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Recap

Yesterday we discussed:
» Gluinos and 1st/2"d generation squarks
» Third-generation squarks

Next:
——> Finish with third-generation squarks in GMSB <{——
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ATLAS-CONF-2013-025
CMS-PAS-5SUS-13-002

Stops in GMSB
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Summary on Stop

Plain vanilla scenarios for ‘natural’ stop and sbottom almost all excluded

» Second SUSY crisis after no Higgs found at LEP2?
» Generate lots of new ideas to evade these constraints
Naturalness guide not applicable to Higgs?
Higgs mass stabilized by other mechanism?
SUSY fine-tuned?

Clearly the situation can be more complex and signal may well hide...

t, (318
\\
%2 (258)
%‘/ Z’ w
12° (142) h
t 0. W
25 1 9 |z*
x1* (114) ‘t, Y
3 37.4
100
%1° (108) = -
...and what about EWKinos?
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Where we are

—> Electroweak SUSY sector <——
» Search for neutralino-chargino production
Neutralino = LSP
Gravitino = LSP
» Escape routes:
» R-parity violation
» Long-lived particle searches
» Beyond MSSM signatures
» Outlook

Isabell Melzer-Pellmann GK Workshop Bad Liebenzell 22.-24.9.2014 5



Neutralino-Chargino Production

Reminder: Cross section tiny compared to other searches!
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Reminder EWKinos

Every gauge field has a spin V2 partner =2 mixing

M, 0 —MzCaSw  MzSaSW
0 M, mzCgCy  —MzSaCw
—MzCgSw  MzCRCW 0 —l
MzSgSw  —MzSgCw —u 0

'

Bino, Wino, Higgsino  Neutralinos

Names Spin | Pp | Gauge Eigenstates | Mass Eigenstates

neutralinos | 1/2 | -1 BY WO ﬁ’g ﬁfﬂ N, N, N; N,
charginos | 1/2 | -1 | (WiAH] f—i/ Ci

~\_ Charginos
-/
M, V2myy sin
( V2myy cos 3 p )

Masses of the gauge eigenstates depend on 4 parameters

M1, M2, u, tanp

Bino Wino Higgsino
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EWKinos

Mass spectra depend on the mass hierarchy of the EWKino mass parameters

~SUGRA ~Natural ~ AMSB
Bino-Wino case Higgsino case Wino case
Open Spectra Compressed spectra Degenerate spectra
mu —C VL0 M1 Na mu NN, C2

M2 N2, C1 M2

N3, C2 M1

| 1] |

N1,N2, C1 M2

N1 mu

M1

If uis large, the lightest chargino is a Wino, with mass M,

- its interactions to fermion and sfermions are governed by gauge couplings
If M, is large, the lightest chargino is a Higgsino, with mass u

- its interactions are governed by Yukawa couplings

Couplings to SM particles:
» (W-Bino, Z/y-Wino) ~ 0
+ (W/Z/y-Higgsino) ~ small
» (W-Wino, Z/g-Bino) ~ large
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Search for Neutralino-Chargino Production

Most searches in EWKino sector concentrate on N2-C1 production
Many different decay possibilities, e.g.:

Z orh
Py ".fﬁ -0 / /
Xo .- €-—__ X1 Py X2 L ~<
P 1 .1‘\\ X1 ‘\.&E
W+ U
Search in lepton final states:
» 3 leptons + MET
» 2 leptons + 2 jets + MET
» 1 lepton + 2b (from h decay)
9
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Search for Neutralino-Chargino Production:
Multilepton Search sus300s o

arXiv:1405.7570 A T u

3-lepton search: l

» N(lepton)= 3 (including max 1 t,4) x B / (%
+ B-jet veto (suppresses ttbar) i L x
X

» MET > 50 GeV (suppresses Z+jets)
Backgrounds:

» non-prompt leptons - data-driven

+» WZ & rare from MC with corrections from data

CMS /s=8TeV, L =195fb"
L

%20 I ¢ Data =

If small mass-splitting, one lepton might be lost! e B Nororonptepers

2-lepton (same-sign) search: %:6 = sy ;
» 2 same-sign leptons 1 L e ey

+» MET > 120 GeV " R trueernoss
» no third lepton with m_Il around Z mass o R
Backgrounds: * |
» Rare SM decays > MC : c2> = :
+ WZ > MC —
» Fake leptons - data-driven Hijjh e .250_+—3;0
+ Charge flips = data-driven 7 GeV]
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Search for Neutralino-Chargino Production:
Multilepton Search Results 5US-13-006

arXiv:1405.7570

Results for slepton intermediate state depend on lepton flavor
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Search for Neutralino-Chargino Production:
Multilepton Search Results 5US-13-006

Results for decays including Z and W Z
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Search for Neutralino-Chargino Production in
GMSB (Gravitino=LSP)

Higgsino NSLP- CMS ‘IL—195fb’ \I§=I8Te‘\/I

T T
m,= m[; =mx‘j; m =1GeV Individual expected

g ™ f

h = o - _ o

, o k == +23l  ==sebbbb ]

, s 2 == yybb =i i q

// e Bl [ L 1 7 P —

~0 —

X1 L. “ - ____ ~ 1 ~ -, E|

P2 Lo G - -
W, — hGhG 1

—— Observed =

[ Expected 1 Gy,
12 Geyp, | 43 Oexp.
=== NLO+NLL #1 Gyyqpy
1 1 1 1
150 200 250 300 350 400 450 500
Higgsino mass m (GeV)

10?2

P x‘{*‘{‘\\

hh, Zh, ZZ final states

_CMS L_195fb1 s= 8TeV_
| L

L—195fb1 Vs = 8TeV

1 GeV —_— observed
I8 Expected +1 Gy,
=== NLO+NLL #1 6,

Ch
iy
‘.
-------------------
------------------------------------------

-3
Individual expected == = bBII

\-
5~__—~-

hGzG events only

00 B( —hG=05
1™

Combined exclusion regions,
all analyses

-
o
UL L

B(i; - 28) =05
1 1 P | IR s

150 200 250 300 350 400 250

Higgsino mass m (GeV)

= Observed
- Expected +1 o,

—
\
\
N )
[}
G (pb)
2 = 2
TT| I.IIHHll T I| T 1 Ill\lll LI Hlll\l
ER
'
]
{?. 1»
I
Q
$
\I!HI‘ 1 IIHHIl 1

+2 Gexp.

CMS L=195fb" (s=8TeV
Trrfrrrryrrrryrrrryrrrryrrrrrrrorr

Sg:llllllllllll|llllllll:

I~ z 0 ?';iﬂnfl =[mi7; mé=1GeV = Observed
I~ ~ iy [55 Expected 1 o, £2 Gy,
- © === NLO4NLL £1 60,
0.2 ;
- Individual expected
— m m i — >3
- e =M - -
] S T B v ersr v e I 107 — '
150 200 250 300 350 400 450 0 é_ B SN -
Higgsino mass m  (Ge - - 2628

4

102 L

1 1 L1 1 I
150 200 250 300 350 400 450 500

[Best limit for ZZ, no limit for hh final state! ] Hagsinomass m, ()
Isabell Melzer-Pellmann GK Workshop Bad Liebenzell 22.-24.9.2014 13




SUS-13-006

SUS-14-002
Summary on EWKino Searches
~O ~t .
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Where we are...

» Escape routes:

——> R-parity violation <—
» Long-lived particle searches
» Beyond MSSM signatures

» Outlook
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R-Parity Violation

Proton decay only forbids simultaneous violation of lepton and baryon
number... but not one or the other:

( q
A ( N q
%1 v x1° Al q \(1] q

W = Wmssm + dijeLiL; iEr + /\’JkL QJDk + w; L H, + /\’JAL,D D,
Lepton Number Violation (LFV)

- Add 48 new Yukawa couplings and 96 complex parameters
» Allows the LSP to decay

Considerable change in the final states!

Background generally lower (no LFV nor BNV in SM),
though lower MET than in RPC
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Phys. Rev. D. 90, 052001 (2014) [ia

R-Parity Violation: arxiv:1405.5086
Example for Lepton Flavor Violation

W = WMSSM zLJEk -+ )\;,JkLzQJDk - KfiLiHu =t /\i’};(’,l)J D;\‘

Characteristic for ;0 LSP, Ay, #0: final states with many leptons
» Event selection:
» 2 to 4 leptons (OSSF pairs > 20 GeV)
» Several signal regions (MET > 50 to 100 GeV, or m > 600 GeV)

; -l T IAI+LIIAISI I | B I | B R I | B L L ] 08 I | Bl L L ' | B I T I.l d
& 1000 . R
‘T‘r : ILdl=20.3fb , 1s=8 TeV ) - :
E [T — ) 20 == Observed (+ 10"‘ ) > -~ =
800~ 5,0 --Expected & ]
-y 2 0 » g n

[ — ., % 0 b i

600__ Al limits at 95% CL o -

L » / -

400(— o R N

e :

2004 -
Very strong limits for direct chargino : :

. N . e . e o o e e s '...1....1....1....
production (reminder: no limit in RPC) 200~ 300 40(7‘500 OV 00" 00" 5601 1000 Vb0
X

Exclude charginos up to 750 GeV Limits weaker for decays including t
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Phys. Rev. D. 90, 052001 (2014) @&

R-Parity Violation: arxiv:1405.5086
Example for Lepton Flavor Violation

W = WMSSM ZLJE]C + )\:JkLzQJDk + IiiLiHu T \/,}; U;D; DA

Characteristic for ;0 LSP, Ay, #0: final states with many leptons
» Event selection:
» 2 to 4 leptons (OSSF pairs > 20 GeV)
» Several signal regions (MET > 50 to 100 GeV, or m > 600 GeV)

pp >gg >qqzqqx x'nll
;1800 [ 1 ] ] L 14 1) ] L 14 T l T A
© ATLAS i
©,1600 J’ P
- Ldt=2031b" {s=8 TeV
E1400F —— 1y, 20
—— o s0 - Expected
1200 0 b0 .
1000 hass # 0 7

All limits at 95% CL

800
600

Strong limits for gluino -

production as well! | S o N\
: 500 800 7000 ' 1200 . 1400 7600 7800

Exclude gluinos up to 1.5 TeV Limits weaker for decays including v m, [GeV]
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R-Parity Violation:
Example for Lepton Flavor Violation aniv:1212.1272 b

W = Wnmssm zL]Ek ngDk + k; L;H,, + /\:'.fjl;('f'r,;l)j[)k
1 ( m—

Numberd e =

Characteristic for A'5;;, A3, #0: eu, et, ut resonance

d

e
Z A¢ (e! M)""J’E
MET=132 GeV -
no Jet !
d p'
’ ’
)\‘ 311 )\‘132 )\‘ 311> )\‘133
ey v Ba/ans NN N O R s ey IR ; '_
- j . GH i/ 1 = ATLAS et { / = ATLAS pt o /
! Ldt=46fb" £/ - K / _ L ; /
10" 3 ey i E J.Ldt=4.6 o' i / .[Ldt=4.6fb" i /
S 7 | 107 P ERRL P E
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A Ayap = 0.05 ] J_,..-....,_,.:"" — - Ay33=0.07 I A =005
= Az =0.01 1 102 SR 102 _!’\""/ 233 -
—— Ay =0.07(1 16" 7 TeV) | T Aig3 =0.05 C ]
S} M R RS RS | I T SR B v oy
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lCoupIing strength at % level excluded for A’ ;,;, A3, if m(v.) <1 TeV]
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R-Parity Violation:
Stop

SUS-13-003
PRL 111, 221801 (2013)
arXiv:1306.6643

W = Wumssm iLjEk + NijxLiQ; Dy + ki LiHy + X33 U; D Dy,

Stop search with RPV decay

. pp >t > ty,Oty,0 > 41 (+jets)+MET

+ Assume Bino-like neutralino

CcMS {s=8TeV, fL dt=19.5fb" oMS ts=8TeV, [Ldt=1051"  cms is=8TeV, [Ldt=19.51"
Search Region: SR1 1S - ~ @ w T N
. 4 Observed i [0) 206 Stop RPV 1, N —{ 1200~ Clslimits ]
1 E g % CLs Limits 1 C —— Theory uncertainty (NLO+NLL)|
[77] Bkg Uncertainties [ —— Theory uncetainty (NLO+NLL) 1. F BN/ e 955 CLs L
1 E1000F -+ expected 953 CLs Limis - 1000}~ i Spectedtio, o ]
''''''''''''''' . Misid. leptons ] E T expectedtio, o i - expermenta
10 il 3 800 - %o ]
1 eo0of 4 0 E
1 1 a0 o a00- R
1 200k 4 20 B
X oo, r ) il e eyl B BRI B B
10" KX R P S S S PSS R 700 800 900 1000 1100 1200
0-300 300-600 600-1000  1000-1500 >1500 700 80 900 1000 1100 1200 m- (GeV)
S (GeV) m- (GeV) t
l Stronger limits on stop than in RPC! l
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R-Parity Violation: ATLAS-CONF-2013-091
- - CMS-PAS-EXO-12-049
Example for Baryon Flavor Violation

W = Wassa + NijiLiLiEx, + X, LiQ; Dy, + ki Li H,, ” Ay W

Characteristic: final states with many jets, no E;Miss q q
CMS simulation at Vs = 8 TeV a' <
N L LS AU SR . v L) A AU AL -
4500 Hadronic RPV,§ — qqq, I\hgluino =400 Ge\l - o q
q

> -
(V] - -
O] — ) —
o - [ ] Correct triplets =
Z 4000 o =
; - - Gaussian signal . ~ ~
g 35003_ —— Incorrectly combined triplets _f m(q)>>m (g)
Q. = -
- : T L L L : - -1 -
= 3000F- 3 1a000f” ARRRE = - ——CMS,L =194 at is = 8TeV
- © 1000k __Expectedmuttiet {1 4 & [ % H
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2000— o aooo;— Y — — >T< E Expected limit 3
- F 6000} 4 vl N i
- - 1 3 B Expected + 10 7
1500 s000f 14 2 L e .
1000 f— 2°°°;‘ N E _f ° E D Expected + 2 o §
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0 . N = —n T ST T A R ; E E
200 400 600 800 1000 1200 1400 1600 1800 i Theory, hadronic RPV :
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E 12 -
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[Exclude gluinos up to 800 Gev]

Triplet invariant mass [GeV]
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RPV - Conclusion

f ¢
I R AH’ q
‘jzﬁél” 70 e y > !
W = Wussm + dijeLiLiEy + X, LiQ; Dy + k; Li H,, + X, U; D ; Dy,

Lepton Number Violation (LFV) Baryon Number Violation (BNV)

» Several couplings tested (not yet all...)

«» Still a large spectrum not covered (e.g. we generally assume y,° LSP
and decay)

» Generally stronger limits than for Standard SUSY (RPC)
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Where we are...

» Escape routes:
» R-parity violation

——> Long-lived particle searches
» Beyond MSSM signatures

» Outlook

Isabell Melzer-Pellmann GK Workshop Bad Liebenzell 22.-24.9.2014 23



“SUSY Exotica”

Apart from the LSP other particles could be long-lived as well:
» Very weak %,°-gravitino coupling [GMSB]
- Non pointing y or Z
» RPV: Lifetime proportional to A2, "2, A" 2
- Displaced vertex if A, A/, A" ~0(10)
» Low mass difference, e.g AM(%*%°)~100 MeV [AMSB]
- Soft pion emitted, kinked track
» Stable Massive Particle
—> Stable R-hadron (gluino or squark), sleptons

MetaStable Detector Stable
disappearing (kink) stable massive
) track _ | particle
Non pointing displaced m _-" | slow (<1,
Y/Z vertex | long time
. - i| of flight) ~ penetrate
- primary & :
o” S a detector
0(1-100)mm O(10) mm O(100) mm > O(1000) mm decay length
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SUSY: Xiv:1207.0627
Non-pointing photons 1zfzr.1“f/;'38, 1304.6310

Non pointing photons could have several signatures
- For all studies assume strong production, GMSB and NLSP bino-like:
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9O 050 \s=8TeV p =1768p =025  — 21201 ILG‘=20-3'b —
5 r . ° ! ] £ f A SPS8 MC i
E E J-Ldt=20.3 © EMB [n/<0.4, Medium gain o [ ]
é 0.45- _+_])0=2T]5§)0.p":0.2999 = :~§100j ‘%7 ]
b o - i
£ E “ sol b
. : — ]
7 60 .
A 40; —
=+ S
. 0ger? :
T—— L 2 L . TR—— L :\ 11l L1l 111 111 111 .
5 10 20 50 100 200 % 1c|)o 2(;0 3(|)o 4(|>o 560 6(‘)0 700
Cell Energy [GeV] 12, il [MM]
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SUSY: Non-pointing photons
Result

S R RN RN RN R RN RS T B LS LN LARRE AR RN RN AR
S R > '+' Data ET'* > 75 GeV ATLAS | é 10° D ATLAS = Exa m p I e
Fbrd T s=8Tev | @ [ —DamE[*<20Gev 5=8TeV 3 .
CR—S i ocm fraemew 1 £ | wmweme 1w | ) Signals
w L ] w - ---A=160TeVt=1ns B
10 E 101
1E =
1= -
1.|.‘HM|H\HH b Lo bbb b by o b b i e b b by by [
%000 1500 -1000 500 O 500 1000 1500 _ 2000 -4 3 2 1 2 4
Az, [mm] t, [ns]
1 8
8 spss T CMSexp. 49fb", 7 TeV .
1075 omssoyd ——  obs anvi21218% Benefit from better
H L L EEERLD ATLAS exp. 4.8fb" 7 TeV . . .
Comparing wp e T T e | /1 timing resolution and
= '“ >

[ ] cDF 26" arXiv:0910.3606

10° [ Do (prompt) 6.3 fb" arXiv:1008.2133
[ ] ATLAS (prompt) 4.8 b, arXiv:12090753

ATLAS and
CMS limits:

non-pointing geometry

Benefit from tighter
> E;™ss and E(y) cuts

Neutralino Proper Decay Length [mm]

||||||| !uuu!lll

100 120 140 160 180 200 220 240 260 280 300
Neutralino Mass [GeV]
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SUSY: Non-pointing photons
Result

8 TeV extends 7 TeV result by factor 2

'w 1 l T 1 T T I T T T T ] T | T T l | T T T I 1
S | ATLAS —— Observed Limit
5 F 1 - === Observed Limit ik‘siﬁ:
[ 1s=8TeV: [Ldt=2031" " gpected Limi
10° 8 B Expected Limit +15,,, =
= Expected Limit 26, 3
- = \s = 7 TeV Observed Limit -
------------ \s = 7 TeV Expected Limit |
~~~~~ GMSB SPS8
10 . =
T E
10 1 1 l 1 | | 1 1 1 1 L | l 1 1 | l | 1 1 | l |
100 150 200 250 300
A [TeV]
Ll l Ll 1Ll 1 Ll Il 1 1 1 l - 1 J Ll 1l l L 11 l |
150 200 250 300 350 400 45%
m(x,) [GeV]
L1 1 l L1 1 | 1 Ll 1 1 l Ll 1 1 l Ll 1 1 l L1 1 1 l Ll 1 1
300 400 500 600 700 800
m(z,) [GeV]

[Exclude neutralinos up to 450 GeV (for ';‘('109y5)]
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Vertex mass [GeV]

RPV SUSY:
Example for Displaced Vertex

arxiv:1210.7451

High mass displaced vertex with multiple tracks and a muon T
» Assume RPV with 2.’,;#0 R 2t
- Need dedicated tracking to increase signal efficiency >
» Background-free in displaced vertex mass — N,,.., plane » W q

q
q H
T T 1 E T | T T T TTTTT | T T T TTTTT I T T T TTTT
210 E @@ Medium-mass squark, ATLAS =
1.4 CEK - Heavy neutralino .
- m Medium-mass squark, {s=7TeV i
. 1.2 b 1 = Light neutralino E
[ - - ATLAS - - ~ Heavy squark, _[Ldt =44f"
- 1 = - Heavy neutralino = calculated
B E _ . . T 10 PROSPINO 700 GeV squark pair production Cross
0= Signal region 0.8 section
= - § -
= . = -. 106 10%F
= = = @ Data 2011 g
= = JLdt =440 _ 0.4 -
- Signal MC E upper
- /s =7 TeV 1 0.2 limit
] based on
| | | | | | -r_O U 0 events
4 567810 20 '30 40 10 102 10°
Number of tracks in vertex ct [mm]
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Disappearing Track / Kink:
Phys. Rev. D 88, 112006 (2013)
Example arXiv:1310.3675

Direct production of a metastable x,*
» Motivated by AMSB, but model independent results
+ % Dsoft i+ + %,0 : Disappearing track in the TRT
» Remove background : Nt + highest p; isolated track

10077
—e—Data({s=8TeV, |Ldt=2031" ATLAS -
------ SM MC prediction

- . I ~0 106 mi: =200GeV, 1:2? =0.2ns (Decay radius < infinite)
y X1~ decaying into X; +r 10°E [ m - 200GeV., = 021 (Dacay radis < 553.m) -
’

Tracks
=)
2,

high-p; charged particle
interacting with TRT material

80

low-p; charged particle scattered N
TRT

in materials resulting in badly
measured track py

Truncated | Normal tracks
tracks

m— {rUE particle track

|| | ||
Prxel SCT TRT
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Tracks / GeV

Data / Fit

Disappearing Track / Kink:
Phys. Rev. D 88, 112006 (2013)
Results arXiv:1310.3675

Direct production of a metastable x,*

tanp=5,u>0
1 05 ET T T T T T T T T T T T ) Z 3%' T T T T T T T T
= ! —&— Data =} 10 / Z
1 04 L ATLAS ririririrts Total background or = g .
E Interacting hadron ey e ]
Fo PERETTRITE pT-mismeasured track L i
1 03 - Is =8TeV, det =20.3fb Electron _
o S s— M, = 200 GeV, 7. = 0.2 7
1025 mmmm ™ =300 GeV, 71=02ns .
= m,! =300 GeV,7!=10ns
10+
P
1 % 7 ; 3 1E =
1 ;— . EV/W; : . K ]
10°¢ 55595599855 ]
10°F | [ o ATLAS
103 F R 1 | 2200 D \s=8 TeV,j Ldt=2031b"
z.g T T T T T T T l T T T TT e (E)bserve: 95% gtlllm[t ((i: G'hel)’W)
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, ® SRS ) .," ========= Expected 95% CL limit (1 o,
1.5 PR Y 1 &t 10" I 2 ATLAS (i's = 7 TeV, 4.7 fb™, EW prod.)
0 E;|.=‘ ........... LK) f (544 /fifr""% g NI ALEPH (Phys. Lett. B533 223 (2002))
' I | 1 1 | | ] | ! L1 T |||||||||||||||W‘Stableyiq
20 30 40 100 200 300 1000 100 150 200 250 300 350 400 450 500 550 600
Track P, [GeV] m. [GeV]
1

Good candidate for minimum unnatural SUSY model
Exclude chargino masses up to 500 GeV

Isabell Melzer-Pellmann GK Workshop Bad Liebenzell 22.-24.9.2014 30



Detector-Stable Particles:
Introduction

hep-ph/0611040

Several candidates for colored particles:
» Gluino is the LSP (SUSY GUT extension)
» Very weak coupling of NLSP=g with G=LSP (SUSY GUT)
» Squarks decoupled or Am(g/q-x,°) ~ O(100 MeV) (e.g. Split SUSY*)
If lifetime > hadronization time scale ~0O(10-24 s) then gluino / squark
(especially 'E’l and rEL) R-hadrons or gluinoballs can form:
» Detector stable
» Highly-ionising particle <
» Slow moving (non-relativistic)
Can change sign )

CMS Vs=8TeV,L=18.81"
—

<

20—

—
Il Data (\s=8TeV) 1
I MC: Q=3 400 GeV/c2 |
[0 MC: Q=1 400 GeV/icz
I MC: Q=2/3 400 GeV/c? |
"""" i Excluded

18/
16
14
12
10
8-
6:

I, (MeV/em)

m

Tracker Calo Muon

—— Charged - -- Neutral
*Decay to LSP is suppressed because of very high mass virtual squarks
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Detector-Stable Particles:
Introduction

hep-ph/0611040

Several possibilities for non-colored particles:
» Slepton is the LSP (SUSY GUT extension)
» Very weak coupling of NLSP= 1 with G=LSP
» Low mass difference Am(l-x1°) ~ 0(100 MeV)
Long-lived sleptons manifest as a heavy muon, charged and
penetrating:
» Detector stable
» Highly-ionising particle
» Slow moving (non-relativistic)
Cannot change sign

<

CMS (s STVL 1581b

20—
[ -Dt a (Vs eTV) 1
18 0 MC: Q=3 400 GeV/c2 |
[0 MC: Q=1 400 GeV/c?
MC: Q=2/3 400 GeV/c2 |
Excluded 1

I, (MeV/cm)

xclu

Tracker Calo Muon

—— Charged - -- Neutral

L | i L
500 1000

p (GeV/c)
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Detector-Stable Particles: EX0-12-026

10.1007/IHEP07(2013)122

Results arXiv:1305.0491

Model-independent limits (just relying on the MSSM production cross section)
Tracker + TOF CMS YVs=8TeV,L=18.8fb"

T T T T I T T T T l T T T T

—
11

ETheoretical Prediction —¥— gluino; 50% gg

Ak gluino (NLO+NLL) ~ —+— gluino; 10% gg
E ooeee stop (NLO+NLL) —=— stop
- 1 stau, dir. prod. (NLO) —e— stau; dir. prod.
[ e stau (NLO) —e— stau
g Q| = 2e/3 (LO) 1Q = 2e/3

IQ| = 1e (LO) —o— |Q| = 1e

—

95% CL limit on o (pb)
o

—
Q

T llllllll T llllllll T llllllll T llllllll
L lllllll 1 lll]llll 1 llllllll 1 l]llllll 1 llllllll L Illlllll L1l

500 1000 1500
Mass (GeV/c?)

[Generally stronger limits than in prompt SUSY searches]
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ATLAS-CONF-2013-057

Stopped Particles

R-hadrons can also stop in the calorimeter and decay later

« Split SUSY (unnatural model): the stopped gluino is the only particle
reachable at LHC

» High energetic jets in absence of collisions
» Background = calorimeter noise, cosmics and beam halo

ATLAS 2012-12-01 12:33:41 CET source! wJiveXML_215456_82343392 run:215456 ev:82343392 lumiBlock:506 Atlantis § : : .
> 15f ATLAS | == Uses Bunch Structure |
S 2011 — 2012 Dataset : == Uses Run Schedule
© 50 fbl@./s=7TeV : : : : :
E 229fh 1@ /5s=8TeV

Live time = 389.3 hours :
(o)) . :
£ : : :
E 10 sepeeeseeeeed

= Revolution : : : : :

Period R : X ) Hour  Day:

S : :

) : :

R : :

A S :

A :

. :

5_ .. .-.‘ ..........

: .

.

: )

Bunch : .
Crossing : : : )
: : : .
_J | "
0 o R T T s T et EERETEEREEt ERRRTN oy

R-Hadron Lifetime [seconds]
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Gluino Mass [GeV]

Phys. Rev. D 88, 112003 (2013)

StOppEd Particles arxiv:1310.6584

R-hadrons can also stop in the calorimeter and decay later

. — s — S —
1300 - = Expected Limit ) = = Expected Limit () == Expected Limit
ATLAS E d Limit (< o 700 ATLAS - @ 700} ATLAS .
. L [ Expected Limit (£10.,) = . [ Expected Limit (+10.y,) = [ Expected Limit (+10.,)
1200} 5.0 ' @ 5= T7TeV - » 5.0 bl @ \5=7TeV » 5.0 b @ /s =T7TeV '
22.9 b1 @ Vs = 8 TeV = Observed Limit o 229 b~ @ \/5 = 8TeV = Observed Limit @ 299 fb-! @ \/‘ — 8TeV = Observed Limit
: . « P imi SUS gty - ‘ . e \'.\ < -] -
1100} - Live time = 389.3hours | v Observed Limit (£103cr) = Live time = 389.3hours | ... Observed Limit (+1075Y) = Live time = 389.3hours | vt Observed Limit (+155U5Y)
£ g/aq+V g 600f - p @ g 600 @
1000f- ,'_"(l'(‘f"l\, et Eneres = 300 GeV 2 mgo = 100 GeV & mg = 100 GeV
eneric, Leacing Jet Lnergy >« : _8 Regge, Leading Jet Energy > 100 GeV Regge, Leading Jet Energy > 100 GeV
900 @D 500 500
800
700 100 100
600
500 300 300
100
10-% 10-° 104 102 10" 10° 10! 10° 10% 20 »
. - 20( 200 = 0
Gluino Lifetime [seconds] 10 10°  10* 102 10 10? 10 106 108 10 10° 10* 102 10° 10 10 10 108
Sbottom Lifetime [seconds] Stop Lifetime [seconds]

Ms < 850 GeV (m,,=100 ev) excluded for 1 ms < t < 300 hours

Mz < 375 GeV (vm,=100 Gev) excluded for 1 ms <t < 300 hours

M;< 400 GeV (m,,=100 Gev) excluded for 1 ms <t < 300 hours
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Long-lived Particles:

Conclusion

» Very well motived and can explain the absence of signal in standard
SUSY searches

» Huge number of possibilities (not yet all covered)

» Striking signatures of BSM not present in the SM
» Generally detector-oriented, background-free
» Limits on SUSY particles generally stronger

MetaStable Stable
disappearing (kink) stable massive
] track ot particle

Non pointing displaced - “ || slow (p<1,
vIZ vertex long time

_~ orimary @ of flight) ./ penetrate

og verex a detector

O(1-100)mm O(10) mm O(100) mm > O(1000) mm decay length
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Summary - Supersymme

Summary of CMS SUSY Results* in SMS framework ICHEP 2014

- 0
9—adax,

§-boy -
Gluino
ot ) 520

~ = 0
G- qalx — Wy )
G0 =t =W )

squark gluino production

‘Tafu -
T = w3) 30875
T—>tb% (x = HG)
v =0
iza(‘(“atfé)z
tz—u((‘—»tx‘)H

S Sbottom

stop

sbottom

;Zif—»‘ulv}?: = 0.
BRI R, ..
s EWKino CMS Preliminary
%o n, wHZE % For decays with intermediate mass,

ZoZz . oo x=005 . ).
%% Ihvfofu R mintermediate =X mmother+(1 X) m

~0%

2 ~0-0
Xx, =HWY % b
2 0

slepton EWK gauginos

Gav
G—qlv A
F—qlv »
Gqotp b
™
gtmb L
§-qaa "
Gotos A

iR

3—aqaqq A"

G=aaq -
Galv 2
Gqlv A

E
Galv A

R
-«

8

RPV

G bty A

383

G apty A
Gy~ LA
T ~uevt

T uevt

22
N 2
T - t
R L 233
T —tbty 2’
A 2

I 1 L 1 I 1 L L I 1 il L I 1 1 1 I 1 L L I L
0 200 400 600 800 1000 1200 1400 1600 1800
*Observed limits, theory uncertainties not included Mass scales [GeV]
Only a selection of available mass limits
Probe *up to* the quoted mass limit
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Summary Supersymmetry

ATLAS SUSY Searches* - 95% CL Lower Limits

ATLAS Preliminary

Status: ICHEP 2014 Vs=7,8TeV
Model &MY Jets EN [raqm™] Mass limit Reference
MSUGRA/CMSSM 0 2-6jets  Yes 20.3 38 1.7TeV  m(g)=m(z) 1405.7875
MSUGRA/CMSSM Tepu 3-6jets Yes 203 |2 1.2 TeV any m(g) ATLAS-CONF-2013-062
") MSUGRA/CMSSM 0 7-10jets  Yes 20.3 z 1.1 TeV any m(g) 1308.1841
g 33, q—)q){l 0 2-6jets  Yes 20.3 q 850 GeV m(¥))=0 GeV, m(I* gen. §)=m(2" gen. §) 1405.7875
8 g*qqf(f 0 2-6jets  Yes 20.3 & 1.33 TeV m(¥})=0 GeV 1405.7875
g 23, 3-qg\T —qqW )(, 1eu 3-6jets  Yes 20.3 4 1.18 TeV m(¥})<200 GeV, m(¥*)=0.5(m(¥})+m(3)) ATLAS-CONF-2013-062
D 3z, 3oqq(l/ 0y e 2epu 0-3 jets - 203 |2 1.12 TeV m(¥})=0GeV ATLAS-CONF-2013-089
Q  GMSB (I NLSP) 2epu 2-4jets  Yes 47 tanp<15 1208.4688
‘@ GMSB (/ NLSP) 1-27+0-1¢ 0-2jets  Yes 20.3 1.6TeV  tang>20 1407.0603
% GGM (bino NLSP) 2y - Yes 203 1.28 TeV m(¥})>50 GeV ATLAS-CONF-2014-001
£ GGM (wino NLSP) Tepu+y - Yes 4.8 m(¥))>50 GeV ATLAS-CONF-2012-144
GGM (higgsino-bino NLSP) Y 1b Yes 4.8 m(¥})>220 GeV 1211.1167
GGM (higgsino NLSP) 2e.u(2) 0-3 jets Yes 5.8 m(NLSP)>200 GeV ATLAS-CONF-2012-152
Gravitino LSP 0 mono-jet  Yes 10.5 m(G)>107* eV ATLAS-CONF-2012-147
%’ S 0 3b Yes 201 |Z 1.25 TeV m(¥})<400 GeV 1407.0600
2 0 7-10jets  Yes 203 |%& 1.1 TeV m(¥}) <350 GeV 1308.1841
3 EO 0-1e.p 3b Yes 201 |Z 1.34 TeV m(¥})<400 GeV 1407.0600
o) 0-1epu 3b Yes 20.1 z 1.3 TeV m(¥})<300 GeV 1407.0600
biby, by _>1;)(, 0 2b Yes 20.1 by 100-620 GeV m(t})<90 GeV 1308.2631
w c  bib, bi—t} 2e,u(SS)  0-3b Yes 20.3 by 275-440 GeV m(t7)=2 m(¥}) 1404.2500
i S #if(light), fi—-bYT 1-2epu 1-2b Yes 4.7 2 11 m(¥))=55 GeV 1208.4305, 1209.2102
S8 aalight), Wbty 2eu  O2jets  Yes 203 |7 130-210 GeV M) =m(i )-m(W)-50 GeV, mf,)<<m(¥¥) 1403.4853
E'g 171 (medium), 7 —1X;_ 2e.pn 2jets Yes 203 |# 215-530 GeV m(¥))=1GeV 1403.4853
o g Ai(medium), 7y ﬁobx, 0 2b Yes  20.1 i 150-580 GeV m(¥})<200 GeV, m(¥7)-m(¥})=5 GeV 1308.2631
O  ifi(heavy), i =¥, 1en 1b Yes 20 |# 210-640 GeV m(¥})=0 GeV 1407.0583
:” § fif (heavy)bt. —1¥) 0 2b Yes  20.1 i 260-640 GeV m(¥))=0 Gev 1406.1122
™ Af, [k 0  mono-jet/c-tag Yes 20.3 A 90-240 GeV m(f)-m(¥})<85GeV 1407.0608
771 (natural GMSB) 2e.u(2) 1b Yes 203 |# 150-580 GeV (X“)>1 50GeV 1403.5222
b, h—h +Z 3e.u(2) 1b Yes 203 |7 290-600 GeV m(¥})<200 GeV 1403.5222
2e.u 0 Yes 20.3 7 90-325 GeV m()?.) =0 GeV 1408.5294
2e.u 0 Yes 20.3 0 140-465 GeV m()(,] =0 GeV, m(Z, #)=0.5(m(¥T)+m(¥})) 1408.5294
> g 27 - Yes 20.3 )_(z Y 100-350 GeV m(}(,) =0 GeV, m| .5(m¢?f)+m()?§)) 1407.0350
[ITES )(,)c atLv[L[(vv), VILLGY) 3epu 0 Yes 208 [F.E 700 GeV m(¥i)=m(¥3), m(X,) 5(m(FE)+m(E))) 1402.7029
G -wilze) 2-3e,u 0 Yes 203 | &K 420 GeV mU(|)=m()(-») mp?,) 0, sleptons decoupled | 1403.5294, 1402.7029
X - WY Tepu 2b Yes 203 i;,x/ﬁ 285 GeV m(¥7)=m(¥3), m(¥)=0, sleptons decoupled | ATLAS-CONF-2013-093
XoX3, Xa3 —lrl e 0 Yes 203 |5 620 GeV mE9)=m(¥3), m(¥1)=0, m(Z, #)=0.5(m(¥3)+m(t?)) 1405.5086
B @' Direct 1147 prod., long-lived X7 Disapp.trk  1jet Yes 203 | 270 GeV m(¥;)-m(E))=160 MeV, 7(¥})=0.2 ns ATLAS-CONF-2013-069
= % Stable, stopped g R hadron 0 1-5jets  Yes 27.9 g 832 GeV m(¥})=100 GeV, 10 ps<7(z)<1000 s 1310.6584
ST GMSB, stable 7 X1, (e ) 1-2u - - 15.9 10<tanfi<50 ATLAS-CONF-2013-058
s 8 GMsB V) —yG, long-lived X! 2y - Yes 4.7 0.4<7(¥))<2 ns 1304.6310
- 43, X1—qqu (RPV) 1, displ. vtx - - 20.3 q 1.0 Tev 1.5 <cr<156 mm, BR(u)=1, m(¥])=108 GeV | ATLAS-CONF-2013-092
LFV pp—¥: + X, ¥:—e + u 2e.p - - 4.6 A;,,=0.10, 1,3,=0.05 1212.1272
LFV pp—¥. + X, ¥r—e(u) + T Tepu+t - - 4.6 i 10, 44(2)33=0.05 1212.1272
> Bilinear RPV CMSSM 2e,u (SS) 0-3b Yes 20.3 3.2 1.35 TeV m()=m(g), ctsp<1 mm 1404.2500
& T, X W X —eev,, eue dep - Yes 203 | X% 750 GeV m(E})>0.2xm(E}), 412170 1405.5086
T =W X sev, e, Bep+T - Yes 203 |&; 450 GeV mw‘.’)>o 2xm(F7), 4153#0 1405.5086
8—4q99 0 6-7 jets - 203 |2 916 GeV BR(1)=BR(b)=BR(c)=0% ATLAS-CONF-2013-091
g—iit, i —bs 2e,u(SS)  0-3b Yes 203 |Z 850 GeV 1404.250
L Scalar gluon pair, sgluon—gg 0 4 jets - 4.6 | sgluon ~ 100-287 GeV incl. limit from 1110.2693 1210.4826
g Scalar gluon pair, sgluon—# 2e,p(SS) 2b Yes 14.3 sgluon . 350-800 GeV ATLAS-CONF-2013-051
5 WIMP interaction (D5, Dirac y) 0 mono-jet  Yes 10.5 m(y)<80 GeV, limit of<687 GeV for D8 ATLAS-CONF-2012-147
M| 1 1 1 PR T
Vs=8TeV 10-! 1
full data 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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Where we are...

» Escape routes:
» R-parity violation
» Long-lived particle searches

——> Beyond MSSM signatures <=
» Outlook
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PLB 719, 42-61 (2013),

Beyond MSSM Signatu res arXiv:1210.2052

Stealth SUSY:

» Invisible extra singlet and singlino are mass g
degenerate and light ﬁ:

» Reduces drastically the amount of MET since q 7 S0y
all SUSY cascade decays ends like — ______ al

)

2
)
)]

S > S (3jj or yy) G with poorly boosted G ! X
» Example: S decay to photons

T T | T T T T T ]

CMS

T T T T
CcMs

s B z
8 50 ;*é 4.96 fb, \s =7 TeV ] ; i 4.96 fb',\/s = 7 TeV
o X % Seie oA iet i 2| Mo = 1/2xM,_ B
X3 Nz e oot =dets - 107 ¢  M!=100GeV, M_=90GeV -
: 40 gé - Expected Background ] . e T s.A..:;b. .................. :? ....... - S :
{2 %_ 52 [ Syst. Uncertainty . - BR(L. 8=
S 30 Z —— M;=900GeV ] — Observed Limit |
o g § S, Sideband - , ---- Expected Limit
Z 10 |l Stealth SUSY ==
20 ] | @ =1 SD Expected b
% : ....... L —— - ~—————— .
~ i
10 % -
% == g, Lyl 1= E
P R T S | A . ST S ey PR | PR
600 800 1000 1200 1400 500 1000 1500 2000
ST (GeV) Méi (GeV)

[ Exclude squarks up to 1.4 TeV ]
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Beyond MSSM Signatures

R-parity concept extended to a continuous symmetry (MRSSM, SSSM):

v

v

v

Gluino to be of Dirac type instead of Majorana as in the MSSM
Sgluon completes the MSSM multiplet composed of gluons and gluinos

Constraint on the gluino mass in the natural spectrum relaxed (radiative
corrections are truncated and a lower gluino-gluino cross-section is
expected compared to MSSM)

m(sgluon) < 350 GeV: decay in two gluons
-> pair of two-jet resonances with equal mass
Reconstruct 2 resonances M1, M2 with >4 Jets pT>80 GeV

3 F ‘ = | T L T
0 = I Ld; T4\7 w aTas p.(4 5;1) >;xoZG n _2 "é J‘ - Observed
% 3000; - - ABCD r é o 104 E— ATLAS Ldt=4.6 fb _____ Expected _E
% E i_ s [ VIC sgluon; Region A m F \ \s=7TeV M+ 7
E- Le = M, on =250 GeV X C he - 7]
E - 3 ©o L Y 20 -
E . — E E  10°L \ 2 Scalar gluon _|
= e = — = S . 3
E - . 3 - = % - --Hyperpion 3
£ e ] - ~ Y -
5 S = o - % — ATLAS 2010
s e ++*+++++++++++ 0 10 “ 4
& —tt——t—————— -
P B B
B oo _-J_T_-_-_.-— oL
S = ~
S ‘ ! ‘ ! ‘ ! ‘ ! . Eo v v v b b e Ly 1A
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[ Exclude sgluons with mass < 300 GeV ]
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Beyond MSSM Signatures

R-parity concept extended to a continuous symmetry (MRSSM, SSSM):
» Gluino to be of Dirac type instead of Majorana as in the MSSM
» Sgluon completes the MSSM multiplet composed of gluons and gluinos

» Constraint on the gluino mass in the natural spectrum relaxed (radiative
corrections are truncated and lower gluino-gluino cross section are
expected compared to MSSM)

» m(sgluon) > 350 GeV: decay in two top quarks = 4 top final states
» Can be accessed with 2 same-sign leptons

L e o e e L e e s e s
2 Expected limit at 95 % CL _|

[ Expected limit + 1o
[ ] Expected limit+ 2c A
$4444: Theory (NLO) N

—e— Observed limit at 95 % CL §

10

o x BRItt) [pb]

10

10-2;_ ATLAS Preliminary

E det:M.sfb‘1 \s=8TeV P
Claos v v b v v b v by v b v 3w v b v v by 0 3

03 04 05 06 07 08 09 1
Sgluon mass [TeV]

[ Exclude sgluons with mass < 800 GeV ]
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Outlook

LHC has finished the 8 TeV data taking in 2012
Preparations for 13 TeV are ongoing

collimation, HL-LHC
cryogenics, ... installation

~3000 fb!

until 2035
~ 350 fb!
~ 100 fb /
LS1 —> LS2 LS3
13-14 TeV > 14 TeV > HL-LHC >

2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025 2026 2027 2028

phase 1 upgrade
] phase 2 upgrade

Expect exciting discoveries in the next runs!

Isabell Melzer-Pellmann GK Workshop Bad Liebenzell 22.-24.9.2014 43



CMS Simulation, Vs = 14 TeV

CMS Simulation Vs =14 TeV

~~~ e . . —— _l T T T T | T T T T ‘ T T T T ‘ T T T T ]
% pPp—99,9—qq X:) 5S¢ Discovery Reach %) 1800 [~ Expected 50 Discovery =
G 900] ... | - 300" Phase I, <PU>=140 S L goob 7 Phasel <PU>=0, L3001 .
o - _ 1 _ o - [ ..... Phasel, <PU>=140, L=300 fb B
Elx 800 L =3000 fb ', Phase Il Conf3, <PU>=140 éx  — Phasel <PUs=0, L=3000 o ]
£ = 1400 — — Phasell Conf3, <PU>=140, L=3000 fb™' ]
700 - C ]
: 1 1200 -
600 - C ]
- ] 1000}~ =
500 ] C N
S ] 800 - -
400 ‘ - C ]
e . 600 .
300 ] C ]
: 1 400 - =
200 - C ]
: - 200[ -
B T T TR PPN TR T TP bl | \ it 5
600 800 10001200140016001800200022002400 0500 - I‘I OOd | I1 500I | I2000I - I2500
My (GeV) m (GeV)

50 discovery reach extended up to 1.8 (2.2) TeV,
up to 2 (2.3) TeV for decays through top quarks
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m_, [GeV]

X

SUSY Projections for Squarks
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50 discovery reach extended up to 1.4 (1.9) TeV,
up to 2.6 (3) TeV for decays for m,;;,,=4.5 TeV
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SUSY Projections for 3" Gen. Squarks
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ATL-PHYS-PUB-2014-010
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Sbottom pair production, b, — b %', \s = 14 TeV
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N 300 =
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50 discovery reach extended up to 1.1 (1.4) TeV for sbottom,
up to 1 (1.2) TeV for decays for stops
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[GeV]

m.,
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SUSY Projections for EWKinos
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50 discovery reach extended up to 550 (800) GeV in WZ channel,
650 GeV (only for HL-LHC) for Wh decays
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Outlook

SUSY is somewhere out there...

... we just have to find it!!!
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Thank you for listening...

More questions, but lecture already over?
Contact me: isabell@cern.ch
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Beyond MSSM Signatures

SUSY Theory phase space

Add a new scalar singlet

= 2 more Higgs and one more
neutralino, 0910.1785]

= Relax constraints from Higgs
mass (i.e. reduce fine-tuning) and
provide solution to the p problem

N=2/N=1 models [0812.3586]
where for example gluinos are
not Majorana particles.

Similar if R is a continuous
symmetry instead of discrete
[RMSSM, 0712.2039,

0810.3919]. L
=>lower o, 2x2 jet resonance or

decay to two tops if possible

- ~

- .
Dirac
gauginos_

S

.

Stealth SUSY - Invisible singlet

. Singline ‘ added.
= Relax MET cuts [1105.513]

CMSSM

Top-down. Mediation of SUSY
breaking via U(1)’ . [0910.2480]
= Generally predicts Wino-like

LSP

T. Rizzo (SLAC Summer Institute, 01-Aug-12)
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Detector Stable Particles:
Examples

Striking signature > Reconstruct mass

» Start from one (or two) high p; isolated track(s) > p
”’ Measure I3Y (mvert Bethe BIoch) from Si-track clusters

» Measure p (CAL or CAL+muon spectrometer)

= / ifon Cu
o

“‘gmn T

> Bethe

[

g Anderson

. Radiative
Minimum ~ effects
ionizetion ~ reach 1%

wmoooL 010 w1 JUL (1}
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= 1401 oL
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E M Q988
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B
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Muons /0.01
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T
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| Calorimeter + MS |

F J-Ldl-4.7|b' P

40} l
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L Mean = 1.000
30F T 5200

§ Mc z — up
20 Me 0 996
C =
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o
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1211.1597, ATLAS-2013-058

e

Tracker
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uc,z -

" o ~2 5°/ )Iz 12)

Uv 03 06 0.7 08 09

=> Add the all information and compute M =p/y
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SUS-13-003
PRL 111, 221801 (2013)
arXiv:1306.6643

R-Parity Violation:
Stop

W = Wmssm + AijiLiL; Ey inDk + ki LiHy + N3 Ui D Dy,

Stop search with RPV decay
- Final states:
» 2u +2t +2b
+» Assume Bino-like neutralino

cMs is=8TeV, [Ldt=19.51b"
< 1 | i e
P 800 =
S Ea ;
8¢ 7001 =
£ - ]
6001 - | region label kinematic region stop decay mode(s)
5005_ = A mp < my < 2my, m)a) N t —)_tl/bE i
s . B 2my < my < M0 t — tutb + tvbb
400E StopRPVL',,, | C Mgy < my < my + Mz F— tvbx? + jjbx?
300f ipocve o D My + myo < my < my+ g f— Wbx?
I e -~  aeeees expected 95% CLs Limits] E m 1 +m < m- 1 ?—) t~0
200 ; l L I L L l L L ' A I ' L 1 ' l L ' IH lex?e?teld i'IGan‘HI‘Im?"m: l __ t X/~(1) t Xl
300 400 500 600 700 800 900
m- (GeV)
[Weaker limit depending strongly on LSP mass ]
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