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Characterizing Dark Matter Searches

complete theory vs. simple interpretations

Example:
SUSY Effective Field Theory

Simplified models
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Supersymmetry

Extension of the Standard Model: Introduce a new symmetry
Spin %2 matter particles (fermions) < Spin 1 force carriers (bosons)

Standard Model particles SUSY particles

. (‘, ‘
'—‘ P) g
Squarks  Sleptons o Susy

Quarks 0 Leptons ’ Force particles Force particles

Higgs

DM Searches @ LHC O. Buchmiiller

& DD

Graviton

Gravitino

1\B+L+2
New Quantum number: R-parity: Rp = (—l) _— +1 SM particles

R-parity conservation: -1 SUSY particles
» SUSY particles are produced in pairs

* The lightest SUSY particle (LSP) is stable
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What do we call a “SUSY search”?

The definition is purely derived from the experimental signature.
Therefore, a “SUSY search signature” is characterized by
Lots of missing energy, many jets, and possibly leptons in the final state

Slides from 2007

Missing Energy:
» from LSP

DM Searches @ LHC O. Buchmiiller

Multi-Jet:
« from cascade decay (gaugino)

Multi-Leptons:
 from decay of charginos/neutralios

RP-Conserving SUSY is a very prominent example predicting this
famous signature but ...
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What is its experimental signature?

... by no means is it the only New Physics model predicting this experimental
pattern. Many other NP models predict this genuine signature

Slides from 2007
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o] Nwimp
N6 ;',,/v 1 Missing Energy:
N4 N5 * Nwimp - end of the cascade
NT . \ :
. q ! oV Multi-Jet:
N2 NS .. Nwimp .- » from decay of the Ns (possibly via

\ . heavy SM particles like top, W/Z)
1

\ q\ . Multi-Leptons:
— T * from decay of the N’s

Model examples are Extra dimensions, Little Higgs, Technicolour, etc
but a more generic definition for this signature is as follows.
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Inclusive SUSY Searches in 2013
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Inclusive SUSY Searches in 2013
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The LHC has pushed the mass scale in constraint SUSY models
to a new level!
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Inclusive SUSY Searches in 2013

MSUGRA/CMSSM: tan(B) =30, A0 =-2my, 4 >0

Lepton & Photon 2013
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The LHC has pushed the mass scale in constraint SUSY models
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CMSSM: Evolution with time
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Source:
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X2increase from
bluish to reddish MaSTERcooe

Global Fit to indirect and direct
constraints on SUSY!

Other “fitter” groups find very similar

results: e.g.
SuperBayeS: arXiv:1212.2636
Fittino group: arXiv:1204.4199

Observable Source Constrant Ax* Ay Ax*
Th./Ex. (CMSSM) | (NUHM1) (*SM™)
me [CeV] T 1732 £ 0.00 005 0.06 -
Aal (Mz) 42 0.02749 + 0.00010 0.009 0.004
Wz CeV £ U1.1875 + 00021 TTx10 © 096 .
Tz [GeV] 26| / 44 24952 + 0.0023 + 0.001susy 0.078 0.047 0.14
Thoad 105) 25| / 144 11,540  0.087 750 257 2,54
Ry 261 / 144 20.767 + 0.025 1.05 1.08 1.08
Am(L) 25| / 144 0.01714 £ 0.00005 0.72 0.60 U.81
Ae(P.) 26| / 144 0.1465 + 0.0082 0.11 0.13 0.07
Ry 6] /1A 031620 + 0.00065 035 039 037
R 6! / 144 01721 T 0.0080 0,002 0002 0002
Aq(b) 20| / 44 0.0992 + 0.0016 717 7.37 5.63
Anlc) 6] / 194 00707 + 0005 PR RS 0.0
As 26| / 144 0.923 + 0.020 0.36 0.36 0.35
A- 6! / 144 U670 + 0.007 T.005 0.005 S
A¢(SLD) 26| / 144 0.1513 + 0.0021 3.16 3.08 3.51
win 02 (Qr) 26 / 134 0.2324 + 0.0012 0.63 0.64 0.59
Wﬂgﬂ 6] / 144 BU.S00 & 0,003 £ 0.010susy 1.77 T30 PR
an —an 0 RG] (W28t olsusy) =10 © ] 435 | 182 | I1L10(N/A) |
Mi, [GeV] 2 /55,56 > 11445 1550y ] 0.0 0.0 0.0
BRy [85] / (38 1.117 + 0.076gxp 1.83 1.09 0.94
+0.0825y + 0.0505u5y
BR(B, > p'p ) 29/ A1 CMS & LHCH 0.04 0.44 0.01
BRp,.. [29] / 1% 1.43 + 0.43exps T 1.43 1.59 1.00
BR(Bya—»p™p™) 129] /146 < 4.6[x0.01gysy] = 1077 0.0 0.0 0.0
BRE 47)/ 46| 0.99 + 0.32 0.02 < 0.01 < 0.01
BRy", [24] / A% 1.008 + 0.014gxp T 0.39 0.42 0.33
BR;;fj’f,’;‘ 191/ 50| <45 0.0 0.0 0.0
AMEE 19 / 5152 0.97 + 0.01gxp £ 0.27sm 0.02 0.02 0.01
AMI‘.XT':’-’M
T 249 / 651,52 1.00 + 0.01gxy = 0.135m < 0.0 033 < 0.
Acy on 19 / B152 1.08 + 0.1dgxpsTh 0.27 0.37 033
Qcpuh® B1 / O3 0.1120 + 0.0056 + 0.012su5y 84x10~* 0.1 N/A
o 2] (Mg, ;) plane 01 013 N/A
———T T T re) plane S TN
H/AH™ 217 (M 4, tan B) plane 0.0 0.0 N/A
Total x~/d.ol. All All W32 275321 | 2.7/ (21.5/2) |
pvalues 15% 16% 9% (49%)
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CMSSM: Evolution with time
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S. Heinemeyer', G. Isidori’'¢, J. Marrouche?®, D. Martinez Santos®, K.A. Olive',
S. Rogerson®, F.J. Ronga™, K.J. de Vries*, G. Weiglein"

*High Energy Physics Group, Blackett Laboratory, Imperial College, Prince Consort Road, London SW72AZ, UK

m1/2[GEV]

bFermi National Accelerator Laboratory, P.O. Box 500, Batavia, Illinois 60510, USA
“Physics Department, University of Illinois at Chicago, Chicago, Illinois 60607-7059, USA
4Physics Department, CERN, CH-1211 Genéve 23, Switzerland
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fTheory Group, SLAC National Accelerator Laboratory, 2575 Sand Hill Road, Menlo Park,
CA 94025-7090, USA

&Theoretical Particle Physics and Cosmology Group, Department of Physics, King’s College London,
London WC2R 2LS, UK

BH.H. Wills Physics Laboratory, University of Bristol, Tyndall Avenue, Bristol BS8 1TL, UK

Global Fit to indirect ar

constraints on SUSY!
'Instituto de Fisica de Cantabria (CSIC-UC), E-39005 Santander, Spain

. . . JINFN, Laboratori Nazionali di Frascati, Via E. Fermi 40, I-00044 Frascati, Italy
Other “fitter” groups find
results: e.g.

B . X . 'William I. Fine Theoretical Physics Institute, School of Physics and Astronomy, University of
Super ayeS . ar |V.1 21 Minnesota, Minneapolis, Minnesota 55455, USA

Fittino group: arXiv:120: =iustitute for Particle Physics, ETH Ziirich, CH-8093 Ziirich, Switzerland

KNIKHEF and VU University Amsterdam, Science Park 105, NL-1098 XG Amsterdam, The Netherlands

"DESY, Notkestrasse 85, D-22607 Hamburg, Germany
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CMSSM today
| stau coann. | A/H-funnel B hybrid | X{ coann. - | focus point
1073°
1049 | LUX/XENON100 90% CL excluded

104 |
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neutrino floor 1310.8327

10° 10° 102 10° 10*
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NUHM1 today

| stau coann. | A/H-funnel B hybrid | X{ coann. - | focus point

107°
10740 ¢ LUX/XENON100 90% CL excluded
10_41 =
1042 |
10-43 I
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neutrino floor 1310.8327

10° 10° 102 10° 10*
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|| stau coann.

10-39
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1 A/H-funnel

NUHM2 today

B hybrid | X{ coann.

10740 |
10741 |
10-42 i

— 10% |

LUX/XENON100 90% CL excluded

et

Y.
Ly

\

>

neutrino floor

1310.8327

10°

103

10*

- focus point

17
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pMSSM10 today
* pMSSM10 w LHCS: best fit, 10, 20
_ " Y === === pMSSM10 w/o LHCS8: best fit, 10, 20
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= 107%2 excluded -:
(@ ]
£ 43 A 1
2 10 e :
£ 10 § ;
2 — 12! char. |
5 C\]E 10 £ {//‘ coan. 4
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NS 10 t-channel TAvlid f

10 m o ‘z

1078 ; | "

10749 Z/h- d )
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10-50 e ) 100 ° ]
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SUSY Status — post 7 TeV LHC data

» Constrained SUSY models like the CMSSM are
severely put under pressure by the LHC limits!

» Experiments need to define new benchmarks
and to present the interpretation of their
searches.

DM Searches @ LHC O. Buchmiiller

» A bottom-up approach, using so-called simplified
models, was adopted but ATLAS and CMS as
the primary vehicle to present SUSY searches!

19
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Interpretation in Simplified Models

CMSSM What the individual searches
. PairProduction 66 @re sensitive to is much more
K9} __10% QqQ, :
= - % simple...
; z o
S M‘h
g 07 .E,l /
|

86% of all hadronic
production in LM1 consists
of “simple” decay chains.

This makes it particularly

amenable to being
approximated well with a
3-particle OSET. ‘
96.4 W \/ \A %.0

Simplified model spectrum (SMS)
with 3 particles, 2 decay modes
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SMS: a few interesting features

9 _l I | ~I~ ‘J I | I~ | I~ | I 3

5 o 8001~ pp—->§d,§— q7,; m@>>m(@) 2
E > =~ IEEEEE Expected Limit =1 o exp. °
§ 8¢ § 700 5
S o 2 = 600_ oNEOHNEL 21 o theory £
I 3> | —— G + G, T84T =
@ € © —_—- | 8.
3 o= 500 - u_only Q
s 85 | CMS, 11.7 fb" 3
2 -0 400_(_’ . 107 O
5 >z S= 2

I R

g 300

© o

RO 200 1072

Es L

a .Y -

2= 100

c =

O 10°
300 400 500 600 700 §OO 900 1000
squark (GGV)
mg™®= 0.8 TeV : Best limit in plane Assumes 100%

BR for decay chain
considered. 21
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How to summarize SMS limits?

Approach taken in the 2012 and 2013 Experimental SUSY PDG reviews

[OB & Paul De Jong]:
http://pdg.Ibl.gov/2012/reviews/rpp2012-rev-susy-2-experiment.pdf
http://pdg.Ibl.gov/2013/reviews/rpp2013-rev-susy-2-experiment.pdf

DM Searches @ LHC O. Buchmiiller

Model Assumption mg m;

mg & mg 1400 1400

CMSSM all mg - 800
all mg 1300 -

Simplified model gg Mo =0 - 900

o > 300 - no limit

Simplified model Gg Mg = 0 750 -
o > 250 no limit -

Simplified _model Mgo= 0, mz =~ my 1500 1500
34, gq Myo= 0, all mg 1400 -

- 900

mzo= 0, all mg

T
- pp—>§§,§—>qu%§;m(ﬁ)»m(§)
Expected Limit +1c exp.
—— ONLONLL 41 6 theory

| CMS Preliminary, 11.7 fb', /s = 8 TeV.
800~ "cms ‘
600~ —

400F

200

= |

1 1 1 1 | 1 1
400 600 800

gluino

1000 1200 _ 1400
(GeV)

10"

10°

95% C.L. upper limit on o (pb)

This was an appropriate approach for the rather limited amount of inclusive searches
and corresponding SMS interpretations available in 2011 (7 TeV).

22
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How to summarize SMS limits?

Approach taken in the 2012 and 2013 Experimental SUSY PDG reviews
[OB & Paul De Jong]:
http://pdg.lbl.gov/2012/reviews/rpp2012-rev-susy-2-experiment.pdf
http://pdg.Ibl.gov/2013/reviews/rpp2013-rev-susy-2-experiment.pdf
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95% C.L. upper limit on o (pb)

Model Assumption mg m;
mg ~ mg 1400 1400
Qg all an o onn SqoooF T T T LI LT T T T LT T LTI '{.10
It is a challenge to do justice to the many searches and limits that |
Simpli have been established so far 1
- even more so to put it all together into the/a "bigger picture". ) _310_1
Simplified model §§ mgo = 0 750 - 4;5 “'*:-‘!‘?.'T :
Mo > 250 no limit - 200} ; 1102
Simpliﬁed~model Myo= 0, mgz =~ mg 1500 1500 - | I | e jl )
99,99 Mmgo= 0, all mg 1400 - 0200 600 800 1000 i:u(i)ncj('ej\z})oo 10
M= 0, all m; - 900

This was an appropriate approach for the rather limited amount of inclusive searches
and corresponding SMS interpretations available in 2011 (7 TeV). 23
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M sp
[GeV] 4

1000 -+

750 -+

500 -

250 -

Note: The following results are a May 2015 update
to PDG review September 2013.

http://pdg.Ibl.gov/2013/reviews/rpp2013-rev-susy-2-experiment.pdf

What are representative
SMS limits on the different

particles?
gluino/
> squarks |
Q
Z ‘; b
> charginos/ e b
T neutralinos :
400 — }:{: ::Ari g —— 4
300 's";%?sr sleptons
200 — i Tl /;
s . S
. R X __f{‘ e
100 — h .i‘]r Saps LSP
Mgysy
[GeV]
] ] ] ] 1L
I i i I 1 ) >
250 500 750 1000 1250 1500 24
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M sp

[GeV]

1000

750

500

250

Direct squark Direct stop in “qap” Gluino mediated
'T Mmsusy = Mg msusy = mj mSUSYO: mg
~ 0 { 0 g—qqxy = =
§—qy =— ltooa [ 1
| OMSarxiv:1502.04358  ATLAS ariv:1407.0608 & LIS o o A0e T
u~L—>uX(1) — - L 9= .Xl -
CMS arxivi502.04358 ¢ — bf /') mm Q CMS arxiv:1502.00300
b by” ATLAS arXiv:1407.0583 N g—tt) = =
1
ATLAS arXiv:1308.2631 7 . 11y 0 N\ ) L
4 oiond — o Direct xi x;
CMS arXiv:1308.1586 MSUySy = mxit
. +ym i
Direct slepton W\ o (heavy )
msusy = mj a N\, ATLAS
|:| 4& arXiv:1403.5294
A\ (e T
ATLAS: L X1 X1 (light 7)
T arXiv:1403.5294 L ‘\
VO
I
. | BR=100%
\ \ - all limits are
. . 4+ } - ‘ observed nominal
| Direct xi /x5 \I\I 95% CLs limits
. msuysy = mxli = mxg | RP conserved
+ : N —
\ X1 X3 (light 1) |
‘ " CMS: arXiv:1405.7570 *
y ! X x5 (heavy [) = . = [ mgysy
| CMS: arXiv:1405.7570 IJ [GeV]
I il fl
1 T 1 —>
750 1000 1250 1500 25




SUSY & DM Searches @ LHC O. Buchmdiller

M sp
[GeV]

1000

750

500

250

4

Direct squark  Direct stop in “gap” =~ .cucswew-nn-mis  mcomems |
% —'rI [ Iu\ - \I r ‘95°‘A7 C‘L Iir‘Ti\S‘. GS‘USY‘ no‘t in(‘:lud‘ed.‘ ]
P msusy = mg Mmsysy = Mg 5 omEn s piy | i e
_ 0 ~ 0 E s“ \L\‘dt=20.1-20,7'b x\\5=8TeV :zm %Egtgghz_z%gjgs E
§—qy =— ltooa [ NN L | S i
| CMS arXiv:1502.04358  ATLAS arXiv:1407.0608 EOON\y ] e 1';3:;:::%3 T
iy, =yl — i | EE
- t—=bff ) = =
CMS arXiv:1502.04358 X1 Il - ]
l~) N bX(1) e ATLAS arXiv:1407.0583 ) 5oo;— S -::'_:“_:;:'_'_'_‘_'_ t
A%:'_LAStari)(iVI1308.2631 _E_> WbX(l) Y, 400;—\\ \\ '“*\'*ws\;‘;‘;;;;;;;w; - E
% — C \\ \‘ 7
T X1 CMS arXiv:1308.1586 %4 S - ARVAR R A e SR e AT e I
0 0 1000 2000 3000 4000 5000 6000
m, [GeV]
Direct slepton A W\ EXTEEwT
msusy = mj a Ny ATLAS
]~R . ]i\/(l) ] ‘&4& ~ arX|v:140\’:’».5294~
o L N\ X7 x; (light 1)
- ATLAS: \ LAl
T arXiv:1403.5294 A
AR\ |
I
. \ | BR=100%
N - | @&llimits are
. \ - observed nominal
| Direct x; / x2 | 95% CLs limits
. Mmsuysy = mxi = mXO | RP conserved
1 X1 XQ(hght Z) }
‘ " CMS: arXiv:1405.7570
‘ \_ Xi X3(heavy I) — . — ' Msysy
I CMS: arXiv:1405.7570 IJ [GeV]
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Misp What does this imply for Linear Collider?

[GeV] 4
1000 -+
<&&
L
9
&"%
750 g
+ <4
&
C(Q
500 —+
Kinematic area covered
by a 1 TeV linear collider
/ 6 e XSUSYXSUSY
250 -+
Mgysy
[GeV]
| | | 1 >

| I I I

250 500 750 1000 1250 1500 27
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M sp

[GeV]

1000

750

500

250

Direct squark Direct stop in “qap”
'T msusy = Mg msusy = m;g
i—q — tood
| CMS arXiv:1502.04358 ATLAS arXiv:1407.0608
up, — wy) — B o
CMS arXiv:1502.04358 ¢ — 0f ["x1 1M
b —s by? ATLAS arXiv:1407.0583
1
ATLAS ari)(iv:1 3082631 ¢ ., i/ bX(f
—+ t—=>txy — _
CMS arXiv:1308.1586
Direct slepton
msusy — myj f !
- o
1 AmLas:

arXiv:1403.5294

Gluino mediated
msusy — My

g — qax) = -
N ATLAS a_rXiv:1405.7875
Q& g—bbx] = -
L CMS arXiv:1502.00300
quz Gt = =
V@)

Direct x{ x|

W\ X1y (heavy 1)
\. ATLAS
arXiv:1403.5294

‘\ X1 X1 (light 1)

\
I
\ 1 BR=100%
- ‘ all limits are
. + } - observed nominal
Direct X1 / X2 95% CLs limits

RP conserved
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M _sp Direct squark  Direct stop in “qgap” Gluino mediated
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Characterizing Dark Matter Searches

complete theory vs. simple interpretations

Example:
Effective Field Theory
Simplified models

DM Searches @ LHC O. Buchmiiller
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Mono-X searches at colliders

ETMiss trigger
Example Monojet

(8 TeV, 20.3 fb-1)
Et™iss  pr(j) > 150 - 900 GeV
1 or 2 jets (anti-kr,
R=0.4, p1>30 GeV)
|Adp( ET™8,j2)I>0.5

Example Monophoton

(8 TeV, 19.6 fb):
Et™ss pr(y)>140 GeV,
Nijet < 2 (anti-kt, R=0.5,
or>30 GeV)

Ad (v, ET™ss) 52,
(X2, Ao (jet, ET5) 0.4)
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ATLAS Mono-Jet: Comparison with Direct Detection

(\]'—1 -28 I I T T TTT [ I IIIIIII ! I IIIIIII
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S 1 0-34 — Xenon100 90% CL
- 7 — CMS 8TeV D5
g O . u CMS 8TeV D11
= | - -
3 c 10 .
(9]
2 S 436

o 10

‘
"

spin-independent

| | lllllll | | llllllI | | lllllll

1 10 10? 10°
WIMP mass m, [GeV]

WIMP-nucl
— — — —
Q 9 9 ©
B H B H
H N o

32



Imperial College

LU UV

ATLAS Mono-Jet: Comparison with Direct Detection
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qq axial-vector "T_i-')"}",x Y 4

qq tensor F’r PO Y0 g

gg scalar ‘Lv.f ya,(G5,)°
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WIMP-nucleon cross section [cm?]

spin-independent
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ATLAS Mono-Jet: Comparison with Direct Detection
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Mono-Jet analyses better than direct detection?!

DM Searches @ LHC O. Buchmuiller
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Claim [often madel]:
For low mass and the entire spin-dependent case monojet limits
are stronger than direct detection limits!
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Validity of Effective Field Theory Limits

Recent work from OB, M.Dolan,C.McCabe: arXiv:1308.6799
» Compare Effective Field Theory (EFT) with Full Theory (FT)

5
=]

E

2 q
G

T EFT

® approach
5

q
wn

=

(a)

g X

X ,
Use vector and axial-vector mediators (e.g. Z’ ) as example - scalar are similar in conclusion!

2500F SE— s
; i Region Il Region Il Region | 1
& 2000} '
< [ mpm=250 GeV
S 1500} = T'=/Mtyeq/87
= [ [=mMpeq/3
£ 1000}

) i —

O [ , i ]

® S00p XY x)@v.v a) 1

é L A2 ]
0 == ,

100

1000
Mmeq |GeV]

710000

9 X
o FT
Z :
one diagram
—s Q “simplified model”
X

Three Regions as function of mediator mass:

Region |: Heavy m,, 4

» EFT is valid!

Region [I: Medium m_ 4 — Resonant enhancement
» EFT limits are too conservative!

Region IlI: Low m
» EFT limits are far too aggressive!

med
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Validity of Effective Field Theory Limits

Recent work from OB, M.Dolan,C.McCabe: arXiv:1308.6799

q

EFT
approach

DM Searches @ LHC O. Buchmuiller

» Compare Effective Field Theory (EFT) with Full Theory (FT)

X q g X
M FT
Z :
one diagram
“simplified model”
Conclusion:

usey The EFT is not an appropriate framework for a comprehensive | sion!

Interpretation of DM searches at colliders and especially must

WW?ﬂ@n?ﬂ€

—_———

2500
z |
® 2000;
< L mpym=250 GeV
S 1500} = T'=/Mtyeq/87
R == [=Mpeq/3
;-E- 1000:—
- [
O [
§° 500F
0k

AZ

100 1000
Mmeq |GeV |

710000

. taken with very (as in VERY) special care when comparing with .
other experiments such as Direct Detection!

Region |: Heavy m,, 4

» EFT is valid!

Region [I: Medium m_ 4 — Resonant enhancement
» EFT limits are too conservative!

Region Ill: Low m,.4

» EFT limits are far too aggressive!
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Minimal Simplified Dark Matter Model

Based on work from :

DM Searches @ LHC O. Buchmuiller

OB, S. Malik, SM DM
M.Dolan,C.McCabe
arXiv:1407.8257 Mmed (I meq) s-channel
EEEEERN
84 &b
SM DM
Define simplified model with Consider comprehensive set
- DM : :
(minimum) 4 parameters of diagrams for mediator
Mediator mass| DM mass Dirac Scalar - Vector Axcial-vector
(Mmed) (Mpw) fermion real ecto
Majorana | Scalar -
8q gDM J Scalar Pseudoscalar

fermion | complex

(I eq Can also be free as long

As T, <M

med)
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Minimal Simplified Dark Matter Model

Based on work from :

OB. S. Malik, SM DM
M.Dolan,C.McCabe
arXiv:1407.8257 Mmed (I meq) s-channel
89 &D
QN1 AT

All this is also discussed in the recent DM forum, which brought
together experimentalist from ATLAS and CMS as well as theorists.

Def See: arXiv:1507.00966 sive set

. . L1l . .
(minimum) 4 parameters of diagrams for mediator
Mediator mass| DM mass Dirac Scalar - ,
. Vector Axial-vector
(Mmed) (Mbwm) fermion real

Majorana | Scalar -

gq gDM : Scalar Pseudoscalar
fermion | complex

(I eq Can also be free as long
As I eqe<Mieq) 39
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Collider vs Direct Detection
MDM Mmed
E ga | gom
Qs : \ : 1000-. — :
Vector: 90% CL limits \ | Axial vector: 90% CL limits |
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S S ' |
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a8 .7 o | \ ]
£ 10°k. —- —. ~ € 400t ‘.\ Collider
200 .
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. PP | R aassl 2 ...l.l L aassl el 0 ’ d
101 102 103 104 10° 0 200 400 600 800 1000 1200
M eq [GeV] arXiv:1407.8257 Mmeq [GeV]
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Scalar and Pseudoscalar

Philip Harris, Valentin V. Khoze,
Michael Spannowsky, Ciaran Williams

See also Buckley et al
arXiv:1410.6497

% arXiv:1411.0535
Scalar Pseudoscalar
000 EREERE RS e 00— ——— T
- . - g=g ]
g 3 —2T 5, g soe 2l .
=800 5 Tin — 58001 u=100 5 Tin -
Ep i 10 1"min éﬁ ] 10T, 8
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600 [ eeeee rrazeeen, —— 8 TEV 20fb" — 600} T8Tev 20fb"

i i 14 TeV 20fb™ i Bee14Tev 20" ]
400 = 400 =
200/ . 200} -

i 5 Scalar A - Pseudoscalar

0’_ llILlJllllllllllllllllljlll OZIA.I'AIIIlllAlllllllllljllllL-i
0 500 1000 1500 2000 2500 3000 0 500 1000 1500 2000 2500 3000
m,,.1GeV] m,,.GeV]
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Projections for Future Experiments: M__,vs Mg,

Based on work from :
S. Malik, OB, M.Dolan,
C.McCabe et al
arXiV:1409.4075

Limits from 8 TeV
monojet search and
projected limits for 3
LHC scenarios:

- 13 TeV 30 fb™

- 14 TeV, 300 fb™!

- 14 TeV, 3000 fb™

LUX 2013 limits and
projected limits for LZ

assuming 10 tonne-year

exposure

Discovery reach

accounting for coherent

neutrino scattering
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Projections for Future Experiments: o vs M,
Can be also shown in the ovs Mp,, plane ...
1032 P —— e L 10732 pmrrrre——— ey
. Spin dependent (Axial) 'y - Spin independent (Vector) | | |
' : imi | 107>} 90% CL projected limit o
10-34} 90% CL projected limits | X ] i % CL projected limits |
o | = = = HL-LHC14: gg=gom=1.45 | | _3g[ === HL-LHC14: g;=gpn=1.45 L
E g - HULHClggou=10 1 | 10 [—oo HolHClegigo=10 |1
O 1077 — — HL-LHC14:g,=gom=05 : 1 ~ jo-38[ T T HL-LHC14:gs=gou=05 | ||
= F = HL-LHC14: gg=gpi=025 | ! 1 -~ HL-LHC14: gg=gom=0.25 \
S 10°% | ! e 1040} Ly
- .o [ \!
2 | < 42| ’
~40 o » 1077}
Z 10 ‘ oo 10 i
S ; 10-44
0 10—42 N -
%% FLemeooTImTTIN 10746}
~44 | —_——— q
10 ;:’__i 10—48 -
10—46 - PTRPRWOR | PRRPRT RS | PR TP | P 10—50 aadaal hehddaidal PP T | heid baaaal "
1 10 102 10° 10° 1 10 10*  10°
mMpm [GeV] Mpm [GeV]

Direct Detection experiments and collider are complementary!
They are probing different regions of the relevant parameter space!
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Summary for most basic Mediator Interactions

... iIn a nutshell!

Basic Mediators

Vector
EWK like coupling
(assumed equal to all leptons).
Besides very low DM masses
DD wins clearly over collider!

Axial-vector
EWK like coupling
(assumed equal to all leptons).
DD and collider are equal in overall
sensitivity but probe different regions
of parameter space!

Scalar
Yukawa like coupling on SM side
(mass based on SM side)
DD and collider are equal in overall
sensitivity but probe different regions
of parameter space!

Pseudoscalar
Yukawa like coupling on SM side
(mass based on SM side)
No limits from DD (only from indirect
detection). Collider provides limits
similar in sensitivity to scalar limits
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own . Projections for future experiments
4000 - Example:
Axial-Vector Mediator
dsm=9pm=1
3000 —+
2000 <+
1000 -+
Myep
[GeV]
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Mpy —— Neutrino background
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Mpm
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Mpm
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Mpm
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Mo FCC 100 TeV 1ab — Neutrino background
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Fermi-Lat Excess: Indirect Detection vs Collider

Constraining the Fermi-LAT

excess with collider data.

Based on work from :
OB, S. Malik, C.McCabe, S
and B. Penning &
arXiV:1505.07826 Eg
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0.01L - Mom=45 GeV |
50 100 200 500
M, [GeV]

300F ' ' o
Expected 8 TeV 90% CL limit

| = Monojet: gsu=gom=1
250} —— Monojet:giﬂ:gﬁﬁ:S

- = Mr2:gsm=9gpm=1 N
200} =~ Mr2:gsm=gom=3 _ <~ \

L _ - - P “A\ \
150~ — — — - ! \

I /, \ \

7
100} 7 | \
7
I s | \
A A
0 100 200 300 400 500 600

Ma [GeV]

.
-— T
- -

gDM=1 N mDM=45 GeV

—— Fermi-LAT excess
—— Obs. 8 TeV

0.1}

— — Exp. 13 TeV 30 fb~"
0.01}

==== Exp. 8 TeV (10, +20) ]

—-= Exp. 13TevV300 b~ |

100

50 200

My [GeV]

500

9om

0.1t

0.01}

(ov) [cm3s~1]

arXiv:1409.0042
x10~25
1.0 I I I I - L 1
— 1(0.89) - VI (0.64)
...... I (0.15)  — VII (0.55)
08} | — mI(01s) e VI (0.04) [ 4
...... IV (0.90) — IX (0.19)
— V(0.20) - X (0.31)
0.6 |- ]
95% CL
04} :
02}

0.0 L
10 20 30 40 50 60 70 80 90
my [GeV]

mpm=45 GeV
M,=150 GeV |

e e Y

S e e e e — - e— = — — —




Imperial College
London

Fermi-Lat Excess: Indirect Detection vs Collider

Constraining the Fermi-LAT

excess with collider data.

Based on work from :

OB, S. Malik, C.McCabe,
and B. Penning
arXiV:1505.07826

Paper appeared yesterday
on arXiv

DM Searches @ LHC O. Buchmiiller

300 N T T |' .
Expected 8 TeV 90% CL limit
| = Monojet: gsu=gom=1
250+ —— Monojet:giﬂ:gﬁﬁ:S
- = Mr2:gsm=9gpm=1 N
< 200F ~ Mrzigsm=gom=3__ -~ \
(0] | P - Ve \ \
9} - /
2 150~ — — - ! \
2 | 7/ \ \
7
€ 100} v l \
7
s | \
A A
0 100 200 300 400 500 600

MA [GeV]

arXiv:1409.0042
x10—25
1.0 —T—T —
— 1(0.89) VI (0.64)
------ II (0.15) — VII (0.55)
08 | — mI(ois) e VIII (0.04) | A
~~~~~~ IV (0.90) — IX (0.19)
— V(0.20) - X (0.31)
0.6 - S .
95% CL .~
04 '
0.2 | f
00 ot l 1 lv 1 1 1
10 20 30 40 50 60 70 80 90 100

my [GeV]

Region excluded for pseudo-scalar model interpretation:

dom

gsm

001 | mDM'=45 GeV_

50 200

M, [GeV]

500

0.1}

0.01}

.
-— T
- -

gDM=1 N mDM=45 GeV
—— Fermi-LAT excess
—— Obs. 8 TeV

— — Exp. 13 TeV 30 fb~"

==== Exp. 8 TeV (10, +20) ]

—-= Exp. 13TevV300 b~ |

100 200

My [GeV]

50 500

9om

0.1t

0.01}

— e — — —

mpy=45 GeV
M,=150 GeV |

e e Y

S e e e e — - e— = — — —




Imperial College
London

DM Searches @ LHC O. Buchmiiller

Outlook: 8 TeV vs 14 TeV

Use parton luminosities to illustrate the gain of 14 vs 8 TeV

Higgs:
pp 2 H, H>WW, ZZ and vy 1000 . - -
mainly gg: factor ~2 L ratios of LHC parton luminosities: ,’l ,'i 4
[ 14 TeV/8TeV and 33 TeV /8 TeV ! oY
SUSY — 3 Generation: - susY
Mass scale ~ 500 GeV o 100k 99_ e | A
gq and gg: factor ~3 to 6 © -~ IqQ T
2 S
Scalar/Pseudoscalar Mediator § T 1
Mass scale ~ 2.0 TeV E 1ol Voo
= C 3
gg: factor ~20 = / Higgs =~ 28 I I
; H”_“,,—-mseev 11 :
SUSY — Squarks/Gluino: = ----""" N Lo
Mass scale ~ 1.5 TeV N RN R B bl S S
: ~ 10 100 1000 seatar 10000
dq,g99,qg: factor ~40 to 80 M. (GeV) Scalar/P
~2.0 TeV

Vector/Axialvector a la Z’ :

Mass scale ~ 5 TeV Increase in energy will help a lot!
qq: factor ~1000 53
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Summary

» So far New Physics has not revealed itself!

» In 2010 the LHC has enter new territory for New Physics searches and since then
pushed e.g. the (coloured) mass scale to the ~1 TeV scale and in some cases even
beyond.

» The LHC experiments have established an impressive variety
of very powerful direct searches for many different final

states!

» So far many of these searches are only interpret in dedicated models, while they do
possess also sensitivity for other scenarios. A good example are the missing
(transverse) energy searches, which, so far, predominately have been interpret in the
context of “SUSY” only.

» Based on these results we need to establish the “big picture” in order to understand if/
where our search strategy might have weak spots or even holes!

» This requires appropriate interpretations of the searches and a MEANIGFUL
comparison with other experiments — important example are DM searches!

» The LHC DM forum has made a first important step in this direction!

» The high energy running of the LHC starting 2015 will be our
next very (as in VERY) real chance for discovery!

The story continues ... stay tuned! 54
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BACKUP
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ATLAS & CMS public results

Most results presented in this talk (and many more)
can be accessed via the public page of the
ATLAS and CMS experiments:

DM Searches @ LHC O. Buchmuiller

ATLAS SUSY: https://twiki.cern.ch/twiki/bin/view/AtlasPublic/
SupersymmetryPublicResults

CMS SUSY :https://twiki.cern.ch/twiki/bin/view/CMSPublic/
PhysicsResultsSUS
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The full story

SUSY SUMMARY PLOT
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Direct squark production — chosen limits
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Gluino mediated squark production — limits chosen
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M _sp Direct squark Direct stop in “gap” Gluino mediated
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M _sp Direct squark Direct stop in “gap” Gluino mediated
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M _sp Direct squark Direct stop in “gap” Gluino mediated
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Direct chargino/neutralino production
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Resolving tension (g-2) and LHC
SM measurement
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Resolving tension (g-2) and LHC
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Resolving tension (g-2) and LHC
SM measurement
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ma@ 4000

3500~

DM Searches @ LHC O. Buchmiiller

NUHM1 -
1500t p-value 12%

[l stau coann.

B A/H-funnel B hybrid [ % coann.

B stop coann.

_9000

0

1000 2000
m,[GeV]

3000

4000

092€0°'0S | PUe 090180V | ‘0S2SCLEL

:sleded aponis)se|N Wwoi4

77



Imperial College
London

DM Searches @ LHC O. Buchmiiller

NUHM2

NUHM2: best fit, 10, 20

ma@ 4000

3500

p-value 11%

[l stau coann. B A/H-funnel B hybrid [ % coann.

B stop coann.

_P000 0

1000 2000
m,[GeV]

3000

4000

092€0°'0S | PUe 090180V | ‘0S2SCLEL

:sleded aponis)se|N Wwoi4

/8



Imperial College
London

MasterCode: The two worlds of SUSY models
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CMSSM Today: Mg-Mg Search plane
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CMSSM Today: Mg-Mg Search plane
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CMSSM Today: Mg-Mg Search plane
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CMSSM Today: Mg-Mg Search plane
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Models in Comparison in “Mqg-Mg Search plane”
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SUSY PROJECTION OF DIFFICULT
CHANNELS
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EFT VALIDITY REGION
ILLUSTRATED
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Effective Field Theory (EFT) Interpretation

q
& Example of considered operators:
:
§ O — (X/YMX) (C]%LQ) Vector operator, s-channel 9q X
O vV = g
Q A2 X
=
% q X
= Opy = (X%‘/%X) (Q’YMW5Q) Axial vector operator, s-channel

A2

Assumption of EFT

If the operator (e.g. V or AV) mediator is suitably(!!) heavy it can be integrated out to
obtain the effective V or AV contact operator. In this case (and only this case), the
contact interaction scale A is related to the parameters entering the Lagrangian:

A — Mmediator
v/ Yq9x

(relation in the full theory)
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Validity of Effective Field Theory Limits

Recent work from OB, M.Dolan,C.McCabe: arXiv:1308.6799
» Compare Effective Field Theory (EFT) with Full Theory (FT)

one diagram
approachﬁ Wsmphﬂed model”

Use vector and axial-vector mediators (e.g. Z ) as example - scalar are similar in conclusion!

DM Searches @ LHC O. Buchmiiller

logyo(ogrT / OFT)

» EFT limits are too conservative!
Region IlI: EFT yields significant stronger limits then FT
» EFT limits are too aggressive!

" Region Il
100 ¢ . .

10 100

: 7 Compare prediction of FT with EFT in m_ .4 — mpy, plane.
[ Region | 6 Three regions become visible:
5
=3 - 4+ Region |: EFT and FT agree better then 20%
S 1000 :- Region Il 1 4 > EFTis valid!
3 1 o Region II: EFT yields significant weaker limits then FT
B
11
10
-1
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Validity of Effective Field Theory Limits

Recent work from OB, M.Dolan,C.McCabe: arXiv:1308.6799
» Compare Effective Field Theory (EFT) with Full Theory (FT)

5
=]

E

2 q
G

T EFT

® approach
5

q
wn

=

(a)

g X

X ,
Use vector and axial-vector mediators (e.g. Z’ ) as example - scalar are similar in conclusion!

2500F SE— s
; i Region Il Region Il Region | 1
& 2000} '
< [ mpm=250 GeV
S 1500} = T'=/Mtyeq/87
= [ [=mMpeq/3
£ 1000}

) i —

O [ , i ]

® S00p XY x)@v.v a) 1

é L A2 ]
0 == ,

100

1000
Mmeq |GeV]

710000

9 X
o FT
Z :
one diagram
—s Q “simplified model”
X

Three Regions as function of mediator mass:

Region |: Heavy m,, 4

» EFT is valid!

Region [I: Medium m_ 4 — Resonant enhancement
» EFT limits are too conservative!

Region IlI: Low m
» EFT limits are too aggressive!

med
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Validity of Effective Field Theory Limits

Recent work from OB, M.Dolan,C.McCabe: arXiv:1308.6799

q

EFT
approach

DM Searches @ LHC O. Buchmuiller

» Compare Effective Field Theory (EFT) with Full Theory (FT)

X q g X
M FT
Z .
one diagram
“simplified model”
Conclusion:

usev The EFT is not an appropriate framework for a comprehensive | sion!

Interpretation of DM searches at colliders and especially must

WW?ﬂ@n?ﬂ€

—_———

2500
z |
® 2000;
< L mpym=250 GeV
S 1500} = T'=/Mtyeq/87
R == [=Mpeq/3
;-E- 1000:—
- [
O [
§° 500F
0k

AZ

100 1000
Mmeq |GeV |

710000

. taken with very (as in VERY) special care when comparing with .
other experiments such as Direct Detection!

Region |: Heavy m,, 4

» EFT is valid!

Region [I: Medium m_ 4 — Resonant enhancement
» EFT limits are too conservative!

Region Ill: Low m,.4

» EFT limits are too aggressive!
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What those this imply on model-dependences of EFT limits?
20 _" Relié delllsi'['y' Y - | Look at EFT validity in mpy, — coupling* plane!
too large \

15 Theory is non— f
| perturbative

8q 8y

10

R [ R
mpm [GeV]

* Coupling chose such that CMS EFT limit on A applies to FT 97



Imperial College

London
Model-dependences of EFT limits
20 j' Relic; del'lsitly DAY Look at EFT validity in mp,, — coupling* plane!
too large \
‘\ 1. Region in which EFT is valid
15 ; _ '
- ng%ﬁiggg f \‘). For this we calculate the minimum coupling
I S i - \/m:mmed/ACMS
o5 10t ‘ that the simplified model must have for the
' EFT limits to apply. This is defined by region |
\,\ P (i.e. better then 20% agreement of FT and
5'_ ’ EFT).
- EFT limit applies 1

10 100 1000
mpm [GeV]

* Coupling chose such that CMS EFT Ilimit on A applies to FT 98



Imperial College
London

Model-dependences of EFT limits

Look at EFT validity in mp,, — coupling* plane!

1. Region in which EFT is valid (20%)
2. Require compatibility with relic density

When exclude the region in which relic
abundance is larger then the observed
value of Q,,h?=0.119 only mediator masses
above a few hundred GeV fulfill this.

10 100 1000
mpm [GeV]

* Coupling chose such that CMS EFT Ilimit on A applies to FT 99
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Model-dependences of EFT limits

Look at EFT validity in mp,, — coupling* plane!

1. Must require m .4 < T eq

2. Region in which EFT is valid (20%)

3. Require compatibility with relic density
4. Require theory to be perturbative (<4r1)

When we also require that the region/theory
must be perturbative:

V9q9y < 4m

only a very small region is left!

10 100 1000
mpm [GeV]

EFT limits of monojet searches only apply to a very (as in VERY)
small class of DM models!
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Model-dependences of EFT limits

Look at EFT validity in mp,, — coupling* plane!

1. Region in which EFT is valid (20%)

2. Require compatibility with relic density
3. Require theory to be perturbative (<4r1)
b 4. Mg < T e ALWAYS!

>< L}
cg- ! ' 1 We also find that for all DM models the EFT
o5 10
- | 4 s valid the mass of the mediator must be
\ /"] Smaller than its width!

5[ ] - .
| EFT limit applies f . f _ In the reaming part of the plot:
———LL = L1 VYq9x > 2

0 L | a particle-like interpretation of the mediator

10 o 160 "“ ...16.00 is doubtful because of m_ .4 < eq!
mpm [GeV]

See discussion about equation 3.5 in
arXiv:1308.6799 for further details.
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What those this imply on model-dependences of EFT limits?
20 Look at EFT validity in mp,, — coupling* plane!
1. Region in which EFT is valid (20%)
15 2. Require compatibility with relic density
3. Require theory to be perturbative (<4r1)
N 4. Mg <l neqg ALWAYS!
Co
o 10
5
0
10 100 1000

mpm [GeV]

The observation that all DM theories for which the EFT is valid must have m_ .4 <4
and the small class to models it applies in any case leads to the conclusion the EFT
only applies to a very small class of DM models.

EFT limits of monojet searches are therefore highly model-depended!
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Collider vs Direct Detection
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Mono-Mania (at the LHC)
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Mono-Mania (at the LHC)

Mono-7 Mgno—photon

DM Searches @ LHC O. Buchmiiller
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