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DARK MATTER

Just a brief reminder about the evidence for DM
after Matthias’ overview lecture...
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DARK MATTER EVIDENCE
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DARK MATTER EVIDENCE

ASA 641, A5 (2020)
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DARK MATTER PARTICLE DETECTION
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DARK MATTER DETECTION

Indirect detection

Direct detection

Collider production
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DARK MATTER DETECTION

Indirect detection
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DARK MATTER ANNIHILATION / DENSITY

DM annihilation into SM patrticles:
Need high DM density for observation!
a) Shortly after big bang (BB)
b) Today in gravitational wells

a) DM annihilation after BB:
Indirect constraint from relic DM density

May need effective mechanism > >;_,. {i
to deplete DM density if too high = A
Constraint very model-specific! g I
() b
<
Dq:) X SM
Without With
annihilation annihilation
¥y — SMSM
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INDIRECT DETECTION

DM annihilation into SM patrticles:
Need high DM density for observation!

a) Shortly after big bang (BB)

b) Today in gravitational wells

b) Today in gravitational wells

Galactic Centre
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INDIRECT DETECTION - DM ANNIHILATION RATE

X

Diff.Flur 4. (ross Section a.k.a. J-factor
—T— A o
dd oV d\ / g 2(?( Q))
— Y = X : X S S
dQ)dFE 87rm>2< dE lo.s L ~——
L —~ ‘ Dark Matter Distribution
A Energy Spectrum A
Measurement Model assumption,
Colliders (fragmentation etc)
oVv: Interpretation (final observable) Cosmology

m,: model assumption

1605.08788

mgm CA\VENDISH LABORATORY




MILKY WAY MAP + DM
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INDIRECT DETECTION - DM DENSITY

- Cosmology input matters [1]: 2001.06193 ~
- Navarro-Frenk-White profile: Lo
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INDIRECT DETECTION - DM DENSITY
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INDIRECT DETECTION SIGNATURE: EXCESS OFfSM

Alpha Magnetic Spectrometer (AMS-02)

""

v

Also: PAMELA, Fermi-LAT, etc.
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INDIRECT DETECTION SIGNATURE: EXCESS OFfSM
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https://www.eoportal.org/satellite-missions/iss-ams#iss-utilization-ams-02-alpha-magnetic-spectrometer

INDIRECT DETECTION SIGNATURE: EXCESS OFfSM

Electron and positron spectra ( X E’ )

L 16,500,000 .
250 - electrons @ esa ’ ] 25

= [ i ]
53200 {++*+ "y H —20 E
'~ Pt - } ﬂﬂﬂ J S
@ = r t *ﬂm + * ‘ ] s
o & + % it X 2
we } My, ol 1 <3
c S 150 i /! —15 »
0o o — * 1 4l *} = =
o) L } R LU LY - o
‘8’ 3 i R L iy y | . =
= T - t ot 2 7
W o 100 — .47 1,080,000 | | 410 9
“ [E : f §+, positrons I 3 Q.

I b 3

il S 3°
- et energy [GeV] 1
—.l l.l ll 1 L 1 L1l lll 1 1 L.l ll 1 3
1 10 10? 10°

mom CAVENDISH LABORATORY



https://www.eoportal.org/satellite-missions/iss-ams#iss-utilization-ams-02-alpha-magnetic-spectrometer

INDIRECT DETECTION: EXCESS OF fp

Diffuse term Source term

1;"[‘_\']]1 E/E. ]

EZ
®,+(E) = ﬁ[cd(E/El)Yd + C, (E/E,

25-Ill'l L) L] L) Ill L] L] L] l'l'l' L] lll
5 Positron Spectrum
o e AMS-02
I == Fit with Eq.(4) and
— 20— 68% C.L. band T
7)) -
o 15 e .
£ I
3 : Source term
S, 10
.m —
- F «—\
i - Diffuse term -
54—
C Energy [G?V]
1 10 100 1000

PRL 122, 041102 (2019)
OLEG BRANDT ®gm CAVENDISH LABORATORY

v

C\.

3

I_

IS

O S =
PR S R
e O oD S
& O

° >
c

° =




INDIRECT DETECTION: EXCESS OF fay

Diffuse term Source term
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INDIRECT DETECTION: EXCESS OF]?SM

FPAMELA maps: APJ, 811:21 (2015)

N
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(a) Positrons (b) Protons

Origin of e not clear:
e Charged particles deflected in magnetic fields (GALPROP)
¢ | arge uncertainties
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https://galprop.stanford.edu/

INDIRECT DETECTION: ¥ GALACTIC CENTRE EXCESS

Search for energetic photons:
¢ no deflection in magnetic field

e produced in association with charged particles like e™

Sermi

Gamma—ray
Space Telescope

STRIKES'AGAIN

memegenerator.net

-
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INDIRECT DETECTION: ¥ GALACTIC CENTRE EXCESS

Gamma-ray
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FERMI-LAT MAP OF THE ¥ RAY SKY
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Search for y from:
e Galactic centre

e Dwarf spheroidal galaxies

Interpret as limits on DM annihilation
24



INDIRECT DETECTION: ¥ GALACTIC CENTRE EXCESS

OLEG BRANDT @ CAVENDISH LABORATORY




INDIRECT DETECTION: ¥ GALACTIC CENTRE EXCESS

X f

But: y fragmentation

and y final state radiation
always possible

X 4
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INDIRECT DETECTION: ¥ GALACTIC CENTRE EXCESS
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INDIRECT DETECTION: ¥ GALACTIC CENTRE EXCESS
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Stay tuned...



INDIRECT DETECTION: DECAYS TO SM NEUTRINOS
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INDIRECT DETECTION: DI

IceCube Array
86 strings including 8 DeepCore strings
5160 optical sensors

1450 m ¥
DeepCore
/ 8 strings—spacing optimized for lower energies
B 480 optical sensors
A Eiffel Tower
! A—J 324'm Also:
2450 m
2820 e ANTARES
m

e Super-K

o . LI I
CAVENDISH Bedrock




INDIRECT DETECTION: DI

IceCube Array
86 strings including 8 DeepCore strings
5160 optical sensors

DeepCore

/ 8 strings—spacing optimized for lower energies
1 480 optical sensors

A\_J E;f:enquower Al SO :

e ANTARES
e Super-K

induced shower

2820 m
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INDIRECT DETECTION: DECAYS TO SM NEUTRINOS
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INDIRECT DETECTION: DECAYS TO SM NEUTRINOS
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e Big impact from ppp(7)
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INDIRECT DETECTION:
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e Best limits for mipy, > 200 GeV from Fermi-LAT + HESS
e Neutrino telescope confirmation indispensable
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INDIRECT DETECTION: Y + U AS PROBES
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INDIRECT DETECTION: Y + U AS PROBES
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INDIRECT DETECTION: Y + U AS PROBES
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Exciting years ahead: CTA entering construction phase, James Webb etc...
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DIRECT DETECTION - DM SCATTERING RATE

Electron

Nucleus

Scatt. Rate
P — veloc. distribution
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—(E,t) = N / —(v, E v (Tt v
dE(A ) Ny . dE( ) fP(A )
Target dependence A Dif f. Cross Section
A t
o Interpretation
my,. experimental handle
Measurement p: Cosmology = Cosmology
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MILKY WAY MAP + DM
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DIRECT DETECTION - DM SCATTERING RATE

Electron

Nucleus
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DIRECT DETECTION - DM SCATTERING RATE

Electron

Nucleus

Scatt. Rate
veloc. distribution
dR do ~—
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DIRECT DETECTION - DM SCATTERING RATE

Scatt. Rate
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Measurement
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DIRECT DETECTION - TARGET CHOICE

1202
e - Target choice: the ONLY
/\/ experimental handle!
Spin-independent: Spin-dependent:
¢ vector coupling P ¢ axial-vector coupling P
e scalar coupling ¢ pseudoscalar coupling
DM interaction with: DM interaction with:
any nucleon in nucleus spin of unpaired p or n
— enhancement o A2 — optimiseforuord, o« A
1605.065¢00 —

S
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DIRECT DETECTION - DETECTION
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DIRECT DETECTION - DETECTION

CRESST-III J. Phys. G 46 (2019) 103003, 2001.06193
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DIRECT DETECTION - DETECTION
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DIRECT DETECTION - THE NEXT DECADE
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The next decade will be very exciting!
(in the standard single WIMP paradigm)
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DIRECT DETECTION IN THE SUN

DM annihilation in Sun, e.g., yy — bb, 77, WTW~
Only neutrinos as probe
Almost background-free: £, > 1 GeV
Neutrino telescopes: ANTARES, Ice Cube, Super-K, etc.
ook for neutrino-induced showers from the Sun Why 0)?3)?
Equilibrium: DM annihilation rate I ', <> DM capture rate
dd, ['4 dN, D

- r
dE, — anD? ag, 9 laxoo,

-« Aside: similar approach possible for the Earth
challenge: equilibrium assumption breaks down

— constrain 6> for a given ¥ 2™

S

Why o>1?
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INDIRECT DETECTION

1073° Hard

Eur. Phys. J. C (2017) 77:14. ,

wmm |ceCube (2011-2014) —
v Super-K (1996-2012) | d D, I’y dNy
= = Antares (2007-2012) —

10-37 i N dEV 47ID2 dEv

410t
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INDIRECT DETECTION

T T T — T 1 PRD 105, 062004 (2022)

10738 - ~ 1072 dq)v L FA de
: : dE, 4nD? dE,
N g SD
! : I'y <o,

—-= PICO-60 2019
==« Super-K 2015 17T
10—4 Super-K 2015 bb
ANTARES 2016 bb
- -+ ANTARES 2016 1T
—— IceCube 2021 1T

\ L lllllll

L1111 lll'll

—4107° IceCube 2021 bb
rlllll 1 (- lllllI 1 1 1- — JceCube 2021 vv
10! 102
m, [GeV]
L —— L
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INDIRECT DETECTION: METHODOLOGY

0.061 [ Bkg pdf
1 Signal pdf
0.05 my =10 GeV
xx— bb
g().()ll
=
S0.031
5]
ot
a9
0.02+
0.01 1
0.00 v
0 25 50 75 100 125 150 175
W]

TABLE I. The reconstructed energy ranges of neutrinos used in
the search for each WIMP mass and channel. The median energy
of neutrinos in each range is shown in parentheses.

WIMP Mass 777" Breco Vi Ereco bb Erco
(GeV) (GeV) (GeV) (GeV)
5 <9 (7) 2-11 (8) -

10 1-16 (10) <23 (13) 0-11 (8)
20 3-30 (15)  13-39 (23) <18 (11)
35 8-50 (21)  25-70 (38) <27 (14)
50 15-69 (29)  42-86 (55) 3-38 (17)
100 30-128 (47) 83-167 (107) 6-70 (22)

: CAVENDISH LABORATORY

6rel[ ’ ]

80
60
40

20

=20
-40
-60

-80

10!

100
-100 =50 0 50 100
arel[ : ]
bb

Mass og [em?]  ogp [cm?] a';;)p [cm?]
(GeV) x10~4! x10~% %1039

10 16.6 8.39 10.8

20 1.54 1.57 2.53

35 0.54 0.93 1.50

50 0.34 0.80 1.29

100 0.29 1.12 1.23

Translation: Phys.Rept. 267 (1996) 195




DARK MATTER DETECTION

Collider production
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DARK MATTER (DM) AT LEP

Signature:
missing 4-momentum
(initial state known)

€

Collider productio Solid limits for WIMPs coupling through Z:

(controlled experimental environment!)

=
et X = R
k- 3
5 30 ALEPH A\
DELPHI / \\
L3 v\ \
OPAL W\
20 -
y \
+ average measurements, |/ A\
rrrrrrr bars increased | \
Z by factor 10 \\
4 AN
m /h_;@// b
. X Phys-Rept. 427, 257 (2006)
e 0 86 88 90 92 9%
E,,[GeV]

myz
m, < 7 = 45 GeV excluded

OLEG BRANDT ®am CAVENDISH LABORATORY




DARK MATTER (DM) AT LEP

Signature:
missing 4-momentum
(initial state known)

Collider productio Go above the Z pole 7777
(controlled experimental environment!)

€
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DARK MATTER (DM) AT LEP

Signature:
missing 4-momentum
(initial state known)

€
Collider producﬂg"' Go above the Z pole: initial state radiation (ISR)
(controlled experimental environment!) et X

e Y

[ large hit from agy, but hey... |




DM @ |LLHC: GENERIC SIGNATURES

q /x ™ Signature:
%  missing transverse momentum

\_ y, (initial state p, not known)

q g «— jet

OLEG BRANDT @ CAVENDISH LABORATORY



DM @ |LLHC: GENERIC SIGNATURES

q 9

Collider production
(controlled experimental environment!)

OLEG BRANDT e

CAVENDISH LABORATORY

Se

ISR jet

* Dark Matter:
i missing
—_ 2 Xi transverse
=y // momentum
AN (MET)

......

transverse ™.
detector plane - X

~ -




DM @ |LLHC: GENERIC SIGNATURES

q q X q X

X
X
f
Z
q q Y q f
Collider production
(controlled experimental environment!) Generic Slgnature X+ MET (a.k.a. mono-X)

/SR jet, v, Z, etc

Dark Matter:

missing

X transverse

momentum

b (MET)
transverse ™.
detector plang”™ ... .. X
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DM @ LHC: MONO-X WITH X FROM ISR

Mono-jet Mono-y Mono-Z( — uu)
q X
q X
X l@é X e
q g
| it 1 UxvagQ_gNi M%L
[ not-so-large hit from a | Orrj s Cr 40 O xxi 4000
2 .2
o Qs
. Cn BR(Z — pp)

1705.01987
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DM @ |LHC: CHALLENGES

109 "'] T T LI ""] ‘ T L '?"! T T T 109 Mono_jet
10° : A 10° _
10’ e | = 10 q X
Tevatron LHC
10° § oL 10°
10° 5 10°
10° b : 10° 'g
; [3)
10° § 10° 8O
(E*> vs/20 :
= 10° 0let( T ~ ) \ 10° 1; q g
5 :
c 10 o, : 10' ; JR—
—'\\ © 10° %z / 10° “(3 .y :
N o (E>100GeV) o Z( — vb) +jets
) 10" : 107 ~
x : @0 q L
2 ' 2
% 10 / 10 a>>
Q 10° o, : 10° @ 7
jet ’
¢ o b oWET V) 10" _
Q(\: 10° UHiggs(MH=1 20 GeV) /™ v4 10° v
o) . 200 GeV"’ .
Q 10" 10
Q ) WJIS2009 500 GeV ,
. 10' il I 1 L1l 1111 10
*% 0.1 1 q 9
g Vs (TeV) L — —
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DM @ LHC: MONO-JET

Analysis strategy:
- Require MET > 200 GeV q X

- Require jet with p; > 150 GeV

- Up to 3 extra jets X
- Look for excess in MET:

r

S

|Og Nevent

\_ 250 GeV MET >J

Shape fit: 13 bins in MET

PRD 103 (2021) 112006
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Run: 337215
Event: 2546139368
2017-10-05 10:36:30 CEST

miss
T
jet p.

1.9 Tev




DM @ LHC: MONO-JET

Backgrounds: PRD 103 (2021) 112006,
- SM Z(w)+jets (dominant + irreducible), W+jets, Diboson, tt, rest

Signal Background (Z+jets)

=)
Q
Q
<Q



https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2018-06/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2018-06/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2018-06/

DM @ LHC: MONO-

- Backgrounds:
- SM Z(w)+jets (dominant), W+jets, Diboson, tt + rest

- Strategy:

- Constrain major backgrounds:

JET

0 lepton signal region

Signal

/" BR(Z — vv) ~20%

F T o
% 107 :_ ATLAS ¢ Data _;
O] 3 's=13 TeV, 139 fo’! 23 Standard Model w. unc. E
— 6 - . . ]:|Z( »VV) + jels T
§2] 10 E Slglnal Region VBF Z(—» Il / vv) + jets E
S s F pT(]‘) > 150 GeV W(—Iv) + jets ]
u>J 10° VBF W(= Iv) + jets E

" = 1 + single top 4
10 Diboson 3
3 Multjet + NCB E
10° F += m(i, ") = (600, 580) GeV 2
m(x, Z,) = (1, 2000) GeV E
102 !. .. DE,MZ~148GGeV 2
P ]
10—
Rl . ]
1) s T ——
- Irasepesr  ssssses
E | NN (I LLILOC  m——
12F T T T T T
= 1 1:_ *+
) .
g o9l f
[m] gg ¢ DataSMafter CRfit  § Data/SM after SR+CR fit Total Uncertainty

b1 L " 1 " " " 1 L " " " "
200 400 600 800

PR P W
1000 1200

—

OLEG BRANDT

——

Events / GeV

Data/SM

10°E ATLAS ' i B ;
sf fs=13TeV, 1391b" N 3
10 3 Z(~ pp) Control Region 22N Standard Model w. unc. E
10 ;_ pT(j1) > 150 GeV Z(— 1) + jets ;
E VBF Z(— Il /vv) +jets §
10° 3 Diboson 1
102 i_ 1t + single top
10F
1F
10 F ' B
E 1 I 1 S |
1.0F T T T T T 3
S R _
0.9 Total Uncertainty E
08 E _ 1 A | | P
200 400 600 800 1000 1200

PRD 103 (2021) 112006

2 lepton control region

Constrain Z(vv)+jets
using Z(£¢)+jets

BR(Z — pp) =~ 3%
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DM @ LHC: MONO-JET N

- Backgrounds: PRD 103 (2021) 112006
- SM Z(w)+jets (dominant), W+jets, Diboson, tt + rest

- Strategy:
- Constrain major backgrounds:

0 lepton signal region

2 lepton control region

Constrain Z(vv)+jets
using Z(£?¢)+jets

/" BR(Z —»w) ~20% ~——— BRZ—=pp) = 3%

Signal

i — :
S ¢ Data _; ATLAS { Data 3
1 05 3 Tev, 139 fb" N SandardModelw une. _ 13 TeV, 130 15" 3 :
Region — i(BF \Z.:,).]Ilf’l\'s\') - E 4) Control Region >owx Standard Model w. unc. -%
50 GeV W(s Iv) + jets ] 150 GeV Z(— ) +jets 1
VBF W(= Iv) + ets L VBF Z(— Il /w) +jets 7
1 4 1T + single top 4 . 1
O Dibioecn 3 Diboson ';
- Multjet + NCB 3 1t + single top 1
== m(i, ) = (600, 580) GeV < 3
3 ‘ m(x, Z,) = (1,2000) GeV E 7
10? - ===« DE,M, = 1486 GeV E r .
M. 3 £ 3
10 - = : : - s
g T (I e TS 107F 0 E
E | SR I 13— P | m— 3 1 I S B ] 1 E
120F T T T T T LI 10E T T T T T E
s b z
o 11 o 141
3 1 poermsermastaxte: b 4 4 H H E 1Ee o . ¢ ' i | E
- E 1]
8 0.9 ¢ DatwSMafter CRfit  § Data/SM after SR+CR fit Total Uncertainty o 0S¢ Total Uncertainty ;
0.8E YR S U WU S S T U T T_— R ———_— _— 0.8 N ‘ N 1 N N N 1 N N N 1 N N N | " 1 P
200 400 600 800 1000 1200 200 400 600 800 1000 1200




JET+DM: BACKGROUNDS

- Ansatz: CERN-LPCC-2017-002
- Constrain Z(w)+jets using W-ets! (LHC DM WG report)
- Benefit: BR(W — uv) = 10% | x 2 (ev)

- Challenge:
- /Z+jets and WH+jets related, but different!

¢ SOIUtion: pp 2 Z({T L)+ jet / pp »W(lv)+ jet @ 13 TeV
- Calculate Z+jets vs W+jets difference - o =
at NNLO(atg)+NNLL(ag), NLO(atey) ‘

1.2 &1 —
1.15 £ —I
e 0Wkpw L
1.05 £
1.0 =
0.95 =
0.9 &
0.85 —
08 £ -
1.2 &

1.15 £ 2).
11 8P icpw

1.05 £ R 0.06 e o

1.0 = —

0.95 — j

0.9 £
0.85 —

0.8 =
1_257% 1

1.15 =
11— 8B kpw
1.05 =
1.0
£ 0.95 =
0.9 £
0.85 — =
0.8 & |
100 200 _',()() 1000 3()()() 1 OO 200 500 1 OOO 3000

pry [GeV] prv [GeV]

0.18
0.16

0.14

0.12

R/RuN1O EW

— LO
~ NLO QCD
== NNLO QCD -

0.1

0.08

R/RuNLO EW

R/RNLO Qcp

IS 50 e Y P O Y PO

R NLO EW

R/
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DM @ LHC: MONO-JET

- Backgrounds:

- SM Z(w)+jets (dominant), W+jets, Diboson, tt + rest

- Strategy:

- Constrain major backgrounds:

0 lepton signal region

1 lepton control region

PRD 103 (2021) 112006

Signal

Constrain W(#v)+jets

and Z(vv)+jets

2 lepton control region

Constrain Z(vv)+jets
using Z(£¢)+jets

/" BR(Z — vv) ~20%

F T 3 >
> o[ ATLAS 4 Daw 3 3
o = {s=13TeV, 1391b" "33 Standard Model w. unc. C\)
g 10°F Si%n)al Regen_ P TR 5 2
- pP)> e W(—Iv) + jets R . o
L%: 10° 4 = VBF W(= Iv) + jets E gan“‘ID L1>J
= 1t + single top 3
104 | Diboson 3
3 Multiet + NCB ]
10° += m(t, ") = (600, 580) GeV =
m(x, 2,) = (1, 2000) GeV E
102 - === DE, M, = 1486 GeV .
1o [ i Z+jets vs. W+jets
S IR E :
1 'r ""-"'“L.----' .i dlﬁerence
3 B T oo -----u-f
. : o = — calculated
s i } 5
1.1
] w
E B L P S T * L5 }’ “ H at N N I_O((XS) E
8 gg 3 ¢ Data'SMafter CRfit ¢ Data/SM after SR+CR fit Total Uncertainty 8
OF PSR S A | [ S W [T
200 400 600 800 +NNLL(aS),

" P " " i L
1000 1200
b [GeV]

NLO(aEW)

—

OLEG BRANDT

T
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10"F ‘arLas |

- fs=13TeV, 139 fo'

- —_
(=] o
™ )

E p(i) > 150 GeV
10*

E W(— nv) Control Region

T T T T T T T T

¢ Data

< Standard Model w. unc.
W(- ) + jets
VBF W(= Iv) + jets
tf + single top

Diboson

Z(— ) + jets

T T T

1

1 1 1 I

1.2 _ T T T | UL SO S FOUR -

1.1F E

1;_. S R — ] 4 * * i * 3

0.9 _ Total Uncertainty E

0.8E P I | I PR P
200 400 600 800 1000 1200
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DM @ LHC: INTERPRETATION?

— 71 r r - 1 - 1 1 1
% 107 ATLAS ¢ Data

(0] s =13 TeV, 139 fb™ S22 Standard Model w. unc.
= 6 : H B Z(— vv) + jets

-9 10 Slg,nal ReglOn VBF Z(—> Il / vv) + jets
S ) pT(J‘) > 150 GeV Wi ) + jets

|_|>_| 1 0 VBF W(— Iv) +jets

tf + single top
Diboson
I Muttijet + NCB
== m(i, ) = (600, 580) GeV
m(x, Z,\) = (1, 2000) GeV
==== DE, M, = 1486 GeV

: N " 1"""“?!.9-;1:1;" ____ _ geseee
12;_ T T T T T _
3 1 h E
A e
8 gg: ¢ Data/SM after CRfit ¢ Data/SM after SR+CR fit Total Uncertainty :
OF ey ey 3
200 400 600 800 1000 1200
pre! [GeV]
—— T

How to interpret this fantastic, incredibly precise result?
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DM @ LHC: INTERPRETATION?

Events / GeV

E ATLAS |
E {s=13TeV,1391b"
k- Signal Region
Epy(i) > 150 Gev

m(x, Z,) = (1,2000) GeV

[ =4
o

PRD 103 (2021) 112006

102 - '7 === DE, M, = 1486 GeV
10 e
|l T —
o SRR R
IS e ———
' ' . 0.8 i i i i i =
Model-independent limits! SN R
—— T—
~ . 95 95 95
Selection (0 ops [10] Sobs Sexp
recoil +22 000
preceil 5 200 GeV 736 102274 83000+22900
preeell > 250 GeV 296 41158 338007159
Pl > 300 Gev 150 20893 1540073300
preceil > 350 GeV 86 11937 830073100
precoil > 400 Gev 52 7214 470071500
precoil 5 500 Gev 21 2918 1930713
preeil > 600 GeV 10 1391 940755
preeil > 700 GeV 4.1 574 49010
precell > 800 Gev 2.1 298 277419
l)%gcoil > 900 GeV 1.2 164 16853
precel > 1000 Gev 1.3 186 119733
precoll > 1100 Gev 0.5 73 7543
preceil > 1200 Gev 0.3 40 ey




DM @ LHC: INTERPRETATION?

PRD 103 (2021) 112006

s 2 s Extremely useful to theorists
P > 200 Gev 736 102274 83000733000
PO 5 250 Gev 296 41158 33800711300 't 't 't 'th I f ‘t m d |
peecil > 300 GeV 150 20893 15400%3300 O eS elr aVOU Il e O e
POl 350 Gev 86 11937 830073500
pEceil > 400 GeV 52 7214 47001800
Pl > 500 Gev 21 2918 19307730
pfrecoil > 600 GeV 10 1391 94():'%23
precell > 700 Gev 4.1 574 490199
preceil > 800 GeV 2.1 298 277+1%
recoil vV +65
el > 900 Ge 1.2 164 16893 2070 07559
p$001] > 1000 GeV 1.3 186 119&1‘2 O ' T e ey 7
recoil 28 i 1
I}'ll? P> 1100 GeV 0.5 73 754:% F3s uR Recast of a
ecoil + i Tirni - - o 1
el > 1200 GeV 0.3 40 4919 [ observed limit at 2o ATLAS C%l\gﬁbzmg 040 = p
——— — 2500 [| —— XX M -
| —— xv -
[| —— YY(QCD+t+int) h
! 8
2000 -I fixed ratio I /M,=5% I : -
>
8 o r ...’ L
< 1500 « )
1000 R
500 1
- ] & A 2 ' A " \ | —
500 1000 1500 2000 2500 300C

M, (GeV)
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DM @ LHC: INTERPRETATION?

T T T T T T T T T T T T T

—_—
ATLAS 3 Dak
Vs =13 TeV, 139 fb! SO0 Standard Model w. unc.

PRD 103 (2021) 112006

. . B Z(— vv) + jets
S'g'nal Region VBF Z(=> 11/ vv) + jets
pT(J‘) > 150 GeV W(— Iv) + jets

VBF W(— Iv) +jets
tf + single top
Diboson
I Muttijet + NCB
== m(i, ) = (600, 580) GeV
m(x, Z,\) = (1, 2000) GeV
=== DE, M, = 1486 GeV

Events / GeV
3,

: N " 1"""“?!.9-;1:1;" ____ _ geseee
12;_ T T T T T _
3 1 h E
A e
8 gg : ¢ Data/SM after CRfit ¢ Data/SM after SR+CR fit Total Uncertainty :
OF ey e
200 400 600 800 1000 1200
pre! [GeV]
—— T

What can we say about dark matter?




MODELS FOR DM SEARCHES @ LHC

q,
q

g/ IW/Z
/9 ¢ N g h
q X t A
Tt e « {
9q 9x a < >_< @é%
A t X O 2
q % g ¥ S
g , b G X many other § ;@(\)@
7 signatures O ex
LK
- - X s-channel mediators 2HDM+a model § S Q,’\é’
h,Z,~, 15607.00966 JHEP 05 (2017) 138 ¢ S’ N
7 1603.04156 1810.09420 SEY
g DMF mOde|S X 170305703 .
1507.00966 t-channel mediators Dark Higgs model
' 1507.00966 JHEP 04(2017)143 4) complete

3) Simplified, consistent, models
& UV-complete models

cf5ER

Richer kinematics + phenomenology

1) Effective field theory 2) Simplified models

>
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MODELS FOR DM SEARCHES @ LHC

q X
%9 , h g X many other § .~\\§{(\)q)
7 signatures Q:)S’J b,;?"Qq,@
- X s-channel mediators 2HDM+a model § Q,@\Q,;g"

h,Z,~, 1507.00966 JHEP 05 (2017) 138 (%5) S’ N
Z'5, . 1603.04156 1810.09420 Q §

q.g9 DMF mOdels X 170305703 .
1507 00966 ‘channel medi Dark Higgs model

JHEP 04(2017)143 4) complete

1) Effective field theo : . 3) Simplified, consistent, models
) X / ified models g yy.complete models S
\ /

White Papers of
LHC DM WG/DMFE ﬁ k

Richer kinematics + phenomenology
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https://lpcc.web.cern.ch/content/lhc-dm-wg-dark-matter-searches-lhc
https://lpcc.web.cern.ch/content/lhc-dm-wg-dark-matter-searches-lhc

MODELS FOR DM SEARCHES @ LHC

W/Z
No EFT model L9 .
interpretations t Loa
"""" . N
for DM searches 9q Ix a"e<_ X @ &
A t X 2
at the LHC: g + S
Q2 > A q X many other § .'\\§(\;Z)
~ signatures DY
| &L
— Need models with s-channel mediators 2HDM+a model § §§’
a resolved mediator 1507.00966 JHEP 05 (2017) 138 ¢5 @0&@
1603.04156 1810.09420 9L
1703.05703 ek b ol
Exception: - | mediator ark Higgs mode
. P t cha1n 5n0e7 OOSgGatO S JHEP 04(2017)143 4) complete
Higgs portal models :

5 e 3) Simplified, consistent, models
(why?) 2) Simplified models g UV-complete models

cf5ER

Richer kinematics + phenomenology

>

s CAVENDISH LABORATORY




MODELS FOR DM SEARCHES @ LHC

Assumption:
Coupling of DM to quarks and/or gluons

(at least effective)

cf5ER

Richer kinematics + phenomenology
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DM @ |LHC: S-CHANNEL MEDIATOR

Simplified model:
s-channel
mediators

? Dark Sector

?

Vector /
axial vector
mediator

Motivation: 1) Mediator that couples to SM and to Dark Sector particles
2) Generic signatures that are present in complete models
3) minimal assumptions about dark sector (one DM particle)

OLEG BRANDT & CAVENDISH LABORATORY




DM @ |LHC: S-CHANNEL MEDIATOR

1603.04156™

U(1) symmetry
Dirac DM

Lvector = _gDMZ;LX’Y”X — Yq z ZL@Y”Q)
q=u,d,s,c,b,t

L axial-vector = _gDMZL,X’YN')%X — Yq Z ZLQ’YN’YSQ
q=u,d,s,c,b,t

Minimal flavour violation (gq universal) — avoid flavour physics constraints

Minimal assumptions about the dark sector (additional DOF integrated out)
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DM @ [LHC: S-CHANNEL MEDIATOR \ |

1603.04156

2 2
ZDM,q = mDM,q/ M7

U(1) symmetry
Dirac DM

Lvector = _gDMZ;L)Z'YHX — Yq Z ZL(}’)’“(],

q:u’d?sicib)t
! — ] —
L axial-vector = _gDMZuX’Yu’ﬁX — Yq E , ZMQ’YM’YSQ
q=u,d,s,c,b,t
% 2 A/Ime % : ,' A{[m
Pz{e)i:tor = JDM < (1 - 431)1\‘1)1/2 (1 + 2zDI\v’I) F:.)ﬁal-vector = DM ed (1 - 421_)[\'1)3/2
127 127
2 2
i 92 M peq . 9q Mmed 3/2
I“\Irgctor == A (1 o 4zq)l/2 (l + 22q) ’ Fgg(ial-vector == A1 (1 o 42‘1) / .
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DM @ |LHC: S-CHANNEL MEDIATOR

Assume g, &, 1] 7603.045

LA S S S S S S S S S S R S S |
. /7 -
Vector, Dlrac,lgq =0.25, gpm =1 /
w—(Ob CLC //
Uncertainties 7/
i === Expected 95% CL ’ i}
""" Relic density 7 7
/
/ .
- Mock mono-jet re§uﬁ presentation -
Lo=n
Lo N\
!
\
\ e
/
: ]
i 2
) S
l -
1 ) d
¢ ¢4
.._.-’ (Oduc 7
I O\Ie(p 1
O

500 1000 1500 2000
Mmed [GCV]
[1] values recommended by LHC DM WG ~—~




DM @ |LHC: S-CHANNEL MEDIATOR

Events / GeV

Data/SM

ATLAS '

Vs =13 TeV, 139 fb™'
Signal Region

p,(i) > 150 GeV

P [GeV]
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DIRECT DETECTION - TARGET CHOICE

1202
e - Target choice: the ONLY
/\/ experimental handle!
Spin-independent: Spin-dependent:
¢ vector coupling P ¢ axial-vector coupling P
e scalar coupling ¢ pseudoscalar coupling
DM interaction with: DM interaction with:
any nucleon in nucleus spin of unpaired p or n
— enhancement o A2 — optimiseforuord, o« A
1605.065¢00 —

S
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DM @ | HC: S-CHANNEL MEDIATOR: DIRECT DETECTION
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Vector mediator
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DM @ LHC: MONO-X WITH X FROM ISR

Mono-jet Mono-y Mono-Z( — uu)
q X
q X
X l@é X e
q g
| it 1 UxvagQ_gNi M%L
[ not-so-large hit from a | Orrj s Cr 40 O xxi 4000
2 .2
o Qs
. Cn BR(Z — pp)

1705.01987
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DM @ LHC: S-CHANNEL: MONO-X
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DM @ LHC: S-CHANNEL: MONO-X
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DM @ [LHC: S-CHANNEL: MONO-X VS RESONANCES

Exciting interplay between signatures:

X+MET Resonances
q v/V/g X

Z, s

f

Smoking gun DM signature arxiv:1507.00966 (DMF report)
arXiv:1603.04156, arXiv:1703.05703 (White Papers of LHC DM WG)
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DIJET RESONANCES: STRATEGY

Analysis strategy:
- Require =2 of jets + jet triggers

- Include initial state radiation jets if AR < 1.1
- Reduce SM t-channel dijets:

- Al < 1.1 (SR), 1.1 < |Ax] < 2.6 (CR)
- Look for excess in m; distribution:

~ R
2 A
(- L]
S | L
() * ‘
¢
-
L]
| \
1.5 TeV / m.
\ b

JHEP 05 (2020) 033




DIJET RESONANCES

OLEG BRANDT mam

L . PF Jet 1,
Wide Jet 1- de Initial state radiation F;t =-2d1297TeV
pt = 3.5 TeV phl = 1.47
Mass = 1.8 TeV 5 L
7 o .
PF Jet 3, ”‘- ; roser.
pt=1.71TeV 2N e .
eta = 0.21 e R
. s @
phi = 2.45 A I N ‘ 1
A . S msiet
2 Ll
v 7 o 7 %
W 7
\'\\\"'. ¢ 1 2= z
. -e\_;-,s%. 2 PF Jet 4,
» ¢ Tt pt = 1.40 TeV
‘“..3\ eta = -0.74
K phi =-1.17
> -
PF Jet 2, Wide Jet 2:
o pt = 3.4 TeV
phi=-1.27 Mass = 1.8 TeV
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DIJET RESONANCES
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TRIGGER LEVEL DIJET RESONANCES: STRATEGY

Analysis strategy:
- Jets reconstructed by high-level trigger

- Require =2 of jets with p; = 220 GeV
- 1y*1 = 3ly1 = y2| < 0.6 (als0 0.3)
M, > 450 GeV

Look for excess in m; distribution:

\

events A

450 GeV m.
\-

Background from data
PRL 121 (2018) 081801
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TRIGGER LEVEL DIJET RESONANCES: STRATEGY

- Ansatz:
- Reconstruct jets using High Level Trigger

- Storage: one 4-vector per jet -  larger bandwidth!

- Challenge:
- Calibration of jets in High Level Trigger:

5 T r . r S
5 1.04— antik R=0.4, EM+JES ATLAS ]
1 [ : - 1s=13TeV,27 " Data 2016 -
5 :
Trlgger le Ve/ analySIS o 102 [ Fitbased combination [nl<0.8 s
§_ TR Ay+jet —
2 - T Total uncertainty, fit based combination o Z+jet 7]
g_“_, 1f— - - Total uncertainty, spline based combination & Multijet —
c sl | ] .8 — ]
m 10 E E § — I TTﬁTﬂ" =
> s.\% ATLAS 18 08— =
C 1 & — X =
g 107 s=13TeV,29.3fb" o & - P & N
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10°E° E - -
E 3 0.94— . ‘ . L —
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10° Offline jets, single-jet triggers -
E- —— Offline jets, single-jet triggers, prescale-corrected 3
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m; [GeV] PRL 121 (2018) 081801
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TLA DIJETS

llIIlIIIIllIlIIIIlIll

anti-k, R = 0.4, EM+JES + relative in situ correction
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TLA DIJETS
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TRIGGER LEVEL DIJET RESONANCES: STRATEGY
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LOW-MASS HADRONIC RESONANCES: STRATEGY

Analysis strategy:
- Capture resonance as large-R jet (2-prong)

- R=0.8 anti-kt jet (m, < 220 GeV) [1]
- R=1.5C/Ajet (220 < m, < 450 GeV) [1]

- Initial state gluon radiation for trigger
- Look for excess in m, distribution:

4 )
2 A
(- L]
) N LI
= .
O .
| / I \

50 GeV / mj

\ ~ 9 m,

PRD 100 (2019) 112007
[1] JHEP 04 (2008) 005 100




LOW-MASS HADRONIC RESONANCES: ANALYSIS

- Signal jet discriminants:
- Jetmass m; = my, ,, CMS simuation

- Ratio of energy correlation functions Nzl’DDT

- DDT: de-correlated from m; and PrJ

- QCDjets: p = |ﬂ(m}/P%,J)

irrespective of pr i

- Background Estimate: e — —
- From CR in data with € = 95% for QCD jets:

_ N1DDT S g s
2
- Extrapolate to SR (Nzl’DDT < 0) using

CD _
B ngass — Rp/

¢ nocD it of Ros

1000

—
JHEP 05 (2020) 033
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LOW-MASS HADRONIC RESONANCES: ANALYSIS

- Signal jet discriminants: JHEP 05 (2020) 033

- Jet mass m; = my,

Ratio of energy correlation functions

- DDT: decorrelated from m; and PrJ

- Background Estimate:

From CR in data with € = 95% for QCD jets:

- NMDDT S

OLEG BRANDT i
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DM @ LHC: S-CHANNEL V/AV: RESONANCES
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Phys. Lett. B 788 (2019) 316
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Resolved dijet + ISR
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Phys. Len B 795 (2019) 56

Resolved di-b-jet + ISR
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Phys. Lett. B 795 (2019) 56
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Di-b-jet
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-036/
https://twiki.cern.ch/twiki/bin/view/CMSPublic/SummaryPlotsEXO13TeV

DM @ LHC: S-CHANNEL V/AV: RESONANCES
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Figure 15: Hadronic resonance search contours for 95% CL upper limits on the coupling g, as a function of the

resonance mass mz; for the leptophilic axial-vector mediator simplified model. The expected limits from each
search are indicated by dotted lines. The TLA dijet analysis has two parts, employing different datasets with different
selections in the rapidity difference y* as indicated. The dijet+ISR () analysis also has two parts, each using a
different trigger strategy, and each further studied in inclusive and b-tagged channels. Two lines are also shown for
the di-b-jet search. These are from separate analyses, one which used b-jet triggers and provides the limit at lower
mass, and one which used inclusive jet triggers and provides the high mass limit. Coupling values above the solid
lines are excluded, as long as the signals are narrow enough to be detected using these searches. The TLA dijet search
with |y*| < 0.6 is sensitive up to I'/mz- = 7%, the TLA dijet with |y*| < 0.3 and dijet + ISR searches are sensitive
up to I'/mz: = 10%, and the dijet and di-b-jet searches are sensitive up to I'/mz: = 15%. The dijet angular analysis
is sensitive up to I'/mz- = 50%. No limitation in sensitivity arises from large width resonances in the 77 resonance
analysis. Benchmark width lines are indicated in the canvas. I'/mz: = 50% lies beyond the canvas borders.
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DM @ LLHC: sS-CHANNEL V/AV: X+MET VS RESONANCES

A// DM summary ,o/ots AILAS / CMS
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All DM summary plots: ATLAS / CMS
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All DM summary plots: ATLAS / CMS
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All DM summary plots: ATLAS / CMS
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All DM summary plots: ATLAS / CMS

—10%

Boosted dijet+ISR, 36.1 b™'; PLB 788 (2019) 316

Ranstad di-h+ISR, 80 5 fth 1. ATI AS.CONF.2018.052

— ' 3—Dijet
ATL 4 S Pre||m|nary Dijet, 139 fb™'; JHEP 03 (2020) 145

‘2' _38 ] D?;e! TLA, 29.3 lb"‘: PRL 121 (2018) 081801
’E 10 e ¢ TeV, 293_1 39 fb Dijet+ISR, 79.8 fo'; PLB 795 (2019) 56
(@] 022
5 1073 = tt resonance

b \ 36.11b™"; EPJC 78 (2018) 565

(o 0C Yo —

] cO = = bb resonance
S 4040 \

1 0 139 1b"; JHEP 03 (2020) 145
a — ET™+X
o ET%4jet, 139 fb™'; PRD 103 (2021) 112006

10741
ET*4+X

10742

Dijet

1074

10744

_45 | _ Axial-vector mediator, Dirac DM
10 gq=0.25,g|=0,gx=1
ATLAS limits at 95% CL, direct detection limits at 90% CL
1 0—46 1 1 1
1 10 107

10°
(nJeen

ET™4y. 139 fb™': JHEP 02 (2021) 226

ET™+V(had), 36.1 fo”'; JHEP 10 (2018) 180

E7**+2(ll), 139 fo”'; PLB 829 (2022) 137066

A@"ance — PICO-60 C,F,

PRD 100 (2019) 022001

LHC DM WG recommendation:
Explore complementarity between
X+MET & resonance searches in
4 representative scenarios!

; CAVENDISH LABORATORY

OLEG BRANDT =

arXiv:1703.05703
Coupl. V1 V2 A1 A2
gqs | 025 | 01 | 025 | 0.1
qr 0 0.01 0 0.1
9x 1 1 1 1



https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-036/
https://twiki.cern.ch/twiki/bin/view/CMSPublic/SummaryPlotsEXO13TeV

DM @ [LHC: s-CHANNEL V/AV: BENCHMARK COUPLINGS

g /V/g %

1703.05703

LHC DM WG recommendation: [ V2 A1 A2
Explore complementarity between |  Yq 025 | 0.1 025 | 0.1
X+MET & resonance searches in | ¢y 0 0.01 0 0.1
7 ' q 4 representative scenarios! Gy 1 1 1 1

q q

Why those benchmarks?

g, = 1 : sizeable coupling to DM through Z'y vertex!
8, = 0.25 : mediator coupling to SM quarks ensures I',./m, < 10 %

Narrow width approximation + interpretation as resonance searches
g, = 0.01 : effective coupling to leptons through Z'-Z mixing via loops

natural for g,/g, = O(0.1) [1], since g, = 0.25
g, = 0.1 : scenario with g, = 8, = 0.1: prevalence of leptonic channels

[1] 1606.07609
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DM @ LHC: s-CHANNEL V/AV: EXTEND MODEL TO £, U
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DILEPTON RESONANCES: STRATEGY

Analysis strategy:
- Require ee or uu pair with p; = 220 GeV

- m,, > 225 GeV

- Look for excess in m op distribution:

~ R
()] —
2 T £
D ' .,
> o ”
@ ‘ e
I / .| \rnff ]/
225 GeV / 6 TeV
- J
Background from data A

1903.06248
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DILEPTON RESONANCES: RESULTS
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LOW-MASS RESONANCES: LEPTON DECAYS
- Analysis strategy:

‘‘‘‘‘‘‘

- Capture resonance decaying into ,u+,u_ + dedicated dimuon triggers
- Reduce Drell-Yann via ki-cone isolation

N .
o ——————— | Drell-Yann dominant
LHCh j
10° = iS()l?}-Fi()Il Vs = 13TeV for mﬂﬂ > 1.1 GeV
10° applied prompt ptpu” ;
Bl oo non-prompt muons

B 7h o+ hpg from HF decays

Candidates / o[m(p* ™))
2

10°

7 misidentified hadrons
10° e = + mixed

- Results m(ptp) [GeV]
10° E L -
i\ Complementarity
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DM @ LHC: s-CHANNEL V/AV: X+MET VS RESONANCES

All DM summary plots: ATLAS / CMS
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All DM summary plots: ATLAS / CMS
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DM @ LHC: s-CHANNEL V/AV: X+MET VS RESONANCES

All DM summary plots: ATLAS / CMS
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DM @ LHC: s-CHANNEL V/AV: X+MET VS RESONANCES

All DM summary plots: ATLAS / CMS
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DM @ LLHC: S-CHANNEL (PSEUDO-) SCALAR MEDIATOR

Simplified model:
s-channel
mediators

? Dark Sector

?

Scalar /
pseudoscalar
mediator

Motivation: 1) Mediator that couples to SM and to Dark Sector particles
2) Generic signatures that are present in complete models
3) minimal assumptions about dark sector (one DM particle)
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DM @ LHC: S-CHANNEL: (PSEUDO-) SCALAR MEDIATOR

_ ) _
Lcatar = ~g0MEXX — 94 > g,

q=u,d,s,c,b,t

. _ .0 _
['pseudo—scalar = —1gDM ¢X75X — 1gq E Z Yqq7549

g=u,d,s,c,bit

Yukawa-like coupling to SM fermions: y, = \/qu/v, v =246 GeV

Minimal flavour violation (g, universal) — avoid flavour physics constraints

q
Minimal assumptions about the dark sector (additional DOF integrated out)
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DM @ LHC: S-CHANNEL: (PSEUDO-) SCALAR MEDIATOR

b/t

b/t
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MONO-JET: (PSEUDO-) SCALAR MEDIATORS

Direct detection sensitivity to DM
strongly velocity-suppressed

— indirect detection interpretation

— compare to Fermi-LAT
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Search for y from:
e (Galactic centre

e Dwarf spheroidal galaxies
Interpret as limits on DM annihilation
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it + )()Z: (PSEUDO-) SCALAR MEDIATORS
Analysis strategy:

Dilepton channel, single lepton trigger

Require >1 b-tagged jet

Significant MET

_ |mpp —m,| > 20 GeV

Look for excess in m, distribution:

r

S

|Og Nevent

|
>
_ 100GeV mry

2 2 _ - 2 2
m: > M7, = min [ma.x ms(pri-, P1), mr(Pri+, ]
(=M= T {mz(pri-, P1), mp(Pri+, P2) }
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tt + yj: (PSEUDO-) SCALAR MEDIATORS
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tt + yj: (PSEUDO-) SCALAR MEDIATORS

Statistically combine

27,

£ +jets, all-had channels
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MODELS FOR DM SEARCHES @ LHC

q X
0.9 , h g X many other § .~\\§{(\)q)
7 signatures Q:){’J b,g»”"é?
- X s-channel mediators 2HDM+a model § Q,@\Q,;g"

h,Z,~, 1507.00966 JHEP 05 (2017) 138 (%5) @0 N
Z'5, . 1603.04156 1810.09420 Q §

q.g9 DMF mOdels X 170305703 .
1507 00966 ‘channel medi Dark Higgs model

JHEP 04(2017)143 4) complete
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White Papers of
LHC DM WG/DMFE ﬁ k

Richer kinematics + phenomenology
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https://lpcc.web.cern.ch/content/lhc-dm-wg-dark-matter-searches-lhc
https://lpcc.web.cern.ch/content/lhc-dm-wg-dark-matter-searches-lhc

CERN Accelerating science Sign in  Directory

LPCC

LHC Physics Centre at CERN

LHC DM WG: Dark Matter Dark Matter WG
Searches at the LHC ) W document

) WG Meetings

- Role:
- Provide open, collaborative, and friendly environment for:
- Discuss new Dark Matter signatures
- Devise future searches for Dark Matter
- Provide recommendations for interpretation of Dark Matter searches
- Your ideas very welcome:
- E.g. t-channel mediators, dark photon models, you name it!
- Suggestions for future topics you would like to tackle very welcome!

- Facilitate exchange of ideas through meetings etc:
« http://simba3.web.cern.ch/simba3/SelfSubscription.aspx?groupName=lhc-dmwg-contributors

mim CAVENDISH LABORATORY



http://simba3.web.cern.ch/simba3/SelfSubscription.aspx?groupName=lhc-dmwg-contributors
http://simba3.web.cern.ch/simba3/SelfSubscription.aspx?groupName=lhc-dmwg-contributors

LHC Dark Matter x
Working Group

rk I\/Iatter Workrng Group:

> \"
' 539
e Raison d'étre & role: 2 i
o Coordinate dISCUSSIOﬂ abdy Misear hes at thé LHC between theory and
experiment ™ v "._-"‘g" o .‘r-.-"-’ -

O O O O O O

Provide advice about sea'rohes & parameter $aCes.of simplified models
Defining benchmark models and mterpretaions for DM searches
Facilitate collaboration across .ﬂﬁe LHC experrments and theory

Open and topical meetings, with O(1 00) interested Rhysicists participating
Facilitate development of higher-precision calculation'é-.fer backgrounds
Interface to direct and indirect detection communities



LHC DM WG context LHC Dark Matter -

Working Group

® | ogistics: Open to newcomers!
o Website Easy to contribute!
o Indico agenda space
o Maliling list for discussion/questions (everyone subscribed can post):
= |hc-dmwg-contributors@cern.ch, subscribe
o Mailing list for t-channel studies (everyone subscribed can post)
= |hc-dmwg-contributors-tchannel@cern.ch, subscribe
o Mailing list for announcements (restricted posting, write to organisers)
s |hc-dmwg@cern.ch, subscribe e LHC DM WG organisers (email us):
o Mailing list DM WG organisers: o ATLAS: Spyros, James Frost

LPCC

CMS: Matteo Cremonesi
LHCb: Xabier Cid Vidal
Theory: Uli Haisch, Tim Tait

s |hc-dmwg-admin@cern.ch

o O O

ABOUT LHCWGS LHCPUBLICATIONS EVENTS NEWSLETTER

LHC Physics Centre at CERN
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LHC DM WG in wider context

Indirect DM

LHC detection

long- O

: \

Ilvgd @Od:@ 2 x
particle R

other N
LHC \
exp. . \
Direct DM < Vo om
‘Complementarity of detection \ | factors
- constraints: ]
model dependence,
P uncertainties
7
’, Nuclear
/ 1
physics
Next slides:

Concrete model example



LHC Dark Matter
Working Group

LHC DM WG ecosystem in theory space
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Effective Field Theories
Models
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Models

Contact
Interactions
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. N
portal R o
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Figure: Tim Tait Complete



LHC DM WG: past activities

LHC Dark Matter - %

Working Group

e Series of White Papers published
in Phys. Dark Univ.

August 8, 2016
~ Recommendations on presenting LHC

Dark Matter Benchmark Models for Early LHC Run-2 Searches:
Report of the ATLAS/CMS Dark Matter Forum

Phys. Dark Univ. 26 (2020) 100371

! g x 5652 searches for missing transverse energy
¢/a <X A . signals using simplified s-channel models
84 8oM e 5.66 of dark_matte
R E BRrs Dark Univ. 27 (2020) 100365

i . - gx - t(bg‘) Recommendatlons of the LHC Dark Matter

q\%f/" 7 2, :m Working Group: Comparing LHC searches for
foue s p heavy mediators of dark matter production in

/‘\\ P2 N X
: -1 _ f ( visible and invisible decay channels
\f(‘ i ’ . . ! = Phys. Dark Univ. 26 (2019) 100377

LHC Dark Matter Working Group:

Next-generation spin-0 dark matter models

\'l/" T~— J :
;&3“ ’ N L Phys. Dark Univ. 27 (2020) 100351
) /‘\;\ . 2 -
- Sy \. % L Next White Paper
z i, el A t-channel mediator models



https://arxiv.org/pdf/1507.00966.pdf
https://arxiv.org/pdf/1603.04156.pdf
https://arxiv.org/pdf/1703.05703.pdf
https://arxiv.org/pdf/1810.09420.pdf

' ' LHC Dark Matter -
-

Navigating (DM) theory space Working Group ¥
Dark Matter Benchmark Models for Early LHC Run-2 Searches:

Report of the ATLAS/CMS Dark Matter Forum
Less Complete

August 8, 2016
Recommendations on presenting LHC
searches for missing transverse energy
signals using simplified s-channel models
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https://arxiv.org/pdf/1603.04156.pdf
https://arxiv.org/pdf/1507.00966.pdf
https://arxiv.org/pdf/1703.05703.pdf

s-channel mediator models

LHC Dark Matter R

Working Group

e Strong motivation (as strong as t-channel)
e Ansatz:
o DM-mediator interaction
o SM fermions-mediator interaction
e NMediator can be a vector vs scalar
o (gauge vs Yukawa type of couplings)
o Chiral structure (LH, RH) for SM
fermions can be important
e (Complementary signatures:
o X+MET final states, X+ISR
O resonance searches

Phys. Dark Univ. 26 (2020) 100371
Phys. Dark Univ. 27 (2020) 100365
Phys. Dark Univ. 26 (2019) 100377

Mass

SM sector

X g 9
¢ o/a X
t caae
i X
X g
A

Dark sector

Mediator

Dark Matter
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s-channel mediator models

1.6

Working Group

95% CL exclusions

CMS Preliminary

LHCP 2020
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s-channel connections: relic density

LHC Dark Matter

s 1 6 T g T ’ T
E 8 AT Lﬁs Prelimijary ’ ]
= 1 4L{f8 = 13 TeV, March 2021 b
= al z
1.2 . ]
= / -
£ / 1 .
15 ) e ]
5 / A - 2
0.8} M M f .
- ol , ]
8 W 1
.64} & A p
LS / ]
0.4H | / f .
25 )% Axial-velctor mediator, Dirac DM -
02—- { // g = s9|=0191=1 __'
—4 P /n " al " " a1 1 1 1 :

0 0.5 1 1.5 2 2.5 3 3.5 4
mz, [TeV]

— Dijet
139 o7 JHEP 03 (2020) 145
— Dijet TLA
29.3 o', PRL 121 (2018) 081801
Dijet + ISR
79.8"; PLB 795 {2019) 56
— Boosted dijet + ISR
36.1 I, PLB 788 (2019) 316
— Boosted di-b + ISR

80.5 fo'; ATLAS-CONF-2018-052

~ tf resonarice
36.1 fo'; EPJC 76 (2018) 565

= bb resonance
139 o', JHEP 03 (2020) 145
— Ef4jet
139 1o arXiv:2102.10874
mISs
=By
139 167" arXiv:2011.05259
ET*+V(qq)
36.1 b JHEP 10 (2018) 180
B= ETeeLZ(l)

36.1ib”'; PLB 776 {2017) 318

e |n complete models (e.g. SUSY), use
relic density to constrain searches

zero cosmological abundance. It is assumed that the LSP abundance is determined thermally and is
not diluted by other processes e.g. late-time entropy addition. No assumption is made about whether
the LSP is the sole constituent of dark matter. As a result, the total cold dark matter energy density is
used as an upper limit on the LSP abundance. The limit is based on the latest combined measurement
from the Planck Collaboration of Qcpmh® = 0.1188 + 0.0010 (Table 4 of Ref. [97]).2 The upper limit
is set to the observed central value plus double the experimental uncertaintity. The limit on the spin-

Working Group

Relic density input:
e from astroparticle physics
(Planck / WMAP)
e [n simplified models, use relic
density to guide searches

102

No constraint: simplified
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LHC Dark Matter

s-channel connections: direct detection Working Group

— 1.6 T 7 T T ™ — Dij - = =
3 | JTLAHS Prelimifiary @ s Direct detection input:
= 1 4[-0& = 13 TeV, Mdreh 2021 M | =oietTa
= ¥ 5 1 29.3fo”; PAL 121 (2018) 081801 [
. 4 SN I o WIMP assumption + local DM
& _' / | —_ 798 fo ' PLB 785 (2019) 56
£ o [ Rseerl iy density + type of interaction
B 4 , ’ ] = Boosted di-b + ISR , o . )
0.8 F gy @ N simplified models, highlight
E ’\ < / | E 36.1fo"; EPJC 76 (2018) 565 .
06H | o i | =B resonance complementarity between
: é.',q; .;.._.-'- p 74 ' : N E:lrgr:s J-HEP 03 (2020) 145 I I I
04HE |l 2 / 1= s colliders and direct detection
g 7 1 =Ersay
F 2 A Axial-vector mediator, Dirac DM 0 0 e 1073 £ . : N
0.2 &d - - .g,= 0. o= > . Euzriss+\>;};;')o 259 Ng 10 ?ATLAS o \ 3 Dijet
I !/ s . All limits gt 95% Cll_ , ‘ , 7 36.1 10", JHEP 10 (2018) 180 | — 1 0738 : = &V, March 2021 ] :M T WLEHS‘EJ‘; ;mn
0 05 1 15 2 25 3 35 4 =E™Z S . af |
simiPpereeonas | 5 10777 F =
iz, 1lev] 2 : | 1= Lresonance
8107 E L 3 = bb resonance

e (Challenges: B N— \§ e
o uncertainties on direct det.? e P, feonance] :

(so far: 4x, 10x) 102 : Onancz XENON1T

— constrain complete models: 104 Ll

1 0_45 [ Axial-vector mediator, Dirac DM
£ 9,=025,9,=0,g,=1
£ ATLAS limits at 95% CL, direct detaction limits at 90% CL
! L L

d0it
the remaining non-LSP dark matter is invisible to the direct detection experiments. When accepting or 10 10? 10°

rejecting models, the calculated value is allowed to be up to a factor of four higher than the limits obtained | m, [GeV]
by the experiments, to account for nucleon form-factor uncertainties [33]. 1 1
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Working Group
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2021-006/fig_09.png
https://twiki.cern.ch/twiki/pub/CMSPublic/SummaryPlotsEXO13TeV/SI_CMSDD_Summary.png
https://twiki.cern.ch/twiki/pub/CMSPublic/SummaryPlotsEXO13TeV/SI_CMSDD_Summary.png

s-channel connections

: direct detection

LHC Dark Matter - %

1072

CMS Preliminary
—— :

ICHEP 2018

<o V, > [em*/s]

o1

Observed exclusion 90% CL
Pseudoscalar med., Dirac DM;

gq:tO,gDM: 1.0

= Observed
== =+ Expected
107 DM + 1t (359 b
ID observed exclusion 90% CL [EXO-16-049] ;
1072 —_ Fermi-LAT —__ DM+ /V(qq) (35.9 fb)
[PRL 115, 231301 (2015)] [arXiv:1712.02345]
10°% - L
10

e (Challenges:

2

10
Dark matter mass m ,, [GeV]

O uncertainties on indirect detection?

Working Group

Indirect detection input:
e WIMP assumption + DM

density at extreme sources +
type of interaction +

(inter-)galactic propagation

e Use constraints to guide

searches

13
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Navigating (DM) theory space

Less Complete

Next White Paper?

t-channel mediator models

Effective Field Theories
Models

Simplified
Models

Higgs ~
.t L
portal K ~

UV Complete
Models

Sketches of Models * - - ......- -~ :

Figure: Tim Tait Complete



LHC Dark Matter R
Working Group

t-channel mediator models

e Strong motivation (as strong as s-channel) q —>—><
e Ansatz: \
o DM interacting with SM fermions and q —>—--->"1--<\
a mediator
e (Corollary:
o SM mediators must carry charge
(since SM particles carry charge) Mediiator
o mediator shares the symmetry that
stabilises DM
- rnl\/lediator > rnDM

SM sector I Dark sector

Mass

o Different possibilities for DM and Dark Matter
mediator spin QN, but one must be a
fermion, and the other a boson v

15



LHC Dark Matter %5
Working Group

t-channel mediator models

e Self-consistent mediator-SM pairing: § e
o |H quarks \

<
o RH up-type quarks g _.____,”1__<\

o RH down-type quarks !

o leptons @M SM sector | Dark sector
® Signatures: =
o No restriction across families Vadiator

= can have interesting flavour
dependence beyond MFV

o No resonant mediator searches!

= MET ubiquitous! Dark Matter

o Possible long-lived particle signatures

16



LHC Dark Matter - »g:
Working Group

Basic signatures

e Example Lagrangian for Dirac DM coupling to 1&2nd families

- _ = t-channél
LD ggx D 1im12(QL,iNL,q; + URMRu, + dR,iMR,4,)X + h.C. AU 7
/ o
s-channel *#
LH quarks RH up- and down-type quarks
quark-DM coupling  LH mediators Dirac fermion DM
9/v/V
q X ,
af® X v )\\.// '
Jet + MET: f ( yy
q X9 a/b q
(] ————g - - = _
Tlq ~0
o \1
Di-jet + MET: \ @ >)
(l I ,.I/Z ) — '\(‘D

‘/ Reinterpret & reopt|mlse q 17



Going beyond

LHC Dark Matter - %

Working Group

e Study impact of spin of DM particles
o Majorana DM has more diagrams
o Quantify effect on which phase-space
regions are relevant?
e Study DM properties:
o Dirac/Majorana fermion
o Scalar
o \Vector

+ I8 restrictions with 3 parameters each #+Universal models (un):

Name DM Mediators Parameters * | dark matter particle

S3M_uni % |2 mass-degenerate mediators

$3D_uni * | flavour-conserving coupling

S3M_3rd X ‘ SN I 3

$30_3rd " iinaddhm e Lrum(X)= Y Z'A,,\l ,,,,, +1 l
FoQud f-1

S3M.uR
S3D.uR
F3S.uni
F3C_uni

< 3rd generation models (3rd):
% | dark matter particle
* 4 mass-degenerate mediators

38 3rd

o e My My, A %* | flavour-conserving coupling
F33_uR 5 LisealX)= Y |\XEl + h.‘:-.]
F3C.uR FeQud "

< uR models (uR):
* | dark matter particle
* | mediator

My, My, Ay

— cf. Chiara’s talk for details

* Coupling to the right-handed up-quark

—_— _— —_— - — — ] — ] —
~ =

. |
« A ¥
X )\ X \) I
RN , AN
(] ——— N (] ——-y_t--e---0 (| ————" NGO
I\/I_Joraha DM 1
] | ] | ] | ] | ] | | ] | ]

e |mportant step forward:
o New Uber-UFO [1,2,3] available
= can do all DM spin
hypotheses
o Uber-UFO validated against few
existing implementations

18


https://arxiv.org/abs/2001.05024
https://github.com/LHC-DMWG/DMWG-tChannel-whitepaper/tree/master/tutorial/colliders
https://indico.cern.ch/event/900402/sessions/347622/attachments/2026825/3391002/go
https://indico.cern.ch/event/858855/contributions/3863199/attachments/2048129/3432095/CArina_talk_tchannel.pdf

LHC Dark Matter
Working Group

Previous work

e Fermion portal DM [1,2] e Scalar color-charged model [1,2]
o CMS monojet o ATLAS monojet
o Coincides with SSD_uR restriction for Uber- o LH coupling 1st gen. restriction for Uber-UFO
UFO worked out
o Previous results reproduced [1] o Previous results reproduced

359 fb" (13 TeV)
1200 T

T T 1 1 T

r— o T T T
> L N 4 = > 1200~ ATLAS Expected limit £ 2 0, |
GJ CMS N ] © O] — B :
0] =, = Ys=13TeV, 36.1 b ,
St I == Median expected 95% CL 7 o E" o &= Expected limit (+ 10,,,)
=10001 — 2 1000 95% CL limits
2 I == =105, pariment ] 0 Coloured scalar mediator ~ —— Observed limit (= 1 o, >}
I \ b -
800 _ Observed 96% CL, add S 1 % 800 9=1 —— Relic density (MadDM)
i Qxh? 20.12 . 8
sool = . 8 O dd sensitivity
SR o AN 600 IS N ]
i ] S /Awith dedicated
/ - 3 i
- L o f?
400~ 10" 400 J+AMET"
200 200 \
L | i
1 -
Al
; g 4
10—2 0 | L |* pe,
500 1000 1500 2000 2500

m, [GeV] 1 9


https://arxiv.org/abs/1308.0612v3
https://indico.cern.ch/event/806526/contributions/3385614/attachments/1834881/3006058/2019-04-26_dmwg_tchan.pdf
https://arxiv.org/abs/1712.02345
https://indico.cern.ch/event/857667/contributions/3615409/attachments/1934783/3205934/DMWG_tchan_29_10_2019.pdf
https://arxiv.org/abs/1402.2285
https://indico.cern.ch/event/806526/contributions/3385626/attachments/1835036/3006139/milliem_LHCDMWG_tchannel_26042019.pdf
https://arxiv.org/abs/1711.03301
https://arxiv.org/abs/1711.03301

Previous work

e Fermion portal DM [1,2]
o CMS monojet

o Coincides with S3D _uR restriction for Uber-

UFO

o Previous results reproduced [1]

1200 35.9 fo' (13 TeV)
; k' T T l T T T T
[0 CMS
(.2. B - = Median expected 95% CL
1000
E : -- = IGCIWI
800 ; e Observed 95% CL
i Qxh? 2 0.12
- lu =1
600
400+
200

Iy 1 1]

Ll

10

1072

LHC Dark Matter
Working Group

e Scalar color-charged b model [2,3]
o ATLAS mono-b-jet
o RH coupling 3rd generation

o qualitatively similar kinematic behaviour to 1st
gen case

b-Flavoured DM, b,—x% b, », set according to the relic density

m(x) [GeV]

Observed 64, /0y,

.

ATLAS

Vs=13 TeV, 36.1 fb’
SRb1 Limits at 95% CL

- Observed

~--- Expected (z10

s

.....

141b, 201, {5 =8 TeV

700 800 900 1000 1100 1200 1300 14

00 1500 1600
m(s,) [GeV]
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https://arxiv.org/abs/1308.0612v3
https://indico.cern.ch/event/806526/contributions/3385614/attachments/1834881/3006058/2019-04-26_dmwg_tchan.pdf
https://arxiv.org/abs/1712.02345
https://indico.cern.ch/event/857667/contributions/3615409/attachments/1934783/3205934/DMWG_tchan_29_10_2019.pdf
https://indico.cern.ch/event/806526/contributions/3385626/attachments/1835036/3006139/milliem_LHCDMWG_tchannel_26042019.pdf
https://arxiv.org/abs/1404.1373
http://arxiv.org/abs/1710.11412
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Navigating (DM) theory space

Less Complete

LHC Dark Matter Working Group:

Next-generation spin-0 dark matter models
Phys.Dark Univ. 27 (2020) 100351

Effective Field Theories

Simplified
Models

UV Complete

Models
Sketches of Models - - - ......--" "~

Complete

Figure: Tim Tait 21


https://arxiv.org/pdf/1810.09420.pdf

LHC Dark Matter - %

LHC DM WG: past activities Working Group

[ ) ' ' ' Dark Matter Benchmark Models for Early LHC Run-2 Searches:
Series of White Papers DUb“Shed Report of the ATLAS/CMS Dark Matter Forum

Phys. Dark Univ. 26 (2020) 100371

in Phys. Dark Univ. I
Recommendations on presenting LHC
36;2 searches for missing transverse energy

s signals using simplified s-channel models

5.66 fd
of darb ot e ark Univ. 27 (2020) 100365

mpact Factor

Recommendations of the LHC Dark Matter
Working Group: Comparing LHC searches for
+ many other heavy mediators of dark matter production in
signatures visible and invisible decay channels
Phys. Dark Univ. 26 (2019) 100377
LHC Dark Matter Working Group:

Next-generation spin-0 dark matter models
Phys. Dark Univ. 27 (2020) 100351

Next White Paper
t-channel mediator models

22


https://arxiv.org/pdf/1507.00966.pdf
https://arxiv.org/pdf/1603.04156.pdf
https://arxiv.org/pdf/1703.05703.pdf
https://arxiv.org/pdf/1810.09420.pdf

DM @ LHC:; 2HDM+a MODEL

Dark Sector

?

Pseudo-
scalar

mediators

Motivation: 1) Mediator that couples to Higgs, SM and Dark Sector
typically: Higgs sector extension, 2HDM
2) Higgs coupling to new patrticles (hierarchy problem)

OLEG BRANDT & CAVENDISH LABORATORY




FOR FURTHER DETAILS...

Review

Collider Searches for Dark Matter through the Higgs Lens

Symmetry 13(12) (2021) 2406
£109.13597

Physikalisches Institut, Albert-Ludwigs Universitit Freiburg; spyros.argyropoulos@cern.ch
Cavendish Laboratory, University of Cambridge; obrandt@hep.phy.cam.ac.uk

Max Planck Institut fiir Physik in Miinchen; haisch@mpp.mpg.de

Corresponding author

Spyros Argyropoulos 17, Oleg Brandt >*© and Ulrich Haisch 3

Abstract: Despite the fact that dark matter constitutes one of the cornerstones of the standard cosmo-
logical paradigm, its existence has so far only been inferred from astronomical observations and its
microscopic nature remains elusive. Theoretical arguments suggest that dark matter might be connected
to the symmetry-breaking mechanism of the electroweak interactions or of other symmetries extending
the Standard Model of particle physics. The resulting Higgs bosons, including the 125 GeV spin-0
particle discovered recently at the Large Hadron Collider therefore represent a unique tool to search
for dark matter candidates at collider experiments. This article reviews some of the relevant theoretical
models as well as the results from the searches for dark matter in signatures that involve a Higgs-like
particle at the Large Hadron Collider.

Keywords: dark matter; Higgs; LHC




2HDM+a: SIGNATURES @ |LHC

2HDM+a model [JHEP 05 (2017) 138, LHC DM WG: PDU 27 (2020) 100351]
- Simplified, but UV-complete
- Ansatz: Extended Higgs sector
- 2HDM as simple UV-complete

Higgs sector extension: H*, H, Ay, h
- dy. portal to DM

. Ay — a, mixing into A, a physical states g| ~SM sector Dark sector
: . : =
— interesting SM - dark sector interplay
- Complementary signatures: oo
- Prominence of h+MET, Z+MET, Wt+MET —=
(not in other models) " | & mediator
* non-resonant, e.qg., jet+MET t
- resonant visible channels, e.g., tt 125 GeV Higgs
v Dark Matter

OLEG BRANDT s CAVENDISH LABORATORY



2HDM+a: SIGNATURES @ |LHC

- 2HDM+a model [JHEP 05 (2017) 138, LHC DM WG: PDU 27 (2020) 100351]
- Simplified, but UV-complete h + DM

- Diverse palette of signatures
- Experimentally exciting interplay!

sinf = 1/vV2, M4 = 500 GeV 7
5 JHEP 05 (2017) 138
Theory projections
Q.
o _—
S mono—Z
1 L
flavour di—top
0.5} LTI
mono—jet \

+ other signatures

OLEG BRANDT ®am CAVENDISH LABORATORY
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2HDM+a: SIGNATURES @ |LHC

2HDM+a model [JHEP 05 (2017) 138, LHC DM WG: PDU 27 (2020) 100351]

- Simplified, but UV-complete

Diverse palette of signatures

- Experimentally exciting interplay!

......

5 JHEP 05 (2017) 138
Theory projections

mono—jet \
AAAAAA 1 e i

100 20

[GeV]

CAVENDISH LABORATORY
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ATLAS-CONF-2021-006

=ET==+2Z(ll), 139 fb"'
ATLAS-CONF-2021-029

H*tb, 139 b
JHEP 06 (2021) 145

h(inv), 139 fb™'
ATLAS-CONF-2020-052
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arXiv: 2104.13240

- Combination
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2HDM+a: SIGNATURES @ |LHC

- 2HDM+a model [JHEP 05 (2017) 138, LHC DM WG: PDU 27 (2020) 100351]
- Simplified, but UV—CompIete h + DM
%‘ 2000_]ATLAS Prellmlnary r/m > 20% ] _E:;t%((ngzs?g; o

= 1
- Vs=13TeV, 36.1-139 b 2HDMa, Dirac DM ]

1800 .
Limits at 95% CL J =—EM=4h(bb), 139 fb
e 600 i‘ """""" —Ovserved M =106V, g =11 yleo’yo021) 200
il —: - Expected sin® = 0.35, tanp = 1 7

& My = My = My, ] =ET*+Z(I), 139 fb"

1400 : = arXiv: 2111.08372
1200F " : 3 eme=we, 130 b
L TN s 1 EPJC 81 (2021) 860
1000 + —Htb, 139 fb"
- Cour™]  JHEP 06 (2021) 145
800} ™A ‘
i : 1 ==h(inv), 139 fb
600k 1 ATLAS.CONF-2020-052
g k’ml 5 Emlss+h(7,{)‘ 139 fb-!
400 7 ATLAS-CONF-2021-036] wiee 02021 s
200 ATL PHYS-PUB-2021-0457 =Combination

E7*+h(bb), ET™*+2(Il)

100 200 300 400 500 600 00 800

iGeV]

: " ’
© 7] —E7*+h(0b), 139 b’
JHEP 11 (2021) 203

tan B

=Er*+Z(Il), 139 ft”'

10 - arXiv: 2111.08372

35.9fb ' (13TeV)

2HDM+a, Dirac DM

m, =10 GeV, g = T| CMS = 150G}
------------ o AT
m, = 400 GeV my = 500 GeV
100 | i 1
JHEP 03 (2020) 025

''''''

2HDM+a, h — bb

5 O
400 500 800 1000 1200 14?—1@100 180 g O
A [ eV] su"‘:OEBS tand=1,m, =10GeV, my = my = my Ot//)e/f' S/’ naz- /feS t
01 shed s: observed (expected) limit at 95% CL 1 + g u

~— Solid (dashed) lines

Unc. band: +1 std. dev. on exp. limit
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V)
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2HDM+a: GOING BEYOND

LHC Dark Matter Working Group:

Next-generation spin-0 dark matter models

1810.09420v2 [hep-ex]

arxXiv

Abstract. Dark matter (DM) simplified models are by now commonly used by the ATLAS
and CMS Collaborations to interpret searches for missing transverse energy (EX'). The
coherent use of these models sharpened the LHC DM search program, especially in the
presentation of its results and their comparison to DM direct-detection (DD) and indirect-
detection (ID) experiments. However, the community has been aware of the limitations
of the DM simplified models, in particular the lack of theoretical consistency of some of
them and their restricted phenomenology leading to the relevance of only a small subset
of Es signatures. This document from the LHC Dark Matter Working Group identifies
an example of a next-generation DM model, called 2HDM+-a, that provides the simplest
theoretically consistent extension of the DM pseudoscalar simplified model. A comprehen-
sive study of the phenomenology of the 2HDM+a model is presented, including a discussion
of the rich and intricate pattern of mono-X signatures and the relevance of other DM as
well as non-DM experiments. Based on our discussions, a set of recommended scans are
proposed to explore the parameter space of the 2HDM+a model through LHC searches.
The exclusion limits obtained from the proposed scans can be consistently compared to
the constraints on the 2HDM+a model that derive from DD, ID and the DM relic density.

OLEG BRANDT ®am CAVENDISH LABORATORY

CERN-LPCC-2018-02



2HDM+a: PARAMETERS

“ type—112HDM type-11 2HDM cos(f-a) = 0, M, = My. = 1 TeV
50; T - 50 : : ~ ~ ~

| — Higgs fit .
800
10} ; lo//,/”' — B Xy

- B, u*u

600

tanfs

S .
tanf

>4

M, [GeV)

" 400
(

200

-1.0 -0.5 0.0 0.5 1.0 250 500 750 1000 1250 1500 200 400 600 800
cos(fS-a) M+ |GeV] M, |GeV]

tang = 1, sinfl = 0.35

My =My =Mgz+, m,=10GeV, 1250l A
cos(f—a)=0, tanf =1, sinf =0.35, 1000 ! )\
5% 750_______————”"""gi——‘
500 5
/’-
250 excluded
Conven/ence Resonant enhancement 100 200 300 400

M, [GeV]
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2HDM+a: PARAMETERS

- Exeeutive-Experimental summary on model pheno:

- 14 parameters to start with More details in talk by Johanna Gramling
. 7 parameters fixed: https.//indico.cern.ch/event/665524/sessions/260090/

- symmetry, EW-precision measurements, Higgs properties,... <—|
« 7 “free” parameters:

e 3 only affect total

o m, , . cross-section:
o m kinematics o tan(B) [
A [ & channels
o my o my [2]
o sin(8) <« couplings O Yy« Yukawa
Safs iR Mam Y
. A/a mixing angle sin@ important, e.g.: L 3
I'(A— xx) o sin® 0 ['(a — xx) o< cos® 6 _°® X E
I'(A— ff) occos®6 I(a— ff) xsin®f & 1 &
['(A — ah) o sinf cos 6 " 00— i
[1] can change shapes if u/d-type couplings process-relevant 107h ﬁ 8
1 5
[2] statement true if decay mediator on-shell M, [GeV]

OLEG BRANDT Sy CAVENDISH LABORATORY
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2HDM-+a: (NON-) RESONANT SIGNATURES

+ many other signatures

OLEG BRANDT @ CAVENDISH LABORATORY




2HDM+a: h + DM

- (Can be resonantly enhanced
- — driving sensitivity for 2HDM+a g h
- h+MET dominant over Z+MET if My; > M, y A‘

M 4 4 CL<_
:>MH:MH:E :MA g

Mg

mono—Higgs, M = 700 GeV

mono—-Higgs, M,= 200 GeV

0.014 4
— 0.015 m— M 4, = 400 GeV — 0012 m— M, = 300 GeV _
| | 1
""" M =700 GeV e M, =400 GeV
> . . % 0.010 -
2 ! M4 = 1000 GeV | 9- [ g mmm— M, =500 GeV
2 0010t | ; 0008 ™
2k ElS
X =
= ~N
< ~
S 5
= 0.005+ o =
b I ny 1| b
~ N ‘,r’ 1 ~
p— | rl — ™ -! -
L I
0.000 SN LLK i e

0 100 200 300 400 500 600
ETSS [GeV] ETSS [GeV]
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2HDM+a: Z + DM

Can be resonantly enhanced
- — driving sensitivity for 2HDM+a
- Z+MET dominant over A+MET if My, > My

My
= My = Mys = My
M 4
mono—Z, M,= 200 GeV mono—Z, My =700 GeV
~———————————————— 0012y
— My = 400 GeV S — M, =300 GeV
— 0.020 8 0.010¢
S b ) m— My =700 GeV | = | e—— M, = 400 GeV
O a i
© My = 1000 GeV A B 0.008 M, = 500 GeV
N 4 =
o 17 0.006f
3 . <
S H,r 'i = 0.004}
~ i =
= S < 0.002}
4 1y :
0 e ~ 0.000
0 100 200 300 400 500 600 100 200 300 400 500 600 700
pr.z 1GeV] Mp(I'T™, E™) [GeV]
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2HDM-+a: Hicas(bb)+DM

Analysis strategy:
- MET > 150 GeV from DM particles

- 2 or 3+ b-tagged jets

_ | -
- Higgs — bb candidate decay §
- Constrain W,Z+HF with 1u,2¢ CRs
- Look for localised excess in my,
~ )
@A =
S % o G
> o ” o S
D . S
S .
N L]
y | N
™ 125 GeV -
HEAN b )
™

OLEG BRANDT s



2HDM-+a: Hicas(bb)+DM

- R
(O] 800} ATLAS —e— Data [ Single top —
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2HDM+a: Z(£¢)+DM

Analysis strategy:
- Significant MET from DM particles

- / — ¢ candidate decay
<1 extrajet, |pss — pf*|/pY <04
Constrain WZ, ZZ with 3¢, 4¢ CRs

Look for excess in my distribution:

~ )
0 A x 0, 1 jet bins
c [ 3 my b
S . X 3 my bins
> e o ? °
()] )
(]
qp) -
iy .
S Toa
Q I N
= m
o0) H
s\ "
0
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2HDM+a: Z(£¢)+DM

137 fb” (13 TeV)

3\% 104 CMS I mN,m.=1200,300|GeV ¢ Data _;
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2HDM+a: tW + DM

Analysis strategy:
Large MET (>250 GeV) from DM particles

t candidate, W candidate from H* — Wa
1,2 leptons for tW+DM, 1 lepton for tgq+DM
> 1 b-tagged jet

- Constrain tt+V with CRs sin(@) = 1 /\/5
- Look for excesses in MET + other distributions: enhances resonant H=
Y )
&
o
Z
83 First-time experimental

search for this process!

ATLAS-CONF-2022-012, ATLAS-CONF-2020-034
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2HDM+a: tW + DM
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2HDM-+a: STATISTICAL COMBINATION (DOMINANT CHANNELS)

map

ATLAS-CONF-2021-036

m, =10 GeV
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2HDM+a: SENSITIVITY IN ALL CHANNELS

tW + DM

,i
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2HDM+a: SENSITIVITY IN ALL CHANNELS
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2HDM+a: SENSITIVITY IN ALL CHANNELS

tW + DM

,i
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2HDM+a: SENSITIVITY IN ALL CHANNELS
ATLAS-CONF-2021-036, ATL-PHYS-PUB-2022-036
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DARK HIGGS MODEL: MOTIVATION

q X many other
Scalar mediator model signatures
V/AV mediator model 2HDM+a model
arXiv:1507.00966 JHEP 05 (2017) 138
arXiv:1507.00966

Dark Higgs model
JHEP 04(2017)143

_ - 3) Simplified, consistent,
2) Simplified models g yy.complete models

Richer kinematics + phenomenology

LR
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DM @ LHC: DARK HIGGS MODEL

Dark Sector

Dark
’? Higgs

/

Mediator

Motivation: 1) Dark Higgs mechanism to give mass to DM particles y

2) Mediator that couples to SM and to Dark Higgs (S) and y
3) Generic signatures that are present in complete models
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FOR FURTHER DETAILS...

Review

Collider Searches for Dark Matter through the Higgs Lens

Symmetry 13(12) (2021) 2406
£109.13597

Physikalisches Institut, Albert-Ludwigs Universitit Freiburg; spyros.argyropoulos@cern.ch
Cavendish Laboratory, University of Cambridge; obrandt@hep.phy.cam.ac.uk

Max Planck Institut fiir Physik in Miinchen; haisch@mpp.mpg.de
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Abstract: Despite the fact that dark matter constitutes one of the cornerstones of the standard cosmo-
logical paradigm, its existence has so far only been inferred from astronomical observations and its
microscopic nature remains elusive. Theoretical arguments suggest that dark matter might be connected
to the symmetry-breaking mechanism of the electroweak interactions or of other symmetries extending
the Standard Model of particle physics. The resulting Higgs bosons, including the 125 GeV spin-0
particle discovered recently at the Large Hadron Collider therefore represent a unique tool to search
for dark matter candidates at collider experiments. This article reviews some of the relevant theoretical
models as well as the results from the searches for dark matter in signatures that involve a Higgs-like
particle at the Large Hadron Collider.
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DARK HIGGS MODEL: MONO-S( — WW — £1qq)
Analysis strategy:
- MET > 200 GeV, my> 220 GeV

- Dark Higgs candidate s — W(Zv)W(qqg)
- single W( — gg) TAR jet (merged)
- two W( — ¢qq) jets (resolved)
- Constrain W+jets and tf: 12, 2 b-tag CRs

- Look for excess in m:

\

(

LA

C »
) ) o
S |3 .
Q\|
A
®)
\
L
=
S
O
& |
< 125 GeV
=
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DARK HIGGS + DM: RESULTS

T
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DARK HIGGS MODEL: MONO-s( — VV), V=W, Z

Analysis strategy: subm. to PRL, arXiv:2010.06548
- Require MET > 200 GeV

- Require Dark Higgs candidate s

- Ones - WW — ggqq jet (“merged”)

- One W( — qq) jet + extra jets (“intermediate”)

_(Look for excess in m,: N MET ‘;‘i:;"
2 A
EJ A o X
® o |
‘
’ 1/7' ‘ A\
. . // \
e s \
N\ ) m

[Shape fit m, > 160 GeV]
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https://arxiv.org/abs/2010.06548

DARK HIGGS MODEL: MONO-s( — VV), V=W, Z ,,
subm. to PRL, arXiv:2010.06548

Backgrounds:
- SM Z(w)+jets (dominant + irreducible), W+jets, Diboson, tt + rest

- Challenge: extreme kinematic regime

Strategy:
- Constrain major backgrounds:

V/s=13TeV, 139 fo!
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https://arxiv.org/abs/2010.06548

DARK HIGGS MODEL:

- Results:

First look at this signature at the LHC!

- Results for m, < 160 GeV.

q

q
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MONO-s( = VV), V=W,Z N

X

b
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subm. to PRL, arXiv:201 'O.IO6 5
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MODELS FOR DM SEARCHES @ LHC

W/Z
No EFT model L9 .
interpretations t Loa
"""" . N
for DM searches 9q Ix a"e<_ X @ &
A t X 2
at the LHC: g + S
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~ signatures DY
| &L
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Higgs portal models -
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Richer kinematics + phenomenology
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DM @ LHC: HIGGS PORTALS

Dark Sector

Motivation: 1) Higgs Yukawa coupling to massive Dark Sector particles
2) Higgs coupling to new patrticles (hierarchy problem)

)

)

3) can be UV-complete
4) the only dim-4 operator to couple SM and scalar/vector DM

Lon = cm¢*(H H)
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FOR FURTHER DETAILS...

Review

Collider Searches for Dark Matter through the Higgs Lens

Symmetry 13(12) (2021) 2406
£109.13597

Physikalisches Institut, Albert-Ludwigs Universitit Freiburg; spyros.argyropoulos@cern.ch
Cavendish Laboratory, University of Cambridge; obrandt@hep.phy.cam.ac.uk

Max Planck Institut fiir Physik in Miinchen; haisch@mpp.mpg.de

Corresponding author

Spyros Argyropoulos 17, Oleg Brandt >*© and Ulrich Haisch 3

Abstract: Despite the fact that dark matter constitutes one of the cornerstones of the standard cosmo-
logical paradigm, its existence has so far only been inferred from astronomical observations and its
microscopic nature remains elusive. Theoretical arguments suggest that dark matter might be connected
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H( — inv): OVERVIEW

ggF H [49 pb] VH [2.3 pb]
+ ISR jet

H(125)

W/Z

VBF H [3.8 pb]

o< .
H(125) X

ttH [0.09 pb]
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VBF H( — inv): STRATEGY

Analysis strategy:
- Require MET > 200 GeV, MHT > 180 GeV

X
- Require high |An| > 3.8 B O<
- No 3rd or 4th jet with large impact on m, H(125) X

- Look for excess at high m:

r

MET

\

S

|Og Nevent

—
_—
—

two forward jets
no other jets at LO

ATLAS-CONF-2020-008



VBF H( — inv): CONSTRAIN BACKGROUNDS Yoo
- Constrain Z(w)+jets, W+jets in signal region (SR) using control regions (CR): ~

0 lepton SR 1 lepton CR 2 lepton CR

Signal + constrain Constrain Waists Constrain Z(vw)+jets
Z(w)+jets etc. at low mjj J using Z(#¥€)+jets

Z(vv)+jets Z(t)+jets




VBF H( — inv): CONSTRAIN BACKGROUNDS

- Constrain Z(vw)+jets, W+jets in signal region (SR) using control regions (CR):

0 lepton SR 1 lepton CR 2 lepton CR

Signal + constrain Constrain Z(vw)+jets

Constrain W+jets

Z(w)+jets etc. at low mjj using Z(#¥€)+jets
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VBF H( — inv): RESULTS
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ATLAS H( — mv) COMBINATION:
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CONNECTION OF H( — inv) TO DIRECT DETECTION EXPERIMENTS
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INDIRECT DETECTION - DM ANNIHILATION RATE

X
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INDIRECT DETECTION - HIGHLIGHTS
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DIRECT DETECTION - DM SCATTERING RATE
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DIRECT DETECTION - HIGHLIGHTS
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DM @ |LLHC: GENERIC SIGNATURES
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DM @ |LHC: HIGHLIGHTS
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LIMITATIONS & ASSUMPTIONS

} e {vo): velocity profile

e (vo): annihilation model &

annihil
e p, profile e single DM species
X L, 7 Decay channel
e velocity profile, especially at high v X X

e p, profile + smooth halo

e Rotation of galactic disk = DM wind
e type of interaction e single DM species [ ! /

v

f X

e Model for interaction
e mediator couplings + quantum numbers
e Often minimal flavour violation (flavour physics)




LIMITATIONS & ASSUMPTIONS

Single vs several DM species:

Colliders

NO change in limits or better limit

(conservative)
€10
= 10738
2107
3 40
2 107
B 44
o 10
©10°%
167
1074 ATLAS 90% CL limits
_45 Vs=13TeV, 139 fo’ e XENONAT
1 O Dirac Fermion DM LUX
=025, =1.0 Axial-Vector Mediator
107 %
10—47 L1l v 1l v 1l 113l
1 10 10? 10° 10*
m, [GeV]

CAVENDISH LABORATORY

OLEG BRANDT &

Direct detection

Limits become weaker

POM = Py Pyt

(p,, enters limits on o,_y)
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