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General purpose detectors 3
CMS ATLAS

Total weight: 14000 tonnes Total weight: 7000 tonnes
Overall diameter: 15.0 m Overall diameter: 25 m
Overall length: 28.7 m Overall length: 46 m

Magnetic field: 3.8 Magnetic field: 2 T (3.5 in toroid)
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The schedule 4

e The whole LHC project plans multiple runs and spans over 30 years

e Now half of Run3 data taking 1s completed

e The analyses discussed today mostly use full Run2 data (up to ~150/ib)
and a few cases of Run3 data (~40/tb 1n 2022)

LHC HL-LHC
11
il
Run 1 | \ Run 2 ‘ ‘ Run 3 ‘ Run 4 - 5...
EYETS LS2 13.6Tev MAL 13.6 - 14 TeV
Diodes Consolidation
splice consolidation crvolimit LIU Installation -
7 TeV 8 TeV button collimators inr%/eraction _ inner triplet : ol LH(.:
—— R2E project regions Civil Eng. P1-P5 pilot beam radiation limit installation
) X Y
2023 | 2024 | 2025 | 2026 | 2027 | 2028 | 2029 ||l
5 to 7.5 x nominal Lumi ,
ATLAS - CMS -
experiment upgrade phase 1 ATLAS - CMS |/
beam pipes : : HL upgrade
nominal Lumi ktiioicconn i1 ALICE - LHCb ot

75% nominal Lumi

" e

l/-— upgrade
|

integrated JEAMU AL
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The data taking 5

/70 . . . . . . . | | | | . .
CMS = 2010, 7 TeV, 45.0 pb™’
_ eol — 2011,7 TeV, 6.1 fb~ _
— 2012, 8 TeV, 23.3 fb™

m— 2015,13 TeV, 4.3 fb™

2016, 13 Tev, 41.6 o Close to 70/fb :

== 2017,13 TeV,49.8b™" 1n one year
m— 2022, 13.6 TeV, 42.0 fb™
2023, 13.6 TeV, 31.4 fb™ .

Runl Rumn?2
O__1><.52/. . . 1 , l l . . . .
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Expect to accumulate ~100/1b 1n 2024 and 2025 each
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CMS

13.6 TeV): <u> =52
13.6 TeV): <u> =46
13 TeV): <u> =37
13 TeV): <u> =38
13 TeV): <u> =27

. )

3TeV). <uy>=14

2012 (8 TeV): <u> = 21
2011 (7 TeV): <u>=10

ol (13.6 TeV) = 80.0 mb

(
(
(
2018 w0l
(
(
(

Qp

)

Gﬁ,p(1 3 TeV)=80.0mb
)
)

Mean number of interactions per crossing
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The measurements

Overview of CMS cross section results
CMS preliminary

18 pb~! - 138 fb~* (7,8,13,13.6 TeV)

w 7 TeV JHEP 10 (2011) 132 s olW) =95e+07 fo 36 pb~t
w 8 Tev PRL 112 (2014) 191802 f oW)=11le+08 b 18 pb~?
W 13TeV  SMP-15-004 ¥ olW)=18e+08 fo 43 pb~!
z 7 Tev JHEP 10 (2011) 132 s 0(Z) = 2.9e+07 fb 36 pb~!
Z 8 Tev PRL 112 (2014) 191802 4 0(Z)=34e+07 b 18 pb-1!
t I l e I H‘ z 13TeV  SMP-15-011 P 0lZ)=56e+07 10 2 fo!
/ Wy 7 TeV PRD 89 (2014) 092005 - o(Wy) = 3.4e405 fo 5fb!
Wy 13 TeV PRL 126 252002 {2021) - olWy) = 1.4e+05 b 137 fb~!
zy 7 Tev PRD 89 {2014) 092005 ®» 0(Zy) = 1.6e+05 fb 5 fb-!
2y 8 Tev JHEP 04 (2015) 164 ® olZy) = 1.9e+05fb 20 fo~!
Ww 7 Tev EPJC 73 (2013) 2610 ° ' o(WW) = 5.2e+04 fb 5 fb~!
° WwW 8 TeV EPJC 76 (2016) 401 D b W olWW) =6e+04 b 19 fb~!
ww 13 TeV PRD 102 092001 {2020) 1 O S O I l ®  o{WW)=12e+05fb 36 fb!
. I H‘ IS S l I C I l a wz 7 TeV EPJC 77 (2017) 236 ¢ 0lWZ)=2e+04 b 5f!
wz 8 TeV EPJC 77 (2017) 236 B c(WZ) = 24e+04 b 20 fb~!
wz 13TeV  JHEP 07 {2022) 032 B o(WZ)=51e+04 b 137 fo~!
2z 7 TeV JHEP 01 {2013) 063 s 0(2Z)=62e+03 1 5!
° 2z 8 Tev PLB 740 (2015) 250 # 0(Z2) - 77e403fb 20 fo~!
Ower u mac 1ne zz 13 TeV EPJC 81 (2021) 200 d 0lZZ) = 17e+04 o 137 fo !
p , VWV 13 TeV PRL 125 151802 {2020) ' alVWV) = 1e403 fb 137 fo-1
WWW 13TeV  PRL 125 151802 (2020) ' aWWW) = 5.9e4+02 fb 137 fb~!
wwz 13 TeV PRL 125 151802 (2020) ' c(WWZ) = 3e+02 fb 137 fo !
wzz 13 Tev PRL 125 151802 (2020) ° ! O{WZZ) = 2e+02 o 137 fb!
a I l are H 22z 13 TeV PRL 125 151802 (2020) ' 0{222) < 2e+02 fb 137 fo~!
8 WVy 8 Tev PRD 90 032008 (2014) rl O S 0 I l — olWVy) < 3.1e+02 fb 19 fo~!
: WWy 13TeV  SMP-22-006 o(WWy) =6 fb 138 fb~!
*~ Wyy a8 Tev JHEP 10 {2017) 072 — oWyy) =491 19 fb~!
i Wyy 13 TeVv JHEP 10 {2021) 174 v olWyy) =14 fb 19 fbo~!
Zyy 8 Tev JHEP 10 ({2017) 072 = o(Zyy) = 13fb 19 fo~!
f— Zvy 13TeV  JHEP 10 (2021) 174 & olZyy=54m 19 fo~!
VBF W 8 Tev JHEP 11 (2016) 147 mills o(VBF W) = 4.2e4+02 fb 19 fb~!
° VEF W 13TeV  EPJC 80 (2020) 43 W*  G(VBF W) = 62403 fb 36 fo~!
VBF Z 7 TeV JHEP 10 {2013) 101 - o(VBF Z) = 1.5e+02 fb 5fb!
dete Ctors s&’ 1t I l VBF Z 8 Tev EPJC 75 (2015) 66 mils o(VBFZ)=17e+021b 20 fo?
VEF Z 13 Tev EPJC 78 (2018) 589 W olVBF Z) = 5.3e402 fb 36 fb~!
EW WV 13 TeV PLB 834 (2022) 137438 s GlEW WV) = 1.9e+03 fo 138 fo~!
o o ex. yy—WwWa TeV JHEP 08 (2016) 119 S clex. yy-WW) =221 20 fb~1
EWqqWy 8 TeV JHEP 06 (2017) 106 wamlE  Cc(EW qaWy) = 11 fb 20 fo-!
EWqqWy 13Tev  Accepted by PRD llés  o(EW qawy) = 24 fb 138 fbo™!
EWosWW 13TeV  Submitted to PLB Wl olEW os WW) = 10 fb 138 fo!
EW ss WW 8 TeV PRL 114 051801 {2015) WS- o(FWssWW) =41 19 fb~!
EW ssWW 13 TeV PRL 120 081801 (2018) ) OEWSSWW)=4fb 137 fb~!
EWqqZy 8TeV PLB 770 (2017) 380 mEE  clEWgqZy) =19 20 fo~?
EWqqZy 13 TeV PRD 104 072001 {2021) wlll  olEWqGZy) = 52 fb 137 fo!
EWqQWZ 13TeV  PLB 809 (2020) 135710 wl  C(EWqqWZ) =181 137 fb!
EWQqQZZ 13TeV  PLB 812 (2020) 135992 = oiewqqzz)=033fb 137 fo!
tt 7 TeV JHEP 08 {2016} 029 & oftt) = 17e+05fb 5fo!
tt 8 TeV JHEP 08 {2016) 029 & oltt) = 2.4e+05 M 20 fb1
. e me as re t 13 TeV PRD 104 (2021) 092013 » oltt) = 7.9e+05 fb 137 fb~!
u tt 13.6TeV  Submitted to JHEP b oitt) = 8.8e+05f0 1fo?
tech 7 TeV JHEP 12 (2012} 035 & o) =6T7e+04 b 2 fb!
G-ch 8 Tev JHEP 06 {2014) 090 ik olt_) =Bde+0am 5 fb-!
te-ch 13 TeV PLB 72 (2017) 752 Ml ot o) =23e+05f 2ol
n tw 7 Tev PRL 110 (2013) 022003 - oltW) = 1.6e+04 fo 5fb~!
ra e S O \/ er tw 8 Tev PRL 112 (2014) 231802 Bl oitw) =23e+04 o 20 fb~!
tw 13TeV  JHEP 10(2018) 117 = o(tw)=63e+04 1 36 fb~!
temch 8 Tev JHEP 09 (2016) 027 = millhE ot_)=13e+04fb 20 fo~!
° tty 8 Tev JHEP 10 (2017) 006 BE-  oitty) = 352403 fb 20 fo~!
tty 13TeV  JHEP 05 (2022) 091 O - Oltty) = 12¢+03 (b 138 fb~!
0 rderS 0 m a n l tu de tZgq 8 Tev JHEP 07 {2017) 003 A oitZg) =2.9e+021b 20 fo~!
tZq 13 Tev JHEP 02 (2022) 107 B oitzg) =87e+02fb 138 fb~!
1z 7 TeV PRL 110 (2013) 172002 = olttZ) = 2.8e402 fb 5 fo~!
uz 8 Tev JHEP 01 (2016) 096 &l otZ)=24c+02 20 fb~!
nz 13TeV  JHEP 03 (2020) 056 =i} olttZ) = 9.5e+02 fo 78 fb~1
ty 137ev  PRL121 221802 (2018) s ofty) = L1e+03 o 36 fb!
Hw 8 Tev JHEP 01 {2016) 096 = P ottw) = 3.8e+02fb 20 fo~!
tw 13TeV  Submitted to JHEP — ) olttW) = 8.7e+02 b 138 fbo~!
twz 13TeV  TOP-22-008 - milln  o(twz) = 3.7e+02 fb 138 fb~!
ttt 127eV  Submitted to PLB = oititt) = 18 fb 138 fb~!
. I I l e S ta I I dard MO de qaH 7 Tev FPIC 75 (2015) 212 - olggH) = 1.6e+04 fo 5fb1
gaH 8 TeV EPJC 75 (2015) 212 BE= oilggH) = 1.5e+04 fb 20 fb?!
ggH 13 TeV Nature 607 60-68 (2022) ® olggH) = 4.7e+04 fb 139 fo~!
° VBFqgH 7 TeV EPJC 75 (2015) 212 . o(VBF qqH) = 2.2e+03 fb 5fot
VBF qqH 8 TeV EPJC 75 (2015) 212 BE  oivBF qgH) = 1.6e+03 fb 20 fb~!
Sur 1 ‘ 7 e S S O ‘ ‘ ’ ell S O VBFqqH 13TeV  Nature 607 60-68 (2022) o @B+ O(VBF qgH) = 3e+03 fo 138 fb-1
FV VH 8 Tev EPJC 75 (2015) 212 BRI oivH) = 11e403fb 20 fo~!
WH 13 TeV Nature 607 60-68 (2022) Hl S « @ olWH) = 2e+03fb 138 fb~!
ZH 13 Tev Nature 607 60-68 (2022) «} c(ZH)=1.1e+03 M 138 fb~!
ttH 8 Tev EPJC 75 (2015) 212 - B  oittH) = 4.2e+02 fb 20 fo-!
ttH 13 TeV Nature 607 60-68 (2022) B o(ttH) = 4.8e+02 fb o o 138 fb~!
tH 12TeV  Nature 607 60-68 (2022) . e oitH) =5.4e+021b ATLA S re Sults are Slmllar tO the S e 138 fb~!
HH 13 Tev Nature 607 60-68 (2022) olHH) < 1.1e+02 fb 138 fb~!
L 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

Light colored bars: 7 TeV, Medium: 8 TeV, Dark: 13 TeV, Darkest: 13.6 TeV, Black bars: theory prediction

o [fb] September 2022

See here for all cross section summary plots
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The Higgs boson 8

e The Higgs boson 1s at the center of the Standard
Model and can also serve as a bridge to Beyond-
the-Standard-Model physics

e Stability of the universe, “portal” to dark
matter, CP violation etc.

e |t has been a decade after the discovery, and the
profile of the Higgs boson becomes more clearer
but still not clear enough!

e This talk will cover the latest Higgs measurements
by CMS on this non-exhaustive list

e Mass and width
e Cross-section and couplings

e Rare and exotic decays
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Higgs productions in SM 9

Higgs boson production modes Higgs boson decay channels
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CMS-PAS-HIG-21-019

Higgs mass: single channel 50510

Phys. Lett. B 843 (2023) 137880

e The mass 1s a fundamental parameter and CMS Fsirinay 138 1b° (13 TeV)
determines many properties (XS, BR etc.) = 0~ ag" 138 fb™' (13 TeV)
- — Signal+bkg
e Measurements largely rely on HZZ4l and &, ¢ Data
Signal ~ 258 |events H(125)

Hyy thanks to their complete

. : —Z7", ZY*

reconstruction of the final state and their 7\\4’#,& M -ggﬁzz* ZZ*
. = 1L ’

excellent mass resolution (1-2%) 10; Ty B Z+X

o Latest CMS HZZAl results using full Run2 "~ " " mj@ey) + """

Events /1 GeV
N
(@)

e 2D fit on my; and

bkg

Pr—at + Peg—4¢ (P is calculated
from matrix elements)

e Most precise measurement via single > t ? : i t ;
' T WL W L AL T, + 4.4
channel! d Fheo! T
my = 125.04 £0.12 (0.11, + 0.05,,,) GeV st s :
% 80 90 100 110 120 130 140 150 160 170

CMS stat. uncertainty ~ ATLAS / 1.6 thanks to higher solenoid magnetic field My, (GeV) 20 September 2023
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Runl ATLAS+CMS:

Peking University

Higgs mass: all channels
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11

My = 125.09 + 024 GeV ATLAS e Total Stat. Syst. | Combination
Ph S RGV Lett 1 14 (2015) 19 1 803 Run1: /s=7-8TeV,25fb~!, Run2: \/s =13 TeV, 140 fb~!
y ' ' ' Total Stat. Syst.
Run1 H — vy I ® |  126.02 + 0.51 (+ 0.43 + 0.27) GeV
Now CMS: Run1H —4¢ | o I 124.51 + 0.52 (+ 0.52 + 0.04) GeV
myy = 125.04 £ 0.12 GeV qun2 1 > 77 Ho-i 126,17 2.0.14 (2 011/ 009 geV
HZZA4[ with Run2 (Hyy with Run2 yet to come) Run2 H — 4/ —— 124.99 + 0.19 (+ 0.18\+ 0.04) GeV
Run 1+2 H — vy e 125.22 + 0.14 (+ 0.11 + 0.09) GeV
Now ATLAS: Run 142 H — 4/ o 124.94 + 0.18 (+ 0.1Z.£.0.03) GeV
My = 12511 £ 0.11 GeV Run 1 Combined Fr—=e 125.38 + 0.41 (£ 0.37 +£ 0.18\GeV
Hyy & HZZ4[ with Run1+Run2 in 2023 Run 2 Combined 125.10 + 0.11 [+ 0.09 + 0.07) GeV
Run 1+2 Combined 125.11 + 0.11 (70.09 + 0.06) GeV
Systematic uncertainty | | | | |
SOUI'CC on my (MCV) I I I I | I I I | I I I | I I I I I
/ 123 124 125 127 128
e/y Er-independent Z — ee calibration 44
e/y Er-dependent electron energy scale 28 my [GeV]
H — yy interference bias 17
e/y photon lateral shower shape 16
e/y photon conversion reconstruction 15 . . . .
¢/ energy resolution 11 Dominant uncertainty comes from e/y calibration
H — yy background modelling 10
Muon momentum scale 8
All other systematic uncertainties 7

~0.1 % precision per experiment so far
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Higgs width

Peking University
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CMS-PAS-HIG-21-019 1 2

e Not quite possible to directly measure the width that 1s ~4.07 MeV, given the experimental
resolution at ~O(1) GeV, but can exploit the on-shell and off-shell production using HZZ41

e Observed non-zero off-shell signal at 3.6c (CMYS), 3.36(ATLAS)

gégHgIZ-IZZ

mul'y

n-shell
Vgg—>H—>ZZ* ~

Ségﬂgz HZZ

O,Off-shell
(Zm 7 ) 2

gg—H*—Z7 ™

'y _ Hoff—shell
SM
FH Hon—shell

—1.7

CMST = 3.2%24 MeV
Nat. Phys. 18 (2022) 1329

—2.5

ATLAST = 4.5%33 MeV
Phys. Lett. B 846 (2023) 138223

~<"75% precision

CMS Simulation 13 TeV
182: gg—212v (1=, ) :
oL —— SM H signal (|HP) E
< qof —— SMcontin. (ICPH 3
S 1 — SMtotal (H+CP)
g 10" | Tt ‘H‘Z C‘Z . -
& g2 ., ontiguum
o 10 ﬁ%‘_l;
105 = 4
10°F =
10—755 - Total_g
100 200 300 500 1000 2000
My, (GEV)

off-shell

CMS

<138 fb' (13 TeV)
‘IIII|IIII|IIII

2AInL=2.30-
st fit ]

0 05 1 15 2 25 3
off-shell
ar

0O 2 4 6 8 10 12 14 16 18
-2AInL

Loosely constrained by direct measurements using m,, or m;, at CMS : I' <330 MeV @ 95% CL



https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-21-013/index.html
https://authors.elsevier.com/sd/article/S0370269323005579
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Higgs rate - combined prod+decay 13

e At the 10th anniversary of the
Higgs discovery, the “portrait”

CMS 138 b (13 TeV)

of the Higgs boson was 1 —— Observed +1SD | K, combined £1 SD
. ' ' 1012 ' ' 4035 ' ! | 1 40.54 ' ! 4 g 0.71 R PR

published from ATLAS and Lo 108 005 sl | et | RE
CMS 77 0.93 011 _._i 0.32 7% E | 0.007 i 12.24 2% Jo i 0.00 "7

e A full combination of Ww 090 51, o7 2ash Rk | 4402
available experimental | fosesos [} ose 5 i Lisose | Hlloasss

observables . . .
bb 53135 JUES 1| 0902 | 0902
: ° : : W =1.05°02 7 n -3 —e=
* Results include inclusive signal ' - : 1 (.

LU 0.33 570 1 1.5 575 : 09 336 o : 3-07;:2?
strength 2, and a tull breakdown a B ~
i ' 11 n th Zy 3.86 "1 44352

rom various couplings in the « e
framework (l) of5 1 1?5 ?i 2?5 (; ; zl 3l (l) ; ?i :; Alf (; ; ; :; :1 (I) 075 ; 175 zl 215 :;
ggH VBF WH ZH ttH-+tH
n,,=0.97+008 M, = 0.80 +0.12 n,,, = 1.49°05 w, =1.2970% m =113

e A good agreement with SM 1s -
observed at the current precision Nature 607 (2022) 52-59

The signal strength 1’s Nature 607 (2022) 60-68



https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-22-001/index.html
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BOOSted Higgs LHCHXSWG-2019-002 1 4

NNLOapproximate
: : P GeV] | S (p3) [fb] | ZUEES (pF™) [fb] | ZV° (09 [fb]|XEE° (05°) [fb]

® When pT INCreasces, ggF 1S not 400 33.3010:59% 14.237015% [ 11.167512% | 6.8971262%

450 18 0810.78% 8 06-|-0.24% 6 87-|-4.6% 4 24+12.84%

o o o ) —12.79% Y —-0.23% 21 -3.49% ) —13.15%

dominating any more, while other 500 10.171957%, A5 a s | o667

.54% 0.34% 4.44% 14.23%

d * d k 1 590 5'871—013%60% 2'901_0.36% 2'871_3.74:% 1'761_13.93%

production modes start to take larger 600 3.481035% 182704l% | grFoze% | 1 1ptize

.23% 0.49% 4.67% 12.6%

fractions 50 218 a0 LT sy | L0 gy | 0Ty

5 s ST et B it

0 oot ol Ry SRS

800 0.547315 549 0.35 7 69 0.44% /"5 0.227 15755

-1

. . . CMS Preliminary 13807 (13TeV) . 10! ey . 138fb (13 TeV)
e VBF Hbb boosted 1s studied, finding  z ., ... T eonn | o FCMS "5 Observed
h h b d d S T ] Combined fit O] - 7555457 99—H (POWHEG) + XH .
A A WA D) I - | SM expectation | =% 22 [y gg—H (NNLOPS) + XH i
that the observe (eXpeCte ) L 675<p, <500 Gev —VBF S 102 i-‘~7/i;, XH = VBF + VH + ttH (POWHEG) =
° ° (@) T - KA E
significances are 3.0 (0.9) standard -5, <srscor DD a S b E
o 8, gl H — 7t boosed -
deVlatIOIlS 550 < p_ < 600 GeV bOOSte o - -
! © - L
500 < p, < 550 GeV | — 10_4 ANANANNANANNANNNNANNANNANNN \i\\\\\\\\ NNNNNNNNNNNNNNNNNNN

L lllllll
L1 111t

450 < p, < 500 GeV | —

e Hz7 boosted analysis (inclusive -0 R R e —

) 4
productions) 1s also performed, resulting & ...[ S 2
in observed (expected) significance of & s O
. . = ” i '(*93 -2 - Y .
3.5 (2.2) standard deviations - L N R S R | 500 1000 o e
CMS-PAS-HIG-21-020 Aug 2023 " arXiv:2403.20201 March 2024 Py (GeV)

—
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Diffterential XS 15

CMS 137fb~" (13 TeV
® Largely from HZZ4Z and Hyy 102; i “5 S MAD(ISRAPHS_aMC@NLO, NNLOPS(ggH+:()

_ 4 #+% MADGRAPH5 aMC@NLO ggH + HX
° . . . : H : S :IC))(WHII\EAG ggH+HX S
e Provide a variety of unfolded kinematics Ay | X MG N0 VBE Wi

with minimal model dependence NJGtS—O

p-value(nominal SM): 0.135
e High pT for BSM sensitivity; Njet for
production decomposition and radiations:

(fh/GeV)
I&j
—t
H—"
ora(p1>60.0 GeV)

Y

T

+

t
M fid T\ 0 GeV

I
i
oha(py >170.0CeV)

Njets=1
7 :, | NJ ets>=2

70.0 GeV

51fb (7 TeV), 19.7 fo' (8 TeV), 138 fb" (13 TeV)

AUﬁd/ Ap A LC
=

3 _I IIIIIIIIIII IlllllllIIIIIIIIIIIIIIIIIIIIIIIIIII_ —”—6‘5— - ’:
£ 6 cms - | It i I - ;z#
-E - ¥ LHC Run 1 data (stat @ syst) 7 S f h (0-2- t%iﬂ 2 §
o 5 N ¢ LHC Run 2 data (stat ® syst) ] O aI', t e . ! | ' VS
B Systematlc uncertainty ] ‘ - — _,,,_%' é:_:
4 X : Standard model (minloHJ, m, = 125.00 GeV) ] measured I_%
[ e Standard model (NNLOPS, m_ = 125.38 GeV) i dl ffer enti al / 10-3- ] __ 1
3 ‘.’-EEEEE‘ - . | . . , | | | , ] . , . .
: =% 1] [|fiducial XS
2 1] |are in good 25, = - -
- g : & e2 T 4y = | | | A = o
- et e = D: = e
1= “ggsé?’*’ * - agre ement * 0 i e | t— |
: pp =~ (H —4)+X - Wlth the SM 0 0 40 60 0 50 100 150 200 O 100 200 300 400
OT_IIIIIIII|IIIIIIIII|IIII|IIIIIIIII|IIIIIIIII III—T })N(Ge\,”) p”((}e\f) Z)N((;e\r)
6 7 8 9 10 11 12 13 14

's (TeV) Hyy JHEP 07 (2023) 091; HZZ41 JHEP 08 (2023) 040
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Nature 607 (2022) 52-39

COupliﬂgS Nature 607 (2022 60-68 1O

e The couplings measurements range over 3 orders of magnitude

e Couplings 1n the x framework can be measured with a

recision as good as < 10% ~| = e
0 (" B
P S k-framework . Lo
s AR AN ] — oMmeasure ; ,SM ki
3 [ ATLAS Run2 K= 0x /9% -
& = = W/Z b, Ky - -l-a Leptons Quarks
% - $ k. =k, - | Ve | Vu | u c
© 1 K, is afree parameter B :
w|> -1 — Kp - - e - _. d
g2 10 = SM prediction E He=—eedg |1 7| B e S n
M‘* — _ B . Force carriers Higgs boson
102 L —; H b || " e "
: ARG : B o(pp ~ VH) - BR(H - bb) || »
sl e T - B _ 2 2 B
1035)/ - 1R - =R Ky z - ki X(0sm * BRgy) ). ol e B =B, =0
E Force ci'ers. Higgs boson E Tatsuya Masubuchi ’ B e - -k - Bmv_free, B, 20,k,<1
1074 & c ‘Awa £ | W H — 0 — e ——— SM prediction
e — ol s * K K ’ K ’ K ~6-8 /0 “ = - Parameter value not allowed
N 14_[ | ] T T T T T TTIT] ] WIZ’ Y g T -
¥ -
e - B o Kz N —— A —— ’
oW ef = * K¢ Kb~10/0 | N R R
9 .k o ; i {{ 1 - ? 0.8 1.0 1.2 1.4 1.6
B = i ] 0 B |-—— - - — - — =
B + { i PY K ~20 inv.
0'8—_1||||" | Lo Vil ool 1 Lol |— l'l /o B
107 1 10 10° = e a
° | . Ko ~40%
Particle mass [GeV] Zy 0 0.05 0.10 0.15 0.20



https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-22-001/index.html
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Couplings: lighter fermions

e Reaching out to the first and second generation fermions

First generation

0.2

95% CL limit on B(H — e"‘e_) (o/o)

0.1

0.0

CMS
0.5 ——

0.4 [

0.3 L

138 fb'! (13 TeV)
| ]

my = 125.38 GeV
Bops(H — ete™) : 3.0 x 10
Bexp(H — eTe™) : 3.0 x 10

L H — ee

Bl 68% expected
95% expected

-— Median expected
-~ Observed

CMS
B 68% expected
----- 95% expected
Combined
-4  Expected 7.60
. Observed 14.4
Merged-jet
Expected 8.75

|  Observed 16.9

| Resolved-jet

7 Expected 19.0

4 1L
- Expected 11.5
- Observed 19.1

1 2L

A
\,\f\'agg N \A@Q@ \(\@96
QP QP R QR

Analzsis catec_]ory

BR(H = ee) < 3.0x 107*(3.0 x 107
at 95% CL. Phys. Lett. B 846 (2023) 137783

ATLAS similar results in Phys. Lett. B 801 (2020) 135148
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Second generation
138 fb~ (13 TeV) PR ALY

T T T 1 I T LI T I LI} T T I T LI} T I T T T T I T T T I LI LI
—o— Observed ~ ----- Median expected

Observed 13.9

oL
Expected 12.6
Observed 18.3

Expected 14.3
Observed 20.4

0 9 10 15 20 25 30 35 40

95% CL limit on uVH(H

— ¢C)

1.1 <|k.| <55 (|x.| <3.4)

at 95% CL. PRL 131 (2023) 041801
PRL 131 (2023) 061801
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COuplings: lighter fermions Phys. Rev. Lett. 132 (2024) 121901 18

e A rare production of pp — yH is probed with
H — WW in the triple boson analysis of WWy

e Particularly sensitive to u,d,c,s couplings

e Competitive constraints on u,d to date

Process

o upper limits obs. (exp.) [fb]

Ky limits obs. (exp.) at 95% CL

al
O

limits obs. (exp.) at 95% CL

uu - H+v9 = epv v,y
dd - H+vy —euv v,y
ss > H+v = euv v,y
cc>H+y —=>euv,v,y

85 (67)
72 (58)
68 (49)
87 (67)

< 16000 (13000)
< 17000 (14000)
< 1700 (1300)

< 200 (110)

Al
c

<75 (6.1)

< 16.6 (14.7)
< 32.8 (25.2)
< 45.4 (25.0)

Q.

Al Al Al
w»n

@

rescales k¢ into units of ng evaluated at u = 125 GeV

_ mys(p =125 GeV)K
I = mp(p = 125 GeV) 7
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Couplings: W/Z: sign of Ay, cwsmsmeaw19

e Previously ATLAS & CMS have both measured | Ay, | = 1 (4, = Ky /k,) with a precision
of ~6%, but the sign was not determined

e VBF WH is probed with merged jets (H — bb), excluding -1 with a significance of 5o

20 CMS Preliminary 138 fb=! (13 TeV)
N . Y 4

1.5
i >

1.0

o B 0.5

U -
I > \-\ 0.0
\ U

-0.5

oy ; S - 2

-~~
e
—
T—m

2 2, = 712 t - : -
O X K .% ‘l" K J” i 2 K- K m .% .% - - CMS limit
bl < I Zl Wl WI "W [ Z W] ' . EE <99.99% CL (50) obs.

— 2 2 21 w7 12 2 ] ) /
= Ky | M 7" + Ky | My | —2sz[-/%;‘/%w] *%0 15 40 05 00 05 10 15 20
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. o : . Nature 607 (2022) 60-68
Couplings: self-interaction — "&siiieiiie20
e Self-coupling gives a deep insight of the Higgs potential
e Can be probed with double Higgs (HH) directly (LO) and single Higgs indirectly (NLO EW)

e With low xsec, HH 1s only possible with multiple channels combined

e CMS combines 4b, bbyy, bbrt, bbZZ and multilepton

CMS 138 b (13 TeV) s CMS Preliminary 138fb" (13 TeV) _ 10° QM,S]WO(kI Ll2IC [ — Samanas 138 fb ,(1,3,T,eV)
e i I | I 1 I | I 1 I | I I I I 1 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 : ~
~ L K =Ky =k, =1 — Observed ~ ----- Median expected - § - Observed HH _|_H — single-H comb., 5. 8 ! 3 EF _ l _ — bbbb highm_, ggF, 1.00", }* _ms hh_multilepton, (())o 997 :
= ~—— Theory prediction [E%%8 68% expected P | K=Ky =Ky =1 +3.9 1 < s VY bb bb highm,, VBF, 1.00, . b bWW, 1.00 ;. _
8 yP P < S A 2v — HH comb., 1. 0 1 o 107 E +9.11 3
=t 95% expected N 5 -1.5 S F bbbb_resolved, 1.00°, bbbb_vhh , 1.01 3
T i single-H and HH comb., 3.17%% ] C bb vy, 1007 Standard Model
L 10° E . . 9 5 (y - 20 10? E — bb tr, 1.00"] 7 -
! 1mits @ 95% | 1
Q. 4+ ).
£ - |
D - -
C B °
o a
S . ggF\ HH 1s weak atk, =5 -
S . |
- :
O 102¢ -
5 2 ]
m — —
Excluded Excluded | 1 B (1o) ]
10 = TR N R TR T N T N l\l e oo o b o oy oy l\l T S I 0 i A | | | | N7 L L L L f . | | " i | )
-6 -4 -2 0 2 4 6 8 10 15

’5 .0 5 10
K, 0 1s not excluded vet K, CMS-PAS-HIG-22-006

Phys.Rev.D 95 (2017) 7, 073006
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C Ollp llIl g S : VVHH Phys. Rev. Lett. 131 (2023) 041803 21

e VVHH 1s probed with VBF HH at CMS using advanced GNN large-R jet tagger
e VVHH k,, = 0 is excluded with more than 5¢

138 fb' (13 TeV 138 1b™ (13 TeV)

2.5 10* c 10— 1 | 3
(\:I f CMS + Data - QCD -
< 2 el e + =0 [ s )

10° O o | Bkgd.unc.
2 : _
102 LP : MP ©HP -
10° ; ' : :
10 & : _
1 O (R — s
1 - )
—
1 107
| 5 T T
10 o 2.0
= 10 5 150
= o 1.0
- S 05
— 107 0.0
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H — Zy COmblned eVldence Phys. Rev. Lett. 132, 0218030 )
= Observed (epected)

Peking University

e H — Zy with loop where new physics can hide

ATLAS 2.20 (1.20)
. CMS 2.60 (1.10)
e New ATLAS and CMS results are combined for 3.40 -
Combination 3.40 (1.60)
20_ i i i i | ! . ! . | . . . . | . ' . . | ' . ' . :l I | | | | I | | | | I | | | | I | | | | I | | | | I | | I | I l:
18:_ ATLAS and CMS - ATLAS and CMS -
= LHC Run 2 — ATLAS + CMS D 60:_ LHC Run 2 ¢ Data E
16 CMS 9 of [n(1+S/B) weightec —— Signal + background ]
B  ATLAS = ---- Background .
14~ 34 o L _
i 10 > — =
12 = “OF :
< = T -
8H 2.60 = QOEH -
_ ; E
2 of an
m i
| -
< O
S Or
o -
_2* I | | | | I | | | | I | | | | I | | | | I | | | | I | | | | I*
115 120 125 130 135 140 145
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H — invisible 23

e Direct searches with MET 95% CL limit for H— inv
4.9 fo™ (7 TeV), 19.7 fb™ (8 TeV), 140 fb” (13 TeV) ATLAS: 10.7% (7.7% exp.)
f - | | | | _ . 0 0
% . CMS 95% CL upper limits - CMS: 15% (8% exp.)
b "~ —
< |p T Obsened Eur. Phys. J. C 83 (2023) 933
2 0.8 - ©- Median expected — & AL T
2 0.8]- . B, .. <0.093
© - - 68% expected - ,E, :\ ATLAS E " ﬁ m_v )
I o7F ] — 37 ~ 41 Alllimits at 90% CL
— - 95% expected - 8 10 — N | Vs= 7TeV, 47fb —
= 06F 0.26 (0.30) 049 (0321 E i ~ (s= 8TeV, 20.3fb™ | Higgs Portal WIMP:
T . - T g | (s=13TeV, 139" ---- Scalar
% 0-5: ° : % 10_41 ;: _______ \\ :: Majorana
045 5 © :: ................................. :: VectorEFT
E 0.21 (0.18) 10% F T P BT VeCtor y osel o202
0.3¢ et FOIEIILA _
- -7 M, =65GeV ." e -] Other experiments:
n 0.18 (0.10 - 49 [ s T T _ .
0.2 -0.15 (0.08) .( ) ] 10 i ot e momdeusscaterng] T Xenon1T-Mig
y: ] . - 1 — - DarkSide-50
| - 10-53 k- ‘/,""‘mg=.100 Gev = PandaX-4T
0 | _ F"SGHSIUVG 1n IOIW mass B BT LUX-ZEPLIN
g E g 3 533 107 B 1 - 10 B ”“‘11102 - 10°
A - .
; > > Physics Letters B 842 (2023) 137963~ Muwe [GeV]
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Higgs decays with lepton-flavor violation 24
e CMS searches for // — eu for SM H and scans the mass from 110 to 160 GeV for BSM H

e ATLAS searches for H — et, ut decays

O
w

CMS Pre/lm/nary 138 fo' (13 TeV)

5O :
i 95% CL
CMS Preliminar 138 fo'' (13 TeV > 6007 T T . | S 005 | ATLAS . 68% OL
—'—'—'—y—'—'—'—y—'—#y—'—'—'—y—'—'—'—y—'—'—'—yi"—'—'—t—l > w U.20 1 (s=13TeV, 138fb X Bestfit
ggHcat0 l ~ - ¢ Data ’ 3 : !
0.52 (0.81) x 10°* o 500 — — S.B fit — T 0o b x SM E
o B 95% CL limits = g - B component - T -
ggHca . T - = : :
0.84 (0.80) x 10 I Observed o 400* Bl +io __ 0.15 | 7
- - Expected + 1o = 8 i 196 7 | ]
ggHcat2 X  Expected + 2c = . N :_ _:
1.40 (1.30) x 10 . _Eﬂ 300: 0'1: i
B . © - )
ggHcat3 _ ; i 200 0.05 |- =
10.34 (6.97) x 10 L‘Sl_ - - ]
B o 2 - ** 0F " ’
VBFcat0 - 100F _ - -
2.08 (1.72) x 10 W - : : -
_— p— O—] | | | | | | | | I | | | | | | | | | | | | | | | | | : | | | | | |— _0 05 | I | I 1 1 | I 1 1 | I 1 1 | l 1 1 1 I | I I | I | I I | I 1 1 l—
VBFcat1 01 005 O 005 01 015 02 025 0.3
3.96 (3.25) x 10* e e L B e s s o e S e s -
. 28 B component subtracted —= B(H —et)in %
Combined |8 Phys. Rev. D 108 (2023) 072004 10 { 1 E
’ ’ 20 . .
0 2 4 6 8 10 12 14 28 ngname - : SN + Simultaneous fit with 2 POls
0 imi 4 a0 ¢ 0 0
95% CL limit on B(H(125)— eu) [x 1077] 0 N B 3 B B BR(H_)GT) < O 20/0 (O 12 A) eXp)

100 110 120 130 140 150 160 170

BR(H — eu) < 4.4 (4.7)x 107> ound small excess of 3. 80'“@3@8102 BR(H—put) <0.18% (0.09% exp)
at 95% CL local (global) at 146 GeV JHEP 07 (2023) 166
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Higgs to pseudoscalars 25

e Axion-like particles can be potential solution to strong CP problem and muon g-2 anomaly

e Copious BSM scenarios (2ZHDM, 2HDM+S etc.) expect Higgs to decay to a pair of
pseudoscalars and these are extensively searched at CMS

100F ——— Ty _ a2 CMS M —————meeeey o Super low mass 1 (13 Tev)
- - % ] | [ |f§: b final state 9_5:/0_Cl_):zzer;/rel;mils 0 < E |1|||||||||||||||1||||E
1 _ Combined --==-- Median expected ] - . .
f —— 4b ?06 uubb final sta ;: T EZZZZZZZZZ 1R i CMS 95% CL upper limits
i : . o 1 10 ::t | -o- Observed
Al N A |— 2b2rt o 1 . Medi ted
IS~ 107 P (U 5 05 H.— aa — TTbb T i eo ian expecte
- . , .1 - 2¢21 < T I 68% expected
|§ @ 'l x 102 95% expected —
A B 4t - - s
0 1 -2 ] e g : ] e 1 |
“ O OTHInnllnllnnlulllunluulnnlnuluuT é *‘* —
% . g 29 27T 0.3 15 20 25 30 35 40 45 50 5 60§ —
o m,, (GeV) o] -
- I YEasEaa 0 e, Ttesscssseecs®” T 1 ... = 2b2u — o)
e " : ] -3 _
| | I——= oo H— aa — uubb 113 109 :
: L /5 5 O n .
b e B - 21,2 o -
....................... = > [ Best hmlts to date
@)
292/ 002 08 1 12
10-4 : - P | NP TP T T . - mA [GeV]
1 2 4 6 810 20 40 60 05 20 25 30 35 40 45 50 55 60
ms [GeV] GV ' H — aa — 4y

- | First merged diphoton topology!
Channels sensitive 1n different mass ranges arXiv:2402.13358% Phys. Rev. Lett. 131 (2023) 101801
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ngg S tO p S eUdO S C al ars Phys.Lett.B 852 (2024) 138582 26

e Instead of pairs, Higgs to Z+pseudoscalar 1s searched as well

e Unique signature with [lyy classified with a BDT

CMS 138 fb™' (13 TeV) p
N A AAAaaaaaenes= .z CMS 138 b (13 TeV)
© LB m, =1 GeV ¢ Data = - : é
% B — S4B fit - . —— Observed 5
S 12r T [ eeeee B component _ . ---- Median expected :
> - rlt 1 T n _ B . [ 68% GL, expected:
W10 - Lol . I; (; B 5 95% GL, expected

10

G (pp > H) xB(H—> Za — 2l + 2y) (fb)

100 110 120 130 140 150 160 170 180

mffm: (G eV)
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Summary 27

e It has been a decade after the discovery, and the profile of the Higgs
boson becomes more clearer, but not clear enough!

e The Higgs mass 1s measured to the level 0.1%; The width 1s measured
with the best precision ever using on/off-shell productions

e Higgs couplings are 1in general at 10% and reaching out to the 1st/2nd
generation fermions

 No obvious sign of deviation from the SM prediction

e More Run3 analyses are on the way!

* Due to limited time, many topics are not covered, such as CP, EFT, rare/exotic decays etc.
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The bigger questions 30

aS
W/Z mass Flavor physics pdf
W/Z couplings Strong
Interaction
e Jets
~ Properties
Multibosons EW
Gauge
: : Axion-like particles
. ; Bosons Evolution of early Universe
iggs couplings ,
- . Matter Antimatter Asymmetry ™
of Higgs Origin of Neutrino Mass
Higgs CP | Origin of EW Scale . Long lived particles
3 Origin of Flavor |
Rare decays
Top SUSY
Physics Heavy gauge bosons
Top mass
Leptoquarks
Top spin FCNC New scalars Heavy neutrinos
From the Snowmass Energy Frontier Report
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The width 31

4] takes 1ts advantage in on-shell CMS <140 b (13 TeV)
. R ] I I I I | I I I I | I I I I ]
llvv plays an 1mp(_)1rtant role 1n off-shell _1 i o1ovadl off-shell + 4] on-shell
CMS = 138#7(13TeV) o CMS = 7817(13TeV) i
- 212v, p>200 GeV : - 4I,D,, >0.6 - 4| on-shell -
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i | N I I { |2 .l
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The stacked histogram displays the distribution after a fit to the data with [“f\,\ 68% CL _
SM couplings, with the blue filled area corresponding to the SM 0 B L
processes that do not include H boson interactions, and the pink filled 0 5 15

area adding processes that include H boson and interference contributions
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e The Simplified Template Cross Section
(STXS) provides a pragmatic interface from
the experimental accessibility to the
theoretical handlers on SM and BSM

phenomena, by using coarse kinematic bins

e Balancing the experimental sensitivity (XS
measurements with maximum sensitivities
with deeply optimized cuts) and the model
independence (differential XS
measurements with fine kinematic bins
using simple cuts)

e The experiments are reaching the precision
for measuring STXS 1n Stage 1.2

Xiaohu SUN

Rates 1n detail - STXS 32

Stage 1.2

p7' [0,200] pH [200, c0]

Pr
200

= 0-jet

300

450

650

Stage 1.2

— VBF+V(—qq)H

= 0-jet = 1-jet > 2-jet

120

350
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STXS 1n the “golden™ channels

Peking University

1 1 I 1 1 1 I 1 1 1 I 1 ] 1 I ] 1 1 I 1 1 1 I ] 1 1 I 1
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STXS 1n high-stats chann

e High-stats channels including Hbb, HWW and

Hrt provide additional sensitivities in STXS

* The focuses are mainly on ggH, qqH and V(lep)H

40

20

| |
- ATLAS
—s= 13 TeV, 136 fb”

I 95% C.L. Upper Limit

. ®  Fit

Boosted H — bb and
hadronic recoil

Hbb mostly focuses on V(lep)H

This ATLAS paper looked at inclusive Hbb
boosted + hadronic recoil with pT>1TeV

Phys. Rev. D 105 (2022) 092003

138 fb~1 (13 TeV)

els

i 1
ZH(Z - leptons); pZ > 150 GeV p O/osm 135
|
ZH(Z - leptons); p% <150 GeV - | =
WH(W - leptons); p¥ > 150 GeV - i
WH(W - leptons); p¥ < 150 GeV -%— 0=0.06%g0; pb
VH(V = jj); 60 <mj<120 Ge *
. — +0.11
qqH; m;> 350 GeV; p} > 200 GeV - m 0=0.172515 Pb
ol G =0.02310.011
qgH; m; > 700 GeV; p <200 GeV - -95{ 0=0.023234i3 pb
v I — +0.10
agH; 350 < mj < 700 GeV; pY <200 GeV - -m— 0=0.047g10 Pb
ggH; pf > 300 GeV e | olosn = -2.113]
i
H = 0.10
ggH; 200 < pY < 300 GeV - | —Lesqeas, 0=022%57,pb
. il.***ﬂ o=1.5 pb H—WW
H; =2) - —_—
% ) i <4 Total unc.
v 1), H< g | 0=U.0204 4 . .
ggH; 1); 60 <pH <200 Gev L | 0=0.5187 pb ##. Stat. unc
: o1 Theo. unc.
ggH; 1); pf <60 GeV | gz 0=261Fpb ——
b ao407 B qgH
ggH; 0) - + : 0=4.2%5¢ pb ——
—-—- Standard model

Eur. Phys. J. C'83(2023) 667

T T T
4 6 8

1
o/oiv

ATLAS

Vs=13TeV, 139 fb

H—- WW* - evuv
p-value = 53%

ggH-0j, p* < 200 GeV R

ggH-1j, p’T" < 60 GeV

ggH-1j, 60 < p: <120 GeV

ggH-1j, 120 < p: <200 GeV

ggH-2j, p: <200 GeV

goH., p:’ > 200 GeV

EW qgH-2/, 350 < m; <700 GeV, p* <200 GeV
EW ggH-2j, 700 < m;, <1000 GeV, p* < 200 GeV
EW qgH-2j, 1000 < m;, < 1500 GeV, p" <200 GeV
EW ggH-2j, m; > 1500 GeV, p: <200 GeV

EW qqH-2j, m; > 350 GeV, p:_" >200 GeV

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

Fe4d Total
I Statistical Unc.
Bl Systematic Unc.
I SM Prediction
Total ( Stat. Syst.) SM Unc.
121 9% (7 ) E +0.07
02 95 (2. 88) | w0
0.58 0% (0, To%) | 015
146 07 (0%, fow) 1 o
150 2 (0% 0T L Lo
211 105 (0%, 105 1 o2s
005 07 (0%, 0N 1 oo
056 22 (10, 0F) | Lo
118 "0 (108, 0By 1 oo
114 00 (203018 1 008
147 12 (108,92 | o0s

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

—1 0 1 2 3

Eur. Phys. J. C 83 (2023) 667 - (P rmwlsy

Only evuv 1n this ATLAS paper

0

qaH: pf' > 200\ W\

qqH: =22 J, m > 700
qqH: = 2J, m [350,700]
qqH: Non-VBF-topo
ggH: p' > 300

ggH: p'T"[200.300]

ggH: =22 J

ggH: 1, pj[120.200]
ggH: 14, p!(60,120]

ggH: 14, pI0.B0INNS

ggH: 04 PH10.200N\ N\ © ¢ |
ggHCOJP:[OJO]

ggH: 0J

LA UL LA LILLL T T
i " B 1.7T+3.3"/q-3.26

138 b (13 TeV) ;4

7.77 +5.11-4.49

58.0 +14.9-14.5

31.3 +18.4-18.2

48.9 +35.3-34.9

0.964 +51.5-48.8

-193 +251-242

613 +681-601

16.5 +6.5-6.42

10.8 +8.63-9.43

42.3 +18.4-18.3
15.3 +26.8-28.8

480 +173-172

-84.5 +285-322

76.7 +30.0-29.9

89.2 +58.3-58.1

" 585 +148-147

929 +274-274

-707 +348-350

-342 +820-815

11
32-1012 34 1

Ratio to SM

10 10* 10° 10* 10° 10°

oB (fb)

HWW on ggH, qqH and V(lep)H (CMS) Hrz focuses on

ggH, qqH, V(lep)H
Eur. Phys. J. C (2023) 83 :562



BB EE DY &

=0 - jet =1-jet 2 - jet H
I , pTI
0 0 . 350
N o | =2-jet J[= 3-jet | 0o
o I e 1000
I e 00
| stace 1.2 | S S A o
ggH - 0j/p1[0,10] | ggH - 1j/p;[0,60] B E Zj/pT[O 60]
gt - 07/p;[10,200] | geH - 1i/p7[60,120] | geh - 2i/pyl60,120]
get - 1/p;[120,200] | geH - 2i/p1[120,200]
MERGED STAGE 1.2

'Tij
<0.15 H>o.15 .
Py p¥
200
300
450
650

Peking University

HZ74]1 merged STXS Stage 1.2

=VBF + V (- qq)H

Xiaohu SUN

35

=0-jet = 1-jet 20 jet
I I
m;. < 350 m-: > 350
m; 1 | ] | |
' i P¥<|2°° m; PY>200
60 ?: """""""" o I ! ______ 350 5
P =2 =SS
120 :.‘.‘.“.‘.'.'??.'.'::.............. S s————— - 700
o S2jet [[=Ejet |
350 N 1000
T o : i s
p}Tijj o --------------------------------------- 25 -------------------------------------- “ m '6"““’“'""""""é's """""""""" “
| I | I I
— ot ymliso70] GHES/ET oo - 2/pp> 200
|
quH -rest  [GRHEQUMmLAN20]| oo - 2/ms> T0D

A total of 19 STXS bins are measured

=V (- leptons)H

75

250

400

VH/p# [0 150]
VH/pY > 150

MERGED STAGE 1.2

60

120

200

300

450

* 10 for ggH
* 6 for qqH
* 2 for VH

* 1 for ttH(+tH)
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CM 137 fb' (13 TeV)
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= goH + gg — Z(qq)H + bbH

Xiaohu SUN

p7 [0, 200] _
pr [200, o]
= 0-jet = 1-jet > 2-jet 200
H
Pr
0 | 300
m;j [0, 350] ms;;j [350, oo] 150
A s
U A 50 L]
it 650
60 700
o0
H
120 0 25 o Pt
| )
200 T
VH = V(leptons)H
pY qq — WH qq — ZH oo — ZH
0
75 | l
150
O-jet > 1-jet 0-jet > 1-jet 0-jet > 1-jet
250
®.®

37

qqH = VBF + qq — V(qq)H
= 0-jet = 1-jet > 2-jet
m;; [0, 350] M3 [350, oo]
?jj
pr [0, 200] P 200, oo]

60 Tm;
qqH rest 350

120

700
350
©.@)
0 25
Hjj
ttH
0
60 — tH
120 —
pT o
200 |
tHW

300,
o0

The shaded regions indicate the STXS bins that are divided at stage 1.2, but are not measured independently in this analysis.
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CMS 137 b (13 TeV)
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Higegs AC and EFT

Direct analysis following the anomalous couplings (AC) parametrization
— target ggH and VBS Higgs productions

Peking University

39

AC approach/SMEFT approach

1 Anomalous coupling:

kf:GP
Limits on AC parameters can be rotated to Warsaw basis WC limits.
AC approach SMEFT approach
2000000000, aizz=aiWW SU(Z) X U(1)
: \ 4 anomalous couplings: ait zaVW
My - - , H a, (CP) 3 anomalous couplings:
AHff) = —— ¢, (g + 1K s, :
(Hff) - s (K + 1%¢ys5) P / s (CP) a, (CP)
g t
BOTETOEOTT" am (CF) B 562
as? (CP) as (CP)
VW, 2 VWV 2 vV 2
A(HVV) = 1 v+ Kl Gvi Tt "22 Gva , K3 (Gv1+ sz) R q q
v (ATY) (aYY) :
; 1 Q — H
+5 aB/Vf;Sl)f*(Z),]w . 5 a:\;/Vf;l(’l)f‘*(2),;n' , Y d
LA
- o 2
H £f |Kf\2 , K¢ Observables: £ = a;|“0; sign (ﬂ)
BRIl | — ' ar 12,
CP 1|2 + [ |2 5 K XS fractions Y i=123.. |aj|*0; aq

Davide Valsecchi@wLHCP2023
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STXS 1n high- stats channelq 40

= . rrTTTTTYTTYTYT Ty YTy T T Ty YTy
é - ATLAS VH,H - bb, V - leptons cross-sections = ATLAS Boosted VH. H — bb
—_ —_— -] 1 P I
A IUARRARS R e wam s B SN SRR il el _|f-aTev129m!  —Tow  —SwL To. (SalSyst)
1 — — X 0. L —— OL: 250<p <400 Ge\ 0.72 0 64 ('f"‘ uu.)
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3= S I (S ?Gow Sov  0Gey Boosted V(e Hb in AT
R = R 061 23 (+O.98 +2.12)
g < ° fr—e—— %1 s Lo -z Resolved V(lep)Hbb in ATLAS 1) 136204
. g7 e 21 o7 (oss 033 Eur. Phyg,J-C81{2021)178
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& = l+-l 1.02 -0.36 (020 —021) Preliminary — 1o (sys)
0 S '
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ros g q H-Q+I 0.57 ‘66 (045 —048) T §
s = = 0.65 039 +0.50 ZH, 250< p; < 400 GeV -.- 0.91+0.37+£0.26
2 o +0. +U. +U. !
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[0) [0) © '
o O = :
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JHEP 08 (2022) 175 CMS-PAS-HIG-20-001
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VBF Hbb (resolved) 41

e ATLAS observed (expected) significance of 2.6 (2.8) standard deviations from the background only hypothesis
 VBF Hbb + photon 1s combined

e CMS observed (expected) significance of 2.4 (2.7) standard deviations

90.8 fb™' (13 TeV)

1 1 I 1 1 1 1 ] 1 1 | 1 I | 1 1 | I 1 1 | | ]’ | | 1 1 | — :
ATLAS \s=13 TeV, 126 - 132 fb’ CMS | SM w1 (SySt)
Total Stat E A Observed  — *10 (syst @ stat
- | Old ——olAl.
Tot. Stat.  Syst. :
quB— ——— 99 24 (SYst) = 0.33 (stat)
E 1. 1. . =
Photon P i 1.3 t18 ( f18 fgg )
- - qqH +0.40
— — 1,01 syst) £ 0.36 (stat
All Had D e 0.95+0:38 ( +0.32 4020 "o § oar (9150 .
ad.| ¢ 99 536 -032 -0.17)
- .......................... H 76l -*- 0.96 = 0.22 (syst) + 0.22 (stat)
oms| {09938 4% 1Y =
1 i L 1 1 1 l 1 | 1 1 l A 1 1 A l 1 | 1 | l 1 | L A §
0 0.5 1 1.5 2 2.5 3 3.5 4

_ SM .
H VBF_GVBF H—»bB/GVBF H-bb Best fit o/ GSM
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Inclusive Hbb boosted 42

137 fb” 13 TeV)

1800, 1200] GeV| CMS
MH _ 9-1+4.5

4.1

(675, 800] GeV

+3.4
“H = 8'7—3.1

JHEP 12 (2020) 085

Hbb 1s boosted with inclusive
production modes

(600, 675] GeV
HH _ 8.3+3.0

—2.7

(550, 600] GeV

+2.7
MH = 3'7—2.6

500, 550] GeV : g
u =_3.6+2.6 =i

H 2.8

[450, 500] GeV
T _O.5+2.7

Y 2.7

10 -5
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ttH / tbe CMS—PAS—HI(?JI]S?O?? gl?; ?ogz 4 3

e CMS ttH observed signal significance 1.30 (exp. 4.10)

e tH upper limits of signal strength 14.6 (19.3)
e ATLAS ttH observed signal significance 1.0 (exp. 2.70)

CMS Preliminary 138 fb' (13 TeV)

I | I | | | | l | | 1 | l |

L tot stat syst

+1.90 +1.24 +1.44

0,60[ | +~—m——= 023 47 24 27

. +1.3 +1. +0.91

60,120 | ~—=—+  0.06 Y37 5 o
E . H

[120, 200] 114 5% s ow

200,300 | wm 049 Ty i Og

+1.01  +0.80 +0.61

[300, odf | H—m—s 5 120 L55  o7s o7

| I i | | | | | | ] | I |

0 5 10
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Overview:

» Multiple signal region categories based on T decay and jet multiplicity to enhance sensitivity

. Construct collinear mass variable m,,; = m.; /4 / x

H — et, ut

Peking University

VIS
T

to estimate mu

A BDT is trained in each channel and the discriminant distribution is used in a maximum
likelihood fit to extract the upper limits on the Higgs BR

(108 137 b (13 TeV)
E CMS ~+ Observed [ ]Z-tr
E_ ut I Z—~ee/uu [ tt,t+jets
3 I EW W/Z [ Diboson
[ ]W+jets/QCD [SMH
— H—ut (B=20%)[EE] Bkg. unc.

100

200

300

m,, (GeV)
Analysis constrains BR(H—ut) < 0.15 and BR(H—eT) < 0.16 at 95% CL

Also provides upper limits on LFV Yukawa couplings: \/ 1Y, 1” + | Y., ”<1.11 x 108 and

\/\Ym|2+ Y., |°<1.35x 103

CMS 137 b’ (13 TeV) CMS 137 b’ (13 TeV)
l‘lth,OJets [III[Illllllllllllllllllllllli etn,oJets IlIlllI.llIllllIllllIIIIIIIIII
0.37(0.33)% | H — pt BDT fit 044 0.39)% | H — et BDT fit
ut , 1Jet x e Observed er,, 1 Jet %o e Observed
0.40 (0.43)% X Median expected| 0.68 (0.44)% X Median expected|
ut ,2Jets | [ 68% expected er. 2 Jets | [ 68% expected
L] h?
0.50 (0.49)% x [ 95% expected 0.78 (0.55)% Xe [ 95% expected
Mt VBF l er,, VBF ’
0.39 (0.30)% 0.57 (0.35)%
ut,, 0 Jets l etr,, 0 Jets l
0.31 (0.34)% 0.42 (0.34)%
ut, 1 Jet et,, 1 Jet
0.36 (0.57)% '. 0.56 (0.53)% .
ut 2 Jets et,, 2 Jets
0.77 (1.13)% - 1.35 (1.08)% -
x T .« x
0.58 (0.83)% 0.42 (0.86)%
ut et
0.15 (0.15)% ‘ 0.22 (0.16)% *
_llllllllllllllllllllllllllll|_ _||1|||11|l|1|1|1|1|l|1111|1||._

1 0 1 2 3 4 5

95% CL limit on B(H—> ur) %

95% CL limit on B(H— et) %

Phys. Rev. D 104 (2021) 032013

44
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Hcc

(13 TeV)
o) -
S - CMS DeepAK15
é’ - Simulation —+— ParticleNet
- TE anti-k R =15 jets
S - p_>300GeV, n| <24 3
A
_5 107" = e
© - T e
o0 - e
102 .*'x‘
R H—cc vs. Hobb
10°° B — H—cC vs. V+jets
:::_ | | | | | | I | | | I | | |
0 0.2 0.4 0.6 0.8 1
Signal efficiency
Resolved

3 working points

H — bb or QCD misid. probability

45

Eur. Phys. J. C 82 (2022) 717

u(VH, H — cc) < 26(31) obs(exp) at 95% CL

[ t1o
Vs=13 TeV, 139 fb™’ éfgected
VH. H — ¢t — Observed
1 0 lepton
| EXD-g 40 X SM
1 Obs.= 35 x SM

100 CMS Simuiation (13 TeV)
T e i e e s s S F e Ty
450 < pt < 1200 GeV
40 < mgp < 200 GeV
10~ DeepDoubleX discriminator
— DDCvL, AUC = 83.3%
-~ DDCvB, AUC = 95.2%
10'2— —
10-3:— -
!
‘
[ !
!
10-4 lllllllllll IR |

| 1 |
00 01 0.2 03

Boosted
2 working points

CMS VHcc limits 14.4 (7.6)

TS ETETET ST AT AT SN ETRT SRS BT
04 05 06 07 08 0.2 1.01lepton
H — cC tagging efficiency Exp.= 60 x SM

I | | '

|
ATLAS

| 1 | I ] ] || l 1 | ' I ] | | I ' ' ]
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2 lepton

Exp.= 51x SM
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Combination
Exp.= 31x SM
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H — aa — 4y merged 46

Shower merging but
distinct maxima

Barely resolved

Instrumental merging

39 CMS simulation CMS Ssimulation CMS simuiation
5 —— T T o, i e ke o o mdetabie el L —
S o \ ?
c | _ _ S,
& 24 W 24+ 24 - >
S : : 2
(é)‘ s i L
O 16_" K 16_— . 16-— .

o 19 8r 8

O 1

o 8 16 24 32 % 8 16 24 32 % 8 16 24 32
Crystal ¢ index Crystal ¢ index Crystal ¢ index
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Model independence search with H — yy 47

e A model independent search for new physics 1s performed for 22 final states
categorized by objects 1n association with H — yy,1.e. H - yy + X

e No significant excess were found
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JHEP 07 (2023) 176

Detector efficiency factors are provided for theorists to easily re-interpret the results with their models


https://link.springer.com/article/10.1007/JHEP07(2023)176
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HH 438

e The double Higgs processes (HH) provides a Nature 607 (2022) 60-68
direct probe to the Higgs self-coupling and —

-1
the four-boson coupling VVHH k,,, but very CMS S 1 ?’8 o (]13 TeV)
challenging as its XS is 3 orders of Altofnere =1 ; et
magnitude smaller than the single Higgs 5 + 2 SDs

? : SM

e The HH sensitivity already surpassed the pp — HH
single Higgs in terms of Higgs self-coupling =

e Both HH production and decays have been -
eXplOI‘Gd 6Xt€ﬂSlVely Indirect interpretation

e Production: ggH, VBF and VHH I R

e Decays: 4b, bbtt, bbyy, bbWW, bbZZ,
ttWW, 4, AW, WWyy



https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-22-001/index.html
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HH with 4b +

e Stats deliver in HH thanks to 1ts largest BR among all; measure HH XS with an upper limits of
3.9 (7.8)xSM

e The boosted 4b excludes k,,, = 0 for more than 5o

e The VHH 1s also probed using 4b and provides unique probes to WWHH and ZZHH separately

e Not sensitive to the k; constraints in general, but way more sensitive in k,~5 than ggF
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Phys. Rev. Lett. 129 (2022) 081802 v (& _PA S HIG-- 006~ Efir. Phys. J. C 83 (2023) 519
e e e ( ) CMS PAS-HIG-22 006 ATLAS also searched for resonant VHI[fH (GeV]



https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-20-005/index.html
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-22-006/index.html
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as k; enters as EWR.  Nature 607 (2022) 60-68 i U DU S T

correction in H arXiv:2211.0121 K



https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-22-001/index.html
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A first taste of 13.6 TeV 230611379 51

e ATLAS release a first 100

oY T
nggS cross-section .&I N ATLAS — SMG(pp—>H,mH=.125.09 GeV) E
. 1 Y Hoyy A H—ZZ*—4] QCD scale uncertainty :
measurements using b& 80E ¢ Combined H—syy + H—»4; "™ Total uncertainty (scale ® PDF+er,)[ |\
Run3 2022 data 70 :
under 13.6 TeV 60
50

e Inclusive and
fiducial XS are
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