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CMS experiment at the LHC

LHC tunnel: underground 100 m, circumstance 27 km
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CMS detector
diameter 15 m, length 22 m, weight 14000 ton
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CMS collaboration consists of > 6000 people from 246 institutions in 58 countries.

CMS China group consists of > 240 people from 11 institutions:
mReRrs dboRs dbi. A, ERE. Wk, B HL BERL EBRIR. iR, IR



LHC/HL-LHC data-taking schedule
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Particles detected at CMS
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Event Reconstruction in CMS

* Track/Vertex/Cluster reconstruction
* Obijects reconstruction (u, €, v, jets)
® Calculate MET

* Event selection




Higgs is so peculiar

**The only scalar in fundamental particles

**Responsible for Electroweak Symmetry
Breaking and explain the origin of mass

s Its mass is at EW scale O(100GeV)

¢ Its special mass lineshape



Probe Key Science Questions

Major open questions

e

N
Why is the electroweak

interaction so much stronger than

ity ?
gravity - )
N
Why is there more matter than
antimatter in the universe ?
y,
N
What is dark matter ?
J
N

What is the origin of the vast
range of quark and lepton masses

in the Standard Model ? )

N
What is the origin of the early
universe inflation ?

Related Higgs properties

Couplings

CP, Self-coupling

Width, Decay modes

Couplings

Potential



Higgs Production
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Higgs Decay
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A long journey for exploring the Higgs boson

2010 2012 2013 - 2014 2014 2015

. A — 2 3 [east T ATAS
[ e om T 1 / ‘h s I 3 SN (b Ter
3z | o ATLAS 1 - \ a 18 m, =125 GeV J ;. ! + oo
o 25 Il sgmns 2z Moo //‘ ut o ‘SE VH—bb % 5 TN e s et 1
o y s I 74\
I E""’*v'"""""‘" P & Germ e tos GeamLetan ¢ \ X Z i 380 How g 7 na Som i 5 o) 7. \ 2
@ [ [ se 125 Ga¥) S - \ . \ gl ¥, = 3 Su 4 4 )
20f 3 o > E . as | /
‘» f e § ; |
s P \ A6, & o B LR
15[ a7 Tev:[Lre e 8t g P /'/ X "‘, {& ": \ 34 & g H \ X1
= fa=8Tovfia-58t ’(‘4\724:/‘,"‘\’/" W %, % » % s LAY {
AT\ AT -
Ly - / o g L%
: 3 \ = ok ;
10 VRO Nt 13 i v \ ,
| / > . 8 oF et . 0D £\ =
/ o ey iy [ 7 g ’ Y oy +" o) 3 e
- " @ b apy PYTS i e y
= = e Mootz e, (e 3 3} t : . AT
= b ) 10 i o .t
5 100 50 0700 115 120 125 1% 138 140 145 ¥ e i K E W 1 e
my, (GeV) — i PO TR RS ORI
60 80 100 120 140 160 180 200 e e

D‘iscove"ry of the JP=0* . o _ AR L HC@13TeV, start
Higgs boson Evidence of H-f Higgs boson mass of precision

measurement measurement era

First Higgs boson
searches begin

2018 2018 2020 2022 2022-2026

- 2 F y ™ e ———————— — CcMS <138 fb! (13 TeV.
§i0 51177 TeV) + 197 B (8TeY) + 359 1 (13 Tev) 8 48k AmAg ~-Osta 3 3 ™™ amas + Data 3 T T 7 7 { )
P =20 5 o T T T T @ t 13TV, 798 W VH, H - bb (4=1.08) & 600F- {3=13TeV, 139" —Total paf | 14 Roft-shel 4 = 100p
o CMS — Combined o 16l Gere2leptons I Diboson 3 L . 'I’N" s A 19787 (13 Te) —RyF =1 1 e E 2024
2 % ?;Tex\;)enloo D T 2sjers 2b0ape ] Uncertainty § 500 = . Inf1 5 ’ . . . . - o R?I«';shen () S, 90
A : ] | 2 E
ATLAS o 52 A § 41wty g se ovetmass anmyss e &% CMS Preliminary ¢ Data 12 2 g0
HerWWs vl ; z 12E i % 4 ) 2 o
o 28 5¢ - s e — z All categories S4B (=1.19) Observed - E
L N [ LA L % 1o i e ] I foo ST ogcomoren | 10 0
RuTTav. Aa 4. =R - o we . - J E
s 041" BTV 20 ATLAS faf Tot s msm Sam 2 gt o Elowpore 100¢- = '\ 5, =.120:08 Qv Bl T g Expected E 4 g ek
] S R g & _— - L 2 3 AV -
Tou  Sw $m S 6 o {1 g - 1300 N g so
BE " —— ™ 3 4 ‘e:! L P! T+ 6 A R =
— 56 Qo £ "L_‘* 8 ¢ ] E
10k i H— 1% o 2 w - i 4 “95% CL | o 2012
S N e 22 = 0F 'D:[ 5 B 20 —
- < £ -of £ 68% CL wf— 2011
’ 2 40 60 80 1001 _ 'E. o E /) 2015
%o es T oons e b 8 1of 0 1 2 3 4 - i
| S poff-shell 02-Mar 02-May 01-Jul 31-Aug 31-Oct 31-Dec
AAAAAAAAA RS T L SURPO L £
- -1 0 1 2 3 4 il
Y g | —F— GyloSd e e T e T
= | PURDUNT DS | /P DU 9,58 GeV)
X PR T | C R | s x a0 T m,, (

Best fit for ofo,,

Observation of H-WW  Observation of ttH Observation of H—»bb Evidence of H—pu Evidence of offshell H LHC@13.6TeV

A non-exhaustive list of results representing tremendous efforts for exploring the Higgs boson



Overview of Higgs Property Measurements in CMS

Cw )
Can ) e CED
N
C VBF ) 125.ogizé1zeev - C WW )
(v ) C bb )
>

ttH )
C Fiducial XS Counl ines C m
Precision = 5%
Z
( tH ) STXS e C zy )
ITTerentla
(" bbH ) ST 3
i 30
( i > C " ) In progress

11




Cross sections and couplings measurements
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Higgs Cross section measurement

* Test the electroweak symmetry spontaneous breaking mechanism
* Connect to the coupling measurement between Higgs and other particles

* Probe the Higgs dynamics and possible new physics phenomenon
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Higgs Cross section measurement

* Test the electroweak symmetry spontaneous breaking mechanism

* Connect to the coupling measurement between Higgs and other particles

* Probe the Higgs dynamics and possible new physics phenomenon

Two golden channels:

* H>ZZ->4l

* Very small BRs (~0.026%)

* Narrow peak over low background
* H>yy

* Small BRs (~0.26%)

° Narrow peak over exponential
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dora/dpy, (fo/GeV)

Differential cross section measurement

* Measuring differential cross section is a portal to unveiling the fundamental aspects
of how nature works, probing couplings, inspecting the process kinematics and isolate
BSM effects

* Fully differential cross sections measured in a fiducial phase space defined to match

as closely as possible experimental selections to attain maximal model-independence
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https://cds.cern.ch/record/2958220/files/HIG-25-015-pas.pdf
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Global combination among the channels

S/(S+B) weighted events / GeV
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Global combination among the channels

CMS

arXiv: 2602.18611

138 b1 (13 TeV)
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Synergy among the decay channels to maximize the measurement precision.
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Simplified Template Cross Section Measurement
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®* Measure the XS in intervals
of H py or V p; for each

production channel
° Probe the potential new

physics in some specific H py

region
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Couplings Measurement

Ratio to SM
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Mass measurements
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The Higgs boson mass

° A free parameter in SM

* The Higgs boson mass is not a test of the SM
but it is an important ingredient in SM predictions

of many “m,-dependent” observables
* Higgs boson observables: couplings, BRs ...
* Electroweak observables: mass of the W boson,
mass of the top quark, effective weak mixing

angle ...

®* The Higgs boson mass value is connected to
the nature of the stability of electroweak vacuum,

with deep cosmological implications

Top mass M; in GeV
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m, measurement: H—-ZZ—4l

Full reconstruction of m,, from the final state four leptons.

CMS 138 fb (13 TeV)

250 _II TT I IIIIIIIIIIIIIIIIIIII I ||||||||||||||||

- Incluswe —
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+ H(125)

200 — og — ZZ, Zy*
> [ ] %g ;)( 7, Zy* |
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()]

& 100 + + —
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50| . } a
bt gt }
[, ‘¢++ AL AL
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* 2D fit on m, and D,f,i(g
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CMS 138 o' (13 TeV)
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= ¢ Data . 70
H(125) .
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=
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138 fb™ (13 TeV)

TTTTTT[TTIT T TT T T I T[T TT T TTTT[TTITIT[TITT
[TTTTTTTTITT I iy o

¢ Data
Signal
Bkg

—— Signal + bkg

11 I | I I | S I 1111 I | S
120 125 130 135 140

m,, (GeV)

* Sig: Double-Sided CB (+ Landau)

* Bkg: Bernstein (ZZ), Landau (Z+X)
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Events

my measurement: H—-ZZ—4l

IC\M|§ L L B B I |1|3||8\f\b\-1| $1?|T?y CMS Simulation 13 TeV
I N - r T T l T T T T T I T T T 1 ] I T T T T 1
100 ]anUS;Z 105 < m, < 140 GeV ] 0.16 TH > 77 - 4l .
i H(125) ] O s
[ @z ] 014 E, . =0.74GeV :
o 1 o12f =
: e * 2 . - (YSrd bin — 0.94 GeV ]
60 _— * + —_ i 01 E_”hth bin = 1.06 GeV —E
i + * g 088 __”7lh bin — 1.21 GeV E
r 1 a8 C ]
40 B 1< 0.06 :_A ) 1.63 GeV —:
i ] 0.04 - =
20 = C 3
i 0.02— —]
0 O : L g 1 | L L :f

i 2 3 4 5 6 7 8 9 115 120 125 130 135
dm, / m, bin category m,, (GeV)

Run 2 improvements:

®* muon p; recalculated with the constraint of
beam spot: 3~8%

* events are categorized by the relative event-by-
event mass uncertainty (dmy;/my;)

* kinematic fit is performed using the mass

constraint from the on-shell Z

Phys. Rev. D 111(2025)092014

CMsS
Run 2: 138 fb™" (13 TeV) —~— Total Stat. Only
Run 1: 5.1 fb™ (7 TeV) + 19.7 fb™ (8 TeV)
Total (Stat. Only)
4 (== 124.90 775 () Gev
e —— 12470707 () GeV
2e2)1 — 125.50 5 (1)) GeV
2u2e —— 125.20 777 (027) GeV
Run 2 -t 125.04 777 () GeV
Run 1 ==  125.60%; () GeV
Run 1 + Run 2 ¢ 125.08 70,7 (7)) GeV
1 l 1 1 1 I 1 1 1 l 1 1 ] l 1 1 1 I
122 124 126 128 130
m,, (GeV)

The best precision with a single
channel (Run 1 + Run 2):

+0.10 stat
125.08 + 0.12 GeV-[

+ 0.05 syst
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m, measurement: H-—yy

o 45 x10° R I138 fb.1 '('1;'3IIT'9'V) Source Contribution (MeV)
& 4oF CMS Preiiminary Al categores 3 Photon energy scale
2 g 3 Dat 3 Statistical uncertainty of muon sample 75
S . A l Sf; it E Residual non-linearity 64
@ SOF E
EN Bcomponent - Muon momentum 38
25 3 E+io 3 Electromagnetic shower 23
20 3 []+2¢ E Photon energy resolution 7
15E Interference between ggH signal and background 27
10 Other sources 13
S Statistical uncertainty 100
o= Total uncertainty 150
1500
1000 51" (7 TeV)+19.7 0" (8 TeV) + 138 b (13 TeV)
503 CMS Preliminary e Total Stat Syst
100110 720 130 140 150 160 1%?(5 iy §3o Tot Stat  Syst
m,, (Ge
: ghTyLALSt:-i;ga?ztégs} + Run 2 ——| 124.94 +0.18 ( +0.17 + 0.03) GeV
. S. Lell
* Events categorized on photon n
gxs :—m[: 1?:’:'2;2;)%32%;"4 Fe4 12508 +0.12 ( £0.10 + 0.05) GeV
. S. nev.
and diphoton BDT
P ATLAS H->yy Run1+Run2 be—i 12522 +0.14 ( £ 0.1140.09) GeV

Phys. Lett. B 847 (2023) 138315

* 1D fitonm
|44 CMS H—yy Run 1 +Run 2 o= 0 125.07 +0.13( £0.09 +0.10) GeV
CMS-PAS-HIG-24-007

° sig: voigtian functions

L 1 L 1 l L 1 1 1 l 1 1 1 L l L 1 L L l L 1 L 1 l- 1 L 1 1
122 123 124 123 126 127 128

m,, (GeV) 24

* bkg: a family of functions



Events / 0.25 GeV

m, measurement: H-—yy

The most important component in this analysis is the photon energy calibration.

x10° 138fb" (13 TeV x10° 138 b (13 TeV)
S L L B > L L B L B
30k CMS Preliminary } Data B 8 5 5:_ CMS Preliminary { Data 3 [
; E;,,> 50 GeV []Z— ee simulation 1 0 [ E,. >50Gev [0Z—ppy simulation S))
25F 1 (<. W stat 3 . C Estat - ,
, ,l < 1.4 [stat @ syst ] S 2:— Il <144 [JStat @ syst B S
20F ] 2 X Q
X ] c 1.5 C
15} T2 Q
- ] Ll 1E L
10F i‘ :
. 1 l 'l 1 L 1 l 'l 1 L 1 I L 1 1 1 L 1 '
1.2 ottt Lot % 1.0 I ....... + ‘
1 Ilmﬁ"m“m’wo.o‘.-’umnmm ’“{"Hm"“{# § 1['41 ll an ‘Hg,ﬂn‘ el 4 ke * Hiﬁ
0.8 | I [ Loy 08 1 - I
80 85 90 95 1 00 80 85 90 95 1 00
Mee (GeV) My (GeV)

Run 2 improvements:

Data/MC

X 1.03.

138fb™' (13 TeV)

| T 1 I ] T L
[ CMS Preliminary
2.5
- E;,>50GeV
[ |n.{| <144

o'y

t Data e
Oz-ppy simulation—:
B Stat
[]Stat @ syst

1.2

0.8F

1['___+ * ***i i* Qttbvtﬂt‘Og q‘” ' **}‘{

80 85

90

95 100
m,,., (GeV)

* After energy calibration for ECAL cluster with Z—>ee data/MC events, residual electron-

photon scale differences is derived with FSR photons in Z-uuy data/MC events
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Width measurements
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The Higgs boson width

* Predicted width in SM: T, =4.1MeV

* Due to detector response, the mass of Higgs is

smeared o ~ 1-2GeV

e.g foran electron E, ~ 50 GeV, o, ~ 1GeV

my = \/(Eel + Egp + Eg3 + Egy)? — (D4e)?

Oy =2 Xo,=2GeV

Unable to measure Higgs width
through on-shell pole

25" (13 TeV)

4y 0.08¢ - e
- L Simulation (20 b precision), R. =054 >
JU0.07F ——e— Promet reconstruction , A, = 0.4 CMS 1
- ; Winter2015:2016 re-veconstruction, A, « 0.64 | T CATINALY
0.06} ; ; : — :
0.05 i +i
s : ] { i -+ 4
0.03f- ' i ’+—¢-+ =]
: ] :
0.02fsemer e ‘
AT e =
0.01}
ot 3 PRI SR IS : PREPRRPE P
0 0.5 1 1.5 2 2.5
Supercluster | n |
CMS Supp!enwnrary Vs = 13 TeV
> <<<< |
1600 ]
()
o H—2Z - 4e Oe =210 GeV !
8_1400? m, = 125 GeV olie =1.82 GeV
e : ]
1200}
= |
o 1
& 1000/
- ¢ Simulation
800+

r = Parametric Model
600

400+

200

005 110 115 120 125 130 135 140

m,(GeV)
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Indirect way to measure ',

* Higgs production rate:

'§ ‘ On—ﬂ\ﬂ.“ :FQAK
2 2 3
gprodgdec 0 “;':}— 'f. |
do o — v o i ;¥ | off - shell
(QH R mH) + mHFH = ‘\2‘> ; contrmovm
13 |
2 I~ |
O.on—shell x gpr 0d8dec x = D'-E :
T Hon—shell 3 -
H 0 415 150 5'00 Hi bafon
g2 dgc% ”J mnnfs: GeV. c
—Sh ll pro ec
o=l o J 5 A1 X Hogrshett & Hon—sheit X U/ Usy
(g5 — mg)
° By measuring the signal strengths in the on- Hoff—shell
o Ty /Tsm =
shell and off-shell, and take their ratio, we could Hon—shell
measure [




Off-shell Higgs CMS Simuition

13 TeV

l']

‘g,' gg-22v (=e,p)
: - — SM H signal (IHP)
* Difficulties for probing off-shell Higgs: S 10 — S contin. (1)
O 1 —— SM total (IH+CP)
. € 4o ——— IHP+ICP
* Low production rate: ~10% of total XS Sﬁw—a -
10
* Large destructive interference with continuum 5 10
107
background 10
107
g 7 9 Z
g Z ; p wal Cratrbuions of Mgg-rlted smpitaden Vot ¥
. ml: »IJH"-\‘H%\K H‘x—:
s T | F
g-m‘. ///::
it L -.
3 -mu. ~ Higgs alone, o -
- 0006 - with interference, Mytdlcf'~lud" N
—ooosl- ———— interference alone, u.md'-ud'-u.r_'
L Higgs-related qg interference

my [GeV]



Evidence for off-shell Higgs and measured width

CMS 138 fb' (13 TeV)
I I I
140 Untagged n
100 - { Data |
EWs+b+i
&100 4 ggs+b+i
S qq bkg
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https://www.nature.com/articles/s41567-022-01682-0
https://doi.org/10.1103/PhysRevD.111.092014
https://doi.org/10.1103/PhysRevD.111.092014
https://journals.aps.org/prd/abstract/10.1103/rny9-zby1

Higgs width measurement with on-shell interference

Interference between gg—H—-yy and CMS-PAS-HIG-25-004
continuum gg—yy around the on-shell CMS Simuiation Prefiminary (13 TeV)
pole sTE T
g [ - EE*EE
yol B %+ +*
< 1Rl ¥ *
(m%,y —m2)R + mylyl = N #Ef;l * n
Ao;/dimy, = Cgy——3 2 N2 1 T2 = A e
(m’m mH) +myly 10 - g BE T
= ryrt=0.5 |. ! Jj
o & L= mﬂ
CMS Simulation Preliminary (13 TeV) i s
é 01— M, = 125 GeV, T'\=4.1 MeV = ryrsM- 10
g - Resolution effects included — /s = 20
- 0.05— o C_ \ , \ | . . . . | . . . . | : . , . 1
8 F 5 — ]
g - « 0.5 E- Normalized to T /T = 1 ﬁﬁ—'—j
6 [ 110 115 120 125 130 135
< ~0.05— my, (GeV)
- The larger I'y, the bigger deviation
-0.15(— ) .
i from the SM Higgs m,, lineshape.
_OEO_O'_ l I1(IJ5I = I11|0I = I11|5I = |150' = I1&5I = I1..'|’>0I = I1C|35I = I14|f0I = I14|15I = I150

m,, (GeV)
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Higgs width measurement with on-shell interference

-B /(0.5 GeV)

S/(S+B) weight. ev.

700

600

500

400

300

200

100

L
o
o

—200

CMS Preliminary

138 b (13 TeV)

B component subtracted

I||IIII|IIII|III||IIII|IIII|II||

—&— Data (bkg. subtracted)

S (best fit parameters, except A=0)

S (best fit parameters, except A=5)

Best fit S (A=-3.6)
S (best fit parameters, except A=1)

t1o
t20

1 | 1
125

Measure Higgs m,, lineshape to

constrain [’y

CMS-PAS-HIG-25-004

1 CMS Preliminary 138 fb™' (13 TeV)
(_.I) t20
v 0.9f -

—— Expected
— Observed

100

l 80 — 120 140

T, (MeV)
Obs (Exp) upper limit:
'y < 91.8 (138.2) MeV at95%CL


https://cds.cern.ch/record/2946711/files/HIG-24-011-pas.pdf

CP structure measurements
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Higgs CP structure

CMS X > ZZ + WW 19.7 fo’' (8 TeV) + 5.1 fo'' (7 TeV)

* Higgsis CP even scalarin SM: J¥ = 0"  ~ 1200 e —Eomse =
— 100} moitc WSfitc
> 80} _3?i§§ »'jiiii_
* In couplings of Higgs and bosons, = jg i o 1
data favors SM hypothesis, T a0 ﬁi rfl Irr[lrf [ l
or
alternative J* hypothesis mostly ) | I I 1 I I I I I l I I I I !
-4o
excluded by >99.9% CL at Run 1 60f _

, §+E22+++°[\.... + =
— i adaaggaadagdagaagaaaagagaagaad

@ gg production qd production

¢ S h i cal : : Probing process Scale of CP-odd
trong theoretical moftivation to o AT

search for CP-violating effects in Fermion Htt, Htt O(1): tree level

couplings of Higgs and fermions Boson Hzz, Hww, Hzy, Hgg O(1/A%)

A is the scale of BSM physics in effective field theory y



Probe CP violation in HTT :

k4
* Lagrangian for T Yukawa coupling parameterized with Y
J/ d 0.,
. CP even CP odd
. _ o
Ly = ——H(K Tt + KTiY57) y
U / ‘ v CMS-PAS-HIG-25-012
P The acoplanarity angle ¢p is defined as
tan (Q.H TT) S the angle between the two 7 lepton decay
| KR+ planes in the H rest frame.
CMS Preliminary 62.4 fo" (13.6 TeV)
CP even: afl™™ = 0° (SM) 5 254 Data — bkg. [ Bkg. unc.
E E - Och: =0 _ 0(‘Hm: =90° — aH’E‘C = 45°
CPodd:  af'™ =90° e F
CP mixed: 0° < |af**| < 90° %1'55_ ' =il 1
3 1=t 1 _”:! |
If 5° < |af**| < 15°, it could explain baryon asymmetry 3 ELTT T
- 05—
whilst remaining compatible with current experimental @t
constraints S e S S M e
0 60 120 180 240 300 360 3 5

q)CP (degrees)


https://cds.cern.ch/record/2957342/files/HIG-25-012-pas.pdf

-2AInL

Probe CP violation in HtT

2022+2023 (Run 3) CMS-PAS-HIG-25-012
CMS Preiminary 62.4fb-' (13.6 TeV) CMS Preliminary p 62.4fb" (13.6 TeV)
BERREEE RS RS RS n = (BDT 0.33-0.7) : (BDT 0.7-0.8) : (BDT 0.8-0.9) : (BDT 0.9-1.0) —+— Data
10l — Observed: o""=36+33 (68.3% CL) _| L‘I‘>j 102 : : : B Htt (Best fit)
[Expected: aH™=0+19° (68.3% CL) } % fe—:“rh
8= = 10 [ Others
: : Bm=s s Uncertainty
i ] _—-——--_‘_-—=—;‘_ __ig — Hotr (07=0°)
6 [ : : — — — Ho1r (0™=90°)
| AN . 2 T T T
F955% 7 NN REL; N L 3+ + ; .
1 T T s
oL - O(I) 1?0 210 310 ' 40
- 68.5% /2 T 372 %in Bin number
ol b e e Three channels (7,7}, ThTy T,T,) are considered. Dedicated
Htt . .
o (degrees) BDT is trained for each channel to separate S and B.
Larger sensitivity of Run 3 analysis
Expected Run 2 result: a”** = 0 + 21° Run 3 improvements:

* better hadronic tau identification (DeepTau)

The expected exclusion of pure CP-odd

scenario ("™ = 90°) is 2.80 * better decay mode classification (ParticleNet)

* new triggers and optimized cuts 36
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Probe CP violation in HtT

Run2 + Run 3: 2016-2023

0.0~
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c 32
5 [ -+ Data — bkg. [ Bkg. unc. < 200
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&
a>) C 15.0
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E § . 1 L 1 — 12.5
o 1.5
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0_— --------------------------------------------------------

0 50" 20" 180" 7 BT T —T
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. JHTT __ o
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0+ 14°

CMS Preliminary 200 fb=! (13 and 13.6 TeV)
__l T | LI

T | L | L | L | L I L | 1 ;_
— Observed: aM""=7+16° (68.3% CL) 1

- Expected: a"""=0+14° (68.3% CL)

5.0F55 50,

\L.kj/l R
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CMS-PAS-HIG-25-012

o5 CMS Preliminary Projection, 3ab~" (13.6 TeV)
T U T T | T T T 1 | T T T 1 | T T T T | T T 1 T | T T | T
- — Stat. uncert. only: af""=0+3°
: — Stat. + syst. uncerts.: a"T=0+3°
20 -
151 ]
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S 955% \ / 7
- 68.3% \ /
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* Most precise measurement by CMS of the CP nature

of the Higgs boson couplings to tau leptons
® Projection to HL-LHC (+39) , even better sensitivity

than at future e*e” colliders (+69)
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Higgs self-coupling measurements
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Higgs self-coupling

* |t validates (or invalidates) the EWSB
° |tis a direct probe of the “shape” of the Higgs Potential

* |t determines the fate of our universe (Vacuum Stability)

V(o EWSB m
- V =Vo+ 3mih? @mh3—|—izv’5h4
4
massterm A uuh '," 7\,4h o
----.: ---.“----
2 ‘\ s“
: my :
ASM — —h HH production  HHH production
hhh = 502

Annn shapes the Higgs potential & governs the dynamics of EWSB
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HH production

* HH searches provide the only direct way to probe the Ay,

( g H g H ———————— ! !
v F ;A: g | . Kav
H . v
\ g H 999000000 —————0---------- q q
Oggnn=31.1tb @13 TeV (34.1fb @ 13.6TeV) oyprun=1.726fb @13 TeV (1.874fb @ 13.6TeV)
~1000x smaller than single H production o
(13 TeV)
:;"”25: —k, =1,SM K,1=L
t 4 —k, =0, only box diagram A
/g aawwf—>—/ \ o2 : — k, =2.45 , maximal interference S
\ - H 0.015 f B E%fzo soft _SF:e‘:t_’”ml . BSM modification
o m - » =0 MATYTEGE SR to K, could lead to
\g T, D | much higher cross
0.005 | sections
Oouyy=0.756fb @13 TeV (0.86fb @ 13.6TeV)

%50 300 350 400 450 500 550
My, [GeV] 40



HH decay channels

® Channels with large BRs often suffer from
challenging signatures and large backgrounds
* Highest sensitivity channels:
°* bbbb: highest BR, fully reconstruction,
low purity
°* bbtr: modest BR, higher purity

°* bbyy: small BR, fully reconstruction,

good m,,, resolution

®* CMS has a broad program of HH searches with most decay channels covered

CmMs V)

CcMs 102167 (13TeV) — cMs 137 fo (13 TeV) cMs 138 fb-1 (13 Tev)
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Combination of Non resonant HH searches

* Combine bbbb, bbtt, bbyy, multilepton(WWWW, WWt7z, t777), bOWW, Yy 7T, bbZZ, WWYYy

* Based on full Run 2 dataset, extrapolated to HL-LHC CMS Proeciions 3000 " (14 e

138 b (13 TeV)

[ S2 scenario
- — Stat. Only

cms _ 13817(13TeV)
K =K =Ky =Ky =1
—e— Observed E=== 68% expected
------ Median expected :-=-=- 95% expected

|

N
T

wW
T

WWyy
Obs. (Exp.): 95 (54)

bbzz, 4|
Obs. (Exp.): 33 (41)

Yyt
Obs. (Exp.): 31 (26)

Discovery Significance [0]

N
L

Multilepton S ST SR R
Obs. (Exp.): 22 (20) 0 1000 2000 3000

SBWW -1 Kyy = 0 excluded at more than 50 Luminosity Ifo-']
Obs. (Exp.): 16 (18)
bbyy

Obs. (Exp.): 8.4 (5.6)

cmS ‘ 138107 (13 TeV) CMS Projections 3000 fb' (14 TeV)

L e B S e e L B e s S B e B

10k —— S1 scenario —— Stat. Only ]
82 scenario K=Ky =Ky =1 ]

[ T T
[ K=Ky =Ky = 1 — Observed - Expected

2 Aln(L)

bbt*t

Obs. (Exp.): 3.4 (5.3)
bbbb

Obs. (Exp.): 7.5 (4.3)

Combined
Obs. (Exp.): 3.5 (2.5)

L ool L L R
1 10 100 i
95% CL limit on o(pp — HH) / & 0

Opn < 3.5 (25) X Osm

-1.35<k; <6.35 42



Search for HH->bbbb

* Include two topologies for the analysis:

b b Merged: both Higgs

reconstructed as
large radius jets

Resolved: Higgs
decay products

reconstructed as
small radius jets b

L. Event selection:
Event selection in 2022 and 2023: ) . ,
s OnlineselectionwithAjZb riggers o 22 AK8jets ordered in GloParT T, , score, with T, (H.)>0.3

. : e  BDT multi-classifier:
: i ;’ ﬁﬁ:&:ﬂiﬁxgﬁz d(:ui?vc'g)% (30) GeV, Ini<2.5, TightlD) Separates ggHH—4b and qqHH—4b from QCD-multijet and ttbar backgrounds
- Includes T, (H,)

e HH jets: Four leading in b-tag score jets
Pairing assignment done as in Run-2 HH—4b analysis
e VBF candidate jets: p; > 30 GeV with |n[<4.7, not b-tagged
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Trigger efficiency

Search for HH->bbbb: resolved topology

Run 3 improvements:

°* new triggers, graph-based algorithm (ParticleNet) for b-tagging, bjet p; regression

—_
N

o
o}

0.4

0.2

CMS Simulation Preliminar 13.6 TeV
||||||||||||||||||||||||||(|1||3||-|:?|\{,||1||3|.|6||-I|-|el\|/_) S >\100: R L Iy' U B _C|M|S| —— — — — |13.|6|T|e\_/
B - S 2 I ttevents, pr > 20 GeV, |n| < 2.4 _% 0.08E IG v ' Gov ' ! ! . =
“C CMS HH — 4b 1y 2 i CSWv1 (Likelihood ratio - Run 1) < ‘:fng v ]?; ooy — H, w/o regression 3
- Qr . 4 = | — CSVv2 (MLP - Early Run 2) [ C B — H, with regression 7
L Simulation ] 0.07F- 1=112.1 GeV, 0 = 15.2 GeV 3
1—S uratio i = 101l DeerCSV(DNN-Run2) i g: C 1= 119.7 GeV, 6 = 12.7 GeV — H, w/o regression 3
B —1 g I — DeepJet (CNN+RNN - Late Run 2) 1 ® (.06F —— H, with regression
i — ] 8 [ — ParticleNet (DGCNN - Early Run 3) S - 2 .
= - = | —— UParT (Transformer - Run 3) c C ]
i e, 7038 *qc'; S 0.05F =
[ . - G 102 E & 0.04F- =
- - —— Run 2: 2018 0.6 E | o i
R Run 3: 2022 i 2 0.03(- -
B —0.4 - ]
- . ——Run3:2023 | i * 0.02f- -
I Signal distribution - i 1 .
o= before trigger 192 0.01 =
OT.I_I_I.I_IIIIlllIIlllIIlllIllllllllllllllllllllllll_ I i %-1 o e by oy by B E—— I_
300 400 500 600 700 800 900 100011001200 10_80 . 012 P ¢ O|4 i 0|6 A Ol8 PG - 0 100 120 1-40 160 180 200
Generator-level m_, (GeV) - . - 'b-jet - éfficiency Reconstructed Higgs boson mass (GeV)
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Search for HH->bbbb: resolved topology

* background estimated from 2b CR, validated in 3b and 4b sideband region.
* Fit on ML-based discriminant to extract HH signal

Data-Pred

o —— 41|.kal>'1'(1|3.'6Te'V) ' 62fb1(136TeV) L
S wEcms s oo S 100 Obs(Exp) upper limits on p,,,:
— 10° I Background ~ .7 HH SR W Background
% :25 SRa 7] Bkg. Unc. 2 12 = ST 1 ggHH - 4b x 10
S _ o 108 .
; — s 0 4o D aaroax100 1@ Approach 1: 6.3(5.3)=used in
10f combination with Run 2.
108
102 * Approach 2:5.0(6.1) =Includes
10!
) /Z&Z7ZH as standard candles
-010 ...... '0114 frrrryprrrrprrrryrrrryrrrryrrrryrrrryrrrrpyrrey
© 4 E O .SF . ] ]
SR -#+-+-+-+-+'% < 1o W+++%*M+ ® Scaling to Run 2 luminosity (138
8 S #ostit e ] Eoep hPostfit d-Prefit - Uncertainty 3 .
. 2;_".";""':"."i """ :"."i """ :"."i """ :"."i """ g 2_|||||||||_ fb-l) : ><2 Improvement!
O ) £ ] S U S E—— ]
-2 POSt .fl.t.l ................................ g g 2F Post flt—
0 01 0.2 03 04 05 06 07 08 09 1 oo b b b b b b b Lo
SvsB DNN score 01 02 03 04 05 06 07 08 09 1.0

D(ggHH-vs-bkg) 45



Trigger efficiency

Search for HH->bbbb: merged topology

°* new triggers,

Run 3 improvements:

with GloParT regression
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Search for HH->bbbb: merged topology

°* QCD-multijet background derived from data, ttbar background from simulation with data-

driven corrections

* Signal extraction: fit on the mass of the subleading-in-p; Higgs

62 fb! (13.6 TeV)

62.0 fb” (13.6 TeV

5 Toms | +omm Wz $ows ‘oDma ;
~ oL . WacD  7Bkg. Unc. 1 2 | 9gHHSRI1 ggHH, Hggh=10 e e
@ " Massfit @™ e 0] 50 — a0 | Obs(Exp) upper limits on p:
S o on Vi, W —aarHu =100 1 8 7F|Approach 27 e 1
S O ] TR B QCD multijet E
L - ; t+jets ]
- Vi | * Approach 1:5.3(6.6)
are Vijets, VV E
1 =used in combination with Run 2
L= * Approach 2: 11.1(8.1)
0 52 T y T . . . .
g 1% * I % 1 s '_T l @~@ % M‘ l I | J * Dominant systematic uncertainties
F= R S A e ] S T 1 & l % ]
SOk -"P‘;’S”‘J-f ¢'¥ A N B mm i related to the background estimation &
o . 2 3. ]
e uncertainty on the HH XS
D_2_Os-ll...|...|...|...|...|... |
60 80 100 120 140 160 180 200 e e L
H2 Candidate mass (GeV) -%O 80 100 120 140 160 180 200 220 47

Mreg(Hz) (GeV)



Search for HH->bbbb: combination

e HH-bbbb search targets ggF and VBF HH production using:
o  resolved and merged topologies with Run 3 data (2 approaches each)
o  reanalysis of Run 2 resolved analysis — 25% improvement
o combination of the above with Run 2 merged analysis

Run 2

Obs. 7.5
Exp. 3.8

Run 3
Obs. 4.4
Exp. 4.4

Combination

Obs. 4.7
Exp. 2.8

138 fb' (13 TeV) + 62 b (13.6 TeV)

CMS  SM —Observed =10
----Expected +20
i
|
|
|
|
|
|
l
|
|
|
|
] e
1 10

95% CL upper limit on My

-2AIn(L)

Observed: -4.1« IE ¢ 9.6

Expected: -3.2 < k, < 9.8

138 fb" (13 TeV) + 62 fb™' (13.6 TeV)
| LA BRI BRI BB B

U o e e e P o e e

-1.89

-~ Expected { 1.00%)

/

]

CMS Observed ( -0.67320 ) _E

/. 3l
/'q <3.8441
'} ia &

/

IR s :
PRI . W 18-V O 8T o o o e o] RN T O T O

Ll
-2 0 2 4 6 8 10 12

LY

-2AIn(L)

Observed: 0.77 < K, ¢ 1.27

Expected: 0.69 < k,, < 1.35

138 fb™' (13 TeV) + 62 fo'' (13.6 TeV)
20 e et ey oo o)

—
CMs

K, =k, =K, =1

fnGianie uamwiaembiee s Rin e e b Rieme e mie ek e o e

— Observed (1.0230,°) :

Expected (1.0032 )

Most stringent constraints achieved in the HH- bbbb final state to date.

Most stringent constraints on k,,, to date!

48



Conclusion and Outlook
* We are at the dawn of precision Higgs physics
* Signal strength:  p'™! = 1.01730¢  (precision of 5%)
* Mass: (H->ZZ->4l) 125.08 £ 0.12 GeV, (H>yy) 125.07 £ 0.13 GeV
° Width: (H->ZZ->4l & 212v) Ty = 3.0142 MeV, (H>WW-evpv) Iy = 3.9%57 MeV
* CP violating effect probed in fermion section, pure CP odd coupling excluded by > 30
* Tremendous work on HH searches:
* Several improvements in heavy-flavor tagging, trigger, analysis techniques using ML
provide sensitivity boosts
* Searches remain statistically limited
* Prospect at the end of HL-LHC
® Observation of H>uu and H->Zy and determine their couplings with precision of 3%
and 7% respectively QY P RN
* Observation of HH with significance > 50 at 2ab-!
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ATLASSELGHiggsREMEZEL R : Run1+Run2

| [ I [ I | I I | [ I | I I | I
ATLAS e Total Stat. only | Combination
Run1: /5 =7-8 TeV, 25 b, Run 2: /s = 13 TeV, 140 fb
Total (Stat. only)
Run1H — v I ® i 126.02 + 0.51 (+ 0.43) GeV Source Systematic uncertainty on mpg [MeV |
Runi H — 4/ i @ | 124.51 + 0.52 (+ 0.52) GeV e/'y ET-independent Z — ee calibration 44
Run 2 77 > 1 : 125.17 014 (£ 0.11) GeV ely ET—dgpendent elect.ron energy scale 28
| H — vyy interference bias 17
Run 142 H — vy —e—i 125.22 + 0.14 (£ 0.11) GeV e /vy photon conversion reconstruction 15
Run1+2 H — 4( —— 124.94 + 0.18 (+ 0.17) GeV e/y energy resolution 11
Run 1 Combined ll—o—l 125.38 + 0.41 (+ 0.37) GeV H — yy background modelling 10
M t 1
Run 2 Combined e 125.10 + 0.1 (+ 0.09) GeV Hon momentum seaie 8
| All other systematic uncertainties 7
Run 1+2 Combined e 125.11 + 0.11 (+ 0.09) GeV
| | | | | | | | | | | | | | | | | | | | | | | I |
123 124 125 126 127 128

my [GeV]
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REE

ATLAS  obs (exp)

CMS obs (exp)

bbbb 5.4(8.1) Xosv [13TeV, 126/fb] 3.9(7.8) Xosu [13TeV, 138/fb]
bbyy 4.2(5.7) Xosu [13TeV, 139/fb] 7.7(5.2) Xosu [13TeV, 137/fb]
bbrr 4.6(3.9) Xosy [13TeV, 139/fb] 3.3(5.2) Xosm [13TeV, 138/fb]

WWW W, W 77, TTTT

160(120) Xosm [13TeV, 36/fb]

21.3(19. 4) Xosm[13TeV, 139/fb]

bbWW —bblvly 40(29) Xosm [13TeV, 139/fb] 79(89) Xosm [13TeV, 36/fb]
bbWW —bblvgq

300(300) Xosm [13TeV, 36/fb] -
bbZZ —bblll’l’

32.4(39.6) Xosm [13TeV, 139/fb]

bbbb, bbtr, bbyy. etc

2.4(2.9) Xosm [13TeV, 139/fb]

3.4(2.5) Xosm [13TeV, 139/fb]
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REE

ATLAS  obs (exp)

ATLAS NEW obs (exp)

bbbb 5.4(8.1) Xosm [13TeV, 126/fb] 5.3(8.1) Xosm [13TeV, 138/fb]
bbyy 4.2(5.7) Xosm [13TeV, 139/fb] 4.0(5.0) Xosm [13TeV, 137/fb]
bbtr 4.7(3.9) Xosm [13TeV, 139/fb] 5.9(3.3) Xosm [13TeV, 138/fb]

WWWW, WWrz, trtt...

160 (120) Xosm [13TeV, 36/fb]

17(11) Xosm[13TeV, 139/fb]

bbWW/ZZ/tx ~bbllvy

40(29) Xosm [13TeV, 139/fb]

10(14) Xosm [13TeV, 36/fb]

bbWW —bblvgq

300(300) Xosm [13TeV, 36/fb]

bbZZ —~bblil’l’

39(35) Xosm [13TeV, 139/fb]

bbbb, bbtr, bbyy. etc

bbbb, bbtt, bbyy

2.4(2.9) Xosm [13TeV, 139/fb]

bbbb, bbtr, bbyy, bbllyy, multilepton

2.9(2.4) Xosm [13TeV, 139/fb]




—e— QObserved limit (95% CL)
ATLAS Expected limit (95% CL)
Vs =13 TeV, 126—140 fb (UHH = 0 hypothesis)
SM [ Expected limit +10
o HH)=32.8 fb
agF + ver (1) 1 Expected limit +20
Obs. Exp
bbit + Emiss |- } 10 14
Multilepton — + 17 11
bbb} * 53 8.1
bhyyl- + 40 50
pbrit- | * 59 3.3
Combined[— } 2.9 2.4
l | (- I L1 1 1 I L1 1 I I I | I I I | I L1 1 1 I L1 1 1 I L1 1 I l
o 0 5 10 15 20 25 30 35 40

95% CL upper limit on HH signal strength uyy
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CMS Run 3 HH analyses

bbbb 4.4 (4.4)Xogy 13.6TeV 62 bl
bbbb 4.7(2.8)XGgy 13.6TeV 62 bl + 13TeV 138 fb'!
bbyy 11.0 (7.3) X 6y 13.6TeV 62 fb!

bbWW (fully leptonic) 12 (18.5) X ogy 13.6TeV 62 tb-!



