHETSlNB4rn6fSEmo1DT0TWdI9Fj99jLxL6+X6KDupUzEiQZBF4uChGMd4exrPGQSqOZTQwiVzNyK6ZhIQrXJpmBC+PoU/086btkxvGWXGhfLOPLoCB2jU+SgGmqgK9REbUQRoAf0hJ6tO+vRerFeF605azlziH7AevsE/6KNCQ==</latexit>

�
<latexit sha1_base64="7sZqUx31RoysqmySpay2ZjANFsg=">AAAB6nicdZDLSsNAFIZPvNZ6q7p0M1gEVyVJS1s3WnDjsqK9QBvKZDpph04mYWYilNBHcONCEbe+iW/gzrdx0iqo6A8DP99/DnPO8WPOlLbtd2tpeWV1bT23kd/c2t7ZLeztt1WUSEJbJOKR7PpYUc4EbWmmOe3GkuLQ57TjTy6yvHNLpWKRuNHTmHohHgkWMIK1Qdf9mA0KRbt0Wq+6lSqyS7Zdc1wnM26tUq4gx5BMxfPXcrkBAM1B4a0/jEgSUqEJx0r1HDvWXoqlZoTTWb6fKBpjMsEj2jNW4JAqL52POkPHhgxREEnzhEZz+r0jxaFS09A3lSHWY/U7y+BfWS/RQd1LmYgTTQVZfBQkHOkIZXujIZOUaD41BhPJzKyIjLHERJvr5M0RvjZF/5u2W3KMv7KLjTNYKAeHcAQn4EANGnAJTWgBgRHcwQM8Wty6t56s50XpkvXZcwA/ZL18AOsWj68=</latexit><latexit sha1_base64="Qo91vD2vBpl2OhQxSTn5FmQHrqo=">AAAB6nicdZDLSsNAFIZPvNZ6q7p0M1gEVyVJS1s3WnDjsqK9QBvKZDpph04mYWYilNBHcONCEbe+iW/gzrdx0iqo6A8DP99/DnPO8WPOlLbtd2tpeWV1bT23kd/c2t7ZLeztt1WUSEJbJOKR7PpYUc4EbWmmOe3GkuLQ57TjTy6yvHNLpWKRuNHTmHohHgkWMIK1Qdf9mA0KRbt0Wq+6lSqyS7Zdc1wnM26tUq4gx5BMxfPX8lzNQeGtP4xIElKhCcdK9Rw71l6KpWaE01m+nygaYzLBI9ozVuCQKi+djzpDx4YMURBJ84RGc/q9I8WhUtPQN5Uh1mP1O8vgX1kv0UHdS5mIE00FWXwUJBzpCGV7oyGTlGg+NQYTycysiIyxxESb6+TNEb42Rf+btltyjL+yi40zWCgHh3AEJ+BADRpwCU1oAYER3MEDPFrcureerOdF6ZL12XMAP2S9fACmE5A7</latexit><latexit sha1_base64="Qo91vD2vBpl2OhQxSTn5FmQHrqo=">AAAB6nicdZDLSsNAFIZPvNZ6q7p0M1gEVyVJS1s3WnDjsqK9QBvKZDpph04mYWYilNBHcONCEbe+iW/gzrdx0iqo6A8DP99/DnPO8WPOlLbtd2tpeWV1bT23kd/c2t7ZLeztt1WUSEJbJOKR7PpYUc4EbWmmOe3GkuLQ57TjTy6yvHNLpWKRuNHTmHohHgkWMIK1Qdf9mA0KRbt0Wq+6lSqyS7Zdc1wnM26tUq4gx5BMxfPX8lzNQeGtP4xIElKhCcdK9Rw71l6KpWaE01m+nygaYzLBI9ozVuCQKi+djzpDx4YMURBJ84RGc/q9I8WhUtPQN5Uh1mP1O8vgX1kv0UHdS5mIE00FWXwUJBzpCGV7oyGTlGg+NQYTycysiIyxxESb6+TNEb42Rf+btltyjL+yi40zWCgHh3AEJ+BADRpwCU1oAYER3MEDPFrcureerOdF6ZL12XMAP2S9fACmE5A7</latexit><latexit sha1_base64="jIY4xNRsPUwS/tWuyb4fighV6JE=">AAAB6nicdVBNSwMxEJ31s9avqkcvwSJ4Ktla2nqRghePFe0HtEvJptk2NJtdkqxQlv4ELx4U8eov8ua/MdtWUNEHA4/3ZpiZ58eCa4Pxh7Oyura+sZnbym/v7O7tFw4O2zpKFGUtGolIdX2imeCStQw3gnVjxUjoC9bxJ1eZ37lnSvNI3plpzLyQjCQPOCXGSrf9mA8KRVy6qFfLlSrCJYxrbtnNSLlWOa8g1yoZirBEc1B47w8jmoRMGiqI1j0Xx8ZLiTKcCjbL9xPNYkInZMR6lkoSMu2l81Nn6NQqQxREypY0aK5+n0hJqPU09G1nSMxY//Yy8S+vl5ig7qVcxolhki4WBYlAJkLZ32jIFaNGTC0hVHF7K6Jjogg1Np28DeHrU/Q/aZdLruU3uNi4XMaRg2M4gTNwoQYNuIYmtIDCCB7gCZ4d4Tw6L87ronXFWc4cwQ84b5+tWo4H</latexit>
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Model-independent interpretations

Intriguingly, LHCb values of RK*  are fully compatible with new-physics 
interpretations of various other anomalies (P5,…) in b → sl+l-  transitions′

What is RK *  ?

�10

( )

RK(�)(q2
0 , q2

1) =

� q2
1

q2
0

dq2 d�(B � K(�)µ+µ�)
dq2

� q2
1

q2
0

dq2 d�(B � K(�)e+e�)
dq2

<latexit sha1_base64="ASMjhFEEek/f2cO0MiD59QGCK/E="></latexit><latexit sha1_base64="5x54vmA9HjSEhwcO0Pqb3yqtplg="></latexit><latexit sha1_base64="5x54vmA9HjSEhwcO0Pqb3yqtplg="></latexit><latexit sha1_base64="vUyEZs8Knmq2/udFRtq0FgXo2eo="></latexit>

q2 = m2
�+��

<latexit sha1_base64="qm86E5WyTpAxXuU1DnQx5tjkppA=">AAACAnicbZDLSgMxFIbP1Futt1FX4iZaBEGUmW50oxTduKxgL9BOh0yaaUMzF5OMUIbixldx40IRty58Bne+jem0C209EPLx/+eQnN+LOZPKsr6N3Nz8wuJSfrmwsrq2vmFubtVklAhCqyTikWh4WFLOQlpVTHHaiAXFgcdp3etfjfz6PRWSReGtGsTUCXA3ZD4jWGnJNXfu2iV0jgI3bVHO20cou46H7ZJrFq0TKys0C/YEiuU9dPkJABXX/Gp1IpIENFSEYymbthUrJ8VCMcLpsNBKJI0x6eMubWoMcUClk2YrDNGBVjrIj4Q+oUKZ+nsixYGUg8DTnQFWPTntjcT/vGai/DMnZWGcKBqS8UN+wpGK0CgP1GGCEsUHGjARTP8VkR4WmCidWkGHYE+vPAu10omt+UancQHjysMu7MMh2HAKZbiGClSBwAM8wQu8Go/Gs/FmvI9bc8ZkZhv+lPHxA/7kl1g=</latexit><latexit sha1_base64="BbRP/efN97A5kOOXRVVBMBATiEg=">AAACAnicbZDLSgMxFIYz9VbrbbQrcRMtgiCWmSLoRim6cVnBXqCdDpk004ZmMmOSEcpQ3PgqblwoIuLGp3Dn25hOu9DWAyEf/38Oyfm9iFGpLOvbyMzNLywuZZdzK6tr6xvm5lZNhrHApIpDFoqGhyRhlJOqooqRRiQICjxG6l7/cuTX74iQNOQ3ahARJ0BdTn2KkdKSa27ftkvwDAZu0iKMtQ9heh0N2yXXLFhFKy04C/YECuVdePFx/J6vuOZXqxPiOCBcYYakbNpWpJwECUUxI8NcK5YkQriPuqSpkaOASCdJVxjCfa10oB8KfbiCqfp7IkGBlIPA050BUj057Y3E/7xmrPxTJ6E8ihXhePyQHzOoQjjKA3aoIFixgQaEBdV/hbiHBMJKp5bTIdjTK89CrVS0NV/rNM7BuLJgB+yBA2CDE1AGV6ACqgCDe/AInsGL8WA8Ga/G27g1Y0xm8uBPGZ8/Q7OYSw==</latexit><latexit sha1_base64="BbRP/efN97A5kOOXRVVBMBATiEg=">AAACAnicbZDLSgMxFIYz9VbrbbQrcRMtgiCWmSLoRim6cVnBXqCdDpk004ZmMmOSEcpQ3PgqblwoIuLGp3Dn25hOu9DWAyEf/38Oyfm9iFGpLOvbyMzNLywuZZdzK6tr6xvm5lZNhrHApIpDFoqGhyRhlJOqooqRRiQICjxG6l7/cuTX74iQNOQ3ahARJ0BdTn2KkdKSa27ftkvwDAZu0iKMtQ9heh0N2yXXLFhFKy04C/YECuVdePFx/J6vuOZXqxPiOCBcYYakbNpWpJwECUUxI8NcK5YkQriPuqSpkaOASCdJVxjCfa10oB8KfbiCqfp7IkGBlIPA050BUj057Y3E/7xmrPxTJ6E8ihXhePyQHzOoQjjKA3aoIFixgQaEBdV/hbiHBMJKp5bTIdjTK89CrVS0NV/rNM7BuLJgB+yBA2CDE1AGV6ACqgCDe/AInsGL8WA8Ga/G27g1Y0xm8uBPGZ8/Q7OYSw==</latexit><latexit sha1_base64="RWQRz/KPYD3v/AuUmW8MMTfh2zY=">AAACAnicbZDLSgMxFIYz9VbrbdSVuAkWQRDLTDe6UQpuXFawF2inQybNtKFJZkwyQhmKG1/FjQtF3PoU7nwb0+kstPVAyMf/n0Ny/iBmVGnH+bYKS8srq2vF9dLG5tb2jr2711RRIjFp4IhFsh0gRRgVpKGpZqQdS4J4wEgrGF1P/dYDkYpG4k6PY+JxNBA0pBhpI/n2wX2vCi8h99MuYax3CrPrbNKr+nbZqThZwUVwcyiDvOq+/dXtRzjhRGjMkFId14m1lyKpKWZkUuomisQIj9CAdAwKxIny0myFCTw2Sh+GkTRHaJipvydSxJUa88B0cqSHat6biv95nUSHF15KRZxoIvDsoTBhUEdwmgfsU0mwZmMDCEtq/grxEEmEtUmtZEJw51dehGa14hq+dcq1qzyOIjgER+AEuOAc1MANqIMGwOARPINX8GY9WS/Wu/Uxay1Y+cw++FPW5w/02ZXV</latexit>

�+
<latexit sha1_base64="cuWhcAR5Fq8P3I4ugg0RLQfd1l4=">AAAB7nicdZDLSgMxFIbP1Futt6pLN8EiCEJJWrDtRgtuXFawF2jHkkkzbWjmQpIRSulDuHGhiFvfwzdw59uYaRVU9IfAx/+fQ845XiyFNhi/O5ml5ZXVtex6bmNza3snv7vX0lGiGG+ySEaq41HNpQh50wgjeSdWnAae5G1vfJHm7VuutIjCazOJuRvQYSh8waixVrvHpbw5Qf18ARcxxoQQlAKpnGILtVq1RKqIpJFV4fy1XK4DQKOff+sNIpYEPDRMUq27BMfGnVJlBJN8luslmseUjemQdy2GNODanc7HnaEj6wyQHyn7QoPm7veOKQ20ngSerQyoGenfWWr+lXUT41fdqQjjxPCQLT7yE4lMhNLd0UAozoycWKBMCTsrYiOqKDP2Qjl7hK9N0f/QKhWJ5StcqJ/BQlk4gEM4BgIVqMMlNKAJDMZwBw/w6MTOvfPkPC9KM85nzz78kPPyAQpekNg=</latexit><latexit sha1_base64="RZvjgU3J1cZXvwMR/C4RZnxRG2M=">AAAB7nicdZDLSgMxFIYzXmu9VV26CRZBEEpSwbYbLbhxWcFeoB1LJj3ThmYuJBmhDH0INy4Ucet7+AbufBszrYKK/hD4+P9zyDnHi6XQhpB3Z2FxaXllNbeWX9/Y3Nou7Oy2dJQoDk0eyUh1PKZBihCaRhgJnVgBCzwJbW98keXtW1BaROG1mcTgBmwYCl9wZqzV7oGUN8e4XyiSEiGEUoozoJVTYqFWq5ZpFdMssiqev57M1OgX3nqDiCcBhIZLpnWXkti4KVNGcAnTfC/REDM+ZkPoWgxZANpNZ+NO8aF1BtiPlH2hwTP3e0fKAq0ngWcrA2ZG+neWmX9l3cT4VTcVYZwYCPn8Iz+R2EQ42x0PhAJu5MQC40rYWTEfMcW4sRfK2yN8bYr/h1a5RC1fkWL9DM2VQ/voAB0hiiqoji5RAzURR2N0hx7QoxM7986T8zwvXXA+e/bQDzkvH8VMkWQ=</latexit><latexit sha1_base64="RZvjgU3J1cZXvwMR/C4RZnxRG2M=">AAAB7nicdZDLSgMxFIYzXmu9VV26CRZBEEpSwbYbLbhxWcFeoB1LJj3ThmYuJBmhDH0INy4Ucet7+AbufBszrYKK/hD4+P9zyDnHi6XQhpB3Z2FxaXllNbeWX9/Y3Nou7Oy2dJQoDk0eyUh1PKZBihCaRhgJnVgBCzwJbW98keXtW1BaROG1mcTgBmwYCl9wZqzV7oGUN8e4XyiSEiGEUoozoJVTYqFWq5ZpFdMssiqev57M1OgX3nqDiCcBhIZLpnWXkti4KVNGcAnTfC/REDM+ZkPoWgxZANpNZ+NO8aF1BtiPlH2hwTP3e0fKAq0ngWcrA2ZG+neWmX9l3cT4VTcVYZwYCPn8Iz+R2EQ42x0PhAJu5MQC40rYWTEfMcW4sRfK2yN8bYr/h1a5RC1fkWL9DM2VQ/voAB0hiiqoji5RAzURR2N0hx7QoxM7986T8zwvXXA+e/bQDzkvH8VMkWQ=</latexit><latexit sha1_base64="j4CzoJRV2jP6jDGMJu18Jo/m3Fk=">AAAB7nicdZDLSgMxFIYzXmu9VV26CRZBEErShW03UnDjsoK9QDuWTHqmDc1khiQjlNKHcONCEbc+jzvfxkxbQUV/CHz8/znknBMkUhhLyIe3srq2vrGZ28pv7+zu7RcODlsmTjWHJo9lrDsBMyCFgqYVVkIn0cCiQEI7GF9lefsetBGxurWTBPyIDZUIBWfWWe0eSHl3jvuFIikRQiilOANauSAOarVqmVYxzSKnIlqq0S+89wYxTyNQlktmTJeSxPpTpq3gEmb5XmogYXzMhtB1qFgExp/Ox53hU+cMcBhr95TFc/d7x5RFxkyiwFVGzI7M7ywz/8q6qQ2r/lSoJLWg+OKjMJXYxjjbHQ+EBm7lxAHjWrhZMR8xzbh1F8q7I3xtiv+HVrlEHd+QYv1yeY4cOkYn6AxRVEF1dI0aqIk4GqMH9ISevcR79F6810XpirfsOUI/5L19AsyTjzA=</latexit>

��
<latexit sha1_base64="PoJ1ysY3YQPzVcYf16Gnl4/I9dg=">AAAB7XicdZDLSgMxFIbPeK31VnXpJlgEN5akBdtutODGZQV7gXYsmTRtYzMXkoxQhr6DGxeKuPVBfAN3vo2ZVkFFfwh8/P855JzjRVJog/G7s7C4tLyymlnLrm9sbm3ndnabOowV4w0WylC1Paq5FAFvGGEkb0eKU9+TvOWNz9O8dcuVFmFwZSYRd306DMRAMGqs1exyKa+Pe7k8LmCMCSEoBVI+wRaq1UqRVBBJI6v82WupVAOAei/31u2HLPZ5YJikWncIjoybUGUEk3ya7caaR5SN6ZB3LAbU59pNZtNO0aF1+mgQKvsCg2bu946E+lpPfM9W+tSM9O8sNf/KOrEZVNxEBFFseMDmHw1iiUyI0tVRXyjOjJxYoEwJOytiI6ooM/ZAWXuEr03R/9AsFojlS5yvncJcGdiHAzgCAmWowQXUoQEMbuAOHuDRCZ1758l5npcuOJ89e/BDzssHtceQsA==</latexit><latexit sha1_base64="Ya9IZhMLwXzCKzHC1+sFQkSHKrs=">AAAB7XicdZDLSgMxFIYz9VbrrerSTbAIbixJBdtutODGZQV7gXYsmTRtYzPJkGSEMvQd3LhQxK0P4hu4823MtAoq+kPg4//PIeecIBLcWITevczC4tLySnY1t7a+sbmV395pGhVryhpUCaXbATFMcMkallvB2pFmJAwEawXj8zRv3TJtuJJXdhIxPyRDyQecEuusZpcJcX3UyxdQESGEMYYp4PIJclCtVkq4AnEaORXOXo9nqvfyb92+onHIpKWCGNPBKLJ+QrTlVLBprhsbFhE6JkPWcShJyIyfzKadwgPn9OFAafekhTP3e0dCQmMmYeAqQ2JH5neWmn9lndgOKn7CZRRbJun8o0EsoFUwXR32uWbUiokDQjV3s0I6IppQ6w6Uc0f42hT+D81SETu+RIXaKZgrC/bAPjgEGJRBDVyAOmgACm7AHXgAj57y7r0n73lemvE+e3bBD3kvH3DEkTw=</latexit><latexit sha1_base64="Ya9IZhMLwXzCKzHC1+sFQkSHKrs=">AAAB7XicdZDLSgMxFIYz9VbrrerSTbAIbixJBdtutODGZQV7gXYsmTRtYzPJkGSEMvQd3LhQxK0P4hu4823MtAoq+kPg4//PIeecIBLcWITevczC4tLySnY1t7a+sbmV395pGhVryhpUCaXbATFMcMkallvB2pFmJAwEawXj8zRv3TJtuJJXdhIxPyRDyQecEuusZpcJcX3UyxdQESGEMYYp4PIJclCtVkq4AnEaORXOXo9nqvfyb92+onHIpKWCGNPBKLJ+QrTlVLBprhsbFhE6JkPWcShJyIyfzKadwgPn9OFAafekhTP3e0dCQmMmYeAqQ2JH5neWmn9lndgOKn7CZRRbJun8o0EsoFUwXR32uWbUiokDQjV3s0I6IppQ6w6Uc0f42hT+D81SETu+RIXaKZgrC/bAPjgEGJRBDVyAOmgACm7AHXgAj57y7r0n73lemvE+e3bBD3kvH3DEkTw=</latexit><latexit sha1_base64="U4kZ4AlvK4fgwOILAJG+ecHvaI8=">AAAB7XicdZDLSgMxFIYz9VbrrerSTbAIbixJF7bdSMGNywr2Au1YMmmmjc0kQ5IRytB3cONCEbe+jzvfxkxbQUV/CHz8/znknBPEghuL0IeXW1ldW9/Ibxa2tnd294r7B22jEk1ZiyqhdDcghgkuWctyK1g31oxEgWCdYHKZ5Z17pg1X8sZOY+ZHZCR5yCmxzmr3mRC3Z4NiCZURQhhjmAGuniMH9XqtgmsQZ5FTCSzVHBTf+0NFk4hJSwUxpodRbP2UaMupYLNCPzEsJnRCRqznUJKIGT+dTzuDJ84ZwlBp96SFc/d7R0oiY6ZR4CojYsfmd5aZf2W9xIY1P+UyTiyTdPFRmAhoFcxWh0OuGbVi6oBQzd2skI6JJtS6AxXcEb42hf9Du1LGjq9RqXGxPEceHIFjcAowqIIGuAJN0AIU3IEH8ASePeU9ei/e66I05y17DsEPeW+feAuPCA==</latexit>

B
<latexit sha1_base64="tBtwA6GtqE5z7+UonUv2ZHC4ANk=">AAAB6HicbZC7SgNBFIbPxluMt6ilzWAQrMKuFlpp0MYyAXOBZAmzk7PJmNnZZWZWCEuewMZCEVtfxTew822cXApN/GHg4//PYc45QSK4Nq777eRWVtfWN/Kbha3tnd294v5BQ8epYlhnsYhVK6AaBZdYN9wIbCUKaRQIbAbD20nefESleSzvzShBP6J9yUPOqLFW7aZbLLlldyqyDN4cStef5+cVAKh2i1+dXszSCKVhgmrd9tzE+BlVhjOB40In1ZhQNqR9bFuUNELtZ9NBx+TEOj0Sxso+acjU/d2R0UjrURTYyoiagV7MJuZ/WTs14aWfcZmkBiWbfRSmgpiYTLYmPa6QGTGyQJnidlbCBlRRZuxtCvYI3uLKy9A4K3uWa26pcgUz5eEIjuEUPLiACtxBFerAAOEJXuDVeXCenTfnfVaac+Y9h/BHzscPz6uOZg==</latexit><latexit sha1_base64="Kqf+1m+XTmqT5PzcR1Ln+cpc/Q8=">AAAB6HicbZC7SgNBFIbPxluMt6ilzWAQrMKuFlpp0MYyAXOBZAmzk7PJmNnZZWZWCCFPYGOhiK2v4hvY+TZONik08YeBj/8/hznnBIng2rjut5NbWV1b38hvFra2d3b3ivsHDR2nimGdxSJWrYBqFFxi3XAjsJUopFEgsBkMb6d58xGV5rG8N6ME/Yj2JQ85o8ZatZtuseSW3UxkGbw5lK4/zzNVu8WvTi9maYTSMEG1bntuYvwxVYYzgZNCJ9WYUDakfWxblDRC7Y+zQSfkxDo9EsbKPmlI5v7uGNNI61EU2MqImoFezKbmf1k7NeGlP+YySQ1KNvsoTAUxMZluTXpcITNiZIEyxe2shA2ooszY2xTsEbzFlZehcVb2LNfcUuUKZsrDERzDKXhwARW4gyrUgQHCE7zAq/PgPDtvzvusNOfMew7hj5yPH4qojvI=</latexit><latexit sha1_base64="Kqf+1m+XTmqT5PzcR1Ln+cpc/Q8=">AAAB6HicbZC7SgNBFIbPxluMt6ilzWAQrMKuFlpp0MYyAXOBZAmzk7PJmNnZZWZWCCFPYGOhiK2v4hvY+TZONik08YeBj/8/hznnBIng2rjut5NbWV1b38hvFra2d3b3ivsHDR2nimGdxSJWrYBqFFxi3XAjsJUopFEgsBkMb6d58xGV5rG8N6ME/Yj2JQ85o8ZatZtuseSW3UxkGbw5lK4/zzNVu8WvTi9maYTSMEG1bntuYvwxVYYzgZNCJ9WYUDakfWxblDRC7Y+zQSfkxDo9EsbKPmlI5v7uGNNI61EU2MqImoFezKbmf1k7NeGlP+YySQ1KNvsoTAUxMZluTXpcITNiZIEyxe2shA2ooszY2xTsEbzFlZehcVb2LNfcUuUKZsrDERzDKXhwARW4gyrUgQHCE7zAq/PgPDtvzvusNOfMew7hj5yPH4qojvI=</latexit><latexit sha1_base64="1oncHLbyZHJilsfY6/wF067SHu4=">AAAB6HicbZA9SwNBEIbn4leMX1FLm8UgWIU7G1NJ0MYyAfMByRH2NnPJmr29Y3dPCEd+gY2FIrb+JDv/jZvkCk18YeHhnRl25g0SwbVx3W+nsLG5tb1T3C3t7R8cHpWPT9o6ThXDFotFrLoB1Si4xJbhRmA3UUijQGAnmNzN650nVJrH8sFME/QjOpI85IwaazVvB+WKW3UXIuvg5VCBXI1B+as/jFkaoTRMUK17npsYP6PKcCZwVuqnGhPKJnSEPYuSRqj9bLHojFxYZ0jCWNknDVm4vycyGmk9jQLbGVEz1qu1uflfrZeasOZnXCapQcmWH4WpICYm86vJkCtkRkwtUKa43ZWwMVWUGZtNyYbgrZ68Du2rqme56VbqN3kcRTiDc7gED66hDvfQgBYwQHiGV3hzHp0X5935WLYWnHzmFP7I+fwBke+Mvg==</latexit>

K�
<latexit sha1_base64="K6RwxlyH48+0xaa4QB0MnQo1fOs=">AAAB7XicbZC7SgNBFIbPxluMt6ilzWIQrMKuFlppwEawiWAukKxhdjKbjJmdWWbOCmHJO9hYKGLrg/gGdr6Nk0uhiT8MfPz/Ocw5J0wEN+h5305uaXlldS2/XtjY3NreKe7u1Y1KNWU1qoTSzZAYJrhkNeQoWDPRjMShYI1wcDXOG49MG67kHQ4TFsSkJ3nEKUFr1W/u28Rgp1jyyt5E7iL4Myhdfp6eVgCg2il+tbuKpjGTSAUxpuV7CQYZ0cipYKNCOzUsIXRAeqxlUZKYmSCbTDtyj6zTdSOl7ZPoTtzfHRmJjRnGoa2MCfbNfDY2/8taKUbnQcZlkiKTdPpRlAoXlTte3e1yzSiKoQVCNbezurRPNKFoD1SwR/DnV16E+knZt3zrlSoXMFUeDuAQjsGHM6jANVShBhQe4Ale4NVRzrPz5rxPS3POrGcf/sj5+AGmU5Cj</latexit><latexit sha1_base64="LcFFPO8p6LhvzHNYsetC+isCQKE=">AAAB7XicbZC7SgNBFIbPxluMt6ilzWAQrMKuFlppwEawiWAukKxhdjJJxszOLjNnhbDkHWwsFLH1QXwDO9/GySaFJv4w8PH/5zDnnCCWwqDrfju5peWV1bX8emFjc2t7p7i7VzdRohmvsUhGuhlQw6VQvIYCJW/GmtMwkLwRDK8meeORayMidYejmPsh7SvRE4yiteo3921qsFMsuWU3E1kEbwaly8/TTNVO8avdjVgScoVMUmNanhujn1KNgkk+LrQTw2PKhrTPWxYVDbnx02zaMTmyTpf0Im2fQpK5vztSGhozCgNbGVIcmPlsYv6XtRLsnfupUHGCXLHpR71EEozIZHXSFZozlCMLlGlhZyVsQDVlaA9UsEfw5ldehPpJ2bN865YqFzBVHg7gEI7BgzOowDVUoQYMHuAJXuDViZxn5815n5bmnFnPPvyR8/EDYVCRLw==</latexit><latexit sha1_base64="LcFFPO8p6LhvzHNYsetC+isCQKE=">AAAB7XicbZC7SgNBFIbPxluMt6ilzWAQrMKuFlppwEawiWAukKxhdjJJxszOLjNnhbDkHWwsFLH1QXwDO9/GySaFJv4w8PH/5zDnnCCWwqDrfju5peWV1bX8emFjc2t7p7i7VzdRohmvsUhGuhlQw6VQvIYCJW/GmtMwkLwRDK8meeORayMidYejmPsh7SvRE4yiteo3921qsFMsuWU3E1kEbwaly8/TTNVO8avdjVgScoVMUmNanhujn1KNgkk+LrQTw2PKhrTPWxYVDbnx02zaMTmyTpf0Im2fQpK5vztSGhozCgNbGVIcmPlsYv6XtRLsnfupUHGCXLHpR71EEozIZHXSFZozlCMLlGlhZyVsQDVlaA9UsEfw5ldehPpJ2bN865YqFzBVHg7gEI7BgzOowDVUoQYMHuAJXuDViZxn5815n5bmnFnPPvyR8/EDYVCRLw==</latexit><latexit sha1_base64="N5Q1rebHRVkPas/YpSi3IzWsMlo=">AAAB7XicbZDLSgMxFIbPeK31VnXpJlgEV2XGja6k4EZwU8FeoB1LJs20sZlkSM4IZeg7uHGhiFvfx51vY3pZaOsPgY//nEPO+aNUCou+/+2trK6tb2wWtorbO7t7+6WDw4bVmWG8zrTUphVRy6VQvI4CJW+lhtMkkrwZDa8n9eYTN1ZodY+jlIcJ7SsRC0bRWY3bhw612C2V/Yo/FVmGYA5lmKvWLX11epplCVfIJLW2Hfgphjk1KJjk42InszylbEj7vO1Q0YTbMJ9uOyanzumRWBv3FJKp+3sip4m1oyRynQnFgV2sTcz/au0M48swFyrNkCs2+yjOJEFNJqeTnjCcoRw5oMwItythA2ooQxdQ0YUQLJ68DI3zSuD4zi9Xr+ZxFOAYTuAMAriAKtxADerA4BGe4RXePO29eO/ex6x1xZvPHMEfeZ8/aJeO+w==</latexit>

K
<latexit sha1_base64="Cqhuy32ZIiuolo0ZXslougnHiDg=">AAAB6HicdZDLSgMxFIbPeK31VnXpJlgEV2WmLW3daMGN4KYFe4F2KJk008ZmMkOSEcrQJ3DjQhG3vopv4M63MdMqqOgPgZ/vP4ecc7yIM6Vt+91aWl5ZXVvPbGQ3t7Z3dnN7+20VxpLQFgl5KLseVpQzQVuaaU67kaQ48DjteJOLNO/cUqlYKK71NKJugEeC+YxgbVDzapDL24XTWqVYriC7YNtVp+ikplgtl8rIMSRV/vy1VKoDQGOQe+sPQxIHVGjCsVI9x460m2CpGeF0lu3HikaYTPCI9owVOKDKTeaDztCxIUPkh9I8odGcfu9IcKDUNPBMZYD1WP3OUvhX1ou1X3MTJqJYU0EWH/kxRzpE6dZoyCQlmk+NwUQyMysiYywx0eY2WXOEr03R/6ZdLDjGN+18/QwWysAhHMEJOFCFOlxCA1pAgMIdPMCjdWPdW0/W86J0yfrsOYAfsl4+AD1tjrE=</latexit><latexit sha1_base64="otDWKO27H+DeBVW0+I+4ZcIDGNA=">AAAB6HicdZDLSgMxFIYzXmu9VV26CRbBVcm0pa0bLbgR3LRgL9AOJZOeaWMzF5KMUIY+gRsXirj1VXwDd76NmVZBRX8I/Hz/OeSc40aCK03Iu7W0vLK6tp7ZyG5ube/s5vb22yqMJYMWC0Uouy5VIHgALc21gG4kgfqugI47uUjzzi1IxcPgWk8jcHw6CrjHGdUGNa8GuTwpnNYqxXIFkwIhVbtop6ZYLZfK2DYkVf78tTRXY5B76w9DFvsQaCaoUj2bRNpJqNScCZhl+7GCiLIJHUHP2ID6oJxkPugMHxsyxF4ozQs0ntPvHQn1lZr6rqn0qR6r31kK/8p6sfZqTsKDKNYQsMVHXiywDnG6NR5yCUyLqTGUSW5mxWxMJWXa3CZrjvC1Kf7ftIsF2/gmydfP0EIZdIiO0AmyURXV0SVqoBZiCNAdekCP1o11bz1Zz4vSJeuz5wD9kPXyAfhbjz0=</latexit><latexit sha1_base64="otDWKO27H+DeBVW0+I+4ZcIDGNA=">AAAB6HicdZDLSgMxFIYzXmu9VV26CRbBVcm0pa0bLbgR3LRgL9AOJZOeaWMzF5KMUIY+gRsXirj1VXwDd76NmVZBRX8I/Hz/OeSc40aCK03Iu7W0vLK6tp7ZyG5ube/s5vb22yqMJYMWC0Uouy5VIHgALc21gG4kgfqugI47uUjzzi1IxcPgWk8jcHw6CrjHGdUGNa8GuTwpnNYqxXIFkwIhVbtop6ZYLZfK2DYkVf78tTRXY5B76w9DFvsQaCaoUj2bRNpJqNScCZhl+7GCiLIJHUHP2ID6oJxkPugMHxsyxF4ozQs0ntPvHQn1lZr6rqn0qR6r31kK/8p6sfZqTsKDKNYQsMVHXiywDnG6NR5yCUyLqTGUSW5mxWxMJWXa3CZrjvC1Kf7ftIsF2/gmydfP0EIZdIiO0AmyURXV0SVqoBZiCNAdekCP1o11bz1Zz4vSJeuz5wD9kPXyAfhbjz0=</latexit><latexit sha1_base64="NUMhRc3oZfe9qgJycE0akDlEVmc=">AAAB6HicdVBNS8NAEN3Ur1q/qh69LBbBU0liaetFCl4ELy3YVmhD2Wwn7drNJuxuhBL6C7x4UMSrP8mb/8ZNW0FFHww83pthZp4fc6a0bX9YuZXVtfWN/GZha3tnd6+4f9BRUSIptGnEI3nrEwWcCWhrpjncxhJI6HPo+pPLzO/eg1QsEjd6GoMXkpFgAaNEG6l1PSiW7PJ5vepWqtgu23bNcZ2MuLXKWQU7RslQQks0B8X3/jCiSQhCU06U6jl2rL2USM0oh1mhnyiICZ2QEfQMFSQE5aXzQ2f4xChDHETSlNB4rn6fSEmo1DT0TWdI9Fj99jLxL6+X6KDupUzEiQZBF4uChGMd4exrPGQSqOZTQwiVzNyK6ZhIQrXJpmBC+PoU/086btkxvGWXGhfLOPLoCB2jU+SgGmqgK9REbUQRoAf0hJ6tO+vRerFeF605azlziH7AevsE/6KNCQ==</latexit>
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Coe↵. best fit 1� 2� pull
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Ce
9 +1.54 [+1.13, +1.98] [+0.76, +2.48] 4.3�

Ce
10 �1.27 [�1.65, �0.92] [�2.08, �0.61] 4.3�

Cµ
9 = �Cµ

10 �0.63 [�0.80, �0.47] [�0.98, �0.32] 4.2�

Ce
9 = �Ce

10 +0.76 [+0.55, +1.00] [+0.36, +1.27] 4.3�

Ce
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10 +0.03 [�0.21, +0.27] [�0.44, +0.51] 0.1�
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9 +0.07 [�0.21, +0.37] [�0.49, +0.69] 0.2�
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TABLE I. Best-fit values and pulls for scenarios with NP in
one individual Wilson coe�cient, taking into account only
LFU observables.

with the following four-fermion contact interactions,

O
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9 = (s̄�µPLb)(¯̀�µ

`) , O
0 `
9 = (s̄�µPRb)(¯̀�µ

`) , (6)

O
`
10 = (s̄�µPLb)(¯̀�µ

�5`) , O
0 `
10 = (s̄�µPRb)(¯̀�µ

�5`) , (7)

and the corresponding Wilson coe�cients C
`
i , with ` =

e, µ. We do not consider other dimension-six operators
that can contribute to b ! s`` transitions. Dipole oper-
ators and four-quark operators [56] cannot lead to vio-
lation of LFU and are therefore irrelevant for this work.
Four-fermion contact interactions containing scalar cur-
rents would be a natural source of LFU violation. How-
ever, they are strongly constrained by existing measure-
ments of the Bs ! µµ and Bs ! ee branching ra-
tios [57, 58]. Imposing SU(2)L invariance, these bounds
cannot be avoided [59]. We have checked explicitly that
SU(2)L invariant scalar operators cannot lead to any ap-
preciable e↵ects in RK(⇤) (cf. [60]).

For the numerical analysis we use the open source code
flavio [61]. Based on the experimental measurements
and theory predictions for the LFU ratios RK(⇤) and
the LFU di↵erences of B ! K

⇤
`
+
`
� angular observ-

ables DP 0
4,5

(see below), we construct a �
2 function that

depends on the Wilson coe�cients and that takes into
account the correlations between theory uncertainties of
di↵erent observables. We use the default theory uncer-
tainties in flavio, in particular B ! K

⇤ form factors
from a combined fit to light-cone sum rule and lattice re-
sults [62]. The experimental uncertainties are presently
dominated by statistics, so their correlations can be ne-
glected. For the SM we find �

2
SM = 24.4 for 5 degrees of

freedom.
Tab. I lists the best fit values and pulls, defined as thep
��2 between the best-fit point and the SM point for
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FIG. 1. Allowed regions in planes of two Wilson coe�cients,
assuming the remaining coe�cients to be SM-like.
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TABLE I. Best-fit values and pulls for scenarios with NP in
one individual Wilson coe�cient, taking into account only
LFU observables.
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and the corresponding Wilson coe�cients C
`
i , with ` =

e, µ. We do not consider other dimension-six operators
that can contribute to b ! s`` transitions. Dipole oper-
ators and four-quark operators [56] cannot lead to vio-
lation of LFU and are therefore irrelevant for this work.
Four-fermion contact interactions containing scalar cur-
rents would be a natural source of LFU violation. How-
ever, they are strongly constrained by existing measure-
ments of the Bs ! µµ and Bs ! ee branching ra-
tios [57, 58]. Imposing SU(2)L invariance, these bounds
cannot be avoided [59]. We have checked explicitly that
SU(2)L invariant scalar operators cannot lead to any ap-
preciable e↵ects in RK(⇤) (cf. [60]).

For the numerical analysis we use the open source code
flavio [61]. Based on the experimental measurements
and theory predictions for the LFU ratios RK(⇤) and
the LFU di↵erences of B ! K
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depends on the Wilson coe�cients and that takes into
account the correlations between theory uncertainties of
di↵erent observables. We use the default theory uncer-
tainties in flavio, in particular B ! K

⇤ form factors
from a combined fit to light-cone sum rule and lattice re-
sults [62]. The experimental uncertainties are presently
dominated by statistics, so their correlations can be ne-
glected. For the SM we find �
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SM = 24.4 for 5 degrees of
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Model-independent interpretations

Altmannshofer, Stangl & Straub, 1704.05435 & similar results by many others

Two simple explanations that are particularly interesting for            
model-building are provided by ΔC9 ≃ -1.2 & ΔC9 = -ΔC10 ≃ -0.6 μ μμ

https://arxiv.org/pdf/1704.05435.pdf


�19See for instance Buttazzo et al., 1706.07808
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Figure 3: The lines show the correlations among triplet and singlet operators in single-mediator models.
Colour-less vectors are shown in green, coloured scalar in blue, while coloured vectors in red. Electroweak
singlet mediators are shown with the solid lines while triplets with dashed.

compensate for the radiative constraints (see Figure 1 bottom-right). In other words, in the
small �q

sb
scenario the tuning problem is moved from the �F = 2 sector to that of electroweak

observables. We will present an explicit realisation of the small �q

sb
scenario in Section 3.3.

3 Simplified models

In this section we analyse how the general results discussed in the previous section can be
implemented, and eventually modified adding extra ingredients, in three specific (simplified)
UV scenarios with explicit mediators.

The complete set of single-mediator models with tree-level matching to the vector triplet
and/or singlet V � A operators consists of: colour-singlet vectors B0

µ ⇠ (1,1, 0) and W 0
µ ⇠

(1,3, 0), colour-triplet scalars S1 ⇠ (3̄,1, 1/3) and S3 ⇠ (3̄,3, 1/3), and coloured vectors Uµ

1 ⇠

(3,1, 2/3) and Uµ

3 ⇠ (3,3, 2/3) [46]. The quantum numbers in brackets indicate colour, weak,
and hypercharge representations, respectively. In Figure 3 we show the correlation between
triplet and singlet operators predicted in all single-mediator models, compared to the regions
favoured by the EFT fit.

The plot in Figure 3 clearly singles out the case of a vector LQ, Uµ

1 , which we closely
examine in the next subsection, as the best single-mediator case. However, it must be stressed
that there is no fundamental reason to expect the low-energy anomalies to be saturated by the
contribution of a single tree-level mediator. In fact, in many UV completions incorporating one of
these mediators (for example in composite Higgs models, see Section 4), these states often arise
with partners of similar mass but di↵erent electroweak representation, and it is thus natural
to consider two or more of them at the same time. For this reason, and also for illustrative
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Vector leptoquark (LQ) U1 only 
single-mediator model that can 
explain both sets anomalies

https://arxiv.org/pdf/1706.07808.pdf
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Figure 3: The lines show the correlations among triplet and singlet operators in single-mediator models.
Colour-less vectors are shown in green, coloured scalar in blue, while coloured vectors in red. Electroweak
singlet mediators are shown with the solid lines while triplets with dashed.

compensate for the radiative constraints (see Figure 1 bottom-right). In other words, in the
small �q

sb
scenario the tuning problem is moved from the �F = 2 sector to that of electroweak

observables. We will present an explicit realisation of the small �q

sb
scenario in Section 3.3.

3 Simplified models

In this section we analyse how the general results discussed in the previous section can be
implemented, and eventually modified adding extra ingredients, in three specific (simplified)
UV scenarios with explicit mediators.

The complete set of single-mediator models with tree-level matching to the vector triplet
and/or singlet V � A operators consists of: colour-singlet vectors B0

µ ⇠ (1,1, 0) and W 0
µ ⇠

(1,3, 0), colour-triplet scalars S1 ⇠ (3̄,1, 1/3) and S3 ⇠ (3̄,3, 1/3), and coloured vectors Uµ

1 ⇠

(3,1, 2/3) and Uµ

3 ⇠ (3,3, 2/3) [46]. The quantum numbers in brackets indicate colour, weak,
and hypercharge representations, respectively. In Figure 3 we show the correlation between
triplet and singlet operators predicted in all single-mediator models, compared to the regions
favoured by the EFT fit.

The plot in Figure 3 clearly singles out the case of a vector LQ, Uµ

1 , which we closely
examine in the next subsection, as the best single-mediator case. However, it must be stressed
that there is no fundamental reason to expect the low-energy anomalies to be saturated by the
contribution of a single tree-level mediator. In fact, in many UV completions incorporating one of
these mediators (for example in composite Higgs models, see Section 4), these states often arise
with partners of similar mass but di↵erent electroweak representation, and it is thus natural
to consider two or more of them at the same time. For this reason, and also for illustrative
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U3 = (3, 3, 2/3)
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b → s (b → c) anomalies alone 
can be explained by several 
simple single-mediator models

See for instance Buttazzo et al., 1706.07808

https://arxiv.org/pdf/1706.07808.pdf
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Minimal Lμ - Lτ model
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The Minimal Lµ � L⌧ Model
(He, Joshi, Lew, Volkas, Phys.Rev. D43 (1991) 22-24)

Lµ � L⌧ is anomaly free with the SM matter content.

Gauging Lµ � L⌧ gives Z 0 with vectorial couplings to muons and taus and
couplings to the corresponding LH neutrinos.
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The Minimal Lµ � L⌧ Model
(He, Joshi, Lew, Volkas, Phys.Rev. D43 (1991) 22-24)

Lµ � L⌧ is anomaly free with the SM matter content.

Gauging Lµ � L⌧ gives Z 0 with vectorial couplings to muons and taus and
couplings to the corresponding LH neutrinos.

µ, νµ µ, νµ
+g′ −g′

Z ′Z ′

τ, ντ τ, ντ

no lepton flavor
violating couplings!

g0Z 0
↵

�
µ̄�↵µ� ⌧̄ �↵⌧ + ⌫̄µ�

↵PL⌫µ � ⌫̄⌧�
↵PL⌫⌧
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Z 0 can get mass from a scalar � that spontaneously breaks Lµ � L⌧

mZ 0 = g0
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Lμ - Lτ anomaly free with SM matter content. Gauging Lμ - Lτ 
gives Z′ with vectorial couplings to μ, τ & corresponding ν:

Z′ mass from a scalar ϕ		that spontaneously breaks Lμ - Lτ:

The Minimal Lµ � L⌧ Model
(He, Joshi, Lew, Volkas, Phys.Rev. D43 (1991) 22-24)

Lµ � L⌧ is anomaly free with the SM matter content.

Gauging Lµ � L⌧ gives Z 0 with vectorial couplings to muons and taus and
couplings to the corresponding LH neutrinos.

µ, νµ µ, νµ
+g′ −g′
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τ, ντ τ, ντ

no lepton flavor
violating couplings!
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�
µ̄�↵µ� ⌧̄ �↵⌧ + ⌫̄µ�

↵PL⌫µ � ⌫̄⌧�
↵PL⌫⌧

�

Z 0 can get mass from a scalar � that spontaneously breaks Lµ � L⌧

mZ 0 = g0
h�i

⟨φ⟩
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Z ′ Z ′
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mZ� = g����
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https://journals.aps.org/prd/pdf/10.1103/PhysRevD.43.R22
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Extended Lμ - Lτ model

Altmannshofer et al., 1403.1269

Add vector-like quarks with masses of O(few TeV) to model 
to generate flavour-violating interactions: 

Extended Lµ � L⌧ Model

add effective flavor violating quark couplings to the Lµ � L⌧ model
WA, Gori, Pospelov, Yavin 1403.1269; WA, Yavin 1508.07009

µ+

µ−

bL

sL

Q
Z ′

⟨φ⟩

⟨φ⟩

g′
g′YQbY ∗

Qs⟨φ⟩
2

2m2
Q

predicted Lepton
Universality Violation!

Cµ
9 =

YQbY ⇤
Qs

2m2
Q

(independent of the Z 0 mass
and g0 gauge coupling!)

Q: heavy vector-like fermions with mass ⇠ 1 � 10 TeV
�: the scalar that breaks Lµ � L⌧
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�Cµ
9 =

YQbY �
Qs

2m2
Q
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➠

Couplings (YQq) of light SM quarks q & vector-like quarks Q 
assumed to be small to suppress pp → Z′ → μ+μ- rates 

https://arxiv.org/pdf/1403.1269.pdf
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Phenomenology of Lμ - Lτ modelConstraints from B meson mixing

flavor changing Z 0 contributes also
to Bs mixing at tree level
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(g0)2
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Z 0m4

Q
=

m2
Z 0

(g0)2m4
Q

gives upper bound on the Z 0 mass
(if we want to explain the anomalies)
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excluded by LHC 
searches for 4μ

LHC Searches

Can obtain bounds from measured
Z ! 4µ branching ratio

(WA, Gori, Pospelov, Yavin, 1406.2332)

Z

µ−

µ+

µ−

µ+

Z ′

recent dedicated search for the
Lµ � L⌧ gauge boson (CMS 1808.03684)

extension to lower masses possible?
(Elahi, Martin 1511.04107)

bla

bla
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excluded by BaBar 
searches for 4μ

Direct Search at B-factories

e+e�
! 2µZ 0

! 4µ

γ

e+

e−

µ−

µ+

µ−

µ+

Z ′

BaBar 1606.03501

(Can be improved at Belle 2)

What about the region below the
di-muon threshold?

e+e�
! µ+µ� + Emiss ?

bla

bla
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Altmannshofer et al., 1403.1269; Altmannshofer & Yavin, 1508.07009 

https://arxiv.org/pdf/1403.1269.pdf
https://arxiv.org/pdf/1508.07009.pdf
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Phenomenology of Lμ - Lτ modelConstraints from B meson mixing

flavor changing Z 0 contributes also
to Bs mixing at tree level
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gives upper bound on the Z 0 mass
(if we want to explain the anomalies)
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excluded by LEP     
Z-pole measurements

Modified Z Couplings to Leptons

loops involving the Z 0

lead to corrections of the
couplings of the SM Z to

muons, taus and neutrinos

Z Z ′

µ−

µ+

! constraints from
LEP measurements

WA, Gori, Pospelov, Yavin 1403.1269

bla

bla
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Altmannshofer et al., 1403.1269; Altmannshofer & Yavin, 1508.07009 

https://arxiv.org/pdf/1403.1269.pdf
https://arxiv.org/pdf/1508.07009.pdf


Neutrino-Electron Scattering

Borexino measures the scattering
rate of solar neutrinos on electrons

νµ,τ νµ,τ

e

Z ′

γ

µ, τ

e

tiny momentum transfer
) Z 0 can mix with photon

relevant constraint at
low masses

Kamada, Yu 1504.00711

bla

bla
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Phenomenology of Lμ - Lτ modelConstraints from B meson mixing

flavor changing Z 0 contributes also
to Bs mixing at tree level
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(if we want to explain the anomalies)
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excluded by Borexino     
measurements of     
ν-e scattering  

Altmannshofer et al., 1403.1269; Altmannshofer & Yavin, 1508.07009 

https://arxiv.org/pdf/1403.1269.pdf
https://arxiv.org/pdf/1508.07009.pdf
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Phenomenology of Lμ - Lτ modelConstraints from B meson mixing

flavor changing Z 0 contributes also
to Bs mixing at tree level
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gives upper bound on the Z 0 mass
(if we want to explain the anomalies)
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excluded by CCFR    
measurements of      
ν trident production

Neutrino Tridents

I neutrino induced µ+µ� production in
the Coulomb field of a heavy nucleus:
“neutrino trident production”

I Z 0 contribution to the cross section
(WA, Gori, Pospelov, Yavin, 1406.2332)

�

�SM
'

1 +

✓
1 + 4s2

W + 2v2(g0)2

M2
Z0

◆2

1 + (1 + 4s2
W )2

experimental measurement by CCFR

�/�SM = 0.82 ± 0.28
(CCFR, PRL66 (1991) 3117)
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Altmannshofer et al., 1403.1269; Altmannshofer & Yavin, 1508.07009 

https://arxiv.org/pdf/1403.1269.pdf
https://arxiv.org/pdf/1508.07009.pdf
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Phenomenology of Lμ - Lτ modelConstraints from B meson mixing

flavor changing Z 0 contributes also
to Bs mixing at tree level
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(if we want to explain the anomalies)
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excluded by 
constraints from      

Bs mixing 

Constraints from B meson mixing

flavor changing Z 0 contributes also
to Bs mixing at tree level
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=
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Q

gives upper bound on the Z 0 mass
(if we want to explain the anomalies)
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Altmannshofer et al., 1403.1269; Altmannshofer & Yavin, 1508.07009 

https://arxiv.org/pdf/1403.1269.pdf
https://arxiv.org/pdf/1508.07009.pdf


Constraints from B meson mixing

flavor changing Z 0 contributes also
to Bs mixing at tree level
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Phenomenology of Lμ - Lτ model

Muon Anomalous Magnetic Moment

Z 0 contributes to (g � 2)µ
at the 1-loop level

µ

µ

γ

µZ ′

�aµ '
(g0)2

12⇡2

m2
µ

m2
Z 0

+O

 
m4

µ

m4
Z 0

!

Can it explain the long standing
discrepancy?

�aµ ' (2.9 ± 0.9)⇥ 10�9

bla

bla
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(g-2)μ anomaly 
explained

LHCb b → sl+l-  
anomalies explained

Extended Lµ � L⌧ Model

add effective flavor violating quark couplings to the Lµ � L⌧ model
WA, Gori, Pospelov, Yavin 1403.1269; WA, Yavin 1508.07009

µ+

µ−

bL

sL

Q
Z ′

⟨φ⟩

⟨φ⟩

g′
g′YQbY ∗

Qs⟨φ⟩
2

2m2
Q

predicted Lepton
Universality Violation!

Cµ
9 =

YQbY ⇤
Qs

2m2
Q

(independent of the Z 0 mass
and g0 gauge coupling!)

Q: heavy vector-like fermions with mass ⇠ 1 � 10 TeV
�: the scalar that breaks Lµ � L⌧
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Altmannshofer et al., 1403.1269; Altmannshofer & Yavin, 1508.07009 

2 TeV

0.6

https://arxiv.org/pdf/1403.1269.pdf
https://arxiv.org/pdf/1508.07009.pdf
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Ultraviolet (UV) complete U1 models
1. Large quark-lepton transitions in 3-2 sector

2. Tree-level FCNC involving down quarks and leptons are absent 

Key phenomenological features

Wij

Lj

Qi

qi

`j
h⌦1i

h⌦3i

U

Qi

Qi

qi

qi
h⌦3i

h⌦3i

g0, Z 0

Li

Li

`i

`i
h⌦1i

h⌦1i

Z 0

Figure 1. Interactions of the SM fermions with the heavy vectors induced by the fermion mixing.

4 Low-energy phenomenology

The scope of this section is to discuss the main low-energy observables of the 4321 model, together
with the relevant constraints coming from electroweak precision tests and FCNC. Let us start by
outlining the main interactions of the new vectors with the SM fermions, described in terms of mix-
ing angles between the would-be SM fermions and their vector-like partners. The flavour structure
of our model, defined by our assumptions in Eq. (3.4), is such that (up to CKM rotations) each
SM family mixes with only one fermion partner, see Fig. 1 for illustration. The only non-trivial
source of flavour breaking is found in the W matrix, introduced in the previous section, which
is responsible for a misalignment between quarks and leptons in the leptoquark interactions. The
resulting vector leptoquark interactions with SM fermions closely follow those introduced in [35],
which were shown to provide a successful explanation of the b ! s`` and R(D(⇤)) anomalies. We
write these interactions in the mass basis in a similar fashion4

LU � g4p
2
Uµ

⇥
�ij q

i�µ`j + h.c.
⇤
, (4.1)

with

� =

0

B@
sq1 s`1 0 0

0 c✓LQ sq2 s`2 s✓LQ sq2 s`3
0 �s✓LQ sq3 s`2 c✓LQ sq3 s`3

1

CA , qi =

 
V ⇤
ji
uj
L

di
L

!
, `i =

 
⌫i
L

ei
L

!
. (4.2)

and V the CKM matrix. The interactions of these new gauge bosons with SM fermions read

Lg0 � gs
g4
g3

g0aµ

h
ijq qi�µT aqj + iju uiR�

µT auj
R
+ ij

d
d
i

R�
µT adj

R

i
,

LZ0 � gY
2
p
6

g4
g1

Z 0
µ

h
⇠ijq qi�µqj + ⇠iju uiR�

µuj
R
+ ⇠ij

d
d
i

R�
µdj

R
� 3 ⇠ij

`
`
i
�µ`j � 3 ⇠ije eiR�

µej
R

i
,

(4.3)

4In this section we show only the interactions of the new gauge bosons with the SM fermions for illustration. Full
expressions, including also the couplings to vector-like fermions, can be found in App. A.7.
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3. Tree-level FCNC involving up quarks are U(2) protected

[LDL, Fuentes-Martin, Greljo, Nardecchia, Renner 1808.00942] 

[see backup slides for the discussion of the flavour structure]

 L. Di Luzio (Pisa U.) - 4321                                                                                                        05/09

: :
UV-complete realisations of U1 model generically contain not only 
vector LQ, but also a heavy (un)coloured vector g′ (Z′), vector-like 
fermions Q, L & additional scalar states Ω: 

As a result, models predict a vast number of high-pT signals such 
as LQ production, pp → g′ → tt/jj, pp → Z′ → τ+τ-  & a distinct Q, L 
phenomenology 

https://arxiv.org/pdf/1808.00942.pdf


What is RK *  ?
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RK(�)(q2
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� q2
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q2
0

dq2 d�(B � K(�)µ+µ�)
dq2

� q2
1

q2
0

dq2 d�(B � K(�)e+e�)
dq2
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q2 = m2
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Figure 11. (Top panel) Coloron contribution to the pp ! jj (left panel) and pp ! tt (right panel) in-
variant mass spectrum for two representative benchmark points. (Bottom panel) Coloron exclusion
limits in the mass-total width plane for jj and tt for several representative sq2 benchmarks.

coloron-mediated diagrams. Note that g0 ! bb is by far the dominant coloron dijet decay.) We
estimated the signal acceptance in the relevant invariant mass region to be about 35%.

Following an ATLAS method, we determine whether bumps could be seen in the total invariant
mass spectrum by fitting the background with a curve f defined as

f(z) = p1(1� z)p2zp3zp4 log(z), (5.9)

where z = mjj/
p
s.11 In each case, this parameterised curve is binned and added to the binned

new physics contribution, and the �2 calculated by comparison with the ATLAS measured data,
assuming poissonian errors on the data. Each of the curve parameters pi is allowed to vary inde-
pendently to minimise the �2 value, and this minimum �2 is used to determine whether the coloron
parameter point is ruled out if ��2 > 6.2. The resulting exclusion regions are shown in red in
Fig. 11 (bottom left panel), for three different sq2 values.

11In Ref. [111], the analysis in fact made use of a novel fit method with a sliding window, such that in each section
of the spectrum defined by the window, a new three-parameter fit was made. However, they compared both methods
and found compatible results between this sliding window method and the traditional global four-parameter fit described
here, so we use the four-parameter fit model for simplicity.
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tt searches push models into a regime of large couplings & heavy 
g′, U1 & Z′ with masses around 3 TeV, 2.5 TeV & 2 TeV. Models 
would look more healthy, if deviations in RD *  would be reduced 

https://arxiv.org/pdf/1808.00942.pdf
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Conclusions

• If hints of LFU violation in B sector were confirmed, it would be 
a fantastic discovery with far-reaching implications 

• In simplified new-physics models, explanations of b → s and/or 
b → c anomalies are possible that are consistent with all other 
existing low- & high-energy data  

• UV-complete models that explain both sets of anomalies are 
already stress tested by existing high-pT searches & could lead 
to striking signatures in upcoming LHC runs 

• Only experiment can tell whether B anomalies are real or just a 
fluke. More low- & high-pT measurements desperately needed
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Other high-pT constraints
p p → τ+τ- [1609.07138]
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Figure 5: Present and future-projected LHC constraints on the vector leptoquark model of Section 3.1.
The 1� and 2� preferred regions from the low-energy fit are shown in green and yellow, respectively.

not least, this LQ representation does not allow baryon number violating operators of dimension
four. These features, and the absence of a tree-level contribution to Bs(d) meson-antimeson
mixing, makes this UV realisation, originally proposed in [17], particularly appealing: the best
fit points of the general fit in Section 2.2 can be recovered essentially without tuning of the
model parameters.

In Figure 4 we show the results of the flavour fit in this parametrisation (using the �i↵
rather than the �q(`)

ij(↵�) as free parameters). When marginalising we let �s⌧ and �sµ vary between

±5|Vcb| and impose |�bµ| < 0.5. We find very similar conclusions to the previous fit, in particular
a reduced value of CU thanks to the extra contribution to R⌧`

D(⇤) proportional to �s⌧ , with both
this parameter and �sµ of O(|Vcb|).

Despite being absent at the tree level, a contribution to �F = 2 amplitudes is generated in
this model at the one-loop level. The result thus obtained is quadratically divergent and therefore
strongly dependent on the UV completion. Following the analysis of Ref. [17], i.e. setting a hard
cut-o↵ ⇤ on the quadratically divergent �F = 2 (down-type) amplitudes, leads to

�L(�B=2) = C(U)
0

(V ⇤
tb
Vti)2

32⇡2v2
�
b̄L�µd

i

L

�2
, C(U)

0 = C2
U

✓
�q

bs

Vts

◆2
⇤2

2v2
. (10)

As already pointed out in Section 2.3, the value of C(U)
0 should not exceed O(10%) given the

experimental constraints on �MBs,d (for comparison, C(SM)
0 = (4⇡↵/s2

W
)S0(xt) ⇡ 1.0, see Ap-

pendix B). This can be achieved only for ⇤ ⇠ few TeV – i.e. ⇤ not far from MU , as expected in a
strongly interacting regime (unless some specific cancellation mechanism of �F = 2 amplitudes
is present in the UV). Interestingly enough, for fixed ⇤, the large value of �q

bs
does not increase

13

Also as far as direct searches are concerned, 3rd gen. LQ are in good shape:

G. Isidori – B-physics anomalies: model building & future implications         LHCb implications, CERN, 10th Nov 2017 

Implications for high-pT physics

b

b

τ

τ

ν

b

ν

b

Buttazzo, Greljo, GI, Marzocca, '17

Buttazzo et al., 1706.07808

At present, vector LQ models are in good shape when it comes 
to LHC searches for production of LQ pairs & τ+τ-  final states

LQ

LQ

https://arxiv.org/pdf/1706.07808.pdf
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(a) (b)

Figure 12. Representative Feynman diagrams for (a) vector leptoquark pair production and (b)
vector leptoquark production in association with an L1 lepton partner.
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Figure 13. Vector leptoquark (Uµ) production cross section (in fb) at the 13 TeV LHC. The solid black
line shows the leptoquark pair production cross section via QCD interactions. The dashed red line
represents pp ! E1 + Uµ production cross section, fixing g4sq2 = MU/2 TeV to fit the R(D(⇤))
anomaly, and with the E1 lepton partner mass set to ML = 0.85 TeV. The grey region is excluded
by the CMS leptoquark search in the (t⌫)(t⌫) final state, assuming B(Uµ ! t⌫) = 0.5 [120].

A quantitative estimate of this effect is illustrated in Fig. 14, where we plot the total cross sec-
tion for pp ! EE, pp ! EN and pp ! NN (where E1 is the first generation charged lep-
ton partner and N1 is the first generation neutrino partner) as a function of the vector-like lep-
ton mass ML for several motivated benchmark points. The cross sections were calculated using
MadGraph5_aMC@NLO (with the Z 0 and vector-like leptons implemented using FeynRules),
including both electroweak production and the Z 0-assisted process. At each vector-like lepton
mass, the Z 0 width was recalculated, taking into account all the kinematically accessible final
states.

Let us analyse Fig. 14 in more detail. While the charged current process is fixed by the elec-
troweak interactions, it is important to notice that the neutral current processes i) receive increased
contribution for large sq2 , and that ii) the cross section exhibits a plateau for ML < MZ0/2, that
is when Z 0 ! LL is kinematically open. Neutral current processes are basically dominated by the
Z 0-assisted production in the interesting range of parameters. As discussed in Sec. 5.3.6, these pro-
cesses lead to distinct collider signatures which already set an upper limit on the total production
of O(10) fb. Cross sections below . 10 fb are obtained for relatively heavy M̂L & 0.8 TeV and
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ton partner and N1 is the first generation neutrino partner) as a function of the vector-like lep-
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including both electroweak production and the Z 0-assisted process. At each vector-like lepton
mass, the Z 0 width was recalculated, taking into account all the kinematically accessible final
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troweak interactions, it is important to notice that the neutral current processes i) receive increased
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A quantitative estimate of this effect is illustrated in Fig. 14, where we plot the total cross sec-
tion for pp ! EE, pp ! EN and pp ! NN (where E1 is the first generation charged lep-
ton partner and N1 is the first generation neutrino partner) as a function of the vector-like lep-
ton mass ML for several motivated benchmark points. The cross sections were calculated using
MadGraph5_aMC@NLO (with the Z 0 and vector-like leptons implemented using FeynRules),
including both electroweak production and the Z 0-assisted process. At each vector-like lepton
mass, the Z 0 width was recalculated, taking into account all the kinematically accessible final
states.

Let us analyse Fig. 14 in more detail. While the charged current process is fixed by the elec-
troweak interactions, it is important to notice that the neutral current processes i) receive increased
contribution for large sq2 , and that ii) the cross section exhibits a plateau for ML < MZ0/2, that
is when Z 0 ! LL is kinematically open. Neutral current processes are basically dominated by the
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Depending on mass spectrum either pair or associated 
production can be largest LQ production mode. So far no 

dedicated LHC searches for single-production of LQ

https://arxiv.org/pdf/1706.07808.pdf
https://arxiv.org/pdf/1808.00942.pdf
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Since dominant decays of vector-like fermions are 1 → 3, UV-complete 
U1 models can lead to exotic multi-lepton and/or multi-jet signatures 

Figure 16. An example of the cascade decay process at the LHC leading to heavy-flavoured multi-
lepton + multi-jet final state signature.

In addition to these final states, the 4321 model predicts even more exotic multi-lepton plus
multi-jet signatures due to cascade decays among particles shown in Fig. 8 (left panel). An example
of such process is illustrated in Fig. 16. In this example, a pair of vector-like quarks is created by an
s-channel coloron, and one of them decays to vector-like lepton which eventually decays to three
SM fermions. The final state contains 3q3 + 5`3, or 5q3 + 3`3, where q3 = t, b and `3 = ⌫⌧ , ⌧ .

To sum up, the 4321 model predicts a plethora of novel signatures and calls for a dedicated
experimental effort.

5.3.7 Scalars

The radial modes of the Higgs fields which break the 4321 symmetry to the SM group may also be
produced at the LHC. They consist of a singlet, a colour triplet and a colour octet, as described in
Sec. A.2. A scalar singlet at the TeV scale is not easy to find at the LHC, so here we focus on the
coloured states.

The colour octet can be pair produced via QCD and via an s-channel coloron, and will, if
kinematically allowed, decay with close to 100% branching ratio to a vector-like quark and a SM
quark. It may also decay to a tt pair, but this coupling is suppressed by the right handed top-vector
like quark mixing. The colour octet’s mass is very dependent on parameters of the scalar sector but
can easily be as heavy as 2� 3 TeV. A very similar model has been investigated in Ref. [122], and
the pair production cross-section of the colour octet scalar was found to be O(10�2) fb for a 2 TeV
octet scalar. Depending on the width of the coloron and the mass of the scalar, the coloron-assisted
production may be larger than this, but will not be more than 10�1 fb at 2 TeV. This is more than
an order of magnitude smaller than the vector-like quark pair production cross section investigated
in Sec. 5.3.5 above, and will produce a similar signature with extra jets.

The colour triplet will also be pair produced via QCD and coloron-assisted production, and will
decay to a vector-like quark and a SM lepton, or a vector-like lepton and a SM quark. The signature
will appear as vector-like quark pair production with extra leptons (or missing energy),vector-like
lepton pair production with extra jets, or a combination of single vector-like lepton and vector-
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Figure 16. An example of the cascade decay process at the LHC leading to heavy-flavoured multi-
lepton + multi-jet final state signature.

third family, t, b, ⌧ and ⌫⌧ . Thus, the signature in the detector contains multiple jets and leptons
and is rich with b-tags, hadronic ⌧ -tags, etc. While the extraction of precise limits requires a
dedicated experimental analysis, we estimate the potential sensitivity in the current and near-future
datasets, by comparing with the existing R-parity conserving (RPC) and R-parity violating (RPV)
supersymmetry (SUSY) searches.

Using 36 fb�1 of 13 TeV pp collision data, the ATLAS collaboration has searched for sig-
natures involving multiple b-jets, high missing transverse momentum and either (at least) three
isolated leptons, or two isolated same-sign leptons [121]. Following this general selection, the
upper limits are set on the signal regions based on the number of b-jets, jets, leptons and Emiss

T
,

which are then interpreted in terms of simplified SUSY benchmarks. As an example, pair produc-
tion of gluinos, each decaying to a top pair and a neutralino, can be qualitatively compared to our
pp ! N2N2 ! (tt⌫)(tt⌫). Interpreting naively the exclusion limits, that is, neglecting any differ-
ences in acceptances between our model and the SUSY benchmarks, we conclude that the signal
rate for this process is . 5 fb. This search is already starting to probe the interesting parameter
space, see Fig. 14 (top right panel). Another relevant RPC example involves pair production of
stops, each decaying to t, W± and neutralino, and sets an upper limit on the cross section . 10 fb.
Finally, the limit from RPV searches on gluino pair production, where each decays to tbj, implies
an upper limit of . 15 fb.

In addition to these final states, the 4321 model predicts even more exotic multi-lepton plus
multi-jet signatures due to cascade decays among particles shown in Fig. 8 (left panel). An example
of such process is illustrated in Fig. 16. In this example, a pair of vector-like quarks is created by an
s-channel coloron, and one of them decays to vector-like lepton which eventually decays to three
SM fermions. The final state contains 3q3 + 5`3, or 5q3 + 3`3, where q3 = t, b and `3 = ⌫⌧ , ⌧ .

To sum up, the 4321 model predicts a plethora of novel signatures and calls for a dedicated
experimental effort.
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Figure 8. (Left panel) A typical spectrum of new vectors and fermions. The benchmark point is:
g4 = 3.5, v3 = 1.2, v1 = 0.66 TeV and v15 = 0.3 TeV, which fixes the masses of g0µ, Uµ and Z 0

µ,
while MQ = 1.6 TeV, ML = 0.85 TeV, sq3 = 0.79, s`3 = 0.81 and sq2 = 0.3, which sets the fermionic
masses. (Right panel) Normalized V fLfL couplings of the g0 (red) and Z 0 (blue) to left-handed
fermions as a function of the sin ✓L. Solid, dotted and dashed lines are for the light-light, light-heavy

and heavy-heavy combinations, respectively. The coupling normalizations are, g4gs
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and
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interactions are practically flavour diagonal, except for the leptoquark couplings to fermionic part-
ners described by the W matrix. The couplings to right-handed SM fermions are suppressed.

In contrast, the fermion mass mixing in the left-handed sector plays a major role. These
interactions are worked out in Eqs. (A.48) to (A.53). To illustrate the main implications, in
Fig. 8 (right panel) we show the normalized V fLfL couplings for Z 0 and g0 as a function of
sin ✓L, valid for any of the left-handed mixing angles. Solid, dotted and dashed lines repre-
sent couplings to light-light, light-heavy and heavy-heavy combinations, where labels light and
heavy denote a SM fermion and its partner, respectively. Red color is for g0 couplings (Cg

0

#) nor-

malized as L � Cg
0

#
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 qT
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fermions are generated only for large mixing angles. In practice, the third family mixings, sq3 and
s`3 , typically control the decay channels of new resonances, while sq2 (= sq1) is relevant for their
production mechanisms in pp collisions.

New fermions

The main features of the fermion spectrum are controlled by the fermion mass mixing constraints
discussed in Sec. 4.1. Relevant facts for the high-pT discussion are the following: i) the compo-
nents of an SU(2)L doublet are practically degenerate, ii) partners of the first two families are
close in mass, iii) a partner of the third SM family is always heavier than the partners of the first
two, and iv) lepton partners are typically lighter than quark partners as required by consistency
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Figure 9. (Top panel) Representative Feynman diagrams for dominant vector-like fermion decays.
(Bottom panel) Phase space suppression in a fermion decay to three fermions of which one is
massive and two massless.

where a = 1, 2 denotes the component of an SU(2)L doublet and t`1 ⌘ tan ✓`1 . Analogous
formulae hold for the other fermions. Being suppressed by the SM fermion mass squared, this
decay channel is negligible for the fermion partners of the first and second family. Even for the
charm quark partner, we find B(C ! H̃0c) < 10�7 in the interesting parameter range.9

In addition, a vector-like fermion decay to a SM fermion and a radial scalar excitation is, in
principle, possible via Eq. (2.2). The precise details depend on the scalar potential, however, we
expect scalar modes to be heavy enough such that on-shell 1 ! 2 decay is kinematically forbidden.

The dominant decay modes of the first and second family vector-like fermion partners are
1 ! 3 processes induced via an off-shell g0, Uµ or Z 0

µ mediator exchanged at tree-level. Typically,
a heavy fermion will decay to three SM fermions of which (at least) two are third generation,
or it will decay to another vector-like partner and two SM fermions (see representative Feynman
diagrams in Fig. 9 (top panel)). To a good approximation, we can integrate out heavy vectors and

9This is in contrast to the decays of (T,B) due to the large top quark mass. The predictions for the branching ratios
are B(T ! ht) ⇡ B(T ! Zt) ⇡ 0.5 and B(B ! Wt) ⇡ 1. Recent dedicated experimental searches exclude
MB < 1.35 TeV [106] and MT < 1.3 TeV [107]. These are below the indicated limits from electroweak precision
observables discussed in Sec. 4.1. That is, the collider searches for the third family partners are less relevant for the
spectrum on Fig. 8 (left panel).
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Figure 16. An example of the cascade decay process at the LHC leading to heavy-flavoured multi-
lepton + multi-jet final state signature.
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and is rich with b-tags, hadronic ⌧ -tags, etc. While the extraction of precise limits requires a
dedicated experimental analysis, we estimate the potential sensitivity in the current and near-future
datasets, by comparing with the existing R-parity conserving (RPC) and R-parity violating (RPV)
supersymmetry (SUSY) searches.

Using 36 fb�1 of 13 TeV pp collision data, the ATLAS collaboration has searched for sig-
natures involving multiple b-jets, high missing transverse momentum and either (at least) three
isolated leptons, or two isolated same-sign leptons [121]. Following this general selection, the
upper limits are set on the signal regions based on the number of b-jets, jets, leptons and Emiss

T
,

which are then interpreted in terms of simplified SUSY benchmarks. As an example, pair produc-
tion of gluinos, each decaying to a top pair and a neutralino, can be qualitatively compared to our
pp ! N2N2 ! (tt⌫)(tt⌫). Interpreting naively the exclusion limits, that is, neglecting any differ-
ences in acceptances between our model and the SUSY benchmarks, we conclude that the signal
rate for this process is . 5 fb. This search is already starting to probe the interesting parameter
space, see Fig. 14 (top right panel). Another relevant RPC example involves pair production of
stops, each decaying to t, W± and neutralino, and sets an upper limit on the cross section . 10 fb.
Finally, the limit from RPV searches on gluino pair production, where each decays to tbj, implies
an upper limit of . 15 fb.

In addition to these final states, the 4321 model predicts even more exotic multi-lepton plus
multi-jet signatures due to cascade decays among particles shown in Fig. 8 (left panel). An example
of such process is illustrated in Fig. 16. In this example, a pair of vector-like quarks is created by an
s-channel coloron, and one of them decays to vector-like lepton which eventually decays to three
SM fermions. The final state contains 3q3 + 5`3, or 5q3 + 3`3, where q3 = t, b and `3 = ⌫⌧ , ⌧ .

To sum up, the 4321 model predicts a plethora of novel signatures and calls for a dedicated
experimental effort.
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Figure 8. (Left panel) A typical spectrum of new vectors and fermions. The benchmark point is:
g4 = 3.5, v3 = 1.2, v1 = 0.66 TeV and v15 = 0.3 TeV, which fixes the masses of g0µ, Uµ and Z 0

µ,
while MQ = 1.6 TeV, ML = 0.85 TeV, sq3 = 0.79, s`3 = 0.81 and sq2 = 0.3, which sets the fermionic
masses. (Right panel) Normalized V fLfL couplings of the g0 (red) and Z 0 (blue) to left-handed
fermions as a function of the sin ✓L. Solid, dotted and dashed lines are for the light-light, light-heavy
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interactions are practically flavour diagonal, except for the leptoquark couplings to fermionic part-
ners described by the W matrix. The couplings to right-handed SM fermions are suppressed.

In contrast, the fermion mass mixing in the left-handed sector plays a major role. These
interactions are worked out in Eqs. (A.48) to (A.53). To illustrate the main implications, in
Fig. 8 (right panel) we show the normalized V fLfL couplings for Z 0 and g0 as a function of
sin ✓L, valid for any of the left-handed mixing angles. Solid, dotted and dashed lines repre-
sent couplings to light-light, light-heavy and heavy-heavy combinations, where labels light and
heavy denote a SM fermion and its partner, respectively. Red color is for g0 couplings (Cg
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fermions are generated only for large mixing angles. In practice, the third family mixings, sq3 and
s`3 , typically control the decay channels of new resonances, while sq2 (= sq1) is relevant for their
production mechanisms in pp collisions.

New fermions

The main features of the fermion spectrum are controlled by the fermion mass mixing constraints
discussed in Sec. 4.1. Relevant facts for the high-pT discussion are the following: i) the compo-
nents of an SU(2)L doublet are practically degenerate, ii) partners of the first two families are
close in mass, iii) a partner of the third SM family is always heavier than the partners of the first
two, and iv) lepton partners are typically lighter than quark partners as required by consistency
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Figure 9. (Top panel) Representative Feynman diagrams for dominant vector-like fermion decays.
(Bottom panel) Phase space suppression in a fermion decay to three fermions of which one is
massive and two massless.

where a = 1, 2 denotes the component of an SU(2)L doublet and t`1 ⌘ tan ✓`1 . Analogous
formulae hold for the other fermions. Being suppressed by the SM fermion mass squared, this
decay channel is negligible for the fermion partners of the first and second family. Even for the
charm quark partner, we find B(C ! H̃0c) < 10�7 in the interesting parameter range.9

In addition, a vector-like fermion decay to a SM fermion and a radial scalar excitation is, in
principle, possible via Eq. (2.2). The precise details depend on the scalar potential, however, we
expect scalar modes to be heavy enough such that on-shell 1 ! 2 decay is kinematically forbidden.

The dominant decay modes of the first and second family vector-like fermion partners are
1 ! 3 processes induced via an off-shell g0, Uµ or Z 0

µ mediator exchanged at tree-level. Typically,
a heavy fermion will decay to three SM fermions of which (at least) two are third generation,
or it will decay to another vector-like partner and two SM fermions (see representative Feynman
diagrams in Fig. 9 (top panel)). To a good approximation, we can integrate out heavy vectors and

9This is in contrast to the decays of (T,B) due to the large top quark mass. The predictions for the branching ratios
are B(T ! ht) ⇡ B(T ! Zt) ⇡ 0.5 and B(B ! Wt) ⇡ 1. Recent dedicated experimental searches exclude
MB < 1.35 TeV [106] and MT < 1.3 TeV [107]. These are below the indicated limits from electroweak precision
observables discussed in Sec. 4.1. That is, the collider searches for the third family partners are less relevant for the
spectrum on Fig. 8 (left panel).
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Fig. 234: In the two-dimensional scans of pairs of Wilson coe�cients, the current average

(not filled) as well as the extrapolations to future sensitivities (filled) of LHCb at milestones

I, II and III (exclusive) and Belle II at milestones I and II (inclusive and exclusive) are given

and are progressively overlaid. The central values of the extrapolations have been evaluated

in the NP scenarios listed in Table 162. The future projections at milestones I, II and III are

given by the filled contours The contours correspond to 1� uncertainty bands. The Standard

Model point (black dot) with the 1�, 3�, 5� and 7� exclusion contours with a combined

sensitivity of Belle II’s 50 ab�1 and LHCb’s 50 fb�1 datasets is indicated in light grey. The

primed operators show no tensions with respect to the SM; hence no SM exclusions are

provided. The Figures are taken from Ref. [2100].
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Figure 1. An example of a Feynman diagram with FSR of the
light mediator V in the DY process pp ! Z/�⇤ ! µ+µ�.

spin-1 mediator is constrained to lie in the range of
about [2, 3] GeV and its total decay width has to sat-
isfy �V /mV & 10%. The total width requirement im-
plies that m� < mV /2 and g� & 2. Consequently, V
predominantly decays invisibly with a branching ratio
Br(V ! �̄�) ' 1. The existence of a di-muon resonance
with these properties cannot be excluded because of the
large hadronic uncertainties of the SM prediction for
B ! K(⇤)µ+µ� in the m2

µµ & 6 GeV2 region (cf. [34, 35])
and the unknown interference pattern between the J/ 
and the SM short-distance contribution. By choosing
the couplings in (1) to be gsb

L ' �10�8, gµ
V ' 0.1 and

gµ
A ' �0.44gµ

V , the discussed simplified model then does
not only provide a solution to the flavour anomalies but
also ameliorates the discrepancy observed in aµ. Other
constraints that arise from Bs–B̄s mixing, searches for
B ! K(⇤) + invisible [36–39], Bs ! µ+µ� [40, 41] and
Z ! 4µ [42, 43] as well as the precision measurements
of Zµµ̄ couplings [44] are all satisfied for this choice of
parameters.

Z-boson line shape. We now consider the di-muon
invariant mass spectrum as measured in DY production
and study its distortions due to FSR of a light spin-1
resonance V . A representative diagram that contributes
to pp ! Z/�⇤

! µ+µ� + V is shown in Figure 1. We
calculate the mµµ spectra with MadGraph5 aMC@NLO [45]
and NNPDF23 lo as 0130 qed parton distribution func-
tions [46], employing the DMsimp implementation [47] of
the V µµ̄ and V ��̄ couplings in (1). The fiducial phase
space in our Monte Carlo simulations is defined by re-
quiring that the muon transverse momenta satisfy pT,µ >
25 GeV, the muon pseudorapidities obey |⌘µ| < 2.5, and
that mµµ falls into the range [66, 116] GeV.

In Figure 2 we present our results for the di-muon in-
variant mass spectra for pp collisions at a centre-of-mass
energy of

p
s = 13TeV. All predictions are obtained at

leading order in QCD. The three coloured curves corre-
spond to gµ

V = 0.1 and gµ
A = �4.4 · 10�2 and mediator

masses of 1.5 GeV, 2.5 GeV and 3.5 GeV, respectively.
For comparison, the SM prediction for the Z-boson line
shape is depicted by the black curve. One observes that
FSR of the spin-1 resonance leads to a pronounced radi-

Figure 2. Di-muon invariant mass distributions. The black
curve represents the SM prediction, while the coloured curves
correspond to three di↵erent benchmark models with varying
spin-1 resonance mass. For further details see text.

ation tail below mZ ' 91.2 GeV. This amounts to a rel-
ative correction to the SM Z-boson line shape of around
4% to 6% at mµµ ' 75 GeV.

DY processes are a cornerstone of the SM physics pro-
gramme at the LHC (see e.g. [48–53] for recent ATLAS
and CMS analyses) and a detailed understanding of the
Z-boson line shape is a prerequisite for a precision mea-
surement of the W -boson mass at the LHC [54]. Given
its importance, a lot of e↵ort has gone into measuring
the mµµ spectrum in the Z-peak region at the LHC
and the experimental uncertainties have reached the few-
percent level, making the Z-boson line shape a powerful
observable to search for GeV-mass di-muon spin-1 states.

In our study we consider the ratio of the data to the
SM prediction to perform a �2 fit. In Figure 2 of [49], the
ATLAS collaboration provides the ratio of experimental
data to the state-of-the-art theory prediction for the mµµ

line shape in the fiducial volume defined above. Assum-
ing that the data is SM-like, we compute this ratio for
di↵erent new-physics scenarios and perform a �2 analy-
sis. Radiative corrections of QCD and electroweak nature
do not a↵ect the ratio and are therefore neglected in the
following. The ATLAS analysis is based on 3.2 fb�1 in-
tegrated luminosity at

p
s = 13 TeV. The experimental

statistical and systematic uncertainties are in the range
of 1% to 2% and they are added in quadrature in our fit.
The bin-to-bin correlations are neglected.
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ative correction to the SM Z-boson line shape of around
4% to 6% at mµµ ' 75 GeV.
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and CMS analyses) and a detailed understanding of the
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surement of the W -boson mass at the LHC [54]. Given
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observable to search for GeV-mass di-muon spin-1 states.

In our study we consider the ratio of the data to the
SM prediction to perform a �2 fit. In Figure 2 of [49], the
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Figure 3. Constraints in the gµ
V –gµ

A plane arising from DY
production for di↵erent di-muon spin-1 resonance masses in
units of GeV. The contours correspond to ��2 = 5.99. See
text for additional details.

In Figure 3 we show the ��2 = 5.99 contours (corre-
sponding to a 95% confidence level (CL) for a Gaussian
distribution) in the gµ

V –gµ
A plane that follow from our �2

analysis for di↵erent values of mV . The parameter space
outside the lines is disfavoured for each individual mass.
We find that for mV 2 [1, 5] GeV the obtained 95% CL
bounds can be approximately described by the inequality

q
(gµ

V )
2

+ (gµ
A)

2 . 5.6 · 10�2
⇣
1 + 0.13

mV

1 GeV

⌘
. (2)

This approximate formula can be used to quickly assess
the sensitivity of existing DY measurements on the cou-
pling strength of GeV-mass di-muon spin-1 states.

The upper panel in Figure 4 compares the 95% CL
constraint in the gµ

V –gµ
A plane that derives from our fit

to the Z-boson line shape for mV = 2.5 GeV (black)
to the regions preferred by P 0

5 (green), RK (yellow) and
RK⇤ (red) and aµ (blue). The parameter space above and
to the right of the black curve is excluded. In the case
of the flavour observables the favoured parameter space
corresponds to the ��2 = 4 regions obtained in [20] for
gsb

L = �1.5 · 10�8, while in the case of aµ we have em-
ployed the 3� bound �aµ 2 [49, 527] · 10�11 [31]. From
the panel it is evident that the model-independent con-
straint that arises from the DY data excludes parts of the
parameter space favoured by the b ! s`+`� anomalies.
In particular, coupling choices that accommodate the de-
viation seen in P 0

5 are constrained. We now focus on the
region of the gµ

V –gµ
A plane in which the discrepancy be-

tween SM and data for aµ is improved by the one-loop
corrections due to the exchange of a light di-muon spin-1

10�3 10�2 10�1

gµ
V

�10�3

�10�2

�10�1

gµ A

aµ

RK⇤

RK
P 0

5DY

1 2 3 4 5
mV [GeV]

0.02

0.04

0.06

0.08

0.10

gµ V

aµ

DY

Figure 4. Upper panel: Constraints in the gµ
V –gµ

A plane. The
shown results were obtained for mV = 2.5 GeV and gsb

L =
�1.5 · 10�8. Lower panel: Constraints in the mV –gµ

V plane
assuming the coupling relation gµ

A = 0.41 gµ
V . Consult the

main text for further explanations.

resonance (cf. [55])

�aµ =
(gµ

V )
2

� 5 (gµ
A)

2

12⇡2

m2
µ

m2
V

+ O
�
m4

µ/m4
V

�
. (3)

In this region, we observe that our new constraint dis-
favours most of the parameter space that provides a si-
multaneous explanation of P 0

5, RK , RK⇤ and aµ. Given
the weak mass dependence of (2), we expect this conclu-
sion to hold in the full range mV 2 [2, 3] GeV of spin-1
resonance interpretations of the flavour anomalies.

In the lower panel of Figure 4, we compare the 95% CL
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Light resonances in b → sμ+μ-

L �
�
gsb

L s̄L /V bL + h.c.
�

+ µ̄ (gµ
V � gµ

A�5) /V µ + g�
V �̄ /V �
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2

Figure 1. An example of a Feynman diagram with FSR of the
light mediator V in the DY process pp ! Z/�⇤ ! µ+µ�.

spin-1 mediator is constrained to lie in the range of
about [2, 3] GeV and its total decay width has to sat-
isfy �V /mV & 10%. The total width requirement im-
plies that m� < mV /2 and g� & 2. Consequently, V
predominantly decays invisibly with a branching ratio
Br(V ! �̄�) ' 1. The existence of a di-muon resonance
with these properties cannot be excluded because of the
large hadronic uncertainties of the SM prediction for
B ! K(⇤)µ+µ� in the m2

µµ & 6 GeV2 region (cf. [34, 35])
and the unknown interference pattern between the J/ 
and the SM short-distance contribution. By choosing
the couplings in (1) to be gsb

L ' �10�8, gµ
V ' 0.1 and

gµ
A ' �0.44gµ

V , the discussed simplified model then does
not only provide a solution to the flavour anomalies but
also ameliorates the discrepancy observed in aµ. Other
constraints that arise from Bs–B̄s mixing, searches for
B ! K(⇤) + invisible [36–39], Bs ! µ+µ� [40, 41] and
Z ! 4µ [42, 43] as well as the precision measurements
of Zµµ̄ couplings [44] are all satisfied for this choice of
parameters.

Z-boson line shape. We now consider the di-muon
invariant mass spectrum as measured in DY production
and study its distortions due to FSR of a light spin-1
resonance V . A representative diagram that contributes
to pp ! Z/�⇤

! µ+µ� + V is shown in Figure 1. We
calculate the mµµ spectra with MadGraph5 aMC@NLO [45]
and NNPDF23 lo as 0130 qed parton distribution func-
tions [46], employing the DMsimp implementation [47] of
the V µµ̄ and V ��̄ couplings in (1). The fiducial phase
space in our Monte Carlo simulations is defined by re-
quiring that the muon transverse momenta satisfy pT,µ >
25 GeV, the muon pseudorapidities obey |⌘µ| < 2.5, and
that mµµ falls into the range [66, 116] GeV.

In Figure 2 we present our results for the di-muon in-
variant mass spectra for pp collisions at a centre-of-mass
energy of

p
s = 13TeV. All predictions are obtained at

leading order in QCD. The three coloured curves corre-
spond to gµ

V = 0.1 and gµ
A = �4.4 · 10�2 and mediator

masses of 1.5 GeV, 2.5 GeV and 3.5 GeV, respectively.
For comparison, the SM prediction for the Z-boson line
shape is depicted by the black curve. One observes that
FSR of the spin-1 resonance leads to a pronounced radi-

Figure 2. Di-muon invariant mass distributions. The black
curve represents the SM prediction, while the coloured curves
correspond to three di↵erent benchmark models with varying
spin-1 resonance mass. For further details see text.

ation tail below mZ ' 91.2 GeV. This amounts to a rel-
ative correction to the SM Z-boson line shape of around
4% to 6% at mµµ ' 75 GeV.

DY processes are a cornerstone of the SM physics pro-
gramme at the LHC (see e.g. [48–53] for recent ATLAS
and CMS analyses) and a detailed understanding of the
Z-boson line shape is a prerequisite for a precision mea-
surement of the W -boson mass at the LHC [54]. Given
its importance, a lot of e↵ort has gone into measuring
the mµµ spectrum in the Z-peak region at the LHC
and the experimental uncertainties have reached the few-
percent level, making the Z-boson line shape a powerful
observable to search for GeV-mass di-muon spin-1 states.

In our study we consider the ratio of the data to the
SM prediction to perform a �2 fit. In Figure 2 of [49], the
ATLAS collaboration provides the ratio of experimental
data to the state-of-the-art theory prediction for the mµµ

line shape in the fiducial volume defined above. Assum-
ing that the data is SM-like, we compute this ratio for
di↵erent new-physics scenarios and perform a �2 analy-
sis. Radiative corrections of QCD and electroweak nature
do not a↵ect the ratio and are therefore neglected in the
following. The ATLAS analysis is based on 3.2 fb�1 in-
tegrated luminosity at

p
s = 13 TeV. The experimental

statistical and systematic uncertainties are in the range
of 1% to 2% and they are added in quadrature in our fit.
The bin-to-bin correlations are neglected.

Bishara, UH & Monni, 1705.03465

https://arxiv.org/pdf/1705.03465.pdf


P5 anomaly

�39

]4c/2 [GeV2q
0 5 10 15

1P

-2

-1

0

1

2
LHCb

SM from DHMV

]4c/2 [GeV2q
0 5 10 15

2P

-2

-1

0

1

2
LHCb

SM from DHMV

]4c/2 [GeV2q
0 5 10 15

3P

-2

-1

0

1

2
LHCb

SM from DHMV

]4c/2 [GeV2q
0 5 10 15

4'P

-2

-1

0

1

2
LHCb

SM from DHMV

]4c/2 [GeV2q
0 5 10 15

5'P

-2

-1

0

1

2
LHCb

SM from DHMV

]4c/2 [GeV2q
0 5 10 15

6'P

-2

-1

0

1

2
LHCb

SM from DHMV

]4c/2 [GeV2q
0 5 10 15

8'P

-2

-1

0

1

2
LHCb

SM from DHMV

Figure 8: The optimised angular observables in bins of q2, determined from a maximum likelihood
fit to the data. The shaded boxes show the SM prediction taken from Ref. [14].

24

SM from Descotes-Genon 
et al., 1407.8526

3.7σ

LHCb

]4c/2 [GeV2q
0 5 10 15

1P

-2

-1

0

1

2
LHCb

SM from DHMV

]4c/2 [GeV2q
0 5 10 15

2P

-2

-1

0

1

2
LHCb

SM from DHMV

]4c/2 [GeV2q
0 5 10 15

3P

-2

-1

0

1

2
LHCb

SM from DHMV

]4c/2 [GeV2q
0 5 10 15

4'P

-2

-1

0

1

2
LHCb

SM from DHMV

]4c/2 [GeV2q
0 5 10 15

5'P

-2

-1

0

1

2
LHCb

SM from DHMV

]4c/2 [GeV2q
0 5 10 15

6'P

-2

-1

0

1

2
LHCb

SM from DHMV

]4c/2 [GeV2q
0 5 10 15

8'P

-2

-1

0

1

2
LHCb

SM from DHMV

Figure 8: The optimised angular observables in bins of q2, determined from a maximum likelihood
fit to the data. The shaded boxes show the SM prediction taken from Ref. [14].
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SM prediction of P5 ′

Descotes-Genon et al., 1407.8526

Error budget of P5 in [4, 6] GeV2 bin:

�0.82+0.01
�0.01

+0.02
�0.02

+0.03
�0.06

+0.06
�0.06

+0.07
�0.08

parametric non-factorisable power corrections

form factors

factorisable power corrections

long-distance (LD) charmonium effects

′
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SM prediction of P5 ′

Dominant uncertainties of theoretical origin. What to do? 

�0.82+0.01
�0.01

+0.02
�0.02

+0.03
�0.06

+0.06
�0.06

+0.07
�0.08

�0.82 (1± 13%) �0.82 (1± 26%)

all errors are 
Gaussian

maybe 
better to 
add errors 
linearly

Largest individual uncertainty due to LD charmonium effects. 
What is the problem & what does this mean for the error?
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… in reality
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This raises the question

To which extent does breakdown of factorisation in charmonium 
region affect low-q2  SM predictions? Lacking a solid estimate of 
LD effects, meaning of observed 3.7σ deviation not clear to me
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RD *  anomalies( )

HFLAV averages for Summer 2018

0.2 0.3
R(D*)

BaBar had. tag
 0.018± 0.024 ±0.332 

Belle had. tag
 0.015± 0.038 ±0.293 

Belle sl.tag
 0.011± 0.030 ±0.302 

Belle hadronic tau
 0.027± 0.035 ±0.270 

LHCb muonic tau
 0.030± 0.027 ±0.336 

LHCb hadronic tau
 0.029± 0.019 ±0.291 

Average 
 0.007± 0.013 ±0.306 

SM Pred. average 
 0.005±0.258 

PRD 95 (2017) 115008 
 0.003±0.257 

JHEP 1711 (2017) 061  
 0.008±0.260 

JHEP 1712 (2017) 060
 0.005±0.257 

HFLAV
Summer 2018

/dof = 0.4/ 1 (CL = 52.00 %)2χ

3.0σ
0.2 0.4

R(D)

BaBar had. tag
 0.042± 0.058 ±0.440 

Belle had. tag
 0.026± 0.064 ±0.375 

Average 
 0.024± 0.039 ±0.407 

SM Pred. average 
 0.003±0.299 

PRD 94 (2016) 094008 
 0.003±0.299 

PRD 95 (2017) 115008 
 0.003±0.299 

JHEP 1712 (2017) 060 
 0.004±0.299 

FNAL/MILC (2015) 
 0.011±0.299 

HPQCD (2015) 
 0.008±0.300 

HFLAV
Summer 2018

/dof = 0.4/ 1 (CL = 52.00 %)2χ

2.3σ

RD(�) =
BR

�
B � D(�)���

�

BR
�
B � D(�)l�l

�
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RD *  anomalies( )

HFLAV averages for Summer 2018

0.2 0.3 0.4 0.5 0.6
R(D)

0.2
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0.35

0.4

0.45

0.5
R

(D
*) BaBar, PRL109,101802(2012)

Belle, PRD92,072014(2015)
LHCb, PRL115,111803(2015)
Belle, PRD94,072007(2016)
Belle, PRL118,211801(2017)
LHCb, PRL120,171802(2018)
Average

Average of SM predictions

 = 1.0 contours2χΔ

 0.003±R(D) = 0.299 
 0.005±R(D*) = 0.258 

HFLAV

Summer 2018

) = 74%2χP(

σ4

σ2

HFLAV
Summer 2018

3.7σ
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b → s

μμ (ee) ττ

b → d

s → d

νν

Bd → μμ

B → π μμ

Bs → K(*) μμ

K → π νν

B → K(*) νν

B → π νν

B → K(*) ττ

B → π ττ

τμ μe 

O(20%)

RK, RK*

O(20%)

O(1)

O(1)

O(1)

→ 100×SM

→ 100×SM

long-distance 
pollution

NA NA

B → K τμ

→ 10-6

B → π τμ

→ 10-7

B → K μe

???

B → π μe

???

K → μe

???

E.g.: correlations among down-type FCNCs [using the results of U(2)-based EFT]:

If the anomalies are due to NP, we should expect to see several other BSM effects 
in low-energy observables

Implications for low-energy measurements

G. Isidori – B-physics anomalies: model building & future implications         LHCb implications, CERN, 10th Nov 2017 
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Low-energy implications of RK *,D *  ( ) ( )
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