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Higgs differential cross section and

STXS measurements at CMS

Tahir Javaid (Beihang University, Beijing)

On behalf of the CMS collaboration
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https://indico.cern.ch/event/1335188/

Overview

X Higgs boson discovered in 2012 at CERN

X Its properties have been measured with evolving precision

since the discovery
- Couplings, cross-section and etc.

X Several decay modes studied so far.
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Recent results from CMS on the topic YK = Not covered in talk

Decay Channel CMS data Results URL(s)
Bosonic
H— WW  FUWlRun2 STXS Eur. Phys. J. C 83 (2023) 667
CMS-PAS-HIG-21-020
CMS-PAS-HIG-19-011
H — bb Full Run2 STXS 10.1007/JHEP01(2024)173
o 10.1103/PhysRevD.109.092011
Fermionic. 10.1140/epjc/s10052-024-13021-7
o | """" ldﬁ """"""" H """ 1 DO14O/eD|C/s1OO52023114528
H— 1z  FulRun2  "OUSVe SN (D) 40.1103/PhysRevLett.128.081805
0.1016/j.physletb.2024.138964
Combination
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-23-014/index.html
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-24-013/index.html
https://link.springer.com/article/10.1140/epjc/s10052-023-11632-6
https://cds.cern.ch/record/2866501?ln=en
https://cds.cern.ch/record/2868175?ln=en
https://doi.org/10.1007/JHEP01(2024)173
https://journals.aps.org/prd/pdf/10.1103/PhysRevD.109.092011
https://doi.org/10.1140/epjc/s10052-024-13021-z
http://dx.doi.org/10.1140/epjc/s10052-023-11452-8
http://dx.doi.org/10.1103/PhysRevLett.128.081805
https://doi.org/10.1016/j.physletb.2024.138964
http://cds.cern.ch/record/2905139

CMS-PAS-HIG-23-014

H — yy measurement (early Run3 CMS data)

CMS Simulation Preliminary 13.6 TeV
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https://arxiv.org/abs/2403.18582
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-23-014/index.html

H — yy

CMS-PAS-HIG-23-014

* Apply fiducial requirement on geometric mean:

“OutsideAcceptance” events fixed to SM and treated as signal
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* |Improved perturbative convergence in phase space (2106.08329)

04 — 78 + 11 (Stat)

J_rg (syst.) fb =

+13
8—12

fb

X Systematics dominated by photon scale/resolution

Systematic uncertainty

Magnitude

Photon energy scale and resolution group
Category migration from energy resolution
Integrated luminosity

Photon preselection efficiency
Non-linearity

Photon identification efficiency

Pileup reweighting
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https://arxiv.org/abs/2106.08329
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-23-014/index.html

H — yy :

CMS-PAS-HIG-23-014

%3 variables studied: pﬁ . |y and N;

* In agreement with SM

ers

* Systematics dominated by photon scale/resolution

CMS Preliminary 34.7fo! (13.6 TeV) CMS Preliminary 34.7 fo-! (13.6 TeV) CMS Preliminary 34.7 fo~' (13.6 TeV)
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-23-014/index.html

H— 77 - 4¢ (¢ = e, u) measurement (early Run3 CMS data)

CMS-PAS-HIG-24-013

XWell-suited for measurement with a clean signal CMS Preliminary
>|_|1||||.|||1
XOverall, similar strategy in Run 2 and Run 3 5 S0F
o [
» Requirements on lepton kinematics (pr, # , ID), and O 0F
iIsolation to match the HLT requirements £ 603_
) :
- Dedicated BDT for electron identification it -
S50 ?
 Reducible (data-driven), Irreducible (simulation) :
40|~
* Unbinned maximume-likelihood fit :
X Excellent validation of muon and electron performance 30p
of CMS :
20
X Most relevant systematic: Electron efficiency }
101~
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-24-013/index.html

H—->7/Z->4¢C (C =e,u):

CMS-PAS-HIG-24-013

XWell-suited for measurement with a clean signal

XOverall, similar strategy in Run 2 and Run 3

» Requirements on lepton kinematics (pr, # , ID), and
iIsolation to match the HLT requirements

- Dedicated BDT for electron identification
* Reducible (data-driven), Irreducible (simulation)
e Unbinned maximum-likelihood fit

X Excellent validation of muon and electron performance
of CMS

X Most relevant systematic: Electron efficiency

X Measured inclusive cross section

Orq = 2.94%5 ZS (Stat.)fgég (syst.) tb

054 (fD)

5.1 fo' (7 TeV), 19.7 fb™ (8 TeV), 138 b (13 TeV), 35 fb" (13.6 TeV)
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———  Systematic uncertainty
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-24-013/index.html

H— // — 4F (f — 6,//!) : CMS-PAS-HIG-24-013

XWell-suited for measurement with a clean signal

. . CMS Preliminar 34.7 fo-! (13.6 TeV
¥ Overall, similar strategy in Run 2 and Run 3 B e T L AL
S — ggH (POWHEG + JHUGen + Pythia) + xH
_ _ _ i —— ggH (POWHEG + NNLOPS + JHUGen + Pythia) + xH _
» Requirements on lepton kinematics (pr, # , ID), and S5 xH = ttH + VH + VBF (POWHEG + JHUGen + Pythia)
. . . ¢ Data (stat @ sys unc.)

Isolation to match the HLT requirements . I Systemati uncertainty E

- Dedicated BDT for electron identification : AN :

3_— /7 i 7 —

* Reducible (data-driven), Irreducible (simulation) : | :

21 -

+ Unbinned maximum-likelihood fit : b |

18 I -

X Excellent validation of muon and electron performance : I i T

OfCMS OF....I.I.....li.1..i|.,.%..”£|...£1,|,“

_ . < F - T - - - Tr T 1 - T T 71

X Most relevant systematic: Electron efficiency 2 2| .
. . . 3
X Measured inclusive cross section x
_ +0.53 +0.29 o

X Measurements per lepton category consistent with each
other
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-24-013/index.html

H— // — 4F (f — 6,/4) : CMS-PAS-HIG-24-013

T

X Two variables studied: pﬁ , |y | (coarse binning w.r.t. Run2)

* In agreement with SM
* Systematics dominated by Electron efficiency

XFull Run3(+Run2) dataset — more granular binning expected
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Higss production in bb final state

\w

* H —> bb CM\S \/; =13 TeV (2017) b-tracks
> ) b-jet
- Signal Strengths, STXS N et _ /| ks
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https://cds.cern.ch/record/2866501?ln=en
https://cds.cern.ch/record/2868175?ln=en
https://doi.org/10.1007/JHEP01(2024)173
https://journals.aps.org/prd/pdf/10.1103/PhysRevD.109.092011
https://doi.org/10.1140/epjc/s10052-024-13021-z
https://www.phys.ethz.ch/news-and-events/d-phys-news/2018/12/higgs-bottom.html

V(W/Z — leptons) H — bb

% 3 channels are considered for V-
» O-lepton (Z — vv)
e 1-lepton (W — )

e 2-lepton (Z — £¢); kinematic fit applied

X Fit to SR and orthogonal control regions (CRs):

o 1t
V+HF(heavy flavor)
V+LF (light flavors)
>* Multi-category DNN in V+HF CR

X DNN for signal classification and extraction

8 VH categories (pT and jet multiplicity; 5 ZH & 3 WH)

% Sim. Modeling, b-tagging, JER being leading systematic =bet=g ¢ [90,150]

SOurces

Events / 5 GeV

10.1103/PhysRevD.109.092011

138 fb™' (13 TeV)
e Observed
2017 (13 TeV
0.2~ 017 (13 TeV) CMS B +1o (stat @ syst)
0.18 :_ O  Kinematic fit + b-jet regression + FSR recovery CMS Simulation VH, H—bb s 1 (SYst)
- o 1sGeton 111 O o Z('H(®B) ZH, p_(V) > 400 GeV  ——— 1.83 + 0.63 + 0.42
0.16— O  b-jet regression + FSR recovery /O p_(2) > 150 GeV :
L 1I N T :
—T M=125.1 GeV, 0 = 14.3 GeV A ZH, 250 < p_(V) < 400 GeV : 152 +0.36 + 0.33
0.14— A  FSRrecovery OIZI T ! — D4 L UJ0 LU
| l:l |
0.12 =T |.1‘= 118. GeV, 0 = 15.5 GeV % O ZH, 150 < pT(V) <250 GeV, > 1J | e E -056+078+0.72
— V  Without FSR recovery ,é A E] !
0.1F=""""" H=116.9GeV, 0 =16.3GeV Krj Z; : ZH, 150 < p_(V) < 250 GeV, = 0J e 0.42 +0.37 + 0.30
= ,z © W g
008 AR ZH, 75 < p (V) < 150 GeV - - 1.42 +0.52 + 0.56
0.06 — A v o\ ;
- o |p N WH, p_(V) > 400 GeV - = 1.90 + 0.63 + 0.49
o A
0.04 v &3 i
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0.02 - Sy % T ; Rk
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0 | .
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http://10.1103/PhysRevD.109.092011

(Boosted VBF/ggH ) H — bb [CMS-PAS-HIG-21-020]

* Higgs at Iarge pT ( >450 Gev ConSidered) E 45;_10::MS Preliminary e Data 1;8:;.(::;8\/) E 140: CMS Preliminary e Data 12;:;.(:;(18\/)
% 405— \?gl?;iggory %g(zg) Egbb) % 1205 \?gl?cl:::gs;ory 82(23) Egbb)
i - © B Baon s o
* To probe BSM effects in scalar sector, test higher-order ol e o O

E'W radiative corrections in H production

X Updated multivariate Deep Double B-Tagger (DDB)

» Signal significance increased by twice g st | [ i
40 60 80 100 120 140 160 1;3;20 [Ge%}]io 40 60 80 100 120 140 160 1:;30 [Ge%;]io
X Generalized energy correlation functions for 2-prong (W/Z/H) CMS Preliminary 1381 (13 TeV)
_ a 800 <p_< 1200 GeV . * Zer-t:)i_n fit ;
tagging [JHEP 1612 (2016) 53] (tO reduce ff bkg) g e ation
675 <p_<800GeV [—
Observed differential Signal s
 Mass-decorrelated version; using the Designed strengths: 00 <p, <675 GeV |
Decorrelated Tagger method [JHEP 1605 (2016) 156] + In py bins for ggF 550 <p_ <600 GeV |
. . . ] 500<pT<550 GeV | —
X Jet substructure and novel b-tagging (DDB fail region) to  Inv. mass of forward jets
] for VBF 450 <p_<500 GeV | —
reject QCD background T |
-10 -5 0 5 10 p 15
X ML fit to the observed my, distributions for ggH and VBF ——
IS
. % 1000 < m, <2000 GeV |- .
X W and Z boson resonances used to constraint syst. unc. s | =
-10 -5 0 5 10 15
uVBF
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https://cds.cern.ch/record/2866501?ln=en

ttH/tH, with H — bb : Analysis Strategy [CMS-PAS-HIG-19-011]

% 3 channels are considered:
* Fully Hadronic (FH): O-leptons (2 xW — ¢gg)

* Semi leptonic (SL): 1-lepton (1 xXW — £1)

e Dileptonic (DL): 2-leptons (2 x W — £v)

O leptons 1 lepton 2 leptons
X categorization done with jet and b-tag multiplicity
>7 jets, 24 b-tags >6 jets, 24 b-tags 5 jets, =24 b-tags >4 jets, =3 b-tags
( STXS) . l l l mu,l.iir;lclllass mu'liil-\lclllass mu'lot\il-\lclilass
s g e
* ANNSs trained for sig./bkg. separation, further SHIBERIEEREEEBEEBEEEEEEEREEREE
categorization, and building discriminants -

X Improvements w.r.t. (CMS-PAS-HIG-18-030):

-

-

multi-class multi-class
ANN ANN

v

60-120 |-
120-200 |-
200-300 |-

0-60
>300

 dominant QCD bkg. estimation (FH); data-driven

H
T
H
T
H
T
H
T
H
T

P
P
P
P
P

200-300 |-=

binary ANN
binary ANN
H
T

binary ANN

binary ANN

P
Z
<
>
<
£
o]

* (Refined) neural network classifiers

(P

\ \ \J Y \/

Jte)le]le]le]

[:j Distribution in template fit, event yield (Y), ANN output (O), likelihood ratio of ANN outputs (R)

 Deepdet b tagging algorithm
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http://cds.cern.ch/record/2675023/
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[CMS-PAS-HIG-19-011]

ttH/tH, with H — bb : Results on Signal Strength Modifier

X ttH:

* inclusive

- uzy = 0.33+0.26

significance: obs.(exp.)

» exclusive in prbins

*tH (inclusive):

 Expected and observed 95% CL upper limits

Tahir Javaid

1.30 (4.10)

FH

SL

DL

2016

2017

2018

Combined

DL

SL

Combined

CMS Preliminary 138 b (13 TeV)

1) tot stat syst

+0.49 +0.25 +0.42
0.84 -0.46 -0.25 -0.39

+0.33 +0.21 +0.25
0.46 -0.33 -0.21  -0.26

+0.41 +0.31 +0.26
023 % 031 029

+042 +0.25 +0.33
0.49 -0.40 -0.25 -0.32

+0.38 +0.24 +0.29
0.32 -0.37 -0.24 -0.28

+0.34 +0.21 +0.27
0.23 -0.34  -0.21 -0.27

+0.26  +0.17 +0.21
-0.26 -0.16  -0.21

10
i = o/cg,,
138fb1 (13 TeV)
—

Preliminary

o | [
¢ observed --- expected

mm +1 SD expected +2 SD expected

M =1
48.0 532
48.1

30.2:348
16.5

312415
31.4

49.2313
27.5

27.0+345
25.0

19.3:22
| 146
1 | 1 1 1 Il l L

' |
40 60 80 100
95% CL limit on

[0, 60[

[60, 120]

[120, 200[

[200, 300]

[300, oo

CMS Preliminary 138 b (13 TeV)

I | I I
syst

+1.44

-1.27

+0.80 +0.61
-0.78 -0.71

10

L = ©/0y,,

CMS Preliminary 138 fb™' (13 TeV)
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Higss production in 77 final state

CMS Experiment at the LHC, CERN
Data recorded: 2018-Sep-03 22:13:43.484096 GMT
XH — 171 p

Run / Event/ LS: 322179/ 1557467762 / 902

- Signal Strengths, STXS, inclusive and
differential (resolved and boosted)

10.1140/epjc/s10052-023-11452-8
10.1103/PhysRevLett.128.081805

CMS-PAS-HIG-21-017
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https://cds.cern.ch/record/2873615
http://dx.doi.org/10.1140/epjc/s10052-023-11452-8
https://cds.cern.ch/record/2868084
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10.1140/epjc/s10052-023-11452-8

H — 77 : sTxs

. . . CMS 138 fb™' (13 TeV) CMS 138 fb ™ (13 TeV)
X Categories of Higgs Production: . Obsorved I T tot Mt 10 ot . Observed 1= o tot - 10 stat
° : (g g F g g E Z(QQ)H ) tot stat syst theo bbb tot stat syst theo bbb
o [200-300) CB }_._‘ 0.70 +?ﬁgg t033 T064 007 ~od6 pH [0,60] CB | . | 3 -0.87 +1ﬁ§1 *050 T0.60 036 054
“ T T . |
¢ O qH . (VBF 4 qq — V( q q)H) NN - 1.55 1055 105 103 0% 10 NN HEH 073 'G5 04 104 o3 10%
P! [300<] CB e 1.65 178 T045 T076 - 102 ~050 p'![60,120) CB | |_._1 3.37 1115 1049 1066 o4 044
. . (WIZ)H B B 2018 0 0 R SR R 210085 0 0 0k o8
X4 channels considered: Mo CB|  HH 0187048 +218 108 20 vom siznzo CB P 194z 10 0w om0
T NN = 1612078 205 *0%e 105 0%
pH(0,10] +0.82 +047 +057 +0.24 +0.29 J
T -1.65 !
) T T //tT eT e//t ggH 0 Jet NN |'.'1 -0.84 -047 -0.58 -0.28 -0.29 ‘
h h, h’ h, pro200 ©B ’_l_“ 0.053%33 7058 7066 ~12v —048
p"[10,200] +048 +0.22 +0.37 +0.17 +0.14 H =2 Jet ‘ +067 +041 +0.27 +043 +
. : NN HH 0437048 “022 ~037 —018 014 9 NN —.— 1.49 7087 1041 1027 1045 1029
X Two analyses: : e
y ||I|||I|||IlllllllIllllllllll|l|||l|||ll|| |I|IIIII:IIIIIIIIIIIIIIIIIlIIIIIllIIlIIIII
, _ 2 0 2 4 6 8 10 12 14 16 18 2 0 2 4 6 8 10 12 14 16 18
e Cut-based (S/ B for event Categorlzatlon) Parameter value Parameter value
CMS 138 fb™' (13 TeV) CMS 138 fb' (13 TeV)
* Neural Network (exploits NN event multiclassification) . Observed i+ fotot ™+ 1o stat . Observed i+ fotof = 1o stat
X Majority of background estimated from data
e <2 sotorm 035 194 135 108 12% 138 [os0) CB i 0.77 383 1078 1050 1006 10%
. . . . qgH <2 Jetorm [0, . . . . ! ‘ o4 . . ) )
 Genuine 77 events: estimated using Tau Embedding NN 099115 11 135 38 L 079155 35 0 08 O
. ] 610,200 CB 029 *177 *0% 07 Wisow CB et 265713 11T 105 0% (0%
» Jet misidentified as 7,: Fake factor (/') Method ez mm s a7 102 005 o " B oesein i enm om
. P [0.200] CB 0.68 *03g o150 OB et 1.97 *051 2078 1029 “010 o040
—r STxé'% =R EmIRA NN 124293 2 NN B 2,00 1081 00 0o t0% 10t
1.1 qqH STXS’% . > . X oos . e : . . Co9s X
o : S R ca e 069102 13 028 10 0z s CB B 228y 0 ez oy won
gefr_]f“neT e/ R D NN od 0.16 '03% ‘030 ‘004 004 ~015 #A NN e 218 ' 190 +089 +024 +039 +0.13
/ lllllllllllll]llllllllllllllllllllllllllll lllllllll‘lllllllllllllllllllllllllllllllll
2 0 2 4 6 8 10 12 14 16 18 2 0 2 4 6 8 10 12 14 16 18

Discriminants
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http://dx.doi.org/10.1140/epjc/s10052-023-11452-8
http://(10.1088/1748-0221/14/06/P06032)
https://link.springer.com/article/10.1007/JHEP09(2018)007
https://doi.org/10.1016/j.physletb.2024.138964
http://dx.doi.org/10.1103/PhysRevLett.128.081805

H — 77 : differential (resolved)

X Measured in fiducial region defined to match the offline

selection for each decay channel

 “OutsideAcceptance” events fixed to SM and treated as

background

« Observables (resolved) : pﬁ,Nj

10.1103/PhysRevLett.128.081805

138 fb™ (13 TeV) 138 fb™' (13 TeV)
S TCMS' o | Observed T ] ) “CMS o ovsened | ]
() 10 & 0) Observed - no regularization - — 1 03 | o Observed - no regularization |
O e 5555 gg—H (POWHEG) + XH = ° S ssssesss gg—H (POWHEG) + XH 3
ro) C T gg—>H (NNLOPS) + XH = o - gg—H (NNLOPS) + XH -
= = - M':Cé XH = VBF + VH + ttH (POWHEG) - - XH = VBF + VH + ttH (POWHEG) -
P 1 — — — - 9% -
L - - : 5 # e EEE. Shaer >
= B[ T : 102 1 =
S Ll = ] - ‘F} -
~ 10§ | T T .
§ == 1 | -
107 & A - T =
| | | r X . \ I - r 7
X Reported Differential measurements ; , — R — - ———
% ©
~ g 1 5 . + .................................................................................................................. —
; Z P 1 [ s R it e
]1 Z =z ' + """""""""" % """"
O
ers @NA P E Y| N e A S— i
& 5 O 1 > 3 4 5
Njets
138 fb' (13 TeV)
S  Fems v o T o
() " CMS [0) Observed - no regularization 7
Q) 10y = s gg—H (POWHEG) + XH —
B - gg—H (NNLOPS) + XH 3
= - XH = VBF + VH + ttH (POWHEG) -
Q - —
() = _
R = =
— - , -
I | i
o 1o |\ - 0 e =
g 107 P
2 L _
10 = | 1 1 E
(D T
a
O
—
P
Z
S
O
T
oC
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http://dx.doi.org/10.1140/epjc/s10052-023-11452-8
http://dx.doi.org/10.1103/PhysRevLett.128.081805
https://doi.org/10.1016/j.physletb.2024.138964

H — 77 : differential (boosted)

10.1016/j.physletb.2024.138964

_ ___138fb'(13 TeV)
—4-Observed — Ho1t (x10) =
[ |H-o1tt(x1.6) [ ]Z—>1r =
] QCD multijet [_| =
[ ]wv [] Total uncert. 3

X Measured in fiducial region defined to match the offline

Events / bin

selection for each decay channel

“OutsideAcceptance” events fixed to SM and treated as

T

background

X Reported differential measurements

0.8

Signal NN score
H ] 138 fb (13 Tev) | 138 fb (13 TeV)
e — T ! ! T T =
Observables (boosted): : < W0 g : : —%— Observed :
( ) p T° p T %, - CMS e ObSGH"'(:% WHEG) + XH - - ¢554+% gg—H (POWHEG) + XH -
O] - 7777 99 * i - NN gg—H (NNLOPS) + XH i
S ol NNNX- gg—H (NNLOPS) + XH B XH = VBF + VH + ttH (POWHEG) =
. . = 107 E XH = VBF + VH + ttH (POWHEG) = =
- Final observable is NN output O 7 - - -
Q I I —
Q - i = g
2107 & E = =
o " © — - — /////////////////////////// ////////////////////////////‘
In ag reement Wlth S M © : f///////////////////////////////////////////////// — é{(((\ \ \\\ \\\ \ \ \\«g
1 0_4 | ANNNNNNNN ANNNNNANRN OORRRNNNNNNNNNNY \> E_ =
10—5 I | | | ]
o AT T T 2
O ol O
21 A'A'A’A'o'{ -'A'A'A'o'A'a( ’ -‘AA/,A; AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA {. Z
Z Z
o A — N 9
e e Sow—
& 0 500 1000 1500 2000 & 1000 1500 2000
i1 H
p; (GeV) p!! (GeV)

Tahir Javaid Higgs differential cross section and STXS measurements at CMS Blois2024-Chateau de Blois-France 19


http://dx.doi.org/10.1140/epjc/s10052-023-11452-8
https://doi.org/10.1016/j.physletb.2024.138964
http://dx.doi.org/10.1103/PhysRevLett.128.081805

Combined measurements in /7 — X decays CMS-PAS-HIG-23-013

X Combination of differential spectra in the analyses:

. H — yy (JHEP07(2023) 091), H — ZZ (JHEP08(2023) 040), H — WW (JHEP03(2021) 003),
H — 77 (Phys. Rev. Lett. 128, 081805), H — 7t (boosted) arXiv:2403.20201

X Differential XS

* Fit Strategy:

- Measurements in input analyses performed in different fiducial phase spaces

* 11 is used across the channels (inclusive phase space)
» Signal models with differrent bin boundaries combined with a procedure
e Systematics:

- Lumi, efficiencies, energy scale & resolution correlated among channels except:

7 energy scale and lepton efficiencies in H — 1z, H — tt(boosted), H — ZZ

X Interpretation of differential distribution (pﬁ) observable

2499 (©)
. SMEFT: SM with series of higher dimensional operators which Loverr = Lom+ ), ©
are invariant under SU(3) x SU(2) x U(1) symmetry j=0
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https://link.springer.com/article/10.1007/JHEP07(2023)091
https://link.springer.com/article/10.1007/JHEP08(2023)040
https://link.springer.com/article/10.1007/JHEP03(2021)003
https://link.aps.org/doi/10.1103/PhysRevLett.128.081805
https://arxiv.org/abs/2403.20201
http://cds.cern.ch/record/2905139

Combined measurements in // — X decays:

CMS-PAS-HIG-23-013

102

(fo/GeV)

T 10!

/AP

2 100
10~

1072

N

Ratio to prediction
—

(-

LI IIIIII|

L IIIII|

1 lllllll

I 1 T TTITI

aMC@NLO
Powheg
¢ Combination

aMC@NLO, NNLOPS
Combination, Syst. unc.

I b

138 fb~! (13 TeV)
I | N

|| IIIIlI|

| | IIIlI|

| | IIIlI|

.

4N 1]

7. 1 s v

X Reported Differential measurements

« Observables: pﬁ, Nioss: |y
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CMS Preliminary

-0.4188  0.0032 -0.0341 -0.0042

-0.1515 00110 -0.0138

00032 -0.1515

-0.3508 0.0064
-0.0341 00110 = -0.1284
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00014 -0.0096 -00056 -0.0217 -0.0048
00009 -0.0127 -00190 -0.0104 -0.0040
-0.0004 -0.0026 -0.0040 -0.0037 -0.0013
-0.0006 -0.0146 -00177 -0.0190 -0.0027
-0.0045 -0.0181 -00224 -0.0188 -0.0075
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Combined measurements in /1 — X decays: CMS-PAS-HIG-23-013

_ CMS Preliminary _ 138 fb'l1 (13 TeV) CMS Preliminary 138 fb~! (13 TeV) 00
S - : . .
() - T y >
3 o 1t | 3. |
E 10 : ] g (5 15-20 0.1694 -0.0270 0.0029 075
-0 [ [ : + d
d 1 _ I _ 10.50
s OF - . E 20 - 30 -0.3735 0.0800 -0.0131 *
< i " : 10.25
T S 30 - 50| 0.1694 -0.3735 -0.2579 0.0191 || -Jo.00
1T comoraion 5
) 1-0.25
1077 1 H— 2 50 - 80[-0.0270 0.0800 -0.2579 3
-0.50
§2_ - | I | 4
J== R I S R , 80/ 0.0029 -0.0131 0.0191 -0.2088 075
2_1 — ,,,,, I] y }+ SSUMMAIS e 2081 It it 1""’"""’///////}'///I///f 77777
s | I : -1.00
o Q_ | | | I _ Q,Q jbg }oQ ij S
5.0 20.0 30.0 50.0 800 ,\<o Q/Q (bQ @Q L
(GeV)

X Reported Differential measurements

 Observables: p Niets: |y, p | An;;|and T] (see backup slides for other distributions)

JJ’
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Combined measurements in H — X decays:

CMS-PAS-HIG-23-013

X Observable being pﬁ (see slide 21)
X Fit pairs of CP-even, CP-odd WCs while setting all other WC = 0 (SM)

2D scans of Wilson Coefficients

Class Operator Wilson coefficient Example process
g
HYHGS, G e (Zg H
H'HGj, G CHG 9
q q Z
H'HB,,B" Chp Z z 0o <
3 H
H'HB, B" Crip 1 "= ‘
4) 212 K
Ly —X°H T q q
H'HW, Wi CHw WE o <W
~ . . W ___H _____
HHW!, Wit Crw ! ! id
o q q 4
HYo'HW}, B CHWB o
H'¢'HW, B C ? !
o v CHWB q I Z

CMS Preliminary 138 fb~! (13 TeV) CMS Preliminary 138 fb~! (13 TeV)
o) R S S S — ——— - T — T T T T T ' p— ' ' I ' ' ' | l | ' | ' ' '
8: 0 08: « Exp. Combination best fit N 5: | * Exp.Combinationbestfit| — _________
"“7|| mm Exp. Combination 68% W Exp. Combination 68% o ~
. Exp. Combination 95% 0.04 Exp. Combination 95% | === =777 |
| * Combination best fit « Combinationbestfit £ —=--" = TTS<33
0'06j — Combination 68% i — Combination 68%
-| === Combination 95% --- Combination 95%
0.04r . 0.02} -
0.02 = \
- i | )
— ! '.
0.00} - 0.00} ; | _
» I I
0.02f b :
- -0.02} 3
-0.04} _
-0.06| 4 L O
I -0.04f . _
"0.08_ ] T
I B 1 1 1 T . . — 1 - See also
-0.06 -0.05 -0.04 -0.03 -0.02 -0.01 0.00 0.0 -0.02 0.00 0.02 0.04 0.06 0.08 0.10 ,
CHa CHp Hannah’s talk
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https://indico.cern.ch/event/1335188/contributions/6137389/attachments/2951467/5188238/Arnold_Higgs_Blois2024.pdf

CMS-PAS-HIG-23-013

Combined measurements in // — X decays:

CMS Preliminary 138 fb~! (13 TeV)
-l-lColmbilnatilon195°/;Cll_ llllll LR
. . . - . S o~ . m— Combination 68% CL
X Constraints on linear combination of Wilson Coeficients: Y Cornanevic
== Combination expected 95% CL
=== Combination expected 68% CL | ww= -
. . " ' ' ' EVO X10_3 ® Combination expected Best fit --i:"
* Define linear combinations of WCs to simultaneously constrain 10
directions in the parameter space EV; x102 = =
EV2 x10—1 _:.-—'_.-.::-
CMS Preliminary 138 fb-! (13 TeV)
EVO 0.26:044 0.04002 002 002
EV1 . 0.26 0.08-0.15  0.01-0.03 EV, x10-" TTomn ‘o e
EV2 - 0.04-0.01-0.03 0.010.040.16  0.04-0.060.03 -0.070.02 0.14 0.03
EV3 . 0.09 0.04 0.01-0.010.03 0.01 0.04.-0.03—0.08 10.05-0.14-0.010.10 . 0.01 - 4
EV4 . :0.410.12 -0.01-0.180.41 -0.100.16-0.40-0.020.10 0.01 -0.01
EV5 0. 0.17-0.070.01  0.01 0.04-0.14 0.090.04-0.10-0.24  0.45-0.100.03
| -—*—-
EV6 0.14-008001  -0.060.05-0.15 0.140.17-0.04-017  0.18-0.05-0.02 EVs "]
EV7 -0.02 -0.20-0.18-0.02  -0.280.07-0.100.02 0.33 0.07 0.11 0.05 010.012014 0.26 0.09-0.04
EVS8 0.03 0.18-0.030.05  0.390.08-0.27 031032036032 004  -0.12-0.25-0.18-0.230.02 0.28-0.150.18 EV, = sIT—— e
EV9 0.010.02-0.02  0.03-0.05-0.02 0.010.06  -0.12-0.11-0.08-0.030.02-0.03  0.45 0.30 0.09 0.03-0.01-0.02 0.04-0.09
EV; x10 ol ey
EVg x10 .~
Absolute value signifies importance of WC in linear combination £V, 10 e
e g 4y 1l syl gy
15 10 5 0 5 10 15

Parameter value
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Summary

X Presented the recent Higgs cross sections measured in bosonic and fermionic final states
 Run Run3/2 CMS data
« Several fronts explored:
- STXS, differential (compared with theory predictions) results

- Differential Combination from several channels and the interpretation

X Full Run 3 (+Run2) data would provide us the opportunity to explore more fine granularity to see the BSM

effects (if any) in this regime
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BACKUP SLIDES
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H — yy measurement (early Run3 CMS data)

XOverall, similar strategy in Run 2 and Run3

« Requirements on p;, Nsc » Photon ID, and shower shape and

Isolation observables to match the HLT requirements

* Suppression of non-prompt photons with BDT

CMS-PAS-HIG-23-014

e In contrastto H — ZZ — 47, lower S/B ratio

 However, excellent data-driven background estimation under the

peak

X Categorisation based on mass resolution

*Inclusive and differential measurement

Tahir Javaid
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-23-014/index.html

H — yy : Corrections to Simulation OMS-PAS-HIG-23-014

X Disagreement in input variables for photon ID BDT propagates to output score

X Corrected with single normalising flow (2403.18582) conditioned on kinematics (new approach in Run3)

* Trained using Z — ee probes, simplified compared to Run 2 BDT approach

* Excellent agreement after correction in ID score and also mass resolution

CMS Preliminary 34.7 fo~! (13.6 TeV) CMS Pre/iminar)/ 34.7 fo~1 (13.6 TeV) CMS Preliminary 34.7 fo-! (13.6 TeV)
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https://arxiv.org/abs/2403.18582
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-23-014/index.html

CMS-PAS-JME-18-002

* Higgs at large pT (>450 GeV considered)

CMS Simulation Preliminary

[CMS-PAS-HIG-21-020]

(Boosted VBF/ Y gH ) H — bb : Analysis Strategy

138 fb™' (13 TeV)

B ogF
B VBF

a VH
ttH

0O 010203040506 070809 1

- 10 T I(‘|I3TeV) VBF category
3:- E CMS :::;uj\l:(:(AKs) DDB passing
* To probe BSM effects in scalar sector, test higher-order fo| omulation Preliminary - pehaue
- . . e sy M| VB categony
E'W radiative corrections in H production i ] oossaling
. . . 107 :_ 3 F catego
X Generalized energy correlation functions for 2-prong (W/Z/ [ b ] oospassing
102" —§
H) tagging [JHEP 1612 (2016) 53] | LL T o categony
10° =50~ "fo0 150 200 250 g0  DDBIaiing
: : : mg, [GeV]
 Mass-decorrelated version; using the Designed
Decorrelated Tagger method [JHEP 1605 (2016) 156]
%103 138 fb™' (13 TeV)
X Updated multivariate Deep Double B-Tagger (DDB) 8 45 CMS Profiminary o Dala []Bkg. Un.
J iy — DDB Fail [JacD [Jw
& 40:—VBF category [Z(qq) WZ(bb)
. . — . . L% 355_ .gv [:]grglth
* Signal significance increased by twice ol A i
25;—
X Jet substructure and novel b-tagging (DDB fail region) to E
15—
reject QCD 10F-
5
§ 13:_ | | ] | | | |
X ML fit to the observed myg, distributions for ggH and VBF 5 ool
X W and Z boson resonances used to constraint syst. unc. ST 20
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https://cds.cern.ch/record/2683870
https://cds.cern.ch/record/2866501?ln=en

(Boosted VBF/goH ) H — bb : Results

% Observed inclusive Signal Strengths:

» VBF process: 5.013¢ [obs(exp.) = 3.00 (0.90) ]

. ggF process: 2.17{2  [obs(exp.) = 1.26 (0.90) ]

CMS Preliminary 138 fb™' (13 TeV)
12— f

— 18

l'lVBF

~ Bestfit
% SM expected —|16
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~

-2AInL

10

-~
~~~~~
b -
--------
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I|III|III|

[CMS-PAS-HIG-21-020]

X Observed differential Signal strengths:

 In p;bins for ggF

* Inv. mass of forward jets for VBF

ggF category

VBF category

CMS Preliminary 138 fb™' (13 TeV)
800 < p_ < 1200 GeV . i] e Perbinfi
T ] Combined fit
L SM expectation
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P T T S | | I
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-10 -5 0
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https://cds.cern.ch/record/2866501?ln=en

H — 77T : Results (differential)

X Measured in fiducial region defined to match the offline

selection for each decay channel

- “OutsideAcceptance” events fixed to SM and treated as

background

X Reported Differential measurements

« Observables (boosted): plTLI ; PJ;

- Final observable is NN output

* In agreement with SM

Tahir Javaid

Higgs differential cross section and STXS measurements at CMS
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http://dx.doi.org/10.1140/epjc/s10052-023-11452-8
https://cds.cern.ch/record/2868084
http://dx.doi.org/10.1103/PhysRevLett.128.081805

VBF

q2 d2
Vector Boson Fusion (VBF) process: second most dominant Higgs production @ LHC

cross section ~ 3.78 pb @ Vs = 13 TeV with N2LO QCD & NLO EWK accuracy.
— Br(H— bb) : largest, ~ 58%
— VBFHDbb process at tree level probes C,, (HVV) coupling at the production
and 'y, (Hbb) coupling at the decay.

Experimental challenges
— Overwhelming QCD multijet background ,
— Large resonant Z— bb background (overlapping with the signal in the higher tail of the Z peak) il q1

— Triggering VBFHbD events with high efficiency at reasonable rate Hbb coupling established already via VF
process— allowed strength varies over

considerably large range.

Signatures of VBF process:
— Two forward-backward jets from the outgoing scattered partons

— Mostly with moderate p.. => positioned at the higher |n| region, reasonably large rapidity gap (Anjj)
— High dijet invariant mass (mjj)
— jet pair termed as VBF jets

Strategy (Resolved analysis dealing with AK4 jets : 2 b-jets from Higgs decay + 2 VBF jets)

— Dedicated HLT Triggers based on the VBF & b-tag requirements
— Multivariate analysis techniques (MVA) to discriminate signal against major backgrounds
— Reconstructed Higgs candidate mass (invariant mass of two b jets, m ) distribution 1s used to extract signal.
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ttH/tH, with H — bb : Results [CMS-PAS-HIG-19-011]

) CMS Preliminar 138fb~" (13 TeV
* 17H: et I RE
. O | ¢ expected | _19'25
T - observed o
'8 . #5H=0.33|_ tion=1.19 1 | o8
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* inclusive g . — 68%CL ]
S "8 -- 95%cCL 1 (™
(- i
Ig 1.4'_ :1 B —112.0
= 1 \
_ \ 9.6
1.2 :
|72
1.0[- i
I Fal s X
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https://cds.cern.ch/record/2868175?ln=en

H — 171

Why are we interested in Higgs couplings to fermions?

|

® In the SM, fermions interact with Higgs boson via Yukawa couplings \2 "\ff ‘
e In the many BSM theories, deviations of the couplings of the observed H— =

Higgs boson to down-type fermions 1s implied

Why do we use H—1t?

® The H—7tt decay allows to demonstrate direct coupling of the H boson to fundamental fermions
e Particularly sensitive to the Higgs boson production at high pTHiggs and with jets

Analysis targets Final States of H — 17 -
e ggF and VBF productions using s ’_I : :;
H — 1, pt, etn, ep final states 42% iy
to measure u and 6XBR(H—1r) 6% u

cC
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STXS

- Higgs kinematics can be sensitively

ggH = ggH + gg — Z(qq)H + bbH qqH = VBF + qq — V(qq)H modified by BSM physics
pr [0, 200] l 1 [ [ l l
o = O-jet || = 1-jet > 2-jet "o Y
| — 1 Pt (200, o0 ° ° = Simplified Template Cross
= 0-jet = 1-jet > 2-jet 200 | l . " .
o 1 e e Sect.lons approach.. Measure crqss
0 ' | L 300 5 | sections separated into production
mi; [0,350] | |m; [350, o0] 0" I : : :
10 . mi; L 450 ! [0, 200] p 200, o] modes, inclusively over the Higgs
]6T 350 60 ”Iii d . .f. - f
e=D o rest - ecays, in spgm IC reg.lons 9
L 60 700 - 120 o phase-space (“bins”), defined in
120 - S Pr 350 terms of specific kinematic
ll.. w
200 > 0 Ifgjj o0 variables (ptH, mj, ptHi, ptV)
T
VH = V(leptons)H ttH -
| | STXS provide a largely model-
0 .
y [ — 1 independent way to test for BSM
Py qq’ — WH qq — o — ZH 60 : } . ) ) ) i
, [ : tIH deviations in kinematic
. | l ! 120 —7 t,qq distributions.
200 I
150 tHW .. . . :
oot FH >tdet| [ ojet H{>1det]| | ogot | > 1t 300 —1 Specific bins defined in
250 - - - -
o coordination with the theoretical
w .
community
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I — 77T : Analysis Strategy (Irreducible background estimation) [HIG-19-010] [HIG-20-015]

e [Estimate all backgrounds with two real =
e Select di-muon events from data, remove

.
ﬁ j muon hits

P e Muons are replaced by simulated taus with
s the same kinematics
; ’\ ehit e Advantages
Y & L TP oo : .
Lo o Decent description of jet and underlying
5 “:° J ’}f
/ 4 event
&' Z — 7 Hybrid . o
Simulate T leptons il Remove cnerey o Less systematic uncertainties
with same kinematic o A deposits from muons. .
properties as muons. *\ﬁ & e Used in HIG-18-032
s
2 v Note:
Merge simulated and MET covariance matrix 1ssue does not effect on

cleaned event to hybrid.

this analysis
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H — 77T : Results (STXS) [CMS-PAS-HIG-19-010]

Table 9 Tabulated values of the STXS stage-0 and -1.2 signal strengths confidence intervals for an assumed SM signal. The products of cross CMS 138 fb™' (13 TeV)
for the combination of the (CB) CB-, resp. (NN) NN-analysis with the sections and branching fraction to T leptons as expected from the SM
VH-analysis. The upper four 1.1nes refer to the inclusive and STXS stage- with the uncertainties as discussed in Sect. 10.4 are also given « Observed i+ 16 tot + 16 stat
0 measurements. The values in braces correspond to the expected 68%
SM (fb) ws (CB) s (NN) tot stat syst theo bbb
Inclusive 3422.28 £ 0.05 093013 (@13 082015 (@i} . o8 o 0.93 7072 20% +007 +007 004
ggH 3051.34 £ 0.05 0.97 573 (©23) 0.67 573 (523 "N o, 0.82 *O11 +006 +006 +005 +003
qqH 328.68 & 0.03 0.68 £023 (023) 0.81 £91 (@17
VH 44.19 £ 0.03 1.80 £046 (0-41y 1.79 £0-47 (041 ‘
o4z 0T o4z 0T . CB HIH 0.97 1675 165 1012 Za0s 008
ggH | + + +0.14 +0.10 +0.
Niet pH (GeV) NN HEH | 0.67 “5%s 008 ~0.14 ~0.07 0,05
ggH =0 0-10 423.58 +0.13 —0.18 £04% &) —1.65 £087 (583
0.48 /0.49 CB ‘ 0.68 i0.24 i0.17 :LO.14 t0.0G i0.09
10-200 1329.36 £ 0.07 —0.43 £34% (042) H Hee= 023 —016 —0.13 —0.06 - 0.9
0-60 451.09 + 0.14 —0.87 121 (1.96) 0.73 £362 (.68 NN e 0.8170% “01s “0.06 ~005 - 006
=1 60120 287.68 + 0.14 3.37 +123 (399) 2.10 £5% 020
120200 50.04 £ 0.19 1.94 £121 (194 1.61 £078 (3:68) ) CB —e—+  1.8010% 0% 103 1007 Toos
0.88 (0.83 0.67 (0.66 VH
> 2 0-200 306.26 + 0.23 0.05 £9-8% ©5) 1.49 +0-87 (5:20) NN . e 179047 +037 +026 +0.11 +008
200—300 2751 :t 042 070 :t(l)gg (83%) 155 iggg (822) | | | I I | I I S | | I I | I L1 1 1 | I I | I | 1
300-00 7.19 £+ 0.47 1.65 128 (3:39) 2.31 £:9% (049 0 1 > 3 4 5
m Parameter value
Niet P (GeVv) mj; (GeV)
qqH 0-200 350 700 34.43 +0.04 ~0.29 +177 (131 147+ (0D X |nclusive signal strength
>2 0-200 700—00 47.48 £+ 0.04 0.68 £932 (§39) 1.24 £93% (30)
200-00 350-00 9.90 £+ 0.03 0.69 933 ©43) 0.16 £933 ©30)
Nijer < 2 or m;; [0, 350] GeV 209.46 4 0.03 1.94 £33 G12) —0.99 £1'% (1%3) * Ui = 0.82 +0.11
pr (GeV)
WH 0-150 20.57 + 0.03 0.77 i8:3? (8:3(5)) 0.79 :1:8:3? (8:2(5)) - p—Val ue for com patlbl I |ty Of |nC| . Wlth SM . O 1 O
150—00 3.30 £ 0.05 2.65 138 (1%9) 2.65 £131 (139
0.90 (0.79 091 (0.79
ZH 0-150 11.99 4+ 0.06 1.97 £329 Q79) 2.00 £921 Q79) Correlation b/w and . _0.35
150-00 2.55+0.10 2.23 £590 @) 2.18 £499 (023) = //tg gH ﬂqu ' '
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Combined measurements in // — X decays:

CMS-PAS-HIG-23-013
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http://cds.cern.ch/record/2905139

https://arxiv.org/abs/2308.01253

(VBF) H — bb

13 TeV 90.8 fb' (13 TeV)
> L N LN BN LR L |
o " CMS Simulation | CMS | ——SM w110 (SYS)
. . . . - — : Ob d — 11 t © stat
¥ Events categorization in Loose and Tight VBF SO e — A Obsene Ho (syst @ st
\. i W/0 D jet regression 1 inC|. . 40,33
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http://cds.cern.ch/record/2866620/files/2308.01253.pdf

Z7/7ZH — 4b

10.1140/epjc/s10052-024-13021-z
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