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for a hidden sector

Incomplete Standard Model (SM)
« Does not include dark matter, in particular

Experimental results so far
* No low-hanging fruits detected (e.g. WIMPS), in particular at the LHC

Hidden sector
* Rich ground to detect new phenomena
« Could interact with SM sector through mediators (portal interactions)
« Couplings of hidden sector particles to SM particles could be feeble, or strong
« Low-mass hidden sector particles recently of particular interest

MEDIATORS HIDDEN

SECTOR
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CMS analyses presented in this talk

Low-mass dimuon resonances — dark photons
Search for prompt production of a GeV scale resonance decaying to a pair of muons in proton-

proton collisions at./s = 13 TeV
«  EXO-21-005

Semivisible jets — dark QCD:

Search for resonant production of strongly coupled dark matter in proton-proton collisions at 13 TeV
« EXO-19-020, JHEP 06 (2022) 156

Dark Higgs (WW) + missing transverse momentum @

Search for dark matter particles produced in W*W~ events with transverse momentum imbalance in
proton-proton collisions at \/s= 13 TeV with the CMS detector

« EXO-21-012
All analysed data (up to 138 fb!) are from LHC Run 2 (2016-2018)

All CMS exotica results:
https://cms-results.web.cern.ch/cms-results/public-results/publications/EXO/index.html
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CMS trigger

Two trigger levels
* Level-1 (L1): mostly programmable hardware, no tracker, standard rate 100 kHz
« High-level trigger (HLT): software, all detectors, standard rate 1 kHz
e Standard event size: 1 MB -> bandwidth 1 GB/s

Scouting
« Keep standard bandwidth -> higher event rates, reduced event information

34" (13 TeV, 2018)
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2 Low-mass dimuon resonances‘

q w9 nr
Zp 4
Signature and physics models
q pt g -

* Prompt low-mass dimuons

* Model-independent limits, and interpretations in models with a dark photon
(Zp) or a BSM pseudoscalar (a) in 2-Higgs-Doublet Model (2HDM+5)

Trigger
« Scouting trigger for optimized efficiency in very low dimuon-mass regions:

« All event reconstruction performed at HLT

* Muons with pr > 3 GeV recorded, using 4 different L1 triggers

« Event size 4-8 kB, instead of 1 MB for standard dimon triggers

« Rate 2 kHz instead of 0.45 kHz for standard dimuon triggers at peak luminosity

Event selection and analysis
« At least two opposite-charge muons with pr >4 GeV and |n| < 1.9 each
*  Muons must originate from primary vertex, which must have L,, < 0.2 cm from
the beam spot
« Mass region around J/U, Yi(2S), and Y(1S) excluded (2.6 — 4.2 GeV)
« MVA u identification trained with J/{y and Y events, using tag & probe method

« Background estimated with probe muon of same charge
C.-E. Wulz 5 Aug. 2023



Fits to dimuon distribution
for 2018 data sample

61.3fb™ (13 TeV)

Events / 0.003 GeV

«10° CMS Preliminary

Signal + Background Fit
Background Only Fit
° Data (2018)

pHH > 35 GeV

Pull

C.-E. Wulz
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Low-mass dimuon resonances

Resonance mass ranges explored:
11<my,,<26,42<m,, <79

Expected and observed model-independent
upper limits at 95% CL on the product of the
signal cross section times branching fraction
to dimuons

CMS Preliminary 96.6 fb' (13 TeV)
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Limits for physics models presented
« Competitive with BaBar and LHCb, or even best limits

CMS Preliminar 96.6 fb~! (13 TeV)
‘W i '
104
1075
: LHCb
100
10_75_ BaBar
“MS e suppression factor of Zp coupling to SM particles
8L S T T (N T S SO S T SO R (T S N SO NN ST N SR N (T SO ST N
10 2 3 4 5 6 7
Mz, [GGV]
CMS Preliminar 96.6 o1 (13 TeV)
z | |
<
2]
1071}
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Semivisible jets
PRL 115 (2015) 171804

« Hidden sector strongly coupled to SM particles

« Additional SU(N) gauge group -> “dark QCD"

* Heavy leptophobic Z’

« Semivisible jets: stable dark hadrons (invisible,
magenta) and dark hadrons decaying to SM
particles (visible, blue)

: “ o 1, :fraction of stable, invisible dark hadrons /,ar‘
Signature: Wide dijets, with moderate missing Et aligned with one of the jets
Backgrounds: QCD multijets, tt, Z(vv)+jets, W(£v)+jets — from simulation
CMS Sl‘imlulalltioln - (13 Tev)
mQcD Signal (m,,,, = 20 GeV,

W(lv)+jets 1, =0.3, o, = 02
1 B Z(vv)+jets ---m, = 2.1 TeV
tt --m, =3.1TeV
omy =41 TeV

Analysis strategies

Arbitrary units

1) Inclusive search based on event-level
kinematic variables

2) Boosted decision tree (BDT) discriminator
based on 15 jet substructure variables, to
distinguish semivisible from SM jets (> 0.55)

—4 PR SRT SU AN SN ST I E Lo v
107 0.2 0.4 06 0.8 1

BDT discriminator (J; ,)
Aug. 2023
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Semivisible jets

Event selection
« Key selection variable my : kinematic peak with endpoint at Z’ mass, for signal,
and falling spectrum for background

mr = m3; + 2pt™ [E1 35 — P33 €08(D 77 miss )]

* Transverse ratio Rt = p™ss/ my > 0.15, to decorrelate pr™iss from mr

* Minimum angle between jets and pr™ss, to align jets and py™iss :
AD iy = min [AD(py pr™'=), AD(pj, pr™=)] < 0.8

CMS 138 fo'! (13 TeV)
7] L L R R B
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() M B L L I R E (%) A L LS LR LI NN = o ¢ Data oy = 03, 0y = 029 3
-"é' E —QCD Signal (my,, = 20 GeV, 3 "é' F —QCD Signal (m,,, =20 GeV, { @ —9,0 My =21TeV
S tt Mo = 0.3, Oy =1 tt fw=03 0, =a% 1 S [ K/ gy =39/ 17 --m - 8.1 Te¥ ]
> W(lv)+jets ---m, = 2.1 TeV > W(lv)+jets ---m, = 2.1 TeV g 0F Euncertainty [g,(] - m, = 4.1 Te
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-— -— 835 A4 Ty 1 5 bereee
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Semivisible jets

Results from inclusive (left) and BDT (right) searches, at 95% CL
BDT-tagging of semivisible jets reduces the background by ~O(2)

fy =0.3:1.5<mz<4.0TeV iy = 0. 3: 1.5 <my < 5.1 TeV
Myark = 20 GeV: 0.07 < r;,,, < 0.53 Myark = 20 GeV: 0.01 < r,,, < 0.77
_ ‘?'V'.SI L 18817(13TeV) CMS 138 fb™ (13 TeV)
o) { = T T T T T T T T T T T T T
m 10 K - Observed (afer) — Theoretical 3 m 10 3 - Observed (a2 — Theoretical E
b - - Expected (o) =Observed (o) 1 5 - - - Expected (o2 -=Observed (o)
[68% expected (af5) - Expected (c}5) | [68% expected (of%) - Expected (aj)) |
R [J95% expected (ab23) -+ Observed (a/2,) E [95% expected (o5 -+ Observed (c/?") 3
\" My = 20 GeV, 1., =0.3 ---Expected (a2) ] A My = 20 GeV, 1., = 0.3 ---Expected (o/2",) -
107 h '* E 107 _ E
10?2 T=EES E 102 NS E
10°° 107k
:l 1 I
2 3 4 5 2 3 4 5
m,. [TeV] m,. [TeV]
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Dark Higgs (WW) + missing transverse momentum

Physics model and signature JHEP 4(2017) 143
« Dark Higgs boson (s) simplified model, with s mass above WHW- mass
threshold, and Z’ mediator
* Model parameters considered:

160 GeV < m, < 400 GeV, 200 GeV < mz < 2500 GeV, 100 GeV < m,< 300 GeV
/' couplings: gy =1, g4 =0.25
Mixing angle between SM and dark Higgs bosons: sinf = 0.01

 Isolated leptons (e or y) from W decays, missing transverse momentum

* Di-leptonic (2 leptons from W decays) and semileptonic channels (1 lepton
and jets from W decays)

* No b-tagged jets, to reduce tWand tt backgrounds

C.-E. Wulz Aug. 2023



Dark Higgs (WW) + missing transverse momentum

Di-leptonic channel
« 2isolated leptons with different flavours and charges,
prtmax > 25 GeV, pptmin > 20 GeV, prmiss > 20 GeV my, > 20 GeV, prtt > 30 GeV,
AR,, < 2.5 (proxy for boost, e.g. high boost for AR,, < 1.0)
Key variable: transverse mass of trailing lepton and p™iss
W—— N S 2D-distribution: my;, i
™ = \/pr} PE [1 ~ cosAg(F ’p%mss)] Unrolled distribution: '

. -1
CMS Simulation Preliminary CMS Preliminary 1371 (13 TeV)
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. C ] o I Other background I Drell-Yan
© 0.7 o ; 108 I Higgs [ Non-prompt
C Ww tWandtt J b= WwW tW and tt
0-6 N -] g 1 05
L
C m, = 160, mx =100, m,, = 500 n
0.5F = 10*
0.4F = 10°
- . 102
0.3 3
C ] 10
0.2F =
C — 1
0.1 —
I~ N -8 E 3
0 = I P T B s b D T er——— I [ D\L_ 1'21 E ._s_iy\ + >—$—< oo N \—0\—: sk \\\i ; g \\\\\\‘\T"\::
0 50 100 150 200 250 300 35 400 % 08 E % sslii= o R ilan - .
Imin‘ pmiss a E —— E
me" T [GeV] 0 5 10 15 R
'min? p-r

bin number (mII -m{" T )
C.-E. Wulz 12 Aug. 2023



Dark Higgs (WW) + missing transverse momentum

Semi-leptonic channel
« Tisolated lepton, pymiss, > 2 jets, 2 compatible with W
Key variable: BDT discriminator with 13 variables

top control region (events with b jets) Signal region
. -1 R
CMS Prefiminary 137 b7 (13 TeV) CMS Preiiminary 101.2 o™ (13 TeV)
.._C_' 1010 T T T ] T T T T T T T T T T T T T T T T _C 10 . : : : | : : : | : . | . : : :
° o £ I Higgs VV + Vy + VWV 5 10 B Higgs VV + Vy + VWV
10 i ] = 10°
= ; B Drell-Yan [ Non-prompt = I Drell-Yan [ Non-prompt
£ U tWand t B Wjets c 10 tW and f B Wets
C\D 10: [ ]m =160, m, =100, m, = 500 Total uncertainty f 10" B m. = 160, m, = 100, m, = 500 Total uncertainty
<= 10 2]
c 2
g 10 5
L 104 Lﬁ
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10
]
10"
102
i T O SO OO SO OO SR
;h_') 1.0 e g
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BDT discriminator BDT discriminator
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Dark Higgs (WW) + missing transverse momentum

Most stringent 95% CL limits, for my = 200 GeV :
m, = 160 GeV: Z" masses up to 2200 GeV excluded
mz = 700 GeV: s masses up to 350 GeV excluded

CMS Preliminary 137 b7 (13 TeV)
S’ 4001 Dark Higgs, Z' — DM + s (WW) g
) - Majorana DM, m =200 GeV 2
&) _ 6=0.01,g =0.25,9 =1 %
Ew 350 B Expected 95% CL 10
L m—— Observed 95% CL
L + 1 std. dev.
— + 2 std. dev.
300~ 0, h?=0.12
B 1
250
200
10

500 1000 1500 2000 2500
m,. [GeV]
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