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THE H— 11— CHANNEL

e Golden channel: important for the discovery and to study of H properties

o Clear 4 lepton signature provides large S/B

o Complete reconstruction of the final state decay products

o  But very small Branching fraction (0.012%) ————
%
e Results presented in this talk:

o Eur. Phys. J. C 81 (2021) 488

o CMS-PAS-HIG-21-009
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THE H— 11— CHANNEL

e Selection:

>
—4] (e, M) 8
—Z candidate S
—ZZ candidate ‘%
—best ZZ candidate chosen (if more than 1) with: 3

o  Kinematic discriminant (MELA pkg)

o Highest p. of Z, (for differential cross sections)
e Background:

o ZZ estimated from MC

o Z+X (reducible) from data
e Additional objects for event categorization
e Matrix element discriminants and multidimensional

ML fits to extract results
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THE H— 11—t RESULTS
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STGNAL STRENGTHS

e Defined as ratio of the measured cross section and the SM expectation
e Inclusive: u = 0.94 £ 0.07(stat) *°7  _(th) **%_  (exp)
e Consistent with SM expectations
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STMPLIFTED TEMPLATE CROSS SECTIONS (STXS)

e kinematic regions based on the
production modes of the Higgs
—Built to maximize sensitivity to
isolate BSM effects while reducing
theory dependence

[ STAGE 0 |

| P L et et e

=0-jet 1-jet 2-jet - Lm0 my> 350

pH pH m;; <350 >350 m; o 015 w 0.15 P nllv o1l — P
: ' * " “ , : =
10 & 700 300 mt- =2 .

120 = = I — 1000 450 - o= =N o

S R e e T 650 0 ’I‘ s  c — 0

* | L ==

----------- S A ) 25 «® 0 2

get - 0j/pr[0,10] | g -
gH - 0/py[10,200] | geH -

|
er10,60) QT T NCUDI - 2 mp> 350 |

| I |
Itz WEYEE oo - 5/ 200

e Dedicated categories to measure e e S R —
STXS Stage 1.2 : splitting based = _E==ErEes
on number of jets and kinematic =V (= leptons)H +HH
: A
selections (p;") . t .
pY ‘ﬁ"‘"" 93-ZH -2 T
e Some STXS bins merged to avoid |
large uncertainties or high
correlations (reduces -
model-independence) T o 1ge =je Ojet  Iet =2t Ojet  l-jet =2-jet
"""""""" VH/p3[0,150]
VH/pY> 150
| MERGED STAGE 1.2 |
A.Cappati Higgs 2022 6




f— 4 [Ha

& : | 0ST<4d/HA

L [0ST ‘014d/HA

137 fo~! (13 TeV)

s | —« |oaz<1d/[z-Hbb

0se<‘fw/fe-Hbb

H->ZZ
125.38 GeV
STXS merged Stage 1.2 - |yn| <2.5

1 | 00L<fw/[z-Hbb

Eur. Phys. J. C 81 (2021) 488
my

-—e] “— | 0oL ‘o€l *fu/ fz-Hbb

| [0zt ‘091 Ffw/[z-Hbb

+161
-1

T ." ¢ e 1saJ-bb
@
~ [Ee—o o | 00z <Ld/HBb

| os€<"fu/[z-HB6

— | | [00Z ‘0zT]14d/[Z-H60

4
{1l

| TozT ‘0914d/[z~Hbb

ke

| 169 ‘014d/(z~Hbb
Bo— || —o— | 00z ‘0zT]14d/ (T~HBB

—— ~o{ | [0zT ‘09]1d/[T-HEb
Sef- ot || 109 “01:d/ (T ~HEB

o 4 | [[e0z ‘0T]1td/Lo-H6D

Observed (stat@syst)

== SM prediction
3

t

CMS

bbb

N
® & - o

S 0} oney

1._01_ # | [[eT‘e]ltd/[e-HB6
e

10"

pabber-ouopey-Hi
pabbey-orucydar-Hil

06 1<,d-pabBEr-ouoIdoFHA
[05+ 0l &-paBber-aucidar HA
18a-HA

137 fb”' (13 TeV)

lo1 091 w-peb6E-omOIPEY-HA
002<; d pabberialz-JaA

056 W-pebberisic-Jan
(((((( 00£< u-pabbeafz- JaA
[oos .omm__E.u.&aavimmg
150148

pabber-1af1-49A

Os< uriz-psbBewin
002<,d-pabbeun
[002'021 ], &z-patBen
logs 09}, d-z-paBewn

Because of low statistics, some bins merged and result to be fit to 0

Good sensitivity to ggH process
Consistent with SM expectations
i

:ZS)VH
125) ttH
125) tH
e

[09'0}yd-fz-paBbewn
_8~.8__"&—.§E:

loz1 ‘09l d-f1-pabbewn

[09'0kyd-f1-peBben
00z ‘01 }yd-fo-pabBen
01 °0lyd-fo-paBoeIn

SIMPLIFLED TEMPLATE CROSS SECTIONS (STXS)
"

0 h
~—

o
o
SJuaAg

Higgs 2022

A.Cappati


https://link.springer.com/article/10.1140/epjc/s10052-021-09200-x

FIDUCTAL DIFFERENTIAL CROSS SECTIONS

A.Cappati

Fiducial volume defined to match experimental selections
—achieve model-independence

Large number of new observables considered
Differential xsec bin boundaries chosen to:
o Be aligned for the combination with other channels
o Have enough data for low expected uncertainties
o Ensure a good level of S/B
Improved event reconstruction, object calibration,
systematics estimate

Interpretation of pTH spectrum (k,, k., k)

New results!
— Alessandro’s talk

t

experimental selection
fiducial phase space

Higgs 2022
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[NCLUSIVE FIDUCTAL CROSS SECTION
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INCLUSTVE FIDUCTAL CROSS SECTION: FLOATING 1] NORMALIZATION

New strategy investigated: measure the ZZ irreducible
bkg normalization together with the inclusive fiducial xsec

A.Cappati

Standard approach: ZZ shape and normalization
from MC
Useful to:
o Reduce uncertainty on ZZ normalization
o Be sensitive to possible BSM effects in the
bkg

Results consistent with standard approach
But not yet enough data to profit from this method in
differential measurements

CMS-PAS-HIG-21-009
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PRODUCTION OBSERVABLES

CMS-PAS-HIG-21-009
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PRODUCTION OBSERVABLES

CMS-PAS-HIG-21-009
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PRODUCTION OBSERVABLES

e New observables

CMS-PAS-HIG-21-009
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DECAY OBSERVABLES

e 7 parameters fully describing the H—4l decay:
o Zmasses (m,,, m,,)
o Angular variables for fermion kinematics (@, cos 6,, cos 60,)
o Angular variables connecting production and decay (®,, cos 6%)

CMS-PAS-HIG-21-009

" CMS Preliminary 138 fb” (13 TeV) CMS Preliminary 138 b (13 TeV)
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— more variables in the paper
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DECAY OBSERVABLES: ME DISCRIMINANTS

New observables
ME discriminants
sensitive to HVV
anomalous couplings
e Results compared to
different BSM
hypotheses
e Presented separately for
identical (4e+4u) and
different (2e2u) flavour
final states

— more variables in the paper
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DOUBLE DIFFERENTIAL OBSERVABLES

CMS-PAS-HIG-21-009

e New observables
e Large set of observables to improve characterization of the decay channel and
maximize coverage of different phase space regions — more variables in the paper
. Bkg. Sig. CMS Preliminary 138 b (13 TeV)
> ] < F | | T | | 3
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" 05 T, E XH = VBF + VH + ttH (POWHEG + JHUGen + Pythia)
i ’ B aizo [l (LHCHWG YR4, m, =125.38 GeV) N
Y, g 10 e
40+ t E - 10.4 -
5 . .. = ] = 10—2 E (\-’c 10 3
i & Bin4 | o3
301 1 10E
Bins: _:10—3 {0.2 E
: 3 !
201 . z : 3] 0.1 9 14t
Bin1 : . -Biné. ] R
Lt e e | | 10 | 2 o8}
40 50 60 70 110 120 g 03 | ; | ;
mz; (GeV) 0 Bin 2 Bin 3 Bin 4 Bin5 Bin6
A.Cappati Higgs 2022 16


http://cds.cern.ch/record/2839931?ln=en

[NTERPRETATION

CMS-PAS-HIG-21-009

e NLO EW corrections induce dependence of single-H
cross sections on A, — extract information from 8CMS Preliminary 138 fb™' (13 TeV)

H — C +12.0 +38
p;" spectrum c [ Exp.x =10, (stat) ) (syst) — Expected
L tribution from ttH and VH 3 7F I paed, satonly
e arge contrioution from an o E [Obs. K, = 4.8 (stat)jfg (syst) ] ----- Observed - stat-only
. . . 61—
e H cross section parametrized as function of E
— SM. 5
k/l AHHH/}’HHH ’ E
o  Cross section and BR fixed to SM values AE- 5% CL
o Scaling function u(4) in each bin of p_" S
spectrum for all production mechanisms -
e Observed (expected) limits at 95% CL.: iy
C 68% CL
1...
[-5.5(7.7)<kl<15.1(17.9) } O_I'lillll‘xl L | L '||||||1||]|
-10 -5 0 5 10 15 20

Competitive with many limits from HH direct searches!
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[NTERPRETATION

CMS-PAS-HIG-21-009

e ggH pT"' spectrum used to set constraints on k,, k_ coupling modifiers
— Quadratic polynomials to parametrize

gizive -
simultaneous variations of H couplings in each bin CMS Preiiminary 138 fb™ (13 TeV)

1.53— —6 5
e [ Observed (expected) 95% CL limits assuming -
branching fractions dependenton k,, k_ = —i5
A1 (1.3) <k <1.1(1.2) 05F o
-5.3 (-5.7) <k_<5.2(5.7) O .
o _0.5F
e Observed (expected) 95% CL limits if treating H—ZZ - —2
branching fraction as unconstrained parameters in fit -1
- —1
-5.6 (-5.5) <k, <8.9(7.4) —1.5;—|+B?stfit | *SPI\A --2Ic —I1c | IB(KCI’ Kb)i
-20 (-19) < k_ < 23 (20) 8 6 4 2 0 2 4 6 8 °

Ke
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SUMMARY

e H—-ZZ—4lis afundamental channel to study the Higgs boson
e Most recent full Run2 results presented, overall good agreement with SM

ﬁ Super fresh results from differential fiducial cross section measurements\
o Comprehensive characterization of the H—4l channel
o Many new observables considered
o 3 interpretation performed
o Improved event reconstruction, object calibration, systematics
estimate
K — Very precise measurements (10% inclusive)!

The precision exploration of the scalar sector has just started!
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PRODUCTION OBSERVABLES

CMS-PAS-HIG-21-009

CMS Preliminary 138 fb (13 TeV) CMS Preliminary 138 fb' (13 TeV)
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PRODUCTION OBSERVABLES

CMS-PAS-HIG-21-009

i -1 ..
CMS Preliminary 138 fb” (13 TeV) CMS Preliminary 138 fb' (13 TeV)
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4 1 SN gg—H (NNLOPS + JHUGen + Pythia) + XH E o) c SSNSSSS gg—H (NNLOPS + JHUGen + Pythia) + XH ]
-— E 4444444444 gg—-H (POWHEG + JHUGen + Pythia) + XH E Y 5 r Y% gg—H (POWHEG + JHUGen + Pythia) + XH i
Q F [ XH=VBF + VH + ttH (POWHEG + JHUGen + Pythia) | 5 10 3 ] XH=VBF+VH+ttH (POWHEG + JHUGen + Pythia) 3
o i o (LHCHWG YR4,m £125.35 QeV) i E 5 (LHCHWG YR4, m =125.38 GeV) $ ]
NG i 0_1 E — i S
o) : : O 1028 g 3
-c E E - E A §
r : I\ - il C £ ]
i —\_’ == 1 =5 : s ool P £
2 H S 10 E E
10°F ; = 3 3
5 5 ; LR ;
C I L L L I L L L I L L L I L L - | L - - ] E l ERISE I | ab e L l SIS I { T I B2 I IS EEISE [ (LR o | 111 l:
g I LN L L B B g 2F IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII'
& .
= -d
= Z
z
E 5
o o
g o | L L L I L L L I L L L I L 1 L I L 1 1 g i L1 1 1' | I | I 11 1 1 I 111 1 I 11 1 1 | 111 1 | L1l
& N0 2 4 6 8 A 1|0 _O 110 220 330 440 550 660 770 880
S ;
NS n” 0@\3‘5 mHj (GeV)

A.Cappati Higgs 2022 22


http://cds.cern.ch/record/2839931?ln=en

DECAY OBSERVABLES

CMS-PAS-HIG-21-009

ina 138b” (13 TeV) CMS Preliminary 138fb" (13 TeV)
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¥ gg—H (amcatnloFXFX + JHUGen + Pythia) + XH 3 & - SENNSS ggoH (amcatnloF XFX + JHUGen + Pythia) + XH E
: gg-H (NNLOPS + JHUGen + Pythia) + XH E [73) 2'_ SN ggH (NNLOPS + JHUGen + Pythia) + XH N
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DECAY OBSERVABLES: ME DISCRIMINANTS

A.Cappati

CMS-PAS-HIG-21-009

Sensitive to possible BSM contribution from heavy H bosons

reliminary 138 b (13 TeV) . CMS Preliminar 138 fb” (13 TeV)
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DOUBLE DIFFERENTIAL OBSERVABLES

CMS-PAS-HIG-21-009

H H
pT Y p H N.
T 7 Tjets
CMS Preliminary 138 b (13 TeV) CMS Preliminary 138 fb™ (13 TeV)
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[NTERPRETATION

HZ77

bbZZ
CMS-HIG-20-004

multilepton
CMS-HIG-21-002

bbbb, merged jets
CMS-B2G-22-003

bbbb, resolved
PRL129(2022)081802

bbrt
CMS-HIG-20-010

bbyy
JHEP03(2021)257

&+ Best fit result

—— theory prediction [
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[NTERPRETATION

production decay
r r
#f = uyxul = oNLO BR(H-ZZ) 1+k;Cq j+8Zy (ky—1)(CL ZZ ¢/ tot)
i L oL BRSM(H-ZZ) (1-(k5-1)6Zy)(1+Cy +6Zy) 1+(k,1—1)C{t°t

857, = —1.536x10"? universal quantity

(1 (p,) dependent on H production model and kinematics

;%% = 0.0082

€. =2 5108

A.Cappati Higgs 2022 27



[NTERPRETATION

A.Cappati

01
02
g3
04
05
06

O-ggH = |Z Aiki
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"32,3
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65,5
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L Ky
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Kp1Re,1
Kp,2K¢,2
Kb,3K¢,3
Kb 4Kc 4
Ky 5Kc,5
Kb6FRc,6

Kb, 1Kt,1
Kp,2Kt,2
Kb 3Kt,3
Rp,4Kt 4
Kb 5Kt,5
Kb,6Kt,6

= Ak? + Bk? + Ck}? + Dkyk. + Ekpk; + Fk .k,

Re,1Rt1
Re,2K¢,2
Ke,3KRt,3
Re, 4Rt 4
Re,5KRt,5

Re6Rt6

set kt=1
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