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WHAT DO WE
KNOW SO FAR?




HINTS FROM ASTROPHYSICS
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NASA/IPAC Extragalactic Database (NED)

(DARK) MATTER POWER SPECTRUM

PROPERTIES: SHOULD BE NEUTRAL, MASSIVE, NON-RELATIVISTIC IN CURRENT EPOCH

Standard particles
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THE ASSUMPTION OF CDM IS
ESSENTIAL TO EXPLAIN OUR
UNIVERSE



HOW TO CALCULATE THE RELIC DENSITY?
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LOOKING FOR DM WINDS: DIRECT DETECTION
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LOOKING FOR PHOTONS: INDIRECT DETECTION

PNEW(T) = Pe PEn(T) = po €xp [—% ((L)a — 1)}
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reproduce the observed relic density ( Ok = 0.02226+0.00023 ) )
(satisfying all other constraints) N h2 )_ = 0. 1186i00620
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WHY USE COLLIDERS?

WE HAVE ONE RUNNING WITH HIGHEST ENERGY SO FAR
BUT ALSO...

IT TURNS OUT, COLLIDERS CAN DO THINGS OTHER EXPERIMENTS CAN'T —
<4 BETTER SPIN DEPENDENT SENSITIVITY

4 CONSTRAIN LOW RECOIL REGION

4 LOOK FOR ACCOMPANYING PARTICLES

Nishita Desai



ATLAS/CMS OBSERVATIONS —
OBJECTS, CUTS, STATISTICS
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T

A. Experiments can provide “high-level” information, e.g. number of events with X jets, Y

electrons/muons and a large missing momentum.

B. There can be certain kinematic requirements on these objects, which are placed based
on expected “background”. Experiments provide cut flows, efficiency maps.

C. Complex statistical machinery — likelihoods, MVA, Neural Nets etc. to get best upper

limits/signal strengths/measurements

Nishita Desai



MODELLING DARK MATTER

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?

Effective
Field
Theory

PRO: Simple,
Easy to relate
observables

CON: bad
high-energy
behaviour

Simplified models
Trying to get the best of both worlds

IDEA: write down the simplest field
content (often a DM field + one
mediator)

Nishita Desai

Complete Models
eg. SUSY, Universal Extra
Dim,

Little Higgs,...

PRO: Theoretically well
motivated, fully
calculable, extra
particles

CON: Model Prejudices,
complicated to
understand
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TESTING NEW PHYSICS AT A COLLIDER

Lagrangian +
parameters

MONTE CARLO

Determine observable Use Monte-Carlo tools
effects: production of to generate “signal”
new particles, and “background”
interference etc. events

e.g. Jets+leptons+MET, unusual
signal strengths (branching
fractions)

Exotic signals: Displaced vertices,
disappearing tracks

Simulate detector

effects
Recasting
Recast
accurately
Yepl'oduces *~ Analysis cuts &
kinematic statistical
effects. predictions

Nishita Desai



TESTING ANY NEW PHYSICS MODEL

P —

Production:
2 -> X matrix
elements
“MG5/CalcHEP”

Lagrangian
“FeynRules”

CURRENT: If you can write a Lagrangian (in UFO), we can test it!

FUTURE: Automatically decide what the best signal could be (based on simplified models, e.g. SmodelS
developed in Grenoble)

FUTURE: Add Dark Matter observables (e.g. using microMEGAS developed in Annecy)

Nishita Desai
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PART |:

EFT & SIMPLIFIED
MODELS




Goodman et al. (2010)

COLLIDER SEARCHES: A COMPLEMENTARY VIEW

Name| Operator |Coefficient
D1 X4 mg/M;
D2 XV°xqq | img/M;
D3 XXqv’q | img/M;
D4 | xV°x@°q | me/M;
D5 | XY*X@Vud 1/M;
D6 | XY xqyuq | 1/M:
D7 | Xxv"xqvuy°q | 1/M:
D8 |XY*v°xqvuy’q| 1/M;
D9 | xo"xqo,.q 1/]\4*2
D10 )_(JW*y5ana5q Z/M*2
D11 | xxG..G"* o /AM
D12 | xv°xGuwG* | i /AM
D13 | xxGuwG" | ias/4M3
D14 | x7°xG WG | as/4M3

Name| Operator |Coefficient
Cl | x'xqg | mg/M;
C2 | x'x@v°q | img/M
C3 | x'Ouxaryq | 1/M;
C4 (xT0uxar"v°q| 1/M:?
C5 | xIxGWGH | as/4M?
C6 | xT\G WG | ias/4M?
R1 X*qq mg/2M;
R2 Y2q7°q img/2M?
R3 | X*GG" | «as/8M?
R4 | x°GG" | iay/8M?
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ATLAS LIMITS
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ATLAS LIMITS ON EFT OPERATORS
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Original idea of “EFT":

_ g
Y P

%mw

So how does one live with:
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SIMPLIFIED MODELS FOR THE LHC

1 _ _ .
£S o §8MS6’“S — m%SQ —+ ZQSXXXXS —+ ngqqqqs —+ x(z@lﬁ“ — mx)x
1 _ _ .
Lp = 50,PO"P—mpP?+}  gox XV XP+ ) 9sqa@* P +X (107" —my)x
1
L = §DMTD“T —maT? + Zngx(XqT* + c.c.)

+X (107" — my )X

Lz = D 92XV"XZ" + ) 92103 142"
+X(10,7" — my)x + gaugeterms

Lo = T oatP XA + g 17 A
+X (10" — my)x + gaugeterms

19



COMPARING EFT TO SIMPLIFIED MODELS  , acer, Desai et al. (2016)

m, = 100 GeV , E7 > 300 GeV X u
10— —— ~
10_1\ t-channel |

: - |

Em—?
= v
o0
L1073
e} X g
A

/\

u X u X
; SO ¢ * ’ *
? “\\‘ “\“ ? g X g X
101, AN
i TN '
10— |
mg = A [GeV] & N
g X g X

m, = 100 GeV , Et > 300 GeV X9
g\\ s-channel

T II
K} e
~
_1 > :~ ‘\ .
10 E | ss\l ((} N

E i S \Z
L | 1

! .

| .

| .

I

I 1

e Need large missing energy cuts to discriminate from SM
backgrounds = large momentum transfer

g 1077 e This brings into question the idea of “EFT” where the requirement is
%10‘3 \ p<M (some solutions proposed for this e.g. truncation).
S 04 //9 e Cross section does not match even when C/A2 — gSMgDM/M2
10 = . N -
, : Conclusion: better to use simplified models for LHC search limits.
10—6 W . Ly
10° 10
my = A [GeV] FUTURE: PROVIDE MAPS OF LHC SEARCH LIMITS WITH DIRECT DETECTION

AND RELIC DENSITY BASED ON SIMPLIFIED MODELS

Nishita Desai
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WHY DOES THE EFT NOT WORK: CASE S-CHANNEL
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WHY DOES THE EFT NOT WORK: CASE T-CHANNEL
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LOOKING FOR THE MEDIATOR

R

Coupling g

ATLAS Exotics Searches”

Status: March 2016

- 95% CL Exclusion
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A MORE COMPLICATED MODEL: DM IN SUPERSYMMETRY

Standard particles

SUSY particles

Mix to form “neutralinos" and “charginos”

XV = Ny (B, WO, HY, HY) Xi = Vi;(W*, H*)
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SUSY DARK MATTER ;

1 101

=

C? 10-1 i __Plane

1.Find parameter space that gives the right relic density. ., . \
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2.Look at Direct/Indirect/Collider constraints (both
present and future expectations)



PART 1l: STAU CO-
ANNIHILATION

oooooooooooooooooooooooooooooooo
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QUESTIONS TO ASK:

1. Does it give the correct Higgs mass?

2. Does it give the right relic density?

3. Does it satisfy constraints from the LHC?

Fittino

4 N

M1/2 — 1016 GeV

M() = 504 GeV
tan 0 = 18

AO = —2870 GeV

\_ /

MasterCode
a2 )
M1/2 — 1040 GeV

MO — 670 GeV

tan 0 = 21

Ag = —3440 GeV

\_ /

Sfitter

-

\

M1/2 — 999 GeV
MO = 442 GeV

A() = —1347 GeV

~

tan 0 = 24.6

/

All of them in the stau co-annihilation strip!



WHAT DOES THE STAU CO-ANNIHILATION STRIP LOOK LIKE TODAY?

tan § =10,Ay=2.5my, p >0 tan P=40,Ag=25my, u>0

’ R .
’ 4
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/ i
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l .
g d I
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Source: MasterCode
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m, > Am(=my —mz) => Long-lived or stable staus
(is jets+ MET still sensitive?)



LIFETIME OF THE STAU

g .
& -5
51
Q i P
e T o _
; ________________________________ 7-1 % T X
or I o
Am[GeV] Log,olifetime[s] contour
1.7 ._8.5 T . . .
T, — € UlUzX L]
Ti = [ UplrX =1
Q
E 14
<

1.3

~6
200 600 800 1000 1200 _ 1400

nin [GGV]

1.2



Combination
£ of stable and
= ; : .

s disappearing
- ] e S :—\
20\ s P MET definitely
0.01 0.1 1 10
\ Am[GeV] works
Long-lived; charge
( ° ° ° \
Useful parameters to probe the co-annihilation
m1, Am,tan 3, Ag
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CMS: EXOTIC CHARGED TRACKS

OM3 \s=8TeV, | =186 1L’

Tracker + TOF CNMS

\s=8TeV.L=1881b"
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p (GeVic) Mass (GeV/c2)
Mass M req. o (pb) (v/s = 7 TeV) o (pb) (/s = 8TeV) 0 /0 (7+8 TeV)
(GeV/c?) | (GeV/c?) Exp. Obs. Acc. Exp. Acc Exp. Obs.
Direct+indirect produced stau — trackfr+TOF afjalysis
126 >40 0.0046 0.0035 0.29 | 0.0042 0.25 | 0.0074 0.0065
308 >190 0.00094 0.0015  0.63 | 0.00029 § 0.00028 § 0.56 0.16 0.21
494 >330 0.00079  0.00084 0.74 | 0.00023 § 0.00024 § 0.66 1.9 1.9
Direct produced stau — tracker+T|DF analysys
126 >40 0.0056 0.0046  0.26 | 0.0044 0.0043 § 0.24 0.18 0.16
308 >190 0.0011 0.0017  0.54 | 0.00035 § 0.00035 § 0.46 0.62 0.66
494 >330 0.00084 0.00088 0.69 | 0.00025 § 0.00026 § 0.61 4.7 5.0




ATLAS: DISAPPEARING TRACK SEARCH

tan|5-'5p>0 tanf =5 u=>0
W / 777, f/// ' " / // // 77 // //////)‘ ; 220 R R Observed 85% CL limit (110
— / e e /// e e - // At o - a s ,
= 10 ?{?’Zf{’{’{’(’f{’f’{’ff/f’{%ff{’ffﬁ/’{?fff%{?’,/??f/’f???’,/??{??’ff{?’,/’,/’éf/’f’,/’/ﬂ (&) Expactd 95% CL Imit (£ w’:’“'
+ - % . - > BN\ | TrmmmTT = .
- 1 =_210 womne ATLAS (18 = 7 TeV, 4.7 b, 2W prod.)
: . -
. - é" P ALEPH (Phys. Lett 6533 223 12002))
: ‘.,‘ . b Theary (Phys Lell. B721 252 (2013))
: - - 200 Fzzzz7 Sade' ¥
s .
3 . -
3 -
: ; ATLAS .
i s - 190 -
& AT 1s=8TaV, .[ Ldt=203 fb.i
4 -
1 o — 180 —
s .o“ - _
G 0" — _
& o = 170 ]
,.ufv .‘ - -
.,s“"." -.0‘..-. ATLAS -
a ] 160 =
.,.-’ 1e=8TeV, I Lat=2031" -
‘." 7 A
‘.. - p
- — Okeernvec 35% CL |.|n-!|. (t16,,.) 150 o
‘ By 0 | = Exoccted 95% CLlimit =1 a,,) “
- el
10 " [— .« ATLAS (1s =7 TeV, 47 b, EW pred ) X
'.. ! - N
Y e TR AR EISEES (SR OB 2
vl s || 7z Sade' § : 7z ‘ S AL : 7
100 150 200 250 3C0 350 400 450 500 550 600 100 150 200 250 300 350 400 450 500 550 600
m.. [GeV] m.. [GeV]
1 1

TABLE III. Numbers of observed and expected background events as well as the probability that a background-only experiment
is more signal-like than observed (po) and the model-independent upper limit on the visible cross-section (6227%) at 95% CL.

Vi1s

prack > 75 GeV P > 100 GeV Pk > 150 GeV pEack > 200 GeV
Observed events 59 36 19 13
Expected events 48.5 £12.3 37.1+9.4 24.6 + 6.3 18.0 £4.6
po value 0.17 0.41 0.46 0.44
Observed o227 [fb] 1.76 1.02 0.62 0.44

V1s

Expected oi" [fb] 1427059 1.05+5:37 0.67192 0.561923

V1S




CMS: EXOTIC CHARGED TRACKS

Quasle Freetion

Cross section/ 95% limit
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Mass M req. o (pb) (v/s = 7TeV) o (pb) (v/s = 8 TeV)

(GeV/c?) | (GeV/c?) Exp. Obs. Acc. Exp. Obs. Acc.
Direct+indirect produced stau — tracker+TOF analysis

126 >40 0.0046  0.0035 0.29 | 0.0042 0.0042 0.25
308 >190 0.00094 0.0015 0.63 | 0.00029 0.00028 0.56
494 >330 0.00079  0.00084 0.74 | 0.00023 0.00024 0.66

Direct produced stau — tracker+TOF analysis

126 >40 0.0056  0.0046 026 | 0.0044 0.0043 0.24
308 >190 0.0011  0.0017  0.54 | 0.00035 0.00035 0.46
494 >330 0.00084 0.00088 0.69 | 0.00025 0.00026 0.61




ATLAS: DISAPPEARING TRACK SEARCH

Selection requirement n-]_
Quality requirements and trigger

Jet cleaning s,
Lepton veto 110cm
Leading jet pT > 90 GeV nz
ET7 > 90 GeV 6 $
jet-E%iSS lcmu 11 LAl L ‘ 87 4 .‘l’
| AQrmin >15 PV o .
High-pr isolated track selection e
Disappearing-track selection = ‘
270 e s —l,
WN.“ — = m-.'“ "wau“? ™
Y . . ~ 0 . .- 204 et
o A decaymg mto Xyt
',f';‘; 4 \ Badly mismeasured in p, due to a wrong

combination of space-points

High-p- charged hadron
interacting with 11 material

Lepton failing to satisfy
identification criteria duc o
large bremsstrahlung or scaltering

Phys. Rev. D 88, 112006 (2013)

reconstructed track |
true particle track J




ATLAS: DISAPPEARING TRACK SEARCH

Selection requirement

aw . e

—Fet—elesing— 08
Lepton veto
Leading jet pT > 90 GeV
Er™ > 90 GeV £ 06
AFTTFTT 5 15 E
High-pt isolated track selection ;:
Disappearing-track selection 2 04
l 0.2

Validate efhiciencies against their AMSB b

1 1

tan8=10, Ay = 0

tan,8=40, Ap = -2.5mp
enchmark

}

1.2

0.8 10

TABLE III. Numbers of observed and expected background events as well as the probability that a background-only experiment

is more signal-like than observed (po) and the model-independent upper limit on the visible cross-section (627%) at 95% CL.
piEack > 75 GeV P > 100 GeV pEAk > 150 GeV pEAc > 200 GeV
Observed events 59 36 19 13
Expected events 48.5 +12.3 37.14+9.4 24.6 £ 6.3 18.0 + 4.6
po value 0.17 0.41 0.46 0.44
Observed o227 [fb] 1.76 1.02 0.62 0.44

Expected 0237 [fb] 1.427559 1.0510-57

0.6710-27 0.561923




COMBINATION OF ALL LIMITS

3 |e i3 ' stau-coannihilation strip
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direct charge track limit



RESULTS
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PROJECTION T0 13 TEV@LHC WITH 300 FB-1
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Conclusion:

Stau-coannihilation strip can be
completely ruled out with 75/fb
data.



PART 11I:

FUTURE OF SUSY
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RELIC SURFACE WITH SE
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COUPLINGS
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S| DIRECT DETECTION LIMITS

5 —40
B 107 E — T T — T — 5 10
10 39 T T T T 1T T T T T T T — T T T T T E E
XENON100 (2012) : .
= C)PAMANa — observed limit (90% CL) = 10t L \ e A0\2 1o
g 10° CoGeNT Expected limit of this run: 5 E ON\S E
*E‘ DAMA/I [ + 1 o expected = N ]
= * 2 o expected =] - i
= -41 = 3 —42
o 10"EM\\ "\ 7 __-= o 107 E
O = s (] = =
[95) = 2 o 3
- n N ]
@ - XA i i
O 104 |— e 2
5 0°E 5 107 |
[} — g E
5 B _ ] i
3 109 — o 1
5 = ) 3 s 10 F
Z. S N\ 3 T -
& . F _ = :
= 104 = = 10
S E = 10" F E
» i ]
10 Ellll 1 1 ||||||| 1 |||| 1 1 IIIIE 10_1 1 1 ool 1 1 1 oo 1 1 1 T R B
678 10 20 30 40 100 200 300 1000 2000 10000 1 2 3
10 10 10
WIMP Mass [GeV/c’] (Gev/c?)
SuperCDMS Soudan CDMS-lite mWIMP
SuperCDMS Soudan Low Threshold
LXENON 10 82 (2013)
10—39 A «CDMS-II Ge Low Threshold (2011) i B i B 10—3
! \ \ \‘ CoGeNT
\ \ .
—40| 2 \\\\‘ (2012) | —4
10 ‘\% \\ A\ \\“4 CDMS Si 10
RN D\ ‘\\\ _ (2013)
- 10—41 L Yo o R 10—5 —_—
N 5 \4 <) P A e
g e \ — &
= 10742 T IRORER 10 =
= S Vo AN NN Ge e
Q 0, f W : \ g=
= B N e,.c L W S .. — Q
5 10 43| \'--Q@ \\ \\ 10 7 )
2 ' NSSNoLag, ! 2
o Sy T B-§ N “ >
2 107 N 1078 & &
5 [Be R ' S 0
—45 7Neutrinos 8B 9 < 4
8 10 Neutrinos - 10 8 9
Q —_—
— o ™M
3) —46 | -10 5 —
2 10 . 3 10 =z
| i
[a ¥ 10_47 r (Green ovals) Asymmetric DM ’ ‘ 10_11 % >§
2 (Violet oval) Magnetic DM = <
— . .
—48 | (Blue oval) Extra dimensions -12
g 10 (Red circle) SUSY MSSM 10 B
49 A MSSM: Pure Higgsino 13
10777 - © MSSM: A funnel ’ P 10~
@ MSSM: Bino-stop coannihilation
10_50 *MSSM: Bino:squa.rk (:‘oa.anihilla‘.tpn . S . L . S —14
1 10 100 1000 10

WIMP Mass [GeV/c?]

WIMP-nucleon cross section ( cm 2 )



DIRECT DETECTION
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ANNIRILATION INTO PHOTONS
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(POTENTIAL) COLLIDER SEARCHES

pp — (X3 = X)) (XF = Fvex®)i — A0 veyg

MG5aMC@NLO, Pythia6.4, Delphes3/100TeVSnowmassCard
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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

| eDirect | @Direct+Indirect | | |oC0mpr.+Dir§((:jt|E:((§(l)11;S1i)(r).ns| . BinO_WinOS Can Only be
detected with collider searches

Almost all of SUSY DM can be detected within
next 10-20 years!



