Decoding the nature of Dark Matter

Alexa{_er Belyaev

h N

"’“ﬁjﬁ?};

4

Kﬁ%{; k"%;@:\
/ \\

Southampton University & Rutherford Appleton Laboratory

KRUGER 2018 Discovery Physics at the LHC

- , 3-7 December 2018
Casa do SoPHoteI Hazyview, South Africa

Alexander Belyaev N@f Decoding the nature of DM 1

)\.




Can we decode the Nature of DM?
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And we will be even more excited when we
— will#ind Quf.what it is!



Higgs Boson Discovery has finished the SM puzzle
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Higgs Boson Discovery has finished the SM puzzle, but it is
just a piece of some (more) complete and consistent one!

The Nature of
Higgs Boson

Connection to
GUT & couplings
unification
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Why we are so keen to study DM?
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Why we are so keen to study DM?
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Because the existence of DM is
the strongest evidence for BSM!
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Even though we know almost nothing about it!

Couplings
gravity
Weak
Higgs
Quarks/gluons
Leptons |
New mediators

Mass E

Stable
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No

symmetry behind
stability | ?

Thermal relic
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How we can decode
the fundamental nature of
- Dark Matter?
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How we can decode
the fundamental nature of
- Dark Matter?

We need a DM signal first!
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How we can decode
the fundamental nature of
- Dark Matter?

We need a DM signal first!

But at the moment we can:

> understand what kind of DM is already
excluded |

= exXplore theory space and prepare ourselves to
discovery and decoding of DM
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Collaborators & Projects

[ o

|.Ginzburg, D.Locke, A. Freegard, T. Hosken, AB to appear
¢ S.Novaes, P.Mercadante, C.S. Moon,T.Tomei,

S. Moretti, M. Tomas, L. Panizzi, AB arxiv:1809.00933
¢ G.Cacciapaglia, J.McKay, D. Marin, A.Zerwekh, AB  arXiv:1808.10464
¢ E.Bertuzzo, C.Caniu, G. di Cortona, O.Ebali,

F. locco, A.Pukhov, AB arxiv:1807.03817
¢ T. Flacke, B. Jain, P. Schaefers, AB arxiv:1707.07000
¢ G. Cacciapaglia, I. Ivanov, F. Rojas, M. Thomas, AB arXiv:1612.00511
¢ |. Shapiro, M. Thomas, AB arXiv:1611.03651
¢ L. Panizzi, A. Pukhov, M. Thomas, AB arxiv:1610.07545

¢ D. Barducci, A.Bharucha, W. Porod, V. Sanz, AB arXiv:1504.02472
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DM candidates: interaction vs mass

neutrinos

' I http://science.energy.gov/hep/hepap/reports/

WIMPs :
neutralino
KK photo

branon
LTp

SuperWIMPs :
gravitino

‘l' KK graviton
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® Planck mass BH remnants: tiny
black holes protected by gravity
effects [Chen '04] from decay via
Hawking radiation
W Wimpzillas: very massive non-
thermal WIMPs
[Kolb,Chung,Riotto'98]
W Q-balls: topological solitons
that occur in QFT [Coleman '86]
B EW scale WIMPs, protected by
parity — LSP, LKP, LTP patrticles
W SuperWIMPs: electrically and
color neutral DM interacting
with much smaller strength (perhaps
only gravitationally)
® Neutrinos usual neutrinos are too
light- HDM, subdominant
component only (to be consistent
with large scale structures); but
heavier gauge singlet neutrinos can
be CDM
B Axions: focp
32pi?
bacp is replaced by a quantum
field, the potential energy allows the
field to relax to near zero strength,
axion as a consequence

e i e
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Mass range for thermal DM

MDM )
bosonic SALELIE
_
non-thermal non-thermal

>100 TeV
too much

Light DM “WIMPSs™
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Spectrum of Theory Space

Less Complete

Effective Field Theories

Models

Simplified
Models
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Higgs s

portal e

UV Complete
Models
Sketches of Models

Little

: Higgs
T.Tait More

Complete
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DM DM

Correct Relic density: efficient
(co) annihilation at the time
of early Universe

Efficient

annihilation
o Dark Matter

Indirec_t (DM)
Detection Observables

SM SM
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DM DM

Correct Relic density: efficient
(co) annihilation at the time
of early Universe

Dark Matter
(DM)
Observables

Efficient scattering
off nuclei: Direct

S M Detection S M
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DM DM

Correct Relic density: efficient
(co) annihilation at the time
of early Universe

Dark Matter
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Observables
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DM DM

Correct Relic density: efficient
(co) annihilation at the time
of early Universe

Dark Matter Wit
(D M) production
)01 otz 10 [ at colliders
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DM DM

Correct Relic density: efficient
(co) annihilation at the time
of early Universe

Dark Matter
(DM)
Observables
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Complementarity of DM searches
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Efficient scattering off nuclei:
DM Direct Detection (DD)

Important: there is no 100%correlation between signatures above. E.g. the
high rate of annihilation does not always guarantee high rate for DD!

Actually there is a great complementarity in this:
* In case of NO DM Signal — we can efficiently exclude DM models
* In case of DM signal — we can efficiently determine the nature of DM
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Complementarity of DM searches
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Efficient scattering off nuclei: negligible/suppressed DD rates

DM Direct Detection (DD)

Important: there is no 100%correlation between signatures above. E.g. the
high rate of annihilation does not always guarantee high rate for DD!

Actually there is a great complementarity in this:
* In case of NO DM Signal — we can efficiently exclude DM models
* In case of DM signal — we can efficiently determine the nature of DM
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Direct Dark Matter Detection

See also Maria Martinez' talk

¢ Search for the recoll energy of a nucleus in an underground
detector after collision with a WIMP

DM
Elastic recoil energy 3
QUiNUZ 5 /
Ep = S — COS 0 .
¢ Minimum WIMP speed mnEr &\

required to produce Vsiiin =

recoiling
- 24 w
a recoll energy x N

¢ The differential event rate (per unit detector mass):
astrophysics

dR Dy ; don ™
T d’v X ' Tde i
dEr  mymy /mmm vk, v dasGD
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Direct Dark Matter Detection

¢ Search for the recoil energy of a nucleus in an underground
detector after collision with a WIMP

DM
Elastic recoil energy .
2112 12 /
s X N 2
Ep = —=—— cos“ 0 43
¢ Minimum WIMP speed myEp M
required to produce  Vpin = 5 Q@
a recoil energy QKLXN

¢ The differential event rate (per unit detector mass):

astrophysics

dR U[]FE(ER>
ER — pxn(vmin: t)

2
halo integral
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Direct Dark Matter Detection

¢ Search for the recoil energy of a nucleus in an underground
detector after collision with a WIMP

DM DM
Elastic recoil energy . 9
Er = 2t N ¥ cos? /
R = "my ‘
¢ Minimum WIMP speed myEp X
required to produce  Vpin = 5 Q@
a recoil energy QKLXN

¢ The differential event rate (per unit detector mass):

astrophysics

—>
the source of
uncertainty!

dR J[]FE(ER>

——— = ; T Vistis ©
dER NN, & )

halo integral
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Power of DM DD to rule out theory space

perCDMS Soudan CDMS-ite ArXiv:1310.8327
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Latest XENON 1T results
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Power of DM DD to rule out theory space
Inert 2 Higgs Doublet Model

01 = i L sy — i V2ht
"'1_\/5 v+ H *2_\/5 hy + ihs

V = —-3'31%(@1 O1) — '?'?'3.%(@5}%@5}2) + )\1(0'?11" 6'51)2 T )\2(@%@2)2

i RV S AN
T As(0101)(0502) + Aa(0dn)(0]¢) + 5 [(@1@2)2 -~ (@5@1)2}

"~ h1 scalar DM

Aga5 = A3 + Aq + A5
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Power of DM DD to rule out theory space
Inert 2 Higgs Doublet Model

XENONI1T 95%CL
@ LHC13, h,h, +j,3 ab~! 95%CL
scalar DM @ LHC13, hhy+j,3 ab™! 95%CL
: T 100 c::i}
A= h1 0.10f - IlU_]l G
. - I 1 | —2
__I_{__Cr' . 0.05} {1,
* : 1 1110 ° WV
. 3 0.0} {10 S
~hi —0.05} 1,5 O
A\ — )\ \ \ —0.10f 1 B10°¢ =
345 = A3 T A4 + As .2
50 100 150 200 0
M,, (GeV)

Cacciapaglia, Ilvanov, Rojas, Thomas, AB arXiv:1610.07545
Novaes, Mercadante, Moon,Tomei, Moretti, Tomas, Panizzi, AB arXiv:1809.00933
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Power of DM DD to rule out theory space
Vector DM Model

L=Lsy—Tr{D,V,D'V"} +Tr{D,V,D"V¥} ¢ DM from vector
2 triplet

% e g copot i oy
—=Tr{[V,, V] [V¥,V"]} ¢ SM gauge
- — -9 I coupling
—igDr {Wyu, [V#.V*]} + N2Tr{V,V"} ¢ Vg, VpH coupling
Aatad) T v IS the only free
+”"(I (I)T!{I”L } parameter
\'} V*
H a Z
VvV VvV

AB,Cacciapaglia, McKay,
Martin, Zerwekh

Alexander Belyaev  INI=>&& Decoding the nature of DM 36



Power of DM DD to rule out theory space

Vector DM Model

Direct detection constraints

10 |
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« ZENON 1T excludes both large HV

My (GeV)
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DM ~ DM

g =11
=15
==l
N =5
N o = 4n
XENON1T(2018)
Unitarity constraints
mmm Opyh® = Qpranckh?

AB,Cacciapaglia, McKay,
Martin, Zerwekh

couplings and large M_,,

¢ The lower masses (rest of space) can be covered at future colliders
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Power of DM DD to rule out theory space

¢ DM Interaction with SM patrticles is very limited, mainly from DM
DD experiments

¢ E.g. coupling of Dirac Fermion DM interaction with Z-boson is
excluded above 107 level with DM DD searches

¢ Majorana Fermion DM does not have this problem, the limit comes
from Higgs interactions, the coupling above 0.1 is excluded
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DM DD interplay with Collider Searches

detector
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Hunting for DM at Colliders

Process detector
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Hunting for DM at Colliders

Process detector

Large
mlssiqng H'Qq P;
P (2DM)¢ I€

'
4

monojet

'l
signature
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Can we test DM properties at the LHC?

We explore the LHC potential to probe DM operators with
different DM spin using the shape missing transverse
momentum (MET)

» we use the EFT approach: simplicity and model independence

» explore the complete set of DIM5/DIM6 operators involving two

SM quarks (gluons) and two DM particles
» consider DM with spin=0, 1/2, 1

» Use mono-jet signature at the LHC
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Mono-jet diagrams from EFT operators
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DIM5/6 operators (spin 0,1/2,1)

Complex scalar DMT Complex vector DM*
2 & bag c1* 2y Vi VI]*
2 ¢l @ﬁi’}’ﬂq [C2]" L VIVEGin g [v2]*
1 ¢Ti0, 77" g €3] 50 g 0uV® = VR0V grHa [V3]
L otiby¢ay y’q  [CAl e (;»'I OuVY — V¥ 0,V )aiv"yq [V4]
. M- i
A2 5 I i m iy, GahV -2 Vo6
04t 4GHY * TV Yugot Y g (V6]
@' oG Gy [C6] S t av 17t ;
S A2 [:Vval 1"’r.f-‘* + V”dl V;_L )qﬁ}{#q [\f?P]
’31“"5_3 (VLJ[{E!"VM = Vo Vl)c?f’r“q (VI

Dirac fermion DM HLE (Vi{'ﬂ”v# &7 V”@UVi}ﬁ'y“’}fjf; [V8P]
1 X7 DI s (V8" Vi — VVoY Vl)c?fﬁy’fﬁfq [V&M]
Y v xdg D2]* T (VIO Vg + V0,V )arg [P
A= ! + AL et 5
ﬁmawﬁq D3]" I e s Vi)aivug  [VOM]
3 v xa7g D4]* Az €I (Vi Ve + V8,V )gyuy g [VIOP)
%? e DS] L ervPo(viavv, —vrarvi)givey'g [VIOM]
XYY XqVuq [Do] e e [vii]*®
S XY XV [D7] LVIVEGrIGpo [vi2]*
1 =5 = 5
Alz ;ET .Uj }Eqﬁ}{’u T [DS] i * operators applicable to real DM fields, module a factor 1 /2
A_EX o X409 pvdq [DQ] T Listed in J. Goodman ef al,, Constraints on Dark Matter from Colliders, Phys.Rev.
W T ) ¢ L P S * D82 (2010) 116010, [arXiv:1008.1783]

s XoT I XGO uu g [D10]

A Jtin.tt but V11 and V12 listed in Kumar et al, Vector dark matter at the LHC, Phys.

Rev. D92 (2015) 095027, [arXiv:1508.04466]
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Mapping EFT operators to simplified models

1 %k 1 1%
C5,C5A F¢ pGH G

1 ~
F¢* ¢GHVGHU >

§

g

Scalar

3=
o0

‘ mediator .,

b

s Spm

S Spom
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Mapping EFT operators to simplified models

o Scalar .
1, 1 ., =~ * mediator,"
C5C5A 50 ¢GG | 50 GG — e <
)0 .

g e > Spm

| q —P——»— XM
D1T-DAT FXQQX—» é: Scalar

1 mediator

q ——1—<— XDM
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Mapping EFT operators to simplified models

. Scalar g
1, o L 2 : mediator, b
C5,C5A Fqb oGHY GH , ng oGHY GHY — %_‘:
OO ‘\ :
| q =P XDM g SDM
D1T-DA4T FXQ’QX —> = | Scalar
1 mediator Vector -
——— media\toy"smdr
i k * L N
C3 p[cﬁ (0.0 — (0,07 )0lar"q > ./ Vs,
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Mapping EFT operators to simplified models

Scalar

1, o 1, S, 5 medlator," Spu
C5C5A ¢ ¢G"GH | -5 ¢ oG G —— <
o ‘\ :
| q —P——»— XM : Sou
DIT-DAT  75X¢IX — ! Scalar
1 mediator Vector
| ——— mediato;/ M
l k * L N
C3 p[cﬁ (0.0 — (0,07 )0lar"q P T
I r_ _ . Scal ,
D1-D4, D5-D8 F)Z’y“x(j%q A2 XY I ieatng 2| [y nadintop/
_>(:_
- q 4 XbM 7] o XDM
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Mapping EFT operators to simplified models

Scalar

1, 1, - § mediator, SDM
C5C5A ¢ PGH G 127 pGH GHY —— <
oY ‘\ :
| q —P——»— XM : Sou
DIT-DAT  75X¢IX — ! Scalar
1 mediator . Vector g
——— mediato;/ M
i k * L 2
C3 p[cb (Ou9 — ( qu )olqv"q 7 VNS B
) Scal
D1-D4, D5-D8 73XV X0q A2 quq rediato meﬁ?a"’iﬁ
Vo (I)D
Scal
C1 AQG() @qq(I) — AQCD cbqq —_— }n_eil?aitr)rz
LA Spm
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Mapping EFT operators to simplified models

Scalar

1, o L 2 § mediator, SDM
C5C5A —5 0" 6GH I 0t oG G g
o ‘\ :
| q =P XDM g SDM
D1T-DAT PXC]C]X —> 5 | Scalar
1 mediator . Vector g
| ——— mediato;/ M
l k * L 2
C3 p[cﬁ (O — ( qu )olay"q 7 V" spu
1 Scal
D1-D4, D5-D8 735XV XVu1 A2 —5 XXqq W meﬁ?ﬁﬁ
Vo (I)D
Scal
C1 A2 G() @qq(I) — AQCD cbqq —_— }n_eil?aitr)rz
LA Spm
L _ g &8 5
D9,D10 FXU X4q0 1,4 —p» F[ Xqax - 3 (Xxaq + X7v°xav°q +

XY*X TV — XYY XT7u72q ) ]

Alexander Belyaev ~ INIE=>&- Decoding the nature of DM 50



Missing E_ (MET) distributions:

C1,C2
c1Q,c2Q

scalar
the Iarge range of slopes cacs DM
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N o (s = 13 TeV|—DD¢ _
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T
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Properties of MET distributions:
¢ MET distributions are the same for the fixed mass of DM pair [M(DM,DM)] & fixed

SM operator

¢ With the increase of M(DM,DM), MET slope decreases (PDF effect)

1 pp — DM DM + jet, LHC@13 TeV
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Properties of MET distributions for small and large M(DM,DM)

¢ MET distributions are the same for the fixed mass of DM pair
IM(DM,DM)] & fixed SM operator
¢ With the increase of M(DM,DM), MET slope decreases (PDF effect)

q for p.(g) increase

— A (x1x2)/(x1x2) is large
B and MET slope is steep
q
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Properties of MET distributions for small and large M(DM,DM)

¢ MET distributions are the same for the fixed mass of DM pair

IM(DM,DM)] & fixed SM operator
¢ With the increase of M(DM,DM), MET slope decreases (PDF effect)

q
small

M(DM,DM)

9
q
large
M(DM,DM)

for p.(g) increase

— A (x1x2)/(x1x2) is large
and MET slope is steep

for p.(g) increase

— A (x1 x2)/(x1 x2) is small
and MET slope is gradual
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On the other hand, M(DM,DM) distributions, defined by
the EFT operators are different!

0.25

O
N
o

13 TeV,

MET>500GeV

C1Q,C2Q
C3,C4
C5,C6

SDM

D1-D4
D1Q-D4Q
D1T-D4T
D5-D8
D9,D10

FDM

V1,2

V1Q,v2Q
V3,V4,V7M,V8M
V5V6  \\DM
V5Q,V6Q
V7P,V8P,V9,V10
V11,V12

M.

mwv

(DM,DM) (GeV)

| 1000 2000 3000 4000 5000 6000 7000 8000
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Distinguishing DM operators/theories

The harder M(DM,DM) distributions <a@==j» The flatter MET shapes

Mpy = 10 GeV, V5 =13 TeV , MET>500GeV Mgy, = 10, Vs =13 TeV
ik -= ez c = arXiv:1610.07545 - ¢
== (1Q,C2Q o Co gigi
C3,Cc4 8 _ o
== C5C6 - 1 o 'L v e
— D1-D4 Q = D9-D10
m— D1Q-D4Q N - T e
D1T-D4T © B vava.vi-vig
= D5-D§ E 1 072 = T veavea
Dg9,D10 B E ......hvw-l-wz
IIIIII Vl‘vz E/ : H A
------ v1Q,V2Q B ! R,
V3,V4,V7M,V8M -g 10 3 = """""
...... V5,V6 ) c H I
V5Q,V6Q > B --- -l _-- ! e
e T R V7P,V8P,V9,V10 ;Ut 1074 B Lo, === =
0 00 ‘\‘:‘g‘\\\\\ * e - ”“r”::":'r“ T ‘“""_.\ill s ; L r ol e e ey :--\ - I AL _J_!?"l L
0 1000 2000 3000 4000 5000 6000 7000 8000 0 200 400 o600 800 1000 1200 1400

M, (DM,DM) (GeV) ErTniSS

operator energy dependence - M shape - MET shape

DMDM

=< projection for 300 fb*: some operators C1-C2,C5-C6,D09-D10,V1-V2,V3-V4,V5-V6
and V11-12 can be distinguished from each other

= Application beyond EFT: when the DM mediator is not produced on-the-mass-shell

and M. on IS not fixed: t-channel mediator or mediators with mass below 2M_,,
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LHC@13TeV reach projected 100 fb
LanHEP CachEP—» LHE - CheckMATE

c1acz F i ATLAS@13 TeV 1604 07773
c3&c4 | M7 analysis cuts scalar DM

C58C6 [ M7
D1&D3 [ | M7
D28 D4 [ | 7
DT & DAT F M7
D2T [ | M7
D3T [ | M7 .
D58 D7 | M7 fermIOI‘I DM
D6& D8 [ | M7
DI& D10 | | M7
viave F | M7
viava F | M7

vsave wr vector DM

VM & VBM - | M7

ViP&vep | M7 Mpnm=100GeV

VOM & VIOM [ | M7

- ATLAS @ 13 TeV
VOP & VIOP [ | IM7

- 300/fb projection
VI1&WV12 ¢ | M7

o 1000 2000 3000 4000
AB, Panizzi, Pukhov, Thomas arXiv:1610.07545 A [GeV]
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Distinguishing the DM operators: x? for pairs of DM operators

X2, = HEHZ[(%N;E — k- N{)/(107°BG;))?

—

{

—3

: 1If ¥>9.48 (95%CL for 4 DOF) -
operators can be distinguished!

Complex Scalar DM

100 GeV

1000 GeV

Dirac Fermion DM

100 GeV

1000 GeV

C1 Ch C1 C5 D1 D9 D1 D9
C lox 100 1 0.0 19.7 |25.54 74.63|/11.73 41.79|25.78 52.58
OUPEY Gev C5||15.74 0.0 | 037 16.25|| 1.11 3.93 | 0.74 7.35
Scalar
DM 1000 C1 |]19.89 0.36 00 1182 233 209 | 027 458
GeV C5 (|50.86 13.86(10.34 0.0 (21.03 3.7 |11.18 1.53
Dir: 100 D1 || 9.88 1.17 | 2.52 25.99| 0.0 9.23 2.4 1417
T Gev D9 (3049 359 | 1.96 3.96 || 7.99 0.0 | 2.71 0.5
Fermion
DM 1000 D1 ||20.31 0.73 | 0.27 12.92| 2.25 293 0.0 542
GeV D9 (|37.38 6.54 | 4.18 1.6 11.96 0.5 4.89 0.0
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Distinguishing the DM operators: x? for pairs of DM operators

Yk; —11‘11112 —ﬁuk—ﬁ' N}/(1072BG;)]?

: if *>9.48 (95%CL for 4 DOF) -
operators can be distinguished!

Complex Scalar DM

Dirac Fermion DM

Complex Vector DM

100 GeV 1000 GeV 100 GeV 1000 GeV 100 GeV 1000 GeV
C1 C5 1 C5 DI D9 | DI D9 Vi V3 Vs VIl | Vi V3 Vs Vil
Comolex 100 Ci| 0.0 19.7 |25.54 74.63|/11.73 41.79|25.78 52.58|22.97 32.89 54.35 73.34|25.18 34.61 52.34 80.85
gmlln * @V ©5|/1574 00 | 037 16.25|| 1.11 393 | 074 735 || 018 153 82 1573|044 19 724 19.13
calar
DM 1000 C1//19.89 036 | 0.0 11.82]| 2.33 209 | 027 458 || 006 045 520 11.41| 0.06 068 4.42 14.36
GeV C5 |/50.86 13.86(10.34 0.0 |[21.03 3.7 |11.18 1.53 |[11.57 6.82 126 001 |10.84 6.1 161 0.14
- 100 D1 9.88 117 | 252 2599|| 00 923 | 24 14.17| 1.85 509 15.34 25.37| 229 585 13.85 29.81
rac GeV D9 |/30.49 359 | 196 396 || 799 00 | 271 052 || 249 062 073 369 | 231 039 056 5.36
Fermion
DM 1000 D1 ||20.31 073 | 027 12.92]|| 225 293 | 00 542 || 032 082 633 12.58| 008 1.18 508 15.7
GeV D9 ||37.38 654 | 418 1.6 |[11.96 05 | 48 00 || 498 202 006 144 | 456 161 004 2.55
vl ||18.06 0.17 | 0.06 13.34|| 1.72 268 | 032 55 00 077 625 129 | 01 106 534 16.03
100 V3 |24.86 145 | 044 757 || 457 065 | 079 214 || 074 00 268 725 | 057 003 204 9.59
CeV V5 (3836 724 | 479 13 ||12.86 07 | 567 006 || 561 25 00 1.14 | 5. 24 204 013 213
V11|/50.03 13.43| 10.0 0.01 ||20.55 3.45 [10.89 1.39 || 11.2 654 1.11 0.0 |10.52 583 1.49 0.16
Complex V1 [|19.73 043 | 0.06 12.46| 2.13 248 | 008 502 || 01 059 583 12.09| 00 089 478 15.14
\'g‘:f" 1000 V3 |25.96 178 | 065 6.72 || 521 04 | 1.12 17 1.00 003 217 641 | 085 00 165 86
" GeV V5 |37.33 647 | 404 168 |[11.72 055 | 459 004 || 484 193 014 155 | 434 157 0.0 2.72
V11| 54.48 16.14(12.42 0.13 ||23.85 495 |13.43 241 |[13.74 855 203 0.16 |13.01 7.73 257 0.0
NE>C- ..
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Importance of the operator running
inthe DM DD -~ Collider interplay

¢ In case of axial operators, e.g 9

f

(q)

q = g rr .l<p_} Jloe e 1
XY XT VY59 (D7) or (."JTJE'@{_.{}' 0 ,oqy"sq (C'4)

_couplings c, @ arise due to the running of the wilson coeffcient ¢, @
leading to sizable constraints on the DM DD constraints

bt
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Importance of the operator running
inthe DM DD -~ Collider interplay

¢ In case of axial operators, e.g g

Iy _ s |
A XX XI5 (D7) or f."fjf:f;m_.-:}' 9 woqy*v5q (C'4)

_couplings c, @ arise due to the running of the wilson coeffcient ¢, @
leading to sizable constraints on the DM DD constraints

c,, ¢, c ™, c9=(1,1,0,0)[1TeV] - (1.1, 1.1, 0.04,-0.07)[1GeV]

runDM program (github.com/bradkav/runDM) by D’Eramo, Kavanagh Panci
X

bt
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Importance of the operator running
inthe DM DD -~ Collider interplay

¢ In case of axial operators, e.g g

@ - |
A XX XI5 (D7) or f."fjf:'f;m_.-:‘:‘ 9 woqy*v5q (C4)

_couplings c, @ arise due to the running of the wilson coeffcient ¢, @
leading to sizable constraints on the DM DD constraints

c,, ¢, c ™, c9=(1,1,0,0)[1TeV] - (1.1, 1.1, 0.04,-0.07)[1GeV]

runDM program (github.com/bradkav/runDM) by D’Eramo, Kavanagh Panci

X
Dirac fermion dark matter, gD7 = 1

Complex scalar dark matter, gC4 = 1

1[}4_----| ———T — 11]4_----' T g
i < i _ 5
i T FAM A~ _ i H
sl 'O, PqY Y ¢q | sooof X7V QY 4
3 2
U] 1000 Q 1000 P 1
< : < - [ - ]
500 500F E
A< 2 mgy
A< 2 Mg Oow = Opance
Opas = Opjanes a ChMB
LuUX 2016 LUx 2018
1DD P PR | 1 1 1 1 PR T A 1 1 1 | I | n n n 1'}1} P 1 1 1 | S T T T | 1 1 1 1 P ——— 1 n 1
o 10 50 100 500 1000 5000 5 10 50 100 500 1000 5000
M [EaW1 Mea el

AB, Bertuzzo, Caniu, di Cortona, Eboli, locco, Pukhov 2018
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DM DD -~ Collider interplay

AB, Bertuzzo, Caniu, di Cortona, Eboli, locco, Pukhov 2018

10} D7: % (Xyx) (@Y, ¥s0) 1 _ = 5 -
E = .|""'|. < 5 mDM " CMB K X,)/ qv’-’bfy QE
; Q, ~ Qpy XenoniT
1055— E MDM,DM:A
| Qh* =0.118 |
s | CMB
O, 4|
< e E
10000 — el B -5
XENONI1T
100 fass, i | | [ e e e et | 1 | I (e e
5 10 50 100 500 1000
mpm [GeV]
. 3 J’l-‘) (GOO)
. =88 O e - (600, mpy, )
CMB: pawm <4.1x10 GV at 95% C.L. | where P zj:f;( DM) r——

Galli, locco, Bertone, Melchiorri 2009
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DM DD -~ Collider interplay

AB, Bertuzzo, Caniu, di Cortona, Eboli, locco, Pukhov 2018

10%  D7: L (xy"x)@y,ysa) 1

| —g.=4m — =1 KD_C’Y“@YMY%

1 g.=6 == NON-coll.

| non-collider

5: J i
. | constraints
<> A — — L~
2 104
= :
LHC~_ L - — — . . _ .
\\

100———t : —_ e
5 10 50 100
mpm [GeV]

500 1000
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DM DD <~ Collider interplay

g*:ﬁ

: D1: &(xx) (ma)
[| o =4 T =g =1

= Non=-coll.

“AGeV]

E’ [
= TIT‘E;/ §
1E}Dﬂ:—
100!
5 10

10% D3 E gy (miysa)

’HIIE‘E
== g =47 =g, =1
| == g.=6 == non-coll.

10°

(b)

1000k

D2 & (xX)(7)

10°|

100
5

D4 ﬁfifx ¥ xHoy=a)

| = g, =4 =g, =1 g—g.=4ﬁ—§-=1
(E) [ | i 8 {d) | == g =6 = non-coll.
10°F {1 A

§ _
= 1':]45-

1000}

b T T 50 100 500 1000

Mo [GeV]
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Beyond the EFT: SUSY
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There is no limit on the LSP mass if the mass of strongly
Interacting SUSY particles above ~ 1.9 TeV

- PP — 44, Q=A%  Moriond 2017 pp — 6, G —> qaX] Moriond 2017
; i RN RN EEE. _l] RO | S‘ r[rrr[yrrryrrryrrr|yrrrprror o]
8 & CMS praliminary 3591b " (13TeV) 1 @ 1500 CMS Preiiminary 35.9 b (13 TeV) ]
51000 —5US-16-033, 0-lep (= moveded 18 T _sus-1e03 (e Expecied ]

o — =SUS-16-033. 0- s e - " --Expected
L i ep (HT™) e i Eﬁf 1400} —SUS-16-036 (Mry) Z obeerved]
- =3US-16-036, 0-lep (M,,) . _ i
800 - 12001 .
: ............... : 1{]0“:_ ------------- _:
600 — C ]
. " 800 7
4001 — 6001 —
A i i 400~ 7
200|— one light 4 =) — . ]
I ¥ ] 200}~ >
{]_|III|III|III::E ol LhE B D_|||||||||||||||||||||||'§|||||_
400 600 800 1000 1200 1400 1600 1800 800 1000 1200 1400 1600 1800 2000 2200
mg [GeV] my [GeV]
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SUSY Compressed Mass Spectrum scenario

¢ The most challenging case takes place when only x° , and *are accessible at
the LHC, and the mass gap between them is not enough for leptonic signatures

¢ The only way to probe CHS is a mono-jet signature
[ “Where the Sidewalk Ends? ...” Alves, Izaguirre,Wacker '11] ,
which has been used in studies on compressed SUSY spectra, e.g.
Dreiner,Kramer,Tattersall '12; Han,Kobakhidze,Liu,Saavedra,Wu'l3;
Han,Kribs,Martin,Menon '14

detector

Large
mlssm Hiah P_iet
P_(2x’, % 9Nl

»°
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Signal vs Background

¢ difference in rates
IS pessimistic ...

PP—VV] VS. Pp—yy]

o — Background
g 10? I U—=93 Ge'/
g o S and BG -~ =500 GeV

107 number of events for

10°

1006 ', T

10 e )

b 4
Laa
-
L T
-
[
L.

107

-._I_I

11 | 11 1 1 1
0 200 400 600
p(GeV)

~

s

107

10°

R " — — .
o 9 9 @ o9
- & in IS s

—
Q
o

| 11 1 | 11 1 | 1 1 | 11 1 | 11 1 | | '9
800 1000 1200 1400 1600 1800 2000 '°

D_IIIIIHI] L 01 0 0 A1 WA

but the difference in shapes is
encouraging: large DM mass — biger
M(DM,DM) - flatter MET

PR->VVj VS. pp->yx

T

— Background
u=93 Gely/
- --u=500 GeV

- normalised signal and Zj
- background distributions

11 | L 11 | 111 | L1 1 | 111 | 11 1 | | | 111 | L 11 | 111
200 400 600 800 1000 1200 1400 1600 1800 2000
p/(GeV)

Signal and Zj background p. distributions for the 13 TeV LHC
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LHC/DM direct detection sensitivity

LHC13 20 contour (M1>0) LHC13 50 contour (M1>0)

35 B T T T T T T T 35 B T =11
30 30k 1
25F 25F ]
> 20f > 20f :
O f O |
E 15:— ‘ﬁ“"h__h*h i E 15:_ 15‘.5,. ]
<:] L -.._\\.H 3013 3 - qﬂ R Q?‘_,-.&
10 - \\.\\ I"..i'%) 10 - \‘*\\‘ W% ?’_J* |
5§ | 5/ ]
D:LIHCIlBI 100 0" (3%) II..H::I}‘-_} abt(s%) ] U: _ LEC13 BI\‘-eb'll{IEBBF IIIIIIIIIIIIII
50 100 150 200 250 300 50 100 150 200 250 300
M, [GeV] Mo [GeV]

AB, Barducci,Bharucha,Porod,Sanz JHEP, 1504.02472

* SUSY DM, can be around the corner (~100 GeV), but itis hard to detect it!
* Great complementarity of DD and LHC for small DM (NSUSY) region
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Beyond the mono-jet sighature

Example of the vector resonance in the Composite Higgs model:
Z'- TT- tt DM DM signature

L
sl

Mz = 3000 GeV, MT = 1200 GeV

1 L S
1E ti + Ep 95 % CL I
0.9} ATLAS dij Current LHC reach
0.8 CMS di-j with tt+ MET signature
M
5 g‘g' Ltot 2 —5 based on
_,,§ 051 | a8 - ATLAS CONF_ 2016 050
0.4 F Ll _ — results
0.3 i
0.2
0.1¢ | e
Uo' gy e e g g Flacke, Jaine, Schaefers, AB, 2017
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The role of Z' vs QCD for pp— TT- tt DM DM

10! - )
j X farXiv: 1707.07000
k2 Z'+QCDTT
production
:_-:E@ _)\qu;t:laf\(,bH:D
)‘Z’qﬁ — 025, AZ’T;T; — 25
| E; LHC, Jnr_fo = 25 TeV
| LHC, Mz =3.0TeV
LHC, no Z/
—_— Oh2—012
> g, \\%\ ‘
100 L L L L L L L L | aM A A o A ¥, AT
10t 102 103

mg,.;, [GeV]
=LHC is probing now DM and top partner masses up to about 0.9 and 1.5

TeV respectively: above bounds from QCD production alone by ~ factor
of two

=DM DD rates are loop-suppressed
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Disappearing Charged Tracks from: VDM as an example

£ = Lon — Tr {DVuD!VY} + Tr {D,V, D' V¥)

2

G i s S e
— S Tr {[V, U1 IV, V7]

—tg fr {.H::uy [Ir'u 1”] } L. i]ltirg'T.i” {1; Vv }

The small mass gap (~ pion
mass) between DM and its
charged partner will lead to the
disappearing charge tracks
sighatures

ta (810) Tr{V, V")

The life-time should be properly
evaluated using W-pion mixing
(otherwise overestimated by
factor of 10)

2

AM (MeV)

AB, Cacciapaglia, McKay, Martin, Zerwekh ‘18

[ Q — ﬂfv

Q= My/2

= - S

”JEF I — ”II;]:1 I — ”I:]'
JLI- I: '[_1'11'|.J|
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Collider sensitivity to VDM mass

Rg; < 1, OPnckh® < Qpmh® < OPfinckh® » pin < 077 < plly
1-5 [ T I [ [ T [
1.0} P YV .
' T ot
'\'-:‘:"' e
- -ql'l'"\' ‘i:.’
0.5 F *_._J_:.}‘.‘-.'-* i
.
= 00¢F %;' ]
T e 3 I .
— 10 X1| ;(:,1 ’I xﬂx1 |pI;0(|ju|CtI0|n| e R |t|arl1l3| = 5|‘ |'u|>| 0 [ .."::':h""l:.]'-
g - | | | I\ | : —0.5 :_ q‘?tﬂf;ft ]
WO & e,
T 4F 7 - B .
38 1 [ e ¢
28 - —1.0 X a7 T ]
15_ _E _1_5 [ | | | | | |
B . 2800 3000 3200 3400 3600 3800 4000
o4l | My (GeV)
02F "’ > b R - . .
ok G706 AT Using ATLAS arXiv:1712.02118 for
8 -A-uens (s=13TeV, 361 fb" 7 LHC Interpretation
e ~— Observed 95% CL limit (+1 G, ) §
833: ....... Ex:::::d 95% CL |i|:1111i|{{;1 é;p} i and . .
----- ATLAS (8 TeV, 20.3 fb™", EW prod. Obs.) Mathbanl Schwa“er Zunta
0.02* ... Theory (Phys. Lett. B721 (2013) 252) . ! !
| | | ALEPH (F|'hys. Lett. B533 (2002|] 223) ArX|V170305327
001 | I | I | I | O | | I I | - .
10200 300400 se0e0o 70 For 100 TeV FCC projections
X4
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Collider sensitivity to VDM mass

LHC®@13, @27TeV and FCC@100 TeV constraints from LLP searches

1045' MED e 7 Y5 A ) TP [, o S T ) R I S S AT R
F — 13 TeV LHC
inal — 27 TeV LHC
10°F — worvrce B AB, Cacciapaglia,
B 1.15 fb LHC limit _
102k 2.0 fb FCC limit McKay, Martin,
— 1015 Zerwekh
o T arXiv:1808.10464
e 100F — T T T TN T T~
1071 E
1072
di ey o B voy o 9 pow pil e pes 3l per 9 s PGy D poy g polll pes gy
10 500 1000 1500 2000 2500 3000 3500 4000

A Ir'l r ((}EV)

Current bound from LHC on DM mass from the minimal vector triplet
model: 1.3 TeV!

100 TeV FCC will cover DM mass beyond 4TeV:
will discover or close the model
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Decoding the nature of DM at the ILC

muon spectrum from the models with scalar and fermion DM

e+e- - D+ D- -~ DM DM W+ W- -~ DM DM jju v

Normalised No. Fvents vs Energy of Muon, Mpy =150 GeV
T T T |

—  Fermion, 2 =4, ISR+ Beamstrahlung, o=29.5x10 * ph

- 0.010 —  Sealar, 2—4, ISR+ Beamstrahlung,o =7.2 x 10 % pb
5; Analytical, simpli fied case
2 8
["g 0.008
;6“ MDM — 100 GeV
2 _ Mp+ = 150 GeV
= 0.006 | '
<
:_;?: 0.004+ | i
5
8
E
£ 0.002 | :
= )
AB, Ginzburg, Locke, Freegard,
j Hosken, Pukhov preliminary

0.000 ' '
0 50 100 150 200

E(Muon) (GeV)
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Decoding Problem: Data — Theory link

¢ probably the most challenging problem to solve — the inverse problem of

decoding of the underlying theory from signal
+ requires database of models, database of signatures
+ requires smart procedure based on machine learning of matching signal from data with
the pattern of the signal from data
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Decoding Problem: Data — Theory link

¢ probably the most challenging problem to solve — the inverse problem of

decoding of the underlying theory from signal
+ requires database of models, database of signatures
+ requires smart procedure based on machine learning of matching signal from data with
the pattern of the signal from data

¢ HEPMDB (High Energy Physics Model Database) was created in 2011

hepmdb.soton.ac.uk
+ convenient centralized storage environment for HEP models
+ it allows to evaluate the LHC predictions and perform event generation using
CalcHEP, Madgraph for any model stored in the database
+ you can upload their own model and perform simulation
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Decoding Problem: Data — Theory link

¢ probably the most challenging problem to solve — the inverse problem of

decoding of the underlying theory from signal
+ requires database of models, database of signatures
+ requires smart procedure based on machine learning of matching signal from data with
the pattern of the signal from data

¢ HEPMDB (High Energy Physics Model Database) was created in 2011

hepmdb.soton.ac.uk
+ convenient centralized storage environment for HEP models
+ it allows to evaluate the LHC predictions and perform event generation using
CalcHEP, Madgraph for any model stored in the database
+ you can upload their own model and perform simulation

¢ As a HEPMDB spin-off the PhenoData project was created

hepmdb.soton.ac.uk/phenodata
+ stores data (digitized curves from figures, tables etc) from those HEP papers which did
not provide data in arXiv or HEPData
+ has an easy search interface and paper identification via arXiv, DOI or preprint
numbers
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Summary

=DM DD detection provides a very powerful probe of DM theory
space — in general provides DM mass probe beyond the collider reach

=>Colliders — provide DM detection power in the region “blind” for DM
DD, typically below 1 TeV

=>Several ways to decode DM nature from the signal which we hope
to observe soon (slopes of MET- beyond EFT approach, cross
sections, beyond mono-X signatures, ... )

=>New prospects: new DD experiments, new ideas, prospects for
directional DM detection, new signatures at colliders (VFB, LLPs, ...),
future colliders (great potential of ILC and FCC)

=>Great synergy of collider and non-collider experiments (DD, CMB,
relic density)
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Thank you!
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DM DD: directional detection — going beyond the
neutrino floor
¢ The idea is to measure both the energy and the direction of the recoll

¢ Most mature technology is the gaseous Time Projection Chamber
(TPC) : DRIFT, MIMAC, DMTPC, NEWAGE, D3

Deaconu et al. (DMTPC, 2015)

¢ Detecting recoll tracks in nuclear
emulsion (e.g. NEWS
experiment)
Aleksandrov et al. [1604.04199]

¢ Directional detection is HARD,
But it is also very POWERFUL.

380 350 400 410 420 430 440

X (pixels)

Alexander Belyaev  INI=>&& Decoding the nature of DM 83



Relation of the actual dimension (D)
and the naive one (d) for VDM operators

Vpom Operator |Ag d Ap D |A (090 ox EA7)| Amplitude Enhancement
V1,V2,V5v6 |1 5 | Mam 7 4 (E/Mpn)?
V3,V4,VTM,V8M,V11.V12 % 6 % 8 6 (E/Mpa)?
V7P,V8P,VO,V10 | 6 Moy 7 4 E/Mpu

¢ we suggest a new parametrisation of VDM operators: since the energy E
and the collider limit on L are of the same order, it is natural to use an
additional M_ /A factor for each power of EIM_,, enhancement, so collider

limits are not artificially enhanced
[-100 TeV !l for MDM =1 GeV, see Kumar, Marfatia, Yaylali 1508.04466]
and will be of the same order as limits for other operators

¢ Dictionary between limits on A in different parametrisations:

- _ _ 1
Ap = (AS4ME O DT and  Ag = (A" M Pya=
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Distinguishing DM operators

operator energy dependence - M shape - MET shape

DMDM

pp — DM DM + jet @ 13 TeV, M,,,,=100GeV
| | | | | A SM BG
- = C1-C2
- = (C3-C4
= = C5-C6
—— D1-D4
e D1T-DAT
e D5-D8
D9,D10
------ V1,\V2
""" V3, V4 ViMVEM
------ V5,V6
c++ V7P,V8P,VI,V10
V11-V12

10%

+# of events

10% } Q Q O QQ' ******** N\ # of events consistent
| X tl X 5 0 ", <l \yith 95% CL

MET cut { > 3 4 5 6

(GeV) = Signal region, IM S
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On the BG uncertainty

¢ The BG is statistically driven, e.g. pp-> Zj —» nnj BG is defined
from the pp - Zj - I'lj one

CMS-PAS-EXO-16-013

ET"® Range Z(vv)+iets W(lv)+ets Z(Ll)+jets Y+ets Top Diboson QCD Total Total Data
(GeV) (Pre-fit) (Post-fit)
200 — 230 14919 £ 221 11976 £ 196 207 £13 230414 564 & 55 251 +41 508 & 171 27761 4= 1464 28654 + 171 28601
230 — 260 79744116 5776 =101 929457 101 +6 267 26 157 £ 26 308 =104 14114 +=757 14675 4+ 97 14756
260 — 290 4467 + 70 2867 £ 50 379423 63.7+39 116 £+ 11 T7B3L12.7 383 4+21.0 7193 4 351 7666 £ 68 7770
290 — 320 2518 £ 46 1520 £ 34 184+1.1 29.6 1.8 56.7 5.6 429471 29.8+10.5 4083 4= 204 4215448 4195
320 — 350 1496 £ 35 818 £ 20 10.04£ 0.6 197 +1.2 33.6+3.3 254442 9.0+£54 23854118 2407 4 37 2364
350 — 390 1204 + 31 555 4+ 15 39402 12.7 +£0.8 245424 221 +36 6.0+£35 1817 £ 87 1826 £ 32 1875
390 — 430 684 420 27549 21401 83405 98+£10 139+23 30+1.6 978 +45 998 423 1006
430 — 470 382+ 14 155+6 0.96 +0.06 49403 94+09 6.6+£1.1 1.04+0.8 589 £ 30 574 + 17 543
470 — 510 248 +11 87.3+ 3.8 0.47 +0.03 S =02 0.22 +0.02 514+0.8 0.65 +0.44 337 =15 344 +12 349
510 — 550 160+ 8 522427 0.234+0.01 20401 27403 22404 028 +0.19 21149 21949 216
550 — 590 99.546.0 29.24+1.9 0.1240.01 1.8+£0.1 0.94 +0.09 20+£03 0.19+£0.14 134 +6 13447 142
590 — 640 773449 189414 0.09 +0.01 0.46 +£0.03 013 L7053 0.11 £ 0.08 100 +£4 9854 5.8 111
640 — 690 448 +3.5 11.24+09 0.017 == 0.001 0.19 £+ 0.01 <13 1502 0.06 +0.05 59.6 +2.6 58.0+4.1 61
690 — 740 278425 6.1+£06 0.013 £ 0.0008 0.57 £0.04 2013 0.69 4+ 0.11 0.02 £ 0.02 366+1.5 352429 32
740 — 790 21.84+23 53+0.6 < 0.005 0.28 £0.02 0.23 +0.02 0.11£0.02 0.02 4+ 0.02 23.8+1.0 277 +2.7 28
790 — 840 13.54+1.9 28+04 < 0.005 0.18 +0.01 0.27 +0.03 0.010 = 0.001 0.008 = 0.007 15.34+0.7 16.8 +-2.2 14
840 — 900 95114 2.0+0.3 < 0.005 0.28 +0.02 2=D15 0.254+0.04 < 0.008 1224+ 0.6 120+ 1.6 13
900 — 960 544+1.0 11.4-0.2 < 0.005 < 0.08 013 0.37 £ 0.06 < 0.008 76+£03 69+1.2 7
960 — 1020 33408 0.77 +£0.21 < 0.005 0.12+£0.01 < 0.13 0.2340.04 < 0.008 52403 454+1.0 3
1020 — 1160 25L& 0.524+0.16 < 0.005 < 0.08 =015 0.16 = 0.03 < 0.008 3.6+02 3.24+09 1
1160 — 1250 1.7+ 0.6 03+£0.11 < 0.005 < 0.08 013 0.16 42 0.03 < 0.008 23401 22407 2
> 1250 1.4+05 0.19 £ 0.08 < 0.005 < 0.08 < 0.13 0.06 £ 0.01 < 0.008 1.6 £0.1 1.64+0.6 3

http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-16-013/#AddFig
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Complementarity of LHC and non-LHC DM searches

for the model with Vector Resonances, Top Partners and Scalar DM
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LHC@13TeV Reach for spin 0 and 2 DM

Excluded A (GeV) at 3.2 fb™!

Excluded A (GeV) at 100 fb—!

Operators Coefficient DM Mass DM Mass
10 GeV 100 GeV 1000 GeV | 10 GeV 100 GeV 1000 GeV

. Cl & C2 1/A 456 424 98 1168 1115 267
27 C3 & C4 1/A? 750 746 400 1134 1131 662
é E Ch & C6 1/A? 1621 1576 850 2656 2611 1398
D1 & D3 1/A? 031 040 22 1386 1405 861
D2 & D4 1/A? 0952 936 620 1426 1399 1022
= DIT & D4AT 1;’;‘12 735 729 476 1217 1199 780
2 D2T 1;’;‘12 637 638 407 1053 1052 670
% D3T 1/A2 586 625 391 969 938 644
E Db & D7 1/A? 1058 967 T2 1580 1591 1190
é D6 & D8 1,/.-'1? 978 1050 579 1608 1585 955
D9 & D10 l,fﬁz 1587 1592 958 2613 2619 1580
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LHC@13TeV Reach for spin 1 DM

| Excluded A (GeV) at 3.2 fb~' | Excluded A (GeV) at 100 fb™

Operators Coefficient DM Mass DM Mass
10 GeV 100 GeV 1000 GeV | 10 GeV 100 GeV 1000 GeV
V1 & V2 M3 /AS 831 833 714 1162 1161 997
V3 & V4 M3 /AD 930 931 833 1196 1193 1070
V5 & V6 Miu/AD 784 791 711 1095 1104 993
E VTM & VBM M3, /AD 930 926 882 1195 1193 1130
g V7P & VBP  Mpa/AD 796 791 652 1112 1102 911
ﬁ VOM & VIOM  Mpa /A3 796 799 737 1109 1114 1027
"& VOP & VI0P  Mpm /A 794 782 609 1110 1089 850
E V11 & V11A M3 /AD 1435 1442 1309 1844 1850 1683
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Disappearing Charged Tracks from DM

The small mass gap between (~ pion mass) DM and
its charged partner will lead to the
disappearing charge tracks

v+

The life-time should be properly evaluated using
W-pion mixing
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