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Introduction

 Precision Higgs measurements are important

- Higgs boson has a fundamental role in the SM. We
need best experimental & theory knowledge on its
properties to address many important physics questions

- In the lack of direct discoveries, precision Higgs
measurements could be portal to new physics

» LHC has rich Higgs precision physics programs, with
significant contributions from Chinese groups!

» Will focus on new results released since CLHCP
2021, in particular those just released at Higgs 2022!

- Still not able to cover everything interesting due to
limited time. Sorry if your favorites are missing!
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» Last missing piece of SM found. Opened a new era in particle physics!
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A portrait of the Higgs boson by the CMS experiment

ten years after the discovery Since Higgs boson discovery:

- Many, many more Higgs bosons accumulated

m,, [GeV]
CMS Nature paper

The CMS Collaboration

Nature 607, 60-68 (2022) | Cite this article

- Significant progress on both theory and experimental sides
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Inclusive signal strength
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All major production modes @LHC observed
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Higgs boson productions x decays
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Complete the measurement matrix
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Coupling strength tests
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Ratios of coupling strengths
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Simplified Template cross-section (STXS) measurements
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- STXS: split inclusive Higgs boson MC template into various phase-space regions (truth bins)

- Truth bins match experimental selection. Reduce model dependence from aggressive extrapolations

- Still allow powerful analysis techniques (e.g. machine learning) within each truth bin. Model
dependence remains on decay side in channels like H=ZZ—=4]1 H>WW-lvlv and in truth bins
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ination: uniform
annels, and

hen understanding/interpreting STXS results,
0 not forget correlation matrix!

TXS framework will keep evolving in Run 3

? g S = ) Sl - Crucial for experimentalists to participate in
the development



EFT interpretation of STXS measurements

EXPERIMENTV/Z

- = - . ATLAS Preliminary e Best Fit M Higgs
- HEP discoveries are often enabled by higher collision energy (519 T, 901109 — 68%CL = EWPO

Linear parameterisation

- However, we will not have a machine with much higher energy ot B
than LHC in the coming decades 1
- If new physics is beyond LHC reach, it will most likely manifest itself as | T
deviations in SM precision measurements Aty
« STXS measurements are natural candidates for EFT interpretations {;
from Higgs sector
- Need to combine with EW and Top measurements to get full picture z,
[

3
Cogoi
[9]

- Physics observables have similar dependence on EFT different operators i
— introduces degeneracy among Wilson coefficients... i
0

Ctop

G._Zanderighi's talk at Higgs 2022 . ATLAS Higgs + ATLAS EW + LEP/SLC EW | ®w=|  —— — 1t

BSM/SMEFT

3 3, : : . N I S
LHCdata ==, |+ Certain Wilson coef. are added up linearly g ——
» o . .. . . C/[J/\?}]\/,fo | _
.......... 55 from diagonalizing correlation matrix Clivh, v

| SLTPRK S 3.. Cons
. Only tension from Al%c) in EW precision data )

prediCtiOn T Y Y N N B B I T Y N N N NN RN B \ \ \ \
—-15 —-10 -5 0 3 10 15 0 02 04 06 08 1
Parameter value expected fractional
contribution
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-037/
https://indico.cern.ch/event/1086716/contributions/4971407/attachments/2542449/4377532/Pisa2022.pdf

Fiducial differential cross-section measurements

137fb' (13 TeV . i

—— 13 eV CMS Preliminary 138 b (13 TeV) — 1.4 | | ,
##% MADBRAPH5.aMC@NLO, NNLOPS ggH + HX A~ 10 € N I s N B O B = = — . —
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Mjets = = Mjets = Mjet e 1 7 - | N — —
3 - 107'E Yiigss4%  gg—H (POWHEG + JHUGen + Pythia) + XH = B Ao 7
= 3|2 = = [ ] XH=VBF+VH+ttH (POWHEG + JHUGen + Pythia) 3 % — MadgraphFXFX (P—97 /°) -
S 07 ”T_—_ Ok ] < - (LHCHWG YR4, m =125.38 GeV) = s 0.8 - ]
s | 1= &o 102k "‘mTF ’ E - \ =
% == . ZE e 5: - | : —_ \\ . . __
310_1- +__ g % 4 Q -3 i E_I— 55 — LO(TmaX>150GeV) | 0.6_ ATLAS Prellmlnary ]
3 —— = o 107 =t—= 190 E - _
- == - B o S , ] 0.4 \ \{ H—WW-—evuv; N._=0,1 —
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O 2f & = =
. . . . . . . . . . . = 5 : O 2F . =
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)
arXiv:2208.12279 CMS-PAS-HIG-21-009

 High-precision channels (yy and 4l) start exploring 2D measurement & advanced variables
that better test theory calculations. Also contributions from other channels e.g. WW

o]

- Rapidity weighted observable -7, = m!.e ™1l to test QCD resummation

B I

- Useful inputs for theory. Can be used in various interpretations (EFT, self-coupling...)
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http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-21-009/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2018-49/
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-19-016/index.html

Use Higgs boson pt to constrain charm Yukawa coupling

--------------------- 15C|V|SPreliminavry 138fb-1(13-|-ev) i S T A BN SR
e -

2 14l —x,=-10 | ¢ t  pr(H—4l) standalone = Z‘STLZA;S y X Standard Model -~~~ 68% CL -
~ lAar i i : < - H—=Z22,H =y, %+ Obs. Combination — 95% CL _]
= — K;= -5 . (Noassumptionon ') | - & OF WH(eB), vH(ed Bosy profiled :
% - ' 101 L gL Vs =13 TeV, 139 fb -
S 1.2/ Ke=0 i P - -
2 ks | g AT AN\
S |- I S Col L[] +VHEeevHEb) [ C
1] e - 'e - i AN
E | = of N oF |1 No assumption i Xil o
< ' - - onflH _ -
O ! - - —2 _of _ ' 2 -
= PRL 118, 121801 (2017) : —— ) 1 40 @95% CL -
................... [ [#Bestft  *SM_-20 1o | Bunconstr. N | | | L
_1 L I L | L | L I L | L I U | U — 1= | ] ] ] ] ] ] ] ] ] ] ] ] ] ] ] ] ] ] ] ] 1

0 20 40 60 80 100 030" %0 210" 0 10 20 30 ° 1 05 0 05 1
prn [GeV] CMS-PAS-HIG-21-009 Ko arXiv:2207.08615 Kb

- Higgs boson pT provide indirect constraint on charm Yukawa coupling that is
comparable to direct VH, H—cc search

- Combination of the indirect and direct results allows reducing model dependence of
direct search, and yields better sensitivity (Ik:<8.5 @95% CL from ATLAS VH(cc))
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http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-21-009/index.html
https://arxiv.org/abs/1606.09253
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2022-04/

HVV CP study in VBF, H—=yy channel
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arXiv:2208.02338 g faa

138 fb™' (13 TeV)

10 III|IIII|IIII|IIII|IIII|IIII| _]

. Based on shape info of optimal observable 00 = 2Re(M%, M cp_oq)! | Mgy |

. Two interpretations: from HISZ basis, and from Warsaw | wRpies |
basis (x5 better than directly fitting diff. xs. AD(jj) etc.) R
- HVV CP can be explored in many channels. Interesting to explore their combinations 3 .
- d VBF H—yy+TT combination from this work. Also see CMS TT+4l in arXiv:2205.05120 " # w55+
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http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-20-007/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2020-08/

CP study in Yukawa couplings

CQI\IIISH_HI_HIHllll|13|7Ifb(13TeV)
» Yukawa coupling Lagrangian involving CP mixing: s ,F 4 Obs.-Bkg. 0p + TP + 1P + €p
yé . Bkg. unc. o
m = . . - o 1-2:——(1:T=O°o CMS O.T — '1119 e
L= - k(cos()ff + i si(a)fysf)H I S U R o =
| | T e o
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ATLAS-CONF-2022-016 k;cosa arXiv:2208.02686, x: kicos(a), y: Kisin(a) N ATLAS-CONF-2022-032 o, [
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-032/
http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-21-006/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-016/
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Off-shell measurements

13Tev CIVISI R IS14||-01:b1I(1:?TIeV) N L L B I B B B L
- ' ' T T ' - T ooy ) _ b ~ L ATI AQ Draliminars - Obs-Stat. only _
10 = gg—212v (=6, ) 3 14f- — 2I2v+4l off-shell + 41 on-shell % ATLAS Preliminary ™ Obs-Sys _
10 E | - - — 2I2v off-shell + 41 on-shell ] ' ZO—On + Off-shell combined ----- Exp-Stat. only —
- — SM H signal (HF) - 12} — 4l off-shell + 41 on-shell - 13 TeV, 139 fb1 — Exp- SyS ]
? : 2 § ~ Obs-Stat. only: 1.17 Exp-Stat. only: 1.0 7
3 SM contin. (‘C‘ ) E 10k Observed | 15_Obs Sys: 1. 1y 0 Exg -Sys: 1 Oy 8 N
= _ — SM total (H+CF) - Expected i - -
] < [ =327 VeV [, = 4.672° MeV -
£ | 1 el 10F -
- ] - :§ '. \ 95% CL R 20_:
é L\ 68% CL 1 RN - :
| R et I EP I i S <ol I A A
100 200 300 500 1000 2000 ’ L. (MeV) 0 05 1 15 2 25 3 35 4
m,,, (GeV) Nat. Phys. 18 (2022) 1329 ATLAS-CONF-2022-068 FH/FaM
 Explore large contribution of Higgs boson to - Both ATLAS and CMS have established

high mass gg—ZZ and VBF ZZ, can constrain evidence of Higgs boson off-shell production,

['H by comparing on-shell/off-shell and obtained competitive constraint on ['H

Could be interesting to have an ATLAS-CMS combination!
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https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-21-013/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-068/

CMS

Higgs boson mass measurement

2016: 35.9 fb™' (13 TeV)

Run 1 H—yy

2016 H—yy

2016 Combined

Run 1 + 2016

Run 1: 5.1 b (7 TeV) + 19.7 fb (8 TeV)

—— Total
Phys. Lett. B 805 (2020) 135425

Stat. Only

Run 1 H— ZZ— 4l

Run 1 Combined

2016 H— ZZ— 4l

—— m——]

——

——e——

@]

[ IR
[

o]

Total (Stat. Only)
124.70 = 0.34 ( = 0.31) GeV

125.59 + 0.46 ( = 0.42) GeV
125.07 + 0.28 ( + 0.26) GeV
125.78 + 0.26 ( = 0.18) GeV
125.26 + 0.21 ( + 0.19) GeV
125.46 + 0.16 ( = 0.13) GeV

125.38 = 0.14 ( = 0.11) GeV

122 123

124

125

126

127 128 129
my, (GeV)

—e— TJotal

12451+ 0.73 (= 0.73 Stat.)

ATLAS arXiv:2207.00320
H— Z7* — 4]

Vs=13TeV, 139 fb™

4e ==

2u2e ted
2e2u

4u
Combined —o—

| 125.33 = 0.50 (+ 0.49 Stat.)

125.01+ 0.29 (+ 0.29 Stat.)

124.93 + 0.29 (+ 0.28 Stat.)

Stat. Only
Sys. Only

124.99 = 0.19 (x 0.18 Stat.

N

124

125

12

» Free parameter of SM. Measurement mainly an experimental effort in 4] and yy

- 4] channel still driven by limited stats, while yy channel start to be limited by syst.

Hongtao Yang (USTC)

Not a limiting factor for most Higgs boson property studies
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https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-19-004/index.html

Conclusions

- Study Higgs boson at LHC isnoteasy! ATLAS e OMS
Total an
- Only of Higgs bosons produced at LHC —— Statistical HL-LHC Projection
—— EXxperimental
are accessible in analyses — Theory Uncertainty [%]
e Tot Stat Exp Th
+ Still, with Run 1+2 data, we managed to achieve ' 808 e
o Kw = Projection for HL-LHC 1.7 08 0.7 13
- O(10%) precision for rate measurements K, = arXiv:1902.00134
- 0.1% precision of Higgs boson mass Kg = 25 09 08 2.
- 0(50%) precision on total width from off-shell | 2409 118
Ky == 3.7 13 1.3 32
- Constraint of CP violation in Higgs sector, EFT... g —
T — 1.9 09 08 1.5
* Run 3 is perfect time for further improving Ky B 43 38 10 1.7
precision & trying out new ideas! kyrn—— 9.8 72 17 64
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14
- x20 larger Higgs boson sample at HL-LHC! Expected relative uncertainty
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Inputs for ATLAS Nature combination

Decay mode Targeted production processes L [fb™!] Ref. Fits deployed in
H — vy goF, VBF, WH, ZH,ttH,tH 139 [31] All
H— ZZ goF, VBF, WH + ZH,ttH +tH 139 [28] All
ttH + tH (multilepton)  36.1 [39] All but fit of kinematics
H— WW goF, VBF 139 29] All
WH,ZH  36.1 (30] All but fit of kinematics
ttH + tH (multilepton)  36.1 30 All but fit of kinematics
H— Zvy inclusive 139 [32] All but fit of kinematics
H — bb WH,ZH 139 [33,34] All
VBF 126 35] All
ttH+tH 139 36] All
inclusive 139 (37 ] Only for fit of kinematics
H— 711 goF, VBF, WH + ZH,ttH +tH 139 [38] All
ttH + tH (multilepton)  36.1 [39] All but fit of kinematics
H — upu goF +ttH+tH,VBF+ WH+ ZH 139 [40]  All but fit of kinematics
H — cc WH+Z7ZH 139 [41] Only for free-floating k.
H — 1nvisible VBF 139 [42] k models with By & Bjny.
ZH 139 [43] k models with By & Bijny.




Higgs boson productions ATLAS vs. CMS

CMS 138 fb' (13 TeV)

| | | | | | | | | | | | | | | | | | | | | | | |
ATLAS |—e—] Total Stat. =@ Syst. | SM ® Observed =1 SD (stat)
\s=13TeV, 36.1 - 139 fp" = .1 SD (stat @ syst) +1 SD (syst)
m,, =125.09 GeV, |y | <2.5 .2 5Ds (stat ® sy}
p_ =65% - ._
oM Total  Stat. Syst. l . Stat SZ‘Z’:
| +0.06 MggH 'E_ 0.97 07 =004 56
ggF+bbH == 1.03 +007 ( £004, 4o5) B '
+0.13 +0.11 5
VBF —eo— 110 “55 (£008, ~4o9) W or _.E._ 0.80:012 00 o
WH | ‘: = 116 0o (+017, ‘oi) B §
“‘ : 1.44+O.26 +0.21 +0.16
WH ! E -0. -0.
ZH F—— 0.96 % (:o1s, 21%) ; o o
ttH H ® — 0.74 <024 (017, Toil) 5 —— +0.22 +0.09
| | | | | | | | | | | | | | | | | | | | | | O.1|6 MZH ! 1'29—0-25 020 014
0.5 1 1.5 2 2.5 l
1 — 1 ' ‘. ' T T ' T T T T T T ] B |
+0.20 +0.13
tH | : ® : | 6.6 igg ( fgf’ : fgf ) MttH E: 0.94 )59 =015 45
1 I 1 1 1 1 I 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I — I
-5 0 5 10 15 20 .
Cross-section normalized to SM value o —>(6.0520 o T
11 1 1 | 11 1 1 i 11 1 1 | 11 1 1 | L1 1 1 | ]

0 05 1 15 2 25 3 35 4 45
Parameter value
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Higgs boson decays ATLAS vs. CMS

~ T T T ] C 1 —
OF _ H — bb _ = O E + =
: e g |4 O - - ATLAS Run 2 -
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: - B — -
0.5 — S — —
: N 42 L _
20 H— ZZ H— 1t = m 1 O § §
- . : T _
15F -1.05 -1.05 = — 2% ]
1_0;___+ _________ T— ,|+ _________ oo - _$ Data (Total uncertainty) —=— -
=- : ‘ ' - -3 | . _
0.5¢ oss | 10 = Syst. uncertainty =
- ® 7] — —
o ~ ¥ SM prediction T =
—05 - =] — —
I I I I I l 2 I I I I I —
2.05— H— WW H— uu ‘ N 12+ gé - ; — 3
1.5 - _—1.05 E '®) - = - //4 2/ —
I §o * - I ————————————————————————— + -------- - o 1__% 2 % 22 — 2
05 + 1 T o8-+ B p
0.0 - - o - | | | | | T
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-0.5F —

| —— 7" — — Decay mode
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Prodxdecay ATLAS vs. CMS

EXPERIMENT l/Z

CMS 138 b (13 TeV)

i ] Syst taint 1] ict
A TLAS Run 2 e Data (Total uncertainty) |4 Syst. uncertainty SM prediction f :
s 0 : 10 Mi —e— Observed =1 SD | Mi combined +1 SD
I I I I I I I I I I I I I I I I I I I I 1 I I | I I I | I I I I | I | I I | I I I
| 1.08 701 ' 1.00 %05 | 143707 i 119707 1| 138705
.@_' -~ -0.11 Lo 032 —— T 047 —ro—— 7 062 g —" -0.29
tH r77) 'I —I 1 l ll_ I l w’=1.13 J_rZ(‘)YQ ' ! ! ! :
0y I I@ I‘% 4 1 I I : : : : :
77 1 0.93 %011 ' 032703 ' 0.00""% | 12,24 725 ' 0.007%7
ttH . e 407 e [ — : “ e
W =097 iy : : : : :
I +0. | +0. | +0. 1 +0. 1
ggF-+bbH B ' n WW 4090 o 078 e | 24 ks | 176 g 1| 144032
uW = 0.97 + 0.09 ! ; : : :
I |£ I | | | | |
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CMS ttH multi-lepton CP 1D likelihood scan

CMS 138 b (13 TeV)
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