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Outline

m Dark Sector States (DS)

m DS - Visible SM particles

m DS - Invisible

m SM Particles = Invisible DS

m Dark matter searches and interpretations

The supersymmetric sector of SUSY is a prime example for a dark sector
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Dark Sector

m Dark Sector as "New Physics” beyond the SM

SM Dark Sector

Mediator

Need new force / interaction
to connect SM to Dark Sector

Dark Matter could just be one example of Dark
Sector State

A hidden or dark sector can be introduced
with an additional U(1)d dark gauge symmetry

- The dark sector could couple to the SM
through kinetic mixing with the
hypercharge gauge boson

Exotic Higgs boson decays have been
proposed as a way to search for evidence of

new physics

— In the decay of the discovered Higgs
boson

— To measure the coupling strengths
between the SM and the dark sector
Such decays predicted in many extensions to
the SM to explain
-  Muon g-2 discrepancy

— Astrophysical observation of positron
excess

ATLAS / CMS Exotics and SUSY results include many Dark Matter searches
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Minimal Interactions

m Symmetries of the SM restrict interactions with Dark Sector States

e mediators
- Standard Model < > Dark Sector
=T (+gravity) T
€ Huvigr 2 ij T
L D —5 B AL, - HTH(AS + \S?) — Y\ L;HN;
Vector portal Higgs portal Neutrino portal
vector Portal: [Okun; (?alison & [Pattgg Wﬁczek] g
Min. Lagrangian = Manohar; Holdom;
SM Lagrangian Foot et al] 1
+ Dark QED (tr(GG) tepFE Ja+0(dim > 5)
+ “Kinetic Mixing (g)” fa
Axion portal

[Weinberg, Wilczek, KSV/Z, DFSZ]
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Dark Photon Production

m Kinetic mixing gives matter of electric charge ge an A’ coupling « gee

¢
4 10"
A«m‘\‘ et
A/
o

; L W\
Decmjé, " \Lac\‘woe‘/
Thiak o < A

o

Dr. Kétévi A. Assamagan, BNL & Visiting Scientist at the University of the Witwatersrand




Dark Photon Decays = Kinetic mixing gives

matter of electric charge

“Minimal” Decay: “Generic’ Decay: d¢an4 cupiieiias
ot
A A X (not e-supressed!)
If any dark-sector
, Vo matter x has
vla same mixing Y my<2ma, this
operator as pmﬁm’tlmz decay dominates

= tiny width

L ~eamal  Two cases:

= — x stable & invisible

AN — x decays into SM particles,
N LA A'—>2 charged particles
searches at BaBar and KLOE

0 02 04 0.6 08 1.0 1.2 14
my 1GeV)
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Kinetic Mixing - for experiments seeking A" = Il

02 1073 1072 10~ 1

ma[GeVl  arXiV:1608.08632 mp [GeV]
Previous constraints Projections
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Kinetic Mixing — ATLAS / CM

S Bounds
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Phys. Lett. B 796 (2019) 131
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https://arxiv.org/ct?url=https%3A%2F%2Fdx.doi.org%2F10.1007%2FJHEP02%25282015%2529157&v=a4c69685

The Higgs Portal Phys. Rev. D 90, 075004 (2014)

exotic rare Higgs decays
rare meson decays

en |h]*|4|°

m If, the U(1)d symmetry is
broken by the introduction of
a dark Higgs boson, then
there could also be a mixing
between the SM Higgs boson
(H) and the dark sector Higgs
boson (S)

Dark Photon (A’), or Dark Z (Zd)
same thing ...

The mixing parameter k between H and S, can be extracted from H = Zd Zd - 4,
a unique channel to access this parameter
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Mass Mixing between SM Z and Zd

Phys.Rev. D 88.1 (2013) 015022

m |n addition to kinetic mixing, there could be also a Phys.Rev. D 85 (2012) 115019

mass mixing between SM Z and Zd

4 Oax =caxHX,Z4, (2)
4 : :
4 For operators of type O 4 x in Eq. (2), we will focus on
X = Z. Such interactions are typically associated with
H————7"— 7 mixing. For example, the mass term for Z-Z; mixing can

be parametrized as ez m%Z Zq, with

@
4

Z m
4 mpz

H > Z Zd - 4l is sensitive to the kinetic mixing parameter &,
and to Z-Zd mixing parameter 0. Unique channel to extract o
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H—>Z7Zd -2 4 leptons , .

H——m— z
m Search for events with 4 leptons (e, p) 9 p
whose invariant masses are consistent Zjﬁ<
with my, /
- Lepton-pairs must of opposite signs . een p
and same flavor ’.‘-19---"”""'l”"""'l"';l""l"”.
i VS=14TeV
— One lepton-pair, with mass mi, L [H-ZZ, m, =3GeV
should be consistent with the SM Z- A M= IB Y
boson - :ii_ Baczkgfgg“%dsz- r
— In the mass distribution, ms,, of the £ F — tE/Z/ZZ1Zjj ]
other lepton-pair, search for a % :
narrow resonance that might be :
interpreted as a Z, sighal OE

0 5 10 15 20 25 30 35 40

Phys. Rev. D 88, 015022 (2013 m (GeV)
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H->ZZd > 4 lept T
c : ]
e p O n S S [ HoZZod o Sfj:gjﬁ ’
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H > Zd Zd = 4l (4e, 2e2u, 41)  HeP 06 (2018) 166

m Search for events with 4 leptons (e, p)

whose invariant masses are consistent
with my

— Lepton-pairs must of opposite signs
and same flavor

- Both lepton-pairs, with masses m,
and msy,, must be consistent in mass,
AmM =|my;>-Mg, | minimal

- Veto events where m,, or ms, Iis
consistent with Z-boson, J/psi or
Upsilon

ATLAS:
Search range, high mass: 15 < m,4 < 60 GeV
Low mass (my4 < 15 GeV) search: with only the 4u channel
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H =2 Zd Zd 2 4 leptons s o S e
~ - Il Heavy Flavour [ VVV/VBS 13 TeV, 36.1 fb™
3-0-012__-22—>4I B H- ZZ* - 4l H s XX — 417
% 102 E T T T T I T T T T | T T . T T | T T T T I T T T T | T T T T I T E % E E
& = ¢+ Data _ = Total Background ATLAS T S 0.0 —
g T [JReducible bkg [ Z+(tHJ/W/Y) 13 TeV, 36.1 fb' L - ]
® ~ [ VVV/VBS B H—-ZZ* -4l 7 - =
o 10 EmZZ—A4l £g2im,=15GeV H— XX = 4|_5 0.008 \ ]
> = 2Eim, =35 GeV £2im, =55 GeV = N\ : o
W FE e T ] 0.006 \\\ x
L % — 3 \ N
1 £ 3 = 0.004 EENNY \ Y
- = 3 ] 0.002
107 E
- 3 - 2 4 6 8 10 12 14 16 18
- E ] (m) [GeV]
B £ i
102 :
- m No excess of events found
107 m  Aconstraint on the mixing parameter between the
0 10 20 30 40 50 60 SM Higgs boson and the dark sector Higgs boson
(m) [GeV] could be derived

Analysis continues with searches for generic scalar of mass up to 1 TeV
decaying into 41, with dark vector bosons in the intermediate state

JHEP 06 (2018) 166
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Narrow resonance decaying in a pair of muons
96.6 fb (13TeVscouting);13I7fb;1(1l3TeruII reco. The SearCh in the 45_75 and 110_200

7T I L I L l LI I L I LI l T I T I LI l

T T I T
CMS ~ soong

~

l T

> ET E
= 1E Preliminary e E GeV uses 137 fb—1. The search in the
S I 11.5-45.0 GeV mass range uses 96.6
¢ 5 T me M - . .
g ”: 4 fb—! of data collected using scouting.
10° : a;
108 ] 96.6 fb' (13 TeV scouting); 137 fo' (13 TeV full reco.)
o _ ' ' ' L 7]
o " b cMms -
10° = Preliminary =
B e 85500220 : O AL 120, 061801 (0013) §
Dimuon mass (GeV) B 90% CL observed i
104 & ------ 90% CL expected —
= I 68% expected 3
No significant resonant peaks are - e i
observed. The search sets the " Tl i Lummmwm 3 E
. . SRR TUME -
strongest constraints on a hypothetical : ill T4 .
dark photon heavier than 11.5 GeV. 10 & | -
scouting | full reco. | .

vo

CMS-PAS-EX0-19-018 R L s
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H % y y arXiv:1908.0269 S 137 |fb'|1 (13I'|'9|V)|

d submitted to JHEP 1 - CMS — Observed E
Massless dark photon in ZH production mode - ise Bl 68% expected
- ZH — 2l+p T4y ===+ 95% expected

X B(H — inv.+y) [pb]

1 Lower cross section compared to VBF mode.
[ Cleaner signal with highly efficient online lepton
trigger
ATLAS analysis in progress by a group from Mohammed V University, Morocco.
Thesis work of Hassnae El Jarrari, currently spending 3 months at BNL to work
with KAA on this
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http://arxiv.org/abs/1908.02699

Dark Matter Produced in Association
2HDM+a

with a Higgs Boson

9
q X .
arXiv:1908.01/713
Submitted to JHEP
X
A
A IS
The search is performed in five Higgs
7'-9HDM b boson decay channels: h—bb , yy,
q T+17—, W+W-, and ZZ, and combined. 9
- -36 35.9 fb-1 (1 3 TeV) CMS observed exclusion 90% CL
q X 10 E T T T T T Vedtor med., Dirac DM ’
51077 CMS 7 9,-025.9,=10
8107k E DM+h(bb + 7y + 7t + WW + Z2)
.210739% —é DD observed exclusion 90% CL
50010_4()5’ 3 ___ cressT
] . S E é’éﬁéﬂfﬁg“’”“]
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10742;% L éaari‘(g;(s_ﬁa 02448]
E 3 [arXiv:1708.06917]
107 E [arXiv:1608.07648
g\ e
’ 10 \/ ?B)é;-;goz 09216;
H 10—46;_ _; arXiv: .
’ Baryonic Z O
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m, [GeV]

The upper limits at 90% CL on the DM-nucleon spin-
independent scattering cross section oy, as a function of m,
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Z/h

Aa>

X

~ X
a s
X 9
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ATLAS r/m, >20% ]
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-3 PLB776(2017) 318

—E"+h(bb)
PRL 119 (2017) 181804

=ET*+h(yy)
PRD 96 (2017) 112004

—Er*+Z(q0)
JHEP 10 (2018) 180

1 =h(inv) fs=7,8 Tev;47,203 1"
JHEP 11 (2015) 206,
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http://arxiv.org/abs/1908.01713

Dark Matter Produced in Association W|th
top-quark(s) :

JHEP 03 (2019) 141

Principal production diagrams for &
the associated production at the

LHC of dark matter with a top b
quark pair (upper left) or a single
top quark with associated t
channel W boson production
(upper right) or with associated
tW production (lower left and
right).

g

¢(a): a scalar or pseudoscalar mediator particle couples to a
top quark and subsequently decays into dark matter particles

Dr. Kétévi A. Assamagan, BNL & Visiting Scientist at the University of the Witwatersrand 19



Dark Matter Produced in Association with
top-quark(s) JHEP 03 (2019) 141

359 fb" (13 TeV) 359 fb" (13 TeV)
b_‘.g 10 :I LU | UL I LI LI L LI L | LU | LI | L _I__ bE 1 O :I LI I rrri | rrri LU LI LI LI | I | L | LI _I__
® o CMS 4 © o CMS A
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8- X Uq X & 3 = X Uq X R
= R m B
~ = Observed 95% CL e = ~ = Observed 95% CL R s
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6 [ 68% CL expected ; 6 I 68% CL expected Ry
[ ’” [ Yy
= 95% CL expected R4 R sF 95% CL expected '{;f'
il ‘ ‘ = “
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Interpretation in a simplified model where scalar and pseudoscalar mediator particles with masses below
290 and 300 GeV, respectively, are excluded at 95% confidence level, assuming a dark matter particle
mass of 1 GeV and mediator couplings to fermions and dark matter particles equal to unity

ATLAS results (Eur. Phys. J. C78 (2018) 18, JHEP 05 (2019) 142)
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CMS H = inv. combination Phys. Lett. B 793 (2019) 520
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[
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S 0.8 ls=13TeV,36.110"  —
H—invisible branching ratio (ATLAS) =z | o Expocted it 116
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Phys. Rev. Lett. 122, 231801 (2019) Mywe [GEV
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Constraints on selected mediator-
1. x based dark matter models and a

scalar dark energy model
JHEP 05 (2019) 142

|

=ATLAS Vector Z'

AtLas 0 T o
{5 = 13 TeV, 36.1 ! <==== Standard Model
jet+ErT"iSS Bz vv) +jets
BN W v) + jets
0z +jets
B ti -+ single top
I Dibosons
multijets + ncb
----- DE, L, M = 1260 GeV

Vector mediator, Dirac DM
gq =0.25, g,= 0, gx =1
Phys. Rev. D 96 (2017) 052004
Phys. Rev. Lett. 121 (2018) 081801
Preliminary ATLAS-CONF-2016-070
Phys. Rev. D 98 (2018) 032016

Eur. Phys. J. C 78 (2018) 565

Eur. Phys. J. C 77 (2017) 393

JHEP 01 (2018) 126

PLB 776 (2017) 318

JHEP 10 (2018) 180

==ATLAS Z' baryonic
Z' baryonic, Dirac DM
sin® = 0.3, 9, = 1/3, g = 1

Phys. Rev. Lett. 119 (2017) 181804
Phys. Rev. D 96 (2017) 112004

ATLAS Scalar

Scalar mediator, Dirac DM

IIIII|_|,|,| IIIIIL|,|I 111

ATLAS Z' baryonic

o, (x-nucleon) [cm?]

ATLAS Vector Z'

=1 =1
gq ’ gx
Eur. Phys. J. C 78 (2018) 18

—DarkSide-50

Phys. Rev. Lett. 121 (2018) 081307

—CRESST Il

arXiv:1904.00498
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Phys. Rev. Lett. 121 (2018) 111302

— BEEPandaX
1 10 1 02 1 03 Phys. Rev. Lett. 117 (2016) 121303

ATLAS limits at 95% CL,
. direct detection limits at 90%I CL

—46
PR INPUT ST SN (TSN SR YT SN (NN SR ST ST T NS ST S W (N ST W S NS l L 1 1 0 ATLAS
5= 13Tev, 293,370

ET [GeV] 1047

Jet + Missing Energy Analysis m, [GeV] 5%, oo
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New particles decaying to a jet and an
emerging jet JHEP 02 (2019) 179

m Search for pair production of a new heavy particle that acts as a mediator between a
dark sector and normal matter, and that decays to a light quark and a new fermion

called a dark quark

‘cms OMS Experiment a LHC, CE 16.1 fb (13 TeV)
QDK ’_/;f S 03059 2016 El ™

| Run E /LS 281 0 / 308250303 / 826

A =
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10°
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e . SS V4 10 =
SN . BN E 2
NS / X - — 10
S N N q b - it - -
N - -
XT \\\\ bi [} 3 ( 2 B ]
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-
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DK _ N4 C

le]

1 1
XDK,,,’//,< N 3 1 e
& ,,»,”’ a \ 400 600 800 1000 1200 1400 1600 1800 2000
\\\\ AN mX [GeV]
Sso q >
B < 2 R The data are consistent with the

expectation from standard model

Qo processes
Dr. Kétévi A. Assamagan, BNL & Visiting Scientist at the University of the Witwatersrand 24




Non-prompt Jet + Missing Energy Analysis

Many models for physics beyond the SM predict long-lived particles that may be
produced at the LHC and decay into final states containing jets with missing transverse
momentum. These include SUSY GMSB, split and stealth SUSY, and hidden valley models

— 200p

HCALT

-200 -150 -100 -50 O 50 100 150 200

Events / 0.5 ns

— — —
o o o
™ w >

—_
o

1 1

107 -

1072
10°°
107

107°

137 b (13 TeV)

TTTT T III|'|T|| TTTTm

2

4

X (cm)
Phys. Lett. B 797 (2019) 134876
The search uses the timing of energy deposits in the EM calorimeter to select delayed jets from the
decays of heavy long-lived particles. Results consistent with the background prediction.
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¢ Observation

[ ] Cosmic ray muon background
[ ] Core and satellite bunch background
[ Beam halo muon background
GMSB m; = 2400 GeV, ct, =1m
GMSB m = 2400 GeV, ct, =10 m
30m

GMSB m = 2400 GeV, cr, =
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Long-lived particles decaying into displaced

jets

m, = 125 GeV, m_ =25 GeV, Iow-ET selection
Vs=13TeV 10.8fb"
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Jet-Jet model :?SOGGeZV Phys. Rev. D 99 (2019) 032011 Eur. Phys. J. C 79 (2019) 481
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For a simplified model in which long-lived
neutral particles are pair produced and decay
to two jets, pair production cross sections
larger than 0.2 fb are excluded at 95%

confidence level for a long-lived particle mass
A i larger than 1000 GeV and proper decay
o lengths between 3 and 130 mm.
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http://dx.doi.org/10.1103/PhysRevD.99.032011
https://link.springer.com/article/10.1140/epjc/s10052-019-6962-6

Dark Interactions workshop series at BNL

Third Biennial Workshop on

_ Dark Interactions
m Started in 2014 Perspectives from Theory
m Itis biennial -and Experiment.

" DctoberE 5 2018
Brookhaven Natlonal Laboratory

m /0-80 experts in the field gather for 3.5 days e ' e ".”.ht_t'_,,i{/lv.vwwbn.gév/d.golqe/.
- Talks and discussions : B :
- Exchanges of ideas

7 H 11 H Topics he Qrgani ing Committee

- Networking and scientific collaboration Ceererca v B Negen (. o1

- Experimental Constraints from Higf er Keith Baker [%Ie University)

h Energy Colliders g Michael Bagel [BNL)

1 1 - Cons! s fi n-Collider ‘ | Mary Bishai (BNL]

m 4™ in the series planned for 2020 bl ol

- Cosmological Constraints Hooman Davoudias! (BNL)

3 ::T,T‘P“CBT-‘O”? foLEg‘k 'Z‘:ﬁe" Rouven Essig (Stony Brook University)

. - Prospects for and future i i i :

m Organized at BNL itensiy Fronter Expenmerts T°"'Zi§§l';"p%£”£l“iﬁ. (o e U)

- Cosmological and Astrophysical

. . William Marciano [BNL)
Probes of Dark Sectors Gopolang Mohlabeng [BNL)

— In collaboration with BNL theory group and oo
other institutes

% 0D STATE UNIVER!TE W r‘L hop Coordin
LLLLL VERSITY DE G;Ngvg
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Conclusions

m Many searches for dark sector states have been performed at the LHC
m No significant signals have been observed

m Upper bounds placed on cross sections times branching ratios

m Results interpreted in various models to constrain model parameters

m The searches for dark sector states continue
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Additional Materials
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Long-lived particles decaying in the
ATLAS calorimeter

Long-lived particles occur in many extensions to the SM and may elude searches for new promptly
decaying particles. The analysis considers neutral, long-lived scalars with masses between 5 GeV
and 400 GeV, produced from decays of heavy bosons with masses between 125 GeV and 1000
GeV, where the long-lived scalars decay into Standard Model fermions

95% CL Upper Limiton ¢ x B, _, . [pb]
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Trigger efficiency of simulated signal events as a
function of the LLP p+
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Prompt or displaced Lepton-jets
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https://arxiv.org/abs/1909.01246

H = invisible particles - coupling combination
ATLAS BR(h—invisible) direct search in VBF channel (8 TeV)

Results Expected +1loc —1lo 420 —20 | Observed
SR1 0.35 049 0.25 0.67 0.19 0.30
SR2 VBF 0.60 085 043 1.18 032 | 083
Combined Results 0.31 0.44 0.23 0.60 0.17 0.28
JHEP 01 (2016) 172 = s T
Yol ilatevieesm 7]
VBF + VH (Z=>1l, V=2jj): BRjy < 0.25. The OB oy e ]
use of the measured visible decay rates in °F - inv. decay channels g
a more general coupling fit improves the Py SR
upper limit to 0.23 2:_
JHEP 11 (2015) 206 e NI |

BR.
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Search for massless dark photons in resonant
monophoton signatures from Higgs boson decays

Motivations to Dark Photon searches

Analysis overview

Plans

L Dark sector might contain light or
massless gauge bosons mediating
long-range interactions between
dark particles.

O Many dark photon proposals were
introduced to improve
astroparticle and cosmology
models

L Massless dark photons provide a
unique signature to test the dark
sector and its possible connection
to the Standard Model.

Looking for massless dark photon in
ZH production mode:

L Lower cross section compared to
VBF mode.

O Cleaner signal with highly efficient
online lepton trigger.

O Ongoing analysis with full LHC
Run 2 data of ~150 fb-1

O The aim is to provide the best
limit on the branching ratio of
H->y+y4 using an model
independent search.

O Prospect of theoritical

interpretation combining
ATLAS DM searches and dark
photon results.

Hassnae El Jarrari, Mohammed V University, Rabat Morocco,
on a 3-month visit to BNL
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