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» Unification of gauge couplings

* Hierarchy problem / fine tuning
« Natural SUSY spectrum

- Dominant contributions to Higgs mass of sof =~~~ .
the order of 100 GeV — 1 TeV -
. Electroweak symmetry breaking | ' _-
through RGE evolution o ]
. Combination with gravity for | '
local supersymmetry T '_
» Candidates for Dark Matter Pp e '
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Sparticles in MSSM:
* 12 squarks (2 stops, 2 sbottoms,...)
* 9 sleptons (2 selectrons, 1 el. sneutrino,...)
« 5 Higgs (h,, Hy, Ay, H*)
* 1 gluino
4 charginos  Xi: X2
4 neutralinos Y%, 9. X3, X
LSP (leightest SUSY particle): Candidate for Dark Matter

Definition of SUSY mass values:
*,High-scale” Unified masses at high energies (InSUGRA, GMSB, AMSB...)
 Low-scale” masses at electroweak scale (PMSSM, simplified models)

Exnprlmpnta! mass limits (nrp-LHC\

Low energy processes (b —s Y, g,- 2)
*Astrophysical constraints (Dark Matter)

*Results from high energy colliders (LEP, Tevatron)
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Sparticles in MSSM:
* 12 squarks (2 stops, 2 sbottoms,...)

* 9 sleptons (2 selectrons, 1 el. sneutrino,...) SUSY models
S nggS (ho, HO! AO’ H+I-) \-COnSiStent

y 1 gluino N with Higgs mass
e 4 charginos ;\01 L)Ez o at 125 GeV?

4 neutralinos Xi. X3, X3, X4
LSP (leightest SUSY particle): Candidate for Dark Matter

Definition of SUSY mass values:
*,High-scale” Unified masses at high energies (InSUGRA, GMSB, AMSB...)
 Low-scale” masses at electroweak scala (PMSSM, simplified models)

Experimental mass limits (pre-LHC):

Low energy processes (b —s Y, g,- 2)
*Astrophysical constraints (Dark Matter)
*Results from high energy colliders (LEP, Tevatron)
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esults for jets +

» Generic signature for strong production of SUSY particles

- Stable LSPs at the end of decay chains resulting in large E,/™ss

« Simplified model with production of gluinos / degenerate 1t/ 2" gen. squarks
» direct decays to jets and LSPs

Squark-gluino-neutralino model
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ATLAS SUSY Searches* - 95% CL Lower Limits

ATLAS Preliminary

Status: SUSY 2013 [Ldt=(46-229) b1 5=7,8TeV
Model e T,y Jets ET™ [Ldt[i] Mass limit Reference
T 'I T T T T T T Ll T T T L] Ly LE T T T
i . MSUGRA/CMSSM 0 26jets  Yes 203 |G.& 1.7 TeV  m(g=m(g) ATLAS-CONF-2013-047
MSUGRA/CMSSM 1epn 36jets Yes 203 |& 1.2 TeV any m(g) ATLAS-CONF-2013-062
MSUGRA/CMSSM 0 7-10jels  Yes 20.3 4 1.1 TeV any m(&) 1308.1841
@, gt 0 26jets Yes 203 |@ 740 GeV miT3)=0 GeV ATLAS-GONF-2013-047
2& E—qdk; 0 26jets  Yes 203 |E& 1.3 TeV m{¥})=0 GeV ATLAS-CONF-2013-047
BB, B—qql; —qqW* 1epu 36jets Yes 203 |E 1.18 TeV miF})<200 GeV, m(F*}=0.5(m(E7)+m(z)) ATLAS-CONF-2013-062
Eg, E—qqlll]tv, w)xj e 0-3 jets - 203 |& 1.12TeV m{F})=0GeV ATLAS-CONF-2013-089
GMSB (f NLSP) 2ep 2-4jets  Yes 4.7 tang<15 1208.4688
GMSB (7 NLSP) 127 O-2jets  Yes 207 |B 1.4 TeV tang 18 ATLAS-CONF-2013-026
GGM (bino NLSP) 2y - Yes 4.8 mi¥1)>50 GeV 1209.0753
GGM (wino NLSP) Teu+y - Yes 4.8 m(F])>50 GeV ATLAS-CONF-2012-144
GGM (higgsino-bino NLSP) Y 1b Yes 4.8 m(i})>220 GeV 1211.1167
GGM (higgsino NLSP) 2e.u(Z) 03jels  Yes 58 m{H)>200 GeV ATLAS-CONF-2012-152
" Gravitino LSP 0 mono-jet Yes 10.5 m{g)=10"" eV ATLAS-CONF-2012-147
o E—bbl 0 3b Yes 2041 i 1.2TeV mi¥})<600GeV ATLAS-CONF-2013-061
§. Ettl 0 7-10jets Yes 203 |& 1.1 TeV mi¥;) <350GeV 1308.1841
M E—til) 0-1ep ab Yes 201 B 1.34 TeV m(i})<400 GeV ATLAS-COMF-2013-061
"‘" g—+bit, 0-1ep 3b Yes 201 B 1.3 TeV m{¥})<300 GeV ATLAS-CONF-2013-061
By By, By—bi} 0 2b Yes 201 |by 100-620 GeV m{F})<00 GeV 1308.2631
Biby. Byt 2eu(SS) 03b Yes 207 |b 275430 GeV i} =2 m(id) ATLAS-CONF-2013-007
it (light), fi— by 1-2eu 12b  Yes 47 | 110467 GEV m{¥})=55 GeV 1208.4305, 1209.2102
fif1(light), f— Wbr? 2ep 0-2jets Yes 203 | 130-220 GeV m{F}) =m(f )-m(W)-50 GeV, m(f,)<<m(t]) | ATLAS-CONF-2013-048
fifi(medium), & —t¥ 2e,u 2jets Yes 203 |t 225-525 GeV m{F})=0 GeV ATLAS-CONF-2013-065
Tty (medium), f;—bi] 0 2b Yes 20.1 3 150-580 GeV mi¥} <200 GeV, miti }-m(t])=5 Gev 1308.2631
Ty (heavy), f—tt 1en 1b Yes 207 |§ 200-610 GeV m(i})=0Gev ATLAS-CONF-2013-037
T fi(heavy), F1—t¥) 0 2b Yes 205 | 320-660 GeV mi¥})=0 GeV ATLAS-COMF-2013-024
f18, f—ch) 0 mono-etictag Yes 203 | & 90-200 GeV/ miE, }-m(¥]) <85 GeV ATLAS-CONF-2013-068
i i (natural GMSB) 2e.p(Z) 1b Yes 207 |& 500 GeV miF2)=150 GeV ATLAS-CONF-2013-025
th, boh + 2 3epn(Z) 1b Yes 207 |t 271-520 GeV m(t)=m(i})+180 GeV ATLAS-CONF-2013-025
TRl R, Mm 2ep 0 Yes 203 |7 85-315 GeV miE] =0 GeV ATLAS-CONF-2013-049
XL, f* —iv(£7) 2epn 0 Yes 203 | 125-450 GeV mi¥;)=0 GeV, m(7, #j=0.5(m(¥] }+m(F}}) ATLAS-CONF-2013-049
= g Xl X Ay =Tv(T7) 27 * Yes  20.7 PA 180-330 GeV miT;)=0 GeV, m(7, 7)=0.5(m({; J+m(i})) ATLAS-CONF-2013-028
w3 hx -0 v.ré.r(w) G () Beu 0 Yes 207 jl 5 o 600 GeV mE; J=m(¥3), m{T})=0, m(7, #}=0.5(m(¥; }+m(F})) ATLAS-CONF-2013-035
xlx — Wi ZXE. Jegp 0 Yes 207 ,?]‘ .ﬁ 315 GeV mii J=m(i3), m(i1)=0, sleptons decoupled | ATLAS-CONF-2013-035
X1tz — Wi h ¥y 1epu 2b Yes 20.3 j}l 2 285 GeV m{¥;)=m(¥2), m(¥})=0, sleptons decoupled | ATLAS-CONF-2013-093
Direct ¥; ¥; prod.. long-lived ¥1 Disapp. trk 1jet Yes 203 |# 270 GeV m{F; )-m(¥])=160 MeV, r(¥])=0.2 ns ATLAS-CONF-2013-069
H Stable, stopped & R-hadron 1-5jets Yes 229 |& 832 GeV m(71)=100 GeV, 10 ps<r(g)<1000s ATLAS-CONF-2013-057
0 n g - Ive GMSB, stable 7, F1—7(z, f)sr(e, p) 1-2p : = 15.9 10<tanf<50 ATLAS-CONF-2013-058
GMSB X?—’yG long-lived ¥} # Yes 4.7 0.4<r(if)<z ns 1304.6310
8.4 —qqu (RPV) T, dlspl vix - . 203 |§ 1.0 TeV 1.5 <cr<156 mm, BR(u)=1, m{t])=108 GeV | ATLAS-CONF-2013-092
LFV pp—¥r + X, ir—e +pu 2ep - - 4.6 A%y =010, A132=0.05 1212.1272
LFV pp—# + X, #r—eu) + 1 lepu+rt - 4.6 A5y, =0.10, Ay2133=0.05 1212.1272
- - o= emu s = Bilinear FIPV GMSSM 1eu 7 jets Yes 4.7 m{g)=m(g), crysp<! mm ATLAS-CONF-2012-140
P ro m pt R Pv % ¥R, x,‘ WA, K] —eed,, euv. 4o E Yes  20.7 m(F3)>300 GeV, Az >0 ATLAS-CONF-2013-036
XKL, B S WEL Viorrde erf, BepsT - Yes 207 miF})>B0 GeV, 4,350 ATLAS-CONF-2013-036
E—aqq 0 B-7 jets = 203 BR(t)=BR(b)=BR{c)=0% ATLAS-CONF-2013-091
g—-hit, hi—bs 2eu(SS) 03b  Yes 207 ATLAS-CONF-2013-007
© Scalar gluon pair, sgluon—qg 0 4jets ) 4.6 incl., limit from 1110.2693 1210.4826
Scalar gluon pair, sgluon—tt 2e, ,u (88) ib Yes 143 ATLAS-CONF-2013-051
WIMP interaction (D5, Dirac y) mono-jet  Yes 10.5 m(y)<80 GeV, limit of<687 GeV for D8 ATLAS-CONF-2012-147
Vs=8TeV
full data Mass scale [TeV]

https://atlas.web.cern.ch/Atlas/GROUPS/PHY:SICS/Combined SummaryPlots/SUSY/ATLAS:-:SUSY:s Summany/ATLAS-SUSY¥ :Summary.pdf




» Definition of R-parity R — (_1)3(B—L)+ZS

« (Generic phenomenological consequences
— Violation of L and/or B

Decays of LSP into SM particles allowed
Single sparticle production possible

* Motivations for R-parity violation

RPC SUSY not yet found
Strong constraints of the order of TeV for many RPC models

Sparticle masses below 1 TeV more attractive from fine-tuning /
naturalness point of view

Lepton number violation terms and baryon number violation terms
allowed in the superpotential in contrast to a SM Lagrangian

Very rich phenomenology with various “exotic” signatures

A. Redelbach- RPV Searches




V SUSY Para

R-Parity: R =(-1)°®*"*"*  (Non-)conservation of B and L

Superpot. Wi, =@)LL; Ex +@PLQ; D« + U D D@L H,

* Most constraints only assume one (or product of two) coupling(s)

Neutrino masses, neutrinoless double beta decay

Proton decay, di-nucleon or meson decays (related to A *A)
Lepton Flavor violating decays (related to A™A)

Electric / anomalous magnetic dipole moments
Collider limits

* Number of parameters

9 Aijk (Aijk = - Ajik)
9A“U_k (A“ijkz'A“ikj)
3 dimensionful «;
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« Constraints on R-parity couplings
— Single / double coupling dominance
— Either B or L violation
— Constraints relaxed for higher sparticle masses
— Typically weaker limits on couplings involving third generation

« Signatures from prompt RPV
« Enhanced lepton and/or jet multiplicities from LSP decays
« More candidates for LSP
« Resonances from single sparticle production / subsequent decay
« Reduction of E/™s$ (in many scenarios)

* Long-lived particles
* Displaced vertices due to small RPV-couplings
« Mass-degeneracy (also for RPC scenarios)
« Hadronic states from heavy mediator sparticles (squarks)

A. Redelbach- RPV Searches




Proton decay

A

Meson decays

d k

d]

e
Lk 11k

|/\T21 f212|

u

See summaries e.g.
Phys. Rev. D 69 (2004) 115002

 Phys. Rept. 420 (2005) 1

Single sneutrino production

SH

See PLB 723 (2013) 15

e.qg. Kj — e e”
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ulti-jets [RPV]- Ove

Gluino palr-productlon
RPV prompt decays of gluino / neutralino LSP »
Final state

* Multi-jets (high p;)

* b-jets

« Significant E/Mss

Main backgrounds: Multi-jets, fully hadronic
t-tbar production

Discrimination of backgrounds with jet p,
b-tagging, number of jets

Validation of BG predictions in various CRs
for data-driven BG (within uncertainties)

i o .

101 Illlefpreldl iONSs:

| @ L
Scenarios
/ 10-quark model

* Prob. for RPV decay to produce t,c,b quark:
BR(f), BR(c), BR(b)
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Events / 20 GeV

i-jets [RPV]- Bac
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 Single coupling dominance . or '
* RPC pair production

* Prompt Neutralino-LSP decays - Large lepton multiplicities
* NLSP: Wino-chargino or gluino

* Decoupling limit of other sparticles (masses at 4.5 TeV)

« A >(0.3-1)*10% depending on masses

» Discrimination of backgrounds with m_, , E/™ss, veto on Z

o

Wino-NLSP: e V1 vi production

-~

o decay v — ‘[.’[.--'ﬂ:fuﬁjj;;-:iiI

Gluino-NLSP:

e (g production

o decay §— q7' %, (q.¢' €u,d,s,c)
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Events / 50 GeV

Data / SM
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10° Czz 1 2 1 Czz _
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=  zww = L;'>j = 3 zww 3 ©
B iz 7 B B iz 18
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- | sR1noz - - SR1nozZ 4 g
= 10 —> = u'_
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uncertainty band includes statistical and systematic uncertainties.
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P

P

laced Vertices - O

Production of first/second generation

(anti-)squarks

RPV decay of long-lived neutralino LSP

— 2 jets plus muon

— within Inner Detector

q H
Sample | my o o <7’18>,i?? CTMC A
[GeV] | [GeV] | [ib] [mm]
MH 700 494 | 124.3 1.0 175 | 02x107°
ML 700 108 | 1243 | 3.1 101 1.5 % 107
HL 1000 108 1.9 5.5 220 | 20.0x 107
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* Muon trigger p>50 GeV and |n|<1.05

* Muon reconstruction in MS and ID with p; > 55 GeV

* Rejection of cosmic ray events (2 muons back-to-back)
* Vertex requirements:

— 2mm<|z,,| <300 mm and r, <180 mm
— Transverse distance PV to DV: \/(XDV ~Xoy )2+ Yoy — Yoy ) =4 mm
— Vertex mass mp, > 10 GeV

— Number of tracks associated with DV > 4

. Nk s e B B B B BN BN §

° Re-traCklng _§ 0_42_ s‘?n;’;lﬁaﬁﬁ — —=— Re-tracking —i g
Re-run tracking algorithm on ID hits EO-%;—“ Wb o Noretracking | o
. . £ 03F $ 4 =
with looser requirements g ke “H* ++#+H++ e ++++ ElS
(not used for tracks ozt v * *+++*+++N+ ++++”++|r +++++”+J|++.;§ <

: 5 01sfn @ H m

from standard tracking) R +4* 1 =

E e b 19

0.05F L =4 o

C ED%DQDD_D 3 >

00~ ~20""20" 60 80 100 120 740 760 180 O

roy [Mm]
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Potential background sources

— Random combination of tracks (inside bea

— Hadronic interactions with gas (outside be

Systematic uncertainties:

— Monte Carlo statistics

— Muon reconstruction efficiency
— Tracking / trigger efficiencies

— Pile-up

Vertex mass [GeV]
CR)

— Luminosity uncertainty 10

Total background:
0.2+0.2 vertices

A. Redelbach- RPV Searc
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am pipe)
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@ Data 2012 1.5
Signal MC — 1
1 40.5
I— | | oo | | | ; _O

3 4567810 20 30 40
Number of tracks in vertex
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Upper limits at 95% CL on cross-sections vs neutralino lifetime

observation of 0 events satisfying all selection criteria
(left) BR for decay chain from squark to neutralino to muon-plus-jets 100%,
(right) this branching ratio 50%.

Shaded areas around exclusion curves +/-1 sigma uncertainty bands on expected limits.

A. Redelbach- RPV Searches




Phenomenological studies by J. Valle, W. Porod et al.

L-wolatmg_couplmgs (in superpotential and soft SUSY W oc £ HL.
breaking terms) o

Mixing of leptonic and Higgs superfields
— Neutrinos and neutralinos

— Charged leptons and charginos

— Higgs and sneutrinos

Parameters for bRPV model and neutrino oscillations
— v mixing parameter consistent with v data

— DbRPV parameters determined by v data in conjunction with electroweak
symmetry breaking

— Calculation of bRPV parameters and spectrum: SPheno (W. Porod)

Relation of LSP decays to 0 -
neutrino parameters BR(x7 — pWV)
BR(X] — W)

9
~ )[ all E)a_fm.
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Other exp. results / constraints:
— Processes at low energies and neutrino oscillations

— No search results at Tevatron or CMS

Detector signatures:

— For m(LSP)>82/92/125 GeV: Two-body decays into boson+lepton
— Significant increase of lepton numbers (muon and tau)

— Slight increase of jet numbers, in particular b-jets

— Reduction of E/™ss (from v only)

— Equal prob. for OS/SS leptons from Majorana-LSP decays

— Prompt vs. late LSP decays

BR(\) — Wy
BR(Y| = Wr
BR(Y] = Zv

BR(\| = hv

!
ANIVANIVAN

A9
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Selection (SR):

1 lepton and > 7 jets

* p>25 GeV electron or
p+>20 GeV muon

* Jets p;>80 (25) GeV

* m;>120 GeV

« E/Mss>180 GeV

* m>750 GeV

Signal grid (7 TeV)

« A,=0, tanp =10, sign (p)=+1
* 100 GeV < m, <800 GeV

* 200 GeV < m,,, <600 GeV

* Prompt decays (ct <5 mm)

bRPV exclusion, multijets channels

;‘ :I T 1 1 T |.| [ T T T T T T T 1T .u .. T ISUISYI
®  EATLAS Preliminary —— Observed Imit(£10pe,)
S 700 T e Expected limit (+1,,)

- Observed limit 1 b (2011)

E 650 L ]
- ILdt:4.7161, {s=7TeV

600 k= "7mn == ]

All limits at 95% CL .

550 =
500 -
\.\\ E

450 _ S 3

., \\ E

I|IIIIIIIII|IIII|IIII|IIII|I!II

400 \\\
350 Qs
i ' ct=1mm-y
70 /f \ ""'_"‘ ct=2 mm_:
_I K’.-r | 1 | I 1 | 1 | 1 | 1 —I"“’;“ | \l -I“"- | |
200 400 600 800 1000 1200 1400
m, [GeV]

ATLAS-CONF-2012-140
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Signal grid

« Ay=-2 my, tanf3 =30,
sign (u)=+1

* 400 < m, [GeV] = 2200
« 200 < m,, [GeV] = 800
* Focus on prompt LSP
decays

* Higgs mass approx.
123 GeV

Higgs mass in GeV
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Fraction of cross-section per SUSY subprocess w.r.t total prod. cross-section
Similar to RPC production contributions
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of searches for prom

Spectra files from SPheno

« MSUGRA parameters
« Event generation based on Pythia6

* Production of all SUSY sub-processes
* Focus on prompt decays
Exclusions

1 Lepton + 3 (4) Jets (Phys. Rev. D85 (2012) 012006)
* 1 Lepton + multi-Jets (ATLAS-CONF-2012-140)

New Results soon

« Dominant contributions from strong production
« High sensitivity for several LSP decay modes
« Combinations of analyses

A. Redelbach- RPV Searches




nd prompt bRPV a

« Take into account existing / upcoming results

* Models
— Alternative high-scale models
— Low-scale (simplified) models with bRPV LSP decays
 Production processes with reduced cross-sections
— Natural spectra
— Electroweak production channels only

 Displaced vertices
— Analysis of light LSPs with late decays (ct > 5 mm)
— Suppressed 3-body decay

« LHC at high luminosities
« ILC (see arXiv:1307.4074 [hep-€ex])

L Potential to search for bRPV phenomenology in detail
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Conclusions

Large amount of SUSY limits based on 2012 8 TeV data
(ATLAS and CMS)

Several analyses to be finished, current focus on
combinations

Search for TeV-scale SUSY in various areas of parameter
space including R-parity violation
Efforts to improve / generalize over-simplified models

Strong constraints on SUSY parameter space from
combination of LHC searches with other exp. results (rare
decays, dark matter etc.)

Experimental constraints from SUSY set also limits for other
modeis beyond the Standard Model

Open for discussions on strategies for (bRPV) SUSY
searches
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Tile calorimeters

LAr hadronic end-cap and

forward calorimeters
Pixel detector \

Toroid magnets

LAr electromagnetic calorimeters

{Z“IOQ T T T T T T Muoh chambers Solenoid magnet | Transition radiation tracker
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Parameter Description
M, Bino mass
M, Wino mass
Ms Glummo mass
me, = Mg, Ist / 2nd gen. Ly, slepton
3rd gen. L slepton

Ist / 2nd gen. Eg slepton
ard gen. E'p slepton
Ist / 2nd gen. ()7 squark
3rd gen. ) squark
Ist / 2nd gen. Up squark
ard gen. Up squark
Ist / 2nd gen. Dp squark
3rd gen. Dy squark

Trilinear coupling t-quark
Trilinear coupling b-quark
Trilinear coupling 7-lepton

u-type Higgs doublet mass
d-type Higgs doublet mass
Ratio scalar doublet VEVs

e.g. Phys.Rev.D81:095012,2010
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General structure

of superpotential

1 1
Wgen — §;ﬂlfgj{1’.i{1’j —+ ayijfc{biq}j{[}k

Structure of soft-SUSY
breaking Lagrangian

—

Lo — —% (ﬂ-ﬂu)\akﬂ + h,c.)

soft

2

& |
— My P; Pj

T, 1 L
— 551“?01(3}3 T Eaukoiﬂ}jmk T h.c.




