BOSTON
UNIVERSITY

Constraints on H(inv) Decays
From CMS

Alp Akpinar
Boston University

Higgs 2021 Conference
October 20, 2021

CMS




H(inv) Searches in CMS

H — inv searches with Run2 data are done in CMS through several channels:

a -
q
VA > X
o+
A X > 2
>
q X
Monojet + Mono-V Mono-Z VBF H(inv)
arXiv:2107.13021 EPJC 81, 13 (2021) CMS-PAS-HIG-20-003

Crucial to have precise estimations of backgrounds:

Make use of dedicated Simultaneous fit Precise estimation of dominant
control regions with all control and backgrounds in signal region
(e.g. Z(ll) + jets) signal regions (e.g. Z(vv) + jets)
>
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H — inv searches with Run2 data are done in CMS through several channels:
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Monojet + Mono-V: Strategy

Signal signature:

5 CMS Experiment at the LHC, CERN
CMS

Data recorded: 2018-Jul-14 21:03:24 EDT

One energetic & central jet
+ pIUSS > 250 GeV
Veto any other e, u, 7,y + b-jets

] Run / Event / LS: 319639 / 1418428259 / 986

Two categories mainly differ on the
jets being selected:

miss

Monojet — AK4 jet + pr
Mono-V — AKS jet + pJss

Energetic jet
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Monojet + Mono-V: Strategy

Signal signature: , )
g g CI\/‘S CMS Experiment at the LHC, CERN
One energetic & central jet i

| Run / Event / LS: 319639 / 1418428259 / 986

+ pIUSS > 250 GeV
Veto any other e, u, 7,y + b-jets

Two categories mainly differ on the
jets being selected:

miss

Monojet — AK4 jet + pr
Mono-V — AK8 jet + pJHss

/ Energetic jet

Details on the next slide
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Monojet + Mono-V: Categories arX(v:2107.13021

Categories based on properties of the tagged jet:

DeepAKS8 score of the tagged fat jet: Softdrop mass of the tagged AKS jet:
- 1005 — T ‘ (13TeiV) /;;0-30, L L O B B B (131\-6\/)
s [| CMS simuiation Supplementary = s | CMSsimulation Supplementary |
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Monojet + Mono-V: Categories arX(v:2107.13021

Categories based on properties of the tagged jet:

DeepAKS8 score of the tagged fat jet: Softdrop mass of the tagged AKS jet:
NV — (12 TeV) PP I L5
s [1 CMSsimuiation Sup;iementary = s [ CMS Simulation Supplementary |
% — QCDjets — Z(dq) — W(qq) [ %0251 — QCDjets —— Zqq) — W(qq) R
AT 101k Low-purity i 0.207 ! g
| Mono-V E . -
10_2:* I
10-38 \ ! ! | ! ! ! | L ! | ! ! ! | ! ! \i
0.0 0.2 0.4 0.6 0.8 1.0
DeepAKS score

Mono-V Low/High Purity:

Categorized by the .
DeepAKS score of the jet Mono-V: 65 < mgp < 120 GeV

for the tagged AKS jet
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Monojet + Mono-V: Categories arX(v:2107.13021

Categories based on properties of the tagged jet:

DeepAKS8 score of the tagged fat jet: Softdrop mass of the tagged AKS jet:

13 TeV 13 TeV

—~ 10 8 ' ' ' [ ' ' [ ' ' ' [ ‘( ' ‘ei 2 AOS.)7 L Tt ! ' (‘ ' \e‘ ]
E 1 CMS Simulation Supplementary ;; [ CMS Simulation Supplementary

2 ||| — ocojes — zaph — W) } %02'51 — acDjets  — Zqq) — Wiag) ;

T 0| Low-purity A if 0.20: | 1
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DeepAKS8 score Msp (GeV)|

Events failing the mono-V selection are considered for monojet category
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Monojet + Mono-V: Bkg Estimation

Signal signature:
One energetic & central jet
+ pIUsS > 250 GeV
Veto any other e, u, 7,y + b-jets

Two categories mainly differ on the
jets being selected:

Monojet — AK4 jet + pitss
Mono-V — AK8 jet + pJiHss

arXiv:2107.13021

Signal region yields (2017) for monojet and
mono-V:

415" (13 TeV)

T T | T T T | T
Data
. Top quark I:l QcD
— H(

H(inv), B = 25%

415" (13 TeV)

ata
Mono-V (low-pu
2017 —
. op quark I:l Qcb

H(inv), B = 25%

Events / GeV
Q

Axial,m =2TeV
med

Axial, m  =2TeV
med

Main backgrounds: Z (vv), W (¥v)

Background estimation:

Estimate main backgrounds with a simultaneous fit of signal region and 5 control regions:

le/u, 2e/u, y + jets
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Monojet + Mono-V: Results

05 Monojet 137 b1, 2016-2018 (13 TeV)
> —
8 CMS Supplementary Background Only f|t
~ 10 EE Z+jet
€ g 0 W+ jet
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¢ Data
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E — Axial, Myeq = 2 TeV, my = 1 GeV

Data / Pred.
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—

Fit Results:

Good agreement observed

between data and

background estimations
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No signal observation: Results are interpreted as exclusion limits on B(H — inv)
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(amongst other interpretations!)
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Monojet + Mono-V: Results

With monojet and mono-V combined:
Reaching to 28% (25%) obs. (exp.) exclusion

0.2

limit on B(H — inv)

137 fb~1, 2016-2018 (13 TeV)

T

I 9‘5%‘CL‘ upl)pelrlimits CMS | 1 9x (1 6x)
Rl | improvement in obs

Bl 68% expected N .
T pedan expected | (exp.) limits compared to

previous result for the
same channel

Most stringent limits from
this channel up to date!

0.0~

. L | L ! ! ! l . L L L !
Combined Mono-V Monojet
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Monojet + Mono-V: Results

With monojet and mono-V combined:

Reaching to 28% (25%) obs. (exp.) exclusion
limit on B(H — inv)

137 fb~1, 2016-2018 (13 TeV)

T

é; 9‘5%‘CL‘ u;')pelrlimits CMS | 1 9x (1 6x)
o 95% expected . .
S | mm 6% expocies ) improvement in obs.
S| 1T o expected | (exp.) limits compared to
Z. .l ' previous result for the
I same channel
E i
0.4 =
? Most stringent limits from
0.2 .
: this channel up to date!
0.0_' '

. L | L ! ! ! l . L L L ! L
Combined Mono-V Monojet

— Further interpretations in the reference
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V)

[

mpm (G

DM Interpretation

Exclusion limits are calculated
as a function of DM and
mediator (spin-1) masses:

137 fb~1, 2016-2018 (13 TeV)
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excluded for low mpy,
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H(inv) Searches in CMS

H — inv searches with Run2 data are done in CMS through several channels:

Monojet + Mono-V
arXiv:2107.13021

q

Mono-Z
EPJC 81, 13 (2021)

VBF H(inv)
CMS-PAS-HIG-20-003
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MonO-Z(ff): Strategy Eur, Phys. J. C (2021) 81:13

" Signature: Two e/u

. from Z decay + pIuss

Important backgrounds:

Drell-Yan production @ low p?’”‘“

10/20/21 H(inv) Results from CMS - Alp Akpinar 13


https://link.springer.com/content/pdf/10.1140/epjc/s10052-020-08739-5

MonO-Z(ff): Strategy Eur, Phys. J. C (2021) 81:13

WZ process with a lost lepton

" Signature: Two e/u

. from Z decay + pIuss

Important backgrounds:

Drell-Yan production @ low p?’”’“
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MonO-Z(ff): Strategy Eur, Phys. J. C (2021) 81:13

WZ process with a lost lepton

" Signature: Two e/u

. from Z decay + pIuss

Important backgrounds:

Drell-Yan production @ low p*ss ZZ - 2¢,2v
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MonO-Z(f»f): Bkg Estimation Eur. Phys. J. C (2021) 81:13

W Z-enriched ZZ-enriched
2 control region control region
Vs . 137 fb™' (13 TeV) > 107 137 ™' (13 TeV)
8 10° 2 Bkg. unc. 8 5 2 Bkg. unc.
A _ E 102 3-lepton control region = f E, 10 f:mpmmp'
X 3 = i g 10
Lﬁ 10 vy L1>J .
1 1
q X o 10
Signature: Two e/u . 02
from Z decay + pJ*sS o o
(% 15 F c% B E
Background estimation: 8 osf - T A S S —
. . 200 400 - IB?Od . 360 - 200 400 - I6(t)0d mis 15 \8/_00
Set up dedicated control regions S E rseeR e
— Use a maximume-likelihood fit across all \ /
regions to get the final yields in the SR _ _
Use control regions to estimate

WZ,7ZZ and DY backgrounds in the
signal region
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MonO-Z(ff): Results Eur, Phys. J. C (2021) 81:13

Events in signal region are further divided into O-jet
and 1-jet categories:

(take different S/B ratios into account, details in backup)

0-jet category 1-jet category
" 137 o™ (13 TeV) 137 b (13 TeV)
> 10T 77— 71 " T T > 106 T~ T T T
() CMS Z(iph,, (inv.) ¢ Data ) CMS Z(Iph, (inv.) ¢ Data
(D 1 03 — ADDn=4,M_=2TeV X\ Bkg.unc. (O] 1 03 —— ADDn=4,M_ =2TeV N\ Bkg. unc.
~ ks B Drell-Yan ~ ; B Drell-Yan
n 0-jet category Wz [ 1-jet category Wz
€ 102 c 102
g g
D 10 W 10
1 1
107" 107"
1072 1072
1073 107
— 15 F 5
% 15 - )i (% .
o 1 Eoﬁ«ow&-t---%ur: ----------------------------------------- E T + # -------- =
- F © o n
8 os - ? Q osf L E
200 200 600 80 200 400 600 800
pr'*s [GeV] pT™ [GeV]

Good agreement between data and background estimation
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MonO-Z(ff): Results Eur, Phys. J. C (2021) 81:13

Events in signal region are further divided into O-jet
and 1-jet categories: H(inv) interpretation
(take different S/B ratios into account, details in backup) Limits on B(H — inv):
0-jet category 1-jet category 29% observed & 25% expected
4 137 b (13 TeV) — 1{37f'b'1('13'|"eV) .
> "“Fems  —amgmo | som 1 3 “Fems 2y ¢ oee ~ 1.7x improvement over the
@) 10° —ADDn=4,M =2Tev \\ Bkg. unc. ©) 103 —ADDN=4,M =2TeV ﬁgl:gll;r; . |
B [ Getcategory Bt e P t-et category —k& previous CMS results for mono-Z!
g 3
LU L
CMS 137 b (13 TeV)
SyE-
= 155 —. : aposwer i S )]
% R S —— ;t ......................... % 1?-*“*‘;“*‘%“-‘- | :
g b f - P | :
[a) 05 | r J
=3 =20 600 p:iss [Ge\%) 200 400 000 p':‘ss [Ge\??o __!i?f’{a__c_:_l__“:{ ________________________________________________________
Good agreement between data and background estimation - | | |
0 0.1 0.2 0.3 0.4
— Results interpreted as exclusion limits on B(H — inv) o =)
(amongst other interpretations!)
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H(inv) Searches in CMS

H — inv searches with Run2 data are done in CMS through several channels:

q -
q
Z > X
o+
A X > 2
>
q X .
Monojet + Mono-V Mono-Z VBF H(inv)
arXiv:2107.13021 EPJC 81,13 (2021) CMS-PAS-HIG-20-003
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VBF H(inv): Event Selection (Online)

4157 (13 TeV)

-9 [ 1T 17T 1T 17T 1T 17T | 1T 17T | 1T 17T | T 17T | T 17T
o i CMS Supplementary ]
1 B —4 ;—_A—_A_A__A_A_‘r‘ A —
i g T 5 84— ]
Mzsag™ i
0.8+ MTR: ]
:+ —a— > 2}, p_>80,40 GeV !
_ M,;>200 GeV, A¢jj<1 5 i
0.6 —
[T vR | MR T _
I > 2, p_>140,70 GeV ]
0.4 | events levents M >900 GeV, Mg <18 -
|—A— 4 > > ]
i o MTR triggers i
02 MTR pm'ss threshold -
L e VTR tnggers

= VTR pm's’s threshold

I_ | | | | | | | I | | | | | | | | I | |

0,

150 200 250 300 350 400 450 500

pIs® (GeV)

CMS-PAS-HIG-20-003

Two sets of triggers are used for two data
taking categories:

« MTR: pJ¥SS triggered category, target
pIMiss > 250 GeV
VTR (new in 17+18): VBF triggered

category, target events @ lower pJ¥ss

— VTR improves the sensitivity by = 8%


https://cms.cern.ch/iCMS/analysisadmin/get?analysis=HIG-20-003-pas-v3.pdf

— QCD V+jets ]
L EWK V+jets -
10721 — VBF H(inv)
F — ggH(inv) ]

VBF H(inv): Strategy o CMS vt Py e

Dominating backgrounds in VBF signal region:
V+2jets

-
o
&

_k
<
o
T
\

Normalized Counts
=)
L

—
<
)
ALY
|

VBF S|gna| T T éooiﬂjj‘(ée‘s\(/);d 4000 5000

VS. CMS Simulation Preliminary (13 TeV)

! . O aeD Ve |

_ V + jets backgrounds .. KV

QCDV + jets EWKYV +j€tS ook — goHiny |
4 2 |

o ~ CX?C(]%W o aEW \ éo.zsg— E|E ]

Larger XS Important. contribution M ]

@ high m; f

0 1 ‘A‘n” 6 8 10
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VBF H(inv): Strategy

Dominating backgrounds in VBF signal region:
V+2jets

9

QCDV + jets

0 ~ aagy

Larger XS

Bkg.
estimation
with CRs

q

EWKYV + jets
g ~ a{ng

Important contribution

10/20/21
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CMS-PAS-HIG-20-003

Dedicated control regions to
estimate Z(vv), W (£v)
backgrounds in signal region:

Events/GeV

% F MTRSingle muon CR T

CMS Preliminary

101 fb™ (13 TeV)

>
2 M3E MTR Double electron CR 3 nata

CMS Preliminary
>
2 F MTR Double muon CR

—34— Data

CMS Preliminary
ix 104L MTR Single electron CR | S

101 fb™ (13 TeV)

CMS Preliminary 101 fb™ (13 TeV)

CMS Preliminary

Photon CR
CR-postfit

101 fb™ (13 TeV)

—34— Data
[ aco muttijet

y+ets (strong)

y+jets (VBF)

Tot. bkg. (prefit)
> Tot. bkg. (postfit) + 1o

Events/1500 GeV S
500
A |/)

101 fb™ (13 TeV)
;

-3
5 : 1000
_§ 1'4_ -+ Prefit 4-Postfit \\ Bkg. uncert. /)
s v
© —
o 12 - 5000
Q 1o —g—r=e= ¥ S S S
3 —e— - V
oo, ————— T4 Y
a
500 1000 1500 2000 2500 3000 3500 4000 4500 5000
M, (GeV)
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VBF H(inv): Data vs Bkg. PrEdiCtiOnS CMS-PAS-HIG-20-003

Data & background estimation in signal region:

VTR 2017+2018: MTR 2017+2018:
CMS Preliminary 96.4 fb' (13 TeV) CMS Preliminary 101 fb™ (13 TeV)
> >
8 10° VTR SR —4— Data Z(vv)+ets (strong) 8 10t MTR _SR —4— Data Z(vv)+ets (strong)
® Postfit Z(vv)+jets (VBF) W(lv)+jets (strong) & 'OF Postft Z(vv)+jets (VBF) W(Iv)+jets (strong)
§ 102 W(lv)+jets (VBF) Other ewk. § 10° W(lv)+jets (VBF) Other ewk.
w HF noise [ QCD multijet w HF noise [ QCD multijet e .
10 —— Tot. bkg. (b-only fit)==== Tot. bkg. (s+b fit) + 1o 102 —— Tot. bkg. (b-only fit)==== Tot. bkg. (s+b fit) + 1o H F N O|Se : N eW H F n O I Se
== qqH == = Other prod. modes == qqH = = Other prod. modes . o
] B(H-> inv.)=0.07 10 B(H-> inv.)=0.07 estimate In 17+ 18
Events/2250 GeV
107" !
Events/1500 GeV
102 i | 107"
L _ See the VBF talk by
-3
10° | 10 .
__________ Nicholas Wardle
104k Ly v 1y I A B i
S 1:4_ -4 B-only fit 4-S+B fit \\ Bkg. uncert. — Fitted (S+B)/B | S 1:2— -+ B-only fit 4 S+B fit N\ Bkg. uncert. — Fitted (S+B)/B
S 13- — s 1ir ]
3 12r . B 12 . 7
L 1= b 4 = = 1'1_ i + SRR A O S
% 1 m S SN N oS % 0.9 -—j: 2
S ool : : : : : : S o8 : : : : : : : :
1000 1500 2000 2500 3000 3500 4000 4500 5000 500 1000 1500 2000 2500 3000 3500 4000 4500 5000
: M. (GeV) : M. (GeV)
miss i miss i
160 < pr° < 250 GeV pr > > 250 GeV

No excess of data over background predictions are observed in either category
— Put constraints on B(H — inv)
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VBF H(inv): Results

Exclusion limits on B(H — inv):

138 b (13 TeV)

= 0.8 a
m — - -
- CMS Preliminary — Observed
0.7 e Median expected
0.6 E I 68% expected E
T [ ] 95% expected ]
0.5F =

95% CL upper limit on ¢ x B(H— inv)/c

2016: Taken from
HIG-17-023

Statistical combination with HIG-17-023:
Expected sensitivity: 11%, observed: 17%

— Best single-channel sensitivity to date!

10/20/21

H(inv) Results from CTS - Alp Akpinar

CMS-PAS-HIG-20-003
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VBF H(inv): Results

Exclusion limits on B(H — inv):

138 fb™' (13 TeV)

= 08 = :
- CMS Preliminary —— Observed .

0.7 e Median expected

0.6 = [ 68% expected E

F [ ] 95% expected ]
0.5F :

0.4 s _;

95% CL upper limit on ¢ x B(H— inv)/c

2016: Taken from

HIG-17-023

Statistical combination with HIG-17-023:
Expected sensitivity: 11%, observed: 17%

— Best single-channel sensitivity to date!

CMS-PAS-HIG-20-003
DM Interpretation

Can compare the results with direct detection:

Exclusion on B(H — inv) — Exclusion on apy,
138 fb™ (13 TeV)

&E‘mmE T T T LR
O, £ \CMS Preliminary 90% CL Limits 3
g 10° B(H - inv)<0.15
;.é 10°%® Higgs portal models;
nAQ C = = Fermion DM
© 107 = Scalar DM E

Direct DM Detection E_

Xenon1T 2018
— | UX
= Panda-X ||
= CMDMSlite
= Cresst-I|
= DarkSide-50

107" [
1074 :E

10% 3

104 g /
F

107% E -------------- E
10—47 |/ 1 | | I N I B |

1 7 10 102 10°
Mpy, [GeV]

— Results complement the direct-
detection experiments nicely for

mpy < 0(10 GeV)
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Summary

An overview of the H(inv) searches from CMS
through different channels:

v VBF, monojet + mono-V, mono-Z

Improvements with full Run2 data for all
channels:

v' Obs. (exp.) exclusion limit reaches to 17% (11%)
with VBF

Exclusion limits from different channels:

ttH (2016)
CMS-PAS-HIG-18-008

Z(IhH
EPJC 81, 13 (2021)

gg — Hj + V(jj)H
arXiv:2107.13021

VBF-H
CMS-PAS-HIG-20-003

35.9-138 fb' (13 TeV)

CMS Preliminary

. | Observed

Median expected

- 68% expected
\j 95% expected
........ | | | | |

0 401 02 03 04 05 06 07 08 09 1
/0 95% CL upper limit on B(H— inv.)
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Summary

An overview of the H(inv) searches from CMS
through different channels:

v VBF, monojet + mono-V, mono-Z

Improvements with full Run2 data for all
channels:

v' Obs. (exp.) exclusion limit reaches to 17% (11%)
with VBF

v Monojet + mono-V — 1.9x improvement in obs.
limits, 28% observed limit

Exclusion limits from different channels:

35.9-138 fb' (13 TeV)

CMS Preliminary

CMS-PAS-HIG-18-008

Z(IhH
EPJC 81, 13 (2021)

99 — Hj + V(jj)H
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Summary

An overview of the H(inv) searches from CMS
through different channels:

v VBF, monojet + mono-V, mono-Z

Improvements with full Run2 data for all
channels:

v' Obs. (exp.) exclusion limit reaches to 17% (11%)
with VBF

v Monojet + mono-V — 1.9x improvement in obs.
limits, 28% observed limit

v’ Mono-Z - 1.7x improvement from previous CMS
results, 29% observed limit

ttH & combinations — Ongoing

10/20/21

Exclusion limits from different channels:

35.9-138 fb' (13 TeV)

ttH (2016)
CMS-PAS-HIG-18-008

Z(IhH
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Higgs Production Modes: XS

Order of magnitude XS for the H production modes:

H
(a) Gluon Fusion (b) Vector Boson Fusion KR s ((l(ill)ﬂijO(.ia‘t(}d Heany Quarke P
Gluon fusion Second largest XS oyg ~ 0(1pb) otey ~ O(1 pb)
— Largest XS after gluon fusion
compared to all oygr = 4 pb

O-ggH ~ 10 X Oy BF

Largest XS: ggH
Highest sensitivity: VBF due to specific topology



VBF: Updates From 2016 Analysis

Updates from HIG-17-023 in the 2017+2018 VBF analysis:
v Addition of photon CR

v’ Inclusion of VBF triggered category (VTR) for pIitss ¢

[160,250] GeV

— In addition to the MET+MHT triggered category (MTR)

v Addition of HF cleaning cuts

— The first time we had access to HF-HF events!

v

Events/GeV

NLO EWK correction on VBF H(inv) signal

10*
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— = qqH

Z(vv)+jets (strong)
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Events/1500 GeV

HF noise
estimate in SR

Trigger efficiencies as a
function of MET for

MTR & VTR

— Higher efficiency
from lower p*S$ with

VBF triggers
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Monojet: Year Separated Results ariv:2107.13021
Monojet signal region, shown with 2017 and 2018 data separately:

4157 (13 TeV) 59.7 fo' (13 TeV)
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Mono-V: All Results arXiv:2107.13021

Mono-V results in signal region for both low and high purity categories:

Low purity High purity
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Good agreement between data and bkg predictions after the fit
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Mono-Z: O-jet & ]_-jet Categories Eur. Phys. J. C (2021) 81:13

Event yields in the two categories of the mono-Z signal region:

Table 3 Observed number of events and post-fit background estimates
in the two jet multiplicity categories of the SR. The reported uncer-
tainty represents the sum in quadrature of the statistical and systematic

components

Process 0-jet category 1-jet category

Drell-Yan 502 £ 94 1179 + 64

WZ 1479 £+ 53 380 £ 16

77 670 £27 282 +13 Post-fit yields + total
Nonresonant background 384 +31 263 £ 22 post-fit uncertainties
Other background 6.3+0.7 6.8 0.8 on the backgrounds

Total background 3040 £ 110 2120 £ 76

Data 3053 2142

0-jet category: Larger contribution from diboson processes
1-jet category: Larger contribution from DY

— Overall, larger # of background events from 0O-jet category
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