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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

g pattern. Many other NP models predict this genuine signature
£
S Slides from 2007
T
e 5 ' Nwimp
5 N6 ;. Missing Energy:
3 Ng N5 « Nwimp - end of the cascade
5 N1 . \ :
‘¢' q ! eV MUIti'Jet:
N2 NS .. Nwimp _-**  from decay of the Ns (possibly via

\ . heavy SM patrticles 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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Characterizing SUSY/DM Searches

complete theory vs. simple interpretations

Example:
SUSY Effective Field Theory
Simplified models

DM Searches @ LHC O. Buchmiiller
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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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Inclusive SUSY Searches in 2013

DM Searches @ LHC O. Buchmiiller
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Inclusive SUSY Searches in 2013

MSUGRA/CMSSM: tan(B) =30, A0 =-2m,, 4 >0 Lepton & Photon 2013
';' 1000 T I I I Il_l:\l.\l I I I I I I I I I LB I I | I I I I | I I I I |
ko & —7 N T L [ 95% CL limits. agua” not included. —
2 = CE=r \ TLAS Prellmlnary“"‘ - - Expected  (-lepton, 2-6 jets ]
< = 900 — IS 4 m== Observed  ATLAS-CONF-2013-047 —
S = - .~ Ldr=201-20710 15 =8 TeV T Expecsd  Olepton, 7-10 jefs -
R | A 3 === Observed ~ ATLAS-CONF-2013-054 ]
O - — ~ = Expected (-1 lepton, 3 b-jets -
@) 800 — qu 1800 Gev === Observed ATLAS-(F:)ONF-2013-(J)61 —
5 B T == Expected  ]-lepton +jets + MET 7
G L v T —'r_ ________ === Observed ~ ATLAS-CONF-2013-062 ]
n — \ \ == Expected  1-2 taus +jets + MET —
L 700 — \ \ m== Observed  ATLAS-CONF-2013-026 —
2 — \ ! Expected  2-SS-leptons, 0 - =3 b-jets ]
] — \ ! Observed  ATLAS-CONF-2013-007 7
wn B \. \ —
= 600 — —
2 E e Mg = 1400 GeV -
et U A i ek i~ ' - ----;

500 — | -Nommos) AN~ T T T T e T —— P e

%0 - whe ST NI

C i S o — T —
- \ \ \. l. | ! —
~ \ \. l. l. l. l -
300 — \ | i i i i —
B \ \ [ . | | | =

| | 1\ 1 I | 1 11 | I 1 11 | | I 11 | | | I | 1 11 | I 111 | |

1000 2000 3000 4000 5000 6000

LEP & m, [GeV]

Tevatron The LHC has pushed the mass scale in constraint SUSY models

to a new level!




Imperial College
London

Inclusive SUSY Searches in 2013
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Inclusive SUSY Searches in 2013

MSUGRA/CMSSM: tan(B) =30, A =-2m, 1 >0 Lepton & Photon 2013
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CMSSM: Evolution with time
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Source:

http://mastercode.web.cern.ch/mastercode/

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 Construnt Ax* Ay Ax*
Th./Ex. (CMSSM) | (NUHM1) (*SM7)
e [GeV] IS} 1732 £ 0.00 0.05 0.06 B
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Wz GV 1) U1.1875 + 0.0001 T 110 " 036 .
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Ohng 05| 76 / 04 11,540 £ 0.087 750 757 754
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An(£) 26| / 194 001714 + 0.00005 0.72 U.60 U.81
AdP;) 26 / |3 0.1465 + 0.0032 0.11 0.13 0.07
Re 76l /144 031620 + 0.00065 035 039 037
R 76! / 144 01721 T 00080 0002 1007 0002
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+0.0825y + 0.0505y5y
BR(B, 5> p'p ) [29] 7 A1 CMS & LHCh 0.04 0.44 0.01
BRg [29] / 14 1.43 + 0.43exp T 1.43 1.59 1.00
BR(Ba—» p™p) 290/ ab: < 4.6[+0.01gysy] = 1077 0.0 0.0 0.0
BRE T 471/ |46 0.09 + 0.32 0.02 < 0.01 < 0.01
BRy, [29] / 4% 1.008 + 0.014gxpn 0.39 0.42 0.33
BR":E‘%,“ 19/ |50] <45 0.0 0.0 0.0
AME 9] / 515 0.97 + 0.01pxp = 0.27sm 0.02 0.02 0.01
AMUI‘,-‘.’M
it [29) / @BUSIL52 1.00 + 0.01gxp + 0.135u < 0.01 033 < 0.01
Acy o0 39| / BL52 1.08 + 0.14gxpsTH 0.27 0.37 0.33
Qcpuh® B11 / 113 0.1120 + 0.0056 + 0.012sy5y 84x10~* 0.1 N/A
o ] Ty, on) plane I8 E] 0.1 N/A
——T T T T I
H/AH* 211 (M 4, tan 8) plane 0.0 0.0 N/A
Total x°/d.ol. All All I8, 22 P
p-values 15%
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CMSSM: Evolution with time
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MasterCode: The two worlds of SUSY models
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MasterCode: The two worlds of SUSY models
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CMSSM Today: Mg-Mg Search plane

DM Searches @ LHC O. Buchmiiller
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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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Interpretation in Simplified Models

CMSSM What the individual searches
. pair Production 66 @r'€ sensitive to is much more
Q ___10% QQ, :
= - s simple...
; o
S Mﬁf‘
g S—
|

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.
N/ v - 7
X 0

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

Direct stop in “qap’’ Gluino mediated
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SUSY Summer 2016

“Tough” VS “Easy”

tf, production, ;- b 7 X, / t—> ¢ ¥, /> Wb¥, /t—>1%  Status: ICHEP 2016
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m;, [GeV] CMS results very similar M) [GeV]

Energy increase has pushed significantly sensitivity for high-mass sparticles like
gluions and squarks but other signatures, like stop production, are still a challenge
needing much more data and possibly also more ingenuity.
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SUSY Summer 2016

11 b2 11 ”
Easy” vs “Though
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Energy increase has pushed significantly sensitivity for high-mass sparticles like
gluions but other signatures, like stop production, are still a challenge needing
much more data and possibly also more ingenuity. . 24
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Characterizing Dark Matter Searches

complete theory vs. simple interpretations

Example:
Effective Field Theory
Simplified models
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Mono-Mania (at the LHC)
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ATLAS Mono-Jet: Comparison with Direct Detection

]
—h
S

5

! T T T TTI ! ! IIIIIII I ! lIIIIII

ATLAS 90% CL B2 CRESST Il 20"
— -1 , £0
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I CDMS, 20
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— CMS 8TeV D5
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1 0-36 _
S 10°%E

2 1040 —
N

— — —
o o o
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B N o

DM Searches @ LHC O. Buchmiiller

WIMP-nucleon cross section [cm?

104
104
spin-independent
10‘46 | | | lllllI | | ! llllll | | | Illlll
1 10 10? 10°

WIMP mass m, [GeV]
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ATLAS Mono-Jet: Comparison with Direct Detection

| CMS 8TeV D11
1 0-36 qq vector v Yxar.g

qq axial-vector #.i’)")"‘,u'{h Yq
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: 10732 EFT operators I CDMS, 20
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ATLAS Mono-Jet: Comparison with Direct Detection
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Mono-Jet analyses better than direct detection?!

|_|10-27_I T T T T T T T T T roTTIg

A . . -27
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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)

one diagram
approach\/q“‘& W&mplmed model”

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

DM Searches @ LHC O. Buchmiiller

l0g1o(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_ ., — mpy plane.
L Region | 6 Three regions become visible:
5
=3 - 4+ Region |I: EFT and FT agree better then 20%
€ 1000 ¢ Region | 3 > EFTis valid!
EE | » Region II: EFT vyields significant weaker limits then FT
11
10
-1
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Validity of Effective Field Theory Limits

Recent work from OB, M.Dolan,C.McCabe: arXiv:1308.6799
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5
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» Compare Effective Field Theory (EFT) with Full Theory (FT)

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

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

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. Buchmiiller

» 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

>

¢ 2000¢
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E 1000}

. I _—

O 1 / ) .
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>%F 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 lll: Low m,4

» EFT limits are too aggressive!
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New LHC Dark Matter Working Group

This Working Group brings together theorists and experimentalists to
define guidelines and recommendations for the benchmark models,
interpretation, and characterisation necessary for broad and
systematic searches for dark matter at the LHC.

More details can be found at this page:
and the mailing list is **
Theory Representative: U. Haisch, M. Mangano
ATLAS Representative: A. Boveia, C. Doglioni
CMS Representative: O. Buchmueller, K. Hahn

**To join the WG mailing list, go to
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Minimal Simplified Dark Matter Model

Based on work from :

5 OB, S. Malik, SM DM
g€ M.Dolan,C.McCabe
S arXivi1407.8257 Mmed (I"mea) s-channel
s S.Malik, C.McCabe, EEEEEE
¢ OBJ.Ellisetal D
o arXiv:1409.4075 51 5
8 P.Harris et al SM
5  arXivi1411.0535 bM
-
Define simplified model with DM Consider comprehensive set
(minimum) 4 parameters of diagrams for mediator
Mediator mass| DM mass Dirac Scalar - ,
. Vector Axial-vector
(Mmed) (Mbwm) fermion real
Majorana | Scalar -
gq gDM farmi Scalar Pseudoscalar
ermion | complex

(I eq Can also be free as long
As I <M 36

med)
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Observed exclusion 95% CL
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Recent Results (Summer 2016): SD
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ICHEP 2016
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DM Searches @ LHC O. Buchmiiller

CMS Preliminary

Axial-vector med., Dirac DM

1074

1074

DM+ [EXO-16-039]

CMS

CMS observed exclusion 90% CL

. CMS DM+j/V_
. [EXO-16-037]
: CMS DM+y

. [EXO-16-039]

CMS DM+Z,
[EXO-16-038]

DD/ID observed exclusion 90% CL

Pico 2L
[arXiv:1601.03729]

Pico 60
[arXiv:1510.07754]

Super-K t*t
[arXiv:1503.04858]

IceCube t*t°
[arXiv:1601.00653]
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Recent Results (Summer 2016): S|
bl ICHEP 2016
2 — 107
E
S g 10-34 CMS Preliminary
@ = 35 Vector med., Dirac DM CMS observed exclusion 90% CL
o n10~ =025 =1
o © 10 9q *Iom CMS DMV
I 10736 [EXO-16-037]
& [EXO-16-039]
§ 107% CMS DM+Z,
2 _ [EXO-16-038]
= 107%°
[a)
1 0_40 DD observed exclusion 90% CL
—41
1007\ == CRESST-II
_42 T [arXiv:1509.01515]
10
43 CDMSLite 2015
10 T [arXiv:1509.02448]
1074 LUX 2015
T [arXiv:1512.03506]
107%
PandaX 2016
10746 = [arXiv:1607.07400]
1074
10 102 10°
mpy [GeV]
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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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Mpp
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Mpm
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104

075

While benchmarks are evolving, prejudices are altered, and search priorities
are changing, there is still a lot of interesting parameter space to be explored
and experiments will continue to push this important programme forward!

So, at least searches for SUSY are still very much alive!
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BACKUP
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ey o Projections for future experiments
4000 - Example:
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ey o Projections for future experiments
4000 - Example:
Axial-Vector Mediator
Ism=9pm=1
3000 —+
2000 <+
1000 -+
Myep
[GeV]
0 | ] i l l —
2500 5000 7500 10000 12500 1500053



SUSY & DM Searches @ LHC O. Buchmiiller

Mpm

[GeV]
4000 +

>

3000

2000 +

1000 -+

2500

5000

o
(]

WIMP-nucleon cross section [cm

—— Neutrino background

10—39
10—4()
10-41
1074

S,
10—43 \“36:’5(30

<

v b
' T SNoLa
10+ \ N

10_45 Neutrinos B N =
Neutrinos > " N
104 ‘
10_47 (Green ovals) Asymmetr
—48 ue ova
10 (Redg

VISSM: Pure Higgsino

""e;'\c and®
© MSSM: A funnel ) prrnosP” 1071

WIMP-nucleon cross section [pb]

@ MSSM: Bino-stop coannihilation

_50 * MSSM: Bino-squark coannihilation ) L L e Py
10~ 1 10 100 1000 1050 N
WIMP Mass [GeV/c?]
Axial-Vector Mediator
Ism=9pm=1 m
MED

[GeV]

] 1 J >
7500 10000 12500 1500054



Imperial College
London

DM Searches @ LHC O. Buchmiiller

The full story

SUSY SUMMARY PLOT
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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
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Direct squark production

chosen limits

Qi—axi
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Gluino mediated squark production — limits chosen
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pMSSM10: direct DM detection
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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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EFT VALIDITY REGION
ILLUSTRATED
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Effective Field Theory (EFT) Interpretation

q
& Example of considered operators:
:
i O — (X%JJX) (q%i Q) Vector operator, s-channel 9q X
O vV = g
Q A2 X
&
é q X
z Opy = (X%LVSX)(C]WM’VE)Q) 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 — Mmedz’ator
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
approach\/q“‘& W&mplmed model”

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

DM Searches @ LHC O. Buchmiiller

l0g1o(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_ ., — mpy plane.
L Region | 6 Three regions become visible:
5
=3 - 4+ Region |I: EFT and FT agree better then 20%
€ 1000 ¢ Region | 3 > EFTis valid!
EE | » Region II: EFT vyields significant weaker limits then FT
11
10
-1
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Validity of Effective Field Theory Limits

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

2500 T T
= - Region lll Region Il Region 1
& 2000} |
< [ mpm=250 GeV
S 1500F —— T'=/Mtypeq/87
h— [ — = F:mmed/'?:

5 1000}
- i S
@) i | ) ]
& 500 XY x)@v.ra) 1
R [ A2 ]
)] 5= ., M, , .,
100 1000 10000

Mmed [GeV]

5
=]

E

z q 9 _x
G

T EFT

© approach

5

§ q X
=

[a)

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

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

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

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. Buchmiiller

» 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

>

¢ 2000¢

< L mpy=250 GeV

S 1500F —— T'=/Mtypeq/87

= F = [=mipeq/3

E 1000}

. I _—

O 1 / ) .

¥ 500 Xy Y ) @v.r a) 1

§ i A2 ]
O—...u ) y o L ) .,

100 1000 10000

Mmeq |GeV |

>%F 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 lll: Low m,4

» EFT limits are too aggressive!
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What those this imply on model-dependences of EFT limits?
20 f' Relié delllgit'y Bl '\',' S | Look at EFT validity in mpy, — coupling* plane!
too large \

15F Theory is non— f
| perturbative

8q 8y

10

5L

T [ R
mpMm [GeV]

* Coupling chose such that CMS EFT limit on A applies to FT 95
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Model-dependences of EFT limits
20 jl Relic; deI'lSit'y DAY Look at EFT validity in mp,, — coupling* plane!
too large \
‘\ 1. Region in which EFT is valid
15+ ; _ '
! T};g%ﬁiggg f \1 For this we calculate the minimum coupling
S o0 T i - T m:mmed/ACMS
o5 10 ‘ 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‘_ i EFT).
- EFT limit applies f

10 100 1000
mpm [GeV]

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

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.

8q 8x

10 100 1000
mpm [GeV]

* Coupling chose such that CMS EFT limit on A applies to FT 97
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Model-dependences of EFT limits

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

Must require m_,.q < I eq

Region in which EFT is valid (20%)
Require compatibility with relic density
Require theory to be perturbative (<4)

o~

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

VO9qGy < 4T

only a very small region is left!

10 100 1000
mpMm [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 (<4m)
_ 4. Mg <l neqg ALWAYS!

Do - ]

°§. i | | We also find that for all DM models the EFT

o5 10

- | 41 Is valid the mass of the mediator must be

\ 7/ | Smaller than its width!

5[ ] - .
| EFT limit applies f O 1 _ In the reaming part of the plot:
" = L1 V9q9x > 2

0 [ ' a particle-like interpretation of the mediator

10 o 160 o '”1600 is doubtful because of M.y < eq!
mpMm [GeV]

See discussion about equation 3.5 in
arXiv:1308.6799 for further details.

99



Imperial College

London
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 (<4m)
- 4. Mg < T heqg ALWAYS!
&0
o5 10
5
0
10 100 1000

mpMm [GeV]

The observation that all DM theories for which the EFT is valid must have m_ 4 < g
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
_ Mbm [Mmed
Q
=]
E , DM
g Vector Axial vector 9q |9
m
C 1.00k ( \- p [ \ Axial vector . \ \
: : > N\, 1.50 | \' 90% CL limits AN
G L ~ _-7 2K o]
£ 0.50f \ T \!
; - e — — — -
C
2 ool Vector: 90% CL limits | 4ol
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2 —— LUX 2013 =
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