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Higgs Boson couples to gauge bosons ocmTV

Nature 607, 60-68 (2022)

CMS 1381b”' (13 TeV)
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and fermions (Yukawa coupling) « Tf E>|i-'> 1; m,=125.38 GeV Wz
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5 107} :
Status with full run 2 dataset: o -
. . . — b )
Good precision on coupling to vector bosons ¢ o2l e 1
. . . . C K ]

« Observation of Higgs couplings to all third- 5 b vectorbosons
generation Charged fermions! 10_3:_ . ¢ 3" generation fermions _
- . é _,-'.‘ 2nd ti E . é
 Evidence of H coupling to u ¢ # 2" generation fermions 3

"""" SM Higgs boson
 Significant improvements in Hcc coupling search 104E . | | .
s 14rp ————
« Access to probe the CP-structure of some @ 12f } o E
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https://doi.org/10.1038/s41586-022-04892-x

Via its production mode or decay
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2 — gj 2 — [
j = __SM j = pSM
7 ;
5 1T T T g
= - b o
5 F bb 13
gt
|9-|01_ TT 99 7 __5
A = ;
o ' ]
m cC
0L i
3107 E
T ]
10° -
jotbe e LA \\ T
80 100 120 140 160 180 200
M, [GeV]

g ~2.3pb



CMS 138 b1 (13 TeV)
Nature 607, 60-68 (2022)
® Observed ] £1s.d. (stat)
. e +1 5.d. (Stat @ syst) L] +1s.d. (syst)
« Coupling toy — +2s.d. (stat @ syst)

Decay (via loops) to photons also allows to measure it | | - S
W . +0.08 +0.05 0.05

with high precision - |
g p Ko _.._ 1.04 007 +0.05 0.05
. Ky -ir.— 1.10+008 006 +0.05

« Coupling to W and z: - ;
. . . . K —.:— 0.92:0.08 .05 +0.06

Already with high precision using the decay and i |
pl‘OdUCtIOﬂ K i .: 1.01;?:_}:] +0.07 +0.08
precision ~7% b ——— 089977 w12 R
Ky _.i_ 0.92 +0.08 1006 +0.06
- Relative sign of the ky, and k, constrained using VH . - 11298 91 ace
YERV:SESN  Arxiv:2405.16566 w . oducgon S— ezt o3 ons
H Py a US-\n I | L 11 1 i 11 11 | 11 1 1 | L1 | o s o
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\“ Parameter value



https://doi.org/10.1038/s41586-022-04892-x
https://arxiv.org/abs/2405.16566

cMs 138 fb~! (13 TeV)

Nature 607, 60-68 (2022) oduC’f‘on
Coupling to top: using P ® Observed [ +1s.d. sta
) _ _ e w1 5.d. (stat @ syst) ] +1s.d. (syst)
Mainly constrained using ttH and tH (see talk by M.  +s.d. (stat @ syst
Marchegiani) - , Stat Syst
+ Sensitive to k, and ky N il .
« Beyond the combination: constraints on the CP ks . 1042007 s005 1003
structure available % - i
_ & _:'._ 1.10+0.08 +0.06 +0.05
CMS 137 b7 (13 TeV) CMS 13877 (13Tey) -
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98 = o e— 11285 R oo
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https://indico.cern.ch/event/1253590/contributions/5928180/
https://link.springer.com/content/pdf/10.1007/JHEP07(2023)092.pdf
https://doi.org/10.1038/s41586-022-04892-x

Nature 607, 60-68 (2022)

Coupling to tau: Lsing 4ecey

* k, measured with ~8% precision

. Beyond the combination: using the angle —)
between the t decay plane to constrain the CP
structure

Coupling to bottom: SN decay

« Most suitable production mode is VH (allows to:>
control backgrounds)
Using pro

e
« In this talk: bbH and ttH- bb

/o \

CMS-PAS-HIG-23-003 CMS-PAS-HIG-19-011

Accepted by PRD

WH

ZH

T T T T I T T I
[ # Best fit

, CMS 137 fb ! (13 TeV)

I
— 68.3%CL ]
[ * SM -- 955%CL ]
= 99.7%CL 1

L
i Ki=1,7?i=0Vi7éT:
_2 | 1 1 1 I 1 1 1 1 l 1 1 1 1 I 1 | 1 L
-2 -1 0 i ]
T
138 fb' (13 TeV)
CMS *  Observed
VH, H—bb

15 (SYyst)

0 05 1 15 2 25 3 35

— 1o (stat @ syst)

- Combined p = 1.15 0%
-0.20

1.31+£0.24 £ 0.26

1.07+0.17 £ 0.17

4 45 5
Best-fit n



https://doi.org/10.1038/s41586-022-04892-x
https://cds.cern.ch/record/2868175
https://cds.cern.ch/record/2892701
https://link.springer.com/article/10.1007/JHEP06(2022)012
https://arxiv.org/abs/2312.07562

cMs 138 fb! (13 TeV)
Nature 607, 60-68 (2022)
ysing decay ® Observed ] +1s.d. (stat)
First evidence of the coupling to u _ w1 s.d. (stat ®syst) [ £1s.d. (syst)
) 35.9-137 fi” (13 TeV) —— 2. (stat &€ syst)

. S A R A — . Stat Syst
Including ggF, VBF, WH, = [ cms 1 . - oo sons e
ZH, and ttH production « ° my=12538GeV i - i

-k, = 1.0720% at 68% CL ] '
mOdeS 105 7 K7 _.._ 1.04 +0.07 +0.05 +0.05
B Ky —,.—i 1.10+0.08 4006 +0.05
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- . Coupling strength k — i
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https://link.springer.com/article/10.1007/JHEP01(2021)148
http://dx.doi.org/10.1103/PhysRevLett.131.041801
http://dx.doi.org/10.1103/PhysRevLett.131.061801
https://doi.org/10.1038/s41586-022-04892-x

PRL 131 (2023) 061801

VH production: trigger on leptonic final states and reduce backgrounds
Final states with 0, 1 or 2 leptons:
e Z-ovw Wy Z-57¥f
Two (orthogonal) categories on p+(H.,.q) to further exploit H decay topologies (13 TeV)

- Resolved: two fully resolved c-jets (tagging based on a DNN [1]) & ECMS
. . . B ~— DeepAK15
» Regression to improve my resolution S F siuation e PartieNe
. . - 3= v
. Merged: one jet with py (Heng) > 300 Gev., Graph NN for cc- 1 e yrrre
tagglng % F P, >300GeV, <24
_ 138 fb™ (13 TeV) —%» 10,1:_ By
g "l cus o B 3
s el +je B ot
L 1075_ VH(H-ct) O« Il single top [
i [ Wiothen)  [[]VZ(Z->cT) : -
[]vzz-bs) [l VH(H-bB) 107
%% B uncertainty . . . . -
« Each region: BDTs to discriminate ) _
. o e H—cC vs H—bb
signal vs background ok — Ho>cT vs Vajets
0 0.2 0.|4 0!6 0{8 1
Signal efficiency

T
c
> —— Expected (u =1)
s|lo 12 VH(H-¢T)
8%’ 1 . Py ° - . -
30_8.”.|‘ Cl
-6 -5 —4 -3 -2 1 0

log, (S/B) [1]Comput. Software Big Sci. 4, 10 (2020) 8


http://dx.doi.org/10.1103/PhysRevLett.131.061801

H - cc (results)

Maximum likelihood fit to extract ¢(VH) BR(H — c¢)

SM VZ (Z—-cc) measured to validate methodology:
« u(VZZ - cc) = 1.011923
« First observation of Z — cc at a hadron collider
« Observed (expected) significance of 5.7 (5.9) s.d.

Observed (expected) o(VH) BR(H — c¢) < 14 (7.613%
times the SM at 95% CL

« Results interpreted on terms of the coupling:
1.1 < |k.| <5.5 (expected: |k.| < 3.4) at 95% CL

Combined
Expected 7.60
Observed 14.4

Merged-jet
Expected 8.75
Observed 16.9

Resolved-jet

Expected 19.0
Observed 13.9

oL
Expected 12.6
Observed 18.3

1L
Expected 11.5
Observed 19.1

2L
Expected 14.3
Observed 20.4

PRL 131 (2023) 061801

138 b (13 TeV)
rrrrJjrrrrprrrrprrrrpororot

CMS

10

—— Observed = ==--- Median expected
B 68% expected
----- 95% expected

15 20 25 30 35 40


http://dx.doi.org/10.1103/PhysRevLett.131.061801

ttH+tH (H- bb)

. poOMOrEiy _ teefe (8Tew
ttH+ tH production allows to access k;, k;, and ky R — | [1e23
L@“‘-Bj + Et;:i%(—e;s . ’ —16.85
o [ ttB normalisation = 1.1 |
- Low signal production cross-section S 1of - e 1
« Irreducible tt+jets background especially difficult to model @ 4l 1 e
| 9.6
1.0:— L I
Selection & Event Categorization ; —
- Three channels: Fully hadronic, 1l, 2| i e
- Further classification based on jet and b-tag multiplicity Ha e ag e S
- NN to separate signal from background CMS Profiminary 38 (13 ey
‘ T T T T | T T T T | T
u tot stat syst
FH| v 084 i T3 Tae

Results:

. . . . SL| nml 046 L35 521 02
tt+bb modelling: normalization extracted from the fit | Qs s oz
DL |[wm4 023 T8 05 ok

simultaneously to the signal

+042 +0.25 +0.33

L . . 2016 H'“ 049 L4 025 032

ML fit is performed to all signal and control regions |
. . . 2017 | v 032 L5 o2 o2
Signal strength below prediction ; Sy w0 o
2018 | e | 49 034 021 027

— +0.26 : :
H= 0'33_0-26 Combined ‘"lﬂi 0-3|3 a0 -Jroc?izzﬂ
| l | | l l | |

0 5 10
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https://cds.cern.ch/record/2868175

CMS-PAS-HIG-23-003

b
« Using the production mode to constrain b Q0000 . Q g
coupling Qgg<b
« Also sensitive to vy,
« Contribution from several diagrams:
« Bottom quark fusion
« gg fusion with gluon splitting
« ZH: treated as background

138 tb™ (13 TeV)
@ -
T 10° 3 CMS # Observed [ oreli-van
q>, X Prelimi (g [iet—r, fakes
0 . Preliminary Woecronesc  []H025
104 F 1| Total Uncertainty
; ue, Hrt signal class N

Strategy:
« TargetingtheH-7t, H>W*tW-

« 4 signal categories: 1,13, ety Uty el

—————————— « BDT in each category to discriminate signal vs
P R R — background

Obs/Exp

BDT score 11


https://cds.cern.ch/record/2892701

CMS-PAS-HIG-23-003

Simultaneous ML fit to all signal regions

Coupling interpretation:
Observed (expected) upper limits on . k, and k, extracted from the fit. k, is profiled
the signal strength: 3.7 (6.1) times « Results combined with H - 77 to constrain k, [EPIC
the SM 83 (2023) 56]

« Compatible with SM within 2 s.d.

CMS preliminary 138 fb™' (13 TeV)
| T T T T | T T T T | T I T T T T I T T T T [ T T T T . . 1 38 fb71 1 3 TeV
—e— Observed e Median expected o BCM|S Prem?ma!y T — ( T )
—— Theory prediction [ 68% expected X 7
i==:== 95% expected |
B B - l y [ 68% 95% cL
o I \ . [ 3 EPJC 83(2023)562 inputs Expected
E?(p:cted: 85 L ‘E, 7 ' || =3 £Z3 Combination Expected
Observed: 7.8 L i 4 ’:',’ 4| =3 TZ3 Combination Observed
— — ok : ol . + Best fit
HT, . ! b 4 SM Expected
Expected: 12 | 7 L ]
Observed: 8.6 - ! -b_
o, or . ‘
Expected: 18 | Y ke : -
Observed: 10 B | i ‘: =' :'U il Best flt:
| I ] L1} —
. : o (e ) = (- )
Expected: 19 - ! ! H . kt, kb 0-73,1-58
Observed: 19 = ! i ! 4
i ol
Combined -4- NN 7]
Expected: 6.1 L A
Observed: 3.7 I | | | { | ~
0 10 20 30 40 50 60 i | | ‘ | ‘ | |
95% CL limit on o(pp— bbH(y .y )) / Oy, T35 40 05 00 0.5 1.0 1.5


https://cds.cern.ch/record/2892701

HW and HZ coupling REErET

Submitted to PLB

q q

WH production via vector boson scattering:
« Sensitive to relative sign of k;, and k, " —,
« SM very low cross section
« BSM model with ky/ k; = -1

« Different topology: Boosted H and W

« Change in cross section g

Analysis strategy:
- H - bb (boosted) tagged using Graph NN + mass CMS e
requirements =t

- Single isolated lepton with high p; from the W g
- +2 jets (from the VBS) with requirements on |An;;]

Results:
 Observed (expected) upper limit on the rate to the SM at
95% CL of 14.3 (9.0) gew!

Kz
[o2]

95% CL CMS (2022)
Bl <¢99.99% CL (50) obs.

« BSM scenario ky/ k; = -1, excluded at a CL > 99%
(beyond 5 s.d. sensitivity)

« Two dimensional limits also plotted

Best limits |ky | = 1.02 + 0.08 and |k,| = 1.04 +£ 0.07 in white

[ P P P |
-18 -14 -10 -06 -02 02 06 1. 14 1.8 13

Kw



https://arxiv.org/abs/2405.16566

We are able to perform precision measurements of the Higgs boson properties

Nature 607, 60-68 (2022)
« Coupling to W/Z well established CMs

. ) I | I I I | I I I | I I I | I I I | I
o PreC|S|On < 80/0 - # Discovery % LHC Run1 ok This paper )

— 8% CL ===95% CL { SM Higgs
1.5 — —

« Coupling to massive fermions: t, b and  also - -
known with high precision U
« ~10-17% i /,;:/ TN |
« Searches for CP violation in the Yukawa o i
coupling I

g

« Second generation: 05|
« 3-sigma evidence for H-pup - , .
- Competitive limits on coupling to ¢ quark I |

0||| |\‘|_1 ,r”|| ||| |||
0.6 0.8 1.0 1.2 1.4

Ky
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https://doi.org/10.1038/s41586-022-04892-x




O leptons

1 lepton 2 leptons
>7 Jets, >4 b-tags >6 jets, >4 b-tags 5 jets, >4 b-tags >4 jets, >3 b-tags

7))

multi-class multi-class multi-class %

ANN ANN ANN -

S}

A= =] F¥ ¥ ¥ Vv 3 3 F ¥ 7T+ v 33 F35d 3=

gl zllel =2l 2 — L = L 2

= 2| 2||[Lf 2 Tl ollSHzlI=IzIEII8ollS o= T(laflo|lS]|=

IR R tH2*llxlIZHUZUHEHN2IFHENFUZT + 1l £l Tl
= = = =
= = = =
< < < <
8| ) g ‘ g
o [ = c c
sl o o 5
\ \/ \ Yy Y v v Y Y v Yy v v

]
]
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Variable

o
I=

=

m'!T

Myis
Collinear mass

D,

An between lepton and 1,
Total transverse mass
Di-t py
Electron py
Muon pr
pr of leading T,
pr of trailing T,
Transverse mass
Number of b-jets
pr of leading b-jet
pr of trailing b-jet
B-tag score for leading b-jet

An between di-T py and leading b-jet

B-tag score for trailing b-jet
Number of jets
pr of leading jet
pr of trailing jet
Di-jet invariant mass
Di-jet Ay
prmiss

XAX AANAUX X X X ANAUX XX AN X XS XL

XX XX XX NENNNAX AN XXX AKX NSNS YA

XXX XXX ANCNANAX AX XXX AXANSN[]

CACNCNLNNAUX UX AN AKX X AUX XX XSG
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tt sample NLO

ttbb sample NLO

POWHEG version
PYTHIA version
Flavour scheme
PDF set

Mty

My,
MR
HE

hdamp
Tune

Powheg v2

8.230
5

NNPDE3.1

172.5 GeV
0

/

1

2

2
(mT’t +m

HR
1.379 - m,

CP5

2 —
Tt

)

Powheg—Box—Res
8.230
4
NNPDEF3.1
172.5GeV
4.75 GeV

1
2 {/ Mg Mg Mrp My
1
b |+ mag g + g + g
1.379 - m,
CP5

Additional b quarks computed from ME
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CP measurements by CMS

HVV/Hgg coupling:

« Anomalous H couplings (H -t 1) Phys. Rev. D 108, 032013

- Anomalous H couplings (H — 41) BTG ALE N ELrE P

- Anomalous H couplings (H - WW)

Hff coupling:

JHEP 06 (2022) 012

* Htt coupling

« Htt coupling (ttH, H- yy) Phys. Rev. Lett. 125, 061801

» Htt coupling (ttH, H- 41) Phys. Rev. D 104 (2021) 052004

« Htt coupling (ttH, H-> multileptons)



https://journals.aps.org/prd/abstract/10.1103/PhysRevD.104.052004
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.104.052004
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.125.061801
https://link.springer.com/article/10.1007/JHEP06(2022)012
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