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Higgs physics at LHC
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Higgs: the lord of Standard Model

Brout-Englert-Higgs
mechanism

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

Forces
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Higgs boson
CP-even scalar

= elementary

= electrically neutral
= spin 0

= parity even

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

= 15 out of the 19 free parameters of the SM are connected to the Higgs boson

self-coupling A
HH production ’




Higgs: the lord of Standard Model

Z , ? e Y once my is known, it can be well tested
: - / = C
¢ Couples to all massive bosons and fermions

with a strength related to the particles” mass
production cross-section

branching ratios

total decay width
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» Investigating with better precision ‘anc-i granularity, pfobing rarer processes and
more extreme phase-spaces, etc.

> In this talk, | will try to give an overview over current best knowledge and most
recent results - strong & personal selection!
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ATLAS and CMS: exploring at energy frontier

Huge dataset

ATLAS Online Luminosity
2011pp Vs=7TeV

— 2012pp Vs=8TeV

— 2015pp Vs=13TeV

—— 2016pp (5=

—— 2017pp (5=

—— 2018pp Ys=13TeV
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Rich phenomenology at the LHC

A variety of production modes g | % A variety of decay modes
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Higgs property: mass

oSS 138151 (13 TeV)

» Measured in clean final states with Higgs boson = | =§‘§:X;zz
fully reconstructed S 100F E

» CMS: H-ZZ*— 4 leptons (e/W) [arXiv:2409.13663] % + + E
* my=125.08 £ 0.10 (stat.) £ 0.05 (syst.) GeV 40;— ++ + + —

> ATLAS: combination [PRL 131 (2023) 251802] Dt S e B e,
e  H-vyyand H-ZZ*— 4 leptons (e/L) 00 S (Bevy T T e

--------------------------
—— Fitted S+B ATLAS

==== Bonly Vs=13TeV, 140 fb™", H>yy
U, Outer-barrel, low p:

* my=125.11 £ 0.09 (stat.) £ 0.06 (syst.) GeV

» Most precise measurements to date
« Mass resolution: < 1%o

Events / GeV

* in very good agreement with each other
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Higgs-boson total width

» Assuming SM: T'y = 4.1 MeV for my ~ 125 GeV
« Constrain unmeasured/able decays, modified by BSM decays, e.g. dark-matter
« At LHC, direct measurements from line shape or flight distance, is impossible
» Constrain via I'y « o(off-shell) / a(on-shell)
« Assumption: same couplings between off- and on-shell
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Higgs-boson total width

> ATLAS: T, = 4.3%27
> CMS: Ty =3.0%%2

7 [arXiv:2412.01548]
0 [arXiv:2409.13663]
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Higgs property: production and decay

» Dominant production modes and > 88% of potential SM decays observed
e with < 10-20% precision

ATLAS: Nature 607 52 (2022)
CMS: Nature 607 60 (2022)
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Higgs property: production and decay

» H-Zy: Br(H-Zy) = 1.54x1073
rare H decay via loop diagrams sensitive to new physics

st

ATLAS and CMS combination

» Agrees with SM prediction within 1.9 ¢

Obs. (exp.) significance of 3.4 (1.6)

First evidence of H decay
u= 2.2+0.6 (stat) (syst)

Phys. rev. Lett. 132 (2024) 021803

Weighted events / GeV

Data - Bkg
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- LHC Run 2

C  In(1+S/B) weighted

¢ Data

— Signal + background

-- Background
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Higgs property: coupling

Production modes Decay modes » Coupling-strength modifier k

o t,b ° SM: k=1
t,b P . ] | v f
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Higgs property: coupling

» Good agreement with SM prediction, within < 10% uncertainty

Still many missing pieces...
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ATLAS: Nature 607 52 (2022)

CMS 138 o™ (13 TeV)
® Observed D *+1 SD (stat)
= +1 SD (stat @ syst) \:| +1 SD (syst)
— £2 SDs (stat @ syst)
B : Stat Syst
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CMS: Nature 607 (2022) 60



new territory to explore

Why is the electroweak interaction

so much stronger than gravity? What is the origin of the vast range of quark
e Are there new par[ic|es close to and Iepton masses in the Standard Model?
the mass of the Higgs boson? Higgs » Are there modified interactions to the
* Is the Higgs boson elementary boson Higgs boson and known particles?
or made of other particles? » Does the Higgs boson decay into pairs of
* Are there anomalies in the interactions of - quarks or leptons with distinct flavours
the Higgs boson with the W and Z bosons? (for example, H — p* 77)?
Why is there more matter than What is dark matter? What is the origin of the early
antimatter in the Universe? Universe inflation?

* Are there charge-parity

* Can the Higgs boson provide a portal * Any imprint in cosmological observations?

violating Higgs decays? to dark matter or a dark sector?
* Are there anomalies in the Higgs self-coupling ¢ Is'the Higgs lifetime consistent
that would imply a strong first-order with the Standard Model? G. Salam, L.T. Wa ng,
. o . ;
early-Universe electroweak phase transition” * Are there new decay modes G Zander|gh|; Natu re 607, 41 (2022)
* Are there multiple Higgs sectors? of the Higgs boson?

» Higgs boson might be key to answering many open questions

Self-coupling, Couplings to other particles, CP violation? Total width, +much more,
+ direct searches for new physics

Keep investigating with better precision and granularity, probing rarer processes,
more extreme phase-spaces, etc.
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Beyond the 3rd generation

Yukawa coupling: 9 out of 19 free parameters of SM

ATLAS Run 2
E Ko =Ky

K. is a free parameter

» On the way to probe all Yukawa couplings
« the charm quark standing at the frontier

SM prediction

Fermion generations
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VH(—cc): ATLAS final Run-2

» BR(H—-cc)=2.9%, 2nd largest BR not yet observed [ATLAS-CONF-204-010]
 Most direct & sensitive probe of Higgs-charm coupling
* Quark final state: huge multi-jet backgrounds

» V(—leptons)H: golden channel for H—bb/cc
« Significant XS and effective multi-jet background suppression

15



» Flavor tagging is the key experimental technique

—
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c-jet rejection (1/€
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VH(—cc): ATLAS final Run-2

Novel ML based tagging, refined calibration with better precision

Finer categorization and simultaneously b/c tagging

T T I T T T T | T T T T | T T T T | T T T T
ATLAS Preliminary
Vs =13 TeV, pr €[85,110] GeV
C-jet rejection in simulated (Pythia8) top-pair events

light-jet rejection in simulated (MadGraph) Z + jets events
1 light-jet rejection in Z + jets data events

GN2

+
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- Reco Software Update + B
- Reference: DL1r | da?al'_1 350/ E
- DL1 (ego = 75%) | (€577 = 75%] -
i (data = 77%) ._._.+ i ?2'.5' [ 4
C |—a—|—§—| x1.4x1.7 i x1.5 ]
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Events /0.13

Data/(S+B)

VH(—cc): ATLAS final Run-2

» Simultaneous analysis of VH, H—bb and H—cc
« First direct constrain on the ratio of k. and k,

T
ATLAS

Vs =13 TeV, 140 fo

0 lepton, 2 jets, CTC-tag
| 150 GeV < p¥ < 250 GeV
SR, Post-Fit

10*

I

® Data
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I VH, H- cc (u=1.0)
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« Similar result obtained by CMS [PRL 131 (2023) 061801]
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Attempts for probing k. and other light quarks

» H+c, proposed in [PRL 115 (2015) 211801]
« Dominant diagram not sensitive to x_ (~99%)

. ATLAS [arXiv:2407.15550] and CMS [HIG-23-010]
o(H+c) < ~10 pb [< ~4 X SM] = k: < ~100 @95% CL

» Light-quark Yukawa in inclusive H production
« H-ZZ* —4l. CMS [HIG-23-011]
* Kk, affects the production and width
« Simultaneous constraints on kqforqg=u, d, s, c

» Exclusive H—Qy*: [idea: PRD 88, 053003]
» W=*H charge asymmetry: [idea: JHEP 02 (2017) 083]




ttH(—bb): ATLAS final Run-2 [HIGG-2020-24]

» ttH: most sensitive probe of Higgs-top quark coupling

H—bb: dominant decay

» Extremely difficult final state

Reco/ID of 4 b-jets and Higgs candidate
Major background: tt + b-jets

» Best single measurement to date!

Obs. (exp.) sign. 4.6 (5.4)0
Uncertainty ~halved ; increased granularity

Consistent with SM prediction - up to high
energy!

pH €[0, 60) GeV

pt €60, 120) GeV
pt €[120, 200) GeV
pt! €[200,300) GeV
pt €[300, 450) GeV
pt! €[450, ) GeV

Inclusive

T
ATLAS

I Syst. only Stat. only SM + Theory

Vs =13TeV, 140fb~', my=125.09GeV Total ( Stat. Syst.)
+0.69 +052 +0.46

B |H————— 125 "5 - 0.51 - 0.40
+0.54 +041 +0.35

B == 0.77 g5 - 040 - 0.32
+0.46 +034 +0.31

B F=— 0.88 a3 - 033 - 028
+0.44 +0.36 +0.26

B == 0.77 "o - 035 - 024
+0.55 +044 +0.33

- —— 0.27 45 - 042 - 033
+0.89 +0.76 +0.47

- ——— 0.63 0.83 - 071 - 043
0.20 +041 +0.17

B lee=i 0.81 0.18 - 011 - 0.15
| I | | | |

0 1 3 4 5 6

O/ oM
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Precision test of Yukawa coupling

» Yukawa coupling predicts: y; ~ m;
* Quark mass difficult to measure precisely due to non-perturbative effect
 Lepton mass can be measured precisely, used to test Yukawa coupling

» H - ttdecay has largest BR to leptons, Re-analysis of Run 2 data
« Strongest decay mode for measuring VBF xsec (+ = 15% wrt last round)

||||||||||||||||||||||||||||||||
[ I I I I I I i

C
@ [ ATLAS Dat Misidentified -
> 100—£=T13T6V"4°fb_1 ;Hiir(xo.QQ)- Others S ——————
& [ verim>to000ev I8 70T neereny 3 ATLAS Hotr Vs =13TeV, 140 fb
I Post-Fit E
Y el - —Tot. BSyst. “Theory
i Tot. (Stat. Syst.)
60 - — 10.30 1014 1027
I . ggF ——1 1.00 o2 ( o1 022 )
i i +0.63 +053  +0.34
or 7] VH —— 1.00 S (o5t o33 )
- : +0.18 +0.12 +0.12
20 - p + = VBF == 1.00 546 (012 —o10 )
g 40.92 +0.80  +0.45
-| L1 |/|(| PRI (IS - I ] | ttH [——] 1.00 -0.79 ( -0.71 -0.35 )
I I*I LI L T e e
2 +0.12 +0.06  +0.10
& ’ Combined (g 1.00 547 (oo 009 )
| | | | TR TR S N SR S T T | |
©
5 } 0 1 2 3 4 5 6
| meas SM
0 25 50 75 100 125 150 175 200 arX|v2407 16320 (oxB)™""/(oxB)

M [GeV] 20



Studying the Higgs-boson’s kinematics

> Differential cross-section measurements as function of kinematic variables
« Reveal subtle deviations from SM prediction

» Two types of differential measurements:
« Unfolded fiducial differential measurements
« Simplified Template Cross-Sections (STXS)

g 10° ATLAS Preliminary VH, H— bb, V - leptons cross-sections
o OF mTen o S o
x 10° V=W V=2
Eﬁ 102 B 0J 2141 0 21J1 0J zwi
» ATLAS V(—leptons)H(—bb) STXS ofl = Eina T T
X - i = | by i | 1
« Most granular and precise STXS ° T.p | ;TT;%;
—1 1 1 1
measurement of VH 10E H - 5 : "
2 s 1T el T LTl
s O 2 1 T3
= = L L L —
@ %%/”"%% ‘fffow 25, 2%360 BT 0,54,

STo T a7 > On 77 > P >
S0 G vé’so GV¢00 v6‘00 Go L &%) G Té’go - S0, 0 a ) » Ge L
o, Goy G@[/ G@V L oL el Sl

[ATLAS-CONF-2024-010] 21



Studying the Higgs-boson’s kinematics

> Differential cross-section measurements as function of kinematic variables
« Reveal subtle deviations from SM prediction

» Two types of differential measurements:
« Unfolded fiducial differential measurements arXiv:2407.16320
« Simplified Template Cross-Sections (STXS)

. . . = 2.2 L L B BN B =

» H - tt: unfolded differential cross-section g pEATLAS ~— SW(Powneg:Pyhiad) ¢ Data, ot urc.3
2 18 :_\(5213 TeV, 140 fo! - EHV:V ; j 0.7 E|:::$Zd; ata stat. unc._:

T 46 " =

measurements I oo
ATLAS | = =

E =13 TeV, 140 ! Exp. Lin. Exp. Lin.+Quad. -:_;Q 1 2 :T _________________________________ _:

Hott, 49" vsp" - Obs.Lin. -+ Obs. Lin.+Quad. Tg 1E= I | =

95% confidence level = 4 E

~ n 0.8~~~ T """" —

. i 06 * """""""""""""""""" =

« SMEFT interpretation: oé

. [ N 0.2

constrain CP odd operators — ) OO T ST
; = 1.5:— i E
0 , o o S [~ ! | ]
8 5..._..._.+._..._..._a -------- T -------- 3 | I :
c B fe) R e E
HWI A -a' 0.5 L . L L -

L1 I 111 | | - i |- |CIP\I/ ?NllEF-ll— r?oldell m -TC/Z 0 TC/2 -n/z 0 n/2
15 10 5 0 5 10 15 A¢ gned [rad] A(I)ﬁig d [rad]

Parameter Value I



Baryogenesis and Higgs potential

» Why matter far more than anti-matter?
» Requests from Sakharov Conditions
 More CP violation than SM

« First order phase transition, departure from
Thermal Equilibrium

» Higgs potential determined EW
symmetry breaking: 1st or 2nd order?

Nl 7 N 1\ 7
e - <= 030 }—
/¢\ / ¢>0/—>
AN
_ O N
0>0 \ /*\<— 050 }—
7\ A

An alternative
potential

Standard Model
potential

Higgs field value
in our Universe

Current
experimental
knowledge
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Probe Higgs potential

» Expand Higgs potential about the minimum 7§h_h_h_.,/'
mHXd'};‘T[_‘ﬂJﬁi ‘s"

2
V(g) = —12¢? + A\¢* ©> Vo + 2m2h? + Jhohd + 2 74 h?
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Probe Higgs potential

» Expand Higgs potential about the minimum 7§h_h_h_.,/'
mHXd'};‘T[_‘ﬂJﬁi ‘s"

V() = 1262 + A" = Vo + dm2h2 + Thoh® + L7 b
— ,LL 0 2 h 202 4 202

» Higgs-self coupling (4,,,,) is crucial for probing Higgs potential
 Measured in double Higgs production (di-Higgs) at LHC

~000) ,/H 000 -==-H
P
0200/ SNH | o) -—-H
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Probe Higgs potential

» Expand Higgs potential about the minimum 7§h_h_h_.,/'
mHXﬂ'}ﬁEkb% ‘s"

V(9) = —12¢* + 26" E>Vo + SmIh? + Jhoh® + L2
— ,U/ 0 2 h 202 4 202

» Higgs-self coupling (4,,,,) is crucial for probing Higgs potential
 Measured in double Higgs production (di-Higgs) at LHC

BOO) H B0 -—-H bb ww 14 77 vy
A>-’-L.:/ A bb
0200 RANTINTTY ---H 46%
» Di-Higgs at LHC: o(HH) ~40fb -
* ggF dominant mode (90%), VBF (5%) D I

« Complex decay products 010%  0028%  0012%  0.0005%




Higgs self-coupling

» All HH channels explored
*  Multi lepton channel included for the first time at ATLAS [JHEP 08 (2024) 164]

—e— Observed limit (95% CL)
ATLAS Expected limit (95_% CL)
vVs=13 TeV, 126—140 fb-! — (Elj:;f"e;z:){lf::h-‘-ef(;s) bb i T 77 vy
SM _ -
Oyt + ver (M) =32.8 fb 3 Expected limit +20
Obs. Exp.
bbit + Emss - 10 14
[ Multilepton— * ] 17 11
bbbb |- T 5.3 8.1
bbyyl { 4.0 5.0
0.069%
bbttt - * 59 3.3 °
Combinedi— | | | 1 | | 2.9 | 2-41 0.028%  0.012%  0.0005%
0 1 - 1 L1 1 | Ll 1 1 L L1 L1 1 Ll 1l ) - Ll L1 L

95% CL upper limit on HH signal strength Ly
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Higgs self-coupling

» Statistics combination to maximize the sensitivity
* Non-resonant HH ATLAS [PRL 133, 101801 (2024)]
« BSM resonant HH ATLAS [PRL 132, 231801 (2024 )]

L — T T 1T I T I T T T T I T 1T 1T T T 1T T1TT I T I I ]
—e— Observed limit (95% CL) £ N ]
bb ww T ZZz Yy ATLAS _ Expected limit (95% CL) = 105 ATLAS |
Vs =13 TeV, 126—140 o (HHH=0 hylpo.the5|s) -? E V=13 TeV, 126-139 fo-! —e— Observed limit (95% CL) 3
oS e (HH) =32.8 o [ Expected limit £10 < [ soino ---- Expected limit (95% GL) 1
99F + VBF [ Expected limit +20 = P i

= 5 104 0 Expected limit £10 -
Obs.  Exp. E 1 Expected limit +20
bbit + EpisE|— * 10 14 1ok )
Multilepton [~ + 17 1 E E
102 =
bbbb * 5.3 8.1 E R\ W =
bbyyl * 40 50 10 ~ N7 =
- ot — Sz — =
0.069% i FoTrT RN ]
SRI0 bbttt - 5.9 3.3 to—— bbyy eI 1
: 10% —e— Combined =
Combined|— 29 2.4 20:0| L1 é(l)o 1 560 1 1 1 11 0|00| [ I |2|0|00 Il 30|00 50| .

0.10% 0.028% 0.012% 0.0005% b by b b b b 1 00
0 5 10 15 20 25 30 35 40 my [GeV]

95% CL upper limit on HH signal strength uyy
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Higgs self-coupling

» CMS also release new results [CMS-PAS-HIG-20-011 ]
 adds additional channels: bbWW, WWyy, and ttyy, and

additional VHH production mode for 4b channel

> 95% CL limit on x,

«  ATLAS: —1.2<k,<7.2 (—1.6<k,<7.2)
.« CMS: —1.39 <x,< 7.02 (—1.02 <k,< 7.19)

E ATL/IlS ! —ICombined —I biEV\f

’_\/_ » — Multilepton bffbb .
- Vs =13 T.eV,_126—140 fo —— bBl +EPS —— bhTHT ]
- HH combination ]
— All other k fixed to SM —— Obs.: 95% CL [-1.2,7.2]

=== Exp. (SM): 95% CL [-1.8,7.2]
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95% CL limit on 6(pp — HH) (fb)
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T

CMS Prel/m/nary

- Excluded

¥ SM prediction

N 13$fb4x13'TqV}
------- Median expected ]

= 68% expected
....... 95% expected

Excluded . Excluded °
k=1 N\ ]
Ky=ky=1 0 N
-10 -5 0 5 10
K

W*Wyy
Obs. (Exp.): 95 (54)

bbZZ, 4
Obs. (Exp.): 33 (41)

YYT T
Obs. (Exp.): 31 (26)

Multilepton
Obs. (Exp.): 22 (20)
bbW*W

Obs. (Exp.): 16 (18)
bbyy

Obs. (Exp.): 8.4 (5.6)
bbt*t

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

Obs. (Exp.): 7.5 (4.3)

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

CMS Preliminary

138 f ! (13 TeV)

Kx—Kt—Kv—sz—1
—e— Observed
...... Median expected

E 68% expected
------ 95% expected

1

1 10

Ll
100

95% CL limit on o(pp - HH) / ©

Theory
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Extended Higgs sector

» Extension of Higgs sector could change the Higgs potential.
 For example, SM plus one singlet extension, allow first order EW phase transition

An alternative
potential

m? A
Vessn = 7HTH+ Z(HTH)Q

Standard Maodel
potential

Current
experimental
knowledge

2

Higgs field value
in our Universe

+ @HTH|S|2 + %2|S|2 + %SF + (%SQ + a1S + C-C->




BSM Higgs boson

» Two-Higgs Doublets Model (2HDM) @
« Minimum extension of Higgs sector Standard Model @

Prediction
 Requested by MSSM

MSSM Higgs Boson Predictions

- Two free parameters at tree level: m,, tan B=v, /v, Foeos
» Top quark, heaviest particle, sensitive to BSM Higgs \ HT
« Severe interference with SM

. - H_
« Signature difficult to detector
x10°

3 85 g: " ATLAS Simulation i
9 t g t g 6 — ¢ \s=8TeV,20.3fb" r
! . Parton level; before selection J
w t m, = 500 GeV, tanf = 0.68 3
A/H 5 °F E
v A G of ;
—2F E
g - M\ B —4f | | | | 3

o ! g t 300 400 500 600 700 80

m, [GeV]



BSM Higgs boson

» Develop new analysis methods
« Precise modeling signal theoretically and new statistics analysis for interference effect

-~ 1OBE_| T T LN B S B B B S R m_50 . ‘ . .

> = ATLAS ¢ Data [ S

o - ) " IS ATLAS

S 107k is=13TeV, 140 o' [_]W+jets Bl Multijet = 45F — 13 TeV. 140 ﬂD_1 7
> = A/H — if, 1-lepton [ Single top [] Z+jets 40 Vs = evs

%] - Resolved 2b ; R hMSSM, A/H — tt I
§ 10° E- 0.8</cos6" 1 [ Others Uncertainty X

w - Post-fit In the lower panel: Observed 95% CL exclusion |

m,=500GeV, tanf=2.4 x5
— m,;=800GeV, tanf=0.4

. 1.04

IIIIIIIJ IIIlIJlI lIIII]l‘ IIIlI.IIJI IIJIIlII IIIIILIIII

[=)] ! ! 4 =
é B * » :
o 1.02f V%
£ g z -//. 3
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~
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1 | | |
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| (I 1
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Most sensitive channel at high mass and low tang
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CMS results on A/H-tt

CMS preiiminary 7] 138 fb~1, Run 2 (13 TeV)

Other Il tX tt Prefit uncertainty }  Data
1 1 1 1 1 1 1 1 1 1 1 1
l<cChan<-3 |-l1<Chan<-3|-1<Chan<-5|-3<Chan<3|5<Chan<3|-3<Chan<3 | 3<Chan<1l | 53<Chan<1l | 3<Chan<l
1 1 1 1 1 1 1 1 1 1 1 1
37-1<':h,3|-r.-j 5 < Chel <73 §<che|<1 -1<che|<—3 -5 < Chel <3 j-r.ch,3|<1 -1<che|<—3 -3 <Chel <3 _§<che|<1

Prefit —— A(365, 2%), ga=1 —— H(365,2%), gu=1 —+— nuun) =1 Uncertainty

=
(=]
]

» CMS preliminary results show

« Excess at around ttbar threshold
e A/H boson?
« tt bound state (n,)?

<Events / GeV>
= =
o o

=
(]

| M. o

Ll | R SRR | ]
W{Hp}l‘t{‘ }TWTW \%WTH R |+'.+++¢|WW H P i T

O,

* {

Ratio to background
5

= o
o

Postfit (BG + A/H) —— A(365, 2%), 9o =0.75+0.03 — H(365,2%), gy =0.0+0.27 Uncertainty

. H} |,uu|}\”.m|

mwlw kil

-

» Both CMS and ATLAS refining
analysis near ttbar threshold

« Stay tuned
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Higgs portal

dark quarks?

» Higgs as a portal to dark matter, e.g. 2ZHDM+a

« Pseudoscalar(a) via Higgs decay derk

higgs?

dark forces?

«  With long life time, aka, long lived particles (LLP)

dark leptons?

Muon spectrometer

= e .
0

calorimeters
t>1.5ns

< 3
tracking detectors N ATLAS
ff,(,:j\\\

t<1.5ns EXPERIMENT




Higgs portal

» Pseudoscalars (a) via Higgs decays

- CMS Preliminary 35.9-138 fb ' (13 TeV)
’CF T T \:I T T T T | T T T T ?
h 2HDM+S L \ i
L 10°e typell Y E
@ tanp = 0.5 N, 0 =
o " bbbb =
2 L) e i - all consider H—aa, channels are
O‘J :
a— = - complementary
10-" ﬁ ﬁ "bb - . o
- * y=1 means Higgs decays 100%
102E = "
= [ ] Observed exclusion 95% CL 3 Into new Scalars
allowed by 10 C =+ Expected exclusion 95% CL ]
H—’inV. 2 ELE 7636_()23$3)H 131 gL_B> ggo—égrfg) 135087 §
B H — aa — putt H—aa - ppt n
104 JHEP 08 (2020) 139 JHEP 11 (2018) 018 o
= H — aa - Ibb H — aa — bbbb =
L HIG-22-007 HIG-18-026 _
10—5 1 1 | 1 1 | | 1 I | | | | 1
1 2 3 4 5 6 78910 20 30 40 5060
m, (GeV)

https://twiki.cern.ch/twiki/bin/view/CMSPublic/Summary2HDMSRun2 35
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Interpretation: SMEFT

» Standard Model Effective Field Theory (SMEFT)

 model-independent way to parametrise effects of E
new physics appearing at high energy A (> vev) = 1 LHC
at much lower energy (E < A) _—
" e ' 1 /" eh
L ops = PO g yB=R  pBE . = N — SM
ff - ._*IL_3I Lf,_: ¥ i AT tI
* 0, operators built from SM fields and respect SM =
symmetries
« ¢;: Wilson coefficients ~ strength of effective interaction Full theory Effective interaction
(SM: 0) % : :
“"-H. .’.-_.-" 3 _"
» QObservables Sl . \5{;
_ OSTXS = OSM T Tint T OBSM s £ pect SN
* e.g. cross-section S N \

« SM-BSM interference ~1/A? =”linear”
«  BSM~1/A* ="quadratic”



Interpretation of ATLAS STXS measurements

» STXS: p;™ (and m; for ggF/VBF), sensitive to O(50) SMEFT operators O;

ATLAS ﬁ e Total Stat. Vs=13TeV, 139 fb™ e—Total Stat.
y .
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» Constrain a subset of 19 coefficients
or linear combinations of coefficients

decay

ATLAS

V/s=13TeV, 139 fo=', my = 125.09 GeV

» STXS: p;™ (and m; for ggF/VBF), sensitive to O(50) SMEFT operators O,

SMEFT A =1 TeV

i =

Expected contribution
o
©

production
o
o

Principal Component Analysis (PCA)
= Linear combinations of Wilson
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o
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I

A
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Symmetrized uncertainty (o)

Em Linear (obs.)
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Only CP-even operators

O, OO, O, 0L,
7YXy 7% %
%X %% %

Interpretation of ATLAS STXS measurements

DHA'W
H— Zy
BH- ww = iy
H— ZZ* — 41
OH - bb
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H— pp

[} 99F
B ver
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Probed Scale (A/\/7) [TeV]
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e BestFit
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....... 95 % CL
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Run-3 efforts are gaining momentum

CMS Preliminary 347fb -1 (136TeV)
- — 2
8 [ + Data
o 35} 1 H(125)
o [ 3 qq - ZZ 1
~ i B g9 - Z2Z ]
2 301 B X
(0] B |
O F
25}
20|
15}
10}
5|
oL

110 120

» First (differential) cross-section measurements

Lo L |
140 150 160

My [GeV]

S/(S+B) Weighted Events / GeV

» sCMS Prellmlnary

34.7 b (13.6 TeV)

T
18—H—>y m, _12538GeV

All Categories
S/(S+B) weighted

¢ Data
— S+B fit
----- B component B
[ ERE —
[ ]+20 3

« With Run 3 data in H»ZZ*—4] and H-yy by CMS.
« Similar results from ATLAS [EPJC 84 (2024) 78]

CMS Preliminary 5.1 tb!(7 TeV), 19.7 fb™!(8 TeV), 137 tb~(13 TeV), 34.7 fb~1(13.6 TeV)
[ | T T ‘ T T T T | T T T T ‘ T T T T | T T T T ‘ T T T T | T T T T | T T T T | T ]}
oem (LHCHWG YR4 @ my=125 GeV)

- oy (LHCHWG YR4 @ my=125.38 GeV) .
: H-vy ]
- 4 HoZZ .

---

E H Fiducial ci ection: | d to the full phas E
B spac ewnho l t -apol I t ncertainties ]
i H—>\/V@7TV ignal strength sc Idt th ]
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L \ L L L L | L L L L ‘ L L L L | L L L L \ L L L L | L L L L | L L L L | L u

8 9 10 11 12 13 14
Vs (TeV)

CMS-PAS-HIG-24-013
CMS-HIG-PAS-23-014
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Conclusions

» Higgs properties and couplings probedmore broadly and precisely
« Some recent highlighted results reported
« Plenty of unprobed areas where deviations could occur
» On-going Run-3 will quick triplicate the data size
« with higher energy and better experimental techniques
« promise a new push of the current frontiers: Self-coupling, 2" Yukawa coupling ...
« Besides, HL-LHC upgrade on the horizon ...

» \We have exciting times ahead of us!
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Conclusions

» Higgs properties and couplings probedmore broadly and precisely
« Some recent highlighted results reported
« Plenty of unprobed areas where deviations could occur
» On-going Run-3 will quick triplicate the data size
« with higher energy and better experimental techniques
« promise a new push of the current frontiers: Self-coupling, 2" Yukawa coupling ...
 Besides, HL-LHC upgrade on the horizon ...

» We have exciting times ahead of us!

Thank you for your attention
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BEPCII-BESIII forward physics

e’e” (Y,,) — hadrons yy collision

Y ISR e e

» Forward detector

3.3m <z<3.5m, 6=0 in CMS frame
Fast Luminosity Monitor as baseline

» Physics potential

ISR physics: photon tagging
Di-Photon physics: electron tagging

* y ST PR B E & A2 A /N ER B 1 0mm Q 1 d
*y B EREHE A A AN EE R R B Tom —
180 _ ‘:F T
%ﬁ 4 - 17 I .
e e ——— —_ -'I_KT — - — - ———— e —— —_—_—— - — —
==ra— zmﬂ% e
% % k__| | —
- l \
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BEPCII-BESIII forward physics

» Preliminary conceptual design: LYSO + SiPM

* Modular design: 10*9*30mm crystal bar assembled in 3*5 array

 Four same detector modules on each side, with ~240 ch in total
« Timescale: ~ 2 years

» Key advantage: synchronized with BESIII TDAQ
* High energy photon source
 Harsh environment for novel detector R&D

» Physics potential
ISR, di-photon, what about others?
« Axion? dark matter? Exotic hadron? ...

» With strong physics case, further detector
upgrade is possible
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= QOverview of Higgs coupling and property measurement

= Highlight the latest H->bb/cc, tautau Yukawa coupling,
ttH(bb)

= Higgs CP
" Higgs self coupling:
— Highlight combination, multilepton, etc
= BSM Higgs: ttbar,
— Ttbar puzzle, quantum business
* Higgs and flavor sector
* Higgs potential and EWPT
* Higgs rare decay: long lived, etc.
= BSM Higgs
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Indirect constraint

 Low energy experiments, e.g. electron EDM, can constrain
the Higgs CP indirectly

LD —\l’—é (kfff+ ~z‘@fw~,~5f) h

ACME collaboration:

W eEDM<1.1X102° e.cm
oy &
e ’ .| < 1.7 x 1072

|7, < 1.0 x 1072

« But, very model dependent
« Gauge-dependent contributions, UV-divergent diagrams, etc.

From J. Brod at Higgs 2020



CP violation in Higgs sector

« General methodology:
 using event topology to build some CP sensitive angle

Higgs coupling to
vector bosons (HVV)

Higgs coupling to fermions .
(Yukawa coupling: Hff) t

g t

 |ndirect measurements not discussed here
« e.g.ggf loop, cross section, etc



 HVV vertex in VBF Higgs production

Study HVV CP in VBF production

0, .

> J1 To Higgs
rest frame

Independent from Higgs decay: here, use H—yy (SM Br)

Interpretation with two EFT bases: Warsaw and HISZ

Crrii ~ Crr 7 ~ Crrii ~
Warsaw: £\ a0y > L pgtpw) wi!l + HBEgT g B gt + HWEB [iiq! g ! B

A2 A2 A2
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CP sensitive observable

@ : angle between two tau decay planes, sensitive to ¢.

A

« Combinations: T

I 7T_
;\ !
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* Observed (expected) ¢, = 9° £+ 16° (0° £ 28°) at the 68% CL

Results compatible with SM expectation within uncertainties

Excluded pure CP-odd state at 3.40 significance

49



Study HVV CP in H—ZZ decay

« Parameterize in terms of cross section fractions, f

« Forthe V=W.,Z,

)
la; | o a
S 2 2 2 2o o \ay
lai "o+ |ax |70y + |as|" o5 + |k |Top1 + | K7 |7 00 1

« Four fractions: f_,, f 3, A4, and f,,2¥
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-2 A log(L)

® Sensitivity to from VBF and VHH categories
® QObs. (Exp.) limit on cross-section of 79 (91) times the SM

® 95% CL limit on is set between 0.62 and 1.42 (expected 0.69 and 1.35)

excluded by > 50!

We also provide 2D scans of parameters and interpretation in
“Higgs Effective Field Theory” (HEFT) framework [*,**] (C2

coefficient)

CMS Preliminary 138 b (13 TeV)
LML L, AEENLLLILAL

————
L oKe= Ky =ty =1 —— Observed, 0.40 2

i Expected, -0.00 **4!
_— -0.15

WW yy
Expected: 54
Observed: 95

bb ZZ, 41
Expected: 41
Observed: 33

Yy Tt
Expected: 26
Observed: 31

Multilepton
Expected: 20
Observed: 22

bb WW
Expected: 18
Observed: 16

bb yy
Expected: 5.6
Observed: 8.4

bb Tt
Expected: 5.3
Observed: 3.4

bb bb
Expected: 4.3
Observed: 7.5

Combined
Expected: 2.5
Observed: 3.5

CMS Preliminary 138 fb' (13 TeV)

m
K =K =1 =@= Observed ~ ~  =mmmm Median expected
Ky =iKpy =1 == 68% expected
----- 95% expected

|

,,1 A .10 "1'00
95% CL limit on o(pp — HH) / &

Theory
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HHVV couplings - from HH

» HH also sensitive to other » CMS new final state: [HIG-23-012]
couplings, notably HHVV (1c,y) - all-hadronic bbVV boosted topology +
B, — 9 - new VV—4q tagging

Ky ..=H
V - e
q— —q

» In SM (x,,=1): cancellation

« BSM: potential enhancement of
VBF HH (especially at high m,)

» Current best constraint by CMS [Nature 607 (2022) 60]
« 0.67<k,, <1.38 @95% CL; k,,=0 excluded with > 60

VBF HH combination; dominated by boosted 4b * -0.04 <Kk2V<2.05@95% CL
channel. « (0.05<k2V <1.98 exp.)

> Similar result obtained by ATLAS *  Ky,=0 excluded with 1.1(0.9)o
« [PRL 133 (2024) 101801]
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