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DARK MATTER CANDIDATES:
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DIAGRAMS ARE REAL AND VERY HEAVY
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Dark Sector Candidates, Anomalies, and Search Techniques arxiv:1707.04591
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Unens’ Simplified Dark Matter models @ LHC %

Start with simplest diagram:

Typically parameterized by 4 parameters:

« mass of DM particle, mpy,

* mass (and width) of mediator particle, my, (I'y)
« coupling of mediator to SM sector, ggy

« coupling of mediator to DM sector, gpy

Familiar examples of scalar/vector mediator: LHC choice for couplings (LHC DM WG):
« S: Higgs boson « A/A-V:ggy =0.25, gpy=1
« V:Z (heavy Z) - S/P-S:gsy=1,9om=1
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BRISTOL Mono-mania =

9q 9x
med

Run: 302393
Event: 738941529
2016-06-20 07:26:47 CEST
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BRIt Mono-jet & Mono-V Searches . |
* Analysis of missing energy spectrum in * Interpretation in simplified DM models
Mono-X events * s-channel with different mediators
‘Vector‘ ‘AxiaI-Vector‘
35.9 fb™ (13 TeV) 35.9 fb™ (13 TeV)
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*Set limits on allowed masses and coupling strength
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ATLAS

EXPERIMENT

Run: 305777
Event: 4144227629
2016-08-08 08:51:15 CEST
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« Search for resonance in dijet invariant
mass spectrum

c

o ATLAS

% 10 (s=13 TeV, 37.0 fb”

€ . e Data

o 10 Background fit

L —— BumpHunter interval

10° --o-- 5, m =4.0TeV

B mz* =5.0TeV

g*, o x10

p-value = 0.63
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—
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BRISTOL Low-mass dijet resonances ez

Search for resonance in dijet invariant
mass spectrum

Low mass mediators are difficult to constrain
because of huge QCD dijet background

difficult/impossible to cope with total event
rate

New (cool) strategies:

“Data scouting”. perform analysis on dataset
that contains reduced event information
(trigger level), allowing to store data at very
high rate

Trigger on high-pT ISR jet or photon and
search for low mass resonance in recoil
system

Trigger on high-pT ISR jet and search for
merged, boosted resonance in recoil, using
jet subtructure
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. > :ATL/JS Prelimirjary Nl
- Can combine searches = | I\ = {3 TeV, July|2019 o
for DM signal (missing € '
energy) and those fo_r 10
mediators to constrain
allowed model 1

parameter space

Dijet

Dijet, 37.0 fb™'

PRD 96, 052004 (2017)
Dijet TLA, 29.3 fb™

PRL 121 (2018) 0818016
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PLB 795 (2019) 56
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PLB 788 (2019) 316

Boosted di-b+ISR, 80.5 fb™
ATLAS-CONF-2018-052

L

bb resq
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36.11b™
EPJC 78 (2018) 565
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0.6
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36.1fb™
PRD 98 (2018) 032016

[ | E-lrt“SS'i'X
ET*+y, 36.1 b
Eur. Phys. J. C 77 (2017) 393
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JHEP 1801 (2018) 126
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g gq=0.25, g|=0, gx=1

L = All limits at 95% CL .
i R | N T A B L - EMs=4+2(l), 36.1 fb”

0 *05 1 1.5 2 25 | 3 35 I 4 PLB 776 (2017) 318

ET**+V(had), 36.1 fb”

mz.v [TeV] JHEP 10 (2018) 180

0.2

/
4
.
.

III|III|III|III|III|II\|III|III

M

Henning Flaecher ¢ Pushing the Boundaries - IPPP « 19" September 2019 13



Elic University of
BRISTOL

The grand(er) picture

= (@us
“———

Can combine searches
for DM signal (missing
energy) and those for
mediators to constrain
allowed model
parameter space

m, [TeV]

Limits strongly depend
on assumptions for
couplings

1.6

T T T T T T 17

i &TLAS Preliminary; g

1 4-\{s =13 TeV, July 2019 -
N ! 7 i
= - ®/\‘/4 4 -
1.2 ~
- -
0.8 —
0.6 -
N i

= 9 -
0.4F|2 .
e y
B Vector mediator, Dirac DM -
0.2 | g =0.1,g=0.01,g =1
i E?ISS'FX q o | X i

i All limits at 95% CL |

0 15 25 3 35 4
m,. [TeV]

— Dilepton

139 fb!
PLB 796 (2019) 68

Dijet
Dijet, 37.0 fo™'
PRD 96, 052004 (2017)

Dijet TLA, 29.3 b
PRL 121 (2018) 0818016

E;”'SS+X

ET*°+y, 36.1 fb”

Eur. Phys. J. C 77 (2017) 393
ET"*+jet, 36.1 fb”

JHEP 1801 (2018) 126
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B0 grisToL  Pirect dark matter detection (solid state detectors, nobl@g@é)

look for recoil of an atom after scattering off a DM particle

e

e
WIMPs and Neutrons ‘ _—e
scatter from the |
— Atomic Nucléis T
| B~ 2 Scintillation
'f .\' \\' ¥ N
Pl & * /" lonization
\- | SAuclear ¥ & ; ) A XA |
\ recdT——1 €4 . ' Temperature increase
. . . ®J/
e

< [ Ny | electron .




University of Principle of WIMP detection in LXe TPC IC%

BRISTOL

A
Drift time
Particle _ indicates depth
L S1
—» jonization electrons
NN UV scintillation photons (~175 nm) mege by GH Fsham (Srowm)

Liquid xenon time

projection chamber
— LXe TPC.

S1 — primary
scintillation.

S2 —secondary
scintillation,
proportional to
ijonisation.

Position
reconstruction
based on the light
pattern in the PMTs
and delay between
S2 and S1.
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{cms?
|

40 GeV/c2 WIMP 1000 days, 5.6 Tons
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WIMP Discovery Potential

SI WIMP-nucleon cross section [cm?]

30 and 50
10—435‘;I'||l|ll T T T rrrr T T 1 rrrr

o\ LZ sensitivity (1000 live days)

» ~~ 1" \ —— Projected limit (90% CL one-sided)
1077 \y\ - Projected 30 significance

; \\ ------ Projected 50 significance S
104 \ (MasterCode, 2017)

- 50:
107 . 6.7x104% cm?
10-—47
10-48

3.8x10% cm?

WIMP mass [GeV/c’]
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Spin-dependent scattering

* Naturally occurring Xenon has around 50% odd-neutron isotopes

«  26.4%'%9Xe and 21.2% '31Xe by mass

SD WIMP-neutron SD WIMP-proton

10_36 T T T T TT T T T T T T TT | T T T T T T TT ? 10_35 T TTT T T T T T TTT | T T T T T T TT | §
LZ sensitivity (1000 live days) = LZ sensitivity (1000 live days) =
\E‘ 10—37 Projected limit (90% CL one-sided) —- 4 1 0—36 Projected limit (90% CL one-sided) —
©, |:| x1o expected E g = |:| *10 expected E
g 10738 +20 expected — = - +20 expected .
g= W 1 £ 107g E
! 00 @0\ 1 © = 3
2 1077 xenoXt 2 - ]
2 @o\D 2 10-38
g ax M 3 2 107% T\ O\ O mw =
Q —40 ] 5 = =
= 10 E = S 00N N\ supeR OOl e e ]
12 1 £ 0¥
= = o = T3
-41 = = o @ 3
g 10 = = = 1O 3
1 j— — -~ —]
[aW) — & _40 T NN\ - e 2 SuperK (tT)
> 1042 1 = 1007 L =
E 10 = E — - < -3
4 A w0 - B
2 109 1 82 10 i
= 3 = MSSM 3
- (GAMBIT, 2017) ] - (GAMBIT, 2017 7]
10—44 Lo 1 L1 10—42 R 1 1 1
10 100 1000 10 100 1000

WIMP mass [GeV/c?]

WIMP mass [GeV/c?]
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Comparison of Collider and Direct Detection

@ CMS

*  We can translate limits from simplified
dark matter models probed at LHC into
the parameter space probed by direct
detection experiments

o, (DM-nucleon) [cm?]

« Caveat:

« Limits depend on assumptions made
for model parameters, i.e., fixed
values for couplings

 Vector mediator €<-> spin independent
DM — nucleon scattering

2 (125GeV \*
OS] =~ 6.9 % 10_43 Cm2 . (gqngM> <W:j> (

tny = Mpmpm/(mpy+mpnm) is the DM-nucleon reduced mass

Spin-independent

ATLAS Prellmlnary July 2018 Q

107

= Dijet
Dijet ¥s = 13 TeV, 37.0 fb™
Phys. Rev. D 96, 052004 (2017)
Dijet TLA Vs = 13 TeV, 29.3 fb"!
arXiv:1804.03496

Dijet + ISR ¥s = 13 TeV, 15.5 fb™
ATLAS-CONF-2016-070

EmISS+X

Eml—+y Vs=13TeV, 36.1 fo’

Eur. Phys. J. C 77 (2017) 393
ET*+jet \§ = 13 TeV, 36.1 fb”!
JHEP 1801 (2018) 126

ET*°+Z(I) V5 = 13 TeV, 36.1 fo !
PLB 776 (2017) 318

ET**+V(had) ¥ = 13 TeV, 36.1 fo’
ATLAS-CONF-2018-005

— CRESST Il

arXiv:1711.07692

XENONA1T

arXiv:1805.12562

— PandaX

Phys. Rev. Lett. 117, 121303 (2016)

— DarkSide

arXiv:1802.06994

LUX

Phys. Rev. Lett. 118, 021303 (2017)
Phys. Rev. Lett. 116, 161302 (2016)

107

107

107 CRESST Il

107

IIIII|_|,|,| 1111 _|_|_|_|,d

-42
10 DarkS|de

u

Vector mediator, Dirac DM
9, =0.25, g,= =0, Iom

ATLAS limits at 95/ CL, dlrect detection limits at 90% CL
il . sl . s ]

10 1o2 10°
DM Mass [GeV]

107%

—_ -

o OI
I

SN

& R

107%

IIIII|_|,|,| IIIII|_|_|I IlIII|_|,|,| IIIII|_|,|,| 1111

3 3
& 3
-4 _|_|-|-|T|T|'| IIIII|'|T| IIIII|T|] IIIII|'|T| T TTIT

LHC only competitive for mpy, < 6 GeV
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g ooyt Comparison with Direct Detection 7

* Axial-vector mediator €-> spin dependent DM — nucleon scattering
«  Limits depend on assumptions made for model parameters, e.g., fixed values for couplings

4
- Complementarity with Direct Detection clearly visible oS0~ 94 % 1042 em? - <9quM>2 (1 TeV) ( [iny )2
»  LHC much stronger for axial-vector interaction 9-25 Mmea /) \1GeV
«  Sensitivity strongly depends on type of DM interaction o = mamon/ (1 +mpa) i the DM-nucleon reduced mass

Spin-dependent

\tt resonance | B8 Dibjet

¥s=13TeV, 36.1 fb”
PRD 98 (2018) 032016

=
=
D
(2]
o
=y
Q
=
o
(0}
1

E= Dibjet
s =13TeV, 36.1 o
PRD 98 (2018) 032016

107

107

107%

_37 —37
- T = T = H
NE 10 T T T 3 _Dljet \E' 10 T E _Dljet
C 9O, ] Dijet 5 = 13 TeV, 37.0 fb! 9O, ] Dijet /5 = 13 TeV, 37.0 fb™!
= 1 0—38 TLAS _ PRD 96, 052004 (2017) = 1 0—38 _ PRD 96, 052004 (2017)
8 3 Dijet TLAYS = 13 TeV, 29.3 fb'! g m E Dijet TLA Vs = 13 TeV, 29.3 fb!
v E PRL 121 (2318) 0818016 ) = 3 PRL 121 (2018) 0818016
g = 4 Dijet + ISR ¥§ = 13 TeV, 15.5 fb" > b Dijet + ISR ¥§ = 13 TeV, 15.5 fb!
O ¢ 107%® Preliminary ATLAS-CONF-2016-070 2 q4g® = Preliminary ATLAS-CONF-2016-070
= L E
| - o —tt resonance & 4 —tt resonance
_40 ¥s=13TeV,36.1 fb" =] _40 fs =13TeV, 36.1 fb'
Q o 10 \ EPJC 78 (2018) 565 bw 10 \ = EPJC 78 (2018) 565

—— =miss
ET +X
Er*+y Vs =13 TeV, 36.1 10"

Eur. Phys J. C 77 (2017) 393 _43
G
EM**4jet VS = 13 TeV, 36.1 fb" 10
JHEP 1801 (2018) 126
+Z(l) Vs = 13 TeV, 36.1 fb'

PLB 776 (2017) 318 10—44
E7**+V(had) ¥s = 13 TeV, 36.1 fo™'

107%

= E$‘$S+x
E *+y V5 =13 TeV, 36.1 fo!

Eur Phys J. C 77 (2017) 393
Er+jet ¥s = 13 TeV, 36.1 b
JHEP 1801 (2018) 126

+Z(I) ¥s = 13 TeV, 36.1 fo™'

PLB 776 (2017) 318
E7*+V(had) ¥s = 13 TeV, 36.1 1"

DM-neutron

107%

107

JHEP 10 (2018) 180

H JHEP 10 (2018) 180
1 0745 Axial-vector mediator, Dirac DM AXIal-VeCtOF _45 | Axial-vector mediator, Dirac DM
g =0.25,g =0,g =1 PICO-60 C4Fs H 10 g =025, =0,g =1 LUX
q ! x PRL 118, 251301 (2017) med |at0r q | Iy PRL 118, 021303 (2017)
" ATLAS limits at 95% CL, direct detection limits at 90% CL . ATLAS limits at 95% CL, direct detection limits at 90% CL Phys. Rev. Lett. 116, 161302 (2016)
10— 1 12 |3 DlraC DM 10—46 1 1 1
1 10 10 10 =0.25 =1 1 10 10° 10°
m, [GeV] gq=V.29, 9, = m, [GeV]
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%RIST%f Let's explore full model parameter space é

* Leptophobic DMSM with arXiv:1905.00892 &
spin-1 s-channel mediator Y _ _ PR
Direct detection: \ 3N NS
- DM Dirac fermion . 2 ol A :
” 7 X limits on SI & SD {-=
X-SeCs g 0 E
0 o it St ’
) Y Mass [GeV/c?]
] ] MAaSTERcope
q X
2 1'65 TLASIPr. .misdry Jily 2018
- Study pure vector and axial-vector couplings Ik )
Flavour diagonal & flavour blind Collider: 1
 Calculations of observables as fcn of limits on DM 06
parameters implemented in MasterCode production 04 ot
« via interfaces to MicrOMEGAs, MadGraph (mono-X searches) 2 A e

and FastLim ]

Mediator Mass [TeV]
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pRierr Let's explore full model parameter space =
* Leptophobic DMSM with arxXiv:1905.00892
spin-1 s-channel mediator Y Collider:
limits on mediator

DM Dirac fermion _
q g X masses & couplings .

(dijet resonance searches)

9dq 9x

q X

-  Study pure vector and axial-vector couplings

(1K)

3000 F

*  Flavour diagonal & flavour blind

Relic density & ..
« Calculations of observables as fcn of measurement 5
parameters implemented in MasterCode 500 T T
by Planck = UYL PRI
* via interfaces to MicrOMEGAs, MadGraph ol W,” U, T
and FaStLim 2 10 30 500 61000 1500 2000 2500
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sristor | Olmplified Model Analysis — Vector Mediator p.
‘ Mass plane Rapid_ Parameter Range
(marginalized over couplings) annihilation my (0.1,5) TeV
S — DMSM spin-1 vector: 1o, 20 /Vla s-channel My (07 2'5) TeV
.y 2500 . . ~ resonance gsM (0, v/4r)
anni- I D'V'>_ <SM gom | (0,V4m)
hilation DM Y \SM Couplings plane
via .
~ , marginalized over masses
t-Channel % P (— g DMSM spin-1 vector: 1o, 20 )
exchange 2 T
g 1000} A
DM Y
DM 500+ PE
DM Y 9% ' 2000 3000 4000 5000
. . > my [GeV]
relic density constraint R r |
nOt fUIflIIed ///.',v”j. - ma@
L7 /,’my>100 GeV
arXiv:1905.00892 o e e e
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Elic University of - £ : : @ CM>/
sristor olmplified Model Analysis — Vector Mediator Z
Mass plane Rapid Parameter Range
(marginalized over couplings) annihilation my (0.1,5) TeV
DMSM spin-1 vector: 10, 20 / via S-Channel mX (07 2'5) TeV
2500 resonance gsm (0, \/E)
DM DM SM gDM (0, vidm)
anni- I >_ < A\
hilation M7 Y \SM Couplings plane
via 1.6 . .
< | ATLAS Pretimingry s 4 marginalized over masses
t-Channel % 151'4:‘1— T Ju;ﬁ7é/ -"ﬁ% f ( — g DMSM spin-1 vector: 1o, 20 )
exchange % i R i o | my <5000 GeV,”
£ 1000F / (}J\\/}/gf/ = 1001 ’
DM Y ;@@3\@ E
DM I e | 03] ¥
Vegior meditor Dirac om { T _
DM Y R0 2t 3050 5= 2050 5000 S|
. . my [GeV]
relic density constraint 10_3_\ o
nOt fUIflIIed ,/ri ;/’A;n;;IOO - ma@
arXiv:1905.00892 0T T B 00 107 100 W
gsm
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& versi cms
phiers Simplified Model Analysis — Axial-Vector Mediator
Mass plane Rapid
—_— — DMSM spin-1 axial-vector: 1o, 20 annihilation
2500 ~"via s-channel
resonance
DM 2000} DM SM
anni- __ | >_< |
hilation || oMy N\sMm Couplings plane
via t- % 1500 _— DMSM spin-1 axial-vector: 1c, 20
channel 9, . . .
exchange £ 1000} / 10°
DM Y /r‘/ ,
500 L P e
DM /// MasTEeRcoce K
/ SQ,Q/ § /
DM Y 0O 1%00 2000 3000 40‘00 5000 = 1072 X
my [GeV] — _1_ /4/
relic density constraint not fulfilled o my> 100 GeV
///. ma TE_E%;
107 5 5 l':4" 3 - 1 )
10° 10 10 10 10 10 10
gsm
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% University of ) . : ] _ o CMS
BRISTtQL Comparison with Direct Detection Experiments é

Spin-Independent Scattering Spin-Dependent Scattering
Vector Mediator Axial-Vector Mediator
—_— — DMSM spin-1 vector: 1o, 20 —_— — DMSM spin-1 axial-vector: 1o, 20
107 — ' ' ' 1037 ,
10391 ma@ i 1038} " ma@ ]
10704 \\ [ 10| ‘ :
10741 | CDEX-1 : i N
1042 | — 10
& 103 o 10
E 10744} E 10
ab& 104 A o 10743
1070 ¢ R 10744
107t
108} 10
10749 | 10746
107° 50 10 T
m,, [GeV] m,, [GeV]

Future experiments will make significant inroads into allowed parameter space
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What about UV-completion? (Renormalizability etc.)

Expect spin-1 boson to have comparable couplings to SM and DM particles

[cm?]

SI
p

o

restrict couplings to 1/3 < gsm/9pm < 3

Spin-Independent Scattering
Vector Mediator

—_— — DMSM spin-1 vector: 1o, 20
10738 ‘

Spin-Dependent Scattering
Axial-Vector Mediator

—_— — DMSM spin-1 axial-vector: 10, 20

1070 | \\\\\‘_—
10741 L CDEX-1

1021 \
-43 | \
10| |
102 ¢
106t
107 ¢
108}
109
10—50

4
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There’s life beyond simplified dark matter models...

Henning Flaecher « Pushing the Boundaries - IPPP « 19" September 2019



& niversity o : =) (@,
36 niveniorof Higgs Portal Models =

* Higgs coupling proportional to mass o 4.9 fo™ (7 TeV) + 19.7 fo™ (8 TeV) + 38.2 b (13 TeV)
C\'l_| E T T T T IIII T T T T T II| T T T T T IIE
E = o 3
: " - - CMS 90% CL limit 1
- If DM massive, it's reasonable to assume it = 107 Bt i) 046
couples to the Higgs ; 0% age-portat models
. . . c?)bo 10_40_5 === Fermion DM ?:
« Search for invisible Higgs decays Sealar DM :
1074 & =
- Direct detecti -
*  Very small SM BF from H->ZZ->vvvv el e ]
35.9 b (13 TeV) i - | — L -
= [ | | | ] 10 E : —PandaXl-II ?E
- Searchinall Higgs £"f ™ ; b P oousue
production modes 2 "2F o Median expected _: 45§ /| — CDEX-10
f 1:_ .68% expected _: 10 EE 4
* VBF most sensitive £ e 107 LT
. é: 10747 i 1 Lol 1 1 T R B B B
« ttH starting to B 1 10 102 10°
. 2 GeV
contribute 5 My [GeV]
_ Most stringent limits for mysmaller than 18 (7) GeV,
0 | | | |

Gombined  VBFizg  Z()Htag  Viga)ag  gobHag assuming a fermion (scalar) DM candidate
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%rﬁvfﬁfgi Other attractive avenues... C/;

Connecting flavor anomalies with dark matter — 2 for 1 offer!
Kawamura, et al: arXiv:1706.04344v2

Recipe: Add extra fermions and scalars Expected signatures:

* Vector-like quarks Q" and leptons L’ Pair-produced Vector-Like lepton

decay:
Complex scalar X

L . ° Mp+ MET
* b=—s transition has box diagram

components from Q’, L', X

Pair-produced Vector-Like quark decay:

« My <Mg My <M « DD —=tt+ MET
- Xis dark matter candidate - UU = bb+MET
« Masses of extra fields O(100 GeV - 1TeV) « Also, jj+tMET, mono-jet

From Ben Kilminster - DM@LHC 2019
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From Kawamura, et al: arXiv:1706.04344v2

. Basic LHC constraints on Q" and * Constraints for COUP““SS
X using bb+MET, jj+MET favored by LHC anomalies

2000 1000f T T T -

Ap=As=V 0.15 - Ap=As=V 0.15

mqg=1.1TeV

800
1500 i

> > 600 !
) o -
g 1000 g |
4001
500
200F
500 1000 1500 2000 500 1000 1500 2000
mq [GeV] my[GeV]
[31] ATLAS collaboration ,ATLAS-CONF-2016-096. (Here’ Q’ can decay to 2nd or 3rd generathn S M q UarkS)
[32] ATLAS collaboration ,ATLAS-CONF-2017-038.
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gﬁ?ftg{ Connecting flavor anomalies with dark matter é

D. G. Cerdeno, et al. 1902.01789

* New particle content :
— X, Majorana fermionic DM particle

— @, scalar field couples to quarks Molmean for Ay = VA7 and Ay = !
— @y, scalar field couples to leptons I A — 20
6000 - PP = pp+ Bt L 1.8
X - ' 1.6
b > * > * > H 5000 : -
I I X ! 1.4
Oq XoJ > 4000 ! i 1.2
| | :3 1
: | = Y 1.0
3 ) . ) . ) it E_:;.;()(m ] . ok
X ) 0, PP Ji+ Fa _
2000 - 5, 0.6
AL 0.4
g o 1000 & 4 '
/ 7 : (). ) T T T T LI L)
g 0 . — : : : : 0.0 10! 102 103
“w . 0 10 20 30 (12 v 5 60 70 80 my [G eV]
g N ¢:; ”I\ eV

Constraints based on CMS and

q /fbl
q \\‘cb?‘
q { ATLAS SUSY multi-lepton Can also be tested
b,
X X

1

searches and tt+MET, bb+MET at upcoming

1710.11412 Eur. Phys. J. C78 (2018) : :

Leads to LHC signatures : 18 1803.02762 Eur. Phys. J. C 78 direct d_eteCtmn
pp = qq + MET (2018) 995 experiments
pp = Il + MET From Ben Kilminster - DM@LHC 2019
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So far this all seems to point to heavy dark matter...

« What about lighter dark matter?

Henning Flaecher « Pushing the Boundaries - IPPP « 19" September 2019
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What can direct detection do at low masses?

Smaller masses intrinsically difficult
Smaller mass -> smaller recoil -> smaller signal

But there are new ideas and new technologies

Henning Flaecher « Pushing the Boundaries - IPPP « 19" September 2019
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Migdal effect:

Ibe, Nakano, Shoji, Suzuki, JHEP, arXiv:1707.07258
Dolan, Kahlhoefer, CM, PRL, arXiv:1711.09906

‘(I)ec> ’CI):?C> — e_ime ARS (I)ec> P = |<(I)Zc’q)/ec>|2

“...it takes some time for the electrons to catch up,
which causes ionisation of the atom.”

Signal: the ionised electron

[Can also be applied to other targets (Ge, LAr...)]

Christopher McCabe 10
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DM-electron recoil signals — Migdal effect

CMS?g

lonisation electron or bremsstrahlung photon
easier to detect than nuclear recoil

Xenon competing with dedicated low mass
detectors
* e.g. solid state detectors (Ge)

XENONA1T (arxiv:1907.12771)

I T
. Spin-independent

38— CDEX (BREM)
EDELWEISS (Migdal) NEWS-G

LUX (Migdal)

Cross section o [cmz]

— CDEX(Migd) ~ — CDMSlie == S2-only data (XENONIT)
104k — CRESST-I — Dk = 5152 daa (XENONIT) E
006 0.1 1.0 2

light scalar
mediator
Mpeq << MeV

heavy scalar
mediator
Meq >> MeV -

n cross section |c

n

WIMP

WIMP-nucleon cross section [cm?]

=

LUX (arXiv:1811.11241)

10—30 L

10—32 L

10—34 L

10—36 L

10—38 L

Bremsstrahlung

Light scalar mediator
0 X A%, m,. < MeV

10—4()
10—29

101 100 10!

10—32 L

10—35 L

10—38 L

10—41 L

10—44 L

MeV

—47
10751

1(.)0
M asSSpM [GGV/CZ]
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So far this all seems to point to heavy dark matter...

« What about lighter dark matter?

*  How light do you want to go?
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v

* Benchmark model consists of a DM candidate ¥,
which scatters off both electrons and protons
through the exchange of a massive dark photon A’

*  Presumably also testable at LHC

Dark Photon Mediator, ma: > m,, Fpm = 1

10! 103

- XENON100
ke NG N N\ Electron (Published) ——
0 1074 S
o) 3 R W —_
7)) XENON100 \'\\ ne —4
7)) F Electron \\
8 10739} XENON100
:5 F @{O Migdal

_ _ g) = —40 /&j/)f

Oe o = = 0 e

_ _p Q lo E )
2 T 2 ©
1 1 S
XE€ XPp n 107k

it :
(@]

. ar -

Hyerp IS Teduced mass Q10 mymonnea a

3
()]

sub-GeV DM

Brent assumptions for ionization modeé

Baxter et al, arxiv:1908.00012

Dark Photon Mediator, ma > m,, Fpu =1

XENONI1T

10738¢ Electron (Published)

10739t

10740

—————
-
-
-
~ -
~ -
~~~~~~~
--------

o [em?]

. XENONIT
. Electron

1071 XENONIT \]
- b Migdal

107%2 £ E, from Ibe et. al.

\,
N,
N
.
\,
N,
. \
.,
- N
. \,
0’.. \\
., \
. N
. .
L L L L f Se N
w 103
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B?{%%SL DM scattering off electrons — Quantum Nanowires éé

Hochberg et al, arxiv:1903.05101

Superconducting

nanowires are sensitive Expected Sensitivity

to (very) small energy Light Mediator Heavy Mediator

deposits on electrons ‘ \_/ \ ~C |
] Bound WSi [

] ] 2 Bound WSi
Depending on material, ™ [ Suwer | o |
expected sensitivity in 5
10 keV — 100 MeV 10733} gvls%oo.tis;/, S@S?:‘)ﬂ]—7—7g*d"‘«‘“
range (\g N 2 VE- (\g 10_32 NbN 248 meV,

E 10_38 177_pg—yr 1 |§ 177 ug—yr S SENSEIL 0.177g—day
10_37 i enon
1074} |
10-48 S /\ | 10-%|
001 oflo 1 0 100 001 0.1 1 1 100
mpm [MeV] mpym [MeV]
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Axions and Axion like particles (ALPs) é

Collider relevant for ALPs with MeV to hundreds of GeV scale masses

Long-lived ALP would lead to missing energy signature

ALPs with larger masses or couplings could decay inside detectors

h->aa->4 yand h->yy
current exclusion

5 300/fb
C 10°} ' - l lg l 103F
- — \ T
3 L L
— 1 — 1
8 T T
> >
cC B =
-3 -3
9 é 10 é 10
£ SN1987a s SN1987a
O ai; abéx
L -
Q 10_6 SN 10—6 SN
Decay Decay
% Cosmology Cosmology
<:I: 0°  10° 102 1 10 0° 10 102 1 10
miGevi  ALP mass m, [GeV]

Bauer et al, arxiv:1708.00443

Reinterpretation of CMS
search for non-res new

physics (arxiv:1809.00327)
in yy final state

=1TeV

1
Gagg

T
2
- LHC
o1 0—2 I (various)
) AN -
[e))
103
—4 |
10 SN1987a
(length) - Non-resonant LHC (this work)
1075

10% 102 10" 10° 10' 102 10® 10
m, (GeV)

Gavela et al, arxiv:1905.12953
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ALPs in direct detection

- Search for axioelectric coupling with '

the LUX experiment for two specific
scenarios:

K101 XENON100

« (i) QCD axions emitted from the sun,

(i) keV-scale galactic ALPs that

could constitute the gravitationally

bound dark matter.

FIG. 6. Red curve: LUX 2013 data 90% C.L. limit on the
coupling between solar axions and electrons. Blue curve: 1o

° S|g natu re |S e|eCtr0n reCO” I|ke 90% C.L. sensitivity, 1 (green band), and +2¢ (yellow band).

events

« Limits on axion mass and coupling
between axions and electrons

* (sub) keV dark matter

Si(Li)

m&’ 1072 =

LUX

PhysRevlLett.118.261301

10-10 —

/—Wcrk)
L L 1 L 1 L 1 1 l

oy — — T

Solar v

10714
1

m, [keV/c?]

FIG. 7. Red curve: LUX 2013 dafa
coupling between galactic axionlike particles and electrons. Blue
curve: 90% C.L. sensitivity, *1o (green band), and +2¢
(yellow band).

10

o C.L. limit on the
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 |nelastic Dark Matter

« Can be tested a collider and
direct detection

NP models (e.g. EFTs) resulting in * And many others...
large nuclear recoils

* presumably to some extend also
testable at LHC
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et Conclusions y

No shortage of models predicting DM over a (very) large mass range

Both collider and direct detection experiments can tackle many (most?)
of them

Sensitivity often complementary

 (Care needs to be taken on how to translate results between
experimental approaches

Complementary sensitivity will be essential if one or the other (or both?)
should start seeing a signal

Henning Flaecher ¢ Pushing the Boundaries - IPPP « 19" September 2019 44



&
als

A University of
d BRISTOL

» Backup

Henning Flaecher « Pushing the Boundaries - IPPP « 19" September 2019

45



Elic University of
BRISTOL

Dark Matter LHC Working Group

\}

- Systematic approach pursued through
Dark Matter LHC Working group

 https://lpcc.web.cern.ch/content/lhc
-dm-wqg-wqg-dark-matter-searches-
lhc

« with involvement of both
experimentalists and theorists

arXiv:1507.00966v1 [hep-ex] 3 Jul 2015

«  Recommendations for models and
their implementation

* Guidelines on how to compare collider
searches with direct detection limits

 Recommendations for comparison of
searches for heavy mediators of DM
production

Dark Matter Benchmark Models for Early LHC Run-2 Searches:

Report of the ATLAS/CMS Dark Matter Forum

August 8, 2016

Daniel Abercrombie MIT, USA
Nural Akchurin Texas Tech Universitv. USA

Ece Akilli Université de C
Juan Alcaraz Maestre C¢
(CIEMAT), Spain
Brandon Allen MIT, USA
Barbara Alvarez Gonzale
Jeremy Andrea Institut P
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Linda Carpenter Ohio St
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Ciéncias da Universidad:
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Yangyang Cheng Univer:
John Paul Chou Rutgers
Arely Cortes Gonzalez /f

14 Mar 2016

arXiv:1603.04156v1 [hep-ex]

CERN-LPCC-2016-001

Recommendations on presenting LHC
searches for missing transverse energy
signals using simplified s-channel models

of dark matter

Antonio Boveia,'* Oliver
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Kristian Hahn,”* Ulrich H
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Recommendations of the LHC Dark Matter
Working Group: Comparing LHC searches for
heavy mediators of dark matter production in

visible and invisible decay channels
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% niversity o : > s,
BRIt The Lagrangian for DMSM =

»  We consider DMSMs with a spin-1 (Y1) s-channel mediator.
» The dark matter candidate is a Dirac fermion (Xp).

q g X

» We use the model files provided by the DMSIMP package for our implementation.

9dq 9x

‘ : : Scenarios
Y Spin-1 mediator
= Leptophobic, g,‘l_/j = gA =0 (no

q X = Interaction Lagrangian mediator-DM _ i
Study y. _ constraints from dilepton searches).
LXZ = iy (ng i gJ)L\(D%) XYy = Flavor diagonal, g% =0 if i #j
ure vector gonal 8u/a,; = s
p » Interaction Lagrangian mediator-quarks V/A V/A
and y = Flavor blind, = &4, -
: L fuarks = 2, {8% gy, + 85 .75)d )
pure axial-vector wiaris = X |9 (&5, + 84, ) 1
couplings + Ty (g, + €65 uJ-] 161 |
Parameter Range » Interaction Lagrangian mediator-leptons pure vector.
Y1 _
my (0.1, 5) TeV £leptons _ 2. gX =0 g)é) = gpM
my (0,2.5) TeV > i [,’m ( +e 75) } gyg=0 g,/q = M.
gsm (07 V 477) pure axial-vector.
gpmM (O, vV 47T)
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Global analyses of experimental data in constrained versions of the
Minimal Supersymmetric Standard Model (MSSM)

http://mastercode.web.cern.ch
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Experimental
constraints

DMSM model

N
A

Mastercode
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)

parameters

compatibility

predictions
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