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LHC Dark Matter Working Group documents for RUN 2 analyses

arxiv:1507.00966
arxiv:1603.04156
arXiv:1506.03116

Simplified DM models — main requirements:
1. Minimal set of DM fields, s- and t-channel mediated models
2. Minimal set of physically relevant parameters (couplings, masses and widths)
3. Minimal flavor violation (MVF): new interactions are invariant under global flavor symmetry group
or all violating transitions are governed by the CKM matrix (SM FCNC structure, also CPV)

DM mediator(s): spin-0, Y2, 1
1. The (axial)vector Z’, spin-1
2. The (pseudo)scalar, spin-0 — Higgs portals (special importance of Higgs connected studies).
3. Fermionic portals, spin-1/2 — SUSY, dark SUSY... (often — flavour violation)
4. Double (scalar-vector) portals

DM particle(s): spin-0, /2, 1 (and even spin-2 for Kaluza-Klein DM in TeV-scale gravity models)

Spin-1/2 DM: for fermion case only one DM particle 2 nonperturbative description for the scalar mediator
(seef. e. arXiv:1903.03616) = need to extend fermion sector

v' Isodoublet-isosinglet model (faces difficulties in imposing collider and astrophysical constraints

for minimal mediator models, higgs portals)

v" New vector-like fermion family (VLL, VLQ, VLF in general)
Spin-0 DM: inert higgs doublet
Spin-1 DM: dark photon
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https://arxiv.org/abs/1507.00966
https://arxiv.org/abs/1603.04156
https://arxiv.org/abs/1506.03116
https://arxiv.org/abs/1903.03616

One DM particle, one mediator, plus the SM content. Visible and invisible (MET) FS

vector axialFvector A cross section as a function of
Z gy only model parameters:
p Mpeds 8q» 81> Mpm> Epm

41517 (13 TeV)

scalar pseudoscalar .

D W(k +jets
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The invisible signature: DM mediator 2 yj - Mono X + MET;
Mono X = ISR Jet/W(Z)/y/h,,/t/tt
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CMS Preliminary LHCP 2020
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https://twiki.cern.ch/twiki/bin/view/CMSPublic/SummaryPlotsEXO13TeV
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Extended simplified DM:

v' 2HDM-based DM
v’ Dark portal

v" t-channel VFC SDM...

one DM particle,
one mediator + SM

M. Savina, JINR, Russia

extended higgs/gauge sector:
extra states = extra graphs

new states

flavour violation

The 20th Lomonosov Conference
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SDM models and signatures

Generalized or model specific search, combinations of visible and MET signatures

The (axial)vector mediator

V(ector) / Axial)V(ect

or)

dijet (dilepton), diboson hW/Z pair, tt
resonance

V(ector)F(lavour)C(c t+Er miss same—sign It

hanging)

V(ector)B(aryon- h(bb/yy/tt) +ERss

number)C(harged)

2HDM+Zy, (vector | h(bb/yy/tr) +ET5S, diboson W/Z/h pairs,
SHON tt resonance

Dark higgs Z;,+s | s(bb) + Ess

The (pseudo)scalar mediator

S(calar) / PS(eudoscalar)

jet/V/h+EPSS, tt(bb) resonance,
tt(bb)+EMSS, h=> inv, X hh

S(calar)C(olor)C(harged)b

b(bb) +Eiss

SCC, t(tt) +EMss
2HDM-+a (pseudoscalar | h+ETSS, Z(D)/V(qq’)/Z(qq)+EMSs,
2HDM based)

h-= inv, X hh, diboson Zh(+bb),
tt(bb) resonance, tt(bb)+EMSS, tttt

A key: separation/reinterpretation and a wide complementary search with all available signatures

M. Savina, JINR, Russia
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Events / GeV

Data / SM

Zy

Decay h=> bb , new vector/pseudoscalar in invisible mode

Z,’ : lector Baryon-number-Charged mediator (VBC)
Free parameters of the SDM used in the analyses: m,, m,, m,, my,

coupling Z;, to SM matter g, (=0.25), coupling to DM g,(=1.0)

2HDM+Zj;: m,, m,, m,, m, (=100 GeV), coupling Zy, to SM matter

gz’ (=0.8), coupling to DM g, (=1.0), tanf=1

35917 (13 TeV)

—+— Data

-- L 8M (pre-fit)
I Z+jets
1t
[ W+jets
[ Single t
[ Diboson
I SM h
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https://link.springer.com/article/10.1140/epjc/s10052-019-6730-7

2HDM+a

See also JHEP 03 (2020) 25 for

combined h > bb /WW/ZZ/yy/Tt

M. Savina, JINR, Russia

Decay h-> bb , new pseudoscalar in invisible mode EPJC 79 (2019) 280

Free parameters of a simplified description used in
an analyses: m,, m;;, mg, mixing angle between a and A sin#,

VEV ratio for two higgs doublets tanf, couplings to SM and
DM particles
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https://link.springer.com/article/10.1140/epjc/s10052-019-6730-7
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Higgs portal
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2HDM+a | (h > invisible)

137 fb~! (13 TeV)

CMS (Axial, Dirac, gy =1, g4 = 0.25) 137 fb'1(13T V)
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v" “Double portal”: both “dark higgs” s and massive Z;, coupled
to SM.

v' A new higgs state is weakly mixed with SM h,
a new U(1)’ > SSB(s) = massive Z;, coupled to quarks only

Model parameters : mg, my, my, g,, g, sinb (h—s mixing)

CMS Preliminary 137 b1 (13 TeV)
'_g I other background I orell-van
:,‘) B Higos [ Nonprompt
b= wWw tW and tt
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DS might be extended and rich

DARK
ENERGY

v’ presence of new “dark” particles that
DARK manifests itself through SM-dark
MATTER interactions (portals)

v' new symmetries (new “dark”
QCD, EW, SUSY...)

NORMAL MATTER

Visible Sector Dark Sector

NB: not only dark sector:
see Backup slides for
full list of models that
give LLP signatures

Multiparticle Spectrum

s = M EELT=Y T 1ot s
— ] L -y
. Higgs - -
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— - -
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v b rd - L
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DS: small couplings, compressed spe

e ir

ctra, large hierarchy - 1
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New Gauge Symmetries
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LLP:

a proper lifetime ct,
is greater than or
comparable to the
characteristic size of
the (sub)detectors

v' small ct, that
comparable to the
inner tracker size, no
displaced tracks >
“standard” prompt
decay

v' intermediate ct,
-> LLP

v' very large/infinite
large ct, = stable
particles, “standard”
MET signatures

Dark sector with Long-Lived Particles at the LHC

disappearing or
displaced kinked tracks
multitrack vertices \ S .
‘ non-pointing
\ | .-~ (converted) photons

displaced leptons, N emerging jets
lepton-jets, or P .
lepton pairs

trackless,
. low-EMF jets

quasi-stable

charged particles
multitrack vertices in the S Q\

muon spectrometer

Searching for long-lived particles beyond the Standard

Model at the Large Hadron Collider, arXiv:1903.04497

LLP White Paper:
arXiv:1903.04497

LLP theory motivations:
arXiv:1806.07396

displaced jets

Jetl Jet 2

v
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Dark photon from dark SUSY, displaced L.J |

13 TeV, 35.9fb1 | =

SUSY portal CMS 359 .Tb'1 (1 3 TeV)

h — Higgs boson (visible) HABESs '
n, — neutralino, 3 BaBar
np, — dark neutralino 107710 | e

Yp=2Y conversion, €

ATLAS
(prompt)

10% Io#?—ﬁfed
Upper limits set on product of H production cross
section and BR of Higgs boson (cascade) decay to
a pair of dark photons:

o(pp = h — 2n; = 2yp + 2np) X B(yp — 2u)

—
<
&)

Interpreted in terms of limits on the Kinetic mixing
parameter, €, and ma.

Kinetic mixing parameter ¢

Limits are shown for B(h — 2y + X) in the range
0.1-40%.

See also full RUN 2 statistics of 137 fb™ analyses for yp, in VBF . — s

and ZH associated prod. and for the light narrow vector . 10 100

resonance Z, -> uu in Backup slides my [GeV]
D




CMS-PAS-EXO-20-014

Higgs — dark higgs conversion,

M. Savina, JINR, Russia
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B(Z, — pu) from JHEP 02 (2015) 157
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scalar charged under both colour and dark colour

¢ Jet vector coupled to (), Emerging jet
< (dark) quarks
D

Emerging jet

Emerging jet

16.1fb7 (13 TeV)

= Observed limit

= Expected limit

—
o
w

95% CL upper limit on cross section [fb]

==== Expected limit £ 1o

background from QCD

D light jets multij et dominates

rk pion mass 1 GeV

—
o
[a™)

Schwaller et al..

arXiv:1502.05409

16.1 10" (13 TeV)

=+ b jet i
Light-flavor jet 7

rk pion mass 2 GeV

v One of the most striking DM-targeted
signatures (dark QCD - dark showers)

Misidentification probability

v' Tracks start near the edge of the tracker,
in the ECAL and HCAL and even in the 1 PP R

inner muon stations 400 600 800 1000 1200 1400 1600 1800 2000 ) o
JHEP 02 (2019) 179 ™, [GeV] 30
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Summary and outlook on DM searches

v Wide variety and an extensive list of analyses on DM at CMS, simplified s-channel DM model
and slightly beyond it

v Model specific/non-specific signatures, reinterpretation of common to many models, separation through
special signatures

v" Still no signals of new DM particles/mediator

v Further development of an analysis and related theory/simplified model approaches, new interaction
channels, new frameworks:

» t-channel studies
» LHC Dark Matter Working Group: Next generation spin-o dark matter models
(in the 2HDM +a framework)

CMS analyses summary on DM search and much more:

https://twiki.cern.ch /twiki/bin/view/CMSPublic/PhysicsResultsEXO
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https://arxiv.org/abs/1810.09420
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsEXO

Thank you for your attention!
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Spin of DM mediator: Higgs/gauge (or both) portals to dark matter

Higgs portal: DM interacts with our world only through coupling with the Higgs sector =
special importance of Higgs connected studies

Additional higgs bosons needed to accommodate DM - an extended Higgs sector. How to extend?

SM style...

v" SM + one singlet (real/complex) — SM + S, the simplest singlet-doublet model (the doublet corresponds to the SM)

v" SM + one doublet (real/complex) — 2H(iggs)D(oublet)M(odel), flavor conserving 4 types (type II — MSSM), 5 physical
states: h, H (CP-even), A (CP-odd), H*/~ ; h—H mixing, “the aligment (decoupling) limit” > h,.=h

v" SM + doublet + scalar singlet (r/c) — 2HDM+S or N(ext/non-minimal)2HDM, flavor conserving 4 types (type II —
NMSSM), 7 physical states, one is the pseudoscalar > 2HDM+a in the simplified description

v' SM + 2 doublets — 3HDM etc.

and non-SM style (SM: isosinglet and isodoublet reps. under SU(2) weak symmetry group). Then how?
v’ isotriplet representations of SU(3) for Higgs fields (Georgi-Machacek model etc.)...

Bright experimental signatures: extra Higgs states, neutral and (doubly)charged, CP-odd and CP-even ones, lighter and
heavier than the SM Higgs h

125

Also: gauge portal 2 the (axial)vector mediator and double portal - both vector + scalar mediators
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One DM particle (spin-1/2), one mediator + SM, fully visible decay

mediator on/off-shell production, dijet/dilepton FS

v" A cross section as a function of the 3 parameters: M__, Sare

v' mpy =1 GeV (can differ)

v limits on g, from DY (the V mediator): g;< 0.01

_ : , _YB
v’ Universal quark coupling: e

M. Savina, JINR, Russia

(1895 + 1)Mmed

12w

/ gq

9q =

The 20th Lomonosov Conference

\/1 + 1/(3Nq(Mmed)qé)

JHEP 05 (2020) 033

CMS

85% CL Upper Limnits

Observed

+ 1 std. deviation

e —
=Z(1—4qu > <1+2M2" )

q med med
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https://link.springer.com/article/10.1007/JHEP05(2020)033

CMS Preliminary

CMS + ATLAS (also CDF, UA2, precision Z° and Y widths)

LHCP 2020

'ﬂ

Z'—qq

20 30

M. Savina, JINR, Russia
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CMS EXO summary plots

95% CL exclusions

I/ M, <~100%

CMS Dijet , 13 TeV
[arxiv-1803.08030]

Iyl My <~30%

CMS Broad Dijet, 13 Tel
[arkiv-1806.00843]

I/ My <~10%
CMS Dijet, 8 TeV
[arxiv-1604.08907]

CMS Dijet, 13 TeV
[arxiv-1911.03947]

CMS Dijet=ISR jet, 13 TeV
[arkiv-1911.03761]

CDF Run1
[arkiv-hep-ex/BT702004]

CDF Run2
Jarknv:0812 4036]

UA2
[Nucl. Phys. B 400, 3 (1993)]

Z width (all T /M)
[arxiv-1404.3947]

ATLAS Boosted Dijet, 13 TeV
[arxiv-1801.08769]

ATLAS Dijet+ISR v, 13 TeV
[arkiv-1901.10917]

ATLAS Dijet TLA, 13 TeV
[arxiv-1804.03496]

ATLAS Dijet, 13 TeV
[arxiv-1910.08447]

CMS Dijet b tagged, & TeV
[arxiv-1802 06149]

CMS Dijet Scouting "16, 13 TeV
[arkiv-1806.00843]

CMS Boosted Dijet, 13 TeV
[arkiv-1909.04114]

CMS Boosted Dijet+y, 13 TeV
[arkiv1805.10331]

CMS ff, 13 Tev
[arxiv-1810.05905]

Y width (all FZ,.fru'Iz}
farxiv-1404 38477
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Observed exclusion 95% CL

Expected exclusion 95%: CL

DM + j/V(gq) (35.9 1™
[arXiv:1712.02345]

DM + Z(Il) (35.9 fb™")
[arXiv:1711.00431]

DM + titt (35.9 b
[arXiv:1901.01553]

Pseudoscalar Mediator

Dirac DM

gq=1.D
gDM=1.O

My = 1 GeV
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Model non-specific interpretation

CMS EXO summary plots
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theory
Observed exclusion 95% CL

Expected exclusion 95% CL

DM + j/V(qq) (35.9 fb™)
[arXiv:1712.02345]

DM + Z(1l) (35.9 fo™)
[arXiv:1711.00431]

DM + t/tt (35.9 fb™)
[arXiv:1901.01553]
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Scalar Mediator
Dirac DM
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DM
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arxiv.org/abs
Motivation | Top-down Theory IR LLP Scenario

v Dark photon

RPV SUSY
GMSB

mini-split SUSY , v Heavy neutral leptons (quarks
Stealth SUSY BSM=/—LLP vy p (q )

idivect j!nir.l'].'n:'rr'n.'r |.||r'B_‘.'_'I.|' siarle ar

Naturalness ’;""I'{‘i:""t _ LHC that is or decays to LLP) .
S v' Dark GB and/or Higgs(es)...

Neutral Naturalness ‘
Composite Higgs Hidden Valley ==
Relaxion

Asymmetric DM s—— : : = v nggS / GB / gluon / SUSY portals

Freeze-In DM
SIMP/ELDER =

Dark Matter Co-Decay

Co-Annihilation v" (Asymmetric DM/
Dynamical DM ] e e
SMHV (+8)=q exotic Z Baryogenesis)

decays

WIMP Baryogenesis
Baryogenesis Exotic Baryon Oscillations — Dark SUSY

Leptogenesis exotic Higes n Dark QCD
decays
Mimimal RH Neutrino —_—
with U(1)p.L 72— ] . .
Neutrino with S_U[E]R Wp—— exotic Hadron ‘/ TWln nggS
long-lived scalars —
Masses with Higes portal

DS: small couplings, compressed spectra, large hierarchy - large ct

decays
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https://arxiv.org/abs/1901.04040

The coupling to SM particles - A

. . -5 < < -3
proportional to electric charge 1 or 2 loops: naively 107 < € < 10

a = €e*agy

Add a U(1)p where massive dark gauge boson (A'/Zp/yp) Kinetically mix with SM photon
Parameters: kinetic mixing term, €, and ma

LLP N
Seafch strategies

vq4 Branching Ratio

Medium lifetime, 1.00f
Prompt, resolved decay resolved decays: 0.70}

products: ZpZp/ZpZ™ Displaced muons 0.50r e'e
AT{ S/CMS detector utu

1. o ] ;
able lifetimes: mn.so Hadrons

Medium lifetime, ET signature 0.20}

Prompt, collimated decay 0151

“lepton jets” (LJ) collimated decays:

Displaced LJ 0.107 arKiv:1002.2952 |

> 0.10 0.15020 030 050 0.70 1.00 1.502.00 3.00

Lifetime y4 Mass [GeV]
(&agknds on mA’ and €)




137 b (13 TeV)

e e A I
E_ CMS = Observed

- _ B8 68% expected
rZH — 2""9:'55"'? F-- 95% expected

i 1 M
0.1 Oy

=

“Standard” (non-LLP) analyses:

... JHEP 10 (2019) 139

v Prompt, resolved decay, y + MET

v’ Associated ZH production and
partially invisible (semi-invisible)
H decay

v' B(H - invisible + y) < 5%

v inSMB(H - Zy - vvy) =3 x 10~*

v Bckgr. from WZ, ZZ, WW, t

="y
3

0, X B(H — inv.+Y) [pb]

| 130 b7 (13 TeV) 1370 (13 TeV)
+ Data ! ' ' I

Bkg. unc. ‘B : — Observed
%ng}:ru IrJllc(;g. - St CMS # Data E i B 68% expected
+lets g zz 3 ; '
+ r 4 A miss
-?;’ s [ W2 ) Wz ] | 1""B"'-+F', +y ==+ 85% expected
mr+jets E control region W E .

Mismeasured vy ]
H,,. — Inv.sy, I =0.05 i By

B Too W ; ' ... JHEP 03 (2021) 011

130 fb'' (13 TeV)

Events / GeV

= 005 % G

Bkg. unc.

00 0 \
\=d m. [GeV] 1 1
Boosted jets: Increasing transverse momentum 600 800 1000

m, [GeV]
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U(1)p X U(1)y, mixing in a gauge sector with a parameter &:

— v
gauge mixing — E B,uvbu

v" Search for new light spin-1 resonance Z produced on the LHC via mixing with ordinary SM weak bosons.

v" Prompt, collimated decay, LJ

137 fb ' (standard triggers) and 96.6 fb™! (scouting triggers) (13 TeV)

CMS

4
—— Standard triggers

Scouting triggers

Events / 0.1 GeV
Events / 0.05 GeV

Pull

20 40 60 80 100 120 140

Phys. Rev. Lett. 124, 131802 (2020)

M. Savina, JINR, Russia

Barrel category

Data
Z, (25 GeV) £2 = 2x1 0°
Background only fit

160 180 200 220
my, (GeV)
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137 o' (standard triggers) and 96.6 fb™' (scouting triggers) (13 TeV)

CL observed limit
L median expected limit

terval for expected limit
cted limit
|E;]

% CL) [MHEP 02 (2015) 157]

standard triggers

1,200
m,_ (GeV)
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Dark QCD

L = ——Fa Frva + arlzDQd — ?lclj\d-qq(j

172%

Fa: dark gluons (N, colours)
gy. dark quarks (N; flavours)
M,: quark mass matrix

Dark QCD

S

Schwaller et al..
arxXiv:1502.05409

asym mk
sharing

Dds Ny - - -

(Dark QCD > dark showers) annihilation |

Tdy Pds -+ -
p,n VP
‘ decay

ECAL and HCAL and even in the inner muon stations T, K,. ..

v One of the most striking DM-targeted signatures

v Tracks start near the edge of the tracker, in the
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Disappearing Tracks: 2004.05153

140 fb™ (13 TeV)
T

95% expected

I 559 expected

Median expected

——— Observed
= mm AMSB (PLB 721 (2013) 252)
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Ky XXy production (wino-like ;ﬂ)
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Charginos excluded for pure W LSP
Arises naturally in AMSB and scenarios up to 474 GeV and 0.2 ns

compressed SUSY scenarios with (175 GeV and 0.05 ns for H LSP)
/(100 MeV) splittings LLP7 slides from B. Francis

Distinct signature!
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