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MANIFOLD EVIDENCE FOR DARK MATTER

PLANCK Collaboration (2015) Bullet Cluster

0.1415 = 0.0019
0.02226 £ 0.00023
0.1186 + 0.0020

A Dark Matter particle should be: massive, neutral, non-relativistic at present time




COMPLEMENTARITY OF SEARCHES

Evidence
Cosmological /——

e.g. Cosmic Microwave Background,
Matter Power spectrum, Galactic rotation curves, Lensing, Milky Way satellites

.g. Fixed target,
trino experiments

energy




RELIC DENSITY VIA THE “WIMP MIRACLE”

A X
How does the DM density change with the expanding universe? :>.<

Simple assumption: Start with thermal equilibrium J
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DIRECT DETECTION

SuperCDMS Soudan CDMS-lite
SuperCDMS Soudan Low Threshold

XENON 10 S2 (2013)
4CDMS-Il Ge Low Threshold (2011)
T T " T

r (Green ovals) Asymmetric DM
(Violet oval) Magnetic DM

| (Blue oval) Extra dimensions
(Red circle) SUSY MSSM
A MSSM: Pure Higgsino

+ © MSSM: A funnel
@ MSSM: Bino-stop coannihilation
g MSSM: Bino-squark coannihilatipn

CoGeNT
(2012)
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WIMP Mass [GeV/c?]

WIMP—nucleon cross section [pb]

Direct observation of nuclear
recoil from dark matter
particle

Best sensitivity ~ 100 GeV
mass

Loss of sensitivity for
mass < 10 GeV

Neutrino floor (from solar
neutrinos) will be a
bottleneck for future.

Current best limits from LUX
and PandaX




INDIRECT DETECTION

® Gamma rays from annihilation [ — 4-year Pass 7 Limit

:_ =— O-year Pass 8 Limit

of dark matter into SM |+ Modian Expected
i 68% Containment

95% Containment

Observe flux of gamma-ray
photons from dark matter | :
dominated regions (i.e. R T G

galactic centre and dark

bb';

spheroidal galaxies) 5 ' - -
DM Mass (GeV/c?)

Other possibility: observe = Lyoar Paos 7 L
, P [| = 6-year Pass 8 Limit
cosmic rays (mainly charged | -- Median Expeced
' 68% Containment

particle); but prone to | 95% Containment

uncertainties in propagation
models.

102
Fermi-LAT collaboration (1503.02641) DM Mass (GeV/c2)




ANATOMY OF A TYPICAL DETECTOR @ LHC

s o
Key:
Muaon
Electron
Charged Hadron (e.q. Pion)
= = — = Neutral Hadron {e.g. Neutron)
Photon

Collision
point

Hadron Superconducting
Calorimeter Solengid

turn yoke intersparsed
Transwverse slye ith Muon chambers

through CYRS .
Hadronic

Calorimeter

Tracker

hambers

Electo-Magnetic
Calorimeter




WHAT DOES A COLLISION EVENT LOOK LIKE?

. CMS Experiment at LHC, CERN
© Detectable objects are Dt recorded: Tue Oct 26 07.13:54 2010 CEST
- 25| RunfEvent: 148953 / 70625194
photons, electrons, muons, J5 | Lumi section: 49
hadrons (which form jets), and
invisible neutrinos (in the form

of missing momentum or MET)

Jet oT. 303 GoV/

@ Most new particles will decay
into SM particles

® \We use kinematic distributions ,‘ | Jol 5T 214 G/
of detectable objects to define W '
signal (i.e. new physics) and
background (i.e. SM physics)




PREDICTING A NEW PARTICLE

What is

1.the production cross section?
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2.its decay into?

3.the best observable channel?
(i.e. what is the SM background?
Is it well understood?)

llllllllll]l_o

4.the signal significance?

lllll

5.the upper limit (p-value > 0.05)

95% CL limit on 6/G,,

Obs.
95% UL
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DATA FROM EXPERIMENTS

0.4 1T T
. CMS

Iy . - 95% CL upper limits
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A. Experiments provide “high-level” information,
e.g. number of observed events with X jets + Y electrons/muons + large MET;
signal strength in a particular channel, etc.

Kinematic requirements (a.k.a cuts) are placed to discriminate new physics
“signal” from Standard Model “background”. Experiments provide cut flows,
efficiency maps.

Complex statistical machinery used — likelihoods, MVA, Neural Nets etc. to get
best upper limits, signal strengths, or cross section measurements.




REVIEW: ALGORITHM TO RECAST SEARCHES

1. Write down Lagrangian

2. Generate signal & background event samples
3. Simulate detector effects

4. Apply analysis cuts & validate

5. Compare surviving signal cross section with 95% upper limits from
experiment.

Pythia 8; Sjostrand, Desai et al. (2015)
CheckMATEZ2; Dercks, Desai et al (2017)




WRITING DOWN A MODEL FOR DM

Is it a Scalar? Vector? Dirac or Majorana Fermion?

Does it couple directly to some SM particle (Z, h) ?
If there is a mediator, how does the mediator couple to SM?
to Dark Matter?

Complete Models
eg. SUSY, Universal Extra

Effective

Field Theory Dim,
Little Higgs,...

ERO: S|m|c|>|e, PRO: Theoretically well
asy to relate motivated, fully

observables Simplified models
calculable, extra particles

: . Trying to get the best of both worlds
- SIS el CON: Model Prejudices,

EnirQY IDEA: write down the simplest field complicated to
L content (often a DM field + one understand

mediator)




LIST OF EFT OPERATORS

Operator

Coefficient

XXqq
X7°xaq
XXTY°q

XY’ xa7°q
XY XTVg
XYY XT V4
XY*X TV’ g
XYV XG4
X" xXqo g
X0 Y X0 as4
XXGuw GH
X7V x GG
XX G GH

XX G G

mg /M
imq/Mf
img /M
mg /M

1/M;

Il

1/M;

1/M?

1/M?

i/ M2
as/AM}
ios [AM?
ious [4M
as/AM;}

Operator

Coefficient

X' xqq
X'xav°q
X' 0. xav"q
X' xar v’ q
X XGu GH
X XG G

mg /M
img /M2
1/M?
1/M?
ous [AM
ios /AM?

X°qq
X°q7°q
X2 G,u,l/G'uV

X2 G,u,y é,uy

mg/2M?
img/2M2
os /8 M
icus /8 M2

Goodman et al. (2010)




CMS LIMITS ON EFT OPERATORS

19.7 o' (8 TeV)
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® Can be interpreted both in terms of
mediator mass and in terms of DD cross
section
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Truly complementary to DD searches!
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Suppression Scale M_ [GeV]
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THE PROBLEM WITH NAIVE EFT USAGE

- ATLAS
[ (s=8TeV, 20.3 fo!

ET"**>500 GeV
0

T T T
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—— Thermal relic
- - - truncated, max coupling
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WIMP mass m, [GeV]
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INTERPRETING RESULTS IN EFT

62 g e SIS0
qqu__A42¢¢’-——*

E%§QQ$¢’

So how does one live with:

T | T T T T T T T T T T T T 1 | —]
- ATLAS m==s expected limit (+10£20)
~ {s=8TeV, 20.3fb™ i
; D1: %xdq

C ET°>500GeV

= observed limit

— Thermal relic 7]
- - truncated, max coupling -

pr=500GeV,n=0 -
— mpu=10GeV |
— mpy=200 GeV |
— mpy=500 GeV |
— mpp=1000 GeV |

30F

R
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Option 2- Useainthd BBS mewimid withagisdfaonbdators and not as a result of
integrating out massive particles.




HOW TO WRITE A SIMPLIFIED MODEL?



SIMPLIFIED MODELS WITH FERMIONIC DM

1 ;
£S = §8MS(9“S . m%SQ i ngxxf(xs = ngqqq_qs -+ )Z(Z(?,ﬁ“ - mx)x

1 i 3 x
Lp = 50uPO"P—mbP? 4 | guxs Xy’ xP+)  9sqa@y* P +X (107" —1my)x
1
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EFTS

Vo.
SIMPLIFIED MODELS FOR

FERMIONIC DM




EFT TO SIMPLIFIED MODELS

U X u X U X
\\l/
T H > ><
X u X & X

Uu

Less ~ 75 FNE0 + 15 Frh) "X + 158 (F1sf) 003530 + 534 (FrnsH(x795%)

Scalar s-channel Vector s-channel Pseudo-scalar s-channel Axial Vector s-channel

P gt

Desai, et al (2014)




COMPARISON OF EFT WITH UV COMPLETION

m, = 100 GeV , ET > 300 GeV my = 100 GeV, Et > 300 GeV

T
I |
. | T 3 e Y
E E = I INNEN
C ] C | ’ *~
Eeer=="|~«~ K = | 1 ~
- h\ §~ 3 | i -~
~ ~'
S 3 . I 1 N
S 1

® Need large missing energy cuts to discriminate from SM backgrounds =

large momentum transfer

® This brings into question the idea of “EFT” where the requirement is p«M
(some solutions proposed for this e.g. truncation).

® Cross section does not match even when
Bauer, Desai, et al (2016)




COMPARISON OF EFT WITH UV COMPLETION

What about the loop-mediated completions?

my, = 10GeV, Er > 100GeV S AEET Operator.

(1) (7).

® Even worse behaviour for MET < M eq
S compared to normal t-channel

\\\ . . g ‘Ceff D
> S1mp. pair.

® Much better cross section in the
mediator-pair production

® Best limits come from SUSY stop
searches

Desai, et al (2014)




Status: July 2017

Model

LOOKING FOR THE MEDIATOR

ATLAS Exotics Searches” - 95% CL Upper Exclusion Limits
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STAU CO-ANNIHILATION




STAU CO-ANNIHILATION STRIP

Compressed stav and
neutralino

Desai, et al (2014)




LIFETIME OF THE STAU

p a T

§ Combination
| ~~of stable and
3 disappearing

tracks
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MET definitely

works

Long-lived; charge tracks




NOT ENOUGH MISSING ENERGY!

Requirement

Signal Region

2jW

3]

160

130

60

Ad(jet; s, E%iss)min >

W candidates

Sy S e

meg (incl.) [GeV] >

= 25m0

600

1_(300
ETmISS (GeV)

1400 1800

Desai, et al (2014)




LONG-LIVED CHARGE TRACKS

Tracker + TOF CMS \Vs=8TeV L=1881h"

= R — T
- Theorzticzl Presiction —*— gluino; 50% ¢
— o glunc (NLC-NLL) & gluino; 10% g
© 10%F . sloz (NLC-NLL)  —m— stop

[ = slau, dgir. prod. (NLO) —e— slau: dir. prad.

pb)

e Charged particle searches are
specialised to take time of flight into
account

slau (NLC) —e— stau
- Q| = 2e/3 il 0) Q| = 2e/3
a — Q= 1e (LO) —e— |Q] = 1e

N\

—
(-

® Fraction of staus that are stable on
the detector scale decreases with
iIncreasing mass difference

95% CL limit on

eRun | limit on fully stable staus is
~550 GeV; since not all our staus
exit the detector, we get a limit ~300
GeV.

l/lllll 1 llllllll | llllllll L1l lllll | lllllll | llllll L1111l

=
=
=
-
-
=
-
-
[~
-
=
-

IS N, | W |
200 1000 1500
Mass (GeV/c?)




COMBINING MULTIPLE SEARCHES

~~

stau-coannihilation strip

119 GeV i

my =
jets+MET

h =

e TN
jets+ MET limit

400 600 800 1000 1200
ml/z[GeV]

isappeathekack limic dir. + indirect charge track limit

direct charge track limit

Desai, et al (2014)




ELIMINATING STAU CO-ANNIHILATION

my, = 124 GeV
jets+MET
125 GeV

| U7/o ) € (-1 ——

400 600 800 1000 1200 00 1000 1500 2000
mi [GCV] min [GCV]

Coannihilation region not fully probed at 8 TeV; we await 13
TeV data results in this Winter to discover (or exclude!) the final

part of the co-annihilation strip Desai, et al (2014)




WELL-TEMPERED DM




HOW TO BUILD A “WELL-TEMPERED” MODEL?

®One SU(2) x U(1) singlet y + one SU(2) N-plet y

® 7/, stabilises the lightest state

®|nteractions with SM using Higgs-portal-like interactions

1 1

2
1k 1
Lquartic = §K¢T¢XX e §K¢T¢¢A¢A

N=3

V2 02
A(M —m)

A
Lonix = KQSTT% Y*x+he. —» o

N=5

Luix = =5 Clfiy #7058 g x + he. —>

Bruemmer, Desai, Bharucha (in prep.)




POSSIBLE LHC SEARCHES: DISPLACED LEPTONS

e s

X+ — X?W* - KVX(l)

X5 — X1h* — bbx]

Large lifetime for the doubly charged partner

100,

10

g :
£ ,
/

0.1

Charged track searches

Displaced lepton search loop only



DIRECT DETECTION CONSTRAINTS

B LUX excluded

B LUX excluded
XenonlT prospect UX exclude
B Allowed

XenonlT prospect
- BN Allowed
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1(9.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40

k=0
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* L ook at parameters that gives right relic density

* L ow mixing angle gives low DD cross section; however, not a problem at
the LHC because production is primarily Drell-Yan!

Bruemmer, Desai, Bharucha (in prep.)



POSSIBLE LHC SEARCHES: CHARGINOS

May 2017 ATLAS Preliminary Vs=8,73 TeV, 20.3-36.1 fb™
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OTHER POSSIBLE LIMITS: CHARGED TRACK SEARCHES

2.5t (13 TeV) 2.5 (13 TeV)

CNMS Tralcker + TOF

CMNS Tracker - dnly E

Theoretical prediction —— gluino; 50% gg Theoretical prediction —— gluino; 50% gg
== gluino (NLO+NLL) ~ —— gluino; 10% gg —— gluino (NLO+NLL)  —— gluino; 10% gg
stop (NLO+NLL) ~ —= gluino; 10% gg; CS Lo\ stop (NLO+NLL)  —=— stop
______ stau; dir. prod. (NLO) : s:op. S ------ stau, dir. prod. (NLO) —e— stau; dir. prod.
stau (NLO) e thE; dir. prod. stau (NLO) —e— stau
~--DYIQl=1e (LO)  _o stay -~ DYIQI=1e (LO) —— DYIQl=1e
— DYIQI=2e(LO) —+_ DYIQl = 1e — DYIQI=2¢(LO) —+— DYIQl=2e
—— DY QI =26
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RESULTS FOR QUINTUPLET

Lifetime 1 mm 10 mm 100 mm

SR1 34.4 (30 £ 5) 2373 (IBoiE e WA R R R N
SR2 8.76 (6.5 £ 1) A GG M) (= b
SR3 1.69 (1.3 £ 0.3) | 53.6 (51 + 10) | 24.6 (26 + 5)

Validation

1000 . . . .
s SRl =

SR2& ==

The CMS displaced lepton search ST
Preliminary SR3

(arXiv:1409.4789)

SR1 limit |

SR2 limit -

o X BR x acc

SR3 limit ;

0.01 = '
100 200 250 300 350

200 500 1000  --- 100 000 M. ++
X
u ldol [pum]

Bruemmer, Desai, Bharucha (in prep.)




UV-COMPLETE MODEL:

SUPERSYMMETRY




SUPERSYMMETRIC PARAMETER SPACE

e \What kinds of
interactions?

e Co-annihilation

e Sommerfeld
enhancement

e Direct detection
constraints L 9p
mass

my o= ©0.1 |00.2]|e0.5| |@1.5]02.0|02.5 TeV

1

¢ Indirect detection No Sommorfold — e
constraints

= 2 = 2
Qph? > 012 (=) 012 () .

2.1 TeV 2.0 TeV

m 2 SE m-< 2
QJF:QU( X ) —»Qu( X ).
H 1.13 TeV 1.14 TeV

Bramante, Desai et al. (2015)




RELIC SURFACE WITH SE
My, M, 1, and tan Oh? =

Bino Wino Higgsino

4r

e npel0 |

3

LSP mass
my o= 0.1 |€0.2]|e0.5| |@1.5]|02.0|02.5 TeV

1

No Sommerfeld = @

Bramante, Desai et al. (2015)




MASS SPLITTING

pure Wino => co-annihilation
> with chargino

Wino-
Higgsinos

Bino-Winos

—
I
_—- 2 3 4

ul[TeV]

——— 9 1

CLSP-LSP mass splitting
my .-y = <0.15|e | |o1|020 |e>40 GeV

pure Higgsinos =>
co-annihilation with second
neutralino + chargino
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COUPLINGS
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OBSERVING LSP PRODUCTION AT THE LHC: JETS + MET

'CMS, | CMS Experiment at LHC, CERN
. 7 | Data recorded: Tue Oct 26 07.13.54 2010 CEST
“2\| Run/Evenl 148953/ 70626194

f‘—~ = | Lumi section: 49

e Generic searches: jets
+ leptons + MET

e Compressed searches:
soft jets/leptons,
maybe photons, low
MET (but have more

background)




(POTENTIAL) COLLIDER SEARCHES
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Bramante, Desai et al. (2015)




DIRECT DETECTION
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INDIRECT DETECTION

&
Sy

K
[E—
)

#ITeV] 1 SP annihilation to yy, yZ
(01077 [ @107 [e<10-% cm¥/s

VoG pmyz T Oy = ©>1024 | 1025 | @102 |

pom (GeV/em?) J Factor p
e L ©)

: Finasto pNFW( ) = (T/R) (1 = T/R)Qﬂ

100}

Burkert
or N PEn(r) = po exp [—z ((Ly = 1)]
a \\ R ’

r (kpe) IOBurk( )Z 29 o )
A +r/re) (14 (r/re)?)

| Dark Matter Halo Profiles |




ANNIHILATION INTO PHOTONS
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o Fermi-LAT Einasto

!
gt

11, 1 1
Pyt

vy upper limit (95%CL)
vy detection (50)

vZ+yy | vy discr. (20)
IB / ~y discr.(20)

signal-to-background 1%

| arXiv:1207.6773

1 10 m, (TeV) 102

m, [GeV]
tan p=10 |

2
u[TeV]
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PUTTING IT ALL TOGETHER

e Pure winos can best be detected with
tracks + indirect detection

* Pure Higgsinos as well as Wino-Higgsinos
can be detected with direct (and/or)
indirect detection

* Bino-Winos can only be detected with
collider searches

20 Exclusion

| eDirect | @Direct+Indirect | | Compr.+Direct | #Compr. | o Last gap to be fi”ed With displaced Object
searches?

ALMOST ALL OF SUSY DM CAN BE DETECTED WITHIN NEXT
10-20 YEARS ONLY IF WE HAVE A HIGHER ENERGY COLLIDER

Bramante, Desai et al. (2015)




FUTURE OF DM SEARCHES

* Collider searches are an important component to confirm
DM, especially in case of WIMPs

e Simplified Models the way to go for searches, but mediator
searches more constraining than direct DM production

* For weakly charged (i.e. SU(2) multiplet) DM, collider
searches are crucial since not all parameter space can be
probed by other techniques

* Long-lived particle searches needed to cover parameter
space of many models

e A future collider would be necessary to completely rule out
all SUSY parameter space




