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Overall: H(inv) Searches in CMS

H — inv searches with public Run2 results in CMS so far:
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Overall: H(inv) Searches in CMS

H — inv searches with public Run2 results in CMS so far:

X q -
q
o
Z >
/t
X
a a

v X >
Ve q q
q AR H q X
Monojet + Mono-V Mono-Z VBF H(inv)
arXiv:2107.13021 EPJC 81, 13 (2021) CMS-PAS-HIG-20-003

/

Will focus on this channel in
these slides
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VBF H(inv):
Analysis Strategy



VBF H(inv): Strategy CMIS-PAS-HIG-20:003

Topology:

miss

2 jets with large m;;, An;; + pr

q
>
H — inv:
p;‘niss
>
RGN

Two VBF jets

No leptons, photons, b-jets in the final state
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VBF H(inV): Strategy EWK V: Smaller XS, but looks  CMS-PAS-HIG-20-003

more like signal!

Topology: Dominating backgrounds:

2 jets with large m;;, An;; + piuss V+2jets

q
>
H - inv:
p;‘niss
>
RGN

Two VBF jets

No leptons, photons, b-jets in the final state
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Event Selection (Online)

gtrig

41517 (13 TeV)
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Two sets of triggers are used for two data
taking categories:

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

category, target events @ lower pJss

VBF triggers additionally cut on:
Online jet DT, m”

— VTR improves the sensitivity by = 8%


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

Event Selection (Ofﬂ i ne) CMS-PAS-HIG-20-003

10+ CMS Smulation Prelminary (13 Tev)

. 4. .« L . . . | |  — QCD Vajets |
Distinguishing properties of the VBF H(inv) signal: — ey |
— ggH(inv) ;

Two VBF jets have — Large mj; & A77jj

.
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w
T T

Select events with di-jet + p7¥SS with:

Normalized Counts
)
1
T

—

<
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0.00———

Jet py > 80,40 GeV > 140,70 GeV f
m]] > 200 GeV > 900 GeV 1000 200C')v|” (GeS\(/))OO 4000 5000

CMS Simulation Preliminary (13 TeV)
An]] > 1.0 > 1.0 0.405—‘ L R B ‘Q(‘DD‘V+‘J'ets‘E
A(,bjj < 1.5rad < 1.8 rad 0'35? — ;/;3:(:\(/1;\/) ]
press > 250 GeV [160,250) GeV 2 = 7
minAg(j, piss) > 0.5 rad > 1.8 rad ; i *

Suppress multijet N

events A
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Background Estimation (V+Jets)

In CRs: p

miss
T

miss
- pT,no—f

Define I/ + jets control regions (CR) to model V' + jets backgrounds in signal region (SR)
Identical VBF kinematic selection together with:

Dilepton CRs: Z(— ¢¢) + jets — 2 oppositely signed ee/uu with |My, — M,| < 30 GeV

11/30/21

Aim to constrain the
prediction in SR:

Collectin Z(£?) CRs:
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Background Estimation (V+Jets) In CRs: pJPiss — piiss_,

Define I/ + jets control regions (CR) to model V' + jets backgrounds in signal region (SR)
Identical VBF kinematic selection together with:
Dilepton CRs: Z(— ¢¢) + jets — 2 oppositely signed ee/uu with My, — M,| < 30 GeV
W(— fv) + jets - 1 e/u with p7t**° > 80 GeV/

Aim to constrain the

prediction in SR: Collect in W (£v) CRs:




Background Estimation (V+Jets) In CRs: pJPiss — piiss_,

Define I/ + jets control regions (CR) to model V' + jets backgrounds in signal region (SR)
Identical VBF kinematic selection together with:

Dilepton CRs: Z(— ¢¢) + jets — 2 oppositely signed ee/uu with My, — M,| < 30 GeV
W(— fv) + jets - 1 e/u with p7t**° > 80 GeV/
y + jets > 1y,pk > 230 GeV

Aim to constrain the

prediction in SR: Collect iny CR:

q g q 9

Photon CR:
New in 2017+2018
Improves sensitivity

by ~ 11%



Background Estimation (V+Jets)

With the SR and CRs
— Define transfer factors (TF) as ratios of the processes:
i
NZ(MM)

€.9- Rz(upy/zow) = 77
Z(vv)

EWK

Z(ee) in CR
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Background Estimation (V+Jets)

With the SR and CRs
— Define transfer factors (TF) as ratios of the processes:

NZi(uu)
€.9- Rz(upy/zow) = 77
Z(vv)

QCD EWK

: » Z(vv) in SR x Z(pp) in CR

+ex
lllll unc
exj
) unc
v in CR

Z(ee) in CR

Z(ee) in CR
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Using TFs: Can express all yields in
terms of Z(vv) in SR:

2 = Rzqun/zev) X Nz
Build a likelihood function L:
L(NZL(VV)' U, 9)

— Simultaneous max. likelihood fit
to get best-fit Ny,

TFs: Parametrized as a function of
nuisance params (uncertainties)

12




CMS-PAS-HIG-20-003

Background Estimation (V+Jets)

Validate the ratios predicted by simulation by comparing to the ratios measured in data:

_ 02CMS Preliminary _ se7wl(sTev)  _ CMS Preliminary  s97M!(13Tev) Ratios predicted:
g‘”s;‘ MTR 3 e MR = Blue: From simulation
0.16 4 & C ] . .
o4 o4 s 7 Red: After a simultaneous fit to
E - 10— —
ot 1 E R E data on all CRs
e =R e el E
o.os;— l _; 63:77—— —— —f
0.06— @ Data-bkg. _ — - @ Data-bkg. _ I : ’ = . . .
oodt- — P g 3 Echmemewe | S=e=m  [heory uncertainties especially
- + Th. uncert. . - + Th. uncert. — o
002 == + MC st uncert. 3 2 £ MC sat.uncert E important @ low m]]
§1§— .......... — — 51:_,_| ScaleuncertaintiES: Partially-
S Tak 1§ st '
R T NP T . e T ! ' correlated between processes
g 1 ’ : 3 — [ [ ]
_‘z = 5057000 15002000 250030003500 400042005300 2 > 500 7000 1500 2000 2500 3000 3500 4000 4500 5000 PDF unce rtalntIES: FUIly'
5 M, (GeV) B M, (GeV)
< < correlated

— Predictions agree with data within the uncertainties
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Background Estimation (QCD Multi-jet)

CMS-PAS-HIG-20-003

Aside from I/ + jets, additional backgrounds arise due to jet pr mis-measurements

QCD multi-jet: Jet resolution effects result in high pJtss

for QCD multi-jet events

Low probability of severe mis-measurement X High o
— Results in a small but non-negligible background to SR

Approach: Estimate this contribution using a QCD control
region in data > minAg(jet, pP*s%) < 0.5

— Fit the distribution in data and extract the yields in SR
i.e. minAg(jet, pf*s°) > 0.5 (or 1.8 for VTR)

Events/0.1

Data/prediction

CMS Preliminary

101 fb' (13 TeV)

10°= \rR —4— Data

QCD CR Z(vv)+jets (Strong)

Z(vv)+jets (VBF)
10* HF noise

— Higgs B(H— inv.)=1.0

!

|| acp muttijet
W(lv)+jets (Strong)
W(lv)+ets (VBF)

|:| Other ewk.

10°

II| L IIIIII|
y
4
y
.
jr

|

10?

e
|

1.4
1.2~

Fit uncert.

0.8—
0.6
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Background Estimation (QCD Multi-jet) CME-PAS HIG-20-003

Aside from I/ + jets, additional backgrounds arise due to jet pr mis-measurements

Forward calorimeter (HF) noise: High p7**° events due to Estimation validated in VBF SR:
. . ‘ CMS Prelimi 101 fb™! (13 TeV
jet pr mis-measurements @ high 7 00 P T P e e e
1200; Z(vv) + jets (strong) I Dibosons ]
E + ¥V(Zv) + jets (strong) ﬁ('fkr)]c;sj:ts (strong) E
Mis-measured jets can be identified via their shower shapes: ?0"0? Zw+jes(VBF) ¢ Data E
B Z(8) + jets (VBF) ]
v’ Typically, the n-width is larger than ¢-width £ 800F g
v’ Larger # of PF candidates within A¢(cand, jet) = 0.05 @ soof ' g
L%J 400~ =
i ] 2 . 3.00< [Nl < 3.25 1
— These features are used to develop selections to reject 200 [ . L
. . [ ||||f-r-r1--r-i-_|=|=_-|=|=|-_1=|=._-|=|=|=|=|=l=i

events with such jets ° Ad
O 4P B, uncert. R
. . . . . N et i ______ 1
Noise estimation: Invert the selection, compute the residual g3+ %="3 + -
. . -y ;‘ L L L L L L ]
contribution from data B T R IT E T-a—T
A

Ap: Ap (P55 PTS)
20% norm uncertainty assigned
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Results

2017+2018 data is analyzed here, combination with the existing 2016
result is performed!



CMS-PAS-HIG-20-003

Results: Data vs Bkg. Predictions

Data & background estimation in signal region: Best-fit signal strength:
u = 0.07675027

VTR 2017+2018: MTR 2017+2018:
_ p . p . . . .
- CMS Preliminary 96.4 fb™ (13 TeV) - CMS Preliminary 101 fb™ (13 TeV) Theo retlcal modellng’ Slmulatlon &
8 10° VTR SR —4— Data Z(vv)+ets (strong) 8 10t MTR SR —4— Data Z(vv)+ets (strong) . . . . .
2 Postfit Z(w)+jets (VBF) W(h)jets (strong) 2 Postfit Z(w)+jets (VBF) W(v)+jets (strong) tri gger efficien Cy unce rtainties
0>J 102 W(lv)+jets (VBF) Other ewk. 0>) 10° W(lv)+jets (VBF) Other ewk. .
w HF noise [ QCD multijet w HF noise [ QCD multijet d O m I n ate :
10 —— Tot. bkg. (b-only fit)==== Tot. bkg. (s+b fit) + 1o 102 —— Tot. bkg. (b-only fity==== Tot. bkg. (s+b fit) + 1o
== qqH == = Other prod. modes == qqH == = Other prod. modes
1 B(H— inv.)=0.07 10 B(H— inv.)=0.07
Group of systematic uncertainties Observed impact on B(H — inv)
Events/2250 GeV 1 0.026
10" +0.
Events/1500 GeV Theory —0.025
1072 ——="1 10" MC stat. 023
1072 - '|L _________ 10 Triggers fgigg
0.012
o R ———- 10° Leptons/photons/b i
§ 13[4 Beonlyfit +5+B it \ Bkg. uncert. —Fitted (S+B)YB | 5 15 ~+ B-only fit +S+B fit \\ Bkg. uncert. — Fitted (S+B)/B QCD multijet mismodeling +0013
S 13- 4 & i3F -] Jet calibration oo
s | 1 & ¥ } - Lumi/PU £0.005
o 11 3 4 = o 0 - 2 ey i .
8 e L e T e RN 3 0'3 - —— # I;xj\g S5 = umi/
8 o9l : : : : : : 8 08 T Y RIS A i inti +0.013
a o a Other systematic uncertainties ~0.010
1000 1500 2000 2500 3000 3500 4000 4500 5000 500 1000 1500 2000 2500 3000 3500 4000 4500 5000 :
miss M; (GeV) miss M; (GeV) Stat. +0.029
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)

11/30/21 VBF H(inv) Results - Alp Akpinar 17


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

CMS-PAS-HIG-20-003

Results: Exclusion Limits

Exclusion limits on B(H — inv):

138 b (13 TeV)

= 0.8 a
& N . . |
- 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 arXiv:1809.05937
+ NLO correction on signal (backup)

Statistical combination with 2016 analysis:
Expected sensitivity: 11%, observed: 17%

— Most stringent expected single-channel
11/30/21 SenSItIVIty to date! VBF H(inv) Results | Alp Akpinar 18
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Results: Exclusion Limits

Exclusion limits on B(H — inv):

138 b (13 TeV

~—

0.8

SM

—— Observed

----- Median expected
[ 68% expected
[ ] 95% expected

0.7 CMS Preliminary

0.6
0.5
0.4

95% CL upper limit on ¢ x B(H— inv)/c

2016: Taken from arXiv:1809.05937
+ NLO correction on signal (backup)

Statistical combination with 2016 analysis:
Expected sensitivity: 11%, observed: 17%

— Most stringent expected single-channel
sensitivity to date!

11/30/21

VBF H(inv) Results

CMS-PAS-HIG-20-003
DM Interpretation

Can compare the results with direct detection:

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

&E‘mmE ! | T T T T
O, £ \CMS Preliminary 90% CL Limits 3
g 10° B(H —»inv)<0.15 3
é 10°% Higgs portal models;
5% E = = Fermion DM 3
© 10 = Scalar DM E
1041 E Direct DM Detection
E Xenon1T 2018 3
107% e — LUX -
F = Panda-X || 3
—omer
- —— DarkSide-50 ]
10* :E
10
107 E _______ / """"" <
10—47 1 111 | | I I B B |
1 4 10 10 10°
Mpy, [GeV]
— Results complement the direct-
detection experiments nicely for
mpy < 0(10 GeV)
Alp Akpinar 19
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Results: More Channels!

H(inv) interpretation results from other channels in CMS:

Eur. Phys. J. C (2021) 81:13
JHEP11 (2021) 153

= Oobs / 0‘SM(H)

B (H - inv)

1.0

0.4

0.2

Exclusion limits on B(H — inv) from

mono-jet + mono-V:

T

T

137 fb~1, 2016-2018 (13 TeV)
T T T T T T y T ! ! ! ! I ' ' '
95% CL upper limits CMS
95% expected

; Bl 68% expected
| -e- Median expected
| —— Observed

| ]

0.0

Mono-V Monojet

| Clombinéd |

<

Two channels combined: 28% obs. limit

-2AInL

Mono-Z:

CMS

137 b (13 TeV)

Expected
bkg. only stat

Expected :
bkg. only stat+syst -

= Observed

4} 95% CL

[ 68% CL

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

q I

q X

PR R

29% obs

L PR
0.3 0.4

B(h — inv)

. (25% exp.) limit
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Summary

A brief summary of the latest VBF H(inv) analysis

Important updates w.r.t. earlier analysis:
v" Addition of the forward calorimeter (HF-HF) events!
v Addition of VBF triggered category (VTR)
v Addition of photon CR to MTR

— Observed limit reaches to 17% with all years
combined (exp. 11%)



CMS-PAS-HIG-20-003
Summa ry CMS-PAS-HIG-18-008

JHEP11 (2021) 153
A brief summary of the latest VBF H(inv) analysis EPIC 81, 13 (2021)

Important updates w.r.t. earlier analysis:
v Addition of the forward calorimeter (HF-HF) events!
v’ Addition of VBF triggered category (VTR) ----l----l----|----l----??'gﬂﬁglft?j (19 TeY)
v’ Addition of photon CR to MTR CMS Preliminary

Can compare with other latest results from

CM S: gg —> Hj + V(”)H . | Observed

Exclusion limits from different channels:

ttH (2016)

— Observed limit reaches to 17% with all years
combined (exp. 11%)

Z(IhH
EPJC 81, 13 (2021)

arXiv:2107.13021

. - ! Median expected
v' VBF is the most sensitive channel so far -6;0;:6;:6
. VBF-H
v Mono-Z(££) and mono-jet + mono-V analyses are OMIS-PAS-HIG-20-003 .‘ [ 5% expected
also out 0704 02 03 04 05 06 07 08 08 1
v Mono-Z: 29% obs. limit 95% CL upper limit on B(H— inv.)

v' Mono-jet + mono-V: 28% obs. limit
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CMS-PAS-HIG-20-003

Event Selection: Signhal Region

Object definitions are all according to POG recommendations

Event selection requirements for MTR & VTR signal regions are listed below:

Observable MTR VIR
Choice of pair leading-pr leading-M;
Leading (subleading) jet pr > 80 (40) GeV, |n| < 4.7 pr > 140(70) GeV, |n| < 4.7
pmiss > 250 GeV 160 < p=iss < 250
minA¢ (s, pr 9 > 0.5rad > 1.8rad

| Ag| < 1.5rad < 1.8rad

M;; > 200 GeV > 900 GeV
‘pgrniss . CalOp%ﬁSS’/p%ﬁss <05
Leading/subleading jets || < 2.5 NHEF < 0.8, CHEF > 0.1

HF-noise jet candidates 0 (see Table ??)

T, candidates Ny = 0 with pr > 20GeV, || < 2.3

b quark jet Njet = 0 with pt > 20 GeV, DeepCSV Medium
17]‘1 X 17]2 <0

| Atz >1

Muons (electrons) N, e = 0 with pr > 10GeV, || < 2.4(2.5)

Photons N, = 0 with pt > 15GeV, || < 2.5
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Event Selection: Control Regions

CRs built on top of the SR selections: VBF requirements are applied in all regions

Z CRs 2 CRs
Collect Z —» £¥ events to
constrain Z(vv) in SR

priss ,i> 250 GeV (MTR)
€ [160,250] GeV (VTR)

|M1qg — le < 30 GelV
N, = 2 (at least 1 tight)

11/30/21

W CRs 2 CRs
Collect W — £v events to
constrain W (£v) in SR

g

pPiss ,i> 250 GeV (MTR)
€ [160,250] GeV (VTR)

Ng =1 (tlght)

\/RE Hi{inv) Bocultc _ Aln Alcninar

Yy + jetsCR 1CR
Collect y + jets events to
further constrain Z(vv)

q g

q
9

Only in MTR!
PTmo—y > 250 GeV
pl. > 230 GeV

N, = 1 (tight)

25




VBF: Total List Of Uncertainties

Total list of uncertainties for VBF H(inv) analysis is
shown on the right

Theoretical uncertainties:

* Scale uncertainties taken as partially correlated
between V+jets processes

* PDF uncertainties taken as fully correlated
 NLO EWK full correction applied as uncertainty
Experimental uncertainties:

* Uncertainties related to physics object identification
+ triggering

CMS-PAS-HIG-20-003

Source of uncertainty

Ratios

Uncertainty vs. Mj;

Ren. scale V+jets (VBF)
Ren. scale V+jets (strong)

Fac. scale V+jets (VBF)

Fac. scale V+jets (strong)

PDF V+jets (strong)
PDF V+jets (VBF)

NLO EWK corr. V+ets (strong)

Ren. scale y+jets (VBF)

Ren. scale y+jets (strong)

Fac. scale y+jets (VBF)

Fac. scale y+jets (strong)

PDF +jets (strong)
PDF ~y+jets (VBF)
NLO EWK corr. y+jets

Muon id. eff.
Muon iso. eff.
Electron reco. eff.
Electron id. eff.
Photon id. eff.
Muon veto
Electron veto (reco)
Electron veto (id)

T veto

Electron trigger

pmiss trigoer

Theoretical uncertainties

Zsr/Wsr
Zsr/Wsr
Zsr/Wsr
Zsr/Wsr
Zsr/Wsr
Zsr/Wsr
Zsr/Wsr
Zsr/YcR
Zsr/YCr
Zsr/YcR
Zsr/YcR
Zsr/YcrR
Zsr/Ycr
Zsr/YcR

Experimental uncertainties

Zcr/ Zsr, Wer/ Wsr
Zcr/ Zsr, Wer/ Wsr
Zcr/ Zsr, Wer/ Wsr
Zcr/ Zsr, Wer/ Wsr
Zsr/y

Zsr/Wsgr, Wer/Wsr
Zsr/Wsr, Wer/Wsr
Zsr/Wsr, Wer/Wsr
Zsr/Wsr, Wer/Wsr
Zcr/ Zsr, Wer/ Wsr
Zcr/ Zsr, Wer/ Wsr

7.5%
8.2%
1.5%
1.3%
0%
OO/O
0.5%
6-10%
6-10%
2.5%
2.5%
2.5%
2.5%
30/0

~ 0.5% (per lepton)
~ 0.1% (per lepton)
~ 0.5% (per lepton)
~ 1% (per lepton)
5%
~ 0.5%
~ 1.5 (1)% for VBF (strong)
~ 2.5 (2)% for VBF (strong)
~ 1%
~ 1%
~ 2%

Photon trigger Zsr/Y 1%
Zsr/Wsr 1-2%

Jet energy scale ;VCC;// ;\V/fR 1-013/(.)5 o
ZSR / Y 3%
Zsr/Wsr 1.0-2.5%

Jet energy resolution ;vcclf // ;ZZR 1-013/(-)5 Yo
Zsr/y 1-4%
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NLO EWK Correction on VBF Signal

NLO EWK corrections on VBF signal are derived using HAWK generator

— Was not applied previously HAWK
Corrections are computed as a function of Higgs boson pr )! Hipys bosane Avmched 13 wenk bosom " "
(with the VBF topology cuts applied):

NLO EWK corrections: Note on 2016:
v Inclusive: §JIGHUSe ~ 505 — |ncluded in the VBF XS 2016 signal templates are re-

calculated with this correction for

. . 1. odiff
v’ Differential: 5EWK > 7.5% the final Run-2 result

The remaining differential correction becomes:

ENLO(p'II:I) — (1 — 0.000372 X p’]I_"I _ 00304)/ 0.95 — =~ 10% loss in sensitivity

Total NLO EWK correction as a function of Higgs boson pr

Impact on sensitivity: * 15% loss in sensitivity


https://hawk.hepforge.org/

List of URLs

Sorry, having issues with the PDF converters either modifying plots or removing links

If you’re not able to click on the links on main slides, you can find the URLs here:
CMS-PAS-HIG-20-003: https://cms.cern.ch/iCMS/analysisadmin/get?analysis=HIG-20-003-pas-v3.pdf
CMS-PAS-HIG-18-008: http://cms.cern.ch/iCMS/analysisadmin/get?analysis=HIG-18-008-pas-v12.pdf
JHEP11 (2021) 153: https://link.springer.com/article/10.1007/JHEP11(2021)153

EPJC 81, 13 (2021): https://link.springer.com/content/pdf/10.1140/epjc/s10052-020-08739-5
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