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Introduction

 The crown jewel of particle physics, the Higgs boson was discovered in 2012 by the ATLAS and CMS
Collaborations

« All of the following measurements of its properties have shown a complete agreement with the Standard Model (SM)

« The Run 2 era of data taking allowed us to open a new chapter in our understanding of the Higgs boson with the
advances made in the area of precision measurements

« In this talk focusing on the fiducial differential cross section measurements
Higgs Boson decay modes

Associated Higgs production with W Associated Higgs production with a

Gluon gluon fusion Vector boson fusion or Z boson top quark pair
o (ggH) = 48.6 + 2.8 pb o (VBF) = 3.78 + 0.08 pb o (WH, ZH) = 1.37 £ 0.03, 0.88 + 0.03 pb o (ttH) = 0.50 £ 0.04 pb

mbb mWW mgg =TT mZZ mcc mother
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Introduction

 The crown jewel of particle physics, the Higgs boson was discovered in 2012 by the ATLAS and CMS
Collaborations

« All of the following measurements of its properties have shown a complete agreement with the Standard Model (SM)

« The Run 2 era of data taking allowed us to open a new chapter in our understanding of the Higgs boson with the
advances made in the area of precision measurements

« In this talk focusing on the fiducial differential cross section measurements

Measurements presented in this talk

Decay mode:

Phys. Rev. D 105, arXiv:2208.12279 Phys. Rev. Lett. 128  arXiv:2305.07532
092003 JHEP 03 (2021) 003 Acc. for pub. in JHEP (2022) 081805 Submitted to JHEP

DOI/link:
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Introduction

* Motivation: Fiducial differential Higgs measurements allow us to test the SM Higgs boson properties as well as
to probe for BSM contributions

« Fiducial region is defined to closely match the detector-level analysis and object selections

* Allowing for less model-independent measurements

« Adifferential cross section measurement aims to quantify how the cross section of a given process varies
with respect to one or more observables:

« Usually involving p¥, nf, the invariant mass of the final-state particles, etc.

« They are providing a measure of how the process rate changes as a function of that observable
» Differential cross section measurements are crucial for testing theoretical predictions

« Allowing us to look for new physics effects in the corners of the phase space

« Complementary to the simplified template cross section approach

 The following measurements were performed using the complete Run 2 dataset collected by the CMS
experiment
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H - ZZ" decay mode: Introduction

Topology: Focusing on three different final states: 4e, 4u, 2e2u

« Even though it has a small BR, this final state is well reconstruced

Events / 4 GeV

« Narrow peak over a flat background

» Looking for events containing 4 leptons (e/u), grouped into same-flavour opposite-charge

pairs to form Z candidates

Background processes:
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arXiv:2208.12279

mMs EPJC 81488 (2021) 1371 (13 Tev)
L e S S S B

H

g CMS 138 b’ (13 TeV) 5.1 fb” (7 TeV), 19.7 fo™ (8 TeV), 138 tb™ (13 TeV)
* Non-resonant ZZ/Zy production (dominant): o | oot 22 o rematoatn l 13 61_' AL A M A A A S
~ 3 + Data (stat. @ sys. unc.) i SN~—" C c MS ]
«  Shape and normalization estimated from simulation = S+ wbcens ey e ] 2 [ 1 LHCRun1data (stat @sysh) .
. © N SN ggH (NNLOPS + JHUGen + Pythia) + XH . O 5 — ¢ LHC Run 2 data (stat @ syst) ]
e Z + jets, tt, WZzZ (SUbdomlnant): ?(E:i_;Hv(:l?rI::?;:T:(?:V:;GP‘CT::JG);:J'Pythia) N Systematic uncertainty ]
) . ) . P, (LHCHWG YR4, m =125.38 GeV) - p W Standard model (minloHJ, m, = 125.00 GeV) ]
+ Estimated in dedicated control regions [ [ 5% Standard model (NLOPS, m_ = 12538 GeV) ]
[ N N
31 G
Core observables: _ : = ]
. . . . i o -
- Fiducial cross sections are extracted from a fit of the observed m,;, [ - . -
: O3 '\éé\‘:“ :
* Measured: o5y = 2.73 £ 0.22(stat.) + 0.15(syst.) fb g 1= &&,«@T\&* .
o Z - —-(MH =4+ X
Comparable uncertainties E ok PP = ( ) ]
g TllllIIIlllIllllllllllllllllIIIIllIIIIlllIIIlllIT

*  SM prediction: o3 = 2.86 + 0.1 fb & 6 7 8 9 10 11 12 13 14
(s (TeV)
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H —» Z7Z" decay mode: Results

Differential cross sections are measured as a function of several kinematic observables sensitive to the Higgs boson
production and decay to four leptons.

* Results are consistent with theoretical predictions from the Standard Model

Production mode targeting observables arXiv:2208.12279 Decay mode targeting observables
Observable
Observable CMS 138 ! (13 TeV) - CMS 138 fb™ (1 3 TEV)
_IIIIIIIIIIIIII|IIII|IIII: * III|III|I|I|IIII|]|]lllllll|[|l||||||[|_
mzl (GeV) i 4 Data (stat. ® sys. unc.) p-value(POWHEG): 0.30 cos @ q'g 45F + Data (stat. @ sys. unc.) pvalue(POWHEG): 0.24 ]
1 §_ — Systematic uncertainty _g \: E — Systematic uncertainty E
mz, (GeV) F SN gg-H (ameatnloFXFX + JHUGen + Pythia) + XH ] @ cost, | © 4F SN ggosH (amcatnloFXFX + JHUGen + Pythia) + XH E
L SSSNSS ggoH (NNLOPS + JHUGen + Pythia) + XH 1 (/2] 3 5_ SUNNSSS ggoH (NNLOPS + JHUGen + Pythia) + XH E
|yH| 10" %4444  gg—H (POWHEG + JHUGen + Pythia) + XH _ 8 5; 4444444444 gg—H (POWHEG + JHUGen + Pythia) + XH ]
H | F XH = VBF + VH + ttH (POWHEG + JHUGen + Pythia) S ; IR o 3E [ ] XH=VBF +VH +ttH (POWHEG + JHUGen + Pythia) ]
pT (GeV) (LHCHWG YR4, m, =125.38 GeV) 9 A s =1 ~ E (LHCHWG YR4, m =125.38 GeV) ]
s e L 1 g 2.5 -
2 - Bt — m E ]
Niets 10 = i & -8 2r E
10° ]—’_#ﬁ " = . s E
p]TZ(GeV) ! _llllillll:llll:llll:l||'— Dg}?i 2;|||i|||I|||||||||||||||||||||||I|||||||:‘
- 18F ~ 7 1 [ B T T T L L [%) LML L L L L L I LB LB L
Hj 1.6} N dec S
pr (GeV) 14k | i ] D9 g 1.5f
st |
prGev) | g T T I DA |
23 { | S osf
]Cax(GeV) .OIIIII'I|||IIII|II|IlIIII Ddec g IIIIlIIII|IIII||III|III|IIIIIV|III'IIII
e 0 50 100 150 230 cpP -1 -08-06-04-02 0 0.2 04 06 08 1
pr (GeV) p7 (GeV) Dilec cosb,
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H —» Z7Z" decay mode: Results

A set of double differential measurements is also performed

Maximizing the coverage and separation of the different phase space regions

arXiv:2208.12279

Observable
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H - yy decay mode: Introduction arXiv:2208.12279

Topology: Two reconstructed photons represent a clean signature that overcomes the small BR of ~0.23%

» High precision of the diphoton invariant mass reconstruction U e e

* Narrow peak over a smoothly falling background \

Background processes: - :SZi;:tponent
« QCD diphoton production (dominant): sof Ei‘; _

« y +jets, dijet events - misidentified as photons (subdominant):

Total fiducial cross section:

,CMS 137 b (13 TeV)

C H—yy ]
60 [ =
- ¢ Data .
50

S/(S+B) Weighted Events / GeV

Normalisation and invariant mass shape are estimated from data

Measured: a4 = 73.4%3(stat)35 (syst.)fb

150 160 170 180

100 140 120 130 140
SM prediction: aﬁd =75.4+4.1fb ., (GeV)

The uncertainty is dominated by the statistical component of about 7%, while the systematic uncertainty
amounts to about 3%
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H — yy decay mode: Results arXiv:2208.12279

CMS 137fb~! (13 TeV)

£ 10 H—yy

“#7. MADGRAPH5. aMC@NLO, NNLOPS « Cross section measurement in dedicated
t Data, stat@syst unc. regions of the fiducial phase space:

102- 73.40 838 syst unc.
MadGraph5 amc@NLO + NNLOPS

10!
J— ‘ « Examples:
027718 03155 004712 (peroe 086705 0.82+081 P
10% i 7 e (ST Y  VBF-enriched phase space
R 0.0219%8  ——f e
o 0.02+0% *  Niygs =1
1072,
1 I R < - ) - .
E g g g : z 2 ] z 8 S *  VH-like phase space
& Vi A ) = g g S A Vi
> é&‘ % /\; % gg ° Nlep >1
Vv £ —~ ~
% QE I I ° pT miss < 100 Gev
g z ’
— IS IS
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H — yy decay mode: Results arXiv:2208.12279

. VBF-enriched.phase space *  Double-differential fiducial measurement (p}’, nj..;)
cMs 137fb~" (13 TeV) CMS 137fb~! (13 TeV)
T
H-o vy 772 MADGRAPH5 aMC@NLO, NNLOPS ggH + HX 1024 H 1 #%% MADGRAPH5 aMC@NLO, NNLOPS ggH + HX
0.04 || <47 z ’:(:ﬁf:(:;:gi“:f”m ggH + HX -n %555 MADGRAPH5_ aMC@NLO ggH + HX
1: T >>3 02G°V —  HX = MADGRAPH5 aMC@NLO VBF+VH.tH ##%: POWHEG ggH + HX
AJ:;“ =2 ok + Data, statosyst unc. — HX = MADGRAPH5 aMC@NLO VBF+VH+ttH
mflf?()o GeV syst unc. . + Data, stat@syst unc.
7 G p-value(nominal SM): 0.127 10 syst qnc.
0.02 #_ﬁ_.;;’“_ =) p-value(nominal SM): 0.135
g > Njets = 0 %\ Njets = 1 Njets >2
S e— g 2 Sl
#’ ¥ :/r\-< 2 ) % 3
9 ' e % % 100 ‘_+ ;/}. (é"
& - | — D
8 — T o = = 1
o | } = :*: §
= 0.0 I = T T { —— =
£ 5 1 == g
3 S0 : $E
= 1 S — A g |
5 3 == & Lt
L &
_ ==
0.02 02 Tl T e
[
—0.04 107
c T o B2 1 1 "
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H - WW decay mode: Introduction

Topology: Focusing on scenarios with at least two isolated opposite sign leptons (e*/~u~/*) and ET miss wt @
(vv) H

- H->W'W~ - e*/~u~/*vv state provides the best sensitivity

NS

* Highest BR out of bosonic decays (second overall) w-
Background processes: JHEP 03 (2021) 003 ;1 43 7ev)
« Non-resonant WW, tt, W+jets (dominant) - Normalization obtained from data OIS ot oy 2 oo
.. . . 2 b 0<pll<20GeV 1f 20 < pft <45 GeV
* Non-prompt leptons — originating from heavy flavour hadron decays (subdominant): Sank o T ;
5 200} = :
 Normalisation measured via a control region N =
40 Background subtracted [~ p
. . . . - . 20F I ]
* Lepton misidentification probability estimated from data _ 0% - ﬂ - :
% 300k . 45<pT<SOGeV_“_ 80<pT<120GeV_-
« Di-and tri-boson production (minor contribution) — Estimated using simulation samples  z»r = "L_—._ )
2 100F | —
= 0—._* ] e ———— ]
20 |y ]
Core observables: lgghﬁ S e =
> 100F 120 < pf <200 GeV | P>200 GeV ]
«  The dilepton mass (m;;) and transverse mass of the Higgs boson (m¥) are found to have a 3 sl =t 1 ]
strong discrimination power against background processes g Ofﬁ — [ e
SRty 1 ]
0 1 1 1 1 I I I I 1 1 -T— 1 1 1 1
m? — \/2p'll_|l pI’I‘niss |:1 . COS A¢(P”ZTZI ﬁ'{_‘nISS)] 20 40 60 80 100 120 140 160 20 40 60 80 100 120m1”42)GL6\(/))
C\E/RW ‘ LHCP 2023, 21-26.5.2023.. Vukasin MiloSevic | Higgs boson fiducial differential cross section measurements at CMS 11


https://arxiv.org/abs/2007.01984

137 b (13 TeV)

(fb/GeV)

H - WW decay mode: Results

H
T

do/dp

Taking all production mechanisms under consideration for the final measurement:

- Signal extraction is performed by fitting 2D distributions (m;;, m)in each observable bin

 Dominant systematic uncertainties:

ggF
© VBF
B ZH+WH
| [usl

8 Uncertainty  HHMG5_aMC@NLO —

—e— Observed

—— regularization
[ Statis
[]Experimental

Theoretical

:%é 15 i A
«  Lepton reconstructions and identification, lepton momentum, jet and E7 ;5 scale v o
‘5 0.5
 Measurement displayed a good agreement with the SM prediction 3 9 100 200 o0
. P (GeV)
- The largest excess was for the Nj.;s > 4, standing at 1.4 ¢ JHEP 03 (2021) 003
. 137 b (13 TeV)
'53 B CMS gegF ‘ E'(‘)bsf:rYCd -
;"l 107 B ZHeWH ]:];;';a::il::cnml E
- - - = = - = H B/ W gf):‘maimv HCHI::ZZM;I\;L:@NLO i
Total fiducial cross section is obtained by fitting Py S T ]

* Measured: o5;g = 86.51+9.5fb

»  SM prediction: o7}y = 82.5 + 4.2 fb

o wd=1.03%01% (+£0.05 (stat.) T8 (theory) + 0.03(lumi.) + 0.07(exp.))

 Dominated by systematic uncertainties

ati SM
Ratio to 63 \wiec
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H — bb decay mode: Introduction

Topology: Higgs boson produced with high transverse momentum (py):

- Boosted studies of this mode provide better sensitivity due to BR(H — bb) = 58%
(highest)

.......
.......

» Looking for a jet candidate with p; > 450 GeV - 25000 fh\./s .R.eY'.[.) ‘1?5?,'0.9'29(?3' _ 1‘3l7'fb""(1?'Tt'aV.)_*
« Jet substructure (SD) and double tagger (DDBT) techniques are being utilised <§ CM§O<pT<1m0GeV oy

5 20000F  xpEAebEe E

Background processes: g T “,“*Ez%a:_')f’z‘:‘;gf‘;“"d
QCD multijet production (dominant) — Estimated using data [ 15000} |
* QCD control region is defined by inverting the b-tagging requirement 100005_ _

« designed to have reduced correlation with jet mass and py i )

«  V+jets (resonant) and tt (non-resonant) — Estimated using simulation 5000;‘ ........... _

 Di-and tri-boson production, ttV— Estimated using simulation samples and
found to be negligible

>, JorpoprntAF Ay axUNE by ey ey )

Core observables:

Data-B
CDaia
'LI
NO NP O
T el }
- 1
——
—o—
—o— ]
I 1R!

NS

- Signal is extracted by fitting the jet mass (mgp) observable 60 80 100 120 140 160 1{3?6 \2/?0
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H — bb decay mode: Results

Phys. Rev. D 105, 092003

137 fb=! (13 TeV)

M -
e | CMS — Data
© 1% — LHCHXSWG approx. NNLO 7
ol == HJ-MINLO 1
The approach taken for the extraction of the differential cross E
section: 1 ’
10 3 E
* Focusing on ggH production mode, while other modes are i | | | | i
treated as background processes 10°F— | | | -
20 .
» Predictions are taken from HJ-MINLO and compared to _C_,% i i
NNLO calculations from LHCHXSWG gx 10f .
O B
- Statistically dominant uncertainty, followed by jet systematic ST S E— ;
uncertainty S —— I ——
201 —
-9 [ ]
o £ 10F =
2 |
N Sa—— =]
L r—— T R T
400 600 800 1000 1200
pT (GeV)
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H — tt decay mode

« Topology: Focusing on the majority of 1T decay combinations, excluding ee/uu + 4v
Phys. Rev. Lett. 128 (2022) 081805

138 fb' (13 TeV)

* el eTpaq HThaa ThaaThaa final states, further categorised in different p;"** regions

* First differential measurement in this decay channel

B CM S ' I ® Ot;servetli

@ Observed - no regularization
cisiiiiccs  gg—H (POWHEG) + XH
gg—H (NNLOPS) + XH

b i XH = VBF + VH + ttH (POWHEG)

—
o

IIII| /LI II:?IIII

« Background processes:

11 IIIIII|

« Z - 11, leptonically decaying tt, diboson production

[ IIIIII|

« Di-t events are estimated from “embedded sample” using data

—
<

« Jets misidentified as 7,,,4

doy/dp_(H) (fb/GeV)

« Misidentification probability is estimated using data

—
<
N

P T "%

« Good agreement with the SM prediction:
0fiq = 426 + 102 fb Ao

NS

- ofg " =408+27fb ®
« Dominated by statistical and theoretical uncertainties %
Z
- Core observables: 2
* Fitis performed on the di-t mass (m,;) reconstructed E
through a simplified matrix-element algorithm
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Summary and outlook

 The Run 2 era of data taking provided us with the necessary input for detailed precision studies:

« Allowed for measurements of the fiducial differential cross section in several decay modes of the Higgs
boson with good precision
» Increased statistical precision opened doors for many variables to be considered for the first time

« There is a very good agreement between what was measured and the SM predictions

« |f we consider that Run 2 opened a new chapter for Higgs precision measurements, the ongoing
Run 3 and future phases are going to be first steps into a new era of precision:

* Probing for new physics effects in far corners of the phase space in the Higgs sector

« Stay tuned for more exiting results!

Measurements presented in this talk

Decay mode: H — bb H-WW H - yy H - 1T H—-ZZ
Phys. Rev. D 105, JHEP 03 (2021) 003 arXiv:2208.12279 Phys. Rev. Lett. 128  arXiv:2305.07532

DOVlink: 092003 Acc. for pub. in JHEP (2022) 081805 Submitted to JHEP
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Thank you for your time!
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H — ZZ decay mode: Introduction
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H — ZZ decay mode: Introduction

The rapidity-weighted jet vetoes 7:"®* and 75"®* are also studied. These are defined, following
Ref. [118], as:
./ E2 — pz .
7-C-max — max J z/] ’
] 2 cosh (y]- — yH)

Hnax — m]_aX (m]"re_|yj_yl-l|) , (4)

(3)

where y; and ij are the rapidity and transverse mass of the jet, defined from its mass m and

momentum p as my = \/ m* + px + p;, while yy is the rapidity of the H boson. The value
of each observable is computed for each jet in the event and its maximum value is taken for

each event. Since their resummation structure is different from the canonical p}, they give
complementary information on the properties of jets in an event and can be used as a test of
quantum chromodynamics (QCD) resummation. The 0-jet phase space can be redefined us-
ing these observables. The events with no jets are defined as the ones with 7% < 15GeV
and 73" < 30GeV, where the values of these cuts are chosen accordingly to the findings of
Ref. [118]. In the following, these events will be defined as 0-jet| 72"®* and 0-jet| 73g"**, respec-
tively.
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H — ZZ decay mode: Introduction

o4 = 2.73 4 0.22 (stat) £ 0.15 (syst) fb
= 2.73 £0.22 (stat) = 0.12 (electrons) & 0.05 (lumi) =+ 0.05 (bkg) £ 0.03 (muons) fb
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H - yy decay mode: Results
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