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CMS

Introduction to Higgs rare decays

Are the ,DI’0,0EI’UES Of the HIggS Decay channel Branching fraction (%)
b t/ b bb 57.63 £0.70
oson exactly as forseen by WW iy
the Standard Model? g8 8.15 +£0.42
1T 6.21 40.09
(e7 286 £+0.09
27 271  +0.04
A way to test it — Higgs boson rare decays Y 0.227 £0.005
A% 0.157 +0.009
ss 0.025 +0.001
=  Experimentally challenging: Bu 0.0216 - 0.0004
* Small branching ratios Nature 607 (2022) 60
e Low S|gnal/bkg mbb mWW mgg mtt mcc mZZ{ mRare

= Several ATLAS and CMS results in the 10 years after discovery:
* Couplings up to 2nd generation of fermions
* Search for New Physics
e constraint on the H boson invisible width
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https://www.nature.com/articles/s41586-022-04892-x

CMS

Introduction to Higgs rare decays

Decay channel Branching fraction

Are the properties of the Higgs

(%)

boson exactly as forseen b by el el
y y WWwW 22.00 £0.33
the Standard Model? g8 8.15 +£0.42
1T 6.21 +£0.09
ce 2.86 +£0.09
77 271 £0.04
A way to test it — Higgs boson rare decays Y 0.227 £0.005
7y 0.157 £0.009
ss 0.025 £0.001
=  Experimentally challenging: Bu 0.0216 - 0.0004

Small branching ratios
Low signal/bkg

Nature 607 (2022) 60

Several ATLAS and CMS results in the 10 years after discovery:

Couplings up to 2nd generation of fermions

Search for New Physics
constraint on the H boson invisible width

Today | will focus mostly on SM rare decays

Higgs2023, Beijing | Giulio Umoret

mbb mWW
— today —

> H- Zy

> H - ee

» H-> Z]J/Wand]/PorY pairs
> Hoyy'

» H - invisible (rare SM+BSM)

gg



https://www.nature.com/articles/s41586-022-04892-x

CMS

Events

Data/Simulation

JHEP 05 (2023) 233

H-Zy

SM B(H - Zy) = (1.57 + 0.09) - 1073

B(Z - ee/upn) -~ 6.8%

Sensitive to potential BSM Physics models: BSM can shift B(H — Zy) and B(H — yy) differently

Search for eTe™y and u*u~y final states

Most relevant bkg: Zy and Z+jets (jet fakes a photon)

FSR recovery
kinematic fit to improve mass resolution
8 event categories:

= |epton tag categories (VH and ttH)

= dijet events (mainly VBF): MVA discriminant Dygp categories
= untagged events (mainly ggH): MVA discriminant Dy;, categories

138 o (13 TeV)

Trtrr|rrrrrrrrprrrrprrroJrrrr[rrror T g

Zh*y 0z +jets -tt 3

10° P vBS zi*+y [ | H—p*u- Uncertainty 5
[H—zy x10 [7]VBF H—2y x10 - Data ]

10* =
o e dijet events 7
5 ﬁ_ E

10 E ﬂmﬁ _

SNONN NN

2 =
1—e——e—. MWWWWW\\&&\;
00 ~01 02 03 04 05 06 07 08 09 1

DVBF
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http://dx.doi.org/10.1007/JHEP05(2023)233

CMS SM B(H - Zy) = (1.57 £ 0.09) - 1073
H — Zy JHEP 05 (2023) 233 B(Z - ee/pp) ~ 6.8%

= Significance of 2.7 o
= observed signal strength u = 2.4 + 0.9

B(H-Zy) . .
. BUPZY) _ 4 544065 compatible with SM at 1.50
B(H-YY)
: CMS 138 b (13 TeV
CMS 138 fb”' (13 TeV) | ( )
> :1_ T I T T T T | T T T T I T T T ¥ N T T T | T T T T | T T T I_: — E 10.4
8 8000E H—Zy m =12538 GeV ¢ Data é Lepton-tagged - 5 14.3" 0 =
?__; 7000~ All categories — S+B E T . H-=Zy(m o> 50 GeV)
c _ . - ' +1.8
8 6000 S/(S+B) Weighted @ B component Untagged 1 - - . Best fit 0.1
@ E . Expected S x10 7 Untagged 2 | | —— 1.1%5
g 5000 Weighted E - : B:10 1o
= E prph, ] Untagged 3 - - —— 4777
4000 — — r : ]
§ £ 20 ] Untagged 4 | — ———sp—— B=20 3.2,
83000 g E Untagged combined - . 2570
é2000 E_ _E —
& 1000 - Dijet 1|- e -0.74%
obt Dijet 2 |- ; 1.13¢
SRR LR AR IR RN S Dijet 3 [ 5 12.3%37
200 i=24%2 eter ; -85
o E = Dijet combined |— e 1.8'18
1 100 — B ' 1.6
8 & $ - - :
S o P90 o000 - ;
. E Combined — . 2.4%03
E E _l 111 I 1111 I lEl 1 | 1111 I 1111 I 1111 I 1111 I 1111 I 111
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Figure: Sum over all categories of the data points and signal-plus- Figure: Observed signal strength p for a SM Higgs boson with mg,, =
background model after the simultaneous fit to each my,, dis- 125.38 GeV.

tribution.
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http://dx.doi.org/10.1007/JHEP05(2023)233

CMS

H — Zy CMS and ATLAS combination

Submitted to PRL

= Significance of 3.4 o
= observed signal strength u = 2.2 £ 0.7
= observed B(H - Zy) = (3.4 +1.1)-1073

> :l I I I I I I | I I I I I I I I I I I I I I I I I | I I I | I | I:

& | ATLASand cms ] EZOZIAfLA's"d'c'Ms""”""""”-
% 9F LHCRun2 $ Data E q 18F  LoR 2an E
§ sob- In(1 + S/B) weighted —— Signal + background ] ok un ——ATLAS+OMS
g - ---- Background . - — CMS ]
L r ’ 141 —— ATLAS b
<, 40 - .

o B . 12

= [ —

10}

20 8

I T 6

0? - ] 4r

c OF — C

© B . 2r
a ]

BAEET 145 %

Figure: The Z~ invariant mass distribution of events from all ATLAS Figure: Negative profile log-likelihood scan of the signal strength .
and CMS analysis categories.

Higgs2023, Beijing | Giulio Umoret


https://doi.org/10.48550/arXiv.2309.03501

CMS

Events / 0.05

Search for H — ee

PLB 846 (2023) 137783

= CMS probed the H coupling to 2" gen of leptons in the H — pp channel

= H — ee: coupling to 1st generation of fermions

= Analysis targets ggH and VBF (most sensitive)

= MVA-based categories to suppress bkg (DY mainly, tt with di-lepton + jets final states)

= parametric fit to the ee invariant mass distribution performed simultaneously in all categories

CcMSs 138 b (13 TeV) CMS 138 fb' (13 TeV)
F | | | | ] 8
1 VBF(H—ete )x10" HH EW Z —ete” o 1 VBF (H—ete)x10” [ DY (Z —ete)
~ . .
- 1 ggH (H — ete™)x107 Simulation stat. unc. n 1 ggH (H — ete)x107 Simulation stat. unc.
105 L 3 tt ¢ Data __ qf:) 150000 1 ¢t ¢ Data .
2 1 DY (Z = ete) ] ) L
Tag 3 Tag 2 Tag 1 Tag0 |

104 i
- 100000

50000

0.0 0.2 0.4 0.6 0.8 1.0 0.0 : : ‘ .
VBF BDT score ggH BDT score
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http://dx.doi.org/10.1016/j.physletb.2023.137783

~~ Search for H — ee

PLB 846 (2023) 137783

Observed (expected) 95 % CL upper limit:
= B(H - ee)<3.003.0)-107%

CMS 138 fb' (13 TeV)

> N T T I LI I LI | LI I T 1T 17T | T ] _1
@ 50—H-—e'e, m =125.38 GeV ¥ Data — 05 CMS 138 fb (1 3 TeV)
> SV : 3 [ [ I [ [ I I I ]
S Wb ag S+B fit E g ~ mpy = 125.38 GeV B 68% expected -— Median expected 7
- Y. aasaas i | o,
= B component . - - B, (H _ e"'e‘) 3.0 x 104 95% expected -~ Observed i
g B BH—e'e)=30x10" ] 1, 041 4 ]
T ' ] © - Bexp(H—ete™) : 3.0 x 10° -
- 1o . T B .
- [ +20 - = L :
20— — m 0.3+ —
C ] c - .
C o B i
10} = i i
0 IR S I e B O i
o
15 :—' T T T T | L L L L '—: '?r\) :
10E B component subtracted 3 o o1k
m = B
1 5 |
© —_—
= 0 _—
®©
O _5 0.0 | l | l | l I
_10 L L 1 | T - 11 1 1 L_L 1L 1 11 1 1 11 1 1 11 1 1 I I J 66 0 0 \ (L (5
110 1 1'5 12'0 12'5 13'0 13'5 140 1:15 150 00«\"\(\ q%? @9 “%(« @9 gg\e\'\'a&» QQY\«aQ gg\(\«eg QQY\'\?&

Mee (GeV) .
Analysis category
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http://dx.doi.org/10.1016/j.physletb.2023.137783

CMS

SearchforH - ZJ/¥ and J/y orY pairs

Phys. Lett. B 842 (2023) 137534

BH->Z]J/P) =(23+0.11)-107°
B(H - Z{P(25) = 1.7-107°

guarkonium state

B(H - J/yJ/P) = 1.5-1071°
B(H-YY)=2-10""°

— Q Q
q Z q v q

A ! /! Ho___
BSM physics:
= could modify B through loops and alter the interference |z z Z
= may enhance Yukawa couplings to light quarks \ ' J | J

|
direct diagram + indirect diagrams

Analysis strategy:
= ee or uu final states from Z and uu final state from J/ or Y
= single lepton triggers for Z J/{ channel

= specific triggers for the di-meson channels | Q 7z 7 cb Q
* Mainbkg: H - ZZ* H,Z H
= feed-down transitions of {)(2S) or Y(nS) into J/Y included N
= Same decay channels from a Z included in the results a 2 a
\ ) J
| |
direct diagram + indirect diagrams

Higgs2023, Beijing | Giulio Umoret


http://dx.doi.org/10.1016/j.physletb.2022.137534

CMS

SearchforH - ZJ/¥ and J/y orY pairs

Higgs2023, Beijing | Giulio Umoret

cMS 138fb (13'I|'eV)
% 50F | PP — ZJly — 4 :
o - ZJ/P —+— Data
2 —— Bkg fit
@ YN | e H — ZJhy, B=1.9x10°
£ N Y H — Zy(2S), B=6.6x10"
> - :
20 ‘ | =
10 .
0: it el 1]
120 130 1430
my, (GeV)
,CMS 133 b (13 TeV)
> 10° g I T T T T T
- pp — Jydhy — 4 ]
< [ iy glf;aﬂt
ﬂ I e H— J/\IIJ/\II B=3. 8x10~4
S1PE &, e Z — Jhydhy, B=1.1x10°
SR e H — Jayy(2S), B=2.1x10° ]
L. T C—— H — w(2S)y(2S), B=3.0x10" ]
10 3 B + E
1 : T 3
F 1 | 1 ! 1 | TR |“ il 1 S "l | i 'l: L L
40 60 80 100 120 140
m,, (GeV)

Phys. Lett. B 842 (2023) 137534

Process Observed Expected
Longitudinal Longitudinal

B(H — ZJ/V¥) 1.9 x 107 (2.67;%) x 1073
B(H — Zw(29)) 6.6 x 107> (7. 1+2 %) x 1073
BH — J/v]/V¥) 3.8x107*  (4.67%5%) x 107"
B(H — w(2S)J/W¥) 21x107% (1. 4+ ) x 1072
B(H — w(2S)¥(2S)) 3.0x107® (3. 3+1 59) x 1073
B(H — T(nS)T(mS)) 3.5x10~* (3. 6+° ) x 107
B(H — T(1S)T(1S)) 1.7x107°® (1. 7+° 11) x 1073
B(Z — J/vi/V) 11 x 107"  (9.573%) x 1077
B(Z — T(nS)T(mS)) 3.9x10~" (4. o+0 33) x 10~
B(Z — T(1S)T(1S)) 1.8x107° (1. 8+° 5) x 107°


http://dx.doi.org/10.1016/j.physletb.2022.137534

™ H/Z - vy’ and a photon e

SM B(H -y J/) = 2.9911¢.
SM B(H -y {') = 1.03739¢ - NEW

SM B(Z -y J/{) = 8.96%]35 -
SM B(Z -y ') = 4.83739%2.1078

= Process via a charm quark loop
= well established for the Z, not yet observed for the Higgs

123 b (13 TeV

~—

. 3 220 CMS. 5 Data (4671 events)  —
Analysis strategy © zoof_gf,’,';’:g;ig’g o Bemsteln (4 par.) E
= up meson final state considered > 180E- L onante Ay
» single muon + photon trigger & 1eob , o -
" m,, requirements to select {(1S) or Y(2S) 1401 —— H—W(IS)y (x100)

. . . - ——— Bkg. sum ]

= Complementary m,, region (control region) used to constrain the 120/ s -

resonant bkg e.stimation 100 ( | Control region -

» bkg separated into two classes: omRl -

1. EW-induced: H Dalitz decays and Z — pu with FSR-photon 0y TS E

: 40 { =

Resonant bkg modeled in MC sof R S ; E

2. QCD multijet production: nonresonant bkg modeled directly I T O o e
from data R 4F ' ' ' ' '
g 3 ¢

Z 0 ;&gy;W%%ﬂsﬁ%#M&@#ﬁWﬁﬁW

z 80 100 120 140 160 180 200
m,., (GeV)

Higgs2023, Beijing | Giulio Umoret



™ H/Z - 1" and a photon [new

Categorization for Higgs analysis Process
= 1inclusive category for yi(2S)

This paper (123 fb™ ")
Hobs (Vexp) Oobs (Uexp) [ pb] Bobs (Bexp)

+4.1 +1.9 D +0.3 -6
- 4 exclusive categories for (15): Z > ¥(1S)y 7.2 (8.6_2_7) 3.8 (4.4_1.3) x 102 0.6 (0.793) x 10
. . . - 14 -
> 2 ggH categories high and low purity (HP or LP): Z—>Y¥(2S)y 29 (68%3%) 8 (19%5) x107> 1.3 (3-1J—ro.9) x 10-°
> VBF H— ¥(1S)y 88 (62135) 14 (1.0793) x 1072 2.6 (1.8757) x 10~*
123 fb" (13 TeV) 1
S Fems T T 123 fb™! (13 TeV)
) - > —<¢— Data (477 events) . ~ —_
S—r_) 30 :—Z rnﬂl,”;r;:{sive Hp Exponential (2 par.) B @ 10° CMS _ @
= B caimias Power-law (3 par.) ] - =  Preliminary - 315
2} o5 TR Bernstein (5 par.) ] B - 1%
s “F ; H—ly . T - 17
o - Z -1y - N[ 1z
20/~ - . —— H->Ww(S)y (x100) ] o B - 1@
r ——— Bkg. sum ] 107 —
15 - - .
Jold 4 ] Y(1S) ggH HP cat - - y
- N | . 10° E
5: H l . ' ] ] - 95% CL upper limits 3
- - l _j - Observed 7
EI ~ l | J'l i T - - ------ Expected .
= ———————. . e —— BN +1std.dev.
$ oF = - +2std. dev. 3
z g%%géﬁ&&ﬁ;# @%ﬁ&;m%lﬂmwg - =
§ T4t . . . . .
£ 80 100 120 140 160 180 200 £ ¥(Sy Z @Sy H =Sy H =¥y

(GeV)

Myyy
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. °« o Phys. Rev. D 105 (2022) 092007 for VBF
H to INVISI ble Eur. Phys. J. C 83 (2023) 933  for ttH and VH (and VBF combination)

= 2022 publication for VBF production

= recent results (2023) for ttH and VH productions combined with VBF results

= VBF analysis:
= selection based on two high p; VBF-like jets and well separated piss
» bkg:Z — vvand W — lv, but also noise from the hadronic calorimeter (suppressed using jet shape cuts)
= simultaneous fit of signal region and 5 control regions: 1 e/, 2 e/u, photon + jets

CMS

CMS 101 fb™ (13 TeV)

> - -

8 ¢ MTRSR —Hoaa Z(wv)+jets (strong) 19.7 b (8 TeV) + 140 fb (13 TeV)
=z Z(vv)+ets (VBF) W(lv)+jets (strong) s 0.8

B L W(iv)+jets (VBF) || Other EW @

< 10 —— Observed

S | HF noise [ acb muttijet 0.7 CMS )

3 102 —— Total bkg. (B-only fit) 333 Total bkg. (S+B fit) = 1 e Median expected

[ 68% expected
[ ]95% expected

— - VBF — = ggH+VH-+ttH
B(H — inv) = 0.07

o
o

10

Events / 1500 GeV
107"

|
|
|
N
1

o O o o ©
SN w Ao

95% CL upper limit on ¢ x B(H — inv)/c

0

16
S 12— -4 B-only fit <4~ S+Bfit N\ Bkg. uncertainty — Fitted (S+B)/B n
O 13- .
3 YiE -
o 1.1 _

B e R i\ 3

5 odf SRESSSE SIS 0
s 500 1000 1500 2000 2500 3000 3500 4000 4500 5000 2012 - 2016 2017 2018 Combination
©
o

m; (GeV)
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http://dx.doi.org/10.1103/PhysRevD.105.092007
http://dx.doi.org/10.1140/epjc/s10052-023-11952-7

o e o Phys. Rev. D 105 (2022) 092007 for VBF
H to INVISI ble Eur. Phys. J. C 83 (2023) 933  for ttH and VH (and VBF combination)

CMS

= VH and ttH analysis:
= considers fully hadronic channels
= dominating bkg: Z — vv + jets, lost leptons from tt+jets, single top, W+jets
= signal is extracted in a simultaneous fit of hadronic recoil distribution in bins of n b-jets in SR and CR

» Combination: Observed (expected) 95 % c.l. upper limit B(H — inv) < 15 % (8%)

0.4

0.21 (0.18)

-1 -1 1
cMs VH categories SR B(H-inv) = 0.10 138 fb~1 (13 TeV) ;1-9 fo” (7 TeV), 19.7 fb™ (8 TeV), 140 fb™ (13 TeV)
Z(w) + jets [ Multiboson mm Total bkg. (S+B fit) unc. == VBF == VH —— Total bkg. (S+B fit) 5 C | I I I ]
10°9 mmm W(v)+jets  BEE QCD multijet == ttH —— ggH —— Total bkg. (CR only) ¢ Data (% 09: CMS 95% CL upper limits 1
mmm tf, single top tEx Q) Y e ]
105 4 VH Category %j 2 - Observed E
£ 08~ ~© Median expected 3
S C [ 68% expected ]
1l — ]
< 0.7 r |:| 95% expected 1
E ek 0.26 (0.30) %49 (0324
1} . .
L osf N
m F 7
-0

5 0.3

Q12

= 0.18 (0.10)
o

s 0.2

(]

T 081 m Bkg. unc. CR only ¢ S+Bfit

g ' . . 0.1

[300, 400)
[500, »)

[200, 300)
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o
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http://dx.doi.org/10.1140/epjc/s10052-023-11952-7

Conclusions

Summary
= Several recent results of CMS explored
= confirmation of the SM prediction, so far...

CMS 138 b (13 TeV)
all T T T T T T T ™
E>|§ 1 m,=125.38 GeV W Z“_’t.."'
< -
5 107 ,
El i
. -2 T t;
102F e E
} Vector bosons
5 * 3" generation fermions
107w nd . . 3
j-"' * 2™ generation fermions
------- SM Higgs boson
10_4_..| | Ll | M
= 14 T T T T T T
@ 12F 105} E
E b N 0] ST EEEEETCTCEP R EE LT CEPET R §+ -------------------- 1.oo----ﬂ-----f--~
«a- 0.8F 0.95F 3
o 0.6”' | M| M| L
107" 1 10 102

Particle mass (GeV)

Nature 607 (2022) 60

Run3

= improvement in sensitivity for the analyses not
systematically limited

" more precise testing of H boson properties
= consolidation of the evidence in some decay channels


https://www.nature.com/articles/s41586-022-04892-x
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—~ H->ZporZop

direct diagrams + indirect diagram
SM B(H-> Zp) ~1.4-107>

JHEP 11 (2020) 039

SM B(H - Z¢) ~4-107°

= Higgs coupling to 15t and 2" generation of quarks
=  BSM: if light quark Yukawa coulplings are enhanced wrt in
the SM

= Search for resonances in my gk and myy;; , wherel = e, u

. . e e 137 fo™' (13 TeV)
= KK or rtt isolation (activity in a cone around the meson > 6000 LTI T T T I e e e
. . . . C D ]
direction) to enhance the signal and bkg separation S ¢ CMS ¢ Ba‘i ]
~ 5000 —— Background ]
; C I Bkg uncertainty ]
> ymwm'm _ HI[HWHr|‘1r3|7‘ftl)‘:(r1?“l':e\‘/7) §4OOOT.. —H—>Zp,B=3.0%_:
& 35000 CMS * Data = o f ]
0 —H-2Zp, B=10% 3000:_ E
S 30000 E Upper limits @ 95 % c.l. ool :
%) [ i I |
+ 250001 - . . - . C ]
CICJ : Itrk < 0.5 GeV ] Zp 740 94‘0 SM i ]
{1 20000 = 10001 ;
15000% _f * Z¢: 730 + 950 ’ SM O:A—LA—F'JI-I-!_‘—‘_LJ_AIIIIIIIIIIIIIIIIIIIIIlllllllllllllll:
:5 E Q_ T TTTT TTTT TTTT TTTT TTTT TTTT TTTT TTTT TTTT TT
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CMS

SearCh fOI‘ H —> l,l,l,l I CMS JHEP 01 (2021) 148

Features

= Divide-n-fit strategy to enhance analysis performance for each category

= ... except for the VBF: DNN discriminator with m,

= bkg parametrization using a core shape (shared between categories)
and a per-category Chebyshev pdf

137 b (13 TeV) 137 b (13 TeV) 137 fb™ (13 TeV
> :l||||||||||||||||||||||||||||||||||||||: g ||||||||||||||||||||||||||||||||||| "UE) I|"'|"'|"'|ll'|'ll|'§
80F cms ¢ Data ] S10°Ek CMS -¢-Data oy a>)108 CMS ¢ Data BH-uw
: ] T k Zjj-EW ]
@ 700F All categories T SB=119) & 10° =Dci)l?oggir Eoliher bkg 0L Postit @zew  Eov E
§600:_ S/(S+B) weighted ... Bkg. component ] 20 —ggH — VBF 10°F VBF-SR Run2 [ Top quark [[Diboson
W m,=125.38 GeV -0 ] 2 10° — Other sig. 10°F m,=12538Gev ~ — VBF —9gH
o] r 1 o) . N . .
@ 500¢ 20 B >
% : L] ] w q0°
2400:—
—_300F
m L
+
o) 200F
)
100
S
g :
Q ~E
s E
5 5F
a E ) ) ) N ob v L b b e
110 115 120 125 130 135 140 145 150 0B 206 04 02 0 02 04 08 o8 0 2 4 6 8 10 12

m,, (GeV) ggH BDT output VBF DNN bin
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CMS

SearCh fOI‘ H —> I,l,ﬂ I CMS JHEP 01 (2021) 148

Features

= Divide-n-fit strategy to enhance analysis performance for ¢

= ... except for the VBF: DNN discriminator with m,

= bkg parametrization using a core shape (shared between c:
and a per-category Chebyshev pdf

Observed (expected) signal:
» 3.00(2.50)

Signal strength:
= 4=119%5%;

-1
13710 (13 TeV) CMS 137 fb™ (13 TeV) 187 fb (13reV)

% 800 C'\IIIS ! ! ! ! D ! ! _: G:J 3 L T T
N t Data _ = CMS Combined {i = 1. 19*3;‘;
& 700 All categories — S+B (u=1.19) E > —
o ook S/(S+B) weighted ... Bkg. component ] %’ - ombine (.95 it
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Search for H - uu | CMS

= Major sources of uncertainty in the

= VBF analysis: events weighted by S/(S+B) of the measurement of the signal strength p and their

corresponding bin or a mass-decorrelated DNN Impact U :
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Search for H — Z’y I CMS arXiv:2204.12945

Summary of the category definitions

= The lepton-tagged category requires at least one additional electron or muon
= Dijet categories are defined by regions of Dyg¢

= untagged categories are defined by regions of Dy;,.
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Search for H —» Zy | CMS

Summary of the category definitions

= The lepton-tagged category requires at least one additional electron or muon
= Dijet categories are defined by regions of Dyg¢

= untagged categories are defined by regions of Dy;,.
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Search for H — Z’y I CMS arXiv:2204.12945

Systematic uncertainties
Systematic uncertainties originate from imperfect knowledge of the detector and imperfect signal modeling:

1. Theoretical cross section calculations: effects of the choice of PDFs, value of the strong coupling constant, effect of missing higher
orders in the perturbative cross section calculations

2. Integrated luminosity: overall uncertainty for the 2016-2018 period of 1.6%

3. L1 trigger: During the 2016 and 2017 data-taking periods, a gradual shift in the timing of the inputs of the ECAL L1 trigger inthen > 2.4
region led to a specific inefficiency. A correction of approximately 1% is applied to the simulation

4. Trigger: Uncertainties for the corrections applied to the simulation to match the trigger efficiencies measured in data

5. Photon identification and isolation: Uncertainties are evaluated for the corrections applied to the simulation to match the selection
efficiencies in data measured with Z 2 e+e- events.

6. Lepton identification and isolation: Uncertainties are evaluated for the corrections applied to the simulation to match electron and
muon selection efficiencies in data measured with Z 2 e+e- and Z 2 p+u- events.

7. Pileup modeling: uncertainty in the description of the pileup in the signal simulation is estimated by varying the total inelastic cross
section by 4.6%

8. Kinematic BDT: uncertainties in the photon and lepton energy and the correction of the photon MVA discriminant are propagated to D,

9. VBF BDT: uncertainties in the jet energy and the uncertainty in D,;, are propagated to Dyg¢

10. Photon energy scale and resolution: The photon energy in the simulation is varied due to the ECAL energy scale and resolution
uncertainties, and the effects on the signal mean and resolution parameters are propagated to the fits.

11. Lepton momentum scale and resolution: The lepton momentum in the simulation is varied due to the lepton momentum scale and
resolution uncertainties, and the effects on signal mean and resolution parameters are propagated to the fits.
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Z J/Y and Z Y(2S) channels

’ |

CMS B 138 fb‘1 (13 'II'eV)
%, 50— pp — ZJhy — 4u ]
(O] —¢— Data ]
o —— Bkg fit ]
> 4o0-N | e H— ZJhy, B=1.9x10°
E [INg— = H — Zy(2S), B=6.6x10" ]
> L .
W 30 7
NS ENE
10 -
0 I~ o L __“."Ml""“'-.,,,.L ."._. | ) . , ) ]

120 130 140
m,, (GeV)
CMS 138 fb™ (13 TeV)
S 40— I — T T T 7]
) - pp — ZJy — 2e 2u ]
O 351 —+— Data =
® E —— Bkg fit 3
PR H — ZJhy, B=1.9x10° 3
N H — Zy(2S), B=6.6x10" ]
o 25F E
20F E
15 ———1—
10F 3
BE e e =
0 = 3 4 PPPPPY Liidar 1 5 1 h n ol ]

Higgs2023, Beijing | Giulio Umoret

\

SearchforH - ZJ/¥ and J/y orY pairs

Phys. Lett. B 842 (2023) 137534
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Search for H to quarkonia | CMS

SM BR(H - ZJ /y) ~2-107°

SM BR(H - J/yJ /) ~2-10710

Systematic uncertainties
Systematic uncertainties originate from imperfect knowledge of the detector and imperfect signal modeling:

1. integrated luminosities: overall uncertainty for the 2016-2018 period is 1.6%

2. The differences between data and simulation for the trigger, offline muon reconstruction, identification, and isolation efficiencies are corrected by
reweighting the simulated events with data-to-simulation correction factors, which are obtained with the tag-and-probe method using J/{ events: less
than 2(2), 0.5(0.5) and 1(3)% for the ZJ/{ (QQ) channel. Analogously, the uncertainty in the electron reconstruction, identification and trigger
efficiency is found to be about 2%

3. The relative difference in the four-lepton vertex criterion between data and simulation is evaluated with ZJ/{ (J/y pair) event samples. It is found to
be less than 2(3)% for the ZJ/{ (QQ) channel.

4. Differences in the lepton momentum scale and resolution in data and simulation are estimated from J/{ and Z dilepton signals and extrapolated to
the four-lepton signals. The systematic uncertainty is estimated as the relative change in the upper limit when varying the signal mass mean and width
by these differences. They are found to be less than 1(3)% in the 4u (2e2u) channel.

5. The theoretical uncertainties in the production cross section for the H (Z boson) are 3.2% (1.7%) due to the choice of the PDF and the value of the
strong coupling constant

6. A common parameterization for each signal model is used for the entire run period. The relative uncertainty in the signal model due to the change in
detector conditions in each year is determined to be 1(2)% for the ZJ/ (QQ) channels.

7. The background is alternatively parameterized with a second order Chebyshev polynomial or a power law function. The relative uncertainty due to
the choice of the background function is found to be negligible
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H/Z — vy’ and a photon
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