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" The Large Hadron Collider at CERN
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pp, B-Physics, —
CP Violation

LHC 27 km long
100m underground

characteristics
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Why is SUSY so attractive?
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Quadratically divergent quantum corrections to the
Higgs boson mass are avoided

Amy = f(m% — m?c)
,° " ™. Korrekturen (A?) e
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(Hierarchy or naturalness problem)

Unification of coupling constants of the
three interactions seems possible

SUSY provides a candidate for dark matter,

The lightest
SUSY particle
(LSP)

A SUSY extension is a small perturbation,
consistent with the electroweak precision data
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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
~ ~ v
G e } ,p) T )

( '
~ f e &~
& ' ‘ ;
Graviton

Quarks 0 Leptons . Force particles

Higgs
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Gravitino

Squarks  Sleptons o Susy
Force particles

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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Mass / GeV

A “typical” SUSY Spectrum

Use the famous SPS1a benchmark point for illustration

[m,=100, m,,=250, tan=10, A,=-100, p>0]
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CMSSM
my,m,,,tan 5, A, ,sign(u)

Advantage:

> Only four free
parameters (when
sign(u) fixed)

» One of the most
studied incarnations
of the MSSM

Disadvantage:

> Not generally
representative of
SUSY (e.g. fixed
mass relation
between M

MLSP)

gluion and
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Rediscovery of the SM at a new energy frontier

ATLAS Preliminary

W/Z & ttbar(+jets) LHCPpis=7TeV
are: the main

backgrounds for
SUSY searches

Theory

LHC pp \s =8 TeV

o Data (L=0.035-4.61b")
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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

Missing Energy:
* from LSP

Direct SUSY Searches, 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 ...

12
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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

Direct SUSY Searches, O. Buchmiiller

- Nwimp
q 'l
N6 ;'//' 10 Missing Energy:
N4 N5 » Nwimp - end of the cascade
N1 . i
. q ! oV Multi-Jet:
N2 N 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.

13
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Early SUSY Search Strategy at the LHC

Gluino - Gluino

Search Signatures

» SUSY-like decay chains range from short to long

and simple to very complicated.

» All physics objects, MET, jets, leptons, photons, b’s

taus, tops, W, Z, etc are involved

» Comprehensive coverage of all possible signature

requires a topology oriented search strategy:
References Analyses

+,0 +,0
l ol | x | ~X
[ x50 |7
| — T
gqqttbbth - qa th bbtt  qq thbbtt 99 thbbtt
wz0 w*z°% ¢
wEz0 ¢
Squark - Squark
l O | X" | x =0
J x=° |7
| | T
gt b g tb gtb atb
w*z0 w*Zz0° ¢
w*2z0 ¢
Squark - Gluino
] 0 T
l_ | X:t,o — Xi’o
| v | —
qtb q t_b g tb qgtob
qq tE bbb qq tt bbb gth 4tb
W ESA EIA

0- 1-lepton|] OSDL | SSDL =3 2- y+lepton
leptons leptons | photons
Jets + Single [ Opposite- fSame-sign]  Multi- Di-photon | Photon +
MET lepton + sign di- jdi-lepton +] lepton +jet + lepton +
Jets + lepton + jets + MET MET
MET jets + MET
MET

Already in less then two years of operation
ATLAS & CMS managed to carry out
the full list of these core

“SUSY References Analyses”!
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Inclusive SUSY Searches in 2013

MSUGRA/CMSSM: tan(B) =30, A0 =-2m,, 4 >0 Lepton & Photon 2013
';' 1000 I I I IL[C\I.\I I I l I I I I I l II_ [ [ [ [ [ [ [ [ [ [ [ |
ko, 3 7 N T L \| 95% CL limits. o§YSY not included. .
E ‘_rl\l 900 : LSP 1-LAS P rellmlnary\ T -- Expected 0_|ept0n' 2-6 Jets :
G = — a8 == Observed ~ ATLAS-CONF-2013-047 —
E <3 - .~ L de=2017 207 fo 15 =BTe -~ Expeced  Odlepton, 7.10 jets .
S B \‘ me= Observed ~ ATLAS-CONF-2013-054 7]
— == Expected Q-1 |epton, 3 b-jets —
) 800 — ) ‘\ \‘.\. qu = 1 800 Gev === Observed ATLAS-(FI)ONF-2013-(J)61 —
& - —— ~ — Expected  1-lepton +jets +MET N
% L \ ‘ v T -r -------- === Observed ~ ATLAS-CONF-2013-062 7]
Q - \ \ \ == Expected  1-2 taus +jets + MET —
g 700 — \ \ === Observed  ATLAS-CONF-2013-026 —
0 — \ ! Expected  2-SS-leptons, 0 - =3 b-jets ]
A — \\ ‘;\ Observed  ATLAS-CONF-2013-007 ]
g 600 — | | =
B AN W S, e : ! F
500 —
400 — : -
u \ i. @ |
— ' . l. l. !
300 — | ] i i |
— \ \ | . i [ |
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Inclusive SUSY Searches in 2013

my, [GeV]
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MSUGRA/CMSSM: tan(B) =30, A0 =-2m,, 4 >0 Lepton & Photon 2013
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O-lepton, 7-10 jets
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ATLAS-CONF-2013-061
1-lepton +jets +MET
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'rll‘l‘ﬂu|||||||||||||||1

\ \ "T ________ === Observed  ATLAS-CONF-2013-062
\ \ \ == Expected  1-2 taus +jets +MET
\ \ mm= Observed ~ ATLAS-CONF-2013-026
\ L Expected  2-SS-leptons, 0 - =3 b-jets
\ Observed  ATLAS-CONF-2013-007
_____ N ( |

.-—_—___.
o e -

11111111

2000 3000 4000 5000 6000
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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(f3) =30, A0 =-2m,, 4 >0 Lepton & Photon 2013
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Impressive variety of powerful SUSY
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searches have been executed
but onIy I|m|ts (at Ieast so far).
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Tevatron B The LHC has pushed the mass scale in constraint SUSY models
= @ {0 anew level!
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CMSSM: Evolution with time

Direct SUSY Searches, O. Buchmiiller

45.0
42.5
40.0
137.5
135.0
-32.5°‘><
130.0
27.5
25.0
22.5
20.0

asTeRcooe

1000
m,[GeV]

2000 3000 4000

X2increase from
bluish to reddish

MaSTEeRcope

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

Source:
http://mastercode.web.cern.ch/mastercode/
Observable Source Construnt Ax® Ax Ax®
Th./Ex. (CMSSM) | (NUHM1) (*SM7)
e [CeV] I 1732 £ 0.00 0.05 0.06 .
Aol (Mz) 32 0.02749 + 0.00010 0.009 0.004
Mz CeV 1% O11875 + 0.0021 T7x10 © 025 -
Tz [GeV] 26| / 134 2.4952 + 0.0023 + 0.001susy 0.078 0.047 0.14
Thad 105] 6] / 134 11,540 = U.087 750 757 754
Ry 26| / 144 20.767 £ 0.025 1.05 1.08 1.08
An (L) 6| / 144 001714 £ 0.00005 073 0.60 0.81
A P) 26 / |34 0.1465 + 0.0032 011 0.13 0.07
Re 6] / 134 031620 £ 0.00068 035 039 037
R 26! / 134 01721 £ 0.00S0 0,002 0,002 U.002
Ap,(b) SREE 0.0992 + 0.0016 717 7.37 6.63
Am(c) 76 7 144 00707 + 0.0035 PE RS 080
As 26 / 134 0.923 + 0.020 0.36 0.36 0.35
A 6] / 134 0,670 + U027 0005 U.005 U.005
A¢(SLD) 26 / 134 0.1513 + 0.0021 3.16 3.08 3.51
sin On (Qrs) 26| / 134 0.2324 + 0.0012 0.63 0.64 0.50
Mw [CeV) 6] / 144 B0.500 + 0.003 + U.010susy 177 1.90 P
an " —an = / [A2,54 (W2 LS8+ 2 0susy) = 10 © 135 T.80 11.10 (N/A)
My, [GeV] 7 / 55,56 > 1143751 55usy] 0.0 0.0 0.0
BRy |35l / 3k 1.117 + 0.076gx p 1.83 1.09 0.94
+0.0825y + 0.0505u5y
BR(B, > p'p) [29] / A1 CMS & LHCH 0.04 0.44
BRp . [29] / 3k 1.43 + 0.43exp,h 1.43 1.50
BR(Ba—»p™p) 29] /146 < 4.6[+0.01gygy]| = 107~ 0.0 0.0
BRE 7 a7)/ |4b] 0.09 + 0.32 0.02 < 0.01
BR;":;Z“ 29] / A% 1.008 + 0.014gxpTH 0.39 0.42
BR,, > 39/ |50] <45 0.0 0.0
AMg 9 / BL52 0.97 + 0.01gxp = 0.27sm 0.02 0.02
AN T
s [29] / BB51.52 1.00 £ 0.01gxp = 0.13sm < 0.01 033
aMpy
Acg 19 / 5152 1.08 + 0.1dsxp,a 027 037
Qcpuhb 811 / 09 0.1120 + 0.0056 + 0.012susy | 84x10° 0.1
ay 75| (m o, 07" ) plane 013 0.13
e T B T (miox iy /2 Plane 155 T
H/AH* 21 (M 4, tan 8) plane 0.0 0.0
Total x°/d.or. Al Al TRR22 | 2T |
p-values 15% 16%
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CMSSM: Evolution with time
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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 define new benchmarks and less
complex SUSY models in order to present the
interpretation of their searches.

Direct SUSY Searches, O. Buchmiiller

» Aided by the discovery of a Higgs boson, the
focus of the experimental search strategy and
corresponding interpretation shifts towards other
scenarios like “Natural SUSY” (i.e. 3" generation
squark searches).

20
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Interpretation in Simplified Models

CMSSM What the individual searches
. pair Production 66 @r'€ sensitive to is much more
g e 10% 0,Q, )
= - s simple...
; A
: Qj
g)'j 07 .i,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.
N/ v - 7
X 0

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

’>\ _| | | ~|~ ~| | | |~ | |~ | T 3

> o 8001 pp—§4,§—qx;m@>>m(@) 2
E 2 S IEEEEE Expected Limit =10 exp °
: 8o 70OF 5
S o 2 = | oNtONtL+16 theory =
8 g > 600~ __ q +q T+d+S+¢ =
5 E® i 0
A o o= 500———'UL0nlv Q
5 G E - 1 >
n -1 = ] ) i
48 O 400_\/07M_S,117fb 1010
5 o Z S= 2

F2 T R0T T T Y

Mo

© o

RO 200 102

e s L

o, -

2= 100

c =

O 10°
300 400 500 600 700 ?00 900 1000
squark (GeV)
mgM#= 0.8 TeV : Best limit in plane Assumes 100%
BR for decay chain

considered. 22



Imperial College
London

How to summarize SMS limits?

Approach taken in the 2012 Experimental SUSY PDG review
[OB & Paul De Jong]:

http://pdg.Ibl.gov/2012/reviews/rpp2012-rev-susy-2-experiment.pdf

Direct SUSY Searches, O. Buchmililler

Model Assumption mg mg
mg & mg 1400 1400
CMSSM all mg - 800 T R |
all mz 1300 - % [ =---- Expected Limit =10 exp. 2
g £1000[- —— oNLONL +1 5 theory S
. . o _ L CMS Preliminary, 1.7 f6', /s = 8 TeV. 31 E
Simplified model gg mgo = - 900 wof -
mzo > 300 - no limit i : 3
X1 600 o : m=E E 107 (2
Simplified model g~ mgo = 0 750 . b ot EEE
Mg > 250 no limit - i - | W
1 200 TR |
Simplified model ~ mgo= 0, mz ~ m; 1500 1500 By ! g i i
. ~E ! 040 600 800 1000 1200 1400 10°
99,99 mgo= 0, all mg 1400 - aro (GEV)
mzo= 0, all m; - 900
1

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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How to summarize SMS limits?

Approach taken in the 2012 Experimental SUSY PDG review
[OB & Paul De Jong]:
http://pdg.lbl.gov/2012/reviews/rpp2012-rev-susy-2-experiment.pdf

Direct SUSY Searches, O. Buchmililler

Model Assumption mg mg
mg = Mg 1400 1400
CMSSM all Mg - 800 Stogo T L L g LT ] {l10 )
It is a challenge to do justice to the many searches and limits that | #
Simplifi have been established so far 13" <
- even more so to put it all together into the/a "bigger picture". | W
: ol m e 1 3190
Simplified model g Mo = 0 750 - . " I_ 1] &
mgo > 250 no limit - f ' 102
1 200+ i
Simplified model ~ mgo= 0, mg = mg 1500 1500 . = 4I
! “400 600 800 1000 1200 1400 10°

G4, 94 Mgo= 0, all mg 1400 - | Moo (GeV)

mgo= 0, all m i 900 r

This was an appropriate approach for the rather limited amount of inclusive searches
and corresponding SMS interpretations available in 2011 (7 TeV). 24
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M sp
[GeV]

1000 -+

>

What are representative
SMS limits on the different
particles?

gluino/
> squarks
3
3 i ;;?L {2
500 = L cha[giqosl R = gf
3 neutralinos
go0- H H* o ——
A° X3 =0 s !
Xg — 2
j00-  Higgs
sector sleptons
200 —~ f’LL '-‘.e,.zi x(zl _.%;'—' X‘ﬁ
250 T wo- e 1
Mgysy
[GeV]
0 } 1 t +—
0

250 500 750 1000 1250 1500 25
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Direct squark production — chosen limits

G — qx] 1’
7 -~ e ~0 ~
— 7__—----- Xy - Xi %
(]
3 -0 =0 %
E 7 ————— X B 0 nY i T—e----- %! X1
@]
S -
@ [c& 1 b
< _/ = ] = U
O CMS Preliminary, 19.5 fo”, (s = 8 TeV 600 o |
— =>4 o b e A susY hd L0
Y S S Ob: d limit (1 t{, production, t— t
3 3 PP —>§3,d — q%. NLO+NLL exclusion 0 £5 [ ATLAS Preliminary |7 R P 40— ——T— o
L () _ 1 c o~ 1 Expected limit (+1 ) 8 L N = Observed limit z1amow) i
O = 500 = Observed = 10'heory CE 500+ Ldt=20.1 5" \s=8Tev = asol ATLAS Preliminary —— . Expected limit (+10,,,) n
8 E’ 222 Expected = 1 Oexperiment & - ' ' B coF 2657 H - 1-lepton +iels+E’T""s’ ) .Expecled limit (HCP12) ]
il £ - NEW g [ Alllimits at 95% CL ] D052t i 00— Al limits at 95% CL i
B ~ o~ o~ e 1 A _ : ) | Ldt=20.7 15", V=8 TeV
G 4001 — q,+q, (Udsc) ,—S ¢ 400 N A —— ATLAS 2.05 b 1s=7 TeV - - . 8
) B =< ] < B ) . 2501 = . —
n e 1 1 < C L _ L oA I SN -
+ e I o8 ] S 300F A, /gl i | T e >N\ T a
@] by 101 E B s 200 L . 20
D 300(- . - £ e i A /- A\, 1
a . N\ N B b C 150{— /o o\ —
NN € 200 = L & v\ 4
200 “\ :I i — -2 : : E 1 OO I ’&\\ ) " II‘ “‘“\ ]
[RY | = 10 | - ‘l | & 0 i
HERE b B 1 I W
vV S 100 - s ¥ -
V1= s % L || ! i
100 ; o - e E A TR R RRRE L 1L
Y e M B s O Y I | %00 300 400 500 600 700 800
300 400 500 600 700 800 900 1 000 O 11 l 11 1| l 111 | l 11 1| 1 10 £ 1 11 m [GeV]
GeV 100 200 300 400 500 600 700 8 &
my (GeV) m: [Gev] [

ATLAS-CONF-2013-053
Signature: 2 b-jets + E™s

CMS-SUS-PAS-13-012
Signature: Jets + EMss+H,
Limit assumes all 1st & 24 gen
squarks to be mass degenerate
or only one light squark!

ATLAS-CONF-2013-037
Signature: 1Lepton + jets +
ETmis

26
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M sp
GeV]

Direct squark
mgsusy — Mg

1000 - G — g} CMS-PAS-SUS-13-012

750 -t

b — by ATLAS-CONF-2013-053
t — tx ATLAS-CONF-2013-037

250 500

BR=100%

all limits are
observed nominal
95% CLs limits
RP conserved

750

Mgysy
[GeV]
+ +—>
1000 1250 1500 27
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M sp
[GeV] 4

1000 ==

750 -

500

Direct squark
mgsusy — Mg

§ — qx)CMS-PAS-SUS-13-012 (8x mass

L, — X CMS-PAS-SUS-13-012
b — by ATLAS-CONF-2013-053
t — tx ATLAS-CONF-2013-037

q

CMS-SUS-PAS-13-012
Signature: Jets + E/Miss

Limit assumes only one light
squark (e.g. u,) and decoupled

gluino (as before).

CMS Preliminary, 19.5 fb™, /s = 8 TeV
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Direct SUSY Searches, O. Buchmiiller

M sp Direct squark Direct _ 0 || - ol 0 | .
[GeV] 4 Msusy = Mg squark q—=aqxy (UL = gxa|b—=bxy | Tt
1000 & G — qxiCMs-PAS-SUS-1{ Bestlimit: ~ ~850  ~500 ~650  ~650
i — qxicms-Pas-sus-14 LGV
> 0 No limit for ~ 300 ~120 ~270 ~260
b — bx7 ATLAS-CONF-201 M, o-[GeV]

750

500

250

——

+ — +1/U ATI AS-CONF-2013-037 Ay
Direct squarks:
Better control of background estimates via b-tagging and special
topology signatures like many jets per event. This allows for a
higher sensitivity on direct stop and sbottom production.

1st & 2nd generation squark limits are only better than the 3rd

generation when assuming eight-fold mass degeneracy! %
Attention: limits on single squarks are rather weak! inal
RP conserved
Msysy
[GeV]
i — | | —
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Gluino mediated squark production — limits chosen
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CMS Preliminary, 19.5 fb*, \s =8 TeV
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z::Expected £10,
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Signature: Jets + H; + E/m'ss
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95% C.L. upper limit on cross section (pb)
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Signature: : Jets + b-tag + E;mss

%

production, § — tf+§{?, m(@) >>m(@) L™ =20.1 b, {s=8 TeV
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ATLAS Preliminary === Expected limit +10,,,

SUSY —
0 and 1 lepton + 3 b-jets channels

Theory
0- + 3 b-jets, 12.8 fb
All limits at 95% CL
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ATLAS-CONF-2013-061
Signature: 0/1 Leptons +
3 b-tag + E/M's
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Direct SUSY Searches, O. Buchmiiller

M sp

[GeV] 4
1000 4 G — gx}CMS-PAS-SUS-13-012

750

500

250

-+

Direct squark
mgsusy — Mg

U7, — wX CMS-PAS-SUS-13-012
b — by ATLAS-CONF-2013-053
t — tx ATLAS-CONF-2013-037

Gluino mediated
msusy = Mg
~ _ 0
g — qgxq
CMS-PAS-SUS-13-012

g — bBX(l)
CMS-PAS-SUS-12-024
g — tt_X(l)
ATLAS-CONF-2013-061

BR=100%

all limits are
observed nominal
95% CLs limits
RP conserved

Mgysy
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750

1000
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Gluino mediated: Gluino mediated

Similar to direct squark production; msusy = Mg
better control of background via X gM:Pz(é)élu S 15010
b-tagging and special topology N T

signatures (e.g. many jets) provide 3 g — bbx

higher sensitivity on gluino decay » CMS-PAS-SUS-12-024

chains involving stops and sbottoms.

Direct SUSY SearCheS, Q R irhmiillar

500 —+

Direct
g —qaxi| g —bbxi| g — thxd

Best limit: ~1200 ~1200 ~1400

F
\

g — tfx?
ATLAS-CONF-2013-061

BR=100%

all limits are
observed nominal
95% CLs limits
RP conserved

[GeV]
No limit for ~480 ~650 ~700 Msysy
M_splGeV] [GeV]
0 A el —] i | —
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Direct SUSY Searches, O. Buchmiiller

M sp
[GeV] A

1000 +

750 -+

500 -+

m(x©) [GeV]

Mind the gap!

Am =m(t) - m(X")

Am < m(W) mW)<Am<m(t) Am>m(t)

A

m(t) [GeV]

BR=100%

all limits are
observed nominal
95% CLs limits
RP conserved

250

| Msysy
‘ [GeV]
j - } —
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Dedicated searches for direct stop-pair production
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Stop decay to charm and neutrallno

~1 t, production, 'f Sc+%
350

min [GeV]

"300

Observed limit (£1 ctshzf:,)

Expected limit (x1c,,,) Qo
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All limits at 95% CL z
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Direct SUSY Searches, O. Buchmiiller

ATLAS Preliminary [Ldt=2030", Vs=8 Tev
Charm-tagged + Monojet-like selection

’I// I 1 1 1 1 I 1 1 1 1 [ 1 1 1 1 I 1 1 1 1

o
L

IIII|IIIIIIIII|I[II|‘|\III|IIII\'

Ty

150 200 250

ATLAS-CONF-2013-068:
Two different selections:

» Monojet-like selection

300 350
m- [GeV]

to cover region close to ‘diagonal”
» MVA based c-tag selection
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Direct SUSY Searches, O. Buchmiiller

M sp
[GeV]

1000 L ¢ — gx\cMs-PAS-SUS-13-012

750

500 == £—> CX

=,

Direct squark

mgsusy — Mg

U7, — WX ICMS-PAS-SUS-13-012
b — by ATLAS-CONF-2013-053
t — tx ATLAS-CONF-2013-037

Gluino mediated
Mmsusy = Mg
~ _ 0
g — 449Xy
CMS-PAS-SUS-13-012

g — ng(f
CMS-PAS-SUS-12-024

g — tt_X(f

" Direct stop in “gap”’ é% ATLAS-CONF-2013-061
msusy = m;g &{\o\) ,
e )
7 0 CDF:1203.4171 ALSP
— CX1 D0:0803.2263 /msusY
0 ATLAS-CONF-
1 2013-068
t — WbxY S BR=100%
CMS-PAS %‘2 all limits are
-SUS-13-011 &@\) observed nominal
. 95% CLs limits
RP conserved
Msgysy
[GeV]
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Direct SUSY Searches, O. Buchmiiller

M sp Direct squark
[GeV] 'T msusy = Mg

1000 L ¢ — gx\cMs-PAS-SUS-13-012
U7, — WX ICMS-PAS-SUS-13-012

b — by ATLAS-CONF-2013-053
t — tx) ATLAS-CONF-2013-037

™0 T Direct stop in “gap”

msusy = My

~ 0 CDF: 1203.4171
t — CX7 Do: 0803.2263

o 0 ATLAS-CONF-
500 ¢ — e 2013-068

t — Wb}
CMS-PAS
-SUS-13-011

Best limit:
[GeV]

Gluino mediated
Mmsusy = Mg
~ _ 0
g — 449Xy
CMS-PAS-SUS-13-012

g — ng(f
CMS-PAS-SUS-12-024
g — tt_X(f
ATLAS-CONF-2013-061

BR=100%

all limits are
observed nominal
95% CLs limits
RP conserved

No limit for Mgysy

M_sp[GeV] [GeV]
>4 — 1 —>
500 750 1000 1250 1500 37



Direct SUSY Searches, O. Buchmiiller

m(@.) [GeV]
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Direct SUSY Searches, O. Buchmiiller

My sp
[GeV] ?

Direct squark
mgsusy — Mg

1000 L G — gx\cMs-PAS-SUS-12-028

Gluino mediated
Mmsusy = Mg

d — qqx}

U7, — U)X ]CMS-PAS-SUS-12-028 Q& ATLAS-CONF-2013-047
b — by ATLAS-CONF-2013-053 g — bby
1 %Q 1
t — £V ATLAS-CONF-2013-037 ¢ CMS-PAS-SUS-12-024
/ ~ =0
: : — Tty
750 -+ Direct stop in “gap” 9 1
msy Syp: mg = éé ATLAS-CONF-2013-061
- S
- CX? ATLAS-CONF-2013-068 N\
~ ) ) Z th
PN WbX(l) gl\él_%ﬁAS SUS AP
. sUuSY
Direct slepton m
500 -H- QQ
L — 1) <&
ATLAS-CONF- Q X _
2013-049 ®v% D{\) BR=100%
7 +.0 VAR all limits are
lr — 1 X1 &@\)% observed nominal
95% CLs limits
RP conserved
Mgysy
) [GeV]
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Direct SUSY Searches, O. Buchmiiller

M sp Direct squark

Gluino mediated

5 _PAS-SLJS-10- ~ _ 0
1000 4+~ ¢ — @) {CMS-PAS-SUS-12-028 7= qqy’
U7, — wX]CMS-PAS-SUS-12-028 QF ATLAS-CONF-2013-047
b — by o g — bbyY
— by ATLAS-CONF-2013-053 g — bbxy
t — txJ ATLAS-CONF-2013-037 N CMS-PAS-SUS-12-024
~ 7. 0
] . — Tty
750 = Direct stop in “gap” Ay g 1
——— ATLAS-CONF-2013-061
m = m
~ SOUSY t @@
t — CXl ATLAS-CONF-2013-068
- 0 CMS-PAS-SUS £ 2
t — Wle -13-011 SUSY _ LSP
Direct slepton m
500 -+ p
lp — 150
ATLAS-CONF- < X — o
2013-049 &vo" & BR=100%
7 +.0 VAR, all limits are
lr = 17 X1 & e Direct observed nominal
ey 7 + 0 |7 + 0 95% CLs limits
/ Best limit: ~300 ~240
L [GeV]
) No limit for ~150 ~90 Msusy
i YR M, sp[GeV] [GeV]
- / /] M . - — Ml 1
0 0 | I " 1 | T >
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Direct chargino/neutralino production
500, CVS Preliminary s =8Tev, L, =195 1’ I"g?t CMS-PAS-SUS-13-006
o) _I LI I L I L I 1T 177 I Sep on L] L]
= L — o (B0 ‘casy” _3I OSSF categorised in
GO 700 o bins of M, MT, and ETmis
C e pp =%, % (T BF(T)=1)
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- < > %16 1%
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Direct SUSY Searches, O. Buchmiiller

M sp Direct squark Gluino mediated

5 -PAS-SUS-12- ~ _ 0
U7, — UXCMS-PAS-SUS-12-028 Q& ATLAS-CONF-2013-047
- 0 L . T 0
b — by7 ATLAS-CONF-2013-053 g — bby
1 N 1
t — tx) ATLAS-CONF-2013-037 QY CMS-PAS-SUS-12-024
/ ~ 7. .0
g — ttxy
- m
750 = Dlrect stop qap < ATLAS-CONF-2013-061
Best limit: ~750 ~300
[GeV]
Y No limit for ~350 ~60
M. sp[GeV]
—— o X _ o
RS CONE. & D“/.- - DJll;?]c;}iinm/ 3<2m 0 BR=100%
2013-049 g, 0t ¢ Xi X2 all limits are

observed nominal
95% CLs limits
RP conserved

- x?xg(light )

- X5 x5 (heavy 1)
CMS-PAS-SUS-13-006
Mgysy

[GeV]
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M sp Direct squark Gluino mediated
[GeV] msusy = Mg msusy = Mg

1000 L G — gx\cMs-PAS-SUS-12-028 G — qx°
U7, — U)X ]CMS-PAS-SUS-12-028 Q& ATLAS-CONF-2013-047
- L _
0 ~ 0
b — by ATLAS-CONF-2013-053 g — bbxy

t — £V ATLAS-CONF-2013-037 CMS-PAS-SUS-12-024

g — tt_X(f
ATLAS-CONF-2013-061

750 —+ Direct stop in “qgap”
msusy = Mg
f— CX? ATLAS-CONF-2013-068

5% WbXO CMS-PAS-SUS

1 -13-011
Direct slepton
500 - P

e . DirectXi /X2 BR=100%

2013-049 ¢, TISUSY TG TN all limits are

+ 0/7: 7 observed nominal
IR + X xa(light 1) 95% CLs limits
250 =+ C e Xlixg(hecwy [) RP conserved
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M sp
[GeV]

1000 -+

>

750 -+

500 -

What does this imply for Linear Collider?

Kinematic area covered
by a 1 TeV linear collider

/ ete™ — gSUSY, SUSY

Mgysy
[GeV]

: } } t t —
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Misp Direct squark Gluino mediated
[GeV] » msusy = mg Msusy = m;
1000 L G — gx\cMs-PAS-SUS-12-028 i — iy’
U7, — U)X ]CMS-PAS-SUS-12-028 Q& ATLAS-CONF-2013-047
b — b ATLAS-CONF-2013-053 %QP g — bbx§
t — £V ATLAS-CONF-2013-037 &V CMS-PAS-SUS-12-024
/ ~ 7.0
750 T DireCt StOD in “qap” Cﬁ / / Agn:itr\tgfl\lll: 2N12_NARA
msusy = Mg | C : .
[ — ¢x¥ ATLASGONF-2013-1 There are remain kinematic regions that
[ W cusmssus  are currently beyond the reach of the
-13-011 . - - . .
=00 pirect slepton . LHC while still being accessible with a
— Q L] .
N ? 1 TeV linear collider.
- == N%Q, <
ATLAS-CONF- = . .
201300 gy However, the LHC might fill these
LIRSV P> gaps rather soon!
250 T &@‘ . T ALy { ot
/Z : CMS-PAS-SUS-13-006
557
4é§? /N . Msysy
,';(‘;‘i!/'lnw L i [GeV]
0 ST/ /Y 8 ': { : iﬁ

250 500 750 1000 1250 1500 45



Imperial College
London

Direct Dark Matter Detection Experiments

10 g

Q DAMA/Na

ko) E
= . 3
E : :
S 1093~ E
@ _ 5 CoGeNT DAMA/I 3
o S10MELE\ =
[ o — =
£ ©° — -
= 5 -42 B i
8 o 10"E
n @ =
B —
3 0107
§ 8§ F
£ Qg
o 310%Eg

=

E 10% & XENON100 (2012)

10'46 E- Xenon 1 ton-year
10-47 B | ! I ] L1 | ! ] ! I T I |

678910 20 30 40 100 200 30 1000
WIMP Mass [GeV/cf]

Expectation from global
SUSY fits in the CMSSM

Example:
The XENON100 experiment is
located deep underground at the
Gran Sasso National Laboratory in Italy.

62 kg liquid Xenon target

100 days of data taking

1.8+0.6 events expected

3 events observed

=Exclude 7.0 x 10-%>cm?

for a My,yp = 50 GeV at 90% CL.
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SUSY & Dark Matter: Evolution with time
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Direct SUSY Searches, O. Buchmiiller

Dark Matter Searches: Direct Detection vs Colliders

DM DM
fime R
Direct Detection Experiments Collider Experiments
» DM-nucleus scattering > Pair-production of DM
» missing energy S|gnature

(mass ~ GeV — TeV)

Germanium

/evcon energy

E~3V (tens of keV)

ooooo
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Dark Matter from invisible Higgs searches

WZ Fusion ~ Higgs-Strahlung
q W, Z
ko
g DM
=
O
2 ! < DM
S DM
8
£ DM
15} ’ “H
& Example CMS 4
> CMS Preliminary
% 3 5 % :I I L I L I L L L I L I L I L I I:
G2 E emeoime oM Preliminary & O oo o E
o = - . - s=7 TeV, [ L=5. ]
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Dark Matter from invisible Higgs searches
Status 2012 CMS only: os1 (Pb) [arXiv:1205.3169v3]
VBF: BRy, -invisible < 68% @ 95%CL \ ' T ey
VH BRH->invisibIe< 750/0 @ 95O/OCL 10‘7 .".‘. XENW 2012 . Vector

Naive combination: ~ <45% @ 95% CL

Direct SUSY Searches, O. Buchmiiller

BRy.-invisibie Pirect vs Indirect 10
| 50 ShIAISI ﬁ,:elli:':i[:?:yl |(|§|=| |71T|elvl. !_l"l 15]1lflt);1l ﬁ |=|8|;r?\|/||7: |1|g|‘? lﬁ?:_
£ 4 5; Ky, Kgs Ky' 1, — Observed E »
Q F ¥ore¥eBRagy | e torsmu [ 10
N 4.0 - =
355 Direct Indirect :
= Irec /! .
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“E @95%CL ' . , , .
2.0F = Assuming the experiments are able to maintain
155 E trigger and analysis acceptances, the LHC will
1 05 : provide a VERY powerful comparison of
E ge : indirect & direct measurement of I, _;visible-
0.5 7~ v E In the (near) future this might provide
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Monojet and Monophoto (plus E;™'ss)

Monojet: hard jet + E;™iss
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Monojet and Monophoto (plus E;™'ss)

Monojet: hard jet + E;™iss
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Monojet analyses better than direct detection?!
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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!

Jirect SUSY Searches, 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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Beyond EFT limits: Simplified models

Working out the complementarity between direct DM detection experiments
and collider based DM searches!

tller
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('\]_ ' ' "' ' -*

8 1o o
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g 107371 __1000F Region Ii stronger
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3) 3 [

S -39 — 5 (— 5 ~E 100 s

g 1077 ev'rxyawra S g

& . A2 | PICASSO, SIMPLE or

2l 107} CMS (EFT) - COUPP limit stronger
Qlo-‘um T RN (0] S T S

1 10 100 1000 10 100 1000
mpm [GeV | mpwm [GeV]

EFT limits give the impression that monsjet Simplified model limits give a much better
searches outperform direct detection BUT EFT Account of the REAL complementarity and
only applies a VERY small class of DM models. thus seem superior for a comparison.
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Beyond EFT limits: Simplified models

Working out the complementarity between direct DM detection experiments
and collider based DM searches!
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Simplified model limits give a much better
Account of the REAL complementarity and
thus seem superior for a comparison.
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Outlook: 8 TeV vs 14 TeV

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

Higgs: 1000 —— e
F ratios o parton luminosities: oo
PP 9| H’ H?V\iw' Zg and YY - 14 TeV /8 TeVand 33 TeV /8 TeV / ! /: ~5.0 TeV
Mmain . Tactor o~ I L _
" | SUSY
- ks/Glui
woop 0

SUSY — 3 Generation:
Mass scale ~ 500 GeV
qq and gg: factor ~3to 6

- 23

Direct SUSY Searches, O. Buchmiiller

luminosity ratio

SUSY - Squarks/Gluino:
Mass scale ~ 1.5 TeV
qqg,99,qg: factor ~40 to 80

—
o
TTrrrr

_(F________

Z
Mass scale ~ 5 TeV

qq: factor ~1000 Increase in energy will help a lot!

Not just for SUSY...
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Summary

» So far SUSY has not revealed itself!

» Even by 2010 the LHC has enter new territory for SUSY searches and since
pushed the (coloured) SUSY mass scale to the ~1 TeV scale

» We were well prepared for an early discovery but we also knew that it could
take more time and ingenuity before we can claim a discovery (if SUSY exist)

» The LHC experiments have established an
impressive variety of very powerful direct searches
for many different final states (very hard work)!

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

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

The SUSY (&DM) story continues ... stay tuned!
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ATLAS & CMS public results

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

Direct SUSY Searches, O. Buchmiiller

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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ATLAS Summary

ATLAS SUSY Searches* - 95% CL Lower Limits

ATLAS Preliminary

Status: EPS 2013 [Ldt=(44-229)b" 5=7,8TeV
= miss —1 PR
Q Model e T, Y Jets ET JLdim™] Mass limit Reference
E T T L | T T T T T T L | T T T T T T T
E MSUGRA/CMSSM 0 26jets  Yes 203 |@.g 1.7TeV.  m(§)=m(@) ATLAS-CONF-2013-047
MSUGRA/CMSSM lepu 3-6jets  Yes 20.3 3 1.2 TeV any m(g) ATLAS-CONF-2013-062
'S @ MSUGRA/CMSSM 0 7-10jets  Yes 203 |g& 1.1 TeV any m(g) ATLAS-CONF-2013-054
3 L g, qaq}l 0 2-6jets  Yes 203 |a& 740 GeV m(E9)=0 GeV ATLAS-CONF-2013-047
m S zgE- qu 1 0 2-6jets  Yes 203 |& 1.3 TeV m(t3)=0 GeV ATLAS-CONF-2013-047
. S &8 &9 —qqW* 3% 1eu 3-6jets Yes 203 |& 1.18 TeV m(E9)<200 GeV, m(¥*)=0.5(m(¥7)+m(g)) ATLAS-CONF-2013-062
%] -, CE(C0)TRS 2e,u(SS) 3jets Yes 207 |& 1.1 TeV m(¥7)<650 GeV ATLAS-CONF-2013-007
o e ! 2 2-4 jet: tanp<15
GMSB (¢ NLSP) e -4jets  Yes 4.7 anp< 1208.4688
> ~ N
~ ‘B GMSB (/ NLSP) 127 0-2jets  Yes  20.7 tang >18 ATLAS-CONF-2013-026
$ 2 GGM (bino NLSP) 2y 0 Yes 48 m(E3)>50 GeV 1209.0753
< S GGM (wino NLSP) Teu+y 0 Yes 48 m(i)>50 GeV ATLAS-CONF-2012-144
[@] GGM (higgsino-bino NLSP Y 1b Yes 4.8 m(¥?)>220 GeV 1211.1167
O 99 @)
© GGM (higgsino NLSP) 2e,u(Z) 0-3jets Yes 5.8 m(H)>200 GeV ATLAS-CONF-2012-152
[0) Gravitino LSP 0 mono-jet Yes  10.5 m(g)>10~ eV ATLAS-CONF-2012-147
v S35 gﬂbbh 0 3b Yes  20.1 g 1.2 TeV m(¥7)<600 GeV ATLAS-CONF-2013-061
> S g g%tt)( 0 7-10jets  Yes 203 |g& 1.14 TeV m(¥)) <200 GeV ATLAS-CONF-2013-054
152] T StEY O-1en 3b Yes  20.1 g 1.34 TeV m(t7)<400 GeV ATLAS-CONF-2013-061
D S 7R :
D Le G- bEl; 0-1eu 3b Yes 201 |& 1.3 TeV m(¥9)<300 GeV ATLAS-CONF-2013-061
) byby, b1—>bx1 0 2b Yes 201 by 100-630 GeV m(¥3)<100 GeV ATLAS-CONF-2013-053
O o b1 by, bi—>thT 2e,u(SS) 03b Yes 207 |by 430 GeV m(F5)=2 m(¥) ATLAS-CONF-2013-007
o XS #(ight), f—btT 12eu  12b  Yes 4.7 m(¥3)=55GeV 1208.4305, 1209.2102
5 s S #(ight), t1—>WbX1 2epu 0-2jets  Yes 20.3 f 220 GeV m(E)) =m(F)-m(W)-50 GeV, m(f;)<<m(¥5) | ATLAS-CONF-2013-048
g‘g %, %1 (medium), tﬁt,yl 2e,u 2jets  Yes 203 | 225-525 GeV m(E2)=0 GeV ATLAS-CONF-2013-065
< g fii(medium), f - biT 0 2b Yes  20.1 f 150-580 GeV m(¥9)<200 GeV, m(¥;)-m(¥?)=5 GeV ATLAS-CONF-2013-053
S fhii(heavy), El—w?o len 1b Yes 207 |% 200-610 GeV m(¥3)=0 GeV ATLAS-CONF-2013-037
® o i tl(heavy) ot 0 2b Yes 20.5 2 320-660 GeV m(E0)=0 GeV ATLAS-CONF-2013-024
®T HE, hoch 0 mono-et/ctag Yes 203 | & 200 GeV m(E)-m(¥3)<85 GeV ATLAS-CONF-2013-068
%}y (natural GMSB) 2eu(Z)  1b  Yes 207 |& 500 GeV m(¥1)>150 GeV ATLAS-CONF-2013-025
b, b-h +2Z 3eu(2) 1b Yes 207 |& 520 GeV m(E)=m(¥3)+180 GeV ATLAS-CONF-2013-025
eL_F o R/ AN 2e,u 0 Yes 203 |7 85-315 GeV m(E0)=0 GeV ATLAS-CONF-2013-049
= P2 =0 % o s =0
S 1. X1 o (tv) 2eu 0 Yes 203 |X 125-450 GeV m(¥3)=0 GeV, m(Z, #)=0.5(m(¥1)+m(¥1)) ATLAS-CONF-2013-049
E L xi’)( K () 27 0 Yes 207 |X 180-330 GeV m(¥9)=0 GeV, m(, #)=0.5(m(¥)+m(¥3)) ATLAS-CONF-2013-028
E X1X2—>€LVZLZ(VV) () 3epu 0 Yes 207 |XXS 600 GeV m(F5)=m(E3), m(¥2)=0, m(Z, 7)=0.5(m(¥;)+m(¥3)) ATLAS-CONF-2013-035
HR-wilzegd 3eu 0 Yes 207 | XK, 315 GeV m(¥5)=m(¥3), m(¥2)=0, sleptons decoupled | ATLAS-CONF-2013-035
B @ Direct ¥i ¥1 prod., long-lived ¥~ Disapp. trk 1 jet Yes 203 |[XF 270 GeV m(F})-m(¥9)=160 MeV, 7(¥i)=0.2 ns ATLAS-CONF-2013-069
= % Stable, stopped g R hadron 0 1-5jets  Yes 229 3 857 GeV m(E9)=100 GeV, 10 us<r(#)<1000 s ATLAS-CONF-2013-057
> £ GMSB, stable 7, X1—>r(é fi)+t(e, p) 12u 0 - 15.9 10<tanB<50 ATLAS-CONF-2013-058
1S S GMSB, H—yG, long-lived 1§ 2y 0 Yes 4.7 0.4<7(¥7)<2 ns 1304.6310
~ X1—>qqu (RPV) Tu 0 Yes 4.4 1 mm<cr<1 m, g decoupled 1210.7451
LFV pp—¥: + X, ¥r—e+u 2e,pu 0 - 4.6 A31,=0.10, 213,=0.05 1212.1272
LFV pp—r + X, 7r—e(u) + 7 leu+t 0 - 4.6 A41,=0.10, 13(2)33=0.05 1212.1272
> B|I|near RPV CMSSM Teu 7 jets Yes 4.7 m(§)=m(g), ct.sp<1 mm ATLAS-CONF-2012-140
& Xl X1, X1 - WX1 Xl—»eevﬂ, euve 4en 0 Yes 20.7 760 GeV mp?f)>300 GeV, 1121>0 ATLAS-CONF-2013-036
LK W, = 1rve, ey, Ben+T 0 Yes  20.7 m(E2)>80 GeV, A133>0 ATLAS-CONF-2013-036
&—qqq 0 6 jets - 4.6 1210.4813
g-tt, tiobs 2e,u(SS) 03b Yes 207 880 GeV ATLAS-CONF-2013-007
% Scalargluon 0 4 jets - 4.6 | sgluon ~ 100-287 GeV incl. limit from 1110.2693 1210.4826
= WIMP interaction (D5, Dirac x) 0 mono-jet  Yes 10.5 m(y)<80 GeV, limit 0f<687 GeV for D8 ATLAS-CONF-2012-147
S} C ol . . P . . M
-1
s=8TeV 10 1
- - Yo ae Mass scale [TeV]

*Only a selection of the available mass limits on new states or phenomena is shown. All limits quoted are observed minus 1o~ theoretical signal cross section uncertainty.
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CMS Summary

Summary of CMS SUSY Results* in SMS framework EPSHEP 2013
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Slide from 2007
Summa EPS Plenary talk in Manchester @\
LHC Detectors 7z
Commissioning & Physics
pre-accident & 14 TeV assumption

 LHC&Experiments are on track for first collisions in 2008

» Challenge: commissioning of machine and detectors of
unprecedented complexity, technology and performance

The LHC will discover (or exclude) the Higgs by ~2010

» Electro Weak Symmetry Breaking
= Large phase space can already be excluded with only ~1fb1

The LHC will discover low energy SUSY (if it exists)

» Could be easy; could also take more time and ingenuity before we
can claim a discovery

= First signals might emerge already in the first data
= 1-3 TeV can be covered already with <10fb!

The LHC will cover a new physics scale of 1-3 TeV

* Many new physics models; Black hole, Extra Dimensions, Little
Higgs, Split Susy, New Bosons, Technicolour, etc ...

In other words; the next five years will be an exciting time for particle physics . ..

25/07/2007 HEP 2007 O. Buchmdiller 56
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(Best) mass limits in a nutshell (RP conserving)

Direct - 0 ~ ol 7 01 5

5 —_ coloured sparticle
§ [GeV]
o) No limit for ~ 300 ~120 ~270 ~260
}1”:; M, sp[GeV]
8 Direct ~ ~ 0| ~ 7.0 ~ .0 Stop t — Y
(0] oo
5 | Bestlimit:  ~1200  ~1200 ~1400 Best "\f,n'ti g9 ~320
5| [GeV] ——
No limit for ~480 ~650 ~700 No limit for ~210 ~190
M, sp[GeV] MisplGeV]

EWK sparticle production

Direct = ~ + 0 : _ -
Xd | i

Best limit: ~300 ~240 Best limit: ~750 ~300
[GeV] [GeV]
No limit for ~150 ~90 No limit for ~350 ~60
M, sp[GeV] M, sp[GeV] 64
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'] @ . .
rgLS{’/ Direct squark > & Gluino mediated
[GeV] 4 msusy = T "\@&o MsUsy = Mg
7 - - -12- O N ~ ~ 0
1000 4 ¢ — @X{CMS-PAS-SUS-12-028 &Q’ @ G — g}
U7, — UXCMS-PAS-SUS-12-028 o & N ATLAS-CONF-2013-047
~ O X » —
b — byY ATLAS-CONF-2013-053  © — bbyY
X1 g X1
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Many Different Kinematic Variables

6 My, Analysis CMS,{s=7TeV,L=4.731b"
AR LR I LR I I Q- ———————————————— £ 10 v
. Razor M R HADBOX - &, T CMS 2 Jets & s
- © E - 5 Ztjets
. 10 LMY=/ tev «DATA I3 | det=35 pb'Ns=7Tev | W 10E
= ~-Total SM : §10°F - Data
— QCD w » NN Standard Model
E % . 10 —— QCD Multijet
o (&) — Wijets c —— f, W, Z + Jets
i : i —— LMo
aa] % — Z+]ets . 10 4 |
o 3 =Top+X :
s B - LMO g
L 2 ---LM1 -
O 68} 10
5 I z
& —f;:;::;___l 1L 'y
s S 3
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5 Sl 0 025 05 075 1 125 15 3 15 - . N
- 400 500 600 700 o B 1fo--e-tw ~ !
8] < 0.5
o 8 0 ' '
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CMS,L=19.41fb" Vs =8 TeV
> Tfrrrr|rrrr|rrrr|rrrrr|rrrr4o| T > Frrroor Trrr I TIr T I LI 1. T I LB ] LB I LB L ™ > I . T T r I . v T r I r T T r
& 10'E ATLAS Preliminary e = & 10°F ATLAS Preliminary i 505" 4 ZLLN >3 —e—Data _
o E . 1 2 g SRA - 2 jets o Data 2012 (5=8TeV) i & | bilet | ..., Tibbbb
a E J.Ldt=2041 fo',\s = 8 TeV E mISS i o r v 1 o..a (600.500) Gev |
-~ T e bkg (MM) : 104 5 o - © 10 | | | ~ (1225, 150) GeV 3
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Multijets & missing energy search

CMS Prellmlnary 19 5 fb1 tf_ 8 TeV

CMS Preliminary 195f", Ys=8TeV

CMS Preliminary, 19.5fb™", s =8 TeV

> E > T 2] AR LR LARA) AL ERRS LARLN KRS ALY RARRN R
@ " HT— |p |36t$° Dato 2 ) s = Z 7| o Data = ® Data .
g 10 Z B wolv+ets 3 g 10° ‘ Bl Wosiv+dets ¢ 10 B woiv+dets 3
8 10° Z_—>W+Jets _; Te) 10° Z—>vV+lets w 10° Z—vV+lets _i
e = tCtJCD : 2] ., M M
10 E S 102 . Ml aco 102 Il aco .
> ] T [} :
L 10 —§ 10 -‘ 10 E
1 ] t “i“'ﬁli z
1 1 .
Slg 15 Sl 15 f-"|g 15
el ey s e T IR T ++H’ ----------- Qs 10pge- o egeo g
1000 2000 3000 4000 500 1000 34 5 6 7 8 9 10 1 12
H; [GeV] K. [GeV] N(Jets)
CMS Preliminary, L=19.5fb"', \s=5 1ev ey . . .
e r T Traditional inclusive Jets + E/™ search,
105 L 50 P _ . . . . .
5 fg e e WAt v)+ets [l aco which uses simple kinematic variables
E f %% i‘é“(}f‘f‘{oj . ?ft“i::ii Total uncertainty on measured background .
Doldreler o, to categories the events.
10° La. s§ g §§§ P 4’5_%0% P
PR+ & EARILES S B N 5 =8 ' '
T ig 3 Main backgrounds QCD, W/Z+jet
10° ] . g3 22 . .
GuEliae and ttbar are estimated using
o : data-driven techniques.
1 CMS-SUS-PAS-13-012
1o See parallel talk for details:

; NJets [3-5]

NJets [6-7] é NJets[ZS]

C. Autermann
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2010: Entering New Territory at the LHC!

m :\\\\\\\\‘\\\\‘\\\\‘\\\\\\\\ n :\\\\\\\\‘\\\\‘\\\\‘\\\\‘\\\\
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Simplified Model Spectra (SMS)

earches, O. Buchmiiller

CMS Preliminary, 19.5 fb’', Vs = 8 TeV
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Today: many more SMS and many more searches

Example: gg — tftfx(l)x(l)

Several searches are interpret in this particular SMS!
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400

~ O~ . ~ -0
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(Minimal) Natural SUSY Spectrum
J. Wacker
Natural Susy
M L. Hall mp ~ (125 GeV)?
R Gluino = % . T
2-loop S e
| TeV nE e O
t
3rd gen. squarks . oy il
1-loop & R ~ 1500 GeV
Higgs ) -
500 Gey| H199sinos b Wino Use the argument of
Tree level br : “naturalness” (i.e. fine-tuning)
R i ( I ) @ to motivate
[T S S — light 3"d generation squarks
R (=) B (especially stop)
Bino and a rather light gluino!
<

“— Closeness to Higgs

More in Gian Guidice talk!
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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

Missing Energy:
* from LSP

Direct SUSY Searches, 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

Direct SUSY Searches, O. Buchmiiller

- Nwimp
q 'l
N6 ;'//' 10 Missing Energy:
N4 N5 » Nwimp - end of the cascade
N1 . i
. q ! oV Multi-Jet:
N2 N 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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Rediscovery of the SM at a new energy frontier

&

O
<
s

EI_) r— = Y i =
= o) = | - 3
E o = W | $ 7 TeV CMS measurement (stat®syst)]
G B 1 - 1 _
n::f 1 05 L : o Z E i 8 TeV CMS measurement (stat@)sysn__l
° bQ E | ! —— 7 TeV Theory prediction =
y I : —— =
% L :211 . — 8 TeV Theory prediction -
k3 S 1 ot ™ >1] : ATLAS very similar!  —o
> = = 1 22 o : : =
) — ! : ! . -
» 8 e >2] : ; : N

O 3 1 T 1 i
£ D 10 = - twy T
U) - 1 H . 1 H 1 : 1 -
% = = ol 8 o ¢ LY : ; -
S el M —o—wewE WW o
§e. - : | : 57 =
"('33 T EX" > 30 GeV i | Ef>15GeV | ol .
o, = ™| <24 | AR(y))>07 ! o= l; =
o C : : : -

o : : : :

1 ) : . 1 50f" 49f L, 491

' 36, 19 pb ! 5.0 fb ! 35 fb! 1.1fb 53 fig !

JHEP10(2011)132 OMS EWK11-009 CMS-PAS-EWK-11-010 (WZ)
JHEPO1(2012)010 CMS-PAS-SMP-12-005 (WW?7),

CMS-PAS-SMP-12-011 (W/Z 8 TeV) 007(ZZ7), 013(WWS8), 014(ZZ8), 015(WV)
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CL, Exclusion Confidence Level [%]
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Combination vs individual search

"":""6'6{6'{65{65w@ .................................................................................................... _:
A Zero Leptons (o) ]

Single Lepton._(.L.p.) ..................... ......................... ............................ o ]
® Same Sign dilepton : :
Opposite Sign dilepton

NS spectrum

Combination of
searches stable

Individual searches

exhibit large
variations

Combinations is stable vs.
complexity while individual
searches are NOT!
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Natural SUSY: universal limits

If the gluino mass OR 3G mass lies in the red band, the point is excluded.

If the gluino mass AND 3G mass lie in the yellow band the point may or may not be
excluded. Otherwise the point is not excluded.

900

S _ S -
&1s00— [ Universally Excluded 3 ~ [ Universally Excluded
@ r  Potentially Excluded 2 800 potentially Excluded
© @© Z
DE_ | Allowed o DE_ 200~ ¥ Allowed
& - —= 10 m_ Limit & - o
" g . 4 - _—+1om. Limit
~ ... x 1 O mg(m ~ ) lelt 600__ 1 3G L. .
1000 3G - ..x1o mSG(ma) imit
2012 Intermediate 500~ .
- 2012 Intermediate
400(— |
500 e 300F
200
100
0() 500 1000 1500 0 0O 100 200 300 400 500 600 700 800 900
Gluino Mass [GeV] 3G Mass [GeV]

Combining with the latest published 8 TeV results: 76
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Outlook: 8 TeV vs 14 TeV
Use 30/fb for 2011/2012 for comparison
Higgs: Higgs:

Direct SUSY Searches, O. Buchmiiller

pp 2 H, H>WW, ZZ and yy
mainly gg: factor ~2

SUSY — 3 Generation:
Mass scale ~ 500 GeV
qq and gg: factor ~3to 6

SUSY - Squarks/Gluino:
Mass scale ~ 1.5 TeV
qqg,99,qg: factor ~40 to 80

Z
Mass scale ~ 5 TeV
qq: factor ~1000

15/fb@14 TeV to match 2011/2012
mainly gg: factor ~2

SUSY - 3" Generation:
5/fb to 10/fb@14 TeV to match 2011/2012
qq and gg: factor ~3 to 6

SUSY — Squarks/Gluino:
0.4/fb to 0.8/fb@14 TeV to match 2011/2012
qq,99,qg: factor ~40 to 80

A

0(1/pb) @14 TeV to match 2011/2012
qq: factor ~1000
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RP-violating searches/interpretation

Generic same-sign di-lepton

search with different signal regions

ko,
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- SStopl 160 £+ 59 152
9 SStopl++ | 90 £+ 32 92
= SStop2 40 + 13 52
s SStop2++ | 22 £+ 8 25
¢ CMS Preliminary L=19.5f", Vs =8 TeV
3 1 O § I T T T l T T T T T ] T T T I T T T ] T g
= = Model RPV 5 5 3
0 4n5L b pp — Gg, § — tbs, A. ]
10 E X s observed 95% CLs Limits =
R~ adE UL expected 95% CLs Limits
al s expected +1o ]
10%E / . expected =20 5
C —— Theoretical o, 7
10° S - —....lheoretical x1o _
1 i 1 L | 1 ' 1 1 L I 1 1 ] L :
200 400 600 800 1000 1200
mgluino (GeV)

g — 3 jets
Take all triplets,
M; < 2P, - 160 GeV

1200

1000

®
o
=]

=3
=1
[=]

II\‘\\\‘III'I\\‘\!!IIII‘\\

Triplet Invariant Mass [GeV]

400

200

o1

CMS Simulation Preliminary
e B

mg"V = 400GeV -

|lJ\‘\ll|IIIJJ

8
Fooo

CMS Preliminary 19.5 fb™'
T T T T T T | T T T

T R
600 800 1000 1200
Triplet Scalar P, [GeV]

at Vs = 8TeV

10?

10

95% CL Limit o x BR(X — jjj) [pb]

CMS-PAS-
e EXO-13-049

1 IIIIH” LI IHIHl T IIIIHW LI IHIHl T IIIIH”

I I I
—— Observed Limit

—— Expected Limit

D Expected + 10

Expected + 2 ¢
Theory Heavy-flavor RPV

TIIIHII| 1 IIIIIII| 1 IIIIIIII L LIt

1 | 1 1
200

1 | 1 1
400

1 I 1 1
600

1 | 1 1 1 | 1 1 1 I 1 I 1 1
800 1000 1200 1400
Triplet Invariant Mass [GeV]

78



Imperial College
London

RP violation searches: Summary

EPSHEP 2013

Summary of CMS RPV SUSY Results*

g—qlv Moo

g—alv 7\123

a0 ATLAS
§—abtu 2’ similar

Prompt LSP
G- cbtu 7 o 5

~ n 3 -
g—qgb A -
- 1131223
g—qqq A 112
g —tbs A"
323

g—aqqq A"
q—qlv x12
q—qlv 7\12

2

2

3
q—qlv )»233

g — gbtu 2!
231

g — qgbtu A
- 233
G, —qaqq A"
?R — nevt 7\12

Direct SUSY Searches, O. Buchmiiller

2

t, — utvt )»123

Vs=7TeV
Vs=8TeV
CMS Preliminary

333 1| | | | | | | 1 1 | | | | | 1 1 | | | | | |

. 200 400 600 800 1090 1200 1400 1600 1800
*Observed limits, theory uncertainties not included
Mass scales [GeV]

Onlg a selection of available mass limits
Probe *up to* the quoted mass limit

'fB — utvt 7»23
t, —tbtu A

1 TeV

Like RP conserving searches, these searches are also probing the
1 TeV scale and even beyond! 79
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Dedicated searches for direct stop-pair production

f, production, T, — b, %~ w® ’;Z:] Status: July 2013
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Dedicated searches for direct stop-pair production
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Dedicated searches for direct stop-pair production
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SMS limits: A word of caution!

s [ m, =100 GeV |3 tm, =100 GeV m ;
s O [k m.., . i S b X : stop/sbottom ]
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Combining Searches = less model dependence
m .
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Xo X6 X5 2-Lepton SS CMS-SUS-11-010
X+ X+ X5, 0L R
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Combining Searches = less model dependence

<1100—— ] i mgluinol_ . = 650 ! T mstop/sb_otto_m
5 ?‘; - m;(é =100 GeV Mass :|m|t % o0 m% =100 GeV mass |.|m|t
£  Eqo00 ‘ W — E ]
S 9 I /\comblna’uon 2 550 combination - -
cq 8 B : g ]
© 2 o0 t = &l _—
g § ! Personal comment: 3
8 S aon The SMS "big picture" is possibly overestimating the ’ E
% 2T overall exclusion of SUSY parameter space achieved so far. S
g 7004 _ o g
5 -~ It might be more useful to start combining relevant sets of searches -
600: ~ to obtain more robust and less model/spectrum dependent limits. 3
S o
[ This will also be important to find out if/where our search ]
500 —1 : N
0 strategy might have weak spots or even holes Spestrum
7 — especially for the forthcoming LHC run at high energy!
= _ _ _ _ 2011:
= B e S D 0-Lepton CMS-SUS-11-022
btz fista, by fuota, by f:t2, 01, b b2, b, b 1-Lepton =~ CMS-SUS-12-010
Xo Xo X 2-Lepton SS CMS-SUS-11-010
x* X+ X=, €L r
X6 X6 X6 X % 86
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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)

ko

E

3 q
G

g EFT
§ approach
>_
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? q
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g X q g9 X
, FT
Z :
one diagram
—s Q “simplified model”
X q %
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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 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 88
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What those this imply on model-dependences of EFT limits?

20 _" Relic: deI'lSitlyl N S | Look at EFT validity in mp,, — coupling” plane!
too large \

1 1. Must require m_ .4 < eq

15_‘ Theory is 11011—f First we define the region in which mediator

| _pertubative | | mass is larger then its width. Therefore, only
oy 1 this region a well-defined theory of PF can
= 10} | be straightforwardly established.

1 In the reaming part of the plot:

V9q9x > 2

I a particle-like interpretation of the mediator
I R R R R R R R RN N R R R R R R R R R R R R R R ] IS doubtful!

5[

0 100 1000

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

* Coupling chose such that CMS EFT limit on A applies to FT 89
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What those this imply on model-dependences of EFT limits?

20 f' Relié delllsit'y Bl '\',' S '_ Look at EFT validity in mp,, — coupling* plane!
too large I
1 1. Must require m oy < T g

I | 2. Region in which EFT is vali
I5F Theory is non—f egion in whic is valid
| perturbative

N ———————— + For this we calculate the minimum coupling
80 __
< 10t VYq9x — mmed/AC’MS

4 that the simplified model must have for the
{ EFT limits to apply. This is defined by region |
1 (i.e. better then 20% agreement of FT and

Sf EFT).

10 100 1000

mpm [GeV] First important observation:
The EFT is only valid in the region in which
mediator width is larger than mediator mass!

* Coupling chose such that CMS EFT limit on A applies to FT 90
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What those this imply on 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

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 91
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What those this imply on model-dependences of EFT limits?
20 Look at EFT validity in mp,, — coupling* plane!
1. Must require m .4 < T eq
2. Region in which EFT is valid (20%)
15 : e ) :
3. Require compatibility with relic density
- 4. Require theory to be perturbative (<41)
&0
o5 10 When we also require that the region/theory
must be perturbative:
VO9qGy < 4T
> only a very small region is left!
0

10 100 1000
mpMm [GeV]

This together with the observation that all DM theories for which the EFT is valid must
have m .4 <[4 I€ads to the conclusion the the EFT only applies
to a very (as in VERY) small class of DM models.
EFT limits of monojet searches are therefore highly model-depended!



