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Overview

 Fiducial cross section measurement [CMS PAS-HIG-21-009] inH - ZZ* —
4[ channel with 138fb™ of Run II samples with latest objects calibration

* Extend the measurement with respect to the previous Run II analysis
[EPJC81(2021)488]

* Inclusive fiducial cross section measurement

e Differential fiducial cross section measurements
* Revised binning and extended set of variables (4 = 31)

 Compared with POWHEG, MADGRAPHS5, and NNLOPS predictions
* 1D measurements e —— R e

. 3 °°F EPIC81(2021)488 + Dats
* Production observables < b [ H(125)
- [ q9—ZZ, Zy*
e Decay observables = B 9922, 2y*
. . 2 250 . EW
* Matrix-Element discriminants S B Z+X
e 2D measurements O
* Enhance sensitivity to specific phase space regions ‘5°;
* Interpretations
* Higgs boson trilinear self-coupling k; i
* Higgs boson couplings modifier ik, k. i


https://cds.cern.ch/record/2839931?ln=en
https://link.springer.com/article/10.1140/epjc/s10052-021-09200-x
https://link.springer.com/article/10.1140/epjc/s10052-021-09200-x

Overview

 Fiducial cross section measurement [CIVIS PAS-HIG-21-009] inH - ZZ* —
4] channel with 138fb™ of Run II samples with latest objects calibration

* Extend the measurement with respect to the previous Run II analysis
[EPJC81(2021)488]

* Inclusive fiducial cross section measurement
* Differential fiducial cross section measurements

/ Requirements for the H — ZZ — 4/ fiducial phase space \

Lepton kinematics and isolation Its definition matches
Leading lepton pr T > 20GeV )
sub-lea%imz lepfon . ZT - 10GeV closely the experimental
Additional electrons (muons) p pr > 7(5) GeV acceptance after the
Pseudorapidity of electrons (muons) ln| < 2.5 (2.4) reconstruction-level
Sum of scalar pr of all stable particles within AR < 0.3 from lepton < 0.35p7 selection.

Event topology

Existence of at least two same-flavor OS lepton pairs, where leptons satisfy criteria above
Inv. mass of the Z, candidate 40 < mz < 120GeV
Inv. mass of the Z, candidate 12 <mz, <120GeV
Distance between selected four leptons AR(¢;, £;) > 0.02 for any i # j

Inv. mass of any opposite sign lepton pair My p—- > 4GeV
\ Inv. mass of the selected four leptons 105 < myy < 160 GeV 3 /


https://cds.cern.ch/record/2839931?ln=en
https://link.springer.com/article/10.1140/epjc/s10052-021-09200-x
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19.7fb"' 8 TeV 35.9fb" 13 TeV
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137 b 13 TeV 1381 13 TeV
EPJC81(2021)488 CMS-PAS-HIG-21-009

ofid = 2731022 (stat) D13 (syst) fb
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= 2.731)%3 (stat) ¥ 15(electrons) )2
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* Systematic uncertainty dominated by

Electrons-related nuisances,

0.04(bkg) " gy (muons) fb

Especially electron reconstruction efficiency
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CMS Preliminary
¥ LHC Run 1 data (stat ® syst)
¢ LHC Run 2 data (stat ® syst)
- Systematic uncertainty
------- Standard model (minloHJ, m, = 125.00 GeV)
------- Standard model (NNLOPS, m = 125.38 GeV)
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1 pp > (H —4l)+X
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Fiducial cross section as a
function of center of mass
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Results of Inclusive Fiducial Cross Section

I  Systematic Uncertainty
I Total Uncertainty

Relative Uncertainty (%)
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. — 73022 (stat) 011 (Gystifb

51fb'7TeV  19.7fb' 8TeV 359f' 13TeV 137fb"' 13Tev 138fb™" 13 TeV
JHEP04(2016)005 JHEP04(2016)005 JHEP11(2017)047 EPJC&1(2021)488 CMS-PAS-HIG-21-009

10% precision

= 2.737022 (stat) T) 15(electrons) ) e (lumi) 5 05 (bkg) 100> (muons) fb
Systematic uncertainty dominated by
* Electrons-related nuisances,

* Especially electron reconstruction efficiency
Reduction of the systematic component due to the reduction of
the main lepton nuisances
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Differential Fiducial Cross Section

* Higgs production observables (12):

: plf! _|L)’H| Njets PI; A
y pr- mj HL@’?M
9 pr’  My; g Jc P
* Higgs decay observables (13):
My My @ Dy cosO cosBy cosb”
DJe D& Diis DRSS Doy Diys
* Double differential observables (6):
4 Mz1 VS Mz Njers Vs pi N
pr vspr  Tovspf
. pr’ vspff 1y vs pf )




1D Differential Cross Section --- Production

1
50

L. ) .. »

CMS Preliminary 138 fb'! (13 TeV) CMS Preliminary 138 fb' (13 TeV)

T T T T T T T T T T T T T T T T T T T T3

— I I | | 3 5 N T T T T I T T T T I T T T T I T T T T I T T T T ]
> i + Data (stat. ® sys. unc.) p-value(POWHEG): 0.30 i T i t Data (stat. ® sys. unc.) p-value(POWHEG): 0.85 |
) 1 E_ — Systematic uncertainty 3 — L — Systematic uncertainty 4
(\5 F SN gg-sH (amcatnloFXFX + JHUGen + Pythia) + XH I 4l W&% gg—H (amcatnloFXFX + JHUGen + Pythia) + XH ]
o) L SIS gg—H (NNLOPS + JHUGen + Pythia) + XH Z‘ 3 SSNNEET gg—H (NNLOPS + JHUGen + Pythia) + XH R
P 10 'E gg—H (POWHEG + JHUGen + Pythia) + XH _ Q i %44#%% gg—H (POWHEG + JHUGen + Pythia) + XH ]
T - E XH = VBF + VH + tH (POWHEG + JHUGen + Pythia) S o sl [ ] XH=VBF+VH+ttH (POWHEG + JHUGen + Pythia)
o i (LHCHWG YR4, m =125.38 GeV) S 6: - (LHCHWG YR4, m =125.38 GeV) -
O i 5 L ]
=, 10%F HIG-21-009 ) - O HIG-21-009 ]
= F © 7]
© i

S
T ' =5
i
§
|ﬁ
T T T |T| T

PRI T N T T T [N N S ST [ W S A Lo T et Im; L1t -ET‘H

&) 1.8F LA L O L I L é T T 1 g }2: LR B I LI I L N B L Y N B B B B

g 18 S i

% 1'21 @H—g—ﬁi—ﬂ—a N 27 N z 081'

o o8l T ST soe 2 o6}

o J6 { o 04}

g 0'-%' R T T T T B T T T T T T T T g 0'(2)_ e ey by e ey by ]

0 50 100 150 200 0 0.5 1 1.5 2 25

p (GeV) ly |

* Differential observables of Higgs boson kinematics
- PH: probes the perturbative QCD modelling of this production mechanism

- IyHI:
® Average precision of 35%

sensitive to the gluon fusion production mechanism and PDFs



1D Differential Cross Section --- Production
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 Differential observables of Jet activity /Ejz — Dz

* Jet rapidity-weighted observables 7% = max(mle Wivaly J¢" = maX(ZCosh(y] yH))

®* Maximum is taken among all jets and events with 75 <30 GeV and 7. < 15 GeV make the 0-jet bin

®* The advantage of such observables is that they can be factorized and resumed allowing for precise
theory predictions. 8
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1D Differential Cross Section --- Decay

* Higgs Decay in 4l final states could be characterized by the
following seven parameters:

* Mzq, My

e« &, ®;, cosh, cosby, cosB”
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* Higher order spin-zero O;{ a,:
sensitive to possible BSM contributions
from heavy H bosons

* 13 Differential cross sections of decay are also
measured in the same-flavor and different flavor
final states.

* Its final state is sensitive to interference effects
9
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* Higgs Decay in 4l final states could be characterized by the
following seven parameters:
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Constraints on the H boson self-coupling

Probing Kk ; via single-Higgs decay

« Differential XS measurement as a function of p¥ = extract limits on H
boson self coupling.

production decay
r I
‘uf _ ,u-Xuf _ oNLO BR(H-ZZ) 1+k;Cy ;+6Zy |1 + (ky—1)(C, 2% —C, tot)
L g oNEO BRSM(H—ZZ)  (1—(k5-1)86Zy)(1+Cy ;+67Zy) 1+(K/1_1)C1Ftot
. CMS Preliminary 138 b (13 TeV)
* Cross sections of different production mechanisms of = | eex-tofeanionsn o
qa 7 i pected - stat-only
Al

- Obs. x, =4.1"%! (stat)' 2° (syst) -~ Shsenved - stat-only
- = )= " 1_58 ~1.2 y

H boson is parameterized as a function of
— SM - HIG-21-009
KA_AB/AB SR

* The corresponding observed (expected) excluded k;
range at 95% CL

—5.5(—=7.7) < k3 < 15.1(17.9)




Constraints on Higgs boson couplings modifier

Probing K}, k. via pf differential cross section

CMS Preliminary 138 fb (13 TeV)

HIG-21-009

—1.5[+Bestfit *SM 20 —10 | B(Kes Kp)

Ke

I I |
-8 6 -4 -2 0 2 4 6 8

2AInL

CMS Preliminary

138 fb (13 TeV)
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HIG-21-009

; |+ Best fit

~._. ---------- ’-/ — 1
*SM --2¢ —1c |B unconstr.i
_10 lIllllllllllllllllllllllllllllllllll O

-20

-10 0 10 20 30 40

Ke

* Simultaneous fit for coupling modifier kj,, k. assuming
* (left) coupling dependence of the branching fractions (shape+normalization)

* (right )branching fractions implemented as nuisance parameters with no prior
constraint (shape-only)

-
£ Full Run2 Ultra Legacy
N Floating K, K,
Observed Expected
HIG-21-009
95% confidence 95% confidence
interval interval
K [-5.6, 8.9] [-5.5, 7.4]
Shape-Only
K [-20, 23] [-19, 20]
Shapet+ Kb [-1.1, 1.1] [-1.3, 1.2]
normalization , | [.53, 52] [-5.7,5.7]

* Observed and expected 95% confidence intervals for the Yukawa coupling modifiers 2



Summary

« Measurements of Higgs boson cross section in four-lepton final state at /s = 13TeV using data

sample corresponding to an integrated luminosity of 138 fb-!.
- The inclusive fiducial cross section measured is 6/ = 2.73922(stat.)}312(sys.) fb.

- Differential cross sections as a function of 31 observables are measured, including one and
two dimension observables, which involves the

- H boson production and HZZ decay, jet related observables, and observables sensitive to spin
and CP quantum numbers

- Complete coverage of the whole phase space

- The measurement of fiducial cross section in bins of the transverse momentum is reinterpreted
to set constraints to

- H boson self-coupling (k)
- Couplings to bottom and charm quarks (x;, k)

 All results are consistent, within their uncertainties, with the expectations for the Standard
Model H boson.



Thanks for your
attention!
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Fiducial/Differential Cross Section of 4

* Definition of the fiducial phase space of H —» ZZ — 4l

* Number of events of different final state f and different year y in the given bin i are
expressed as a function of 4l invariable mass

[+ — i — -
: fiiy _ Ny fiy fiy fiy :
Requirements for the H — ZZ — 4¢ fiducial ph | Beabin i - f |
equirements for the iducial phase space . g Y Y Y
Lepton kinematics and isolation ! - Z 6z',j,y ) (1 + f nonﬁd) ) Uhf’i(d - L - Pres (m4€ ) :
Leading lepton py pr > 20GeV f] ' : " s |
- 1 - - /A ’ A /A .
Sub ?e.admlg iepton Pr HIG-21-009 pr > 10GeV . i Nnonyres : Pnozues(m ) E) ol kagy . Pbkgy (m4€)
Additional electrons (muons) pr pr > 7(5) GeV | . - HIG-21-009 |
Pseudorapidity of electrons (muons) 7| <25@24) ~— "7 ° _ ’ _ CT _.' - ST . T T _ ) _ —
Sum of scalar py of all stable particles within AR < 0.3 from lepton < 0.35p7 ® Fiducial + non-fiducial resonances SIgnal contribution:
Event topology - h i ri le-si r | Ball
Existence of at least two same-flavor OS lepton pairs, where leptons satisfy criteria above Sha pe s described by double-sided C ystal Ba
Inv. mass of the Z; candidate 40 < mz <120GeV function.
Inv. mass of the Z, candidate 12 <mgz, <120GeV - Normalization is proportional to the fiducial cross
Distance between selected four leptons AR(¢;,¢;) > 0.02 for any i # j section
Inv. mass of any opposite sign lepton pair Mysp- > 4GeV R ' ] ) .
Inv. mass of the selected four leptons 105 < my, <160 GeV Non-resonant Slgnal contribution

- Arises from WH, ZH ttH where one of the leptons
from Higgs is lost or not selected.
- Modeled by Landau distribution

- Treated as background 0



OBJECTS

* Electrons * Muons
- Loose electrons - Loose muons
- PT > 7G€V} |T]| < 25 - PT > SGeV, |T]| <24
- dyy < 0.5cm; dy, < 1cm; SIP;p < 4 " ey <0.5cm;d; <1cm; SIPsp <4
: - PFmuon ID if P < 200 GeV, PF muon ID or
- BDT cut based on ID+Iso in 6 (|7], High-pT muon ID if Py > 200 GeV,
Pr)bins

- RelPFIso(AR = 0.3) < 0.35
7! = < p;harged 1 max [O,Zp%eutral + Zp¥ _ ng(g)] )/p(T“

AR(i,j) = V(1" = 1))* + (¢ — ¢/)?

* FSR photon * Jets
- Pr, > 2GeV;|nY| < 2.4;relPFlso<1.8 - AK4 PFCHs jets
- Associated y to the closest loose lepton - Pr >30GeV; [n| < 4.7; Tight PF jet ID
- ARGy, 1) < 0.5; 2228 < 0.012; choose - Cleaned AR(jet, 1/y) > 0.4
ohoton with |Owe57£4AR(2%l) - \(ﬁl’sbased jet ID (tight WP); Jet pileup ID (tight
Ty

- Remove selected FSRs from lepton
isolation cone for all loose leptons

HIG-21-009 17



Event reconstruction and selections

* Loose e (u) passing selections pr > 7(5)GeV; [n| < 2.5(2.4); vertex cut dy, < 0.5 cm; d,
< 1 cm;SIP3p < 3; Tight Selections based on BDT method for e (PF u RelPFlso< 0.35);

* Zcandidate
- Any OS-SF pair that satisfy 12 < my;,,) < 120 GeV

 Build all possible ZZ candidates defined as pairs of non-overlapping Z candidate; define Z,;

candidate with my; () closest to the POG m(Z) mass

my, > 40 GeV; pr(11) > 20 GeV; pr(12) > 10 GeV / \
AR > 0.02 between each of the four leptons \/
my > 4 GeV for OS pairs (regardless of flavour) /\
Reject 4u and 4e candidates where the alternative pair Z,Z, satisfies [m; —my| < |mZ
—mgz|andmy; <12 GeV Zz

my; > 70 GeV

If more than one ZZ candidate is left, take the one with Z, mass closest to m, and the Z, from the

candidates whose lepton give higher pr sum



Background estimation

* Irreducible background
- qq > ZZ
- gg > ZZ

- Estimated using
simulation

* Reducible background

Misidentified leptons

Secondary produced leptons

Two independent methods used to estimated Z+X background: OS and SS

* Fake rates calculated in Z+| control region
» Z+Xyields estimated in orthogonal regions of Z+ll control region
* Final estimate combination of 2 methods

Templates are built from the control regions in data



Background normalization

---- only applied in inclusive cross section measurement due to statistics

* |In previous HIG-19-001, ZZ background from MC predictions
* Both shape and normalization
 Mass4l [105, 140]

* Several studies carried out to assess the measurement’s precision
- Its ZZ normalization from data sidebands
- Improvement of estimation as well as reduction in uncertainties

- because luminosity and other theoretical uncertainties no longer contribute to
the normalization.

ZZ floating approach:
--- inclusive normalization for qqZZ and ggZ7Z process profiled in the fit



Systematics Uncertainties

* Experimental uncertainties
- Integrated luminosity

Lepton identification and reconstruction efficiency

Reducible background

Lepton scale and resolution

Jet energy scale
* Theoretical uncertainties
- QCD uncertainty
- Uncertainty on the Choice of PDF set
- Uncertainty of 2% on H = 4l branching ratio

The uncertainties of lepton reconstruction and
selection range for

- 4u channel 0.6 - 1.9%

- 4e channel 4.3 -10.9%

A reduction in the 4e uncertainties thanks to a
dedicated RMS method.

HIG-21-009 Common experimental uncertainties
2016 2017 2018

Luminosity uncorrelated 1% 2% 1.5%
Luminosity corr 16 17 18 0.6 % 0.9 % 2%

Luminosity corr 17 18 - 0.6 % 0.2%

Lepton id /reco efficiencies 0.7-10 % 0.6 -8.5% 0.6-9.5%
Background related uncertainties
Reducible background (Z+X) 25-43 % 23 -36 % 24 -36 %
Signal related uncertainties
Lepton energy scale 0.01%(u) - 0.06%(e) 0.01%(p) - 0.06%(e) 0.01%(p) - 0.06%(e)

Lepton energy resolution 3%((u) - 10%(e) 3%(u) - 10%(e) 3%(u) - 10%(e)

21
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* Points with error bars represent the data, while the solid histograms
represent the MC simulation.
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Fiducial/Differential Cross Section

* An alternative approach to study the properties of the Higgs boson
* Cross section of bin i is defined as:

O-i — Nreco,i
Ci*Aj*L*B
* Fiducial cross section = cross section in fiducial volume (cuts applied to generated
events) N
reco,l
. . sk o 4
Ofiq,i * B Cirl

* Higgs boson kinematics:

- PH: probes the perturbative QCD modelling of this production mechanism

- |n*|: sensitive to the gluon fusion production mechanism and PDFs
Jet activity: Njet5; Pr and 1 of leading (sub) jet; Jg, T¢ ...

HIG-21-009
- sensitive to the theoretical modelling and relative Higgs production.

* Spin and CP quantum numbers: Angular observables, such as ®, ®4, cos 8, cos 0, , |cosO*|:
- sensitive to the spin and charge conjugation and parity properties of the Higgs
* Higgs boson production mechanisms

- specific fiducial regions may be constructed



Results of Measurements

Inclusive fiducial cross section Interpretations

Irreducible background normalization taken from MC simulation and
ZZ floating in the fit ki kp, ke

Differential observables Differential observables Double differential
Higgs Production Higgs decay observables

H
pr |yl Mz1 Mgy Mzq VSMyzy  Njgts VS pr

j1 _j2 * H H H

Njets pr DPr mjj |Anjj| q decl)l CSSQ C(;)S 91 CZ(:/SdQeC d TEI _VS Pr |y_1| VS pTZ
Hj Hjj ec ec ec ec , ec j H j j
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Results of measurements

Inclusive fiducial cross section Interpretations

Irreducible background normalization taken from MC simulation and
ZZ floating in the fit ki kp, ke

Differential observables Differential observables Double differential
Higgs Production Higgs decay observables

H
pr |Yul Mz Mgz Mgz1 VSMzz  Njees VS T

J1 )2 . H H H

Njets Pr Py my; |Ang] : q’dq’l o g Cgsgl CZ‘;/SdHeC . Te Vs pr ly” lvspr
Hj Hjj ec e ec nydec ) ec j H j j
PT] My j pT” Jp T¢ Dy- Dcp Don+ Daq DAl Dint Pr” VSDPr Pt VS Dr




Results of Inclusive Fiducial Cross Section

* The integrated fiducial cross section for H = ZZ — 41 process is measured to be

HIG-21-009

g =2 73%022 (stat) ™ 1 (Gystifb

* Electrons-related nuisances,

* Especially electron reconstruction

= 2.7319-22 (stat) 015(electrons) T 0 0 (lumi) T§ 01 (bkg) T 00> (muons) fb
in good agreement with the SM expectation. _CMS Preliminary 138 fb" (13 TeV)
E Exp. o, =2.86" 2 (stat)’ g:i (8YSY)  __ Eypected
* The systematic uncertainty dominated by g 2 Gianad Sarony
. Obs. o, =2.73" 7 (stat)’ ° (syst) -~ Observed - stat-only

HIG-21-009

IIIIIIIIIIIllllIlllllllllllllllllllllll

efficiency e
HIG-21-009

Signal process Asia € fronfid (1 + fronsid)€
ggH (POWHEG) 0.408 £ 0.001 0.619 + 0.001 0.053 +0.001 0.652 £ 0.001 68% CL
VBF 0.448 4+ 0.001 0.632 £ 0.002 0.043 £ 0.001 0.659 + 0.002
WH 0.332 +0.001 0.616 +=0.002 0.077 = 0.001 0.664 + 0.002 ey
ZH 0.344 +£0.002 0.626 + 0.003 0.083 + 0.002 0.678 & 0.003 3(-;3
ttH 0.320 + 0.002 0.614 + 0.003 0.179 £+ 0.003 0.725 + 0.005 incl
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o4 (fb)

Ratio to NNLOPS

o000

Results of Inclusive Fiducial Cross Section
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Irreducible background

normalization ZZ floating in the fit
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K

Remove the impact of nuisances on ZZ normalization
Being sensitive to BSM effects in the background
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- Systematic uncertainty
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Fiducial cross section as a
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Results of measurements

Inclusive fiducial cross section Interpretations

Irreducible background normalization taken from MC simulation and
ZZ floating in the fit ki kp, ke

Differential observables Differential observables Double differential
Higgs Production Higgs decay observables

H
pr |yl Mz1 Mgy Mgy VSMyy  Njgts VS pr

j1  j2 < H H

Niees P7 Py my; |Anyl : de@l Cgse 63591 CZO;dHGC : Tevspt  IyHvspf
Hj Hjj ec ec ec ec , ec j H j j
PT] Mmy; PT” Jp T¢ Dy= 2)cp Don+ Dpx 2)1\1 Dine Pr VSPr Pr VSDr




o4 (fb)

Ratio to NNLOPS

1D Differential Cross Section
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* Differential observables of Jet activity

Number of the associated jets

Transverse momentum of leading jet and subleading jet

Production
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sensitive to the theoretical modelling and relative Higgs production.
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1D Differential Cross Section --- Production

Ratio to NNLOPS dcﬁd /dmjj (fb/ GeV)
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Differential observables of Jet
activity

doy, /dp.” (fb/GeV)

Ratio to NNLOPS

Mass and distance of the di-jets
Mass and pr of H + j systems
Mass of H + di-jets systems

To exploit the dedicated phase
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Results of measurements

Inclusive fiducial cross section Interpretations

Irreducible background normalization taken from MC simulation and
ZZ floating in the fit ki kp, ke

Differential observables Differential observables Double differential
Higgs Production Higgs decay observables
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Results of 1D Differential Cross Section

CMS Preliminary 138 fb™ (13 TeV)
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* Differential observables of Higgs decay

* Since the final state is sensitive to interference effects, differential cross sections of decay are also measured
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in the same-flavor and different flavor final states.
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do,, /dm,, (fb/GeV)

Ratio to NNLOPS

Results of 1D Differential Cross Section

CMS Preliminary 138 fb™ (13 TeV)
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* Differential observables of Higgs decay
* Massof Z1

® Mass of Z2

da,, /dm,, (fo/GeV)
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* Since the final state is sensitive to interference effects, differential cross sections of decay are also measured
in the same-flavor and different flavor final states.

33



1D differential cross section measurements
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Decay observables

* Differential observables of Higgs decay
* Angular observables: ® &; cosf cosf; cos8”
* Describe angle between the plane of Higgs, Z,, Z, decay and the beam direction
* Sensitive to the spin and charge conjugation and parity properties of the Higgs
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1D Differential Cross Section --- Decay
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1D Differential Cross Section --- Decay
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* Differential observables of Higgs decay
®* cosB,,cos 08,

* Sensitive to the spin and charge conjugation and parity properties of the Higgs



1D differential cross section measurements
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1D differential cross section measurements
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1D differential cross section measurements
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1D differential cross section measurements
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1D differential cross section measurements
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1D Differential Cross Section --- Decay

* Higgs Decay in 4l final states could be characterized by the
following seven parameters:
* Mgy, My
e« &, ®;, cosh, cosby, cosB”

i? dec pdec dec nZy.dec dec pndec
Do=" Dop+ Dpa1 D1 | Dep Dipe

a




1D Differential Cross Section --- Decay

* Higgs Decay in 4l final states could be characterized by the
following seven parameters:
* Mgz, Mz
e« &, ®;, cosh, cosby, cosB”

dec pdec dec nZy.dec dec pdec
* 2)0_ D0h+ D DAl |D D:

int
/  HVV scattering amplitude of a spin-0 boson H and two spin-one gauge bosons \
k CP even
1 qvy L kyv g KkYv 2 «  SM-like spin-zero 0*: a;%=a,;WW=2
A(HV1V2) = - [la;VV + 1 (AVJXF/) i + =3 ((‘]X%/:)ZVZ) ]m%/le*{,le’{/z Higher order spin-zero 0} : a,
Q CP odd
;él)f*(z)’}“/ ;él)jf*(-?),}lv « Pseudoscalar spin-zero 0°: a;

* Observables sensitive to HVV anomalous couplings using kinematics of leptons in decay
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* Matrix-element discriminants
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* Built based on the two hypotheses for which the discriminant is designed for
« Standard Model prediction ggH (POWHEG) + XH

« Anomalous Coupling prediction ggH AC samples normalized to the ggH+XH SM cross section

* Probe HZZ vertex and sensitive to BSM physics
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* Built based on the two hypotheses for which the discriminant is designed for
« Standard Model prediction ggH (POWHEG) + XH

« Anomalous Coupling prediction ggH AC samples normalized to the ggH+XH SM cross section

* Probe HZZ vertex and sensitive to BSM physics
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1D differential cross section measurements

CMS Preliminary 138 fb' (13 TeV) CMS Preliminary 138 fb (13 TeV)
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1D differential cross section measurements

CMS Preliminary 138 fb (13 TeV)
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1D differential cross section measurements
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1D differential cross section measurements

CMS Preliminary 138 fb! (13 TeV) CMS Preliminary 138 fb' (13 TeV)
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1D differential cross section measurements

CMS Preliminary 138 fb' (13 TeV) CMS Prelimin ry 138 fb™ (13 TeV)
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1D differential cross section measurements

CMS Preliminary 138 fb' (13 TeV)
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Results of measurements

Inclusive fiducial cross section Interpretations

Irreducible background normalization taken from MC simulation and
ZZ floating in the fit ki kp, ke

Differential observables Differential observables Double differential
Higgs Production Higgs decay observables

H
pr |Yul mgzqy Mgy Mz VSMyzy  Njgts VS pa

Niees Py Pr mj; |Aml : q’dq’l Cgse o il o - : Tovspy  lyHlvspf
Hj Hjj ec e ec ec : ec Hj H j1 j2
PT] My j PT” IJp It Dy- 2)cp Don+ Daq 2)1\1 Dint Pr VSPr Pt VSDPr




2D Differential Cross Section measurements

* A set of double differential measurements is also performed
* Enhance sensitivity to specific phase space regions such as H+jets
* Probe the possible BSM effects
* Achieve a further characterization of HZZ4l

* Define mutually exclusive phase space regions for obs1 vs obs2.

* The bin boundaries for these measurements are defined with the same approach employed for one

dimensional case. (The detailed bin boundaries are listed in the backup slides.)

Variable = HIG-21-009 Definition Target
pr(H) vs y(H) Transverse momentum and rapidity of the 4/ system Production
Mz, VS Mz, Invariant masses of the two Z boson candidates Decay

pr(H) vs Niis  Transverse momentum of the 4 system and number of jets in the event | Production

pr(H) vs pI;j Transverse momenta of the 4/ and 4/+leading jet systems Production
p’% VspjT2 Transverse momenta of the leading and sub-leading jets Production
chmux vs pr(H) Transverse momenta of the Higgs and leading and T](.:max variables Production
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Bin boundaries for 2D differential measurement [ g, 7o(GeV)  p(Gev)
Bin  [y"| py(Gev) | Bn N pH(Gev) | Binlo 10l 10 1]
Binl [005]  [0,40] Bnl 0  [0,15] Bin2  [0,15]  [15,30]
Bn2 [005] [40,80] | Bn2 0  [i530 | Bin3  [015]  [30,45]
Bin3 [005] [80,150] | Bin3 0  [30,00] Bind  [0,15]  [45,70]
Bin4  [0,05] [150, o] Bin 4 1 [0, 60] Bin5  [0,15]  [70,120]
Bin5 [0510] [0, 45] Bin5 1 60, 80] Bin6  [0,15]  [120, o]
Bin6 [051.0] [45, 120] Bn6 1  [80,120] | Bin7  [1525] [0, 120]
Bin7 [0.5,1.0] [120, 0] Bin7 1  [120, ] Bin8  [1525]  [120, o]
Bin8 [1.025] [0, 45] Bin§ >=2 [0,100] Bn9  [2540] [0, 120]
Bin9 [1.025] [45,120] | Bin9 >=2 [100,170] |_Bin10 [2540]  [120, o]
Bin10 [1.025] [120, o] Bin10 >=2 [170,250] | Binll [40,c0]  [0,200]

Bnll >—=2 [250,c0] Bin12 [40,00]  [200, o]
myz, (GeV) myz, (GeV) , j j : H Hj
Bin1  [40,85] [12,35] Bin  p1(GeV) p7(GeV) | Bin  pr(GeV) pr’(GeV)
Bin2  [40,70] [35,65] Bin 1 Nijets < 2 Bin 1 Nijets < 0
Bin3  [70,120] [35,65] Bin2 [30, 60] [30, 60] Bin 2 [0, 85] [0, 30]
Bin4  [85,120] [30,35] Bin3 [60,350] [30, 60] Bin3 [85, 350] [0, 45]
Bin5 [85120]  [24.30] Bin4 [60,350] [60,350] | Bin4 [0,85]  [30,350]

Bin5 [85,350] [45,350]
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Results of 2D Differential Cross Section

CMS Preliminary 138 fo'' (13 TeV)
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* The boundaries divide massZ1 — massZ2 plane in six regions
* Collect the majority of signal events in several bins
* Leave the most of background event in the other bins
* To ensure a good S/B ratio.

2D Differential cross sections as a function of
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Results of 2D Differential Cross Section
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Results of 2D Differential Cross Section
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* The boundaries divide plane in regions

* To ensure a good S/B ratio.

2D Differential cross sections as a function of
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Results of measurements

Inclusive fiducial cross section Interpretations

Irreducible background normalization taken from MC simulation and
ZZ floating in the fit ka, kp, k¢

Differential observables Differential observables Double differential
Higgs Production Higgs decay observables

H
pr |yl Mz1 Mgy Mgy VSMyy  Njgts VS pr

j1 _j2 * H H H

Njets pr DPr mjj |Anjj| q CI)dCI)l CSSQ C((j)S 01 CZ?/SdHeC d TIC_‘I _VS pr |y_1| VS pTZ
Hj Hjj ec ec ec ec , ec j H j j
pr’ my; pr’ Ty T¢ Do=" D¢y Dons Da1- Dpy" Ding py’ VSprt  DPp VSpp




Constraints on the H boson self-coupling

Probing k, via single-Higgs decay

« Differential XS measurement as a function of p¥ = extract limits on H
boson self coupling.

production decay
I I
f— f_aNLO BR(H-ZZ) 1+k;Cy ;+6Zy y 1_l_(k,1—1)(clzz—cl’50t)
Mo = HiH = SN0 BRSM(Ho22) — (1-(—1)8251) (14+C, +0217) 1+ (ky—1)C ot

* The cross sections of the different production mechanisms of the H boson

e Parameterized as a function of k; = A5/A3Y,
* To account for NLO terms arising from the H boson trilinear self-coupling

« Where §7;; = —1.536x1072 is a universal quantity, C; (p,,) is dependent on H production model and
kinematics; r

. Cll“zz — 0.0082 and Clrtot — 2E%10~3 * C, = xsecy(,)/xsecyo by Madgraph5 simulation

e Differential predictions only for VBF, VH, and ttH

* Inclusive value for the parametrization of the H boson
cross section for ggH process 60




Constraints on the H boson self-coupling
* Limits on k; extracted from a one-dimensional maximum likelihood fit:
S (i, 05) =S¢ (1 (k) 05) = % Uep) xuee (k) xS (85) iy =1

* Different sensitivity to k; of each production mode
* VBF, VH have a mild dependence on k;
 ttH process have a very strong dependence on k;

CMS 138 fb™' (13 TeV)
* The observed constraint on k; at 68% CL is R T R
I Expected - stat-only
+6.41 +6.10 +1.96 8 F obs k= 417510 (stat) 1% (syst) - Observed - statony
ky=411"cg5 = 4.117c7:(stat. )I153(syst.) °F I

* The corresponding observed (expected)
excluded k, range at 95% CL is:

[ =5.5(-7.7) < k< 15.1(17.9) |

| omm—




Constraints on Higgs boson couplings modifier

Probing kj, k. via p? differential cross section

* Interpretation of p,E = extract limits of Higgs boson coupling of light quarks

|||||||||||||||||||

e Described in k — framework
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* Coupling modifiers expressed as k. = y,/y>M
* Scan of modification k.

e Check its relative formula with P} distribution

* The theory predication combined of 2 method

(Yo daldprp)/(1/o doldpr p)sm

* Loop-induced ggF production -- Radish

e Quark-initiated production of Higgs
-- MadGraph5_aMC@NLO




Two methods applied in the constrain of Ky K

Results vary strongly depending on the assumption of the branching ratios.

Overall discrimination power
* Shape
* Normalization

The branching ratios depend on the couplings
* Maximum amount of discrimination power
* Normalization
* Expected Cross section
* Branching ratios scaled with coupling modifications
e Constrain by the Higgs decay width.

* Freely floating branching ratios

* Normalization of parametrization and coupling dependence of BRs are eliminated
* Purely the constraints from only the shape.
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Comparison of Kp VS K,

Full Run2 Ultra Legacy
Floating K, K, Direct measurement via(W /Z )H - cC
Observed Expected CMS ATLAS
HIG-21-009 95% confidence 95% confidence 95% confidence 95% confidence
interval interval interval interval
Kp [-5.6, 8.9] [-5.5, 7.4]
Shape-Only
k| [-20,23] [-19, 20] 1.1<|k, |<5.5 K, |<8.5
Shape+ K»| [1.11.1] [-1.3,1.2] (1% [<3.4) (12.4)
normalization K, [-5.3,5.2] [-5.7, 5.7] arxiv:2205.05550 Eur. Phys. J. C (2022) 82:717

Observed and expected constraints in 95% confidence intervals for the Yukawa coupling modifiers

(Left) Indirect measurement by p¥ in H —» ZZ — 41

* Simultaneous fit for coupling modifier kj, k. assuming

* (Top) coupling dependence of the branching fractions (shape+normalization)

* (Bottom)branching fractions implemented as nuisance parameters with no prior constraint (shape-only)
(Right) Direct measurement of k. via H — c¢ of ATLAS and CMS

When the kj, is fixed to SM, the k. region of shape+normalization would be almost half of the value in left table,
which is also confirmed by ATLAS indirect measurement[CERN-EP-2022-143]

Compared with the direct measurement of k. via H — cc, the expected results achieve the agreement at CM5
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