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Higgs precision physics @ LHC
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Higgs measurements @ LHC improve steadily & become more differential

[ATLAS, 2207.08615]
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Figure 3: Di�erential ?? ! � + - cross-sections, in the full phase space, as a function of variables characterising the
Higgs boson kinematics: (a) Higgs boson transverse momentum ?

�

T , (b) Higgs boson rapidity |H� |, and (c) ?�T vs
|H� |, compared with Standard Model predictions. The � ! //

⇤ ! 4✓ (blue triangles), � ! WW (magenta inverted
triangles), and combined (black squares) measurements are shown. The error bars on the data points show the total
uncertainties, while the systematic uncertainties are indicated by the boxes. The measurements are compared with
two predictions, obtained by summing the ggF predictions of NNLOPS or MG5 F�F�, normalised to the fixed order
N3LO total cross-section with the listed  -factors, and the MC predictions for the other production processes -�.
The shaded bands indicate the relative impact of the PDF and scale systematic uncertainties in the prediction. These
include the uncertainties related to the -� production modes. The dotted red histogram corresponds to the central
value of the prediction that uses NNLOPS for the modelling of the ggF component. The bottom panels show the
ratios between the predictions and the combined measurement. The grey area represents the total uncertainty of the
measurement. For better visibility, all bins are shown as having the same size, independent of their numerical width.
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Figure 4: The observed and expected Standard Model <//

T distributions in the 2✓2a channel for (a) the ggF SR, (b)
the mixed SR, and (c) the EW SR. The data are shown after the simultaneous fit described in Section 8, except that
the fit is carried out only in the 2✓2a channel and the off-shell Higgs boson signal is fixed to the SM expectation. The
hatched area shows the total systematic uncertainty after the fit, comprising all uncertainties described in Section 7
and including correlations between uncertainties. The expectation includes the inclusive (signal plus background plus
interference) 66 ! (�⇤ !)// (dark blue) and EW @@̄ ! (�⇤ !)// + 2 9 (light blue) production, as well as the
backgrounds from QCD @@̄ ! // production (orange),,/ (pink), non-resonant ✓✓ (dark green), /+jets (light green),
and other (triboson and CC̄+) (yellow) processes. The expected 66 ! �

⇤ ! // and @@̄ ! �
⇤ ! // + 2 9 signals

are also shown as red and blue lines. The last bins include the overflow. The lower panel shows the ratio of data to
expectation (black points) and the total systematic uncertainty (hatched area), as well as the ratio of the signal (solid
lines) and the interference (dashed lines) to the expectation for ggF (red) and EW (blue) production. (For ease of
display, for the last four curves one plus the ratio is plotted.)
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What can we learn from measurements such as pT,h or off-shell rate?  

[ATLAS, 2207.08615]
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Figure 3: Di�erential ?? ! � + - cross-sections, in the full phase space, as a function of variables characterising the
Higgs boson kinematics: (a) Higgs boson transverse momentum ?

�

T , (b) Higgs boson rapidity |H� |, and (c) ?�T vs
|H� |, compared with Standard Model predictions. The � ! //

⇤ ! 4✓ (blue triangles), � ! WW (magenta inverted
triangles), and combined (black squares) measurements are shown. The error bars on the data points show the total
uncertainties, while the systematic uncertainties are indicated by the boxes. The measurements are compared with
two predictions, obtained by summing the ggF predictions of NNLOPS or MG5 F�F�, normalised to the fixed order
N3LO total cross-section with the listed  -factors, and the MC predictions for the other production processes -�.
The shaded bands indicate the relative impact of the PDF and scale systematic uncertainties in the prediction. These
include the uncertainties related to the -� production modes. The dotted red histogram corresponds to the central
value of the prediction that uses NNLOPS for the modelling of the ggF component. The bottom panels show the
ratios between the predictions and the combined measurement. The grey area represents the total uncertainty of the
measurement. For better visibility, all bins are shown as having the same size, independent of their numerical width.
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Figure 4: The observed and expected Standard Model <//

T distributions in the 2✓2a channel for (a) the ggF SR, (b)
the mixed SR, and (c) the EW SR. The data are shown after the simultaneous fit described in Section 8, except that
the fit is carried out only in the 2✓2a channel and the off-shell Higgs boson signal is fixed to the SM expectation. The
hatched area shows the total systematic uncertainty after the fit, comprising all uncertainties described in Section 7
and including correlations between uncertainties. The expectation includes the inclusive (signal plus background plus
interference) 66 ! (�⇤ !)// (dark blue) and EW @@̄ ! (�⇤ !)// + 2 9 (light blue) production, as well as the
backgrounds from QCD @@̄ ! // production (orange),,/ (pink), non-resonant ✓✓ (dark green), /+jets (light green),
and other (triboson and CC̄+) (yellow) processes. The expected 66 ! �

⇤ ! // and @@̄ ! �
⇤ ! // + 2 9 signals

are also shown as red and blue lines. The last bins include the overflow. The lower panel shows the ratio of data to
expectation (black points) and the total systematic uncertainty (hatched area), as well as the ratio of the signal (solid
lines) and the interference (dashed lines) to the expectation for ggF (red) and EW (blue) production. (For ease of
display, for the last four curves one plus the ratio is plotted.)
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Constraining κλ using pT,h distribution
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Non-trivial shape change of pT,h spectrum in ggF Higgs production due 
to 2-loop diagrams involving a trilinear Higgs self-coupling modifier (κλ)
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[UH & Marco Niggetiedt, 2408.13186] 



Constraining κλ using pT,h distribution
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Dedicated studies planned to quantify precise impact of differential 
single-h measurements in global hh+h analyses to put constraints on κλ

[We are trying to convince Tae Park, a post-doc in Sandra Kortner’s group, to help us]
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Higgs portal interactions

6

|H|2 provides a simple portal to dark or hidden sectors. At dimension four one has 
couplings of |H|2 to spin-0 & spin-1 fields, while interactions with spin-1/2 fields 
are of dimension five. Dimension-six derivative spin-0 coupling also interesting, 
as dark matter (DM) direct detection (DD) cross section momentum suppressed

scalar fermion vector

[for a recent review see for instance Spyros Argyropoulos, Oleg Brandt & UH, 2109.13597]
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Figure 13: Upper limits on the spin-independent WIMP–nucleon cross section using Higgs portal interpretations of
Binv at 90% CL vs <WIMP. For the vector-like WIMP hypothesis, the dependence on the mass <2 of the new scalar
particle, which is often predicted by renormalisable models, is shown for two di�erent values taken from Ref. [150].
For comparison with direct searches for DM, the plot shows results from Refs. [145–147]. The neutrino floor for
coherent elastic neutrino–nucleus scattering is taken from Refs. [152, 153] and assumes germanium as the target over
the whole WIMP mass range. The dependence on the choice of target nucleus is relatively small, given the large
range of cross sections shown.

ranging from 3 · 10�43 cm2 to 1 · 10�45 cm2 are excluded for masses between 1 GeV and 60 GeV. For the
Majorana fermion WIMP interpretation, cross sections exceeding values ranging from 4 · 10�47 cm2 to
7 · 10�45 cm2 are excluded for the same mass range, and for a vector-like WIMP the exclusion limit ranges
from 5 · 10�51 cm2 to 3 · 10�46 cm2. Adding a renormalisable mechanism for generating the vector-like
WIMP masses could modify the above-mentioned correlation substantially [148–150]. Many UV-complete
models predict a new scalar particle that mixes with the Higgs boson. This adds at least two free parameters
to the model, for example its mass <2 and the mixing angle U. The dependence of the exclusion limit for
the vector-like WIMP hypothesis on the mass <2 is shown in Figure 13. The uncertainty band in the plot
uses the latest computation of the nucleon form factors [151]. The overlay shows the complementarity in
coverage by the direct-detection experiments and the searches at colliders, such as the presented analysis.

The results are further interpreted as a search for invisible decays of heavy scalar particles acting as
mediators to dark matter. The considered masses range from 50 GeV to 2 TeV, and the upper limit on the
product of cross section and branching ratio to invisible particles (fVBF

· Binv) is shown in Figure 14. The
derived limits become stronger for heavier mediator masses due to an accumulation of the signal events at
larger values of <jj, where the background yields are smaller. The 95% CL upper limit on f

VBF
· Binv is

1.0 pb at a mediator mass of 50 GeV and strengthens to 0.1 pb for a mediator mass of 2 TeV.

35

If DM states are kinematically 
accessible in Higgs decays, 

LHC searches for h→invisible 
superior to present DD limits 

[ATLAS, 2202.07953]
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coherent elastic neutrino–nucleus scattering is taken from Refs. [152, 153] and assumes germanium as the target over
the whole WIMP mass range. The dependence on the choice of target nucleus is relatively small, given the large
range of cross sections shown.

ranging from 3 · 10�43 cm2 to 1 · 10�45 cm2 are excluded for masses between 1 GeV and 60 GeV. For the
Majorana fermion WIMP interpretation, cross sections exceeding values ranging from 4 · 10�47 cm2 to
7 · 10�45 cm2 are excluded for the same mass range, and for a vector-like WIMP the exclusion limit ranges
from 5 · 10�51 cm2 to 3 · 10�46 cm2. Adding a renormalisable mechanism for generating the vector-like
WIMP masses could modify the above-mentioned correlation substantially [148–150]. Many UV-complete
models predict a new scalar particle that mixes with the Higgs boson. This adds at least two free parameters
to the model, for example its mass <2 and the mixing angle U. The dependence of the exclusion limit for
the vector-like WIMP hypothesis on the mass <2 is shown in Figure 13. The uncertainty band in the plot
uses the latest computation of the nucleon form factors [151]. The overlay shows the complementarity in
coverage by the direct-detection experiments and the searches at colliders, such as the presented analysis.

The results are further interpreted as a search for invisible decays of heavy scalar particles acting as
mediators to dark matter. The considered masses range from 50 GeV to 2 TeV, and the upper limit on the
product of cross section and branching ratio to invisible particles (fVBF

· Binv) is shown in Figure 14. The
derived limits become stronger for heavier mediator masses due to an accumulation of the signal events at
larger values of <jj, where the background yields are smaller. The 95% CL upper limit on f

VBF
· Binv is

1.0 pb at a mediator mass of 50 GeV and strengthens to 0.1 pb for a mediator mass of 2 TeV.
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Higgs portal searches @ LHC

8

Can LHC say something 
about region where DM is 

inaccessible in h→invisible?

[ATLAS, 2202.07953]



Searches for Higgsphilics in pp→4l
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Off-shell Higgs measurements in pp→4l allow to scan ŝ-dependence of Higgs 
propagator, which is sensitive to virtual exchange of light Higgsphilic states
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[UH & Gabriel Koole, 2201.09711; UH, Max Ruhdorfer, Konstantin Schmid & Andi Weiler; 2311.03995]



HL-LHC bounds on fermionic Higgs portal
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Figure 9: HL-LHC reach of di↵erent search strategies in the m –|c | plane corresponding
to the assumptions N = 3, f = 3v, µ⇤ = 4⇡f and C6(µ⇤) = CH⇤(µ⇤) = 0. The solid blue,
solid green and solid red lines represent the 95% CL limits derived from our DS analy-
sis, our study of the VBF Higgs production channel and a hypothetical measurement
of the global Higgs signal strength µh, respectively. The assumed systematic uncertain-
ties or accuracies, when applicable, are indicated. Regions above the coloured lines are
disfavoured. The region bound by the solid (dashed) orange line arises from imposing
that the signal strength in double-Higgs production satisfies µhh /2 [0.7, 1.8] for c > 0
(c < 0). The naturalness bound (2) is represented by the dotted black line, while the
point {m , |c |} = {ytf/

p
2, yt/

p
2} ' {490GeV, 0.7}, corresponding to (2) for the spe-

cial case of a standard twin-Higgs model, is displayed as a black dot. More details are
provided in the main text.

the discussion in Section 3.2. Notice finally that all constraints shown in Figure 9 depend
in a non-negligible way on the assumed systematic uncertainties or accuracies. In view
of these caveats one can conclude that to fully exploit the HL-LHC potential in probing
fermionic Higgs-portal interactions of the form (1) one should consider all indirect and
direct probes displayed in the figure. If this is done one sees that it should be possible
to explore fermionic Higgs-portal models (1) that are compatible with the naturalness
bound (2) for fermion masses in the range of m 2 [62.5, 250]GeV. Unfortunately, this
implies that the point {m , |c |} = {ytf/

p
2, yt/

p
2} ' {490GeV, 0.7}, representing a

natural standard twin-Higgs model with f = 3v, cannot be probed at the HL-LHC.
In our HE-LHC (FCC) study, we consider pp collisions at

p
s = 27TeV (

p
s = 100TeV)

and an integrated luminosity of 15 ab�1 (30 ab�1). While we expand the m4` window to
1000GeV (1500GeV) at the HE-LHC (FCC), the selection cuts and detection e�ciencies
in our analyses mirror those outlined in Section 2.4. Technical improvements in the HE-
LHC and FCC detectors, such as extended pseudorapidity coverages [76,77], which could
enhance the reach of the o↵-shell Higgs-boson production channel, are not considered in
what follows. Additionally, we use the values of the K-factors provided in Section 2.4,
obtained for LHC collisions, to calculate QCD-improved predictions for the kinematic
variable DS à la (31). Given that the assumed systematic uncertainties play a significant
role in determining the HE-LHC and FCC reach for constraining fermionic Higgs-portal
interactions of the form (1), we consider these simplifications fully justified. In our HE-

18
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[UH, Max Ruhdorfer, Konstantin Schmid & Andi Weiler; 2311.03995]



What about quartic Higgs self-coupling?

11

Direct probe of quartic Higgs self-coupling (κ4) provided @ 1-loop by 3h production, 
while indirect sensitivity in hh & h production through 2-loop & 3-loop corrections

[UH, Aparna Sankar & Giulia Zanderighi, ongoing]



Bounds on Higgs self-couplings from hh & 3h production orthogonal in κ3 - κ4 plane

Higgs self-couplings after LHC Run 2

12
[UH, Aparna Sankar & Giulia Zanderighi, ongoing; pp→3h bound from ATLAS, 2411.02040]



Higgs self-couplings after LHC Run 2
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[UH, Aparna Sankar & Giulia Zanderighi, ongoing; pp→3h bound from ATLAS, 2411.02040]

New limit from h production poor as LHC Run 2 measurements not precise enough 



Vh production in SMEFT @ NNLO+PS

14[Rhorry Gauld, UH & Luc Schnell, 2311.06107]
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Figure 4: NNLO+PS predictions for pp ! Zh ! `
+
`
�
h production in the SMEFT bench-

mark scenario (4.21) assuming a common operator suppression scale of ⇤ = 1TeV. The four
panels show the fiducial cross section differential in |⌘Z | (upper left), pT,Z (upper right),
|⌘Z � ⌘h| (lower left) and mZh (lower right) for proton-proton (pp) collisions at 13TeV.
The SM predictions are indicated by the solid black lines while the solid (dotted) orange
curves represent the SMEFT contribution linear (quadratic) in the Wilson coefficients. The
solid dark orange lines correspond to the sums of the linear and quadratic SMEFT contri-
butions. The lower panels depict the ratios between the BSM and the SM distributions with
the grey band representing the SM scale uncertainties. See main text for further details.
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If stringent constraints from MW, h→γγ & 
h→γZ are imposed, numerical impact of 
Wilson coefficients CHW, CHB & CHWB on 
kinematic distributions in pp→Zh→l+l-h 

rather limited, amounting to relative 
deviations of no more than 5%
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Enhanced sensitivity of pp→Zh→l+l-h to 
CHq, CHq, CHu & CHd arises from energy 
growth of amplitudes. Effects can reach 

50% in pT,Z spectrum in region where 
Higgs decay products are significantly 

boosted. Vh production @ HL-LHC may 
allow to constrain Z-boson couplings to 

light quarks as well as SLC & LEP

(1) (3)
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Figure 5: As Figure 4 but for benchmark scenario (4.23) with ⇤ = 1TeV. The yellow
lines correspond to the BSM results.

linear SMEFT effects are largest in the benchmark scenario with C
(3)
Hq

= 0.05 where they
can exceed +50% compared to the SM for pT,Z > 300GeV. The respective effects in the
benchmark scenario with CHd = �0.1 (CHu = 0.1) just correspond to around +7% (+20%).
The observed hierarchy of SMEFT effects can be traced back to the approximate pattern

– 20 –

[Rhorry Gauld, UH & Luc Schnell, 2311.06107]
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Figure 2: Observed and predicted m
tot
T spectra in the b-veto category of the ⌧had⌧had

channel. The black points show the measurements of the ATLAS search [10] with the cor-
responding statistical uncertainties, the gray (light gray) areas indicate the total expected
(DY only) background with the corresponding systematic uncertainties shown in the ratio
plot. The dotted blue, dashed orange and solid magenta curves show the expectations of a
signal due to a⌧ = 6 · 10�3, a⌧ = 4 · 10�3 and a⌧ = 2 · 10�3, respectively with a systematic
uncertainty of 30%. Overflows are included in the last bin of the distributions. For further
details consult the main text.

the samples is performed with MadGraph5 aMCNLO [33] and PYTHIA 8.2 [34], respectively,
using NNPDF40 nlo as 01180 parton distribution functions [35]. To improve the statistics
in the tails, we use an event generation bias of the form p

2
T,⌧1

/(1TeV)2 where pT,⌧1 denotes
the transverse momentum of the hardest tau lepton [36].

In order to derive constraints on a⌧ and d⌧ we consider the ATLAS search for hadronic
tau (⌧had) leptons [10]. ATLAS identifies the hadronic tau decays by looking for a set of
visible decay products in association with missing transverse momentum (ET,miss) from a
neutrino. Typically the visible decay products consist of one or three charged pions, called
one-track or three-track events, and up to two neutral pions. A seeding jet algorithm [37] is
used to reconstructed the ⌧had candidates which are required to have pT,⌧ > 165GeV and a
pseudorapidity of |⌘⌧ | < 2.5 in order to fall into the signal region (SR). One-track (three-
track) ⌧had candidates must fulfil “loose” or “medium” tau identification criteria with
e�ciencies of about 85% (75%) and 75% (60%), respectively. When applied to multijet
events the rejection factors of the “loose” or “medium” tau identification are 20 (200)
and 30 (500) for one-track (three-track) candidates [37]. In order to end up in the SR,
the electric charges of the two ⌧had candidates furthermore have to be opposite and the

5
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Figure 1: SM (left) and SMEFT (right) contributions to the partonic process qq̄ ! ⌧
+
⌧
�.

The red box indicates the insertion of the operator with the Wilson coe�cient (7). See
text for further details.

while in the SMEFT we only consider the photon exchange contribution that is connected
to a⌧ and d⌧ via (8) for simplicity. A possible Z-boson contribution proportional to the
linear combination c⌧Z = �sw c⌧B�cw c⌧W of Wilson coe�cients is not taken into account
since we assume c⌧Z = 0. On the technical level, this assumption can be guaranteed by
choosing c⌧W = �tw c⌧B with tw ' 0.55 the tangent of the weak mixing angle. Allowing
for c⌧Z 6= 0 and then deriving constraints in the c⌧� –c⌧Z plane from pp ! ⌧

+
⌧
� would be

straightforward, however, we refrain from performing such an analysis in this note. The
reason for this is that the bounds (1) and (2) have been derived under the assumption that
there is only an anomalous �⌧+⌧� coupling but no anomalous Z⌧

+
⌧
� coupling. The limits

obtained below can therefore be compared directly to (1) and (2) which would not be the
case if we were to consider cases with c⌧Z 6= 0.

For invariant tau-pair masses su�ciently above the Z-pole, i.e. ŝ = m
2
⌧⌧ � M

2
Z , we

obtain the following approximations for the ratio (9) in the case of down- and up-type
initial-state quarks:
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Notice that the first terms in the square brackets of (10), which are due to the interference
of the SMEFT contribution with itself, are enhanced by two powers of the tau-pair invari-
ant massm⌧⌧ =

p
ŝ. The second terms which arise from the interference of (5) with the SM

are instead suppressed by one power of the tau Yukawa coupling y⌧ =
p
2m⌧/v ' 7 · 10�3,

which provides the chirality flip needed to obtain a non-zero result. As a result the terms
quadratic in |c⌧� | in practice always provide the dominant contribution to qq̄ ! ⌧

+
⌧
�

production as far as SMEFT e↵ects are concerned. The results given in (10) hence show
that the contributions of a⌧ and d⌧ to the DY production process pp ! ⌧

+
⌧
� are enhanced

at high energies relative to the SM background. Similar observations have been made and
exploited for instance also in [19–28] .

3 Numerical study and discussion

Our calculation of the di↵erential cross-section modifications of tau-pair production due
to the anomalous moments of the tau lepton relies on a FeynRules 2 [29] implementa-
tion of the Lagrangian (5) in the UFO format [30]. The implementation includes next-
to-leading order (NLO) QCD corrections with the relevant counterterms derived by the
NLOCT package [31]. Our model files are available at [32]. The generation and showering of

4

[UH, Luc Schnell & Joachim Weiss, 2307.14133; pp→τ+τ- data from ATLAS, 2002.12223]
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Figure 2: Observed and predicted m
tot
T spectra in the b-veto category of the ⌧had⌧had

channel. The black points show the measurements of the ATLAS search [10] with the cor-
responding statistical uncertainties, the gray (light gray) areas indicate the total expected
(DY only) background with the corresponding systematic uncertainties shown in the ratio
plot. The dotted blue, dashed orange and solid magenta curves show the expectations of a
signal due to a⌧ = 6 · 10�3, a⌧ = 4 · 10�3 and a⌧ = 2 · 10�3, respectively with a systematic
uncertainty of 30%. Overflows are included in the last bin of the distributions. For further
details consult the main text.

the samples is performed with MadGraph5 aMCNLO [33] and PYTHIA 8.2 [34], respectively,
using NNPDF40 nlo as 01180 parton distribution functions [35]. To improve the statistics
in the tails, we use an event generation bias of the form p

2
T,⌧1

/(1TeV)2 where pT,⌧1 denotes
the transverse momentum of the hardest tau lepton [36].

In order to derive constraints on a⌧ and d⌧ we consider the ATLAS search for hadronic
tau (⌧had) leptons [10]. ATLAS identifies the hadronic tau decays by looking for a set of
visible decay products in association with missing transverse momentum (ET,miss) from a
neutrino. Typically the visible decay products consist of one or three charged pions, called
one-track or three-track events, and up to two neutral pions. A seeding jet algorithm [37] is
used to reconstructed the ⌧had candidates which are required to have pT,⌧ > 165GeV and a
pseudorapidity of |⌘⌧ | < 2.5 in order to fall into the signal region (SR). One-track (three-
track) ⌧had candidates must fulfil “loose” or “medium” tau identification criteria with
e�ciencies of about 85% (75%) and 75% (60%), respectively. When applied to multijet
events the rejection factors of the “loose” or “medium” tau identification are 20 (200)
and 30 (500) for one-track (three-track) candidates [37]. In order to end up in the SR,
the electric charges of the two ⌧had candidates furthermore have to be opposite and the
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Figure 1: Contributions to the qq̄ ! Zg process in the SM (left) and the SMEFT (right).
The black squares represent an insertion of a light-quark dipole operator involving a Z bo-
son, as described by the Lagrangian (2).

for the ratios defined in (9). The analytical expressions for the factor Nq are provided135

in (8), and s = ŝ/M
2
Z and t = t̂/M

2
Z are the usual Mandelstam variables, normalized136

to the square of the Z-boson mass. The kinematic factor appearing in (10) is instead137

universal and takes the following form:138

(s, t) =
s
2
� 4 (s� 1)2 t� 4 (s� 1) t2 + 1

s2 + 2st+ 2 (t� 1) t+ 1
. (11)

A few remarks regarding (9) are in order. First, as in (7), terms linear in Cq are absent139

expression for �q, since these interference terms are suppressed by the small Yukawa cou-140

plings yq, due to the chirality-flipping nature of the light-quark dipole operators. Second,141

in the limit of s ! 1, the kinematic factor (11) behaves as142

lim
s!1

(s, t) =
1� cos2 ✓̂

1 + cos2 ✓̂

2ŝ

M
2
Z

, (12)

where ✓̂ represents the scattering angle between the quark and the Z boson in the center-143

of-mass (CM) frame. The result in (12) demonstrates that the light-quark dipole contri-144

butions to DY production are enhanced at high energies compared to the SM background.145

Similar observations have been made and utilized, for example, in [11,22,29–40]. The ob-146

served energy enhancement implies that less precise measurements of pT,Z at the LHC147

can, in principle, achieve similar or even greater sensitivity to the Wilson coe�cients CqZ148

compared to the high-precision measurements of Z ! qq̄ performed at LEP and SLD.149

Lastly, note that although we have focused on the qq̄ ! Zg channel, the same reasoning150

applies to the processes qg ! Zq and q̄g ! Zq̄, which can be derived from qq̄ ! Zg151

through crossing symmetries.152

Lam-Tung relation and its violation153

The Lam-Tung relation is a theoretical prediction related to the angular distribution of154

dileptons produced in the neutral DY process, i.e., pp ! �
⇤
/Z +X ! l

+
l
� +X. In the155

so-called Collins-Soper (CS) frame [41], which places the system in the lepton-pair rest156

frame, the angular distribution of the two leptons is expressed as follows, introducing the157

angular coe�cients Ai for i = 0, . . . , 7:158

d�

dpT,lldylldm
2
ll d⌦

=
3

16⇡

d�

dpT,lldylldm
2
ll

"
�
1 + cos2 ✓

�
+

A0

2

�
1� 3 cos2 ✓

�

+A1 sin 2✓ cos�+
A2

2
sin2 ✓ cos 2�+A3 sin ✓ cos�

+A4 cos ✓ +A5 sin2 ✓ sin 2�+A6 sin 2✓ sin�+A7 sin ✓ sin�

#
.

(13)
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Light-quark dipole effects far too small 
to account for discrepancy between 

SM prediction & ATLAS data for Lam-
Tung combination A0 - A2 of angular 

coefficients in high-pT,ll tail of spectrum 
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2HDM+a model reloaded @ LHC

• 2HDM+a model is a cornerstone of both ATLAS & CMS interpretations of 

missing transverse energy (MET) aka DM searches 


• All Run 2 benchmarks feature type-II Yukawas & degenerate 2HDM Higgs 

mass spectrum. Degenerate 2HDM Higgs masses avoid constraints from 

EW precision observables, but in type II lead to TeVish 2HDM spectrum, as 

flavor physics requires charged Higgs to be heavier than about 600 GeV
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Figure 6: Resonant contributions to tt̄ (left) and bb̄+Z (right) production in the 2HDM+a

model of type I with a non-degenerate BSM Higgs sector.

Figure 7: As Figure 6 but for bb̄+ ET,miss (left) and ZZ + ET,miss (right) production.

model of type II featuring a mass-degenerate spectrum of A, H, and H±. In that sce-
nario, the gg ! H ! Za channel typically dominates Z+ET,miss production [64, 66].
Still using the information on the existing mono-Z searches [72, 74, 78] and applying
the methodology described in Section 8.2 of [70] one can estimate the expected sen-
sitivity of the Z + ET,miss signature to the relevant parameter space in the mA–mH

planes of Figure 3. We comment on the LHC reach of Z+ET,miss searches within the
type-I 2HDM+a model in Section 6.8.

⌅ j + ET,miss: Graphs that lead to a mono-jet signature in the type-I 2HDM+a model
with a non-degenerate BSM Higgs sector are depicted in Figure 5. One sees that
there are two types of j + ET,miss contributions that result from the decay of the
pseudoscalar A, namely the processes gg ! A and gg ! A ! Ha ! aaa. Notice
that in the 2HDM+a model of type I there is also always a mono-jet contribution
associated to gg ! a production. In fact, in the mA–mH planes shown in Figure 3
the latter channel always provides the largest contribution to mono-jet production
because of mA > ma. The regions in parameter space in which the j + ET,miss

signature dominates can be targeted by searches for energetic jets and large ET,miss

such as [134, 135].

⌅ tt̄: In the type-I 2HDM+a model with a non-degenerate BSM Higgs sector, A decays
can also lead to a tt̄ signal. The relevant diagram is shown on the left-hand side
in Figure 6. Model realisations that predict a sufficiently large tt̄ signal can be tested
by studying the invariant mass spectrum mtt̄. Interference effects between the signal
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Figure 9: Contribution to h + ET,miss (left) and Z + ET,miss (right) production in the
type-I 2HDM+a model with a non-degenerate BSM Higgs sector that arise from the decay
of the scalar H. The ET,miss signal stems from the decay a ! ��̄. See main text for further
details.

Figure 10: As Figure 9 but for j + ET,miss (left) and W + c (right) production.

Figure 11: As Figure 9 but for tt̄+ ET,miss (left) and hh+ ET,miss (right) production.

production of the scalar H in the mA–mH plane for four different choices of sin ✓ and mH± .
The 2HDM+a input parameters not indicated in the headings are identical to those used
to obtain Figure 2. We observe that the process gg ! H leads to five different final states
that can be relevant for collider phenomenology:

⌅ h+ET,miss: A contribution to mono-Higgs production in the type-I 2HDM+a model
with a non-degenerate BSM Higgs sector is given on the left in Figure 9. Notice that
unlike in Figure 3 the h + ET,miss signature arises from gg ! H ! Aa ! haa.
As before, one can use the analysis strategy described in Section 6.3 to constrain the
wedge in the mA–mH planes centred around mA ' 300GeV and mH ' 500GeV.
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In case of non-degenerate 2HDM Higgses, new MET & non-MET channels open up

2HDM+a model reloaded @ LHC

[Spyros Argyropoulos, UH & Ilia Kalaitzidou, 2404.05704]
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Old & new 2HDM+a signatures in type I
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Figure 13: Constraints on the type-I 2HDM+a model resulting from hypothetical searches
for h + ET,miss, bb̄ + Z, bb̄ + ET,miss, and ZZ + ET,miss final states. The different plots
correspond to four distinct choices of mH± and sin ✓ as indicated in the panel headings.
The remaining parameters are set to (5.1). The limits on the charged Higgs-boson mass
derived from [155, 156] are also shown. Additionally, regions of the mA–mH planes that
are in conflict with EW precision measurements, specifically the bound (3.6), are depicted
in grey. Finally, the parameter regions leading to vacuum stability, as encoded by the BFB
conditions (3.8), and the requirements �i/mi  30% on the relative total decay widths of
all the BSM spin-0 states i = A,H,H±, a are overlaid as dashed-dotted and dashed lines,
respectively. See main text for additional details.
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Figure 3: Examples of Feynman diagrams that can give rise to a h+ET,miss signature in
the type-I 2HDM+a model with a non-degenerate BSM Higgs sector. The decays a ! ��̄

that lead to the ET,miss signal are not shown for simplicity.

Figure 4: As Figure 3 but for Z + ET,miss production. For further explanations see the
main text.

Figure 5: As Figure 3 but for j+ET,miss production. Notice that the decays A ! ��̄ and
a ! ��̄ both give rise to a ET,miss signature. In addition to the left diagram, the process
gg ! a is also present, and in fact dominates j+ET,miss production for mA > ma and sin ✓

sufficiently large.

⌅ Z + ET,miss: Example diagrams that contribute to resonant mono-Z production in
the type-I 2HDM+a model with a non-degenerate BSM Higgs sector are displayed
in Figure 4. Notice that the shown graphs describe the gg ! A ! Ha ! Zaa

and gg ! A ! HZ ! Zaa processes, which are not allowed if A and H are mass-
degenerate. The shape of the resulting kinematic distributions therefore differs from
those discussed in Section 6.1.2 of the whitepaper [70], which focused on the 2HDM+a
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associated to gg ! a production. In fact, in the mA–mH planes shown in Figure 3
the latter channel always provides the largest contribution to mono-jet production
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⌅ tt̄: In the type-I 2HDM+a model with a non-degenerate BSM Higgs sector, A decays
can also lead to a tt̄ signal. The relevant diagram is shown on the left-hand side
in Figure 6. Model realisations that predict a sufficiently large tt̄ signal can be tested
by studying the invariant mass spectrum mtt̄. Interference effects between the signal
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Figure 9: Contribution to h + ET,miss (left) and Z + ET,miss (right) production in the
type-I 2HDM+a model with a non-degenerate BSM Higgs sector that arise from the decay
of the scalar H. The ET,miss signal stems from the decay a ! ��̄. See main text for further
details.

Figure 10: As Figure 9 but for j + ET,miss (left) and W + c (right) production.

Figure 11: As Figure 9 but for tt̄+ ET,miss (left) and hh+ ET,miss (right) production.
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The 2HDM+a input parameters not indicated in the headings are identical to those used
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⌅ h+ET,miss: A contribution to mono-Higgs production in the type-I 2HDM+a model
with a non-degenerate BSM Higgs sector is given on the left in Figure 9. Notice that
unlike in Figure 3 the h + ET,miss signature arises from gg ! H ! Aa ! haa.
As before, one can use the analysis strategy described in Section 6.3 to constrain the
wedge in the mA–mH planes centred around mA ' 300GeV and mH ' 500GeV.
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UNEXPLORED

[Spyros Argyropoulos, UH & Ilia Kalaitzidou, 2404.05704]
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Conclusions

• Broad range of activities with 
a strong focus on LHC BSM 
phenomenology. Ongoing 
collaborations with internal & 
external ATLAS researchers & 
LHC DM working group  


• Due to lack of time, I have not 
discussed research on flavor 
physics done in last year 
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Figure 7: Projected 68% and 95% CL constraints in the c̄6– c̄H plane for the
LHC Run 3 (left) and the HL-LHC (right) assuming integrated luminosities of 300 fb�1

and 3 ab�1, respectively, and pp collisions at
p
s = 14TeV. The constraints from inclusive

single-Higgs probes (left: green regions, right: blue regions) are compared to the off-shell
Higgs constraints (left: blue regions, right: orange regions). The combinations of all con-
straints are also shown as red contours. The black stars represent the SM point. See main
text for further explanations.

is however also evident that the flat direction in the inclusive fit is strongly broken by the
constraints arising from off-shell Higgs production.

From the above it should be clear that inclusive single-Higgs and off-shell Higgs mea-
surements should therefore be combined if one wants to exploit the full potential of the
LHC in constraining the trilinear Higgs coupling through indirect probes. Performing such
a combined analysis, we find for c̄H = 0 the following 95% CL limits

c̄6 2 [�5.8, 9.5] , (LHC Run 3) , c̄6 2 [�2.3, 4.6] , (HL-LHC) , (4.12)

while for c̄6 = 0 we obtain

c̄H 2 [�6.0, 5.6] · 10�2
, (LHC Run 3) , c̄H 2 [�2.3, 2.3] · 10�2

, (HL-LHC) . (4.13)

We add that the bounds (4.12) and (4.13) depend in a non-negligible way on the assumed
total uncertainties. In this respect one should remember that in the case of the constraints
arising from off-shell Higgs production in ggF production we have assumed total systematic
uncertainties of ±30% and ±15% in our LHC Run 3 and HL-LHC fit, respectively. We
believe that these are conservative uncertainties — results for two additional more aggres-
sive assumptions about the systematic uncertainties entering the HL-LHC off-shell Higgs
analysis can be found in Appendix B. In fact, given the steady progress in the calculation
of massive higher-loop corrections to pp ! ZZ ! 4` (see [84, 85] for the latest theoreti-
cal developments) and in view of the fact that it is theoretically known of how to achieve
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[UH & Gabriel Koole, 2111.12589]

In SM effective field they (SMEFT), 
κλ receives contributions from more 

than a single Wilson coefficient  
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Figure 7: Projected 68% and 95% CL constraints in the c̄6– c̄H plane for the
LHC Run 3 (left) and the HL-LHC (right) assuming integrated luminosities of 300 fb�1

and 3 ab�1, respectively, and pp collisions at
p
s = 14TeV. The constraints from inclusive

single-Higgs probes (left: green regions, right: blue regions) are compared to the off-shell
Higgs constraints (left: blue regions, right: orange regions). The combinations of all con-
straints are also shown as red contours. The black stars represent the SM point. See main
text for further explanations.

is however also evident that the flat direction in the inclusive fit is strongly broken by the
constraints arising from off-shell Higgs production.

From the above it should be clear that inclusive single-Higgs and off-shell Higgs mea-
surements should therefore be combined if one wants to exploit the full potential of the
LHC in constraining the trilinear Higgs coupling through indirect probes. Performing such
a combined analysis, we find for c̄H = 0 the following 95% CL limits

c̄6 2 [�5.8, 9.5] , (LHC Run 3) , c̄6 2 [�2.3, 4.6] , (HL-LHC) , (4.12)

while for c̄6 = 0 we obtain

c̄H 2 [�6.0, 5.6] · 10�2
, (LHC Run 3) , c̄H 2 [�2.3, 2.3] · 10�2

, (HL-LHC) . (4.13)

We add that the bounds (4.12) and (4.13) depend in a non-negligible way on the assumed
total uncertainties. In this respect one should remember that in the case of the constraints
arising from off-shell Higgs production in ggF production we have assumed total systematic
uncertainties of ±30% and ±15% in our LHC Run 3 and HL-LHC fit, respectively. We
believe that these are conservative uncertainties — results for two additional more aggres-
sive assumptions about the systematic uncertainties entering the HL-LHC off-shell Higgs
analysis can be found in Appendix B. In fact, given the steady progress in the calculation
of massive higher-loop corrections to pp ! ZZ ! 4` (see [84, 85] for the latest theoreti-
cal developments) and in view of the fact that it is theoretically known of how to achieve
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)

On-shell & off-shell measurements 
depend differently on O6 & OH operators. 

Combination improves 2D constraints

[UH & Gabriel Koole, 2111.12589]

[Ongoing effort with Tae Park to make old analysis more realistic]
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Figure 6: Comparison of the HL-LHC reach of different search strategies in the m�–|c�|
plane. The solid blue, solid green and solid red line correspond to the 95% CL limits that
derive from our binned-likelihood analysis of the ME-based kinematic discriminant DS , the
VBF analysis performed in [32] and a hypothetical measurement of the global Higgs signal
strength µh, respectively. If applicable the assumed systematic uncertainties or accuracies
are indicated. The parameter spaces above the coloured lines are disfavoured. The region
bounded by the solid (dashed) orange line follows from imposing that the signal strength
in double-Higgs production obeys µhh /2 [0.7, 1.8] for c� > 0 (c� < 0). The dotted black
line corresponds to the bound |c�| =

p
3y2t = 1.5 that derives from naturalness arguments

in models of neutral naturalness. For more details see main text.

that is sensitive to Higgs portal interactions of the form (1.1) is double-Higgs production
as previously demonstrated in [28, 32, 39, 40, 43]. The 95% CL bound � 2 [0.18, 3.6]

on the modifications � = �/�SM with �SM = m2

h
/(2v2) ' 0.13 of the trilinear Higgs

coupling as found by the CMS projection [82] implies µhh 2 [0.7, 1.8] on the signal strength
in double-Higgs production at the HL-LHC. By implementing the full one-loop corrections
due to (1.1) into MCFM and imposing the latter bound we obtain the solid and dashed orange
lines. Consult Appendix B for further details. Finally, the dashed black line corresponds
to the naturalness bound |c�| =

p
3y2t = 1.5 discussed in Section 1.

From Figure 6 it is evident that for m� . 90GeV the VBF and µh projections provide
nominally the best constraints at the HL-LHC. In the case of m� & 90GeV, on the other
hand, double-Higgs production at the HL-LHC typically allows to set the most stringent
constraints on the parameters appearing in (1.1). Notice also that the DS constraint pro-
vides the best sensitivity for 90GeV . m� . 120GeV and stronger constraints than VBF
and µh for m� & 90GeV. The fact that the constraints that stem from double-Higgs pro-
duction are not symmetric under c� $ �c� is readily understood by noting that the Higgs
portal corrections to the gg ! hh amplitude involve both terms proportional to c3

�
and c2

�
.
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[UH & Gabriel Koole, 2201.09711]
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Derivative Higgs portal: DM-N scattering

Due to momentum suppression, DD limits easily 
avoided for new-physics scales f of O(1 TeV)

qq
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[see for example Reuven Balkin, Max Ruhdorfer, Ennio Salvioni & Andi Weiler, 1809.09106]
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Global picture of derivative Higgs portal

Symmetry 2021, 1, 0 9 of 58

Figure 3. Constraints for the marginal (derivative) Higgs portal model in the upper (lower) panel.
The solid black contours correspond to (3) while the interpretations of the HL-LHC 95% CL limit
BR(h ! inv) < 2.5 · 10�2 [75] are indicated by dashed black lines. The purple region in the upper panel
is disfavoured by the 90% CL bound on the SI DM-nucleon cross section sSI set by XENON1T [80].
The vertical orange shaded bands display the range of DM masses that is excluded at 95% CL by
Fermi-LAT and DES [84]. The red curves correspond to the value WDMh2 = 0.12 [82]. In the parameter
space below (above) the red curve the Universe is overclosed in the case of the marginal (derivative)
Higgs portal model. The green regions indicate the 95% CL exclusion limit obtained in [25] from a
study of off-shell Higgs production in the VBF + Emiss

T channel, while the blue regions represent the
corresponding exclusion limits derived in [68] from a study of tX + Emiss

T final states. For further details
see the main text.

The latter two types of collider limits assume an integrated luminosity of 3 ab�1 collected at
the HL-LHC.

From the upper panel in Figure 3 it is evident that the constraints on the Wilson coef-
ficient cm of the marginal Higgs portal from searches for Higgs to invisible decays at the
LHC are more stringent than the DD bounds for DM masses mf . 5 GeV, while in the range

VBF+ET
miss

h→invisible

[Spyros Argyropoulos, Oleg Brandt & UH, 2109.13597]
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Figure 3. Constraints for the marginal (derivative) Higgs portal model in the upper (lower) panel.
The solid black contours correspond to (3) while the interpretations of the HL-LHC 95% CL limit
BR(h ! inv) < 2.5 · 10�2 [75] are indicated by dashed black lines. The purple region in the upper panel
is disfavoured by the 90% CL bound on the SI DM-nucleon cross section sSI set by XENON1T [80].
The vertical orange shaded bands display the range of DM masses that is excluded at 95% CL by
Fermi-LAT and DES [84]. The red curves correspond to the value WDMh2 = 0.12 [82]. In the parameter
space below (above) the red curve the Universe is overclosed in the case of the marginal (derivative)
Higgs portal model. The green regions indicate the 95% CL exclusion limit obtained in [25] from a
study of off-shell Higgs production in the VBF + Emiss

T channel, while the blue regions represent the
corresponding exclusion limits derived in [68] from a study of tX + Emiss

T final states. For further details
see the main text.

The latter two types of collider limits assume an integrated luminosity of 3 ab�1 collected at
the HL-LHC.

From the upper panel in Figure 3 it is evident that the constraints on the Wilson coef-
ficient cm of the marginal Higgs portal from searches for Higgs to invisible decays at the
LHC are more stringent than the DD bounds for DM masses mf . 5 GeV, while in the range

spin-independent 
DD

VBF+ET
miss

h→invisible

[Spyros Argyropoulos, Oleg Brandt & UH, 2109.13597]
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Future probes of neutrino floor
[Dark Matter Limit Plotter]
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Future probes of neutrino floor
[Dark Matter Limit Plotter; UH, unpublished]



Higgs self-couplings in HL-LHC era
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Hypothetical HL-LHC bound of O(10) on 3h signal strength will set best bound on κ4

[UH, Aparna Sankar & Giulia Zanderighi, ongoing]
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Flat direction in κ3 of 3h constraint, partly resolved by indirect hh & h probes

Higgs self-couplings in HL-LHC era

[UH, Aparna Sankar & Giulia Zanderighi, ongoing]



Higgs self-couplings in FCC era
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Single-h bounds notable improved due to permille accuracy of Zh @ FCC-ee

[UH, Aparna Sankar & Giulia Zanderighi, ongoing]



Higgs self-couplings in FCC era
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Indirect probes remove degeneracy of direct pp→3h constraint in κ3 - κ4 plane 

[UH, Aparna Sankar & Giulia Zanderighi, ongoing]
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Bottom dipole in pp→Zh→l+l-bb
d�/dmbb–  [fb/GeV] pp�Zh�ℓ+ℓ-bb– , �s–  = 13 TeV
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extra gluon emission in 
leading-order QbG contribution 

tends to reduce dibottom 
invariant mass relative to SM  
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[UH, Darren Scott, Marius Wiesemann, Giulia Zanderighi & Silvia Zanoli, 2204.00663]



40

h
b

b

g

QbG

h
b

b

d�/dmbb–  [fb/GeV] pp�Zh�ℓ+ℓ-bb– , �s–  = 13 TeV
SM
cbG = 400

10-6

10-5

10-4

10-3

10-2

10-1

d�/d�SM

150 GeV < pT,Z < 250 GeV, R = 1.0

mbb–  [GeV]

 0.6
 0.8

 1
 1.2
 1.4
 1.6
 1.8

 2
 2.2

 40  60  80  100  120  140  160  180

Bottom dipole in pp→Zh→l+l-bb

[UH, Darren Scott, Marius Wiesemann, Giulia Zanderighi & Silvia Zanoli, 2204.00663]

size of effect depends on 
radius parameter R used to 

reconstruct anti-kt jets 
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Angular coefficients in Drell-Yan production
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Angular coefficients in Drell-Yan production
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Angular coefficients in Drell-Yan production

[Rhorry Gauld, UH & Joachim Weiss, ongoing]
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Angular coefficients in Drell-Yan production
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