Discrimination of the spin
of dark matter candidates at the LHC
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Beyond the Higgs boson

open problems

The Standard Model is complete
but are we happy with it?

Observations

Matter-antimatter

Dark Matter asymmetry Neutrino masses

Theoretical issues
Fermion mass Origin of flavour Gauge coupling

hyerarchies families unification

There must be new physics
and most probably it's already in our reach!

And if there’s new physics we should be able to observe new particles (hopefully soon!)
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Looking for new physics at the LHC

{ Model 1 } { Model 2 { Model 3 { Model 4

Signature 2 Signature 3

Signature 1 } Signature 4 }

Designing searches or simulating signals to test specific models is a risky bet

Luca Panizzi Discrimination of the spin of dark matter candidates at the LHC

2/47



Looking for new physics at the LHC

{ Model 1 } { Model 2 { Model 3 { Model 4

Signature 2 Signature 3

Signature 1 } Signature 4 }

EFT Operator 1 EFT Operator 2
Simplified models with a Z’ Simplified models with a ¢’

Designing searches or simulating signals to test specific models is a risky bet
Model-independent approach

EFTs: higher dimension operators where heavy d.o.f. are integrated out
Simplified models: minimal extensions of the SM with new states
Approximate description of classes of theoretical models
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Characterisation of new physics

{ Model 1 } { Model 2 { Model 3 [ Model 4 }

{ Signature 1 } Signature 2 Signature 3 Signature 4 }

EFT Operator 1 EFT Operator 2
Simplified models with a 2’ Simplified models with a ¢’

Suppose Signature 1 is discovered
Is it possible to distinguish between Model 1 and Model 2?

Answer 1

Look for Signature 2 or Signature 3
Implies further experimental effort
and it takes an indefinite time

Luca Panizzi Discrimination of the spin of dark matter candidates at the LHC 3/47



Characterisation of new physics

Model 1 } { Model 2 { Model 3 [ Model 4 }
Signature 1 } Signature 2 Signature 3 Signature 4 }
EFT Operator 1 EFT Operator 2
Simplified models with a 2’ Simplified models with a ¢’

Look for Signature 2 or Signature 3

Suppose Signature 1 is discovered
Is it possible to distinguish between Model 1 and Model 2?

Answer 1 Answer 2

Implies further experimental effort
and it takes an indefinite time

Luca Panizzi Discrimination of the spin of dark matter candidates at the LHC

Try to characterise Signature 1
Implies a detailed analysis of available data
which can be done immediately
(though success is not always guaranteed)
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Characterisation of new physics

Model 1 } { Model 2 { Model 3 [ Model 4 }
Signature 1 } Signature 2 Signature 3 Signature 4 }
EFT Operator 1 EFT Operator 2
Simplified models with a 2’ Simplified models with a ¢’

Look for Signature 2 or Signature 3

Suppose Signature 1 is discovered
Is it possible to distinguish between Model 1 and Model 2?

Answer 1 Answer 2

Implies further experimental effort
and it takes an indefinite time

Let’s focus on the Dark Matter!
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Try to characterise Signature 1
Implies a detailed analysis of available data
which can be done immediately
(though success is not always guaranteed)
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The role of DM spin

Scalar, Fermion or Vector DM?

SM o* SDM SM Fpu SM Vom
*
N *
£ 2 - .
SM *~ Spu SM Fpm SM Vom
Examples:

@ Supersymmetry: lightest R-odd particle, usually neutralino (fermion) or sneutrino (scalar)

@ Universal Extra Dimensions: lightest KK-odd particle, usually photon partner (scalar or
vector depending on the number of dimensions)

Determining the spin of a DM candidate
would strongly constrain or rule out classes of BSM scenarios
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The role of DM spin

Scalar, Fermion or Vector DM?

SM o* SDM SM Fpu SM Vom
*
N *
£ 2 - .
SM *~ Spu SM Fpum SM Vom
Examples:

@ Supersymmetry: lightest R-odd particle, usually neutralino (fermion) or sneutrino (scalar)

@ Universal Extra Dimensions: lightest KK-odd particle, usually photon partner (scalar or
vector depending on the number of dimensions)

Determining the spin of a DM candidate
would strongly constrain or rule out classes of BSM scenarios

Report of the ATLAS/CMS Dark Matter Forum, arXiv:1507.00966 [hep-ex]:

“Different spins of Dark Matter particles will typically give similar results [...]. Thus the choice of
Dirac fermion Dark Matter should be sufficient as benchmarks for the upcoming Run-2 searches”

Can the kinematical properties of DM candidates with different spin be
different enough to be detected in certain channels?
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The rationale

Interactions of the DM candidate
Vertices have different Lorentz structures
ix o iIyP gt
(!
Signal events

At fixed DM mass, distributions of final state objects are different for different DM spins
(and different EFT operators or different mediator spins)

(!
Analysis

Shape analysis of signatures with MET can help in the characterisation of the signal

A spin characterisation analysis requires enough signal events
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Outline

0 Setup of the framework: EFTs and simplified models

e Mono-objects

@ Mono-jet and EFT operators A. Belyaev, LP, A. Pukhov, M. Thomas, JHEP 1704 (2017) 110
@ Mono-jet in simplified models work in progress
@ Mono-Z in a simplified model with Z mediator work in progress

e Multi-particle + E7
@ di-jet and top-antitop (1) S.Kraml, U.Laa, LP, H.Prager, JHEP 1611 (2016) 107
(2) S.Moretti, D.O'Brien, LP, H.Prager, Phys. Rev. D 96 (2017) no.3, 035033
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Outline

6 Setup of the framework: EFTs and simplified models
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EFTs or simplified models

What to use?

Effective field theories (EFTSs)
SM x DM
SM DM
Heavy UV physics, not accessible at the LHC

Operators of dimension d > 4 suppressed by Af,f

Free parameters:
@ DM mass
@ UV scale (coefficient of the operator)

Easy to study
Limited applicability
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EFTs or simplified models

What to use?

Simplified models

SM === DM SM DM
Effective field theories (EFTs) - >L<

M DM SM ——wm DM SM DM
x The mediator can be produced at the LHC
SM DM either a BSM state or a particle of the SM itself (e.g.

Z or Higgs portals)

Heavy UV physics, not accessible at the LHC , .
Operators of dimension 4

Operators of dimension d > 4 suppressed by A¢ *
Free parameters:
Free parameters: @ DM mass

@ DM mass @ Mediator mass (if BSM)
@ UV scale (coefficient of the operator) @ Coupling between DM and mediator
@ Coupling between SM and mediator (if BSM)
Easy to study
Limited applicability
Applicable to more scenarios
EFTs as a limit for large mediator masses
More degrees of freedom, more complexity
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d<6 EFT operators for DM

Complex scalar DM Complex vector DM*

50" dag [c1* BV vi*
Lo dair’q [c2)” 2 VViGin'q [va]*

. — 1 —
S 61ib. g7 €3] e (V{f% VY= VIO, V%)?j"q . [v3]
Lot savi’e [C4 Sz (VE0LVY — VY 0,Vi)ain" v g (V4]
A2 s Bty
LQSTQSG‘“’G [c5)* FV“qum q [Vs]
A2 - 5% ,;, VTV nv 5 V6
X ot ecnrG (C6]* goh'vq [ve]
A2 i (VTa"v + VYo" vig [V7P]

5 Az g
- _ - A (Vior v, — V“a“Vl)qw q [VIM]

Dirac fermion DM M;z(viavvﬂ + V"B"Vl)tj’y“’ySq (V8P|
T TR 2A12 (Viov v, — v 0" vi)aiv ~q [v8Mm]
L xiv'xaq [D2)* 2A2 EWW(VT@ Vo + V00,V )avug  [VOP]
X g 3] e V0 VO iy (Vo
=X’ xav’q [D4]* 2A2 HPT (V0. Ve + Vu0, VD) e [VIOP]
%m X414 (D3] e rr(viovY, — v"a"vT Taivuy’a  [VIOM]
L xyiy? D6) Lvityrgrog vii)*
A XYY XAua [ 2z VuViG"" Gpo
ﬁiv xqvw a [D7] S VIVIG Goa [viz)”
5
/\ )E’Y ’Y Xq’Y;L’Y 4 [DS]* * operators applicable to real DM fields, modulo a factor 1 /2
AZXT YXqouvq [D9] T Listed in J. Goodman et al., Constraints on Dark Matter from Coliiders, Phys.Rev.
%)Z Y S XG0 1 [D10]* D82 (2010) 116010, [arXiv:1008.1783]

£ All 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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Simplified models

A common feature of DM candidates is that they are odd under a Z, symmetry
under which SM particles are even. But what about mediators?

Odd mediators

SMN M8 ?131/[ M wex DM s DM s DM
o @b | 33<I )Il

M7y w M wss DM «s DM == DM
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Odd mediators
M .e* DM

SM}( Y
«* DM
SM” M

Even mediators

Luca Panizzi

SM =ss DM
jM
SM =ss DM

Simplified models

A common feature of DM candidates is that they are odd under a Z, symmetry
under which SM particles are even. But what about mediators?

s DM
: 1-- DM
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A common feature of DM candidates is that they are odd under a Z, symmetry

Simplified models

under which SM particles are even. But what about mediators?

SM === DM
jM

SM === DM

M SM

SM s

«* DM

Odd mediators
.+ DM

M
SM}( Y
«* DM
SM” M

Even mediators

SM mediators

SM

SM

M7y

> sM o
e DM

*+ DM

DM

9= I

SM~_ . DM
*
>‘.,
sm” *+ DM

Mono-X from t-channel or loop topologies for odd mediators
and from s-channel or 4-leg topologies for even BSM or SM mediators
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Are mediator and DM spins related?

Scalar mediator

q +Spm 8 L’ Spm
I' ’
q S Spm 8 S Spm
q XpMm 8 XDM
-><- < §- 0
0 0
q ® Xpm & ® XDM

The relevance of gg initiated processes depends on
couplings between scalar mediator and SM quarks

Same mediators for bosonic and fermionic DM
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Vector mediator

q ’ SDM
7’
’
.
_ Vo .
q S Spm
q XDM
0
q v XDM
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Tensor mediator

q ’ SDM
7’
’
_ G‘U,l/‘\
q S Spm
q XDM
q GH= XDM
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Are mediator and DM spins related?

Scalar mediator
g —»—T1— XDM q —»—

1
01 0 \
1

§—<—1— XxpM §——

t-channel

Fermion mediator
g4 ——N"N N\ Vpur

oy

q —€—"\/"\N\/\ Vpu

Plus diagrams at one-loop if the mediator does not couple to SM partons

gm—t—,—mzu
1
A? IA

1
t
8 vooo—€—1—— XDM

& 70000) :t WA Spiyr, Voum
Al TY
t
4 < WA Spy s Vom

In t-channel the spin of the DM and the spin of the mediator are related
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s-channel

0 L Son 0 - o
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N i Vi st

s
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Simplified models to EFT

t-channel
a === Spar a L+ Spa
Qur —_— >.:
4 R i sy
1—>——— Fpu q Fou
L e ><
q H (1) q ()
——— « Fify
a Vou a VBu
Qur — E
, 13
a Vil a Vil

Different simplified scenarios can be described with the same EFT operators in the
heavy mediator limit

@ Scalar DM and scalar mediator in s-channel
@ Scalar DM and fermion mediator in t-channel
@ Scalar DM and (longitudinal component of) vector mediator in s-channel

Potentially different results with:

— %¢(T)¢gq C1

@ EFT operators corresponding to different DM spins

@ EFT operators corresponding to same DM spin but different coupling structure

How different they are, though? Are the differences observable?
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Outline

e Mono-objects
@ Mono-jet and EFT operators A. Belyaev, LP, A. Pukhov, M. Thomas, JHEP 1704 (2017) 110
@ Mono-jet in simplified models work in progress
work in progress

@ Mono-Z in a simplified model with Z mediator
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Outline

e Mono-objects
@ Mono-jet and EFT operators A. Belyaev, LP, A. Pukhov, M. Thomas, JHEP 1704 (2017) 110
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Topologies

a. 2 % oxV
oV
q oV q
2% oV
, g ,
g g
oV oV
q g q g g

A spin-related difference to start with

Fermion DM cannot have the mono-jet topologies with gluon vertices
through dim-6 operators
(at least dim-7)
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# Events (normalized to one)

Differential distributions
B4, detector level at 13 TeV

Mgy =100, \s=13TeV M, = 1000, \s=13 TeV
E T Gae ) E
E c F
[ S [
1L
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E @ E
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F c r
[ o)
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@ Relevant differences in distributions as long as the DM mass is below the TeV

@ Operators proportional to m, (red lines) fall steeper than others from same-spin DM (due to
PDFs) but o too small

@ Operators of dim-5 for scalar DM (dashed black) can be distinguished from others as they
fall kind-of steeper

@ Operators for vector DM interacting with gluons (dotted cyan) are always the least steep,
even for large DM masses

To distinguish shapes, the cross-sections should be high enough, though
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Cross-sections and recasting

pp— DM DM jet @ 13 TeV

Cross-sections for A=1 TeV

My, (GeV)

Efficiencies for Mpy=100GeV

S pp— DM DM jet @ 13 TeV
. o
Mono-jet search Inc'uﬁ\%e SR %>g%v) :
ATLAS IM2 >300 5
EXOT-2015-03 IM3 >350 3
32! IM4 >400 5
. . IM5 >500 3
implemented in IM6 >600 9
CheckMATE M7 ~700 g

£ 107, 6

The different kinematics is reflected in sizably different efficiencies

3 4 5
Signal region, |
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Bounds on A

and projections to higher luminosities

3.2fb!
Scalar DM
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casca | "
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@ Floor for background uncertainty at 1% oeer ; - -
@ Improvement of a factor 1.5-3 of the o -
bounds, which then stabilise around 1-3 0507 ——
TeV depending on the operator ceao - .
e | T
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; e &
of EFT scenarios s vou —
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SRs with higher MET cuts would help ’ o0 Neew

Higher energies would help
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Limits on EFT A

ol . The bounds on A may seem low
— May new physics be produced directly
instead of being too heavy?

Different answers:
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Limits on EFT A

i ——. The bounds on A may seem low
May new physics be produced directly
instead of being too heavy?

Different answers:
@ It can be, yes.

Interpretation for single mediator:
- Small couplings: EFT validity limit (for fermion DM) around the TeV

G. Busoni, A. De Simone, E. Morgante and A. Riotto, Phys. Lett. B 728 (2014) 412

2
N . . .

- Larger couplings: larger A — Az = ﬁ = very large mediator width
O. Buchmueller, M. J. Dolan and C. McCabe, JHEP 1401 (2014) 025
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Limits on EFT A

The bounds on A may seem low
= May new physics be produced directly
instead of being too heavy?

Different answers:

@ It can be, yes.
@ The value of A may not necessarily correspond to the mass of the mediator

Parametrisation in terms of effective dimension D

Asymptotic behaviour of the cross-section: 02—,z oc 1y x (£)%9, A, =2(D —5) = D=Ay/2+5

A
Vector DM —> enhancement of E/Mpy for each allowed longitudinal polarisation

D—d D—d
— coefficient of the EFT operator: — (MM) = Yoy
D

d—4 \ A
Ap D A

Vpy Operator | Ag d | Amplitude Enhancement | Ag(oy_yo o<EAU) | Ap D

M
2
vLV2Vsve | ks (E/Mpy) 4 [@4 7
1 2 Mpy
VAVAVIMVEMVILVI2 | 5 6 (E/Mpp) 6 MA Mo
1 Ypm
V7P V8P,VI,V10 AZ 6 E/Mpy 4 A3
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Limits on EFT A

The bounds on A may seem low
May new physics be produced directly
instead of being too heavy?

Different answers:

@ It can be, yes.
@ The value of A may not necessarily correspond to the mass of the mediator
@ Unitarity constraints are a robust criterion

Mpy = 10 GeV, v5 =13 TeV , MET>500GeV
0.25

Taa
= C1e.c2Q

£.0.20 oa Applying a cut above Ej;,

E‘ o for which unitarity is violated

3 0.15 — oo (numerical check)

= Vi,

§- 0.10 My (D[W7 DM) < 2Ejim =~ 4Ajim

5 . -

= 005 veowsa O(%) decrease in the limit for A
N Xt“ V11V12

0.00

R
0 1000 2000 3000 4000 5000 6000 7000 8000
M, (DM,DM) (GeV)

Debate in literature, but this is a case study for characterising signals with MET
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@ Assume that in the highest SR (IM7) there is signal at half of the number of excluded events

at 95%

@ Suppose that with an increase of luminosity the signal will be observed

Discrimination between operators

@ Useax? procedure on the last 4 bins (more sensitive to distribution tails) with 1%
uncertainty on the background

7

1
2 ; 1k nf I
Xi,; = min .573[(2N1 % - N;)/(107°BG;)]

@ Compare with 2, = 9.49, the 95%CL limit with 4 d.o.f.

Complex Scalar DM

Dirac Fermion DM

Complex Vector DM

100 GeV 1000 GeV 100 GeV 1000 GeV 100 GeV 1000 GeV

c1_cs | c1 c5 || DI D9 | DI DO || VI V3 V5 VI | VI V3 V5 Vil
, 100 CI|| 00 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
(;’::]“}:* Gev G5 |[15.74 00 | 037 16.25| 111 393 | 074 735 || 018 153 82 15.73| 044 19 724 19.13
DM 1000 CL 1989 036 | 00 11.82)| 233 200 | 027 458 || 0.06 045 520 11.41| 006 068 442 14.36
GeV_ €5 [|50.86 13.86]10.34 0.0 [21.03 37 |11.18 153 |[11.57 682 126 1084 61 161 0.4
Birac 100 DI|| 988 117 | 252 25.99] 00 923 | 24 14.17| 185 509 15.34 220 585 13.85 20.81
Formion GV D9 [[30.40 350 | 196 396 || 799 00 | 271 052 || 249 062 073 231 039 056 536
1000 DI |[20.81 073 | 0.27 12.92 225 293 | 0.0 542 || 032 082 633 12.58] 008 118 508 157

GeV D9 [|37.38 654 | 418 16 [[11.96 05 | 489 00 || 498 202 006 144 | 456 161 0.04 255
VI|[18.06 017 | 0.06 18.34| L72 268 | 032 55 | 00 625 12.9| 01 106 531 16.03

100 V32486 145 | 044 757 || 457 065 | 079 214 || 0.74 268 7.25 | 057 003 204 959

GeV V53836 724 | 479 13 |12.86 07 | 567 0.06 || 561 00 L4 |524 204 013 213
V115003 13.43| 10.0 0.01 ||20.55 345 [10.89 1.39 || 11.2 11100 1052 583 149 016
Complax V11973 043 | 0.06 12.46]| 213 248 | 008 502 || 0.1 583 12.00] 00 089 478 15.14

Veetor 1000 v ||25.96 178 | 0.65 672 | 5.2 04 | 112 17 | 101 217 641 | 085 00 165 86
DM Gev vs(|37.33 6a7 | 404 168 ||1172 055 | 459 0.00 || 484 014 155 | 434 00 272

Vii[|54.48 16.14|12.42 0.3 [[23.85 495 [13.43 241 |[13.74 855 203 016 [13.01 7.73 257 00

Discrimination is not always possible but in some cases different spins of DM can be distinguished
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Outline

e Mono-objects

@ Mono-jet in simplified models work in progress
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s-channel topologies

example with vector mediator

Simplified model My = 10 TeV EFT Ayy = 10 TeV

My =10, \s=13TeV

£ e vecor medator: 10000 GV, compler scala DM {0 GaV T 1Fg — DI
wl Tl medetr 1000 GV, frion M. 0j00v g = —oiroa
E o8l voctor mediator: 10000 GeV, el vector OM: 10 G S 4 e
E 5 107 cace
F 2 —cice
L N csc6
% s 102k VIVA V710
E V6
E 5 vi1-vi2
Mpy 10 GeV b S0k
E 2
E c L 1
£ 2 10 =1 H1e
104
F R S . L L
C , , I \ L L | 0 500 1000 1500 2000 2500
0 @0 0 B0 1000 7200 3400 Emiss
E7* [GeV] T
Mgy, =100, \s=13TeV
F el vcto modior: 10000 GeV,complo sclar DM {00 GV T i A
wl e vecitestr 10000 G, ar o OM. 10p GV S —oiroa
E feal voctor mediator: 10000 GeV, el vector DM: 100 GV’ S 1o e
E L EH &
E EOEBe cace
F H E —cice
102 N csc6
E E 102 Viva, V7V
E E 5V
F 5. af viiviz
Mpy 100 GeV b ook
E 2z E
E 2 L
r o107 =
o+l gk _+
E #* 15[ T
£ 107 | L . 1 |
10 I , I I L L | 0 500 1000 1500 2000 2500
0 W00 B0 1000 7200 3400 [Emiss
EF™[Gev]

Same qualitative behaviour in the large mediator mass limit
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s-channel topologies

example with vector mediator

My =10 GeV My = 1000 GeV

eal vector mediator: 1000 oV, complex scalar DM: 14 GaV.

————— fealvectormedator: 10 GeV. complex scalar DM 10 GeV.
- real vactor medistor: 10 GaV, dirac fermion DM: 10 G
real vector mediator: 10 GaV, eal vector DM: 10 GeV.

- real vector madiaor: 1000 GV, dirac fermion DM: 10 eV’
el vector medator: 1000 eV, real vector DM: 10 Gl

Mpy 10 GeV

10°
E | | | TN H L
R T I R T
£ Gev]
F e vctormoditor: 10 GeV. complo scaar DM 100 B e vator moditor 000 GeV,complo scaar M, 1{o GV
. ~ fal voctormeditor: 10 GoY, dvacfrmion DH: 100 GV e vator moditor 000 GeV, g farmon OV 10{GV
e real vector mediator: 10 GeV, real vector DM: 100 GeV| real vector mediator: 1000 GeV, real vector DM: 100 GV
107
Mpy 100 GeV 0
10
109

—1
Wl

| | | | | i
0 400 600 80 1000 1200 00 200 400 600 800 1000 1200 1400
£ Gev] 7 [GoV]

More sensitivity to the spin of the DM when the mediator is not on-shell
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t-channel topologies

Simplified model My = 10 TeV EFT Ayy = 10 TeV
Mgy, = 100, \s =13 TeV

i v 2 g oiga
10 ea g = e

E L 40 — D9D10
il B o

0% e vrno

Mpy 100 GeV ook 8 o5k Virvie

P 2

L g b L
E &0t =i
e 100k |

| L | L L
| | | 0 500 1000 1500 2000 2500
200 400 600 80 1000 1200 1300 miss

£ Gev] E!

Same qualitative behaviour in the large mediator mass limit
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t-channel topologies

My = 110 GeV My = 1000 GeV

T mediator: 1000 GaV, compiex scalar DN 10 GoV
- T mediator: 1000 GeV, real vector DM: 1D Ge’
Tmediator: 1000 GeV, Diracformion DM{10 eV’

T meciator: 110 GeV, real scalar DM: 10(GeV
- T mediator: 110 GeV, rea vector DM: 10[GeV
Tmedator 110 GoV, Dirac formion DM: 0 GeV'

Mpy 10 GeV

| | | A A S . | | | |
00 d00 60 800 000 1200 400 200 400 60 B0 7000 1200 1400
= 7 Gev)

T mediator: 1000 GeV, complex scaar DM: 100 GV
- T medistor: 1000 GeV, rea vector DM: 10 Ge
T mediatr: 1000 GeV, Dirac fermion D100 GeV

T mediator: 110 GoV, complo scalar D: 100 GoV
- T mediatr: 110 GaV, rea vector DM: 10) Ge
Tmediator: 110 GeV, Dirac fermion DI: 0 G

Mpy 100 GeV

I I I
200 400 600 800 1000 1200

| |
0 400 600 800 1000 1200 400
€ 7 [GoV]

Potentially visible differences for all mediator and DM masses of different spins
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Outline

e Mono-objects

@ Mono-Z in a simplified model with Z mediator work in progress
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Assumptions

@ The DM interacts only with the SM gauge bosons

@ DM couplings of EW strength:{
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Can we distinguish effects given by
spin from effects given by different

topologies?
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Mono-Z channel

Mpy = 50GeV, Az =1

Parton level after Z decay Detector level (CheckMATE)
Normalized Missing Transverse Energy Normalised MET
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@ Difficult to separate spin effects for topologies with 4-leg vertices

@ Spin effects much clearer for topologies with 3-leg vertices

@ Differences increase at large DM masses

@ Differences are always large enough not to be smeared away at detector level
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Mono-Z channel

Mpy = 100GeV, Az = 1

Parton level after Z decay
Normalized Missing Transverse Energy
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@ Difficult to separate spin effects for topologies with 4-leg vertices

@ Spin effects much clearer for topologies with 3-leg vertices

@ Differences increase at large DM masses

@ Differences are always large enough not to be smeared away at detector level
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Bounds on the coupling
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For heavy DM there is basically no bound on the coupling

Luca Panizzi Discrimination of the spin of dark matter candidates at the LHC

30/47



Outline

e Multi-particle + E7
@ di-jet and top-antitop (1) S.Kraml, U.Laa, LP, H.Prager, JHEP 1611 (2016) 107
(2) S.Moretti, D.O'Brien, LP, H.Prager, Phys. Rev. D 96 (2017) no.3, 035033
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XQ vs SUSY

Decay into Dark Matter and SM quarks

Spm, Vom X0
T,B qg-----
qsm gsm
Extra-quark Supersymmetry

If heavy quarks decay into DM, it is possible to reinterpret any SUSY-inspired search
Due to the different nature of the DM particles, the kinematics may be different enough
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XQ vs SUSY

Pair production
- q
P P q . <
- XO

Heavy quark signal SUSY signal

Decays into light SM quarks:
G. Cacciapaglia, A. Deandrea, J. Ellis, J. Marrouche and LP, Phys. Rev. D 87 (2013) 7, 075006, arXiv:1302.4750 [hep-ph]
L. Edelhéuser, M. Kramer and J. Sonneveld, JHEP 1504 (2015) 146, arXiv:1501.03942 [hep-ph]

8TeV

Bosonic DM has a much larger cross
section than fermionic DM
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%0
Mass [GeV]
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leading lepton

Distributions

Showered and hadronised events

second lepton
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@ Small differences overall between SUSY and VLQs
@ Harder py for R chiralities (due to top polarisation)

Tets

number of jets

@ Somewhat more jets for SUSY (jets processed using anti-kt with p>5 GeV and cone radius 0.5)

Luca Panizzi

Discrimination of the spin of dark matter candidates at the LHC




PP — TT/it* — it + Er @ 8 TeV

CMS SUS-13-011
single lepton and £7

ATLAS SUSY-2013-02
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@ No differences between scalar and vector DM for XQ scenario

@ XQ results obtained by rescaling SUSY with XQ cross-sections = analogous kinematics

@ Higher x-sects for XQ with same mass configs = Allowed regions for SUSY are excluded for XQs

@ No SUSY bound in the fully hadronic search = useful probe for discrimination
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PP — TT/it* — it + £r @ 8 TeV

Effective mass distributions
Points with same mass configuration vs Points which give the same cross-section

My = pr(iets) + pr(l) +Er
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trivially
Same mass configurations = different cross-sections = identical shapes
Different mass configurations =- same cross-sections = different shapes
but this fact can be exploited in case a signal is observed
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Discrimination in the ¢t + £r channel

Heavy quark signal Supersymmetry signal

Only fermionic vs bosonic DM, no vector vs scalar DM

@ Channel based: the fully hadronic channel is more sensitive to scenarios with
fermionic mediator and bosonic DM

@ Distribution based: observation of a signal will exhibit different distributions due
to same cross section with different mass configurations

N.B.: what we really discriminate here is the mediator spin!
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Scalar vs vector DM discrimination?

Going to large width regime

If the width of the T mediator is large the kinematics between scalar and vector DM
may be different enough to be distinguished

QCD pair production and decay of on-shell VLQs

Ox = 022 X BR(T)BR(T)

@ Production and decays are factorized
@ Basically no information on the spin of DM

Full signal

£ ToTO>— ¢ b 0s = 024 with any allowed topology

A
AN\ DM T ) .
TA q DM @ Topologies with > 1 VLQ propagator
i L i (generally subleading in the NWA)

A g 7 @ More sensitivity to the coupling

8 o0 —<— 1 structure between 7 and DM, and

therefore to the DM spin
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Width dependence of bounds

combination of ATLAS searches @ 13 TeV

D RRAARELAS Mg e e any D A A T Ay
| 13TeV combined searches 13TeV combined searches
AR R RS AR Mpu = 10 GeV RN Mou = 500 GeV

d SR markers.
‘Scalar DM
Vecor DM

List of Signal Reglons

List of Signal Regions.

ol 2016 0
o 2016 0

O ar

2500

500 1000 1500 000 2500 1000 1500
My [GeV] Mr [GeV]

Almost no distinction between scalar and vector DM

The bounds weakly depend on the width for light DM,
somewhat more if the DM mass increases
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do/dMET [ib/GeV/bin]

Kinematics of the signal
Scalar DM: M7=1100 GeV and Mpy=10 GeV

Missing Transverse Energy Leading jet P;
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The distributions of £+ and transverse momentum of the leading jet
depend significantly on the width along the bound

Need to look at the performance of the searches
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Cross-sections and efficiencies
SR tN_high of ATLAS CONF-2016-050 for scalar DM
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Cross-section weakly

dependent on the width in the

region of the bound

@ Light DM: the efficiency
of the best SR in the
bound region depends in
a complementary way,
almost compensating the
cross-section increase

@ Heavier DM: the
efficiency stays almost
constant, as well as the
cross-section

For vector DM results are qualitatively analogous
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Interactions with light quarks

In this case the DM can interact directly with the initial state
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Different behaviour due to interplay
between cross-sections and (shape-dependent) efficiencies
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Exclusion limits

My vs Mpy plane
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Only when the T interacts with the up quark a clear distinction
between scalar and vector DM may be possible
considering pair production final states and with the selections of current searches

A shape analysis of the signal would provide information about different scenarios
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Perspectives for DM interacting with top

work in progress

Mono-objects at one-loop
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Perspectives for DM interacting with top

work in progress

Mono-objects at one-loop
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Perspectives for DM interacting with top

work in progress

Mono-objects at one-loop
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Perspectives for DM interacting with top

Mono-jet and bosonic DM

Mr=180 GeV, Mpy=5 GeV

Normalized Missing Transverse Energy

M7y=500 GeV, Mpy=5 GeV

Normalized Missing Transverse Energy

work in progress

M7y=1000 GeV, Mpy=5 GeV

Normalized Missing Transverse Energy

L , L
R

L , L
R

Potentially interesting configurations of masses for DM spin discrimination

but

Cross-section could be too small for this signal to be detected
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Systematic study under way
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Conclusions and Outlook

Summary
@ Characterising the spin of a DM candidate at the LHC would be crucial for the
interpretation in terms of theoretical scenarios

@ Mono-X channels are a good probe in both the EFT and simplified model
approaches

@ Current searches with MET (often inspired by SUSY) can be a powerful tool for
the reinterpretation of scenarios where the DM has a different spin

Work in progress
@ Include interplay with other observables and constraints related to DM or
mediators

@ Determination of the relevance of mono-photon and mono-W channels with
respect to mono-jet and mono-Z

@ Exploration of the sensitivity of other channels for the characterization of the DM
spin

@ Exploration of different kinematical variables for the optimisation of analyses
aimed at isolating scnearios with different spins
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