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Recent highlights from the CMS Experiment

Focusing on results relevant to or depenaent on precise calculations
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- Huge LHC data sets: a good problem to have

Exploring the standard model with the LHC

- How differential can you go”?

- How many bosons/jets/top quarks/Higgs. .. "

= (Any) measurement tests calculations

2010,
2011,
2012,
2015,
2016,
2017,
2018,
2022,
2023,
2024,

(00)
o
|

ty (fb™)

INOSI
()]
o

Total integrated lum

0
\S

QO \
NN

7 TeV, 45.0 pb™

7 TeV, 6.1 fb™*

8 TeV, 23.3 b’

13 TeV, 4.3 fb™
13 TeV, 41.6 fb™
13 TeV, 49.8 fb™
13 TeV, 67.9 fb™
13.6 TeV, 41.5fb™
13.6 TeV, 31.9 b
13.6 TeV, 7.8 fby,

— P

. e

X N o
O (S O N, O
Date (UTC

Kenneth Long

di-Boson

CMS preliminary

CMS X+)ets cross section results
3ub~1-138 bt (2.76,5.02,7,8,13,13.6 TeV)

Vi 7 Tev JHEP 06 (2014) 009 = o(yj) = 8e+06 fb 2 fbt

w 2.76 TeV  PLB 715 (2012) 66 sl o(W) = 3.5e+07 fb 231 nb?
w 5.027TeV  SMP-20-004 i o(W) = 6.8e+07 fb 298 pb~?!
w 7 TeV JHEP 10 (2011) 132 b 0o(W) =9.5e+07 fb 36 pb!
w 8 TeV PRL 112 (2014) 191802 I o(W)=11e+08 b 18 pb1
w 13TeV  SMP-20-004 1 o(W) = 1.9e+08 fb 201 pb~?
Wj 7 TeV PLB 741 (2015) 12 §  o(Wj) =4.8e+05fb 5 fb~1
wj 8 TeV PRD 95 052002 (2017) @ o(Wj)=6.3e+05fb 20 fb~t
Wj 13TeV  PRD 96 (2017) 072005 = o(wj) =1.1e+06 fb 2fbt
W2j 7 TeV PLB 741 (2015) 12 B o(w2j) =9.6e+04 fb 5fb~t
wW2j 8 TeV PRD 95 052002 (2017) BN 0(W2j) = 1.3e+05 fb 20 fb~!
w2j 13TeV  PRD 96 (2017) 072005 B oW2j) =2.4e+05 2 fbt
W3] 7 Tev PLB 741 (2015) 12 B ow3j)=17e+04 5 fb~1
W3j 8 TeV PRD 95 052002 (2017) -l o(W3j) = 2.4e+04 fb 20 fb~?!
W3j 13 TeV PRD 96 (2017) 072005 B oW3j)=5e+04 fb 2 fbt
W4 7 Tev PLB 741 (2015) 12 =l o(W4j) = 2.9e+03 fb 5fb~t
wj 8 TeV PRD 95 052002 (2017) ——EEE (W) = 4.6e+03 fb 20 fb~!
w4 13TeV  PRD 96 (2017) 072005 Bl o(W4j)=1.1e+04 2 fb~t
WS5j 7TeV PLB 741 (2015) 12 BE ows)) = 4.5e+02 b 5 fb~!
WS5j 8 TeV PRD 95 052002 (2017) = o(W5)) = 7.8e+02 fb 20 fb~1
WS5j 13TeV  PRD 96 (2017) 072005 =l o(W5j) = 2.8e+03 b 2 fb~?t
W6j 7 Tev PLB 741 (2015) 12 E  o(Wej) =67 fb 5 fb~t
W6j 8 Tev PRD 95 052002 (2017) I 0(W6j) = 1.2e+02 fb 20 fb~t
W6j 13TeV  PRD 96 (2017) 072005 =l o(W6)) = 5.9e+02 fb 2fb7?
Wc 7 TevV JHEP 02 (2014) 013 ®  o(Wc) =1.1e+05fb 5fb~1
Wc 8 TeV EPJC 82 (2022) 1094 = o(Wc) = 1.2e+05 fb 20 fb~!
Wc 13TeV  Submitted to EPJC = o(Wc) = 1.6e+05 fb 138 fb~1
W2b 7 Tev PLB 735 (2014) 204 W o(W2b) = 5.3e+02 fb 5 fbt
W2b 8 TeV EPJC 77 (2017) 92 wmlllm  0(W2b) = 6.2e+02 fb 20 fb~1
z 2.76 TeV  JHEP 03 (2015) 022 I 0(2)=8.9e+06 fb 5 pb~?!

z 5.02 TeV  SMP-20-004 I 0(2) =2e+07 fb 5 pb~?

z 7 Tev JHEP 10 (2011) 132 ¥ 0(2) =29e+07 fb 36 pb~!
z 8 TeV PRL 112 (2014) 191802 i 0(2)=3.4e+071b 18 pb~!
z 13TeV  SMP-20-004 i o0(2)=6e+07 b 201 pb~?
Zj 7 TevV PRD 91 (2015) 052008 B o) =61e+041b 5 fb~1

Zj 8 TeV JHEP 04 (2017) 022 ®  0(Zj) = 7.6e+04 fb 20 fbt
Zj 13TeV  EPJC 78 (2018) 965 B 0(Z) = 13e+05fb 2 fb~?t
Z2j 7 TevV PRD 91 (2015) 052008 =] 0(22)) = 1.3e+04 fb 5 fb~1
72j 8 TeV JHEP 04 (2017) 022 & 0(z2)) = 1.6e+04 fb 20 fb~t
72j 13 Tev EPJC 78 (2018) 965 B 0(Z2)) = 2.8e+04 fb 2 fbt
73 7 TeV PRD 91 (2015) 052008 ] 0(23)) = 2.5e+03 fb 5 fb~!
Z3j 8 TeV JHEP 04 (2017) 022 =ml  0(Z3)) = 3e+03 fb 20 fb~!
Z3j 13TeV  EPJC 78 (2018) 965 B 0(Z3j) = 6e+03 fb 2 fbt
Z4j 7 Tev PRD 91 (2015) 052008 —  0(Z4)) = 47e+02fb 5 fb?
Z4j 8 TeV JHEP 04 (2017) 022 ==l 0(24)) = 5.8e+02 fb 20 fb~t
Z4j 13 TeV EPJC 78 (2018) 965 i 0(Z4)) = 1.3e+03 b 2 fbt
Z5 7 Tev PRD 91 (2015) 052008 —— 0(Z5)) =79 fb 5 fb?
Z5) 8 TeV JHEP 04 (2017) 022 - ml  0(Z5) = 1.1e+02 fb 20 fb~!
75§ 13TeV  EPJC 78 (2018) 965 walll  0(25) = 32e+02 fb 2 bt
Z6j 7 TeVv PRD 91 (2015) 052008 — s 0(26]) = 12 fb 5 fb~!
Z6j 8 TeV JHEP 04 (2017) 022 =l 0(26) =17 fb 20 fb~1
Z6j 13 TeV EPJC 78 (2018) 965 ol 0(z6j) =45 2 fbt
Z7j 13TeV  JHEP 04 (2017) 022 =k o(z7)=23fb 20 fb!
Zc 8 TeVv EPJC 78 (2018) 287 = 0(Zc) =8.8e+03fb 20 fb?
Zc 13 Tev JHEP 04 (2021) 109 B+ 0(Zc) = 14e+04 fb 36 bt
Z1b 7 Tev JHEP 06 (2014) 120 B 0(Z1b) = 3.9e+03 fb 5fb~t
Z1b 8 TeV EPJC 77 (2017) 751 = o(Z1b) = 3.6e+03 fb 20 fb~t
Z1b 13TeV  PRD 105 (2022) 092014 M= 0(Z1b) = 6.5e+03 fb 137 fb!
Z2b 7 Tev JHEP 06 (2014) 120 mmlll  0(Z2b) = 3.6e+02 fb 5 fbt
Z2b 8 TeV EPJC 77 (2017) 751 B 0(Z2b) = 3.3e+02fb 20 fb~1
Z2b 13TeV  PRD 105 (2022) 092014 = 0(Z2b) = 6.5e+02 fb 137 fb!
Wy2j 13 TeV Accepted by PRD e o(Wy2j) = 1.1e+02 fb 138 fb~?
Zy2j 13 Tev PRD 104 072001 (2021) B o(zy2)=15fb 137 fb~1
wz0j 8 Tev EPJC 77 (2017) 236 B owz0) =59 20 fb~t
wzj 8 Tev EPJC 77 (2017) 236 B owz)=19fb 20 fb~1
wz2j 8 TeVv EPJC 77 (2017) 236 v I o(Wz2)=77fb 20 fb~t
220j 8 TeV PLB 789 (2019) 19 = o(zzoj)=16fb 20 b1
Z20j 13 Tev SMP-22-001 § ozzop=271b 138 fb~!
77 8 TeV PLB 789 (2019) 19 = o(zz)=32fb 20 fb~t
zZj 13 Tev SMP-22-001 W o0@zz)=73f 138 fb~1
272j 8 TeV PLB 789 (2019) 19 B~ o(zz2)=08fb 20 fb~t
772j 13 TeV SMP-22-001 o 0(zz2) =340 138 fb~!
773j 8 Tev PLB 789 (2019) 19 IS 0(2Z73)) = 0.14 b 20 fb?
273j 13TeV  SMP-22-001 = [l o@z3)=2% 138 fb!
tt0j 13TeV  PRD 95092001 (2017) B oltt0)) = 9.7e+04 fb 2 fb!

ttj 13TeV  PRD 95092001 (2017) ol o(t) =77e+04fb 2 fb~?t
tt2j 13TeV  PRD 95 092001 (2017) i o(tt2)) = 3.6e+04 fb 2 fb~t
tt3j 13TeV  PRD 95 092001 (2017) e o(tt3) = 1.3e+04 fb 2 fb~t
tt4j 13 Tev PRD 95 092001 (2017) e 0(tt4)) = 5.9e+03 fb 2 fb~t
tt2c 13TeV  PLB 820 (2021) 136565 o= o(tt2c) = 8e+03 fb 42 fo!
tt2b 13TeV  PLB 820 (2021) 136565 =il O(tt2b) = 4.1e+03 fb 36 fb~t
Hoj 13TeV  PLB 792 (2019) 369 =l oHoj)=47fb 36 fb~t
Hj 13TeV  PLB 792 (2019) 369 s oH)=11f 36 fb~!
H2j 13TeV  PLB 792 (2019) 369 B oH2) =35fb 36 fb~!
H3j 13TeV  PLB 792 (2019) 369 S  oH3) =181 36 fbt
H4j 13TeV  PLB 792 (2019) 369 I oH4) =12fb 36 fb~!

1 1 1 1 1
1.0e-01 1.0e+01 1.0e+03 1.0e+05 1.0e+07 1.0e+09
Measured cross sections and exclusion limits at 95% C.L. Inner colored bars statistical uncertainty, outer narrow bars statistical+systematic uncertainty o [fb] August 2023

See here for all cross section summary plots

Light to Dark colored bars: 2.76, 5.02, 7, 8, 13, 13.6 TeV, Black bars: theory prediction




ationship between experimental and theoretical collider physics IS
mMultifaceted

1. Completely theory independent measurements
= [heory guides Interpretation

Minimally theory dependent. e.g., estimation of
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Interplay of theory and experiment in LHC measurements

13.1 fb' (13 TeV, 2016)

CMS

Preliminary

| Illllﬂl | IIIII"|_|_|'|'|'|'|T||_|_|-|'|'|'|T||

Trigger paths

B 9

By

I
B,

Y

Y I low mass double muon + track

double muon inclusive

Z

g] 7 ,,“v A
.// 5/ 4 548
A ’ &"@’“ l“”‘. i‘ ‘ “"r {l‘." ‘.

sdl  5a

¢ J

N
N
SN
N

N
LR

‘-*o/

o

Long Detector simulation

b)

‘Q 1800}

=
= 1700

/

8 1600
1500

' 1400¢

1.05
1.00
0.95

Obs./exp.

1300¢
1200¢

1.1OIIIIIIIIIIIIIIIIIIIIIIIIII rrrrrrprrid

10 10°

u*u” invariant mass [GeV]

CMS 35.9 fb' (13 TeV)
AL I L L L L L LI I IR I I
W IV
' p'T € [26, 56] GeV |
—¢— Measured
B MadGraph5 aMC@NLO
= PDFs @ oy

Dressed Iepton m|

3




- SM extremely successful over vast scales

- Some parameters are fundamentally experimental, but
orecise relationships predicted by SM

- Conversion of “what we observe” to fTundamental

parameters of the theory requires t

neoretical INnput

- Direct interplay, neither can exist “on an island”
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80.3

Measuring fundamental parameters of the SM

68% and 95% CL contours

direct M, and sin*(6! ) measurements

B fit w/o M,,, sin’(6' ) and Z widths measurements
fit w/o M,,,, sin®(6’ ) and M measurements

 fitwio M,, sin2(9fe o), MH and Z widths measurements

sin*(6' ) = 0.23153

M,, =80.369 = 0.016 GeV |

ce. Inr

+ 0.00016

fitter [su

0.231

sin’(6..)
° (1 m%”) ™ 1+ AP
m = r
W m% \/iG'u
Higher-order corrections (Ar)
depend on mt, Mu, ... MBsm?
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Key:

CMS event reconstruction: “particle flow”

Oom Im

Muon
Electron

— = = - Neutral Hadron (e.g. Neutron)
----- Photon

Kenneth Long

Charged Hadron (e.g. Pion)

Silicon
Tracker

W)

Electromagnetic
Calorimeter

Hadron Superconducting
Calorimeter Solenoid

Iron return yoke interspersed
Transverse slice with Muon chambers
through CMS

- Exploit excellent silicon tracker and high B-fielc
- Significantly improve jet resolution wrt calorimeter only
- Powerful handle on pileup (e.g., PUPPI), substructure

2m im am 5m 6m /m

D Bamaey, CERN, Febricury 2004




H
‘% Luminosity measurement and Z counting Ill

- Luminosity measurement is a key ingredient to production rate measurements EPJC 81 (2021) 800
- Uncertainty of 1.2 — 2.5%: sets the floor for precision ”
- Cancels in ratio measurements (e.g., \W//Z, differential ratios wrt total sec) L — N
- Van der Meer scan measures the beam profile and sets reference O’% dEZ
- Extrapolate using rates measured Iin forward detectors
- Stability/consistency major source of unc. = Ot from high precision
- "Z counting” now a sophisticated means to monitor luminosity measurement (or theory)

- Very careful measurement of apsolute reco. eff.

2016 (13 TeV)

Fill 4954, fifth x scan, PCC

.’ 5"“ = 5(Nh1ghPU/NlowPU) ' i
J o 31%(Syst) + O.35%(Stat)

)
O
=
)

¢ — Fj . ,,ﬂ_O 28%
g:hass 1 (FEI;uss 2 CMS . - * 13TeV (2017)
102 —Const 3 ' f(X) (0 00021 + 0. 0001)X +0.99778 + 0.00096

—
o
lllllll L] 1 lllllll L] LELBLBLALLI

Residuals [o] Normalized rate [a.u.

3l } :

ST T T  EPJC 84 (2024) 26 + Measurement  —— Fit -
06 04 02 0 02 04 06 2 4 6 &8 10 12 1a
Horizontal beam separation [mm] Inst. luminosity [nb~1s™1] 6

Kenneth Long



https://cms-results.web.cern.ch/cms-results/public-results/publications/LUM-17-003/index.html
https://cms-results.web.cern.ch/cms-results/public-results/publications/LUM-21-001/

Pileup U

- Critical to the LHC push to high luminosity, but doesn’'t come "for free” Tems .
- “Is pileup really such a big deal?” — Anonymous theory colleague A 2010 a7 ||
- Most measurements: it's worth the hit = 5| = 201627 |°
- Precision measurements: it's a huge challenge! =, i
- More stuff in the detector = more chances for confusion (e.g., tracks 53 |
ouilt from wrong hits), higher chance to mis-measure < cRipeTen-mom |

- Balancing act between lumi. and performance
- Dedicated low-pileup runs offer unigue opportunities
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H
‘% Fiducial cross sections and unfolding I ! I 'i

- Fiducial cross sections: defined to minimise theoretical extrapolation
- (enerally post-FSR/shower/hadronization “particle level” olbservables
- Bare muons, dressed electrons most reflective of measurement
- But usually unified in results for convenience
- In practice, extrapolation is small, but inconsistencies can cause headache
- Some small extrapolation may be worth it:
- Common with ATLAS/CMS

- Poorly measured observables (e.g., missing energy)

folding: y = Ax+Db

- Remove detector effects via unfolding Truth (x)/rn;ration probabm

Reconstructed (y)

| , \ > 400F —M Dverflow b =
- lterative Baysian (TUNFOLD) with 3 L _df%naau(s,z) . LI -.I o Saoof | —wews |
- |ikehood based 5\300:-_] Landau(6.1.8) % * , :‘; | |oackground %
_ . . < : 3 =200¢ -e-data S
- Full covariance matrix needed for =200 - -'- = ‘
‘obust reinterpretation 100 Lﬂ 5 100
- IBoth pqs&ble thh/thhokjl_ regularisation, O T T
N practice usually used with former P,/ GeV P_(gen) / GeV P_(rec) / GeV

"\ /

unfolding: x = Al(y-b) ?
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H
‘% Theory vs. experiment for precision results I I I | |

- Optimally, publish new measurements published w/ M wew

CMS 359" (13 TeV)
. . g . = FT ™ R T L L AL P AL
comparisons to state-of-the-art predictions. Practically... g wDaa G F g% Mmoo owies
- Development cycle of new theoretical predictions may be % " Pownes | 8
faster than new precision measurements g 2 owwee | 8
- Software may not be publicly available leshpEeN g
- Jechnical iIssues/resources/time constraints (or laziness) N . ER
mit scope .Of COMPArisons in publishec paper N .
= HepData/Rivet essential for ease of comparison Y e
- “Wishlist” for theorists < 50 = =TT el e sy’
! ! 5§ 40- > [ y % 0.06 SCETLI}ZﬁSQSIOGGeV—
- Public codes, open access development highly preferable 2 «- « oM c = VL0,
- Better usability = more likely to be used by non-experts g B s +M(fb)
- In practice, author overlap at institute etc. can play arole ol bl Tomt—r=rtm = e
- Example processes for validation, quick start instructions . I T
always usefu e W
- Complutatlonlally performant : i iy -
- Native multicore support 2 L ;o s .
— | E i E _IO?P f E';II?L(O)—}—NNLO —
- Easy scale out to batch/wide batch support o el =V W
1 2 5 10 20 50 100 200 500 0O 5 10 15 20 25 30 35 40

B T GeV
Kenneth Long iy e y] ar [GeV] 9




Outline

- Not complete! An assortment of new
and interesting (to me) results

- Hadronic jet production
- Dijet production and as

- Qs With angular vars, supbstructure

- Single boson production
- 13 and 13.6
- sinBerr measurement
- Diboson production
- WWat 13.0 eV
- /[/+]ets and /(4
- Top measurements

A

- 5, 13, 13.0 eV cross sections

f

- Entanglement
- Mass combination

- Higgs measurements
: 4¢) mass and width
- VH(D) production

- Diffractive 1t production

Kenneth Long
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Measured cross sections and exclusion limits at 95% C.L.
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Overview of CMS cross section results

CMS preliminary

3ub~1-138fb~!(2.76,5.02,7,8,13,13.6 TeV)

ojet) = 42e+09fb m

a(inelastic) = 6e+13fo I

a(inelastic) = 6.8e+13 fbo |

3ub?
41 pb~?!
5 fb2

o(y) = 4e+07 fb *-
o(W) = 3.5e+07 fb  ufl
o(W) = 6.8e+07 fb |
o(W) = 9.5e+07 fb 4
o(W) = 1.1e+08 fbo 1§
o(W) = 1.9e+08 fb i
0(Z) = 8.9e+06 fb |}
0(Z) =2e+07fb |
0(Z) = 2.9e+07 fb ¥
0(z) = 3.4e+07 o §
o(Z) = 6e+07 fb |
0(Z) = 6e+07 fo 1

36 pb~?!
231 nb~?!
298 pb~1
36 pb~?!
18 pb~?!
201 pb~?

o(Wy) = 3.4e+05 fb =il
o(Wy) = 1.4e+05fb &
o(Zy) = 1.6e+05 fb .
o(Zy) = 1.9e+05 fb .
o(WW) = 3.7e+04 fo ol
o(WW) = 52e+04 fo i
o(WW) = 6e+04 b M
o(WW) = 12e+05fo W
o(Wz) = 6.4e+03 fo [ +
o(WZ) = 2e+04 fb i
o(WZ) = 2.4e+04fb
o(WZ) = 5.1e+04fb i
0(2z) = 5.3e+03 fb N
0(z2) = 6.2e+03 b [}
0(2Z) = 7.7e+03tb i
0(22) = 1.7e+04 b §

o(vwV) = 1e+03 b il
o(WWW) = 5.9e+02 fb  njillls
o(wwz) = 3e+02 fb |
o(wzz) = 2e+02 fo (NG

0(Z2Z2) < 2e+02 fb
o(WVy) < 3.1e+02 fb

owwy) =6fb  wijiila
o(Wyy) = 4.9fo  miieia
oWyy) =14 i
o(zyy) =13fb i
ozyy) =541 i

o(VBF W) = 42e+02fb  mifjw
o(VBF W) = 6.2e+03fb Ik

O(VBF Z) = 1.5e+02 fb  mmfjfim

O(VBF Z) = 1.7e+02 fb i
o(VBF Z) = 5.3e+02fb I
o(EW WV) = 1.9e+03 fb  mif}s

a(ex. yy-ww) =22 b SN
O(EW qqWy) = 11 fb  weeiilR
O(EW qqWy) = 24 fb  ijie
o(EW os WW) =10 o i

O(EW ss WW) = 4 fb i}

o(EW qqzy) = 1.9 fo  miiie

o(EW ss Ww) = 4 b e IIES-

o(EW qqzy) =52 fb i

O(EW qqWz) = 1.8 fo  meifill]
o(EW qqzz) =033 10 (I

o(tt) = 6.3e+04 b [
o(tt) = 1.7e+05fo
o(tt) = 2.4e+05fo &
o(tt) = 7.9e+05 fo
o(tt) = 8.8e+05 b |
olti—cn) = 6.7e+04fb
olti—cn) = 8.4e+04 b 1
olte—cn) = 2.3e+05 fo Wl
o(tw) = 1.6e+04 fo [l
o(tw) = 2.3e+04 o [l
o(tW) = 6.3e+04 fb I
olts—cn) = 1.3e+04 1o« i
oltty) = 3.5e+03 fo [
oltty) = 1.2e+03 fb  wef
o(tZq) = 2.9e+02 fb
o(tZq) = 8.7e+02 b |
o(ttz) = 2.8e+02 fo = [N
o(ttz) = 2.4e+02 fo Il
o(ttZ) = 9.5e+02 fo  wij
olty) = 1.1e+03 fb  iffjm
ottw) = 3.8e+02 o = [
o(ttW) = 8.7e+02 fb  wem
o(tWz) = 3.7e+02fb »  mifim

o(tttt) = 18 fb  wiffl§

o(ggH) = 1.6e+04 fo [N
olggH) = 1.5e+04 fo [
o(ggH) = 4.7e+04 b
o(VBF qqH) = 2.2e+03 fo  |KIIIN
o(VBF qqH) = 1.6e+03 fo [N
o(VBF qqH) = 3e+03fb s
o(vH) = 1.1e+03 fo  [EN
o(WH) = 2e+03fo 1+ i}
o(zH) = 1.1e+03 fb il
o(ttH) = 4.2e+02fb = | |
o(ttH) = 4.7e+02 b |
oltH) = 5.3e+02fb 1

———————————— A
1 1 1 1 1

1.0e+00

1.0e+02 1.0e+04 1.0e+06 1.0e+08

Inner colored bars statistical uncertainty, outer narrow bars statistical+systematic uncertainty o [fb]
Light to Dark colored bars: 2.76, 5.02, 7, 8, 13, 13.6 TeV, Black bars: theory prediction
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Hadronic jet production

CMS Experiment at the LHC, CERN

CMS R,, 7 TeV : EPJC 73:2604 (2013)

Data recorded: 2016-Sep-03 10:52:42.509184 GMT - | Qlsslamme oy e oot o

H * CMS incl. jets 8 TeV : JHEP 03:156 (2017)

ATLAS TEEC 8 TeV : EPJC 77:872(2017)
ATLAS R, 8 TeV : PRD 98:092004 (2018)
CMS R,, 13 TeV

PDG 2022: ag(M,) = 0.11790.0009

Run / Event / LS: 279966 / 451237695 / 316
T

44 ;
\‘*§~§ % \
#‘iﬂi;i‘*{*ﬁ"

DO : Phys. ReV. D 80:111107 (2009) } 7 |
DO : PLB 718:56 (2012) |
H1 : EPJC 75:65 (2015)

ZEUS : Nucl. Phys. B 864:1 (2012)
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H I
‘% Dijet cross sections 5 and 13 TeV and as extraction I||"
- Co

mpiously produced at LHC, but still experimental and theoretical challenge o axivi2312.16669
A .
- Reconstruction/measurement requires control of all objects = o
_ | 2 -
- Direct test of QCD: Extraction of as due to excellent theory L BIG
KUK
- Extract as from PDF fit to CMS data + HERA DIS at 13 TeV 7-;5' "I
1| LY »
: , : : — 0.5 = N
- NNLOjet, NP corrections from Pythia vs. Herwig, EVV corr ez
O '"'I""I""I""I""I’
: 0 05 1 15 2 25 )
y" = %h/l — Yl Y= %l}/l + 13| CMS b
_1 cms 20610 (19TeV) B 1255 T ne e T o
108 L2MS 27.4pb (5.02 TeV) < e Data ) 506060 ; . HERADIS + OMS 13 TeV d:igg §30§
> 7 Data 8 1028 - —— CT18 NNLO x NP x EW .Q/. .Q/ .NO .N |Q.+Q60‘ < 100§ S fit uncertainty ]
% B ~+ Iyl < 0.5 (x 1000 o) A A e 25| 1 model uncertainty ]
a 10° L —+- 0.5 < |y| < 1.0 (x 100) £ 1022 10181(‘)7131%)]71821_ 0.5 5 scale uncertainty
= s o | « 107" = — »711.07 B param. uncertainty
= 10 = | —v— ¥+ 10<|y|<1.5(x 10) 'c; ‘ 101210610—2_1 5 50+ —
:g_n— 104%@ “ - 15<|y| <20 "{2 ?\,_ 1016 x L _‘_\_‘__\_\_\_\_\_‘_\—h\_‘_\q_ 10°1073 | 2:0 |
2 er 5 %mo 25 Sl e _
BT L e S : ) et
10E = i e _11t-— 320
= — O - Mh e N 381.0_ o A et ek PN
TE™ 2 NLoxnp, CT14NLO, p_=p_=H; | e " i - T 09l
107" anti-k;, R = 0.4 L_)‘_ 3 - . et
10—2:7| ! |1| 2| ! 41 ! ! I ‘II B 10_2 %)811 - —— 2D/3D
0 100 00 300 400 Jet b (GeVO)OO = anti-kt (R=0.8) g Tne =3 (1)-8 e e
. T -8 . . . . ] . -
arxiv:2401.11355 107 500 500 1000 2000 Ty
(pT)1,2 (GeV) X

ag(mz)sp = 0.1201 = 0.0010 (fit) + 0.0005 (scale) 4 0.0008 (model) + 0.0006 (param.)
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https://arxiv.org/abs/2312.16669
https://arxiv.org/pdf/2401.11355

2

Extraction of as with other jet observables
arXiv:2404.16082 arXiv:2402.13864

- Sensitivity 1o as also through multi-jet production, jet substructure

- Ray: Fraction of jets with a given prmin within Ag Nielt(f’ﬂ N (Ag, prbr. )
. , | | R — 1= nobr /I 1min
- Ratio 2/3 energy correlators (energies and angles of jet constituents) ap(Pr) Neet(Pr)
- Extraction at NLO with NLOjet++ for Rae, at aNNLL for EC .
o | 134 o' (13 TeV)
p CMS 36.3fb" (13 TeV) -

_C.MS | | | | | — | —36:31be 1(1113 Te\I/) 08__' "“‘I L | ! | | L DL L '_ \Q-_/g_ 032_ CMS CT1 8 _—
16l Data  —— NNLLgpoctNP E o5(my) ‘ 1.02 o | ‘ as - :
N . i +p1j_et: 97-220 GeV E_ ---0.136 - 1 § 50.7: ] 0.3:— —
3. [ [Hpy":330-468 GeV s 50 i - 0.28F e E

L [Hpy 638-846 GeV £ ST e D .

; ; p_lj_et: 1101-1410 GeV " 8_ - 026_ s —

I H - o\ 0'5_ B P s SN -

1.4 I - 02425 N ~
I 0.4¢ R 0.22: — Data
1.3 O 3_ : O 2_ — 0g(m )=0.110
| . _ 0185_ — oig(m_)=0.118 -
-2r 0.2-545—"460 600 800 1000 1200 1400 1600 F — 0g(m )=0.124 :
Py (GeV) L -
g 2) ; EE 400 500 600 1000 2000 3000
iE; GeV
E2C = % _ Z/da - Lo(x, — AR, ), Results Rag Pr (56Y
L i
B ’ S NLOPDFset ag(my) Exp. NP PDF EW Scale x2/ngy
o iLiEk
B3C == le( / do —rz—0(xp —max(AR;;, AR, ;, AR;)) ABMP16 0.1197 0.0008 0.0007 0.0007 0.0002 +2%%  16/16
1,], )
T T oo 50030 o0 CT18 0.1159 0.0013 0.0009 0.0014 0.0002 0%, 19/16
ag(mz) = 0.12297 4015 (stat) g goz3 —0.0036 MSHT20 0.1166 0.0013 0.0008 0.0010 0.0003 10012 17/16
| | 4 0.0063
i ’ - - - +0.0114
<enneth Long EC Result NNPDF3.1  0.1177 0.013 0.0011 0.0010 0.0003 *+3%1%  20/16 44



https://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-22-005/
https://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-22-015

Single boson production I ! I l l-

CMS. oY Experlment at the LHC, CERN /) An event seen in the CMS detector in which is consistent with

Data recorded: 2017-Jun-26 03:27:24.1991 68 GMT the production and decay of a Z boson. Here the Z boson
Run / Evegrt / fLS. 297503 / 410616674/ 2_23 decays to two muons (

CMS Preliminary Updated 17/08/2023

—— Theory (N3LO QCD, MSHT20an3lo PDF set) #® pp-Z/y" + X-4L, 60 <my <120 GeV
QCD scale uncertainty L ppoW + XLy, I

=
N

2.76 TeV, 5.4 pb~1, JHEP 03 (2015) 022 (for Z) T ppoW™ + X=L 7V,
5.02TeV, 298 pb~1, CMS-PAS-SMP-20-004 (for Z and W)

7TeV, 4.5fb~1 (ee), 4.8 b~ (uu), JHEP 12 (2013) 030 (for 2)

8TeV, 19.7fb~1, EPJC 75 (2015) 147 (for Z)

2.76TeV, 231 nb~1 (), PLB 715 (2012) 66-87 (for W)

7TeV, 36 pb~1, JHEP 10 (2011) 132 (for W)

8TeV, 18.2 pb~1, PRL 112 (2014) 191802 (for W)

13TeV, 201 pb~!, CMS-PAS-SMP-20-004 (for Z and W)

13.6TeV, 5.04 b1, CMS-PAS-SMP-22-017 (for Z)

=
(=)

Inclusive production cross section [pb]

o
o))
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A

- Comerstone of experimental program. New opport
- Jest of perturbative calculations, important input for PDFS

- Experimentally challenging!

- Precise understanding of reconstru

- Estimation of non-prompt backgrounc

- Large uncertainty in ATLAS analysis,

= - rst steps towards detalled study of 13.0 eV data

5.04 fb™' (13.6 TeV)
> L L

B e e I

ction eff.
s for W

Unities at 13.6 TeV

1
0.9
no 13.6 TeV CMS oy €031

Single boson production at 13.6 TeV

CMS-SMP-22-017

August 2023
I

(bp — Z+X) x B(Z — I'I") (nb)

CMS
Preliminary

o(pp — Z+X) x B(Z — I') (60 < m, <120 GeV)
DYTurbo NNLO QCD + q resummation (NNPDF 3.1) 4
JHEP 03 (2015) 022

0.298 + 0.015 nb (2.76 TeV)
CMS-PAS-SMP-20-004 (Preliminary)

0.669 + 0.014 nb (5.02 TeV)

JHEP 10 (2011) 132

0.974 + 0.044 nb (7 TeV)

PRL 112 (2014) 191802

1.15 £ 0.04 nb (8 TeV)

CMS-PAS-SMP-20-004 (Preliminary)

2.006 = 0.038 nb (13 TeV)
CMS-PAS-SMP-22-017 (Preliminary)

2.010 = 0.050 nb (13.6 TeV)
l l l l l l |

10° k _ (0aB) measured = (0.7635 =+ 0.0004(stat) + 0.0069(syst) £ 0.0176(lumi)) nb,
b : U (0%aB) predicted = (0.7666 & 0.0065(PDF) ¥ 0072 (scale) ) nb, CMS!|

.............................

Io -
©
® -

Data/Pred
o

N
+E
——
-
- |
* |
o
o !
o
o
o |
> |
- |
—_—
——
. .

60 70 80 90 100 110 120
m,, (GeV)
Kenneth Long

(Slightly different mass

windows/fiducial regions)

6 7 8 9 10 11 12 13 14

=

Vs (TeV)
Channel ofd 4§ Ostat @ syst [PD]
| Z —ete” 740 + 22 ;
7 — utu- 74723 ATLAS
Z — Y 744 + 20 |
old + 5o stat £ 00 gcale £ 60pDF [Pb] |
S 46,17 2 |
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http://cds.cern.ch/record/2868001

‘% W and Z measurement in special LHC runs: 5 and 13 TeV Illil-

— B00F T T T =
- “Special” LHC runs have strong value for W//Z measurements S [ ATLAS Online, 13TeV  [Ldt=1469f0" -
. . . | g 500 2015: <> = 13.4  _
- Lower pileup permits lower trigger and reco thresholds; lower O ] 2016 qi-25.1
| | | | . . 'g: 400:_ ] 2017:<u>=237.8 _:
- B 1 2018: <u>=36.1
degradation of pileup-impacted variables (especially W recoil, mtW) I o e
, o 300 —
- Measurements by ATLAS and CMS using ~2-350 pb-T of low PU 13 5 f -
e - _
) o 200 ]
TeV data + ~300 pb-' of 5 TeV data (Heavy-lon reference runs) § /\ 1.
. . . 100~ — 8
- Precise measurements of g, ratios, and energy scaling E ) CMS-SMP-20-0041¢
] . o . [ ol A Y i
- Could play important role in LHC precision SM program in future \ 0 1 20 30 40 50 60 70 80
Mean Number of Interactions per Crossing
CMS preliminary 201 pb™ (13 TeV) CMS Preliminary 298 pb™ (5.02 TeV)
M d = NNPDF3.1 NNPDF4.0 Measured + unc = NNPDF3.1 NNPDF4.0 Measured + unc
eastre CT18 = MSHT20 Theory = unc (NNPDF3.1) | Moasuree Ccri8 = MSHT20 Theory = unc (NNPDF3.1)
Wi e 'y —a— 12130+£10 =1 OOsyst:ZOC)Ium pb W oy I—J—I 440214stat1203yst184|um pb
_____________________ o e U vnits A T LS
W[5 —a— 8910+10,,,+80, =150, pb W 7 —a-H 2898415 *55 pb
______________________ o L e U ot A0 SRR
Wos | —a— 21040:103tat:1803yst:360|um pb Wos I —— 730011OstatiSOSysti14O|um pb
e 20000 I - | e0wR
7 o —a— 20064+ 1 Ssysti33|um pb A F—a— 66912Stati6systi1 3|um pb
__________________________ i S - S S c4c 1.
Wi e I'v /W = [ HH 1.362210.00188t3t1~0.0094Syst W I'v /W [T bk 1.518910.00253tat:r0.OOQQSyst
: 888600e ..\ ] - 15240000
_____ W—>| | /z_> |+| T ;‘-)-‘;5;9;‘—20-024stat20-083syst W Py 70 [ i 10.907:0.032,,,:+0.086
R e D s R e e
0.9 1 1.1 0.9 1 1.1
Kenneth Long Theory / Measured Ratio of 0%, Theory / Measured Ratio of 62,1,y 16



http://www.apple.com/uk
https://cds.cern.ch/record/2868090

H
‘% Electroweak precision: Measurement of sinfls I ! I 1

- Drell-Yan angular properties, non-zero Ars arise da__ — [g 1+ 00520*) + App cos H*}
d cos 0* o s s P s s o
from different Z/y* vector/axial couplings, interference Axial vector/

- SiN20%s = Kr(1 - M2w/m22) vector interf.

- Modification impacts Arg, angular distributions

- Unlike e+e-, gg reference frame is not direct olbservable
- Sensitivity through sign(ytt): g has higher momentum

] ] | m 05—

- Longstanding ~30 tension between most precise results <
LEP + SLD: Ay | —e—~ | 0.23221+0.00029
SLD: A, = 0.23098 =+ 0.00026 =t

ISR SSSOST ] e _
CDF 2 TeV B — | 0-23221 = 0.00046 i 5sin20. = 0.0004, +0.0008, =0.0012 |
D02 TeV — 0.23095 = 0.00040 = NNPDF3.0 uncertainty _
ATLAS 7 TeV : o = 0.23080 + 0.00120 0.005 I—
LHCb 7+8 TeV | : . : | 0.23142 = 0.00106 i /I—'LLHIL )
cMS8TeV | - | 0.23101+ 0.00053 0 - % [ -
- — - [
ATLAS 8 TeV — ol 0.23140 = 0.00036 < =
Proinay I B _ < ofemmme—mE e e =
CMS uu — 0.23146 + 0.00039 L — -
Preliminary | .
CMS ee L o 0.23192 = 0.00042 - A H i
Preliminary | ] - —
CMS eg : O | 0.23252 + 0.00060 u |
Preliminar | ]
CMS eh — o8 0.23126 + 0.00046 -0.005 —
Preliminary T T ] I I I I I I I I I I I I I I I I
CMS 13 TeV — 0.23157 = 0.00031 70 90 110|70 90 110|70 90 110|/70 90 110|70 90 110|70 90 110
Preliminary ! | A | I | L l L
0229 023 0231 0232 0233 0.234 my, (G eV)

. 2]
Kenneth Long SIN"0 17,




Electroweak precision: Measurement of sinBtes

- Huge experimental challenge

- Include electrons outside of tracking/only in forward calor. (h)

- |n| acceptance up to 4.36, increase sensitivi
lenge to |D, calibrate without trac
from reconstructed Arg, COSE”, unfolded Az

- Major cha
- Result extractec

- Modeling at NNLO+PS with MINNLO

40

Events / 0.5 GeV

20

Data/ MC

Kenneth Long

x10? _
- CMS

- Preliminary

59 fb™' (2018, 13 TeV)

—o— Data
Bzt —ppee
BRZ/y —
BRVV,yy — |
W + jets

" Top quark
N Multijet

Al l' Al Ll L L l L]

T s.yst ,,,,,,,,,
t
B a o T %%, : o
R R R seateaate F e by oh
‘4 R ‘e » j
70 80 90 100 110
m,, (GeV)

<INQ!

v 10 Arg

CMS-SMP-22-010

- Impressive consistency across channels

2018eh | ... = = L
2018 eg _L CM.S . | ’ | N
- Preliminary ;

2018 ee | =

2018 uu ]

2017 eh | e *

2017 eg I | —& |

2017 ee =

2017 uu e Airs COMD
2016b eh L é ‘ j Acg (sta+sys)|
2016b eg —— o
2016b ee | - ﬁ e Gl |
2016b uu | = o A, )
2016a eh & :
2016aeg | - ]
2016a ee i E l
2016a upn ] = !

0.228 0.23 0.232 0.234
sin®0. ..
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https://cds.cern.ch/record/2893842?ln=en

N

- Best hadron collider measurement, near LEP, SLD sensitivity

- PDF unc. dominate

Electroweak precision: Measurement of sinBtes

CMS-SMP-22-010

CT18X - CMS S .
- In-situ profling of PDF uncertainties caon | Preliminary B
- - A, CT18Z |
- CT18Z chosen as nominal (before unblinding) due cTis | - o Arg (norprof)
MSHT20 | . - ® A (pdf)
conservative unc, consistency with other sets e = =
- PDF vars, unc. from event weights in MiINNLO 028 B/ 0288
CMS Preliminary 137 fb' (2016-2018, 13 TeV) o
< [ ' ' ' ' ' ' ' | ' ' T CMS S/mylaflon P'relllmllnalry lllllllll
- Fit(CT182) ] << - NNPDFS
1/— - Data — 1 -2 Naebrao
: * E O:W
O \ : : B
- - - Distributions of Arg, b
i + ] -
e - A4, cosg™ unfolded N S
- ' ' . I Ik
iC 0.05F + = < Oj?iiﬁﬁﬁéffHéié .F%;ﬁﬂhﬁﬁ;
é : ﬁ ﬁ;ﬁ%
- - - [ ~0.02|-
° 20 40 69 o 20 40 60 8o
Iyd-nnlan1 lyl-m bin
*« sm 9 off — O 23157 - 4+ 0.00004 (EW fit expectation)

Kenneth Long
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https://cds.cern.ch/record/2893842?ln=en

I H N
W-+charm production I I"

- excellent probe of proton strange content EPJC 84 (2024) 27
C
A
- Very pure sample by exploiting opposite-sign criteria for W, ¢ .
- - 3
- Charm tagging with DeepCSV, muons from secondary vertex ¢
- 0, ratio W+/W-, unfolded distributions
= \/\lell described by PDEs, NLO MCHFM
CMS 138 fb™! (13 TeV) CMS 138 fb™' (13 TeV)
_ 450 CMS 138 16" (13 TeV)
ey i Parton level | Total uncertainty | | Total uncertainty parton level |
RS ¢ jet ¢ jet P2 > 30 GeV, | < 2.4 P > 30 GeV, | < 2.4
_—: B pT >30GeV,In""1<2.4 W— v | - Statistical uncertainty p'T >35GeV, n| <2.4 - Statistical uncertainty |o'T >35GeV, n|<2.4
O i p. >35GeV, Il <2.4 (l=pe 7
%\ B T | Predictions: NLO MCFM + NLO PDF Data Predictions: NLO MCFM + NLO PDF Data
£ 3 1 OO ﬂ ﬂ .ﬂ + ) CT18: 0,955 0003 0.950 + 0.005 (stat.) + 0.010 (syst.) 1 GTi8: 1649487 ob 163.4+£ 0.5 (slta_t.)]ir_G.'Z (syst.) pb
; + + | - Y- -0.003 : I 111
5 = — I ]
© - 3 Data A&L [++ - A CT18Z: 0.958 10563 A CT18Z:176.4+152 pb —A—
- o MCFM CT18 4%4‘%* &% §
50— » MCFMCT18Z ket O MSHT20: 0.948 *3 %] O MSHT20: 176.3*38 pb —0—
-« MCFM MSHT20 i
-+ MCFM ABMP16 .
. » MCFM NNPDF3.0 i * ABMP16: 0.964 *3363 o = ABMP16: 183.6 *59 pb <
.+~ MCFM NNPDF3.1 B
o148 T * NNPDF3.0: 0.935 1} * NNPDF3.0: 161.9*45 pb e
125 3
S | T R - e — E
%856;;@; %‘* %ﬁ# {M fm 5 * @ w = * NNPDF3.1: 0.939 +0:020 * NNPDF3.1: 175.2*% pb —r—
-'C-B. . e e N SRR man s . L ; L | ! l . L | l | I I |
A 0 0.5 1 1.5 2 |2'5 0.8 0.85 0.9 0.95 R . 0 10 0 a0
| n | o(W'+T)/o(W+c) (W + ¢) [pb] 50
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https://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-21-005/

Diboson production
CMS Experiment at the LHC, CERN

' Data recorded: 2022-Sep-30 08:36:07.584192 GMT

/é Run / Event / LS: 359612 / 7743753 / 11

|

—— pp NNLO QCD x NLO EWK (MATRIX)
&= pp NNLO QCD x NLO EWK (MATRIX)
pp NLO (MATRIX)

| == pp NLO (MATRIX)

0

£
=
=
T
Q.
3
o
o

@)
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N

=XPliCHt |
= Simultaneous it to
- ey channel on

et vetos (sens

WW at 13.6 TeV

First diboson cross section measurement at 13.6 TeV
- Jest pQCD predictions

tive 1o resummation) no longer used

CMS-SMP-24-001

0-tagged (top), 2/3/4 lepton (DY/\WZ/Z7Z), mis-ID (non-prompt lepton) regions

v (reduce Z background)

- Precision takes time, but already competitive with Run 2 result (ot syst. limited)

Events / bin

Data/SM

o))
o

SN
o

20

1.1

09 |

-1
%10° 34.8 fb™ (13.6 TeV) x10° 34.8fb" (13.6 TeV)
T T T T T T T T T T T T T T T T T | T T E v | ' v v L | ! ' L L | ¥ ! i 1 | ' ¥
- CMS Nonprompt ¢ Data 0 - CMS Nonprompt ¢ Data
-y 0\
— Preliminary VWV A\ Total unc. ~ | Preliminary VW 2\ Total unc.
B tvx ww 9 B tVx ww
- Oneb tag CR Vy Top quark - 40 | WW SR Vy Top quark
Higgs I Drell-Yan Q>> Higgs B Drell-Yan
o wz T I wz
u N zz i zz
\\\\\\\ St
20
— s s s s s s [ ERERRRNENEN L
....... ® |
...... ® - -
] ] I i L 1 1 i 1 1 1 L i L L L L ! L L
3 4 =2
| | @
%\\—\\‘\—\\\\5\—\rk N AR AR T R AN A AN AR A AR ORAASTRNBN TR ANTY (U
o 3 —
- = 4]
] O

0

Kenneth Long

N.

- 4.8 (syst) + 1.8 (lumi) pb

1 »
/ ”
) i o
Ele
;(U
(@]
o

5
S

0.8
B
S
~
= 06

Excellent agreement with
NNLO+PS (MiNNLO)

CMS Preliminary 34.8 b (13.6 TeV)
I | |
+ Data
s POWHEG+PYTHIA
— MATRIX
- - MINNLO+PYTHIA

4

4

]llllllllllll[lll[jl/lllll

¢ \> Theory uncertainty _;

2 E ¢ Theory prediction/ measurement _:

e R B R R R R

s F— —

= t =

. S T — 4 E

X = =

Eg 1 B g AL L L L o o o =

= — + =

0.8 :—' _:

= = = =

3 « ||| Theory uncertainty =

Zls 1.2 = o Theory prediction / measurement -

Z0 1 [ 41414 H R @414 414 4 4 ¢t m e s UL UL + —————————— =
= -

08 |— | —

0 1 >2
Number of jet



https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SMP-24-001/index.html

‘% Diboson measurements: towards precision I ! I 'i

- Huge Run 2 (+Run 1) data set allows precise study of rare (but clean) ZZ(41) process ~ CMS-SMP-22-0071
- Extensive stuay of ZZ production differential in jet observaples CMS-SMP-19-007
- Comparison to NNLO+PS and gg@NLO+PS via MINNLO; MG5_aMC w/ <2|@NLO

- FUll 8+13 TeV for Z(41) branching fraction measurement

CMS 138 fb" (18Tev) -3 QM§ LI A28 f Hten) 95% CL UL [X 10_6]
s [FT L T T T T | ‘Data + stat. unc. 3 —|o A —i— Data + stat. unc. -
| © ~ —— 2 Stat. @ syst. unc. ] 0] P 0 [ Stat. ® syst. unc.
o F - vaLogstues 1 2 L = MG5_aMC@NLO - Channel Expected Observed
—I—
oz L - : PgnggS ] &g | T INNLOwPS
= . : ...... NNNLO+FS @ | X~ |  smmsmgsssssmss 0 oo : """ n +
3 183 0o o ' (nNNLQ++|:>S) X Koy O bb 4]/1 128 134
2 = = ~ | & 103 —
“lg  E = © - .
N : : : 2126 2.48 2.33
: : ; : 4e 1.37 1.32
. _ 4¢ 4.95 191
I i I . q 0~
- Events with > 2 jets
10} ~ -
_ _ P B B | [? ~ ‘
8 3 1sf MG5_aMC@NLO
8 % £+
O
q /+

Sensitivity to NP light boson
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Top quark production

CMS Experiment at the LHC, CERN
Data recorded: 2022-Jul-27 18:33:11.804352 GMT
Run / Event / LS: 356309 / 137565256 / 156

Inclusive tt cross section [pb]
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ATLAS+CMS Preliminary

LHCtopWG November 2023
NNLO+NNLL, PDF4LHC21 (pp)
B NNLO+NNLL, PDF4LHC21 (pp)

Czakon, Fiedler, Mitov, PRL 110 (2013) 252004

My, = 172.5 GeV, 0 (M,) = 0.118 = 0.001

(X Il g | 2 E R 24

Tevatron comb. (1.96 TeV, <8.8 fb™) [1]

ATLAS comb., ee, uu, ey, l+ets (5.02 TeV, 257 b™) [2]
CMS comb., ey, |+ets (5.02 TeV, 27.4-302 fb™) [3]
LHC comb., LHCtopWG, eu (7 TeV, 5 fb™) [4]
LHC comb., LHCtopWG, eu (8 TeV, 20 fb™ [4]
ATLAS, eu (13 TeV, 140 fb™) [5]

CMS, eu (13 TeV, 35.9 fb™) [6]

ATLAS, I+jets (13 TeV, 139 fb™) [7]

CMS, I+jets (13 TeV, 137 fo™) [8]

ATLAS, eu (13.6 TeV, 29 fo') [9]

CMS, ee, uy, ey, l+ets (13.6 TeV, 1.2 fb™) [10]

[1] PRD 89 (2014) 072001  [6] EPJC 79 (2019) 368

[2] JHEP 06 (2023) 138 [7] PLB 810 (2020) 135797
[3] JHEP 04 (2022) 144 [8] PRD 104 (2021) 092013
[4] JHEP 07 (2023) 213 [9] arxiv:2308.09529

[5] JHEP 07 (2023) 141 [10] JHEP 08 (2023) 204
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- Key high-rate process: access 10 top properties, test predictions

tt production cross sections [arXiv:2402.08486, arxiv:2303.10680)]

- Background for ~every other analysis
- Extending studies to energy frontier

- omall 5 TeV data set motivates
- First 13.6 TeV performec
- Huge Run 2 data set used -

with extensive in-situ constraints (£7)
or precise differential exploration (£4)

CMS Dilepton, parton level 138 fb' (13 TeV)
= -' T 1 — T T T T T T T T
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p. (f) [GeV]

VIVA-driven measurement

Inclusive tt cross section (pb)

uw/eele w/l+jets 13.6 TeV (L = 1.21 fb™)

|
(]
X |+jets 13 TeV (L =137 fb™)
% euw13TeV(L=359fb"
¢

t+e/u 13 TeV (L =359
O eu8TeV(L=19.7fb")

— m eu7TeV(L=5fb"

— O lHets 7 TeV (L=23fb™

v alljets 7 TeV (L =3.54fb™)

— o ewl+ets 5.02 TeV (L = 27.4-302 pb™)

|4 l+jets 8 TeV (L =19.6fb")
— ¢ alljets8 TeV (L=18.4fb7)
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700F

900;- +
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= NNLO+NNLL
PRL 110 (2013) 252004
PDF4LHC21, m, = 172.5 GeV, a(m,) = 0.118

Toponium improves
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https://cms-results.web.cern.ch/cms-results/public-results/publications/TOP-20-006/
https://cms-results.web.cern.ch/cms-results/public-results/publications/TOP-22-012/

tt spin entanglement [TOP-23-001] I ! I 1

Cross section dependent on decay-lepton properties
Spin-density matrix already measured by ATLAS |[1] + CMS [ 2]

D = -3 -{(cos)

o<

here’ there” Entanglement marker

1 do 1+B'-4-B~-4- -4+ C{4- Spin correlations
g dQ+dQ_ (47T )2 — Observed Affected

- tt system described as two-qubit system

- Entanglement measured from angle between £ intt rest frame 1 gy =~ CMSPreliminary 3597 (13 TeV)

— Entanglement Threshold

= (Observed at 50 level 0dcosyY | e Dat
. : . . . ¢ POWHEGV2+PYTHIAS8
- Agreement with data improved by toponium simulation e MG5_aMC@NLO+PYTHIAS [FxFx]
CMS Preliminary 35.9 fb-! (13 TeV) 60000CMSPrelhnj/rya[ry IIIIIII 23.9 " '(13 T9\{) e P(_)WHEGV2+HERW'G
B I B SN & ; ' ' _ 0000 (tt only) 345 < m(tt) < 400 GeV
o : o - [ t+Z/W B 7, signal Bl tt signal 0.0 <3< 0.9
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B 3 . - o s n h . i
345 < m(tf) < 400 GeV S § ; [ tt other Bl Z+jets ¢ Data _ o
8000 0.0 <5< 0.9 . 10y 40000 e . o

-0.489+3:938
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: —— -100% No Spin Corr. - _0_478t8:8g§ [ =
0 L 1 L L L | Il I Il L | 1 l L L L | l L L L 1 I Il L L | i __ _
O —— -
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?? N I T 100007 74 4 k7 -0.60 -0.55 _0_50 0 45 0 40 0 35 -0.30
x5 0.75 - l | | | | —: 0.975 :/{}j/ 7 /7// N Z4 eararrrrrrrrrrrrn /7 ' D
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COS [1] [JHEP 03 (2017) 113][2] [Phys. Rev. D 100, 072002] 26
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/TOP-23-001/index.html
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.100.072002
https://link.springer.com/article/10.1007/JHEP03(2017)113

- Comprehensive review of all CMS mt measurements
- Perspectives on evolution of technigues, comparison

of results

= \/\'e hope It IS a useful reference

CMS

7 TeV (5.0 fb™") ideogram
m, =173.49 = 1.07 GeV
JHEP 12 (2012) 105

8 TeV (19.7 fb™") ideogram
m, =172.35 = 0.51 GeV
Phys. Rev. D 93 (2016) 072004

13 TeV (35.9 fb™") ideogram
m, =172.25 = 0.63 GeV
Eur. Phys. J. C 78 (2018) 891

13 TeV (36.3 fb™") profiled
m,=171.77 = 0.37 GeV
Eur. Phys. J. C 83 (2023) 963

- Impressive evolution, expect to continue towards HL-LHC

Kenneth Long

Review of CMS top mass measurements [arXiv:2403.01313]

Improvement from Run 1

L L L B L B B I L L Y I L I Y Y I B
—e— Stat. uncertainty Statistical . Experimental
——e&—  Total uncertainty . Model

T | —
A —
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A —
PR T T NN T T T N T SO N SO S M ||||||||||||||||
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m, [GeV] m, uncertainty [GeV]

v

Total uncertainty on m [GeV]
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Projection
- miem JIW, JHEP 12(2016)123
mimimm o (t), JHEP 08(2016) 029

...............

DL R R R RE NE N NN NN NN NN NN N

CMS

sec. vtx, PRD 93(2016)2006
single t, EPJC 77 (2017) 354
l+jets, PRD 93(2016)2004

M RN NN RE NE NE NE NE NN NN NN N

||||||||||||||||||||||||||||||||||||||||||||||||||

Run1

Run 2+3

HL-LHC

l === l
C M S stat. total
EEEEE  ATLAS+CMS combination mf®® = 173.4",% GeV
[JHEP 07 (2023) 213]
----- CMS 7+8 TeV comb. m\"® = 172.52 + 0.42 GeV
Lag ran g ia N Mass extract i ons Bl  CMS 748 TeV comb. stat. uncertainty
[arXiv:2402.08713]
Pole mass from cross section
Inclusive tt 7 TeV, NNLO ® CT10 m®=1770 35 (toy) GeV [PLB 728 (2014) 496]
Inclusive tt 7+8 TeV, NNLO ® CT14 mP°=1743 2] (tot) GeV [JHEP 08 (2016) 029]
Inclusive tt 13 TeV, NNLO ® CT14 mP® =170.6 +2.7 (tot) GeV [JHEP 09 (2017) 051]
Inclusive tt 13 TeV, NNLO ® CT14 mP®=1737 21 (tot) GeV [EPJC 79 (2019) 368]
Differential tt 13 TeV, NLO + 3D fit (mfmle, a, PDF) H@ mP® =170.5 =0.8 (tot) GeV [EPJC 80 (2020) 658]
Dilepton 7+8 TeV, ATLAS+CMS cross section mp™*=1734 % (tot) GeV [JHEP 07 (2023) 213]
Differential tt+jet 13 TeV, NLO ® CT18 mP°® =172.13 = 1.43 (tot) GeV [JHEP 07 (2023) 077]
MS mass from cross section
Inclusive tt 13 TeV, NNLO ® CT14 —o— my(m,) = 165.0 Tz (tot) GeV [EPJC 79 (2019) 368]
'Direct measurements
| Full reconstruction
' Dilepton 7 TeV, KINb and AMWT o b— m°=1755 +4.6 (stat)=4.6 (sys)GeV [JHEP 07 (2011)04]
Lepton+jets 7 TeV, 2D ideogram m}'°® = 173.49 = 0.43 (stat) = 0.98 (sys) GeV [JHEP 12 (2012) 105]
1 Dilepton 7 TeV, AMWT my®©=1725 +0.4 (stat)=1.5 (sys)GeV [EPJC 72 (2012)2202]
' All-jets 7 TeV, 2D ideogram m}'® = 173.54 + 0.33 (stat) = 0.96 (sys) GeV [EPJC 74 (2014) 2758]
| Lepton+jets 8 TeV, Hybrid ideogram m® = 172.35 = 0.16 (stat) = 0.48 (sys) GeV [PRD 93 (2016) 072004]
All-jets 8 TeV, Hybrid ideogram mM® = 172,32 + 0.25 (stat) = 0.59 (sys) GeV [PRD 93 (2016) 072004]
Dilepton 8 TeV, AMWT mMC = 172.82 + 0.19 (stat) = 1.22 (sys) GeV [PRD 93 (2016) 072004]
Single top quark 8 TeV, Template fit ml'®=172.95+ 0.77 (stat) " (sys) GeV [EPUC 77 (2017) 354]
Dilepton 8 TeV, Mbl"'M?Z Hybrid fit mMC = 172.22 + 0.18 (stat) jg:: (sys) GeV [PRD 96 (2017) 032002]
Lepton+jets 13 TeV, Hybrid ideogram m}'® = 172.25 + 0.08 (stat) = 0.62 (sys) GeV [EPJC 78 (2018) 891]
All-jets 13 TeV, Hybrid ideogram mMC = 172.34 + 0.20 (stat) = 0.70 (sys) GeV [EPJC 79 (2019) 313]
Dilepton 13 TeV, m,, fit m'© = 172.33 + 0.14 (stat) gj‘; (sys) GeV [EPJC 79 (2019) 368]
Single top quark 13 TeV, In (m, / 1 GeV) fit mY® =172.13 = 0.32 (stat) jzjf (sys) GeV [JHEP 12 (2021) 161]
Lepton+jets 13 TeV, Profile likelihood ] mM® = 171.77 + 0.04 (stat) = 0.37 (sys) GeV [EPJC 83 (2023) 963]
Combination 748 TeV mMC = 172.52 + 0.14 (stat) = 0.39 (sys) GeV [arXiv:2402.08713]
Boosted measurements
Boosted 8 TeV, C/A jet mass unfolded | } 1 | mM©=1709 +6.0 (stat)=6.7 (sys) GeV [EPJC 77 (2017)467]
Boosted 13 TeV, XCone jet mass unfolded mf®=1726 +0.4 (stat)=2.4 (sys)GeV [PRL 124 (2020)202001]
Boosted 13 TeV, XCone jet mass unfolded mM® = 173.06 = 0.24 (stat) = 0.80 (sys) GeV [EPJC 83 (2023) 560]
Alternative measurements
Dilepton 7 TeV, Kinematic endpoints m, =1739 =09 (stat) 17 (sys)GeV [EPJC 73 (2013) 2494]
1+2 leptons 8 TeV, Lepton + secondary vertex mMC = 173.68 = 0.20 (stat) ;:j (sys) GeV [PRD 93 (2016) 092006]
1+2 leptons 8 TeV, Lepton + J/W mY®=1735 +3.0 (stat)=0.9 (sys)GeV [JHEP 12(2016) 123]
IIII|IIII|IIII|IIII|IIII|IIII|III
150 160 170 180 190 2

00
m, [GeV] 5~

Single most precise result
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Top quark mass: combination with ATLAS [arXiv:2403.01313] %

- Combination of Run-1 ATLAS+CMS m: measurements with BLUE

(Best Linear Unbiasec

- 0 (ATLAS) + 9 (CMS) individual measurements across final states

Estimator)

- Study impact of correlation of unc. across exp.

Kenneth Long

ATLAS+CMS

............ ATLAS+CMS combined

stat uncertal_nt%/
total uncertainty

ATLAS

total

\s=7,8TeV

sfat '

m, + total (+ stat =+ syst) [GeV]

The “only correlation
that matters”

dilepton 7 TeV 173.79 = 1.42 (= 0.54 = 1.31)
lepton+jets 7 TeV |—+—-—+—| 172.33+ 1.28 (+ 0.75+ 1.04)
all-jets 7 TeV : = 175.06 = 1.82 (= 1.35+ 1.21)
dilepton 8 TeV - 172.99 = 0.84 (+ 0.41+ 0.74)
lepton+jets 8 TeV s 172.08 + 0.91 (+ 0.39+ 0.82)
all-jets 8 TeV o] 173.72+ 1.15 (+ 0.55+ 1.02)
combined HeH 172.71+ 0.48 (= 0.25 + 0.41)
CMS
dilepton 7 TeV —d———| 172.50 = 1.58 (= 0.43 = 1.52)
lepton+jets 7 TeV et 173.49 + 1.06 (= 0.43+ 0.97)
all-jets 7 TeV = —e—— 173.49 + 1.41 (= 0.69 = 1.23)
dilepton 8 TeV —teti—] 172.22+ 0.95 (x 0.18 = 0.94)
lepton+jets 8 TeV e 172.35+ 0.48 (+ 0.16 = 0.45)
all-jets 8 TeV He 172.32 + 0.62 (= 0.25= 0.57)
single top 8 TeV e+ 172.95+ 1.20 (+ 0.77 = 0.93)
Jhp 8 TeV e 173.50 = 3.14 (= 3.00 = 0.94)
secondary vertex 8 TeV —re— 173.68 = 1.12 (+ 0.20 = 1.11)
combined HeH 172.52 + 0.42 (= 0.14 = 0.39)
ATLAS+CMS LHCtopWG
dilepton v 172.30 + 0.59 (= 0.29 + 0.51)
lepton+jets H¥H 172.45+ 0.36 (= 0.17 = 0.32)
all-jets HaH 172.60 = 0.45 (+ 0.26 + 0.36)
other : 173.53+ 0.77 (+ 0.43= 0.64)
combined H#H 172.52 = 0.33 (= 0.14 = 0.30)
T T R 2 T R B
165 170 175 180 185
m, [GeV]

-

Uncertainty category  p Scan range Amy /2 Aamf /2
- [MeV] | [MeV]
JES 1 0 — (N [ —
JES 2 0 [-025+025] 8 7
JES 3 0.5 [+0.25,+0.75] 1 <1
b-JES 0.85  [+05,+1] | 26 5
o-JES 0.85  [+0.5,+1] 2 <1
I-JES 0 [-0254025] | 1 <1
CMS JES 1 _ _ L — _
JER 0 [-025,4+025] 5 1
Leptons 0 [-0.25,+025] | 2 2
b tagging 0.5 [+0.25,40.75 1 1
piniss 0 [-025,+025 | <1 <1
Pileup 085  [+0.5,+1] 2 <1
Trigger 0 [-0.25,40.25 <1 <1
ME generator 0.5 [+0.25,4+0.75] | <1
QCD radiation 0.5 [+0.25,+0.75] 7
Hadronization 0.5 [+0.25,+0.75] 1 <1
CMS b hadron B — — - — —
Color reconnection 0.5 [+0.25,+0.75] 3
Underlying event 0.5 [+0.25,+0.75] 1 <1
PDF 0.85  [+05,+1] | 1 <1
CMS top quark pr — — — —
Background (data) 0 [—0.25,+0.25] 8 |
Background (MC) 0.85 [4+0.5, +1] 2 ﬂfl Stable
Method 0 — — | wrt
Other 0 — — — o
variations
- Very detalled study of systematics, their
correlations, and impacts
28
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Top quark mass: combination with ATLAS [arXiv:2403.01313]

Uncertainty impact [GeV]

- Improvement wrt previous comb: 0.48 GeV — 0.33 GeV

Uncertainty category

- | LHC ATLAS CMS
- Lower precision results play important role P DbIES 018 017 025
| Domi tin the LHC b tagging 0.09 0.16 0.03
- Most PrecClse CMS 0.48 GeV = 0.42 GeV orminan o %ME generator 0.08 0.13 0.14
- , N | combination ~ " JES1 008 018  0.06
- Major investment of effort, also pays off iIn understanding - JES 2 008 011 0.0
. . Dominant in individual Method 0.07  0.06 0.09
of technigues and collaboration across exps. combinations CMS b hadron B 007  — 012
QCD radiation 0.06 007  0.10
;‘ LI S S B B B B I%Zﬁ%%ﬁ%l I B B B B B ".b_ Leptons 0.05 0.08 0.07
— - Simultaneous 47 . CMS top quark pr 0.05 — 0.07
%) i combination Zgggggggggz ’ Background (data) 0.05 0.04 0.06
Q- 174f W 68% CL _ Color reconnection ~ 0.04 008  0.03
N gggggggggggéé ] Underlying event 0.04 0.03 0.05
I 75277 _ g-JES 003 002 004
173‘_ LHCIopwG 7~ N Background (MC) 0.03 0.07 0.01
L - Other 003 006 001
A JFs 005 001 005
7 4 7 CMS JES 1 003  — 004
172 - Pileup 0.03 007 003
I ; . _ JES 3 002 007 001
- o T7ZATLAS - Hadronization 0.02 001 001
171 i oms _ pimiss 002 004 001
- 1 - ATLASYCMS - PDF 002 006 <0.01
| o _ars _ povs Trigger 0001 001 001
By = Total systematic 030 041  0.39
17 Arz2 173 174 175 Statistical 014 025  0.14
Kenneth Long miTHAS [GeV] Total 033 048 042 o9
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Higgs production I ! I I l-

CMS Experiment at the LHC, CERN Event recorded by the CMS detector in 2018 at a proton-
Data recorded: 2018-May-1013;41:39.516864 GMT proton centre of mass energy of 13 TeV. The event is a
/Run// Event/LS: 316082 / 225538853 / 180 candidate for the production of a Higgs boson which decays
SN S ]/ into a pair of Z bosons. One Z decays to a muon-antimuon pair

( ) and the other decays to an electron-positron pair
(green lines).

- /S S . ,-----A-A-A-‘-L' Go h
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‘% Higgs mass and width in the four lepton channel Illil-

- Very clean channel (4e/2e2u/4u) only increasing in power with higher luminosity HIG-21-019
| | | | CMS _Preliminary 138 fb™' (13 TeV)
- Dominant uncertainty from lepton momentum scale calibration 250f- .
- Improved in this analysis by 3-8% via beamspot constraint on 4 tracks ol o2z 7
- Mass extracted w/categorization by per-event uncertainty (from track unc.) 3 | e
150—
= Most accurate single mass measurement = | ! !
- I'x from on-shell to off-shell production ratio (assume same couplings) uﬂij”"‘ +
o(i— H® = f) 9:9f 9;9¢ : N m
— ~ n + 4 4,%
Hon(off) = —7- ) On-shell Off-shell ~ — - RARTIS A
U(Z — H . f)SM mHF 8 90 8; 90 100 110 120 130 140 150 160 170
m,, (GeV)
GCN!SI IPge/]in‘]lil‘llarlyI N CMS Preunnary
Parameter Observed Expected Run 2: 138 fb™ (13 TeV) — Total Stat. Only
Run 1:5.1 fb™ (7 TeV) + 19.7 fb™ (8 TeV)
myy (GeV) 125.08 +0.12 +0.12 ] Total (Stat. Only)
4y 124.90%; (1) GeV
on-shell Ty MeV) 078 [0,330] 07369 [0, 750] . 1247095 (5 Gov
2 off-shell Ty (MeV) 2.9775[0.3,7.9] 4.173;[0.0,11.7] 2o — 1255092 (°) Gev
1 2u2e ——i 125.207,7 (;).) GeV
- Modeling of ZZ background dominant Pun2 T 126 082 (o) GV
Run 1 i 125.607),5 ();,) GeV
unc. in Oﬁ_She” F H Run 1 + Run 2 = 125.08y);; (1)) GeV
- : T RN NN TN T NN NN T S SR A SR R R RN SR B B
potshel - POWHEG+ KNNLO QCD+NLO EW 122 124 126 e,
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- Highly challenging experimentally d
- Use W/2V(bb) as standard candle
- Extract results in DNN/BDT observables for sensitivity

Differential VH(bb) production [arXiv:2312.07562]

Ue 1o significant VV(bb) backgrouno

- Jotal production observed at 6.50 level
- Differential measurement in course STXS bins

— bb) [fb]

=

o' x BR(V=s lep.) x BR

Ratio to SM

Kenneth Long

10°

—_i
o

| 13|8 fb|'1 (13 TeV)

ZH — ll/vv bb

1

Th.Unc. ¢ Observed — Totalunc. iiiStatunc.

WH — v bb

o =

75
150

250
400

ZH, p_(V) > 400 GeV

ZH, 250 < p_(V) <400 GeV

ZH, 150 < p_(V) < 250 GeV, = 1J
ZH, 150 < p_(V) < 250 GeV, = 0J
ZH, 75 <p (V) < 150 GeV

WH, p_(V) > 400 GeV

WH, 250 < p_(V) < 400 GeV

WH, 150 < p, (V) < 250 GeV

VH

= V (— leptons)H

qq’—) W H

l

qq — ZH gg — ZH

-----------------

-------------------

-------------------

O-jet 1l-jet = 2-jet

O-jet 1l-jet = 2-jet

138 fb™' (13 TeV)
CMS e Observed
B +1o (stat @ syst)
VH, H-bb s o (SYSt)
— = 1.83 + 0.63 + 0.42
e 1.52 + 0.36 + 0.33
——— -0.56 + 0.78 + 0.72
- 0.42 +0.37 + 0.30
- . - 1.42 + 0.52 + 0.56
— . - 1.90 + 0.63 + 0.49
| —e— 1.88 + 0.47 + 0.38
— .- 0.25 + 0.45 + 0.4
e

Best-fit u

O-jet 1l-jet = 2-jet
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| Diffractive yy — tt production [SMP-23-005]
- LHC as a phOton collider 1 CMS Experiment at the LHC, CERN

Data recorded: 2018-May-01 13:53:45.602112 GMT
- Previously observed in PobPb , Run / Event / LS: 315512 / 65277407 / 69

collisions (more radiation)
- Elastic channel (protons intact)

- Distinct signature
- 1t and "nothing else” from PV

- Ntacke = O at primary vertex (PV)

CMS Preliminary 138 fb™' (13 TeV)

—+ Observed[_]Z/v* —» 1t [_]Z/v* — ee/un
[ ]Excl. bkg. R VV + tt I Jet mis-ID

Kenneth Long



https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SMP-23-005/index.html

Diffractive yy — 1t production [SMP-23-005]

2
- Hirst observation in pp collisions I* — 4 E; (¢) A

[iF; (4°) + F5 (%) ¥s]
- 5.30 opserved, 6.50 expecteo )
e - F0) =a, = (g,—2)/2
- Sensitivity to T g-2 within a factor of

ot'q,
2m

1-loop contribution
("Schwinger term’)

. " _
3 of Schwinger term ap = 5 =2 0.00116

CMS Preliminary 138 o™ (13 TeV)

M, Niragis = 0 138 fb™' (13 TeV) CMS Preliminary 138 fb' (13 TeV)

h 7 - 8 * Observed —68% CL —95% CL
4(2 300 i ! ] - —r Tt Tt [ T T T T ] T_T1 11 1
CIC) - CMS —4- Observed Zy* (= 1) + VWV f= .~ SM
> — Preliminar . = OPAL |
T 250 - Y ZIy" = pp ||y~ WW cﬁ LB 41 (1998) 188 i

" B vet mis-iD []vy = 1o E |

_ L3 o

. PLB 434 (1998) 169

E DELPHI ®

_: EPJC 35 (2004) 159

B ATLAS Pb+Pb ——e §

PRL 131 (2023) 151802

o i _ CMS Pb+Pb o
< 1.5 |
1] PRL 131 (2023) 151803 ;
S| p— g R i ;

8 0.5F SMa, —a,=0.008 - This result -

. * ' ' ' ' 1 | ] 1 1 ] 1 ] ] ] ] |
100 150 500 ~0.1 ~0.05 0 0.05
myis (GeV . .
vis (GeV) Dirac Schwinger SM -
a, = a,=0.00116 a,=0.00118 34
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. II H I
Summary and conclusions I I i

- The LHC and its experiments have proven to be precision tools, competitive with

measurements of fundamental parameters at purpose-designed colliders such as L

= [ NaNks

P and SLC

to years of collecting very high quality data, developing understanding of detector, and

iIncredible performance of theoretical tools

- The Run Il (and Run ) data has proven rich environment for precise measurements. Run lll and
special runs are also providing new avenues of exploration

- lechnig
especia

Kenneth Long

Ues built for precision physics become increasingly relevant with huge data sets,
v towards HL-LHC
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