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Introduction

Nature 607, 52—-59 (2022)
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H — cc - Results

CMS

o wW(\VZZ—cc)= l.Oljg'zzf
o  First observation of Z — cc at a hadron collider
o  Observed (expected) significance of 5.7 (5.9) ¢
e o(VH) x BR(H—cc) <14 (7673%) SM at 95% CL

11< |KC| <55 (expected: |KC| <34) at 95% CL
ATLAS

o u(VH—cc)=-9+10 (stat.) + 12 (syst.)

0  w(VZ—cc) =116 + 0.32 (stat.) + 0.36 (syst.).
e Observed (expected) constraint of lic | <85 (12.4) at 95% CL
e Ratio k [k, constrained to less than 4.5 at the 95% CL

PhysRevl ett.131.061801
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H— pp

Targeting decay channel with low branching fraction:

e Including ggF VBE WH, ZH, and ttH production modes
Categorisation based on BDTs for each production mode
e Dominant DY background described by product of:
o  Core function: common to all categories
o  Empirical function: independent in each category
e it to data to distinguish signal peak from dominant
smoothly-falling distribution from Z — ppn
o  CMS: MC template-based approach for the VBF category
extracting signal strength from DNN distributions
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CMS:

o =119 (stat) 2\ (syst)

o  First evidence of H—pp process (3.0 ¢ significance)
e Branching fraction: 0.8 x 1074 < BR(H—pp) < 4.5 x 10~%at 95% C.L.
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Targeting the Production Mode: ttH—bb JFTR
SM compatibility: 8.5%
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CMS Preliminary 138fb~1 (13 TeV)
. . . . 2.0 =L L AR -l LAl
Signal strength consistently below expectation both in ATLAS S| e opeaes
8 1.8 & o(isin(f% N
and CMS results: =T #B normalisation = 1.19
g 16| 2 gng gll: i
8 o
L ATLAS: Ig 1.4} u
o =0. +0.36 — ) +0. +0.30
n=0 35_0‘34 0.33 +£ 0.20 (stat) Cos (syst) ot 1
¢ CMS:
o p=033+026=033+017 (stat) + 0.21 (syst)
0.8~ .
CMS-HIG-19-011

0879

PR 1
-0.5 0.0

Nicolo Trevisani - Higgs couplings results from ATLAS and CMS - 58th Rencontres de Moriond - La Thuile (Italy) - 24-31 Mar 2024


https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-19-011/index.html
https://link.springer.com/article/10.1007/JHEP06(2022)097

CMS-HIG-20-001 138" (13 Tev)

VH—bb Ms . o

WH, H-hb +1o (stat @ syst)

m— +1c (Syst)

= combined = 1.15 022
Targeting Higgs boson production in association with a W or Z boson
WH 1.31+£0.24 +0.26

e Vector bosons decaying leptonically

o 0,1, and 2 leptons categories o o7+ 0475 047

e Observation of VH process

0 05 1 15 2 25 3 856 4 45 6

Best-fit p
e ATLAS: Eur. Phys. J. C 81,178 (2021)
AR EEERSEALN RERLN REESY EZEAS EALEI LRLEN LELTY LENE)
+0.18 ATLAS VH, H— bb {s=13 TeV, 139 fb”!
o =1
P(VH) 1 02 -017 —Total  —Stat.
o Corresponding to an observed (expected) significance of 6.7 (6.7) © Tot. (Stat, Syst.)
e CMS: WH o 0.95 07 (515,585 )
o w(VH)=115 fg%
I o he 108 5 (5F.5%)
o Corresponding to an observed (expected) significance of 6.3 (5.6) ¢ '
Comb. e 102 3 (31.90)
RN RN FRE Lo b b b b b buw

Nicolo Trevisani - Higgs couplings results from ATLAS and CMS - 58th Rencontres de Moriond - La Thuile (Italy) - 24-31 Mar 2024


https://link.springer.com/article/10.1140/epjc/s10052-020-08677-2
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-20-001/index.html

Targeting the Production Mode: bbH

Rare Higgs production mode, sensitive to the coupling
to top and bottom quarks

e Similar production cross section as ttH
o  Butno top quarks in the final state
o More challenging signature than ttH
e WW and 1t final states
Observed (expected) upper limit 3.7 (6.1) times the SM
prediction at 95% CL
e Results also interpreted in terms of couplings to top and
bottom quarks
o  Best fit values: (Kt, Kb) = (-0.73, 1.58)
o  Compatible with SM within 2 ¢

CMS-HIG-23-003

CMS Preliminary

(01010101010 b
g
6....H.
292000 b

Ko

g y

******

CMS-HIG-23-003

_|| 68% 95% CL

[ £27 EPJC 83(2023)562 inputs Expected
[ 27 Combination Expected
=1 £23 Combination Observed

+ Bestfit

¢ SM Expected

Nicolo Trevisani - Higgs couplings results from ATLAS and CMS - 58th Rencontres de Moriond - La Thuile (Italy) - 24-31 Mar 2024


https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-23-003/index.html
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-23-003/index.html

VBF WH—bb

K

W

d  VBF WH production

d
u
W w
+ e
. "~ H
" H_\
u

2

~ K Interference ~ Ky K,

The square of «,,, or «, is involved
o Sign is left unconstrained
In the SM, A, = x;,/x, =1

o Negative values of A, , would enhance the VBF WH production

2

and are predicted by BSM models

ATLAS and CMS results exclude negative A,,., with significance greater

than 5o

Picture from Karsten Koéneke

and «, are usually measured using H-WW and H—ZZ
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Combined Results

Nature 607 (2022) 52
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Higgs Self-Goupling Results
Several single- and double-Higgs measurements combined to
measure the Higgs self-coupling «:
b ke H K // H
Y Y- Sha - <
t \\ H &CI
g \ H q
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o -ld<xk <6lat95% CL
o CMS:
o -12<x, <75at95% CL
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Conclusions

We are in the era of precision measurements of the Higgs boson properties:

e Couplings to the most massive particles are well established
o Relative k,/x, sign
o  ttH and bbH measurements to constraint «_and
e Challenging second-generation fermions:
o Already 3-sigma evidence for H—pp
o Competitive limits on the «_coupling modifier
e Combination of H and HH measurements put stringent limits on Higgs self-coupling
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Targeting the CP Structure: ttH

Effective Lagrangian for Yukawa coupling to top quarks
parameterized by CP-even and CP-odd components:

' t

mg _ -
Loy = — P (x, +iysx) Y H = —=
ttH v ¢ (% + 15K, ) Py | CP | (|"€t|2 I |"€t|2)
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1.5 _— - - 2.4
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Targeting the CP Structure: ttH Gl mernresaany :
F [ JH-yyzz
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o THEP07(2023)092 g
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Phys. Rev. Lett. 125 (2020) 061802

CMS: Combination of multilepton, yy, and ZZ final states: 2 E
15F =
o |for|=028with |f1] <055 at 68% CL £ :
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£ ofF 3
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Higgs Branching Fractions

Decays of a 125 GeV Standard-Model Higgs boson

charm/anti- charm 72z W Z¥Y others

0.2% _0.2%
tau/anti-tau > '3% |/ o2-0.6%
6%
2 gluons .
9%

https://atlas.physicsmasterclasses.org/en/zpath_hbosonhtm
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CP Properties: ttH

arXiv:2208.02686

Effective Lagrangian for Yukawa coupling to top CMS 138 fb”' (13 TeV)
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e Pure CP-odd coupling excluded at 3.7 ¢
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CP Properties: H — 17

Effective Lagrangian for Yukawa coupling to tau
lepton parameterized by CP-even and CP-odd
components:

m

Ly = ——H(k, Tt + K, Ti757)
()
Scenario «
Purely CP-even 0° or 180°
Purely CP-odd 90°

Mixed £ 0°, £ 90°, # 180°

o 0a=-1°%£19°(0° + 21° expected)
e Pure CP-odd coupling excluded at 3 ¢
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H — 171 - Results

Several methods to reconstruct CP-sensitive observable ¢,

ATLAS:

® Observed (expected) a™™ = 9° + 16° (0° + 28°) at 68%
confidence level.
® Pure CP-odd hypothesis disfavoured at 3.4 ¢
CMS:
e Observed (expected) o™ =-1° + 19° (0° + 21°) at 68%
confidence level.
e Pure CP-odd coupling excluded at 3 ¢
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e  Analysis strategy validated in VZ (Z—cc) channel Signaleffisiency
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o  Different AR between c tagged jets depending on p*(V) S O Seon iz Wt
° CMS: g SFI,pT > 150 GeV = gz%f’ E
1l + others {
o Resolved- and merged-jets categories I rcerny ]
= SM VH(- ct) x 300 _:
o  State of the art graph neural network for merged topology E
L N I Jr— -
- B S ) L M I
% 1++++—+—+_+_ ]
80_5*|I‘||1||.|||‘||A|Iw||l‘||J*

60 80 100 120 140 160 180
m.. [GeV]
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" iphysletb.2019.135148

> 100 TTTTET T T T
8 [ ATLAS (s=13TeV,139fb" ]
H H e e é 80k ¢ Data .
UCJ 60 L —_ Sign:I B(H— ee)=2%
H—ee branching fraction measurement is currently out of reach at LHC: =
— 2 - -9 N AR R R RRRREEES! _:
[ ] BR(H_)ee.) - GFmHme./(4\[.2T[ 1—‘I—I) 5 X 10' . :"‘: 0+++H+++++++++++++++}++++++H\+++++++++++#+:
BSM physics may manifest in enhanced Higgs coupling to electrons S oot | #IH +. T _*
e Both ATLAS and CMS follow strategies from similar searches: T TR R T e e
© ATLAS:Hopu iphysleth 2023137783
m  with additional interpretation in terms of BR(H—ep) o e 1B (19 TOY)
o CMS:H — YY " ver Tagyo ) L zi:m ]

------ B component
B B(H— e'e) =30x10* E
| B3l =
[J+20 E

Events /1 GeV

e Upper limits on BR(H—ee) in line with expectations:
o ATLAS:3.6x10™(35x%10™) at 95% C.L.
m  For B(H — ep): 62 x 107 (59 x 1075) :

o CMS:3.0x107(3.0x10™%) at 95% C.L.

Data - B
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> 100 TTTTETTTr T T T
8 [ ATLAS (s=13TeV,139fb" ]
H H e e é 80_ ¢ Data ~:
UCJ 60 L —_— Sign:I B?H—) ee)=2% 5
40f —
H—ee branching fraction measurement is currently out of reach at LHC: 0 E
] | .
e BR(H—ee)~5x107 - W m H H+ +++ bt w_g
g oIt Tl Tl gt sttt
BSM physics may manifest in enhanced Higgs coupling to electrons g _SOO;J # #t H pH e !
e Both ATLAS and CMS follow strategies from similar searches: TS TR TES R e e T
o AILAS: H-up i physleth 2023137783
m  with additional interpretation in terms of BR(H—ep) LM IBSTEY
o CMS:H — YY % 40E_VBFTagYo ) i zi:m _
e Upper limits on BR(H—ee) in line with expectations: 3 . =BjH~>_
o ATLAS:36x107%(35%107%) at 95% C.L. o 5
m For B(H—ep):62x 107 (5.9 x 10™) o ;
o CMS:30x107 (3.0 x10™) at 95% C.L. gl s
§ ,Z ¥ é
110 TiB 120 125 130 135 140 m:jg‘e‘\})o
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H— pp

First evidence for Higgs coupling to second-generation fermions

e Dominant DY background described by product of:
o  Core function (common to all categories)
o  Empirical function (independent in each category)
e Targeting ggF VBE WH, ZH, ttH
e (Categorisation based on BDTs exploiting the topological and
kinematic differences between the different signal production
modes and the background processes
e it to data to distinguish signal peak from dominant
smoothly-falling distribution from Z — pn
o  CMS: MC template-based approach for the VBF category
extracting signal strength from DNN distributions

JHEPO1 (2021) 148 137 b1 (13 TeV)

%) L B e e e e S LA B e

§ 10°k CMS ¢ Data WHom 1
W10k post-fit Wzjew [oy ]
VBF-SR Run2 [ Top quark [MDiboson ]
m,, = 125.38 GeV — VBF —ggH ]

v by by by by by
0 2 4 6 8 10 12

VBF DNN bin

Phys. Lett. B 812 (2021) 135980
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500B H = wu, In(1 + S/B) weighted _“Blfg_ pdpfd
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H — pp - Results

CMS:

— 0.40
o w=l,,

ATLAS:

e u=12+06 (dominated by statistical uncertainty)
e Corresponding upper limit of 2.2 at 95% CL is set on the signal

strength

(stat) ¥ (syst)
o  First evidence of H—up process (3.0 ¢ significance)

e Branching fraction: 0.8 x 1074 < BR(H—pp) < 4.5 x 10~%at 95% C.L.
o SM value: B(H — pp) =218 x 10™*

e Coupling modifier: K, =107 +0.22 at 68% CL

VBF-cat.

ggH-cat.

ttH-cat.

VH-cat.

JHEPOI (2021) 148

137 o (13 TeV)

- ~ 0.44
Combined [i =1.197,,
- —— Combined best fit p |
w= 1_36316619 - ==~ SM expectation
} I 68% CL
- []95%cCL
B=0850 m, = 125.38 GeV
+2.27
n=2322%
= +3.10
=548 -
M I P I R I
—4 -2 0 4 6 8
Best-fit u
Phys. Lett. B 812 (2021) 135980
L e LA A e e e e e e e S
ATLAS Vs =13 TeV, 139 fb™! H> uu
e Total Stat. [ESyst. | SM Total Stat. Syst.

VH and ttH categories

ggF 0-jet categories —@—]

ggF 2-jet categories —@—]

ggF 1-jet categories ‘l—ﬁ—! 24 12 ( £12, =03)

—=e=—4 50 =35 ( 33, +1.1)

0.4 £1.6 ( =15, £0.3)

0.6 £1.2 ( £12, +0.3)

VBF categories [ | 18 1.0 ( £1.0, 0.2)

; | +02
Combined l'.H 12 06 ( £06, _o7 )
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Conclusions

Nature 607 (2022) 60
CMS 138 b (13 TeV)
® Observed Dﬂ SD (stat)
We are in the era of precision measurements of the Higgs — +1 5D (stat @ syst) Il £1 5D (syst)
boson properties: e Siod Bk
Kw —a— 1.02:008 005 005
e Couplings to the most massive fermions are well established il - S BN A
o  Sensitive to the coupling structure B
Ky —-—— 1.10008 006 =0.05
o We can test CP hypotheses -
: . : K - 0.92:008 005 0
e For second-generation fermions, the Run 3 of LHC data taking °L oo
may bring us to the observation of their interaction with the % - 10155 007 w000
Higgs boson K, ——— 0.99%7 oo 012
o Already 3-sigma evidence for H—up | " T
o  Competitive limits on the x_coupling modifier B N
; : E Ku =iie 11255 o 0
e Results are also interpreted in the EFT framework =
Kzy — =165, 5 o
P R S O i B il M b s W o M 1

0 05 1 15 2 25 3 35 4
Parameter value
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Conclusions

We are in the era of precision measurements of the Higgs
boson properties:

e Couplings to the most massive fermions are well established
o  Sensitive to the coupling structure
o We can test CP hypotheses
e For second-generation fermions, the Run 3 of LHC data taking
may bring us to the observation of their interaction with the
Higgs boson
o Already 3-sigma evidence for H—pp
o Competitive limits on the «_coupling modifier
e Results are also interpreted in the EFT framework

L5

Ky

K.

Kp

Nature 607, 52—59 (2022)

. ) Leptons Quarks

——
- C

Force carriers Higgs boson

—e—
e EIFAEIE3

I == ——— T 1
i —e— B,,=B,=0
ﬂT_I‘ nv. u.
--®- B free,B, >0,k,<1
———— SM prediction
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I fis! Parameter value not allowed
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e | el T

H — cc - Results Fos e T

:',;u 3.5F VH. H —bbict al SARL SA 3

ATLAS R -

15F \ ’ =

o u(VH—cc)=-9+10 (stat.) + 12 (syst.) 1 oL | g

GEEOSRCL.. LB Pl

0  u(VW—cq)=0.83 £ 0.11 (stat.) + 0.21 (syst.) -

o u(VZ—cc) =116+ 032 (stat.) + 036 (syst.). = s srEE s

e Observed (expected) constraint of |k | <85 (12.4) at 95% CL 10.1103/PhysRevLett131.041801 s v+ 15 7w,

e Ratio k /K, constrained to less than 4.5 at the 95% confidence level CMS e e

CMS

e w(VZZ—cc)=101"5 A i
o  First observation of Z — cc at a hadron collider OL

o  Observed (expected) significance of 5.7 (5.9) ¢ T .

e o(VH) x BR(H—cc) <14 (76, ) SM at 95% CL s .

o 1l<[k|<55(Ix|<34)at95% CL S e

95% CL limit on uVH(H e
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Conclusions

We are in the era of precision measurements of the Higgs boson properties:

e Couplings to the most massive fermions are well established
o  Sensitive to the coupling structure
o We can test CP hypotheses
e For second-generation fermions, the Run 3 of LHC data taking may bring us to the observation of their
interaction with the Higgs boson
o Already 3-sigma evidence for H—up
o Competitive limits on the x_coupling modifier
e Results are also interpreted in the EFT framework
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H— 1T

Effective Lagrangian for Yukawa coupling to tau

lepton parameterized by CP-even and CP-odd

components: JHEP06(2022)012
. 3 B .
— — 3 — even LU o
EY - _—H<K’TTT + 5712751) T ool e cPmix e .
'U : 2 Hm ]
~ Scenario o 0.08 — ]
t Hrry _ Fr Purely CP-even 0° or 180° [
an(a ) — K}_ Purely CP-odd 90° 0.06-¢ -
T  Mixed £0°, £ 90°, # 180°
0.04-
Related to observable quantity: 0.021
2 B 1:"'1:- —_ n"'n' ..... p:‘>-33 GeV
dF i Fin ool on s Fog oy [apu w05 s o1 fa i
- T — = I _ Hrr 0O 60 120 180 240 300 360
1 H—=1t't )~1—-b(FE")b(E )16 cos(pop — 20 ) o e
bcp cr
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H — 171 - Results

Several methods to reconstruct CP-sensitive observable ¢,

ATLAS:

® Observed (expected) o™ = 9° + 16° (0° + 28°) at 68%
confidence level.
® Pure CP-odd hypothesis disfavoured at 3.4 ¢
CMS:
e Observed (expected) o™ =-1° + 19° (0° + 21°) at 68%
confidence level.
e Pure CP-odd coupling excluded at 3 ¢

In(1+S/B) weighted events

-Aln(L)

Eur. Phys. J. C 83, 563 (2023)

AQFTTTTTT T T T e e e
L ATLAS —e— Data - Bkg. ]
C Vs=13TeV, 139" Hott (0, = 9°) ]
35 All SRs % Uncertainty =
C — Ho1t (9, =0°) ]
30'_ — Ho11 (9, = 90°) -
3 . ) :
’//////////// ;///I;;/A /7 %
20 %
15 -
e T e [ e e
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o* [degrees]
CP

Eur. Phys. J. C 83, 563 (2023)

B LA o o
ATLAS —— Observed: 62 = 9+16° (68% CL) ]

Vs=13TeV, 139fb" ... Expected: 7 = 0+28° (68% CL)
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CMS 138 fb' (13 TeV)

Targeting the Production Mode: ttH lT=err==aaany 3
FCJH - yizz 1
1= [CJ H — Multilepton/yy/2Z =
- [HEP07(2023)092 :
0.5_— -
Effective Lagrangian for Yukawa coupling to top quarks " E
parameterized by CP-even and CP-odd components: G5 :
femeo E
Scenario « =k 3 gfﬁs‘eﬂ;ected 1
my _ L Purely CP-even 0° or 180° gEbeEsa 1 p ey g .
Lin = ?%(ﬁ +iv5K)PH  purely cp-odd 90° L 2
Mixed £ 0°,# 90°, # 180°
, 20CMSPreiminary 138" (13TeV) _
Combination of multilepton, yy, and ZZ final states: AR . =1 | 12
1.5 zlje_“’ - T | ..
Htt |'A‘€3| Htt oy 1680y
= —a— — . 0 ]
® IfCP l (|Et|2+|’ft|2) =0.28 with |fcp | <0.55 at 68% CL 7 -14.4
e Pure CP-odd coupling excluded at 3.7 ¢ 1 e
_: —19.6
bb final state: 1 R-
7 —V4A8
e Best-fit values of (1, 1) of (+0.59, +1.40) ]
= 2.4
e Assuming K, =1, a best-fit value of k, = 0.54""_, _ is obtained E
—U. ‘2-0 0.0
Kt
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. . . _ cms ' 138 fb"' (13 TeV)
Targeting the Production Mode: ttH R T T
FCJH - yizz ]
1= [CJ H — Multilepton/yy/2Z =
- [HEP07(2023)092 :
a8 7
Effective Lagrangian for Yukawa coupling to top quarks s E
parameterized by CP-even and CP-odd components: -0sf- .
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mg _ Htt Kt - :
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ttH t (K¢ T 1Y5K¢ ) Py CP 2 2
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L A
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F Roo0 g'e2
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0.5 3 4o,
e  Pure CP-odd coupling excluded at 3.7 ¢ : T
7 | Hes
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Effective Field Theory Interpretation

Combination of several Higgs ATLAS results in terms of EFT:

Introducing new operators O.and the corresponding
1

RE ci o), N3 by )
— il _J :
Lsmerr = Lsm + Z e O™ + ; A ) ;1. coefficients c,

B Linear (obs.)
Linear (exp.) :

Psm =94.5%

W b i B

® BestFit
— 68 % CL
....... 95 % CL

- - ——- - -

Parameter value scaled
by symmetrized uncertainty (¢’ /o)
o
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ATLAS and CMS Public Results

e ATLAS: https://twiki.cern.ch/twiki/bin/view/AtlasPublic/WebHome#Recent_Results
e CMS: https://cms-results-search.web.cern.ch/

Nicolo Trevisani - Higgs couplings results from ATLAS and CMS - 58th Rencontres de Moriond - La Thuile (Italy) - 24-31 Mar 2024

36


https://twiki.cern.ch/twiki/bin/view/AtlasPublic/WebHome#Recent_Results
https://cms-results-search.web.cern.ch/

Analyses List

ATLAS: VH bb boosted, ttH bb, WH/ZH bb
CMS: VH bb, WH bb AC, ttH bb

ATLAS: H tautau, H tautau CP, VH tautau
CMS: H tautau AC, H tautau CP

ATLAS: H mumu

H-WW

o ATLAS: H WW

o CMS: HWW, H WW AC
H—Zy: LHC HZy

Higgs self couplings
o ATLAS: double Higgs

o CMS: single-double Higgs combination
Higgs Nature papers

CMS: H mumu 0 ATLAS: 10 years paper
H—cc o CMS: 10 years paper
ATLAS: H cc ttH:
o CMS: H cc o CMS: ttH multilepton CP
° H—ee ° BSM/EFT interpretation:
o ATLAS: H ee o ATLAS: EFT/BSM
o CMS: H ee
e  Couplings to u,d,s?
o ATLAS:
o CMS:
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