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Portals to Dark Sector

Portal
Standard Dark
Model Sector
Mediator
Non-gravitational interaction e Dark matter
with e Dark forces
ordinary matter e Other dark particles

The new mediator governs the non-gravitational
Interactions between dark matter and ordinary
matter




List of DM searches

By Danyer Pérez Adan

Heavy Flavor

plus DM

¥, HIG-20-003

Higgs
Ill’\'i.\‘il )1('
Ii)( cay

Mono-X

Dark Photon EXO-20-013

EXO-18-011 %

EXO-20- 005 .
Other mono-X searches are covered in talk by D. Kumar



https://moriond.in2p3.fr/2022/EW/slides/3/2/6_DPerezAdan.pdf
http://arxiv.org/abs/2201.11585
http://arxiv.org/abs/1908.01713
http://cds.cern.ch/record/2776774?ln=en
http://arxiv.org/abs/2009.14009
http://cds.cern.ch/record/2776774?ln=en
http://arxiv.org/abs/2201.11585
http://arxiv.org/abs/1908.01713
http://arxiv.org/abs/2009.14009

Outline

® Focus here is on the scenarios where Higgs boson is involved in probing
the dark sector.
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Performance of pJs*

miss

e All DM search analysis use p;" as the main observable.

o p?”ss reconstruction highly affected by instrumental effects.

e A set of noise filters are used to reject the events with mis-measured
MLSS from various instrumental and reconstruction effects.

Pr
o Fllters clean up the tails ofpm’SS significantly at a cost of <1% of signal.

35.9 fb' (13 TeV)

Jet 1, > ||||||||||||
pt = 3.61 TeV
eta = 0.32 8 ¢ Data
phi = 0.64 —
< Data with no cleanin =
% b ¥
c
Top quark
o 1
Lﬁ W(lv)+ets 3
Z(vv)+jets —
QCD multijet
0o E
Ooo
0000An~O =
O OO §
Jet 2, Q 3
pt = 3.38 TeV Qq)
eta =-0.56 =
phi =-2.49 3
CMS Experiment at LHC, CERN I =
Data recorded: Thu May 12 00:40:47 2016 EEST =
Run/Event: 273158 / 238962455 . L . H | | ]
Lumi section: 150 L L 1 1 L
Dijet Mass: 7.7 TeV 500 1000 1500 2000 2500 3000
pmiss [G ev:
T



http://performance%20paper

mono-Higgs

e After the discovery of the Higgs
boson (125 GeV) it is possible to
probe the DM using this new
handle.

® New massive particle mediates
the Higgs-DM interaction.

® Search performed in 5 decay
channels and statistically
combined.

o bb,yy, WW,ZZ and tt
e Results interpreted using three
simplified models.
o /’-2HDM
e Baryonic-Z’
o 2HDM+a
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mono-Higgs

H—bb
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sensitive

2HDM+a
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Dark Higgs boson (WW) + MET

e Dark Higgs boson model: Dark Matter particle acquire mass through
their interaction with a dark Higgs boson (paper).
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¢ \WW decay mode dominates for ms>160 Ge\.
® s—\WW search performed for the first time in fully leptonic final state.
® Major backgrounds:

* Non-prompt leptons: estimated using data.

* WW, Top and Z—tt rate estimated from dedicated control regions,



https://arxiv.org/abs/1701.08780

Dark Higgs boson (WW) + MET

3-dimensional fit performed using AR, mjand mr
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Higgs — invisible
d / M New trigger strategy: using jet properties from

VBF production in addition to py’”i’iss trigger.

M Using V-+jets and y + jets CRs to constrain
> major backgrounds (Z(vv)+jet and W(lv)+jets).
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Higgs — Invisible

e Combination of Run 1 and Run?2
 95% CL upper limit on the in BR (H—invisible ) < 0.18 (0.10)

19.7 b (8 TeV) + 140 b (13 TeV)
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Dark photon in VBF Higgs

Search for dark photon in

VBF Higgs boson events. o Year “Triggering object
2016 . VBFphoton

MET

2017/2018 Photon

CMS Experiment at LHC, CERN

i
C i Data recorded: Mon Sep 26 13:12:31 2016 PDT
. Run/Event: 281693 / 947253769
E Lumi section: 501
A )\

h(125 GeV) is of particular interest
but higher masses are also
considered.

Dedicated CRs for major
background: W+jets, Wy, Zy, y+jets

discriminating variable, mr,

Simultaneous fit of SR and CRs f V2 PHET (1 - cos Ad(y.Er))




Dark photon In VBF Higgs
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Dark photon in VBF Higgs
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e Showcasing the selected dark matter searches
using Higgs boson.
 Higgs boson to Invisible and MET based signatures

are key to DM search at CMS.
* A big phase space has been excluded using Run 2
dataset for the Dark Higgs model.

e Results for Dark Higgs WW (semi-leptonic) and mono-
Higgs bb using the Run-2 dataset are expected to be
public soon

® For more details



http://cms-results.web.cern.ch/cms-results/public-results/publications/




mono-Higgs: Interpretations

e There are three simplified models available £-2HDM
which predicts the mono-H signal. t
Z’-2HDM: ——
= Heavy vector mediator is produced resonantly

q X

and decays into a SM-like Higgs boson and E
an intermediate pseudoscalar particle A. !

Baryonic-2Z’: q Baryonic-Z’  j

= A “baryonic-Higgs” boson mixes with the SM
Higgs boson. A vector mediator Z’ is
produced in s-channel and decays into a pair
of DM particles after radiating a Higgs boson.

2HDM+a:

= [wo-Higgs-doublet model extended by an .
additional pseudoscaler a which mixes with
the scalar and pseudoscalar partner of the
new Higgs boson and decays into a pair of
DM particles.




Major backgrounds

e There are three SM processes which can mimic the signal

like detector signature.
.

q > Z (W)

\ /




mono-Higgs Combination

e The search is extended by a statistical combination of 5 analyses.
e bb, yy, Tt WW and ZZ
e The analyses the required to be orthogonal to each other to avoid double counting.

Object h—-bb h—9y h—s1tt h—-WW h—=ZZ
Electron = — =0 =0 =0
Muon = — =0 =0 =0
T lepton = — — =0 —
Photon =0 — — — —
AK4 Jet <1 <2 — — —
b tagged AK4 jet = — =0 =0 <1
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https://arxiv.org/pdf/1402.7074.pdf
http://dx.doi.org/10.1007/JHEP03(2020)025

Source h — bb h — 7y h—Ttt h—-WW h—ZZ
Z'-2HDM  Baryonic Z’

AK4 jet b tagging } 3 119 Uncorr. (3—4%) — 4% Shape (1%) 1%
AK4 jet b mistag ° Shape (5-7%) — 2-5% Shape (1%) —

e ident. efficiency 4% 2% — 2% Shape (2%) 2.5-9.0%
u ident. efficiency 4% 2% — 2% Shape (2%) 2.5-9.0%
T}, ident. efficiency 3% 3% — 4.5% Shape (1%) —

e energy scale 1% — — — Shape (1%) 3%

u energy scale 1% - - — Shape (1%) 0.4%
JES - Uncorr. (4%) — Shape (<10%) Shape (3%) 2-3%
Int. luminosity 2.5% 2.5% 2.5% 2.5% 2.5% 2.5%
Signal (PDE, scales) 0.3-9.0% 0.3-9.0% 0.3-9.0% 0.3-9.0% 0.3-9.0%  0.3-9.0%




Decay channel Final state or category Reference

AKS8 jet (Z-2HDM) [30]

h = bb CA15jet (Baryonic Z')  [31]
PP € 50-130GeV [32]

h =77 pmiss > 130 GeV 32]
ThTh [32]

h— 11 UTy, [32]
ety [32]

h - WW evuv —
de —

h —ZZ 4u —
2e2u —
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Table 2: Summary of the kinematic selections used to define the SR for both the MTR and the
VTR categories.

Observable MTR VIR

Choice of pair leading-pr jets leading-m;; jets
Leading (subleading) jet pr > 80(40)GeV, || <4.7 pr >140(70) GeV, || < 4.7
P >250GeV 160 < p™iss < 250 GeV
min(Ag(Fmiss, 5Y) >0.5 >1.8

| A <15 <1.8

m >200GeV >900 GeV

|meSS _ CaIO p SS|/pmlSS <O.5

Leading/subleading jets |17| < 2.5 NHEF < 0.8, CHEF > 0.1

HF noise jet candidates 0 (using the requirements from Table

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

b quark jet Nie¢ = 0 with py > 20GeV, DeepCSV Medium
M2 <0

| Ay >1

Electrons (muons) N, = 0with pr > 10GeV, [y7| < 2.5(24)
Photons N, = 0 with pr > 15GeV, [57| < 2.5




Source of uncertainty Ratios Uncertainty vs. m
Theoretical uncertainties

Ren. scale V+jets (VBF) fiw/ Z,VER 7.5%

Ren. scale V+jets (strong) iW/Zs trong 8.2%

Fac. scale V+jets (VBF) JAGR 1.5%

Fac. scale V +jets (strong) iw/ Zstrong 1.3%

PDF V-+jets (VBF) W /ZNBE 0%

PDF V+jets (strong) W /2 strong 0%

NLO EW corr. V+jets (strong) fw/ Zstrong 0.5%

Ren. scale y+jets (VBF) f/EVBE 6-10%

Ren. scale y+jets (strong) 7/ Zstrong 6-10%

Fac. scale v +jets (VBF) f7 /Z,VEE 2.5%

Fac. scale y+jets (strong) 7/ Zstrong 2.5%

PDF 7y +jets (VBF) f” ZNBE 2.5%

PDF y+jets (strong) fi 7/ Zstrong 2.5%

NLO EW corr. y+jets _fi'r/ Zstrong 3%
Experimental uncertainties

Electron reco. eff. R?R’pmc, CR=Z(ee) or W(ev) ~0.5% (per lepton)

Electron id. eff. RfR’PmC, CR=Z(ee) or W (ev) ~1% (per lepton)

Muon id. eff. R?R’Pmc, CR=Z(up) or W(uv) ~0.5% (per lepton)

Muon iso. eff. R?R’ch, CR=Z(pup) or W(uv) ~0.1% (per lepton)

Photon id. eff. Y/ Z,proc 5%

Electron veto (reco)
Electron veto (id)
Muon veto

T, veto

Electron trigger
p%‘iss trigger
Photon trigger

JES

JER

fW/ Zproe RERPIOC CR=W (fv)
W’ Zproc , R7*P™ CR=W (£v)
fW/Z P'°° RCRProc CR=W (v)
fW/ Z'P'“ RCR'P“’c CR=W (fv)
RCR’PmC CR=Z(ee) orW(ev)
RiCR’Proc, CR=Z(pup) or W(uv)
fi"r/Z:Proc
fW/Z,proc

1
R?R’Pmc, CR=W (ev) or W(uv)
Rl(.:R’PwC, CR=Z(ee) or Z(pup)
ij/ Z,proc

1

w /Z,proc

1
RfR’PmC, CR=W (ev) or W(puv)
RfR’PmC, CR=Z(ee) or Z(pupu)
fjr/ Z,proc

1

~1.5 (1)% for VBF (strong)
~2.5 (2)% for VBF (strong)

~0.5%
~1%
~ 1%
~ 2%
1%
1-2%
1.0-1.5%
1%
3%
1.0-2.5%
1.0-1.5%
1%
1-4%



Dark Photon

Data-taking year 2016 2017/2018

Variable VBF+y  Single photon pree

Number of photons >1 photon

Pt >80GeV  >230GeV  >80GeV

Number of leptons 0

pre® >100GeV  >140GeV  >140GeV

Jet counting 2-5

mj; >500 GeV

|A17jj| >3.0

Ty > 1, <0

A(Pjet,ﬁ{“iss >1.0

zx <0.6

pPt <150 GeV
Region Bins Range (GeV)
SR, my < 1500 GeV 6 [0,30,60,90,170,250,inf]
SR, nm; 2> 1500 GeV 6 [0,30,60,90,170,250,inf]
W +jets CR, ny < 1500 GeV 3 [0,90,250,inf]
W + jets CR, ny > 1500 GeV 3 [0,90,250,inf]
Z(Ll) + vy CR, my < 1500 GeV 1 0,inf]
Z(00) + v CR, my > 1500 GeV 1 0,inf]
W(— fv)+ v CR, n; < 1500 GeV 1 0,inf]
W(— fv) +v CR, my; > 1500GeV 1 0,inf]
v +jets CR, My < 1500 GeV 1 0,inf]
v + jets CR, My > 1500 GeV 1 0,inf]




Dark Higgs

CMS Preliminary 137" (13 TeV) CMS Preliminary 137 b (13 TeV)
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Dark Higgs comparison
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VBF Higgs Invisible ATLAS

H — invisible 95% upper limit at 15%
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