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The H — ZZ — 4¢ channel is one of the best
portals to study the Higgs boson properties
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CMS PAS HIG-21-009
New analysis whose aim is a complete characterisation of the Higgs-to-four-lepton channel using
fiducial cross section measurements

The H — 77 — 47 channel is one of the best Cross sections are measured in bins of kinematic observables
portals to study the Higgs boson properties by unfolding experimental data to the fiducial phase space

Total phase space Experimental selections

¥ High S/B (~2)

. . (s High-longevity of the measurement
¢ Complete reconstruction of the final state L~ . . .
¥ Direct comparison with theoretical models

i # Excellent momentum resolution

" Small BR (0.028%)
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What one would measure with an ideal detector UNFOLDING What one actually measures
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Inclusive fiducial cross section
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oPrecision @ 10%

theoretical precision

*40% decrease of the systematic component: Sys+stat

sys
> Latest CMS run 2 objects calibrations

» Revised measurement for the estimation of the electron scale
factors uncertainties

*Electron-related nuisances are the leading contribution to the

systematic uncertainty but their value is halved wrt previous run 2
result

eSystematic component at the same level of the theoretical precision
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*Finer binning wrt previous analyses

*Extension of the jet phase space (from |7, | < 2.5to |7, | <4.7) thanks to the improved CMS jet
reconstruction

*Three MC SM benchmarks: POWHEG, NNLOPS, and MadGraph
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function of the ratio) between the probabilities:

—
Q ouplin 22 77 7Z Z
Uk A C( ¢ ) ©) Lq)interference( 9. ) Coupling 84 82 ki k37
@alt B ~ — interference B — — sel::;rtl: I:;:'::tshteosis nge—c @glifl— 9ji\elc ) i}/l,dec
Fact) + Pl ) 20 Pac @) Py @) e | ot o

Alessandro Tarabini Higgs boson differential cross section measurements in the four-leptons final state 14


https://spin.pha.jhu.edu

Matrix-element discriminats

First-time

CMS,

Laboratoire
Leprince-Ringuet

@ - INSTITUT

’y\

POLYTECHNIQUE
DE PARIS

C e/ inary 138 fo! (13 TeV)
3 14-__||||||| I I |||||||||||||||||||||||||||||II|IIII__
'-I\—/ i + Data (stat. @ sys. unc.) p-value(POWHEG): 0.78 ]
8 | 12:_ Systematic uncertainty _
'ODO - ZZZ77%  SM (POWHEG + JHUGen + Pythia)
) 10__ % AC (POWHEG + JHUGen f_=1 + Pythia) ]
S
B (LHCHWG YR4, mH=125.38 GeV) ] .
s O / Results for decay observables are presented in 2e2mu and 4e+4mu
© 61 ] ] .
: QE 4 E : final states as well.
. Uy,
i 7 ] .
A= . *H +E—j The same-flavour lepton interference makes the shapes in 2e2mu and
. 4e/4mu final states different
- 23 \ A L R B B
dp oF
_*g 15 * |
g 051 | | V|/i | I | ul *u ul *m
% 0102 03 04 05 06 07 08 09 1
Ddec
O_

Alessandro Tarabini Higgs boson differential cross section measurements in the four-leptons final state 15


https://spin.pha.jhu.edu

First-time

Matrix-element discriminats

CMS,

o \‘\

n

Laboratoire
Leprince-Ringuet

138 fo! (13 TeV)

» INSTITUT

" POLYTECHNIQUE

" DE PARIS

Data (stat. @ sys. unc.)

Systematic uncertainty

7 .
% SM (POWHEG + JHUGen + Pythia)

p-value(POWHEG): 0.84

7 _ .
% AC (POWHEG + JHUGen f_=1 + Pythia)

(LHCHWG YR4, m =125.38 GeV)

/
H

|

i

VA
/4

[ 1
v avava)

fi

—_——

[N N]

CMS Preliminar 138 fo' (13 TeV .
P —||||||||||||||||||Ty||||||||||||||||||||(||||||||)||_ 138fb (13TeV) CM
| | P L T T T T T I TTT1 I'TTT T T 71714 _ FT T T
Q 1 4 B | Q | | | | | | | _ Q C |
H_v - + Data (stat. ® sys. unc.) p-value(POWHEG): 0.78 7] . — B Data (stat. @ sys. unc.) p-value(POWHEG): 0.92 | . — -
8 12 - Systematic uncertainty . @) :_ Systematic uncertainty _: &) E
o I B 7 . | O = ’ | O —
N iof 7 SM(POWHEG + JHUGen + Pythia) — 'OD o 7% SM (POWHEG + JHUGen + Pythia) ] 'OD -
— 7 - i 7 - ) ] -
Q E % AC (POWHEG + JHUGen f_=1 + Pythia) E Q - V%A AC (POWHEG + JHUGen f_=1 + Pythia) ] -C\J :
O 8K (LHCHWG YR4, m,=125.38 GeV) - 5 N (LHCHWG YR4, m_=125.38 GeV) - 5 o
Q I N ] S : : ] = :
© 6 a a / . 'CDS - 4 ) 7 'CD) -
i ! : ] : ] . u
4 B E ] E — - ¢ l ﬂ ] E
. 7 * 7 ] . ’ ’ -
g nooC : | : :
2 7 ] [ E - -
N =2 4 4 n - . iy =
i L1011 | L1 11 | L1111 | L1111 L1011 L1 11 L1111 L1111 m : : | : :
L1111 | L1111 | L1011 | L1 11 L1111 L1111 | L1011 | L1 11 L1 11
2 2 P | | I\ | P | P : P : P : P : P : P : R FTTTT | I '\\ | T T | Frrr1r 11117 T T T TTTT o TTTT T TTT e TTTTH FTT T |
E . __ L | | | | | | ] L
g S =
¢ 2 7 »
o 1.5¢ ] L L
s b et —# E | s E
T o5} | , , . . ] o I -
: L1 11 | L 111 | I | 1 1 I I I o N [ ] U1 | U1 | Uit | U1 : U1 : U1 : TR
0 0.1 0.2 0.3 04 05 06 0.7 08 09 1

O 01 02 0.3 04 05 06 0.7 0.8 09 I1

D§=° DYeC(2e20)

Alessandro Tarabini

Higgs boson differential cross section measurements in the four-leptons final state

O 0.1 0.2 03 04 05 0.6 0.7 0.8 0.9
D2*°(4e+4u)

1

16


https://spin.pha.jhu.edu

Double-differential
observables

max H
I~ vs pr My VS My

H H Hj
Njet VS pr Pr Vs Pr

H 1 2
|yl vs pr Py VS Dy




Double-differential observables

First-time

CMS,

@S, INSTITUT
5’0: POLYTECHNIQUE
' DE PARIS

Laboratoire
Leprince-Ringuet

Extensive set of double differential observables to probe specific phase space regions
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Higgs boson trilinear self-coupling ~ Fstime |2 LU

» INSTITUT

The Higgs boson is the only particle in the SM that can couple with itself.

The measurement of 4, is one of the main physics goal of the LHC since it provides a direct test of the
EW symmetry breaking and it is linked to fundamental questions in particle physics and cosmology.

Direct measurement in HH production Indirect measurement in H production
eRare processes that are experimentally eBeneftit from larger XS for single-H production
challenging (~ 1000 X opy)
e O dependence on 4, eNLO EW dependence on 4,
> q -
g oH .. +
/// v \:‘___H H____‘/\/ z Z
Y - - =<_ - AN
g N | 1 / i
10.1140/epjc/s10052-017-5410-8 10.1007/JHEP12(2016)080
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The transverse momentum is used to set constraint on k;, = /13//13SM since it is the most sensitive
observable to probe the H boson self-coupling

CMS Preliminary 138 fb™' (13 TeV)
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Observed (expected) excluded «, range from @ 95% CL:

—-5.5 (=7.7) <k, < 15.1 (17.9)

First time the

analysis of single-Higgs proc

result is presented |

n a fiducial
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Higgs boson trilinear self-coupling ~ Fstime |2 LU

» INSTITUT

The transverse momentum is used to set constraint on k;, = /13//13SM since it is the most sensitive
observable to probe the H boson self-coupling

[ [ [ [ | [ [ [ [ | [ [ [ [ | [ [ [ [ | [ [ [ [ | [ [ [ [ | [ [ [ [ | [ [ [ [
- &+ Best fit result Obs. (Excluded @95% CL)

— theory prediction [ | Exp. (Excluded @95% CL)

HZZ N

N
bbZZ
CMS-HIG-20-004

multilepton \
CMS-HIG-21-002 x NN
\

bbbb, merged jets
CMS-B2G-22-003

Observed (expected) excluded «, range from @ 95% CL:

—-5.5 (=7.7) <k, < 15.1 (17.9)

analysis of single-Higgs production

. | m First time the result is presented in a fiducial
- A

bbbb, resolved \ Q
PRL129(2022)081802 \ Competitive with many HH analyses (direct

NN :
A \\\\\\ | o m search), i.e. bbZZ, bbbb merged, and multi-lepton
\\\\\ \\\\\

-15 - 25

%
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CMS

Conclusions

*The analysis provides a comprehensive characterisation of the Higgs-to-four-lepton
channel using difterential and fiducial cross section measurements and interpretations

*All results show an overall good agreement with the SM

*60 fiducial XS results, 33 observables (28 of them are new!), and 3 interpretations
make this paper one of the most extensive fiducial analysis ever performed (today shown

only a small subset of the results)

Better CMS objects calibration and improvements in the analysis strategy led to very
precise measurements (~ 10% inclusively)

*\We are on the verge of probing the scalar sector with very high precision
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Inclusive fiducial cross section
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Cross section compared to three

generators modelling the production

POWHEG
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Inclusive XS with floating ZZ normalisation First-time | =

eStandard approach: extract bot

normalisation of the ZZ irreducible backgrounc

simulation

eAlternative strategy: Measuring together the inclusive

n the shape and the

from

fiducial cross section and the ZZ normalisation

»Remove the impact of nuisances on ZZ normalisation

»Being sensitive to BSM effects in the background
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Inclusive XS with floating ZZ normalisation First-time | =

eStandard approach: extract both the shape and the

normalisation of the ZZ irreducible background from

simulation

o, (fb)

eAlternative strategy: Measuring together the inclusive
fiducial cross section and the ZZ normalisation

»Remove the impact of nuisances on ZZ normalisation

»Being sensitive to BSM effects in the background

o1 = 9 74+0.24 (s.tat)i“%}‘ll (sys)

—0.23

Ratio
to NNLOPS

ZZnorm = 445735 (stat)

Z

N

Y4
MC

Reduction of the systematic component on the XS wrt std approach, but |’z

not yet enough number of events to profit from this method

differentially

Leprince-Ringuet

Laboratoire

o v
.'\/
~ ‘D
3' <
4 m
[ o
"‘4/,’@

'K

@~ INSTITUT

POLYTECHNIQUE
DE PARIS

CMS Preliminary 138 fb ' (13 TeV)
IR L L L L B
¢ Data (stat. ® sys. unc.)

——— Systematic uncertainty

et gg—H (amcatnloFXFX) + XH
NSNS gg—-H (NNLOPS + JHUGen + Pythia) + XH

455444 gg—H (POWHEG + JHUGen + Pythia) + XH
XH = VBF + VH + ttH (POWHEG + JHUGen + Pythi

—E—EE*E%—

(LHCHWG YR4, m =125.38 GeV)
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» INSTITUT

Inclusive fiducial cross section

2e2u 4u 4e Inclusive
g 1337037 fb  0.751 050 fb 059101 fb  2.731022 (stat) T2 (syst) fb
ocia  1375035fb  0.75%50fb  0.577513fb 2747075 (stat) Ty (syst) fb
ZZ norm. 19372 162117 92718 445177 (stat) 15 (syst)
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Correlation matrix for inclusive XS with floating bkg

ZZ 4e

ZZ4mu |

ZZZeZmu |

fid -

04e

fid -

02e2u

Alessandro Tarabini

CMS Preliminary

138 fb~! (13 TeV

H-ZZ- 4]
my = 125.38 GeV

fid -

ZZ4mu ZZZeZmu

ZZ 4e

02e2u

1.0

0.8

0.6

-0.4

-0.2

-0.0

-—0.2

-—0.4

-—0.6

-—0.8

-—1.0
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CMS Preliminar

138 fb~! (13 TeV

H-ZZ- 4]
my = 125.38 GeV

QQOLV /’”*,D TTTTTTTT
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Decay observables

The kinematics of the decay of the H boson in 4 leptons is fully described by the Higgs

boson’s mass and 7 parameters:

*The two Z masses (Z1 and Z2)

* Three angles describing the fermion kinematics (®, cos 6,, cos 6,)

* Two angles connecting production to decay (D, cos *)

CMS Preliminary 138 b (13 TeV) — >
N [ rrrryprrrrp T T T T T T T T T T ] CMS Pre/[m[nary 138 fb (1 3 TeV)
Q | ] | | T T 1 | T T 1 | T T 1 | T 1T 1 | T T 1 | T T 1 | ]
— i $ Data (stat. @ sys. unc.) p-value(POWHEG): 1.0 | B N
1 | —— Systematic uncertainty _ ) : Data (Stat' ® sys. unc.) p-vaIue(POWHEG): 0.99 :
o - SN gg>H (amcatnloFXFX + JHUGen + Pythia) + XH i N X SySt:mat'C ”:Cler:('gz UGen + Pt + 1 ]
O i SN g0 (NNLOPS + JHUGen + Pythia) + XH | O 99~ (ameatnloFXFX + JAUGen + Pythia) + B
S~ ) _ B gg—H (NNLOPS + JHUGen + Pythia) + XH i
S 0.8 Y554 gg—>H (POWHEG + JHUGen + Pythia) + XH — . _ ]
. B . L - gg—H (POWHEG + JHUGen + Pythia) + XH ]
= i [ ] XH=VBF+VH +ttH (POWHEG + JHUGen + Pythia) 1 L _ _
b il XH = VBF + VH + ttH (POWHEG + JHUGen + Pythia) ]
- (LHCHWG YR4, m =125.38 GeV) - B ]
O 0.6 H | ] (LHCHWG YR4, m =125.38 GeV) ]
\ N — N v . | ]
NEN BR7 N _ | , _
~ ‘ : R \RE
0.4 N | LT =
. - 4 ] B 7 -
‘ — 2R HN‘ =
0.2 N 5 k
Lo Tl T ]
n 1.4 T cnl_) L
Q
& 1.3 S :
_| 1 .2 J ] _| a I
s 1 ‘ 2 Piyal EE ) ;
2 09 y e :_ | / / \
2 038 “ =
© 0.7 . o
CC 06 | | I I | I O | | L1 I S N A | | I A | L 1 1 1 |

-3

-2
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Ratio to NNLOPS
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CMS Preliminary

138 b (13 TeV)

pA|
A

<

|7

[Z
@

=

Systematic uncertainty
\ gg—H (amcatnloFXFX + JHUGen + Pythia) + XH
> gg—H (NNLOPS + JHUGen + Pythia) + XH
: gg—H (POWHEG + JHUGen + Pythia) + XH
XH = VBF + VH + ttH (POWHEG + JHUGen + Pythia)
(LHCHWG YR4, m =125.38 GeV)

-_|IIII|IIII|IIII|IIII|IIII|IIII

Data (stat. @ sys. unc.)

4
-

p-value(POWHEG): 0.99
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N [ ]
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Matrix-element discriminats

CMS,

@S, INSTITUT
5’0 S POLYTECHNIQUE

Y DE PARIS

Laboratoire
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HVV scattering amplitude of a spin-0 boson H and two vector bosons

CP even

AHWVy) == { M2 KGR ks (it @) 2q BTV (). cy) [ Troelovel S g122 = g1WW = 2
L (% Vi (91 | ( AVV)2 | | M‘Q/ 92 1 <2  Loop induced SM processes contribute
1 1

Alessandro Tarabini

(a8v)

effectively via g2VV — small

CP odd
VvV VvV
(81 “q2)(€2 - q1) _651 €2 q1 ‘I2} - SM processes at three-loop level g4VV — tiny

Higgs boson differential cross section measurements in the four-leptons final state
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CMS

Matrix-element discriminats = LY

Leprince-Ringuet

AHV1V;) =~ M\2/1 QYV . 2 s 22) 1 2 29;/‘/ (€1 '52)_29;/‘/ (€1-g2)(e2 - q1) — 29}1/‘/ €e1e2q1 q2
v (AYV) (A5Y) My,

o use discriminants we have to define two hypotheses

SM Hypothesis g =2
Alternative hypothesis g““= 0 or A%# (

For each event with measured variables S_i we have to calculate the probability to produce an event at Q
under the two hypotheses -> %, and &, ~ (Computed with MELA)

_ P, o(Q)
alt — — — . 77 77 77 Ly
Puc(Q) + Py (L2) Coupling 84 85 ki k,
Discriminants to . gde_c @gzc gdec @Zy,dec
7 S_i separate hypothesis +
P B interference( ) Interference @dec @dec
interference — discriminants int ] ]

2\/ P Q) - Py (Q)
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Rapidity-weighed jet observables pistame | o LM X @i

| ¢~ I Leprince-Ringuet
i

Observables defined as the transverse momentum of the jet weighed by a function of its rapidity.
They can be factorised and resummed allowing for precise theory predictions and can be used as a test of QCD resummation

since their resummation structure is different from pfet

M

J — omnd p—|Yi—YH]
Tz = mpe 'Y

T2 cosh(y; — Yu)

CMS Preliminary 138 b (13 TeV) CMS Preliminary 138 fb" (13 TeV)
N 1 O | L | L | 11 | 11 | 11 | 11 | 11 | L | 1T T3 Y 1 O § I | L | L | T T 1 | I 1T 1 | I 1T 1 §
% E 5 ¢ Data (stat. @ sys. unc.) p-value(POWHEG): 0.78 - % _E-a-a—: ¢ Data (stat. @ sys. unc.) p-value(POWHEG): 0.57 f
m——— Systematic uncertainty ] 1k m——— Systematic uncertainty _
(\D 1 g_ SIS gg—H (amcatnloFXFX + JHUGen + Pythia) + XH _g (\D = SIS gg—H (amcatnloFXFX + JHUGen + Pythia) + XH E
0O N SN gg—H (NNLOPS + JHUGen + Pythia) + XH § O n SIS gg—H (NNLOPS + JHUGen + Pythia) + XH i
= P s Y5444 gg—H (POWHEG + JHUGen + Pythia) + XH i = 0 3 Yiigiss444  gg—H (POWHEG + JHUGen + Pythia) + XH E
X 10 = [ ] XH=VBF+VH+ttH (POWHEG + JHUGen + Pythia) = % ] [ ] XH=VBF+VH +ttH (POWHEG + JHUGen + Pythia) ~ J
= L (LHCHWG YR4, m =125.38 GeV) ’ = r (LHCHWG YR4, m_=125.38 GeV) -
U : 1 = 107E i -
I‘\ 1072 ¢ &E: = 5 %F .
O - = ] ©O C : i
B U KN maXx 7] : N 1 max
\_O : : - EI . 7_10 o580 GeV) \-o 109 R E 5 §_+ = 5 o(T> 150 GeV) -
el Tl = bq_ E ]
D = 1o 5 : | .
-O E ’ N -O 10—4 3 i E—T =
[ ' | -
10 E L ]
E I | | 1 I | | 1 I I 1 1 I I 1 1 I I 1 1 I I 1 1 I I 1 1 I I | 114 5 1 0_5 — [ | I | I | I | I | I | I I | I L 1 1 1 I | I I N P
(d)p) rT 1T [T T T[T T T[T T T[T T T [T T T T T T T T T TTT] n 2-5; rryrrrryr T T T T T T T T T T T T T T
o 5 I I I I I I I I I : o’ : :
c2|> 1.5 CZI) °f
Y ¢ 5t l
pd ] N 8 7 Z N
e IE¥TrETSS o 9 ST =
S 05 ! O I
o . ] S F ' ]
&U I 1 1 I 1 1 1 I | I | I | I | I | I 1 1 1 I 1 1 1 : I O : [ 1 I | 1 1 | I | 1 1 1 I | I I I | I I I 1 1 1 ]
Q\ 15 30 45 60 75 90 105 120 135 150 2 QY 50 100 150 200 250 300
max ‘ max
6®\9\% 7-C (G eV) I\t 7}3 (G eV)

Phys.Rev.D 91 (2015) 5, 054023
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Rapidity-weighed jet observables

N 1 O | L | L | 1 | 1 | 1 | 1 | 1 | L | T3
% E . ¢ Data (stat. @ sys. unc.) p-value(POWHEG): 0.78 E
— Systematic uncertainty ]
(\D 1 3 SIS gg—H (amcatnloFXFX + JHUGen + Pythia) + XH E
l®) - SWNSSR gg—H (NNLOPS + JHUGen + Pythia) + XH .
= P - Gossdis%  gg—>H (POWHEG + JHUGen + Pythia) + XH i
é 10 3 [ ] XH=VBF+VH+ttH (POWHEG + JHUGen + Pythia) 3
= O L (LHCHWG YR4, m =125.38 GeV) :
]‘\ 1072 &E: =
O = 1 .
=~ 5 5 X :3+ 7 =5 o7& >80 GeV) -
O i i
B 107°F I
© E t .
10~ T 3
- I I | | I | | I | I | I | I | I | | I | |
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1.5
% = N m. ! s Nl %
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N ( )
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Observables defined as the transverse momentum of the jet weighed by a function of its rapidity.
They can be factorised and resummed allowing for precise theory predictions and can be used as a test of QCD resummation

since their resummation structure is different from P

M

138 b (13 TeV)

T2 cosh(y;

Aatio to NNLOPS

CMS Preliminary

138 b (13 TeV)

Data (stat. ® sys. unc.)

Systematic uncertainty

¥

p-value(POWHEG): 0.57

1
150

gg—H (amcatnloFXFX + JHUGen + Pythia) + XH
gg—H (NNLOPS + JHUGen + Pythia) + XH

gg—H (POWHEG + JHUGen + Pythia) + XH

XH = VBF + VH + ttH (POWHEG + JHUGen + Pythia)
(LHCHWG YRA4, m_=125.38 GeV)
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c/b quark couplings «;, k. LU

f— Leprince-Ringuet
A \ ]

» INSTITUT

The ggH transverse momentum is used to set constraint on k./k;, by using information from both the
shape and the variation of the normalisation

CMS Preliminary 138 fb' (13 TeV)

e -
o -
1.5/
; Observed (expected) excluded «. range from
It @ 95% CL:
0.5 —5.3 (=5.7) <k.<5.2 (5.7)
O
-0.51
- Observed (expected) excluded «;, range from
—1- @ 95% CL:
- —1.1 (-1.3) <k, < 1.1 (1.2)
-1.5
o e b b b b b Py
-3
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- CMS, l/l/(L_
- W e
c/b quark couplings «;, «. e e A
CMS Preliminary 138 fb™' (13 TeV)
o 15 —
L i A= Freely floating branching ratios
i <
10 T ~ The normalization of the parametrization and coupling
I \ s dependence of BRs are eliminated, and what remains is
- purely the constraints from only the shape
o —4
E Full Run2 Ultra Legacy
0 -3 Floating kb kc
I ] Observed Expected
I ° 95% confidence 95% confidence
_5 interval interval
: B i . 1
~ |+ Best fit *SM --20 —1 GH unconstr. I Shape-Only Ky [-5.6,8.9] [-5.5,7.4]
_1 O=E| Lo o v o v v b v e b v o g 0 kc [-20, 23] [-19, 20]

-30 -20 -10 0 10 20 30
KC
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Higgs potential

CMS,

1 1
V(H) = —m5H* + A;3vH? + —,H* + O(H”)
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In the SM

2
My
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CMS

Electron efficiency nuisance o LY

Leprince-Ringuet

New method to compute uncertainties from T&P measurements for electrons based on RMS

e Scale tfactors and corresponding uncertainties enter the final result with the power of four —> Electron

reconstruction and selection efficiency is by far the leading nuisance in H — ZZ — 4/
eComputation done with Tag-and-Probe (TnP) method
eChallenge: low-pT electron region (7-20 GeV) where it is hard to distinguish signal from QCD background —> Large

systematic uncertainty from this region

e Current method for sys unc: Summing in quadrature four variations of the nominal setting

*\/ery sensitive to outliers
e Adding more variations lead to bigger uncertainty
eCorrelations not taken into account

*New method for sys unc: Combining the four variations by using the RMS

| ess sensitive to outliers
e Adding more variations does not lead to bigger uncertainty

eReduced uncertainty in the low-pT region (~40% improvement in the precision)
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