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® Eras of precision measurements of the Higgs boson

> Discoveries for dominant Higgs production

and decay channels
v productions: ggF, VBF, WH, ZH, ttH
v decays: H—bb, WW, tt, ZZ, vy

v evidence for H—Zy, H—up
> Measurement precision of couplings

» to W/Z vector bosons: ~ 5%

« to the 39 gen. fermions (t,b,1): 7% ~ 12%
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® Outline of this talk

 Higgs cross section measurement at 13.6 TeV
Higgs boson mass measurement updates
Constraints on the Higgs boson width

* from on-shell Higgs mass measurement

» from on-shell Higgs production plus 4-tops process
Cross section measurement from VH, H—bb channel
Cross section measurement from ttH/tH, H—bb channel
Updates on ttH, H—multi-leptons channel
Differential cross section measurement in H—tt channel

Direct constraints on Higgs-charm Yukawa coupling
« searching for VH, H—cc process
» searching for cH, H—yy process

e Constraints on anomalous Higgs couplings in H-WW channel

TSUNG-DAO LEE INSTITUTE M K 7 iE 2 Y T 8 4



® ATLAS and CMS Run 2 and Run 3 datasets Fud g E
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= 1 I I I I I ]
2140 ATLAS Online Luminosity —
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 Both experiments have collected
« ~ 140 fb-! luminosity at 13 TeV in full Run 2
« already recorded ~ 180 fb-! luminosity at 13.6 TeV til now in Run 3

 Thanks to the CERN accelerator and technical teams for excellent LHC performance!
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.1*CMS Preliminary 34.7 16 (13.6 TeV) T
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Chengyang Pan's talk =:°

 The Higgs cross sections measurement at 5 o

o b b b b b e b s

S/(S+B) Wi

13.6 TeV = in good agreement with the SM.
Yuji Li's talk
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-24-013/index.html
https://link.springer.com/article/10.1140/epjc/s10052-023-12130-5
https://indico.ihep.ac.cn/event/22941/contributions/171358/attachments/84572/108071/CLHCP_yuji.pdf
https://indico.ihep.ac.cn/event/22941/contributions/171373/attachments/84648/108022/Chengyang_Pan_CLHCP_meeting_1114.pdf

® The Higgs boson mass measurement at < 0.1% precision

e ATLAS Run 2+Run 1 combination: 125.11

+ 0.09(stat.)

g

sl §F\
(, .
\, Y/

+ 0.06(syst.) GeV.

« CMS H — ZZ — 4/ has most precise single measurement: 125.04 = 0.12 GeV.
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ATLAS e Total Stat. Syst. | Combination
Run1: /s =7-8TeV,25fb!, Run 2: \/s = 13 TeV, 140 fo~!
Total Stat.  Syst.

Run1 H — vy F——=— 126.02 + 0.51 (+ 0.43 + 0.27) GeV
Run1 H — 4/ I e 124.51 + 0.52 (+ 0.52 + 0.04) GeV
Run2 H — vy hIH 125.17 + 0.14 (+ 0.11 + 0.09) GeV
Run2 H — 4¢ 124.99 + 0.19 (+ 0.18 + 0.04) GeV
Run 1+2 H — vy 125.22 + 0.14 (+ 0.11 + 0.09) GeV
Run1+2 H — 40 124.94 + 0.18 (+ 0.17 + 0.03) GeV
Run 1 Combined I—I—[—O—I 125.38 + 0.41 (+ 0.37 + 0.18) GeV
Run 2 Combined Iq;rl 125.10 + 0.11 (+ 0.09 + 0.07) GeV
Run 1+2 Combined 125.11 £ 0.11 (+ 0.09 + 0.06) GeV
T | :.T—I T T

123 125 127 128

my [GeV]

Phys. Rev. Lett. 131 (2023) 251802
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CMS
Run 2: 138 fo' (13 TeV) — Total Stat. Only
Run 1: 5.1 fo' (7 TeV) + 19.7 fb” (8 TeV)
Total (Stat. Only)
m o 124.90 70,2 () GeV
de —_— 124.70 057 (1)) GeV
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Run 1 ==  125.605,5 (},;) GeV
Run 1 + Run 2 T 125.087,7 (1)) GeV
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.251802
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-21-019/index.html
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® Updates on the Higgs boson width constraints

"=l R
N/

« CMS, ATLAS observed I'; = 3.21%2 MeV, 4.51’32 MeV, in agreement with SM 4.1 MeV.

e ATLAS on-shell Higgs production & 4-top obs.(exp.) set limit at 95% CL: 450 MeV (75 MeV).
e CMS on-shell Higgs mass measurement in H —» ZZ — 4l set limit at 95% CL: 330 MeV.

Ehsan Musajan's talk CMS 138 fb™ (13 TeV)
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2023-22/
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-21-019/index.html
https://indico.ihep.ac.cn/event/22941/contributions/171366/attachments/84632/107993/clhcp2024.pdf
https://indico.ihep.ac.cn/event/22941/contributions/171369/attachments/84640/108011/241114_CLHCP_Ehsan.pdf

® VH, H—bb Simplified Template Cross Section measurement
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e The measurement of cross section times branching ratio in vector boson pr bins.
* Measurements are in good agreement with the predictions within uncertainty.
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Submitted to PR.D Yuhao Wang's talk
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2020-20/
http://dx.doi.org/10.1103/PhysRevD.109.092011
https://indico.ihep.ac.cn/event/22941/contributions/171397/attachments/84759/108214/CLHCP-VHbbcc.pdf
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® ggF and VBF processes, H—bb for boosted Higgs production L e R

e Large-radius jets signature, employing jet substructure and heavy-flavor tagger.

. . 4. 1.
» The observed signal strength for VBF and ggF, H—bb: 4.9*1/ and 1.61}.
p CMS H(bb) STXS stage 1.2 138 b (13 TeV)
CMS 138 b~ (13 TeV) o) C
5 ] - t'g s ogF ¢ Observed (stat ® syst) VBF
= 12 X SM expected < o OF ggF (HIMINLO) 3
Best fit —16 <« VBF (POWHEG+HC) 3
__________ 68% CL o [
10 e S 85% CL 14 - t
. i -]
10
6 -
4 :_ ] ]
2 g 10 ’
T © 5:_ l E
N g : t
o N W * ______________________ S— g
—4 2 0 2 4 6 8 no ~5—1300.450] [450.650] [650.2) 1000 7500] [1500,)
. . . . 99 en
2.7¢c consistency with the SM prediction pY [GeV] mi*" [GeV]
Submitted to JHEP
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https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-21-020/index.html

® VH, H- cc direct constraints on the charm Yukawa coupling (&) Lud4 %%

* 95% CL upper limit on signal strength 11.5 and on coupling modifier k.| < 4.2.
« Combination of H—bb and H—cc, setting 95% CL upper limit on: |x./k,| < 3.6. - less than b- and

c-quark mass ratio 4.578, confirming Higgs coupling to charm is weaker than coupling to bottom.
Yuhao Wang's talk

Stat. and sys. effect at a similar level !
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95% CL limiton Submitted to PRD
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2020-20/
https://indico.ihep.ac.cn/event/22941/contributions/171397/attachments/84759/108214/CLHCP-VHbbcc.pdf

® Direct constraints on charm Yukawa coupling from cH, Hoyy (@) L84z
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e Searching for signature of H—yy plus CMS Preliminary. 138 1" (13TeV)
P L B BN BN LR

one hadronic jet. - H o 7y, m, - 125.38 GeV Al Gategories

. - + 139 S/(S+B) weighted|

 The observed (expected) limit at 95% CL B0 =186 710 + Data ]
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CMS-PAS-HIG-23-010
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-23-010/index.html

® ttH, H—bb cross section measurement in Higgs pt bins

TSUNG-DAO LEE INSTITUTE
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e ATLAS measured ttH cross section o,; = 41175, fb = 411 & 54( stat.) 22 ( syst.) fb

e« CMS measured ttH signal strength: y-;; = 0.33 = 0.17(star.) £ 0.21(syst.)

CMS 138 b (13 TeV)
I | | | I | | I I | I I I I | I I I I | |
ATLAS l®f Total Unc. mm Syst. only Stat. only SM + Theory IAL tot stat syst
Vs =13TeV, 140fb~", my=125.09GevV Total ( Stat. Syst.) ;
+0. + 0. +0. I 1.93 . .
pH e[0,60) GeV | ——— 125 *089 1058 0 s pf [0, 60[ (GeV)| +——=— 0.40 777 170 Tl
Pt e[60,120) GeV |- e 077 g5 o4 Tosm - E o o e
pY €[120,200) GeV |- == 0.88 *QJ45 o8 +031 4 E 141 -1.01 -0.98
H B p— 0.77 *+04 +0.36 +0.26 |
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pHe[450,00) Gov |- hemmmss—d 063 gm o7 foi | pfe[200,300[(GeV)| w4 019 Toop 08 OE7
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| | | | | | | H : +0.96 +0.75 +0.60
) 1 , 5 p . 5 Py € [300, oo (GeV) | +a— } -1.04 (s 073 068
1 | | i 1 | | | | 1 | | | |
O/ oM 0 5 10
Submitted to EPJC Submitted to JHEP A A
L = 6/0gy,
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2020-24/
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-19-011/index.html

® Searching for tH, H—bb process f {“‘Wff

* 95% CL upper limit on tH production rate: 14.6 times the SM prediction.

L,CMS 188fbl(18Tev) CMS 138fo~" (13TeV)

| 1 1 1 I 1 1 1 I 1 1 1 | 1 1 1 I 1 T 1 I 1

¢ expected

+ observed, best fit (M, Pin) = (-3.83, +0.35)
| — 68% CL
| -- 95% CL

M ttH
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48.1

-2 Alog(L)
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19.325
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| | | | | | | | | | | | | | | | | | | | L L | | | | | | | | | | | | |
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MiH  Submitted to JHEP 95% CL limit on Py
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https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-19-011/index.html
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® ttH, H— multi-leptons channel status

NYENR
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 CMS set constraints on top-Higgs coupling CP property using full Run 2 dataset.
 ATLAS updated on the ttW (main irreducible bkg.) cross section measurement.

K. CP-even top-Higgs coupling modifier
ft: CP-odd top-Higgs coupling modifier

CMS 138 fb' (13 TeV)
SmELLA e

Physics briefing: ttW production mild tension

T T l T T T T I T T T T I T T T T I T T T T I T T T T I T T T T

T ] ATLAS , ATLAS- this result
- DH%W,Z.Z i /s = 13 TeV. 140 fo° 7~ CMS (JHEP 07 (2023) 219)
1:—|:|H—>Multllepton/w/ZZ ! Stat. + Syst Stat. only
oof .
- - NLO+NNLL
F B -®- Sherpa | C |
B ] -®- FxFx i @ i
05 B NNLO
. [68% CL ]
T 95% CL 7
_1:_+SE/ISJ[eEi<tected _: e L e v Lo v e B
N TN o 400 500 600 700 800 900 1000
T 05 0 0.5 1 15 T
JHEP 07 (2023) 092 “ JHEP 05 (2024) 131 G(ttW) [fb]

T
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2019-30/
https://atlas.cern/Updates/Briefing/ttW-Mild-Tension
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-21-006/index.html
https://indico.ihep.ac.cn/event/22941/contributions/171395/attachments/84767/108223/CLHCP_JialinLi.pdf

® H—1t channel cross section measurement
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o ATLAS has most precise single measurement on VBF production: yy, = 0.93

e CMS extended Higgs transverse momentum measurement beyond 600 GeV.
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https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-21-017/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2022-07/
https://indico.ihep.ac.cn/event/22941/contributions/171375/attachments/84642/108014/Slides_CLHCP_2024_ADM.pdf
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® Constraints on anomalous Higgs couplings in H=WW channel

e In HHWW-—eu channel, all measurements are consistent with the SM predictions.

SMEFT Higgs basis parameters Warsaw basis parameters
CMS 138 fb (13 TeV) CMS 138 fb " (13 TeV)
Observed Best fit 68% CL | —e— Observed Best fit 68% CL
B Cro 076  [4.19,0.67]
502 -0.06  [-0.22, 0.03] Cip -0.12  [-0.44,0.81]
| Cow 0.08  [0.79, 0.51]
Co 0.01  [-0.05,0.03] Ciwb 0.17  [-1.62, 1.05]
I HEE CHB 0.03 [-0.23, 016]
C 0.03  [-0.49,0.33] C 026 [0.76,0.41]
B C.wvic -0.54 [-1.57,0.83]
Ezz -0.17  [-0.47,0.25] c B
| | | o IR PO TR A T Iy
06 -04 -02 0 02 04 06 08 4 3 2 1 0 1 =2 3 4 s
Parameter value EPJC 84 (2024) 779 Parameter value
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® Conclusion

 Rediscovery of the SM Higgs boson at 13.6 TeV in both experiments!

 Run 2 legacy analyses are being finalized, more challenge analysis channels come later!
* VH, H—bb updated STXS cross sections = in good agreement with the SM
 ttH, H—Dbb updated STXS cross sections & CMS has 2.4¢ inconsistency with the SM

 H—tt channel provides STXS and differential cross section measurements

* New ideas/approaches have been studied for Higgs properties measurement
» Constraints on Higgs width using on-shell Higgs production and mass measurement

- Constraints on charm-Higgs Yukawa coupling via cH, H—yy channel: | k.| < 38.1

 Combination of VH, H—bb and H—cc channels set limit on | k./k; | < 3.6

* Run 3 already recorded more statistics than Run 2 + Run1, please stay tuned!
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® Systematics ranking in VH and ttH, H—bb analysis

ATLAS VH, H—bb/cc channels systematics ranking ttH, H—bb channel systematics ranking
Pre-fit impact: Ao,/ oM
Source of uncertainty _ _u _ 16=8+A8 6=0-A6 01 005 0 0.05 0.1
VH,H —bb | WH, H—bb ZH,H — bb || VH, H — c¢ » _ e
Post-fit impact: | | | | |
Total 0.153 0.204 0.216 5.31 Mo=0+A8110=0-A0| ATLAS
Statistical 0.097 0.139 0.153 3.94 . = -1
Systematic 0.118 0.149 0.153 3.57 —— Nuis. Param. Pull Is 13,Tev’ 140, fb ,
Statistical uncertainties ttH FSR _'._'_
Data statistical 0.090 0.129 0.139 3.67 {TH PS & had — R
tf ey control region 0.009 0.014 0.027 0.08 tt+22b FSR [E:-'._
Background floating normalisations 0.034 0.049 0.042 1.24 ft + > 2b dipole PS Ij:-— :
Other VH floating normalisation 0.007 0.018 0.014 0.33 T+ 1b PS H7 {
Simulation samples size 0.023 0.033 0030 | 162 blagEVOciels | ——@——=ll|
Experimental uncertainties {t +> 2b matching [E-_ 8 tOF ) S-y StS,
A,y TH STXS theory unc. : - ;
Jets 0.027 0.035 0.030 1.02 e — ;
ET"S 0.010 0.005 0.021 0.23 _
Leptons 0.003 0.002 0.010 0.25 ft+ 1 scale el |
b-jets 0.020 0.018 0.026 0.29 b-tag EV 0 light jets ——e—= |
b-tagging | c-jets 0.013 0.017 0.012 0.73 T +21¢ hyy | —=—
light-flavour jets 0.005 0.008 0.008 0.66 Ay, fTH STXS theory unc. _.__ §
Pile-up 0.008 0.017 0.002 0.23 {1+ 2b scale _ -
Luminosity 0.006 0.007 0.006 0.08 tW diagram subtraction _”_.___
Theoretical and modelling uncertainties K. dilep Py .
Signal 0.076 0.074 0.101 0.72 b-tag EV 4 b-jets ——e = i
Z + jets 0.042 0.018 0.081 1.77 Z +jets XS __..3_ |
W + jets 0.054 0.087 0.026 1.42 T+ 1B PS H7 PS .3
tf and Wt 0.018 0.033 0.018 1.02 b-tag EV 7 b-jets :
Singletop_quark(s_’t_Ch') 0.010 0.018 0.002 0.16 |||||||||i|||||||||||||||||1|i|||||||||
Diboson 0.033 0.039 0.049 0.52 2 15 -1 -05 0 05 1 15 2
Multijet 0.005 0.010 0.005 0.55 (® - 6,)/A0
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® Systematics breakdown of the CMS H—tt analysis U d AR

Production mode ggF ttH VBF VH

Best-fit value 0.94 0.77 0.93 091

Total uncertainty +0.30 =+0.97 +0.16 =+0.62

Statistical uncertainty +0.15 +0.82 +0.12 +0.52

Total systematic uncertainty +0.26 +0.51 +0.11 =+0.34

Samples size +0.09 +0.32 +0.03 =+0.25

Theoretical uncertainty in signal +0.19 +0.14 +0.10 +0.13

Jetand EF™° +0.12 +0.14 +0.03 +0.11

Hadronic 7-lepton decays +0.05 +0.09 +0.01 =+0.04

Misidentified 7-lepton background +0.05 +0.05 +0.02 =+0.11

Luminosity +0.01 +0.01 +0.01 +0.02

Theoretical uncertainty in top-quark processes +0.01  +0.30 = +0.02

Theoretical uncertainty in Z + jets processes  +0.03  +£0.07 = +0.02

Flavour tagging +0.02 +0.05 +0.01 =+0.01

Electrons and muons +0.02 +0.01 +0.01 +0.02
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