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HINTS FROM ASTROPHYSICS
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NASA/IPAC Extragalactic Database (NED)

(DARK) MATTER POWER SPECTRUM

Current power spectrum P(k) [(h-! Mpc)?]
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HOW TO CALCULATE THE RELIC DENSITY?
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LOOKING FOR DM WINDS: DIRECT DETECTION
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<ov>, . (95% CL) (cm’/s)
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LOOKING FOR LINES IN THE SKY: INDIRECT DETECTION
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WHY USE
COLLIDERS?

IT TURNS OUT, COLLIDERS CAN DO THINGS OTHER
EXPERIMENTS CAN'T — BETTER SPIN DEPENDENT
SENSITIVITY + CONSTRAIN LOW RECOIL REGION +
LOOK FOR ACCOMPANYING PARTICLES




HOW DOES ATLAS/CMS MAKE OBSERVATIONS? —
OBJECTS, CUTS, STATISTICS
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OBSERVING LSP PRODUCTION AT THE LHC: JETS + MET

CMS Experiment at LHC, CERN

. | Data recorded: Tue Oct 26 D7.13.54 2010 CEST
- Run/Eventl 148953 / 70626194

Lumi section: 49
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HOW DO THEORISTS DETERMINE WHAT SIGNALS FOR THEIR THEORY
WILL LOOK LIKE AT A COLLIDER EXPERIMENT?

Choose values .

for new |
parameters Determine what
4 observable effects are:
' production of new

) . " eg.CheckMATE  particles, interference
clglicltig in Make statistical effects, change is

(V predictions distribution shapes etc.

/

Use Monte-Carlo
tools to generate

. e.g. Pythia8
~— signal”” and

background” events

Write down
field content/

Simulate detector
effects




T0 MODEL DM WE NEED TO KNOW:

Less complete

Dark Matter
Effective Field Theories

Does it couple directly to some SM particle?

If there is a mediator, how does the mediator couple to SM? to DM?

Dipole
Interactions
“Sketches of models”

More
complete

Dark
Photon

Minimal
Supersymmetric
Standard Model

Simplified
Dark Matter
Models

Interactions

Complete
Dark Matter
Models

Universal
Extra
Dimensions

Little
Higgs
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Goodman et al. (2010)

COLLIDER SEARCHES: A COMPLEMENTARY VIEW

Name| Operator |Coeflicient
D1 XXaq mg /M
D2 XV°xqq | ime/M;
D3 Xxay’q | img/M;
D4 | x°xav°q | me/M;
D5 | X7*X@Vuq 1/M;
D6 | Xv"v°xqyuq | 1/M?
D7 | Xv"x@uy’q | 1/M;
D8 X7 Y xqvuq| 1/M;
D9 | xo"xqouwg | 1/M;
D10 | X0 Xq0apq| /M2
D11 | xxGuwGH | as/4M}
D12 | xV°xGuwGH | ics /4AM
D13 | ¥xG,uwG"™ | ics/4M3
D14 | xv°XGuWGH | ag/4M?

Name| Operator |Coefficient
Cl |  x'xdg | me/M;
C2 | x'x¢’q | img/M;
C3 | x'9uxartq | 1/M?
C4 |xTOuxqy"vPq| 1/M?
C5 | x"xGG* | as/4M?
C6 | xIxG WG | o /AM?
R1 X*qq mg/2M;
R2 Y2q7°q img/2M?
R3 XQGWGW g /SM?
R4 | Xx%2G,,G"™ | icg/8M?
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Suppression Scale M, [GeV]

Suppression Scale M, [GeV]

ATLAS LIMITS ON EFT OPERATORS
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CMS LIMITS ON EFT OPERATORS
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Original idea of “EFT"

_ g g _ 7
quQ _ M2 ¢¢ ’ M2 quw
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SIMPLIFIED MODELS FOR THE LHC

1 .
L5 = 50,50"S — miS® + D GoxxXXS + Y 9sqq@aS + X(10,7" — my )X

1 _ _ .
Lp = S0P P—mpP?+ ) gusX7"XP+ ) 9ua@ aP+X (107" —my)x

1
Lr = SD,TD'T - mpT? + ) gryx(aT™ + c.c.)

‘|‘>_<(7;8M'YM — mx)X

Lz = ZgZ’xic?_WMXZW - ZgZ’qq Y qZ'"
+>_<(iaﬂ7“ — mX)X + gaugeterms

Lar = Y gangXV" 7V XA" + Y gargg 11" g A"
+>_((i8u’7'u — mx)X + gaugeterms
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DM IN SUSY

Standard particles

SUSY particles

&) susY force
particlos

Mix to form “neutralinos" and “charginos”

X?:NZJ(Bawoaﬁgaﬁg) )Zj::‘/;](‘;[/i,f{i)



SUSY DARK MATTER

1.Find parameter space that gives the right relic density

56)

: S.P. Martin: hep-ph/97003

(Source

2.Look at Direct/Indirect/Collider constraints (both
present and future expectations)



PART |: DIRECT
ANNIHILATION




RELIC SURFACE WITH SE
My, Ms, i, and tan 3
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RELIC SURFACE WITH SE

QOh? = 0.120 + 0.005

M,[TqV]
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LSP mass
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COUPLINGS
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S| DIRECT DETECTION LIMITS

WIMP-Nucleon Cross Section [cm?]
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SD DIRECT DETECTION LIMITS
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DIRECT DETECTION
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INDIRECT DETECTION
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ANNIHILATION INTO PHOTONS
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(POTENTIAL) COLLIDER SEARCHES
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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

M,[TeV]

_ebasm 4 Bino-Winos can only be
detected with collider searches

| eDirect | eDirect+Indirect | |

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



PART 1l: STAU CO-
ANNIHILATION
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HIGGS MASS IN THE (C)MSSM
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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 A

M1/2 = 1016 GQV

Mgy = 504 GeV
tan 8 = 18

AO = —2870 GeV

\_ J

MasterCode
4 )
M1/2 — 1040 GeV

M() = 670 GeV

tan 0 = 21

Ay = —3440 GeV

\_ J

Sfitter

4 )

My /2 = 999 GeV
My = 442 GeV
tan 8 = 24.6

A() = —1347 GeV
N\ _/

All of them in the stau co-annihilation strip!



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

tan B =10,Ap=2.5mg, u >0 tan 3 =40,A, = 2.5 mg, x>0

y D .
’ /
»
4 /
/ g .
7 !
/ .
7 ’ !
iy " !
) 7 H
y
v S . / 7 1
n' 4 e
'I ’ 0

.~
-
L L

.....

~
*~

Source: MasterCode

1500 100 1000 1500

ml /2 (GeV)

m. > Am(=m, —mz) => Long-lived or stable staus
(is jets+MET still sensitive?)



LIFETIME OF THE STAU
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Log,clifetime[s]
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Combination
2 of stable and
E . .
: disappearing
%% E L L
-1 |
' - I o S MET definitely
1 10
works

0.61 \ 01 -
Am|[GeV]

Long-lived; charge

Useful parameters to probe the co-annihilation
m%,Am,tanB,Ao




MET-BASED SEARCHES

m, , [GeV]

1000

800

700

600

500

400

300

MSUGRA/CMSSM: tan(B)

= 30, A0=-2m0, u>0

Status: ICHEP 2014

/s =8TeV

m=m Observed
= = Expected
mmm Observed
= = Expected
mem Observed
- = Expected
mm Observed
= = Expected
mmm Observed
- — Expected
mm Observed

C I | | | IL\I | I | | | I | | I | | I | | ] ] | | | | | |
= * -l 95% CL limits. cstshlésr\; not included.
—LSP AN
ATLAS \Prellmlnary == Expected () jonton, 2.6 jets
_[Ldt—201 \207fb

arXiv: 1405.7875
O-lepton, 7-10 jets
arXiv: 1308.1841

0-1 lepton, 3 b-jets
arXiv: 1407.0600

1-lepton + jets + MET
ATLAS-CONF-2013-062

1-2 taus + 0-1 lept. + jets + MET
arXiv: 1407.0603

2SS/3 leptons, 0 - > 3 b-jets
arXiv: 1404.2500

e ——— .

C>II|IIII|IIII|IIII|IIII|IIII|IIII|I




m, , [GeV]

2-6 JETS + MET P —

mSUGRA/CMSSM: tanf = 30, AO= -2mg, u>0
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CMS: EXOTIC CHARGED TRACKS

I, (MeV/cm)

CMS Ys=8TeV,L=18.81b"

V\s=8TeV,L=18.8fb"

Tracker + TOF CMS

20 N T T I T T ’ T T I T ] S J T T T I T T T T l T T T N T I E
- I Data (Vs =8 TeV) . ol Theoretical Prediction —*— gluino; 50%9g ]
18 B MC: Q=3 400 GeV/e2 — =7 102L 7 gluino (NLO+NLL) ~ —— gluino; 10%gg  _
: - B Me:Q=t a00Gevier | O TUTE stop (NLO+NLL) ~ —=— stop E
16 g A'MCI Q=2/3 400 GeV/c  — o [ stau, dir. prod. (NLO) —e— stau; dir. prod. -
- . Excluded . - 10 stau (NLO) —e— stau .
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- i 1 ~ |Q|=1e(LO) —e— |Q| =1e ]
121 . @) 1 \ —
B ] 0 3
. _ o ]
10} | o .
: { ©10 E
8 — ] =
6t 4 10? 3
4 p §
.................... 2 3
"""""" 10 =
2 ' :
0 .. - I I I l I ’ 1 0-4 1 1 \l |.‘\'- | 1 1 1 I l“;_l 1 1 I i
500 1000 500 1000 1500
p (GeV/c) Mass (GeV/c?)
Mass M req. o (pb) (/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 — trackPr+TOF afjalysis
126 >40 0.0046 0.0035 0.29 | 0.0042 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+TDF analys]s
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

Selection requirement n:l
Quality requirements and trigger
Jet cleaning v
Lepton veto 110cm
Leading jet pr > 90 GeV n=2
ET™ > 90 GeV
A¢jet",-E.¥[\niss>15 6lcmu % 2\l ...\'l’ .. \! i i“.'
High-pT isolated track selection L . :
Disappearing-track selection "
270 (o4 1 1 P ST - T ne e
WN.* Fansad s ™ . al
5o+ . . =00 - d- 20! bt
X1~ decaying into X1+

Badly mismeasured in p; due to a wrong
combination of space-points

High-p, charged hadron
interacting with ID material

Lepton failing to satisfy
identification criteria due to
large bremsstrahlung or scattering

Phys. Rev. D 88, 112006 (2013)

reconstructed track
——— true particle track

Pixel SCT TRT



ATLAS: DISAPPEARING TRACK SEARCH

—
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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 (095%) at 95% CL.

vis

prak > 75 GeV prak > 100 GeV piEak > 150 GeV pirak > 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

Expected 097" [fb] 1.4270-50 1.05705% 0.67+927 0567023




. . . ND, P. Skands (2012);
= Simulate events using Pythia8 T Sjostrand, ND, et al. (2014)

= (yaussian smearing for jets/leptons

= Validate against published cut flow or efficiencies
for benchmarks

= ]|.00k at limits from each of the three searches.

Instead of focussing only on the best fit parameters, we
examine the co-annihilation strip plotted in terms of
m1,Am) in various slices

( 2’ ) tan 0 = 10,40

A() = O, —2.5m0



Squark mass [GeV]

mSUGRA/CMSSM: tanp = 30, A0= -2my, u>0

B | I I 1 | I:: 1 I I ::l 1 1 I I I I | 1 1 I I I 1 1 I I I I I I I ]
- ATLAS -
5000 — J Ldt=203fb" {s=8 Te\
B 0-lepton, 2-6jets ]
4000 — —
B === Expected limit (£1 o) i
- = Observed limit (+1 cjoor)
3000 [— o —
B (@]
- P
2000 |-
1000 |—
[ I 1 1 | | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 |

800 1000 1200 1400 1600 1800
1

wd [asA]
J000_ 1200 5000 5200 3000 3200

2-6 Jets + MET

«CIN22INL,

200

wsd T a

SOOO#..................................



EFFECT OF MET AND MEFF CUTS
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CMS: EXOTIC CHARGED TRACKS

Stable Fraction

Cross section/ 95% limit

08

06
04
IaQB=10,Au==O

02} tan8=40, Ay = -2.5my

06 03 10 1.2

Am
25 T T T T T
M, ,=700 GeV
M;,,=800 GeV -
M, ,,=900 GeV --------
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5| i
0 1 1 1 1 1 1 “\
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95% CL limit on ¢ (pb)

Tracker + TOF CMS

Vs=8TeV,L=18.8fb"

Theoretical Prediction
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10 stau (NLO) —e— stau -
|Q| = 2e/3 (LO) +— |Q| =2e/3 3
= 1Ql=1e (LO) e [Q=1e :

10

10°

gluino (NLO+NLL)
------ stop (NLO+NLL)
{0 stau, dir. prod. (NLO) —e— stau; dir. prod.

T T T I T T T T I
—¥— gluino; 50%gg
—a— gluino; 10% gg
—m— stop

Ll lllllll

||||||u,|

1 0’4 1 1 1 l l“‘*l 1 1 l
1000 1500
Mass (GeV/c?)
Mass M req. o (pb) (/s = 7TeV) o (pb) (v/s = 8TeV)

(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 025
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 0.26 | 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

I'O Ll Ll 1 1 1
Selection requirement
av . o _
—Fet—<cleane— 08 -
Lepton veto [
Leading jet pr > 90 GeV
ET™ > 90 GeV 5 06f
AGUETT S 15 2
High-pT isolated track selection ;:
Disappearing-track selection A 04t
| tanB=10, A = 0
l 02F tanﬁ=4O,A0 = ~2.5my
Validate efficiencies against their AMSB henchmark
l o_oM«ﬂ'f.n.....
06 08 10 1.2 14 1.6
Am

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 (22°) at 95% CL.

pFak > 75 GeV pEack > 100 GeV piak 5 150 GeV piEack 5 200 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 ¢227 [fb] 1.76 1.02 0.62 0.44

vis

Expected 0?27 [fb] 1.4219-59 1.051037 0.67+9:27 0.56+9:23

vis




COMBINATION OF ALL LIMITS
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RESULTS
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PROJECTION TO 13 TEV@LHC WITH 300 FB-!

500 1000 1500 2000
nm; /2 [GGV]



CONCLUSIONS FOR STAU CO-ANNIHILATION

+ LHC jets+MET search slightly weakened in region where
staus are long-lived. The limit is close to probing the tip of
the co-annihilation strip for tanf) = 10.

+ The stable track search for direct stau production (model
ind.) rules out stau masses up to 336 - 345 GeV for my,
values of 800-850 GeV (stronger than the MET

search!)

+ This is improved to my, values of 930-1100 GeV when all
stau production modes are taken into account.

+ The moc

el independ

ent track search will be able to rule

out the full strip for tanf} = 40 with 75 b at 13 TeV.



