~ AUSTRIAN f!““I\ n."/
OAW =i X uepny

TTTTTTTTTTTTTTTTTTTTTTTTTTTT

Higgs differential measurements
and EFT interpretation
in CMS experiment

Suman Chatterjee
for the CMS Collaboration

HEPHY, Austrian Academy of Sciences, Vienna

LHCP 2024

Northeastern University, Boston



. ||||l||| ’/
Introduction =% HEPHY

INSTITUT FUR HOCHENERGIEPHYSIK
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Granular measurements improve sensitivity to new physics effects away from bulk
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https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCHWGFiducialAndSTXS
https://inspirehep.net/literature/2104672
https://inspirehep.net/literature/1709330
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Discovery through precision measurements
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Interpretation in terms of effective field theory (EFT) operators

5 (8)
. C.
Lovierr = Lsm + Z —r 0, +
Lepton number violation Lepton & Baryon number violation

Use measurements to probe size of dimension-6 EFT operator coefficients
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Effective field theory eftects = HEPHY

Discovery through precision measurements
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Non-resonant scenario
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Interpretation in terms of effective field theory (EFT) operators

Lsvierr = Lsv + Z ;

Lepton number violation Lepton & Baryon number violation

Use measurements to probe size of dimension-6 EFT operator coefficients

Requires a global approach
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Anomalous couplings of Higgs boson 7 HEPHY

Higgs coupling to Gauge bosons

Vv
A(HVV {VV KTVQ%JFKXV‘?%] 2w o w VWV () @ YV (D) @ moee-
( )N \‘ﬂl + (AVV)Z va1e‘v1€v2+a2 fyy f —l_ﬂ3 wa f H ;
1

Higgs coupling to fermions mg _ -
A(Hff) = —?flpf (Kf + lfo’)’S) lpf

Constraints on anomalous couplings = bounds on EF T operator coefficients
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Anomalous couplings of Higgs boson

Higgs coupling to Gauge bosons

1%
A [VV Kqu%Jrngq%—l 2 x _x VV (1) fx(2)pv VV (1) 2y =
(HVV) ~ rl + evieva +ay  fu ' f tay fu f H

m
(x| v

Higgs coupling to fermions mg _ -
A(Hff) = —?flpf (Kf + lfo')’S) lpf

Example topology:
VBF H production + H—> WW* decay

W
= HEPHY
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Anomalous couplings of Higgs boson £,
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Higgs coupling to Gauge bosons

\"AY \AY Vv g
A { 'AY Kq q% +K2 q%—l 2 k% VV (1) *(2)puv VV . x(1) 2w -----@®, -
(HVV) ~ |a; "+ - my1€vi€va +a  fu f +ay fu f H H
(Al ) v g

Higgs coupling to fermions mg _ -
A(HIf) = —?fle (Kf + ”Cf'YS) 2

Matrix element likelihood approach (MELA)

Construct discriminants sensitive to individual anomalous couplings

Ho_ Pgig(Q2) —— Poy(Q) D, — P psm ()
Sis Piig (€2) + P () P P (Q) + Pasu (D) Pom(Q) + Ppsm(Q)
(SM) signal-background Pure BSM SM-BSM interference

& H production mode separation

Example topology:
VBF H production + H—> WW* decay
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Differential measurement: Higgs p__in H=VV decay EX/—.
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Measurement of H p_ probes QCD and EWK modeling of H production — comparison between different predictions
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- Differential measurements also performed w.r.t. other variables: # of jets, H rapidity
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https://inspirehep.net/literature/2142341
https://inspirehep.net/literature/2659285

Differential measurement: Higgs p_ in H-ff decay EX—.
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Fermionic decay modes used to explore high-p_region — special reconstruction technique used for boosted topology

H— TT H— TT (Boosted)
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- Results for additional jet activity also reported

6/26
- High-p_measurements are still statistics limited


https://inspirehep.net/literature/1894790
https://inspirehep.net/literature/2772744

Double differential measurements in H-»VV decay =Y HEPHY
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Measurement of H p_ in different ranges of # of number of jets, H rapidity — modeling of composition of production modes

H— vy H= 22*% = 4| (= ¢, W)

JHEP 07 (2023) 091 JHEP 08 (2023) 040
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https://inspirehep.net/literature/2142341
https://inspirehep.net/literature/2659285

Difterential measurement: Decay angles in H=VV decay =7 HEPHY
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Measurement of angular variables in H rest frame — probing new physics effects in decay

H— vy H= 22*% = 4| (= ¢, W)
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Polar angle in Collins-Soper frame of diphoton system

- Differential measurements also performed w.r.t. event shape variables, final state object kinematics, MELA discriminants (for ZZ*)
8/26


https://inspirehep.net/literature/2142341
https://inspirehep.net/literature/2659285

STXS measurements for VH(bb) lllmDn’/HEPHY
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* Targeting leptonic V decays of V: Z - 1l/vv, W - 1v Phys. Rev. D 109 (2024) 092011
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Largest deviation from SM: ~ 20 in medium p_ ([150, 2501 GeV) & I- jet bin in ZH 9/26


https://inspirehep.net/literature/2736546
https://inspirehep.net/literature/1812980
https://inspirehep.net/literature/1791648
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Boosted H-bb production via vector boson and gluon fusion EL,
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8 d d CMS-PAS-HIG-21-020
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http://cds.cern.ch/record/2866501?ln=en
https://cds.cern.ch/record/2839736
https://inspirehep.net/literature/1488101

STXS measurements for ttH/tH(bb) = HEPHY
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CMS-PAS-HIG-19-011

Assigning events to STXS Hp,_ bins:

- artificial neural networks (ANNSs) [leptonic channels]
- kinematic reconstruction Chadronic channel]
Signal extraction with (combinations of) ANN scores
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See M. Marchegiani’s falk for defails


http://cds.cern.ch/record/2868175?ln=en
https://indico.cern.ch/event/1253590/contributions/5928180/
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Anomalous Higgs to top coupling %/)T’(HEPHY
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CP structure of t-H coupling is probed using ttH & tH measurements (H-V coupling fixed to SM prediction)
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Anomalous Higgs to top coupling M oy
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CP structure of t-H coupling is probed using ttH & tH measurements (H-V coupling fixed to SM prediction)

H - bb
CMS-PAS=HIG-19-011
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Compatibility with SM: ~20
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http://cds.cern.ch/record/2868175?ln=en
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Anomalous Higgs to top coupling S,
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CP structure of t-H coupling is probed using ttH & tH measurements (H-V coupling fixed to SM prediction)
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Compatibility with SM: ~20 Pure CP-odd hypothesis excluded at 3.70
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http://cds.cern.ch/record/2868175?ln=en
https://inspirehep.net/literature/2132369

EFT analysis in ttH production: H=bb (boosted) lm""}/‘.’/nguigs

Phys.Rev.D 108 (2023) 032008

CMS Simulation 13 TeV
= _
SMEFT operators at work 500 cow /A [TeV2]=
T —0.0 6.0 ~~10.0 --12.0 H
L 7
© 1.75 - A
Dipole Orw
O' 3) ) 0. O O 1.50 -
Current £Q otb -~
Yukawa Ot 1.25

1.00

1 OO 200 300 400 500 600
pi! [GeV]

13/26


https://inspirehep.net/literature/2142913
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Phys.Rev.D 108 (2023) 032008
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https://inspirehep.net/literature/2142913

SMEFT operators at work
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[JHEP 03 (2020) 056, JHEP 03 (2021) 095, JHEP 12 (2021) 083, JHEP 05 (2022) 091]
« Still competitive in sensitivity

-----------

analysis in ttH production: H=bb (boosted)

i
4
-7zz HEPHY

Phys.Rev.D 108 (2023) 032008
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https://inspirehep.net/literature/2142913
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Anomalous H-V couplings with HHWW* decay mode =7 HEPHY
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https://inspirehep.net/literature/2764172

Approach 2:
Use SU(2)xU(]) symmetry
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Compatibility with SM: p-value ~ 91% (while floating all anomalous couplings together)

Constraints translated to SMEFT operator coefficients (including CP-odd operators) in Higgs & Warsaw bases

Anomalous H-V couplings with HHWW* decay mode

W
=7 HEPHY

INSTITUT FUR HOCHENERGIEPHYSIK

arXiv: 2403.00657
(accepted in EPJC)
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Phys.Rev.D 108 (2023) 3, 032013
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Strong constraints on CP-even and -odd anomalous Higgs to electroweak vector boson couplings
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Higgs-to-gluon coupling in production is probed in H+2 jets events

>
q q
9
H
9
>
q q

ggH _ 3% sgn ﬁ
B =
a 2882 + | 2582 as®

CP-odd cross section fraction
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Higgs-to-gluon coupling in production is probed in H+2 jets events
H—> WW*
arXiv: 2403.00657 (accepted in EPJC)

,CMS 138 fb' (13 TeV)
> 1.8f—
¢ ( —— Observed
1 1 16
g -
______ 1.4 - Expected
H ot
9 c L N AR .18
> <
q q C}I 0.82—
0.6
0.4f~
soH |a§g |2 HEE 0.2~
3 = Sght | g3 [ pr ] L
a3 a5 |2 + |a3® |2 as L 05 0 05 1
fggH
a3
CP-odd cross section fraction =-0.034 [+ 0.38 - 0.72 @ 68% CL]
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Higgs-to-gluon coupling in production is probed in H+2 jets events
H—> WW*
arXiv: 2403.00657 (accepted in EPJC)
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> 1.8
¢ ( —— Observed
1 1 16
g C
______ 1.4 - Expected
G " g 12:_ 68% CL
‘} E -1:_ —_— =R
> <] -
q q C}I 0.82—
0.6
0.4
soH |a§8|2 HEE 0.2~
. — Sgrl ﬁ ]_' e | |
a3 a5 |2 + |a3® |2 as ke 05 0 05 1
fggH
a3
CP-odd cross section fraction =-0.034 [+ 0.38 - 0.72 @ 68% CL]
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Anomalous Higgs to gluon couplings = HEPHY
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H- TT + H-> 22%- 4l
Phys.Rev.D 108 (2023) 3, 032013
CMS Supplementary 138 b (13 TeV)
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T
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ggH
fa3

=0.07 [+ 0.32 - 0.07 @ 68% CL]
17/26


https://inspirehep.net/literature/2764172
https://inspirehep.net/literature/2688930

U,
Summary & Outlook A oy

INSTITUT FUR HOCHENERGIEPHYSIK

* Experiments performing more granular measurements with larger data set
* Probing Higgs boson couplings and EFT operator effects to test possible new physics scenarios

* A subset of results presented here, new interesting ones on the way (e.g., combination of measurements)

Not covered in this talk:

EFT effects in di-Higgs production (see I. Dutta’s talk)
Looking forward to new results from Run-3 & beyond EFT effects in H-T coupling
(see C. R. Alvarez’s talk & L.Kang’s talk)

LHC HL-LHC

EYETS 1367ev  BED 13.6- 14 TeV
13 TeV energy
Diodes Consolidation
splice consolidation cryolimit LIU Installation =
7 TeV 8 TeV button collimators interaction inner triplet - il LH(.:
—_— R2E project regions Civil Eng. P1-P5 pilot beam radiation limit installation
|||||||M
5 to 7.5 x nominal Lumi
ATLAS - CMS
experiment upgrade phase 1 ATLAS - CMS
beam pipes o : . - HL upgrade
nominal Lumi __Q_x_w ALICE - LHCb } Zixinominaliliim i
75% nominal Lumi |/— upgrade
luminosity JEGDE
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* Experiments performing more granular measurements with larger data set

* Probing Higgs boson couplings and EFT operator effects to test possible new physics scenarios

* A subset of results presented here, new interesting ones on the way (e.g., combination of measurements)

Not covered in this talk:

EFT effects in di-Higgs production (see I. Dutta’s talk)
Looking forward to new results from Run-3 & beyond EFT effects in H-T coupling
(see C. R. Alvarez’s talk & L.Kang’s talk)
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Differential measurement: Higgs P L (.
H> WW* > epuv v H— bb (Boosted)
e W
JHEP 03 (2021) 003 JHEP 12 (2020) 085
e 137 fb™" (13 TeV)
137 o' (13 TeV) s fems @0 0 T
o — ] = — Data 1
% 10 = CMS [ geF —e— Observed E o 103k -
&) F " VBF [ Statistical 3 F — = LHCHXSWG approx. NNLO =
5\9 - BzH+WH [ Experimental 1 ) - = HJ-MINLO :
;; ' WH [ Theoretical N 10 E 3
Y 15 Uncertainty HH MG5_aMC@NLO — - ‘ ]
% - 3 10" 3
S L ] —
A ’ 100 —————F+—+——+—+—+———F+—+——+—+—+—1—
107 20 3
g o I
C 03 B
B =0 i
L %é 10— —
1072 S
of =
[ | | | | |
i T 1 | T 1
é 201 ]
O =
22 2 I
° Sg 10— _]
8 EEI’ C
g oF =
2 % 50 100 150 200 250 —
400 600 800 1000 1200
pi (GeV) pt (GeV)

- Differential measurements also performed w.r.t. other variables: # of jets (in all cases), H rapidity (for H - yy & H— 41)
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arXiv: 2403.00657
(accepted in EPJC)

Constraints translated to SMEFT operator coefficients

Higgs basis Warsaw basis
1 CMS 138 fo' (13 TeV)
CMS 138 b (13 TeV)
Expected
| Expected , —e— Observed Best fit 68% CL
Cro 076  [-4.19, 0.67]
006 [0.22,0.03] Chp 012 [-0.44, 0.81]
Chw 0.08  [-0.79, 0.51]
0.01  [0.05,0.03] Chwe 017  [-1.62, 1.05]
Cip 0.03  [-0.23,0.16]
0.03  [-0.49,0.33] CP-odd -
Cooiv -0.26  [-0.76, 0.41]
017 [-0.47,0.25] Crie 0.54 157,083
'0.14' ' '0_'6' ' lo.lsl Ci _ -0.08 [-0.23,0.12]
IIiIIIIiIIIIiIIIIiIII IIIiIIIIiIIIIiIIIIiIIIIiII

P I
arameter value -4 -3 -2 -1 0 1 2 3 4 5

Parameter value
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138 fb' (13 TeV)
CMS B ; J_rOESFSr::t}dﬂa syst)
VH, H—=bb 1o (Syst)
ZH, p_(V) > 400 GeV ——— 1.83+0.63 £042
ZH, 250 < pT(V} <400 GeV -—- 152 +0.36 + 0.33
ZH, 150 < pT(V} <250 GeV, 2z 1J | —————— -056+0.78+0.72
ZH, 150 < pT{V} <250 GeV,=0J -—- 042 +0.37 £0.30
ZH, 75 < p (V) <150 GeV -—- 1.42 + 0.52 £ 0.56
WH, p_(V) > 400 GeV ——— 1.90 £ 0.63 £ 0.49
WH, 250 < p_(V) < 400 GeV - = 1.88 £+ 047 +£0.38
WH, 150 < p_(V) < 250 GeV ._. 0.25+ 0.45 + [}49
S T T I SR A

Best-fit T

VHbb STXS

||||||||| \’/
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arXiv: 2312.07562
(accepred in PRD)

CMS 138 fb™ (13 TeV)
138 b (13 TeV
ZH,p(V)>400 | 0.01 0.02 -0.06 0.05 0.01 -0.07 0.16 -
| 0.8 CMS *  Observed
ZH,250 <p (V) <400 | 0,02 -0.07 -0.00 0.10 -0.02 - 0.16 06 VH, Hobb Ho(tat ©sysh
B ) m— o (Syst)
ZH, 150 <p (V) <250, 210 |-0.02 -0.01 -0.01 0.06 -0.07 -0.07 0.4 RS Combined =115 705,
B — 0.2
ZH'150<pT(V)<250’=0J -0.09 -0.01 0.00 -0.21 -0.02 0.01 2-lepton 1.06+0.25+0.22
L — 0
ZH,75<p (V) <150 | .01 0.08 0.06 0.10 0.05
— 1-lepton 1.32£024+£0.26
WH, p (V) >400 |.0.00 0.00 -0.01 -0.00 -0.06| —| 4
WH, 250 < p_(V) < 400 0.02 0.00 -0.01 -0.01 -0.07 0.02 | —] 0.6 oiepton 1,08+ 0.24 +0.21
WH 150 b —0.8 1 L 1 1 L 1 1 1
150 < p_(V) < 250 -0.11 -0.00 -0.01 -0.09 -0.02 0.02 0.01 0 05 1 15 2 25 3 35 4 45 5
| | | | -4 Best-fit p
Z
J
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VBF + ggF Hbb _|>IET’/HEPHY
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CMS-PAS-HIG-19-011

. . -1
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: 018 & pwm=033 1 | die. i .
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Anomalous Higgs to gluon couplings

Higgs-to-gluon coupling is probed in H+2jets events
H—> WW*

arXiv: 2403.00657 (accepted in EPJC)
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. ggH -1
,CMS 138 1o (13 TeV) CMS ggH 2-jet, D_, <0 138 fb™" (13 TeV)
C c L T T T T T =
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q q 16 — Observed *2 = [ goH B ver [ Muttiboson Dy -
q r CI>.) B DNonprompt ww tW and tt i
I 1.4 Expected elRT _ .
H iy 1.2f— | = Dyge < 0.5 Dygr > 0.5 77777777777777777 ;
( C 030 ¢77*****2**—— - o — 777% _
7 S 4 L) 2 == |
q q N 0.8 - — m{' =
0.6 - “ |
: 10 B4
0.4 =
882 88 0.2:— _
ggH _ 103" sgn | 32 : = . ..
as T | 882 882 88 L Ly | 3
|‘32 % + |‘33 | ay 1 1 2 2
g 15 ‘i\ """""""""""""""""""" PN S S ]
************** IRPOLEE 3 SO NN AN SRR AU S
< . E R E
s O e
Q o o% o2 o O ¥ o? oF o o® oV P A®
. . o Q.Q/ Q?’/ Q.b( Q?)/ Q‘.b/ Q.Q/ Q‘}’ Q?’/ Q.b‘/ QC:)/ Q‘b/ Q/‘\ Q(.b/ 1
CP-odd cross section fraction: =-0.034 [+ 0.38-0.72 @ 68% CL] D"


https://inspirehep.net/literature/2764172

Signal regions defined using # of jets, # of b-tagged jets

:

Artifical neural networks (ANNs) used to
separate signal & backgrounds

:

Assigning events to STXS H p_bins:
ANN or kinematic reconstruction

.

Signal extraction with (combination of) ANN scores

Measurements for ttH/tH(bb)

W
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CMS-PAS-HIG-19-011

ttH( - bb): 4b + 0/1/2 leptons + jets
H tH( - bb)W: 3b + 0/1/2 leptons + jets
tH(—bb)g: 3b + 0/1 leptons + jets (1 forward)

| 0 leptons | | 1 lepton | | 2 leptons |
| 27 jets, 24 b-tags | | >6 jets, 24 b-tags | | 5 jets, 24 b-tags | |24 jets, =23 b-tags|
l l l mu/lat\i’:lc'llass multi-class mulIAt‘irzlc’l‘ass Stage 1 .2
ol Sl a1 el 18 vy ') pH
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60
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[:l Distribution in template fit, event yield (Y), ANN output (O), likelihood ratio of ANN outputs (R)
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