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Lecture Organization

la - Ingredients for a SUSY search @ LHCE Ib - SUSY ElectroWeak

“What drives the sensitivity to SUSY at LHC ?” “Exploring the bottom part of the SUSY spectrum”
1.Teaser (1)
2.SUSY Framework @LHC (11) 1.Parameters of the EWK sector (2)
3.0bjects and Monte Carlo (3) 2.SUSY Higgses (8)
4.Discriminating variables (5) 3.ElectroWeakinos (12)
5.Background Estimation (7) 4.Sleptons (1)
6.Fit Results (7) 5.Summary (1)
7.Result Interpretation (3) :
~35 Slldes 9 50: ~25 Slides 9 40‘
lla — 39 gene. SUSY lib — Strong SUSY lic - Beyond MSSM
“‘Best natural candidates® “Inclusive searches” “Last hopes (!) and conclusions®
1.Sbottom (7) . 1.Gluinos (12) . 1.Long lived (10)
2.Stop (12) 2.1/2M generation squarks (1) 2.RPV (8)
3.Summary (1) ' 3.Summary (1) . 3.Other SUSY realization (3)
. 4.Overall MSSM summary (2) | 4.Overall conclusions (3)
~20 slides -2 30° . ~15 slides 2 25° | ~20 slides =2 30°

P. Pralavorio SUSY Searches DESY, 07-Apr 2016 2



Recap from lecture |

Theory quidance Experimental work

O Strategy @Contrm objects and Monte Carlo E J ”Eaclkq‘ri')u.ljd esfi‘ma“ﬁﬁ”i
o (ph) e 3T B e ] 1 5wzt W contiol regions
A. MSSM - o zm-': ;"L" N ; i s-:ys-;lemalw(:[ =
- —— L o : £
. foref " b, > 1
B - NatU ral >1 O% I f r “’“ ik ai i ' 2 | statistics,
1 2 | it (. || I -t
C1: RPC y ’ ki | ey
CMSSM 1:- ; : * s - i Closeness :::::ganainrae‘g:on
C2: LSP nature 1] it e Y/ _3tV.MonteCaro
. g C3: Spectra Opening 10 @Powerfuldwscrlmlnaﬂts E @ml‘ltiﬁretali?n’ifno é;chg.ss
N=1 SUpermU|t|p|et g 1. :; <1_3lM5u§:JSY E 2- Simplifi odels
~ ~ i
929 ;
Courtesy of Anna Sfryla i é ¢
Eff ' -
A Natural Spectr e - o
' 3- Pheno. models, eg. pMSSM

General “bottom-up” viewp6int

M
EWK SUSY
| TeV | No generic limits ...
“ |
The I;Iu;leI:r Faniily Rp=1 M Re=-1 ... i
of the Higgs “Distant
SUSY Strong 1TeV | Cousins”
rd
500 Ge | USY 3" gene
In hAMSSM: et 500 GeV | Enters at tree-level ;:;aznlzz!p\;v
mA/H > 300 GeV g — Sf'gg“"”';mH""' (1) No generic limits ... esp.
HA SUSY Weak mH+ > 160 GeV i B for natural scenarios. Wil
M 7 (~—)5  benefit from HL-LHC.
— __ Excluded by LEP and Tevatron
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+«— Closeness to Higgs
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Preparation for lecture Il

Theory quidance Experimental work

) Strategy @Control ob|ec?s and Mome Carlo : @BaCk(FmU"d estimation
s Pt L 1-Multijets: jet smearing method
o (pb) i = g ‘ 2-W, Z, t, VV : control regions
- systematic
A: MSSM L
- L Ll T
B: Natural >10% L1
]
C1 . RPC = % "“. LM.”*{ ..... = _u ! Clos s to signal region
oweem ) 11 o e sl ,,,;LU,,,,,L,,LJJ ,,,,,,,,,,,,,,,,,,,,
C2: LSP natu re wio @Powerful discriminants i @ Interpretation if no excess
+ T=Constraint model, e.g. MSUGRA
. 1 i <1.8M E 2- Simplified/top l models
C3: Spectra opening - :

N=1 supermultiplett g}
9>97%

A ﬂ\fatumf Specﬁ[ e

Sbottom search:

| TeV

1) main decay channel ?

2) Final state ?

SUSY Strong
USY 37 gene

500 GeV |

3) main backgrounds ?

SUSY Weak 4) main discriminant variable ?

5) How to control the background ?

+«— Closeness to Higgs
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Lecture Part lla

A Natural Spectrym. A: MSSM
I s el B: Natural >10%
1 TeV | + Cousins” C1 RPC
ftioseriic C2: LSP nature

=
>
|

St0Gev. / @ C3: Spectra opening
Bt (+)a

4 (+)8 Case 2 M
B " SUSY
+— Closeness to Higgs ‘f' "B A
=L < jet
Case 1 .
> Multi b-
— - v __ Lepton (I 2 ft,l:bmfits
t1s bL x4 iet T
l j +0/1/2 lepton
‘i10 G ¥ ~_ Lepton (| v + 0/1/2 photon
MLSP Photon (y)
. ) ) « 1o ke <Msysy
* Absolute value of vectorial sum: E,™ ~ AM 5
* Number of b-jets ' l

o
* Endpoint at m~(Mgpsy2-M; p2)/ Mgy [002.2879,0910.0174) B 513/"‘“

Before LHC start ~no constraints on stop and sbottom !
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Sbottom (1)

a Q\fatumepch’uﬂL = SRA for large sbottom mass:
M Gameni ol YW iiaba Requirements SRA
o 1 ' Coune Etmiss [GeV] > 150 Trigger-driven
The “Nuclear Family” , Pt (j1) [GeV] > 130 . .
of the Higgs L2 [GoV] > 50 Pile-up-driven
e Lepton and 31 jet veto
A pT— 0.25 QCD-killer
Ad (jet-MET) > 0.4
«— Closeness to Higgs N(bjets)= 2 Tight (¢=0.6)
Simpliest decay b>by,° Mer [GeV] > 150,200,250,300,350 | Discriminating var.
Signature: 2 b-jets + MET my,[GeV] > 200 [mcr(ttbar)<135 GeV]

= Background : Ng [m.>250 cev] = 15.8 £ 2.8 (14 obs)
v Z(vv)bb: Control Region with Z->Il mass constraint + 2 b-jets
v top, Wb: Control Region with =1 lep + 2 bjets + MET> 100 GeV
v" QCD: jet smearing method

@ = SRB for compressed spectrum:
M(B) v 'mgr & my,, cuts > 3 jet (ISR) & H(wo 3 leading jets)<50 GeV
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S b Otto m 2 ATLAS: 1308.2631
CMS-PAS-SUS-13-018

b, b ~ 050
A Natural Spectruni b b, > bby%,° > 2b+MET

oy . s v " ~ ot
General “bottom-up” viewpoint s, ladp e pngd T T e - Sbottom pair production, b, — b %°
: . . (D | ata \s = ev, 3 - ; C T T T T 1T Tl TTI’TTI T B G L -
M <o brl 0 100 SRA SM total ] 8 " ATLAS e Observed limit (ﬂ“;s»f.-,)
7 “Distant by : top-quark production : -—c:-"' N | Expecled limit (1 0,,‘;,)
; - £ C I W production ] £ 500 ~J- Ldt = 20.1 fb", 1s=8 TeV
1TeV - a1 - Cousins” g 80— B production — C B coF 265 .
- _ T * | r Others ] - i o - e g
The “Nuclear Family | C m5)=500 Gov, mGe1 Gov Gl [ Iooszm E
of the Higgs . i * - ATLAS 2.05 b, \s=7 TeV
a0~ = 300 R
500 GeV. C ] ] u ]
N 20— ' — r .
E L) - g l: 200 — ‘E -
0_ TR, 2 . - & . .. o - : -1
Bt = E ' o ! APPSR u i ]
3 FS— R T i = 100 { -
= £ * 4 i\ ]
P I I
= L et S R A LGS ; : | ]
- ) ) ‘ : ) ) , 4 ? 0
«— Closeness to Higgs 0050 100 150 200 250 300 350 400 450 500 100 200 300 400 500 600 700 800
m, [GeV] m; [GeV]
————————————————————— o PR
F CMS Preliminary, 19.4 fb ",IB TeV * Daa 600 CMS Preliminary, 19.4 fb™, ys = 8 TeV
[ Signal region with N =2 [ Zwsdets ’:;:' savees Sus o
102 L He I W(iv)+Jets ® pp — bb,b— bx NLO+NLL exclusion
E Top —
= [ w o, so00| = Observed+ 16,,,6,
- co & << Expected + 16, qriment
10 ,,=750 GeV,m | =50 GeV E_l .
E : m,, =300 GeV,m =150 GeV — -
o 400 [ ]
1 ., i
g 300 = ™\
107 200 “H
£ 1
<o, e ol \\4)
=" c : o |
0‘5§~ % obl 1 1 1 Pl | h |
0E L L - L L L L s 200 300 400 500 600 \7 80!
0 100 200 300 400 500 600 700 800
Mo, [GeV] Mypotiom (GEV)

Cover both large mass and compressed spectra
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ATLAS: 1112.3832, ATL-CONF-2012-006,
O o m ATL-CONF-2012-165, 1308.2631

b_b, > bb%,%%,° > 2b+MET

O Gradually improve mass limits with luminosity ...
= Reoptimise the signal regions for each luminosity

\s=7 TeV, L=2fb""

%‘ 350»bhpm‘mbﬂb;l LéL ObSONBdLMI(QE“fCLI—_ M

o F T e CL, Expected Limit (95% C.L.) 3

g : CL, Ex d Lir E H — — -
R Pl s 2 Final LHC Run I: Vs=8 TeV, L=20fb"!

Sbottom pair production, 61 —=b ZB

2502— 052w’ ‘._.-""--'..ATLAS — ™ I_ ('I:b'1 )

o E
o5 _[Ldv: 2050'Ns=7TeV 3
SO i o

;‘ 600 [ LI I rTTT I T 1T I U N susy
——— Observed limit (+1 6,

. ﬁf— ]’LHC & [ Amnas 1 ey

b s L P e Expected limit (+1 5,,,)

N <—Tevatron £7500 —I Ldt = 20.1 fb”, 1s=8 TeV -
9 «—— Closeness to Higgs I - CDF 2.65 fb'1 i
s - o N
E.. 400 [ Alllimits at 95% CL Cl DO 5.2 fb™ i
o L —— ATLAS 2.05 b, \s=7 TeV -
5 s=7 7,1eV, L=5fb" I ‘
2 ;SUO ! ——— Observed limit (+1027) B e i ]
o 8 csof- ATLAS oy | = T Vs=8 TeV, L=12fb"! 300 - ™ -
7)) E‘noiJ.Lﬂl:A.?rb",\s:?ToV < — | O : r |
2 E Al limits at 95% CL, B cor 265" E oo B, 5 proﬂucl o, By~ bz AN S i
(&) g ‘ %‘ — erved imit (10, N M, > -
-‘E“ %,. oo ATLAS Prellmmary - ?:vcmﬁhmll{‘iin,“) ? 5 r ]
g 00 )
(7] - .
o~ L o
> - i
= 100 ]
(@] i

I}IIIIIIIIII‘IIIIII IIIJI

0
100 200 300 400 500 6087700 800
m: [GeV]

Reaching upper mass limits of the natural SUSY spectrum for m(N1)<250 GeV
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S b tt 4 ATLAS-CONF-2015-066
O O m CMS-PAS-SUS-16-001

b, b, > bbY,%° > 2b+MET

4 ... and center-of-mass energy
= ATLAS: improves over 8 TeV because of b-tagging performance (one more layer)
= CMS: improves over 8 TeV because of increase numbers of Signal Regions for exclusion

First Results @LHC Run II: Vs=13TeV, L=3fb"!

. s 4
Bottom squark pair production, b, — b 2? CMS Preliminary, 2.3 fb™, 1s = 13 TeV

; el 800 TTTT TTTT TTTT TTTT TTTT — o)
= F [ I I I [ Ob d limi susY = 600 il o ) ; L
& E ATLAS Preliminary |~ sarved limht (Vo o) (qD_) pp—>bb b—b X, NLO+NLL exclusion =10 %
w00 | Expected limit (£16,,) = =Observed + 10, = ks
= E Vs=13 TeV, 3.2 b 3 % 500| === Expected + 1 O experiment " -.8.
600 :— Al limits a1 95% CL ATLAS ET™ 4 2 bjets, 20.1 16", 15=8 TeVE £ i N z
500 f_ Best SR ATLAS monojet, 20.3 fb”, 15=8 TeV _f —: E é
C ] il c
L n i =l o
400 — - = 10" 'E
300F - 11 &
- . - Q.
F ; ] 1] 5
200 [~ 7 1 =102
E ; B O
100 ’ — 10 4 2
L \3.__ { ] ] i o
O_IIIIIIIIIIIII!IIIIIIIIIlIII[IIIIIJ:'I g lvora ool 0 10_303

100 200 300 400 500 600 700 800 900 10001100 400 500 600 700 800 900 1000

m; [GeV] m; [GeV]

Reaching upper masses of the natural SUSY spectrum
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Sbottom (5)

| MtumepectrunL = 22 leptonic W : a high probability of 2 same-sign lepton
y General “bottom-up” viewpoint o . v Multipurpose final state for RPC Strong SUSY (see later)
~=1-=- f1,2 OR
f "Dist.anf'
L S i j e = ~no SM background compensate for BR(W-=>1v)=0.1

E
of the Higgs .

v Low stat channels !
500 GeV |
Remaining background N5 | M., | N2, | BE™ [GeV] | meg [GeV]
pt - - >2 | 21 | 24| >0 | >550
[ Charge mis-identification
cus i 27TV L=488 1y 16— r—r——7T—71T—— 777
«— Closeness to Higgs L Ty 3 sf e E | ATLA‘S ISFbelefore E’T']“‘SS cut |
- 8 W s=13TeV 32" e Dat -
—_ e % HE —| _— @ i isz . Sl‘il?l'otal W Charge-Flip]
~ ~ ~ frd o 0 12—----- SUSY b,—)tW"1 Fake Lept R -]
bLbL -2 tt x1+x1 > 2b+4W+x1° Z & o m=600 GeV, m i:soxev gmﬁv,ettzep o =wag,eww, z2
2 N
~ -~ - u+ 2 A 2’\%(0'“.'_“)2[?\,; . SR - ;
M(W) or M(B) fixed . SR A
_ A - N
1S : AN
— Bl tthar + WorZ:o~0.5pb |
% [_11 Real +1 Fake lepton (jets) 40 60 80 100 120 140 >150
(o] ET™® [GeV]
—
m| Ng [SR1b] = 4.5 + 1.0 (7 obs)
s

M(b)
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ATLAS: 1404.2500

Sbottom (6)

O Results depends on x,° and y,*- masses b b, D tt X,*% > 2b+AW+7,0
= Several assumptions are chosen
= Limits quite robust at m(b)<500 GeV ... Not much change at 13 TeV yet ...

Fixed N1 mass C1-N1 close-by C1-N1 far

CMS \s=8TeV, L =19.5fb"’ CMS 1s=8TeV, L =1951fb" b, b, production, b.—s 5 GG = 2 m
—_ = = ink B -'_\_ 1()3 — 400 o g = i | __ 103 S‘ 400 _\1 T 1\p| | TTTT | T |1|_>f Ix;l TT (\x:) I(’I_ T ¥ | LI I TTT |_
- pp—b b’ b.—> tWz® NLO+NLL exclusion | 1 o pp—b b, b tWi® NLOsNLLexclusion || 4 @& ® C ]
8 600 A kg 1 ] 8 1917259 " q = O - ATLAS 2|
= = Sbserve: i11 Bisory d - 350 E(E)bserve: 111 s - — 1 S £ 350 S J' Ldt=2031b" \s=8 TeV J
0 ted + ; B ==s ected+ ; m_o/m_, = 0. a = B ]
= allb s Cexperiment A 300 P ce"pe”me( X% > 2 I 2 same-charge leptons/3 leptons + jets .
S o ~——— L : -
2 = = L ] 0 300 [~ == Observed limit (+1c525) -
E i - 250 i 4] g [ === Expected limit (+10,,,) ]
400 =i d g 250 |- Allimits at 95% cL I
. 910° 200 -+ H1° S - ]
300 : - ] < IE £ 200 |- .
i | : 150 I ail B r ]
. | r . : g ssn.L- ]
200 R ol 100 \ : N . * ]
! ' I © ]
i 4 = i : . 1 &) u ]
IS | 1, 1 g o SRl (L 1 . BT I [ s | S 10 2 ; / E

250 300 350 400 458500 550 600 650 0 350 400 450 58Q_550/600 650 0 5o Lovil I A P I

300 350 400 50 50 550 600 650 700

i sbottom (GeV) m; [GeV]

GeV) m

sbottom (

Reaching upper masses of the natural SUSY spectrum
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Sbottom (7)

AM 3b+jets+MET
‘ﬂ Mtura[specu/um} (x20_x10) b,b, production, b, b- - j 1fb", \s=8 TeV
General ubottom_uﬁ’n viewpoint i %'1 100 E‘ UL L L Y N R L L L L L L I T ‘| L L I':"
M e 2 B T %1000 & ATLAS === Expected limit +1 o, E
' . “Distant ‘i‘g“‘ = 0lepton + 3 b-jets channel —— Observed limit + 1 cigf; B
| P 900 — -
ITeV - S0 . Cousins E Ga(7) = 60 GeV All limits at 95% CL ]
The “Nuclear Family” ! 800 [ ot - . =
of the Higgs v E A oh+, ]
700 |~ =
500 GeV | 600 =
ul v 500 = =
340 aop bjets frgm
300 |- i .
«— Closeness to Higgs 240 E: ; Higgs t‘éo soft
~ ~ ~ 0 I~ 0 0 140 200 __'F‘I‘ 11 1 I 11 1 1 l 11 1 1 | L1 1 1 I L1 1 I L1 11 1 Ll 1 1 | L1 1 'l:
b, b, = bb 122X, -> 2b+2H(bb WW)+2’5’C 200 300 400 500 600 700 800 900 1000
LPL 2 X2 J 1 o IGe
5. T pair production:<Eatural pPMSSM ,
= 500 L TR, (R == S v = sy | B B et S et
g ATLAS All limits at 95% CL -
‘= 450 \s =8 TeV, 20 fb™ == Observed limit (+1 cydor) —|
=== Expected limit (=1 o) -
400 : |

LMHH

Natural pMssm - .}
(BR not fixed to 100%) 300

250

111

Combining all analyses

.. (300 Ge

<

Ll

200

_H\lHH“TH‘\H I\TH HH‘HHWTH_

Seems quite model independent !
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Higgs mass in SM

= \Want low radiative corrections | TheNuclear Family"
of the Higgs
500 GeV | b
my? = (mhz)o = 1252 GeV/? . ﬁ:
e
ki
' Claslsical Quantum Quantum
| I
; : -~ |
| 1 I’ N
| [ *
I | \ - ll
1 1 1

36;

N
1

6G
= ﬁ':tzmtzln (Aiphd

Small fine tuning =>» Iightﬂ

=» Some tension in MSSM ...

3G -
(m;%)o vz CME)Ane” + o (AmEZ)Ayp?

= Want high rad. corrections to reach 125 GeV

m,, =] A[Z(U"! 208 +

3gtm;
8mimyy,

l]l ]"{Hl “v\
m?

)+

12 M2

SUSY

£ I X ]

\l‘w\

125%2=912 +‘ MSUSY = (My? + Myp?)/2

manmal mixing

o
[=)
Q

Higgs Mass (GeV)

100

150

: u = -260 GeV
| Meuew = 1 TeV

-
.z 30
| - e T T T T T T T T
e - )
- P T
i - - - —
s - tan g =3 —
o | 1
100 150 200
m, (GeV)

250

With m(h%)=125 GeV = heavy"f’1 or large X,

not fully natural anymore

P. Pralavorio
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A Natural Specu’umi

= 500
e ‘ [ = oD
General “bottom-up” viewpoint | -~ O 450 Forbidden '\
! e fia br 1 S F L —
! E (tLSP i -
| | “Distant 72 E 400} ( ) 6\\, o l
‘ e - XV
AT | o9y _gl ‘ Cousm 350:— ) .“"»x{\ l’
The “Nuclear Family | - o s / o
of the Higgs . 300} e\\‘ e o
250 &, 5 e
500 GeV._ ~07 +- 5 «O N /\\\\"
1 s 200( Lo
A - g P .k
s i 150/ gl <
0 2 - Onshell top
i3 Ao & T 5 b 2w
+«— Closeness to Higgs 3 ~ 50 = £ 4 0? Zb,'/ .E; % X X
4 & YR AN AW............
3 G 00 Q 1% %0 200 250 300 350 400 450 500
A: MSSM - o 1CeV]
B: Natural >10%
C1. RPC -

= NLSP=Higgsino-like : t, ->by;* -> bff'3;° -> bff'h%(->yy,bb)G 1312.3310 (CMs)

C2: LSP nature i s e B R e
= NLSP=Higgsino-like : t; ->by,* -> bff’y,% -> bff'h(->ZZ)/Z (->Il) G  1404.5201 (CMs), 1403.5222 (ATLAS)

C3: Spectra opening

= Other NLSP scenario also looked at, e.g. T; NLSP: t;2bv_t,2bv.v.TtG  1500.04976 (ATLAS)
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s o
8 aso- Forbidden by
(TLSP) s

d Main experimental challenge ghe:
= Remove ttbar 6~240pb -
= Not too many handle (mainly MET is different) E
Co(thlpb] 800100 4028 0.008£0.002 |
| N[20fb"] 16.000000 gpooo0 160 .

| ttbar topology + Very similar to ttbar topology + %)
___ 1 soft objects/MET ttbar topology High MET g
§ | s A
° | a T

| | T
g | @ | @ =1
3 | )| " 3
T | L c
S | | =
i e 2

~100 175

o
2 i‘:--;\;.‘_{.f-'

700 M(t) [GeV]
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ATLAS: 1407.0583

CMS: 1308.1586

Q 11 + 4j + 21b-jet analysis most powerful for t->ty,°
» Similar strategy for ATLAS and CMS

ATLAS 2% | 3(low) | 4(high) !

large-R jat > 1 pr > 270GV - tXU
Ad(jetys ", o) "|:a — SS MS BDT L ;ﬁlt—basﬁc} hAM
Epi= « 100 GeV = 200 GeV > 320GV > 315GV ECthI'l ow ]‘g .
my > 60 GeV > 140 GeV > 200GeV > 170GV \ Em-iSS (GF.‘V) Yes ~ 150’ 200' z 150’ 200,
o LGy |- 1mew 145GV T 250, 300 250, 300
s > 106N 1Y (GeV) yes =200
— min Ag yes =>(.8 =>(.8
Mhad—top € [130. 206] GeV e (130, 195)GeV | € (130, 260] GeV _11'_aﬁo }"ES

T-veto tight modified, see text Hadronic top x2 (on-shell top) <5 <5
AR(bjet,f) <25 <3 <26 Leading b-tagged jet pt (GeV) | (off-shell top)

By VT >3 GeV!? AR(£,leading b-tagged jet)

s - 125 > 10 } Lepton pt (GeV)

Ad(jet,, 7F™) >0.8 (1=1.2) > 0.8 (i = 2) > 0.5,0.3 (1= 1,2)

 me [Gev] M(i::) [GeV]
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ATLAS: 1407.0583

CMS: 1308.1586

1 Look at the results in Signal Regions
" Dominated by tt>WWbb->Ivivbb events

v where one lepton is 1,4 Or is not rec./identified

cMs Vs=8TeV, [Ldt=19.51b" 3(med)
> = T T 71 | L] | LI B | I T T T 7T | LI L N L B ™ 30 T | LI | T I L LI I LI I T I LI |
8 1 05 35 Background, evts(MT>120 GeV) =251+ 50 E “J’ N ATLAS - Data ]
= 3 I—> tz: (250/50), evis(M,>120 GeV) = 124 ] ‘g 251 \s=8TeV, IL dt=201b" Ot =
@ 4 B t— 1% (250/75), evts(MT>120 GeV)=39 > N DWﬂetS ]
= 10 3 1— 17" (250/100), evis(M >120 GeV) = 106 3 & - tN_med [ Other ]
R - i ] 20f ===+ m(t,x9)= (500,200) GeV EATotal SM —
= r ~ 0 1 - ]
LLCJ 10° - to ty Cut-.based 3 [ i m(ﬂ,x?): (700,1) GeV ]
- Low AM ET*°>150 GeV 1 15 -
2 — N ; ]
10 E 3 : 1+2(low) 3 C ]
E ] 10 -
10g _:‘—l—l_ 3 E
F : = S [ -

1?| o A |y g | S S I - _g OI-A |JLd T Rl ks e el ke '|"'|-i ey T T ] S o e e ot o e b ] e i s

0 50 100 1 50 200 250 300 8 10 12 14 16 20 22 m%lsl

M, [GeV] Hies

Jets / 35 GeV

CD

- ATLAS

- tN_boost

F

55 5= 8TerLdt 20"

--- m(T,7)=(700,1) GeV

e )
F_.T_“_“,I i A,
Illl[lllllllll

LIS N I N N N N N B A N BN B N B B
FT I I I -

--Data

Ot ]
OW+ets
CIOther 1
ZATotal SM -

- m(L.3,)=(650,1) GeV -

50 100

150

200 250
Large-R jet mass [GeV]

Exp. (Obs) Low AM 1+2(Iow Med AM (med High AM 4(h|gh

ATLAS
CMS: Cut-based, Higher MET

Shape fit
11.5+/-3.6 (9)

13+/-2 (12) 5+/-1 (5)

4.7+1-1.4 (2)
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ATLAS: 1407.0583

CMS: 1308.1586

O Set limits on the t, > t %, scenario
= Cover nicely the allowed phase space
= ATLAS and CMS obtain very similar limits
= Sensitive to other models at low AM(t-3,°)<m(t) [offshell top]

iif, production, T, b £ 5 /T,» Wb 7, /T, 17

00

= 40— — 5
K F ATLAS ——— Observed iaft (=107.50) -
‘_?‘\" 350— - o ]
e i fL dt=201" 158 TeV 5 geted limit (+10,,,) |
300—  1-lepton +jets + ET** All limits at 95% CL. =
250(— g Y oy o —
L V4 .(‘d: 1 lb&/ g i _
@ &/ &7
200|— P Aﬁ-‘:.;i;, 1 16 \ _
R ; )\ i
150 7/ by < “ \ —
- fo\
.4 Al 7
p? -
/] 508 —
i ! -
I 0 L I I
\_~ 20 300 400 500 600 700
\m,-iﬁézl

Impact of BR(t->tN1)

hypothesis (assume the other

CMS Vs=8TeV, [Ldt=19.5 fb™

; T T T T T T T ey 102 —
@  400Fpp i isty == Observed (+1c""") % 4o
g BDT analysis ——— Expected (£10) (O]
N unpolarized top 10 = 3s0
é"‘ I
E 300
1 250
= 10"
102
10

decay mode is invisible)

cMS \s=8TeV,[Ldt=19.5 fb™

SRAAARA RARAY RS R AnS pR L ARRE
Epp > T T 17 served Tmis 3
- BDT analysis -

—— BRiE—-1t7)=09
BF(E - lx"’) =08
— BFii- |1':) =07
BR(E > t7)) = 06
—— BFfi— Ii':) =05

F unpolarized top

Cover a wide range of the region allowed by naturalness

P. Pralavorio

SUSY Searches DESY, 08-Apr 2016

18



ATLAS: 1506.08616

CMS: 1602.03169, 1603.00765

3 General limit on f1 > t/Wblc + y,°

= Combining all final states : 0 lepton, 1lepton, 2leptons

= ATLAS and CMS obtain very similar limits Top funnel
1, production, t,—> b fF X, /T,—> c X, /> Wb X, / 1> t %] /
;‘ 450 T T T T | T T T T ] T T T T | T T T T | T T T T | T T T T ] T T T
8 ATLAS \s=8Tev,20fb" =
e R tOL/t1L combined &,
Tz~ 400 s t2L, SC Jer
e B WhEb i WW S
EmT Wby t1L, toL
250 s ?:—> % ! tc
EEtobiry, tc, t1L
300 .
— Observed limits at 95% CL N 2 | + 6 jets +MET and
250

Top spin Correlation
helps to cover the top
funel

Dedicated c-tagging
and monojet for very —__
compressed spectra

|

150

Dedicated WW SR to
cover the funnel )

:gx.wllll|||l||l|||||I|||I||||||l||||||

01+ 6 jets +MET helps
to increase the limit at
high stop masses

lIJIIIlIJlJJIl‘IlJIIIJII

,
A
/‘\ -

IJII‘

;, [GeV]
Very strong constraint on naturalness (apart from Top funnel)
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ATLAS: 1407.0583

CMS: 1308.1586

~

O Can reuse the analysis 11 + 4j + 21b-jet ... ty, X1% A"
= Similar signal regions but with lower cuts and wo mijjj requirement wm ;

= Results interpretation depends on (ﬂ), m(C1) and m(N1)
v"Need an hypothesis on m(N1) or m(C1).

m(C1)=150 GeV fixed m(C1) half way from m(t,) and m(N1)
” (& - - -1
T, production, T, — b 7, 7, W 7, m_= 150 GeV cms Vs=8TeV, [Ldt=195fb
'S‘ 250 T T T T T [ T T T T “—T—T | L L ;‘ " i LN S B TR SRL N LA L E I (L TR Illll.o;yl 102 '3'
= I -1 = — iTT 7* — +
o) - ATLAS —— Observed limit (+10525) © A0 PPt Ioby, Observed (+1c ) Qo
9F C ] g - cut-based analysis Expected (+1c) -
E o090 [Ldt=201" 1s=8 Tev ===- Expected limit (+10,,) ] _ 350 10 E
- .n = E —
[ 1-lepton +jets + ET' All limits at 95% CL . g 300 o T
B M=y E 0"-‘ 1 &
L i . 250~ ; b
5 200 ©
- = = 10"
100 |- . 150
g i 100
50 [ - o~ N 10*
C w5 i 50 N
C 1 l 1 L 1 L l L 1 1 1 ] £ 1 .;-' I i I‘E 1 l 1 1 1 '] ] 0 } X - A 10-3
200 300 400 500 600 700 ‘ ,
m; [GeV] mif =0.5m;+0.5 mi:.

Also quite strong limit on stop masses
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ATLAS: 1506.08616

CMS: 1602.03169, 1603.00765

d ... and combine with other channels for t~19b i{"'éw(*) )Z1°

AM(GeV)

b

ZOI Xl

2b and 1L+1ets+MET

AM (GeV)

b

v il"'/'
my,® | L ~ 0
A
— X1
1L,2L+jets+MET

[GeV]

M_o

250

200

150]

Status: ICHEP 2014

hl';t-l prﬂt:iur:lion,hl.1 - b'if, ’f‘:a w" 'i 3
N e e e B B s e e | T

[ — m,=m:+5GeV 0.1L[1308.2631), [1407.0583]
- B m, = m. +20 GeV 0-1L(1308.2631), [1407.0583)

~

TTRTTT

ATLAS Prellmlnary L,=20fb"1s=8TeV,
L

|||||||r|11|1111|111

L B (NLANL I LA N N N B N B B L B NI

[ m== m =150 GeV 0-1L[1308.2631], [1407.0583]
- ™, = 106 GeV 1-2L [1407.0583], [1403.4853]
- B ™. =106 GeV 1-21 [1208.4305), [1209.2102] L = 4.7 1b” fs=7 TeV

E LEP

[ === Observed limits
[ === Expected limits
[ Alllimits at 95% CL

M (GeV)
b ~
106,150 —Y
L §~;o

2b and 1L,2L+jets+MET

150

100

AM (GeV) ¢
10 b

. i1+/-

\ A i1 0

1L,2L + jets+MET

100 e v =
E my, <1035GeV E
50 : e =
P AP B U IR SR B f M
- — T T T T T T T T T T ]
350:_ B =2xm 1-2L [1407.0583], [1403.4853] —: :— E=m,=m-10GeV 1-2L[1407.0583), [1403.4853] —
C e =2xm, 1-2L[1200.2102]L _ = 4.7 ' vs=7TeV ] ]
300 - -
250F o 3 L
- Lk > ] ]
- e -~ e —
200 3 -
C ]
G

S | oy ey

AT E.

300
m; [Ge

Not too much dependent on y,*" position

vl NG
600

300 00 500 600

m; [GeV]
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Stop (9)

U Lot of progress in three years

FIRST LIMITS (July2012) ! \s=7 TeV, L=5fb"!

Thproguction: T, -+ beg. 7+ W eg’ BRe1, my <200 Cavy: T,

Final LHC Run I: Vs=8 TeV, L=20fb-"

= i —
§ o M(LSP)=200 GeV
S B0 | LTI G b — Lo e
E :
160/ . o . " N N N N
140, ) = _hnprﬂd\:ﬂ!mnvl.—‘ihi.z-r\llv B ‘AMS P:ﬂHmln_ary‘ L"'sz |s-|srev.‘ . Sla|lus. K:HEPIEMLt,pfodumicﬂ,l,—’b”'i?“,—’(:i?“r)Whi?“,—”i?
120 = & 3s0E — M. om 560V ortpisonea jraarosssy JE mmm, - 19000y 0110020y pearoses JETTTITTTTTTTT T T T T T T T T T T T T T T T T T
100 W F B, =, 420GV 610 [1308.2631). [1407.0883) m,, = 106 GeV 1.2 (1407 0583] (140 4853] rC ATLAS 15=8TeV 20 o' =
> B E R m,+108 GoV 1.2 (1208308 (120921021, = 47 8 s Tov ] e o Sl qy
80 / i 1 =ieu (OLAIL combined &
54 o A ay . £ Obsarvd limits qF oty " " t2L,8C ol
40 ] £ “ f [ === Expactedimis [ EEi-woibiry ww
20 ' £ 7 ' I ERiswbi nL L
o Astﬁ["zub “350 300 350 400 450 500 M(t1 )_600 Gev C Eioed, L o g : ;
™Neay F;i.l‘ab!l‘i': fc, tiL 170 180 190 200 210

m [Gev]

= = -1 [ = Observed limits -+»- Expected limits Al limits at 95% CL 3
v S=T/8TeV, L=5M2fb"__., : ial ol
y { Frrprrrr e T e F s ", =
g 350 - ' AEI'LAS‘ Prel‘imina‘ry m L L L - & ]
E; % F T T T [ r o E
@, 350 EEE™-2XM. 12t (1607 0860, [1400.4853 AE s, - m - 10GeV 120 407 omsal, [1460.4889) e .
5 F BT XML 2202 47 167 £ E E
€ ao0f- | 4k aF 2]
Ut E ;— & -:_0'7 _:
f| 3 e
3 7 (4 3

- 0 200 300 500 s 500 200 300 400 500 600 700 800
‘ m; [GeV]

Stakus: Moriond OCD 2013

Vs=8 TeV, L=20 fb"!

T inalan IRERRST

T, progucton
600

8 ToV

T T T
ATLAS Preliminary

Va7 YoV

m, [GeV]

“If you cover the white then RPC Weak scale
SUSY is probably dead” R. Barbieri (ICHEP2012)

- Almost there thanks to huge exp. Efforts ?
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ATLAS: 1403.5222
CMS: 1405.3886

0 A word on t2

= A way to access the uncovered phase space of stop1: Am(t1 : i:)) =180 GeV, ?1 — ti?

= Vary Branching ratio of stop2 to Z, h, t coherently
v BR(t2->ty,0)=0.2, BR(t2->Zt1)=BR(t2->ht1)=0.4 o ATLAS ¥s=8Tev, 20"

mij =20 GeV

?2-?2 production, :('2 - Z-t}, hi, ti?
am(i,, i?) =180 GeV, T, :;"(?

- Observed t2t1Z2 = = = Expected t2t1Z

- Observed t2t1h = = = Expected t2t1h

AM (GeV) ?2

D Observed t0/t1L comb. ™= = = Expected t0/t1L comb.

t Z, h BR(T; ht,)

BR(, - 1))
~
t1+l'
18 t ~ 0 BR{, - Zi,) BRI, - Zi,)
X1 1 m; =500 GeV 1 m; =500 GeV
2 2
I"I'an =20 GeV mia =120 GeV

=>» Develop new analyses (ZZtt, hhtt)

1

~ ~ 1
BR(, — ht,)

BR(, — 1)) BR(, — hi,)

BR(t, - ti))
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ATLAS: 1403.5222

CMS: 1404.5801

4 A word on Gravitino LSP mGey) T
= |f ,%is NLSP and Higgsino-like it will decay via Z, H
b
~ I-
TN
N s Lk
t>ty.0 and by, rates fixed by the model 7 1
1y, production, Natural GMSB model CMS \s=8TeV, J]_ dt =19.5fb" H>yy, Zf
;‘ :‘ ‘ | trrT ‘ et I et l ;I ‘S‘e H Iml ‘+ I Sluslv Tt t — 5001— 1T T T I LI [ UL I T T 1 1 I LI L L I T 1.1 1 _"

&, 800 ;_ATLAS iy ::peg:: l:'mi'::j::'”;’”) B % - Natural Higgsino NLSP (GMSB) . G
g oo 3 - fb_:w:Tev E g 450F B(i? — HG) = 1, strong and weak production -
:I Ldt=20310", 1s=8TeV ——— 1 L. f Observed 95% CL limits ]
. 1 &% 400F —— Theoretical uncertainty (NLO+NLL) A
E - .
600- R E - -eeer Expected 95% CL limits ]
E E 350:— I Expected ﬂo-expenmemal -
500 [ - g ]
i : 300F 3
400 B r ]
: ] 250 -
300~ B C min=mf—5GeV:
200 i _: 2005 mio = mit +5 GeV_E
L ] L 2 1 d
100 ol oy TETINIER "f?"' If\ Coaa bl 50+ IR B R TN BTN

200 300 400 500 600 700 800 200 250 300 350 400 450 500

m; [GeV] m (GeV)

Limit a bit weaker: m(stop)> 300 GeV
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Stop (12)

A Natural Spectrunt o
General “bottom-up” viewpoint Comblnlng a" analyses
M --q-= 12 be 1
! | “Disant b, T pair production: Natural pMSSM
ITeV — “ . —é— . COUSIHS ;‘500 _I I | LI | | I I LI | I L == -I L2 TR ST IR | 30 SO o B =i
e B & [ ATLAS Allmitsat95% CL
5450 \s=8TeV,20fb" == Observed limit (+1 Ciaoy)
= : " = Expected limit (+16,) ]
i 400 T ]
- N 5 i -
- & S o
«— Closeness to Higgs 350 N § ';L‘%i ; ::{ ]
300 f_ ,,\Q\ ""'-fi’(SOOGeV)_f
MRS ]
Natural pMSSM 250 AN | -
(BR not fixed to 100%) o A T . W RV \RAC IR
[= - ;H__,z - J‘**U ................ "-.__‘\\ . |
- R E 5 @ i
C 8 g '3 g 18 - -
150 5 @ o 9o ":va:—_
F BB s 5 =i
400 500 600 ( 700 > 800 900
Seems quite model independent ! m; [GeV]
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Summary on 3 generation squark

M
1 Tev
A: MSSM
) B: Natural >10%
500 GeV._| b2 C1:RPC RPV ? (see later)
b C2: LSP nature: y,°, G ?
i C3: Spectra opening— > Very compressed *
14 Intricate decays ?

«— Closeness to Higgs

Seriously cornered in vanilla framework !?
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Lecture Part llb

A Natural Spectrifin. Frooo drbas 1 T i o A: MSSM
) S rmp gt | ] N 1200-'%;21' oif e B: Natural >10%
f12 0 1000f "l E“.,’.;‘:.@_‘ 8 )
ITev | | éE:ﬁ eack 'U'TJS'_jigi'ééi:iE:@i:E_:Ei C1 RPC
The"l?lu}::lei;"Family" ' 6003‘.5 ;:E':. Egé:;;] CZ LSP nature .
TN “oopiys Rte iR R C3: Spectra opening
; 200[ ¥ HE S oy &
500 GeV.| b . = fare ]
by 0 160 200 360 400 500
i i f) == [GeV]
b v S N
4 (+)8 MSUSY
+«— Closeness to Higgs max(gsm 4
g\jet
- 1-10 jets
mln(g’q) > + ETmiss
Case1 Case?2 < jet = + 0/1/2 lepton
g e y +
hALl %O g i 0/1/2 photon
%4° G Lepton ()Y g
) 1.8M
MLSP Photon (‘Y) P h f SUSY
© SUsY

» Absolute value of vectorial sum: E;™55 ~ AM
* Scalar sum: H=% py (jet) [+ pr(Ly)] ~ AM

e myy= Ey™55 +H~1.8(Mspsy2-My sp2)/Mgpsy [hep-ph/0006276] ‘ Cuk &

Count

Courtesy of Anna Sfryla m
Eff
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Multiple light jets + MET

Gluino (1)

4 Gluino mass govern by one parameter (M3)

= Can decay via offshell squarks (1rst/2"9 gene) or onshell stop, sbottom

2-steps,

Multiple light and b-jets + MET

M .. fia br M medene 0 br il “"5“' Q2 be
' “Distant - “Distant - “Distant
ITeV | . Cousins” | Tev | _ Cousins”  ITev . Cousins
The “Nuclear Family” The “Nuclear Family” The “Nuclear Family”
of the Higgs of the Higgs of the Higgs
500 GeV | b 500 GeV. | 4 500 GeV. | ’
br , b, b ;
}_J,g £1 { e ) ] hg / fml ( —'— ) (] hg = El ( T ) w
[ ) B e — | o= L
i ()8 i {13 L i
-G G —G
«— Closeness to Higgs «— Closeness to Higgs

P. Pralavorio

«— Closeness to Higgs
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= Can decay via offshell squarks (1rst/2"9 gene) or onshell stop, sbottom

Multiple light jets + MET

Gluino (2)

4 Gluino mass govern by one parameter (M3)

2-steps,

Multiple light and b-jets + MET
M oo G b M I ‘ --- fia be il "'f"' iz br
+  “Distant - “Distant “DiSt_ﬂﬂt
1TV | . Cousins” |Tev | . Cousins” I1TeV -} . Cousins”

The “Nuclear Family” The “Nuclear Family” The "NUC|93?'_ Family”
of the Higgs of the Higgs of the Higgs
500 GeV_| by WG | — - - - - 500GeV | % i
BL —— = -—- b[,\ P = . — =
#.f i+ = ) pi gt . J ) bt W= ) ~ \
7 ()2 i i)z i T2 )
S~ - G -G — & -
— Tosﬁes'a"to-nggs- _____ «— Closeness to Higgs

Complexity of the final state depends on the EWK sector

P. Pralavorio
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(see Lecture Ib)
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Gluino (3)

[ ATLAS: 2-step via 1rst/2"d gene squarks

» |nclusive searches with lepton veto

T
1

F™ T ~ 7 " T 7 " 7 "1 7 TS "~ " T T 7 7 T
o SR4ijt
ATLAS Preliminary < ! >ata 2015
\s=13 TeV, 3.2 fb’ —— SM Total
[ Diboson
Bl Z+jets
[ ] tt(+EW) & single top

] Wjets

1 Multiojet

102

T \\IIFIIl
| \\IIEIIl

events / 100 GeV

2-6 jets + MET

10

-==gg direct,
m(g, x°)=(1400, 0)

<«—1 .8m(§

e 61.2 BH
“Distant
- Cousins” 1

" j

1 TeV 4

bt WHR AT

The “Nuclear Family”
of the Higgs

Data/MC

500 GeV | f

(0] 2500 3000 3500
mg(incl.) [GeV]
L T T
ATLAS Preliminary e Data2015
22X SM Total
\s=13TeV, 3.2 fb" Multi-jet
B Wjets
fi(+EW) & single top
N Z+jets
W Diboson

10°

Number of events

L™~ 35pb!

< T T TRy — T
© 14001 ATL-AS [ '.u . Da«aemor- -7Tev) /"
[O] - LA lf :Standard Model =
= 2 =z -MSUGHAn\,-aso (2=280 10 &

’E= Elgetroh Channgt”.

Ll

mrag ‘F: ]
yNer mra V Smin ~(sub)
\‘

7 SRs

min

M i N
7 o " = J L —
Mac f% & 2 15E
77IT:H 7 ] ° 18:2 ; i \\\\\\\\\\\\\\\\\\ \\\\\\\\\
MTer I?(T = %‘2‘ =
mr21 I ~ 0 = = = = 3 = =
300 400 500 2l 2jm 2jt 4jt 5j 6jm ) 6ijt .
ET** [GeV] Signal Region

P. Pralavorio SUSY Searches DESY, 08-Apr 2016 30



ATLAS-CONF-2015-062

Gluino (4)

[ ATLAS: 2-step via 1rst/2"d gene squarks

» |nclusive searches with lepton veto

pci ~0~0
g9 — 9qqai, X,

2-6 jets + MET ;‘ 1400—I T T I T T T I- I. T T I T T T T T T T T T | T T T I T T T I T T T ]
(3. - ATLAS Preliminary — Observed limit (1 cﬁéf:,) B
i B o | miss ]
M j - G2 be g’* 1200 O-lepton + 2-6 jets + E """ Expected limit (+1 o,,,) _
P F s-13Tev, 321" —— ATLAS8TeV,203f"
I TeV | | Cousins” 1000— —
The “Nuclear Family” B - Al Iuits at 95% CL R
of the Higgs 800;— s -7 N
) y > TR /7 .
t2 = we'ee- :_,‘ 7
500 Ge_| L 00| : ,/ .
: -". “\ :
400 — " —
20057 . 7\ [ i
“ SR2jm ! SR5j 7/ | | | SR4jt |

1 1 1 I 1 1 1 ‘ 1 1 1 I 1 1 1 I 1 1 1 ’ 1 1 1 * |g l ! 1 il | I 1 1 1

o0

0 800 1000 1200 1400@1800 2000
m; [GeV]

Mcww

Mr,zz

,Teco
My gy

Compressed region
- Most sensitive SR has
2 jets (others too low pT)

Medium mass
Most sensitive SR has
5 jets (one from ISR)

High mass
- Most sensitive SR
has 4 very high pT jets
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ATLAS-CONF-2015-076

Gluino (5)

d 3-step via 1rst/2"d gene squarks

§-0 ~qaqaWW,Z,, x = (m(E,) - m(L,) ) / (m(3) - m(z;) ) = 1/2

= e I A L L S A B e B R B e

. . & 1400 |- ATLAS Preliminary ATLAS8Tev, 20317 ]

* |Inclusive searches with =1 lepton i L ;

1200 [ fs=13TeV, 331" B

B s Observed Iimil(ﬂaﬁ‘usy) ',"‘ 1

_1 I t + 2 6 H + MET 1000 — [ === Expected limit (+15,,) ‘_."' .
=1lepton+ 2-6 jets it st CL/‘-*‘Helpful in the compressed region

800 — imi b @ :

M i br 600 |- . —

“Distant C i ]

400 |- —

1 TeV | | Cousins” - .

The“NucIear. Family” 200 - x4*" half way =

of the Higgs - @ .

1 ) T 1 1 1 1 1 1 11 111 N | 11 1

400 600 800 1000 1200 1 400W 800 2000
7 m; [GeV]
500 GeV | 2 349 —>qqquWi°7'(° m(x ) = 60 GeV

by, - r — ———T T T

i ; ( o 4 ) i af 14 ATLAS Prellmlnary ATLASBTeV,2031"  —

e 1 = [ - telu+jets+E" s Opserved fimit (£1 655" -

pt gt = ‘ Lorj = ol Oboarved U1 Ohesr! -

70 ( _ ) B - “F s=13TeV, 33 b — — - Expected limit (+1a__) -

1 Y ~_ T Allimits at 5% CL ]

Y -

w E ]

E o8 —

] - -

x = a

0.6 [— =]

0.4 -

02 -

0:’ L ' \". . ) N . 7]

To remove 1000 1200 1400 w 1800 2000
m; [GeV]

W+jets

Also quite competitive. Can be combined with Olepton
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Gluino (6)

CMS-PAS-SUS-15-002/3/4/5

d CMS: 2-step via 1rst/2"d gene squarks

» |nclusive searches with lepton veto

2-7 jets + MET

E"' [;1.2 z’]i
“Distant
1TeV | Cousins”
The “Nuclear Family”
of the Higgs
500 GeV._ b
by
hS t
S B —
h

/a
V Smin ~(sub)
Smin

Mcww

Mr,zz

reco

My gy

Y M1, M7
mrzL

- 0CMS Preliminary 2.2 fb' (13 TeV)CMS Preiiminary 2.2 fo' (13 TeV)

E pP—G§ §>aq¥, NLO+NLL ppP—33.6—>qd% NLOs+NLLe = "n N, ﬁ
— — 3 c
_?;:1400 ?Observedﬂ Sineary HTmiss fObserved * 1600 MT2 ] S
e =2z Expectedt 1 Gexperiment 2 Expected + 1 Gexperiment = 8
12005 aln al o
g 1r 11 8
1000 1 1 J10' &
£ 1t .= c
800 dL = - _g
C Ir - A i =
600} | Sl 4 E’_
L Y 1E o i 10° o
400 : 4F , A 43 3
[E ' | I 1 —
200 -: o = | . (g
F ] 1F | T 1 2
E : 1t H B E 0
e ..-|‘.\Iu"".\...\..,1“.1.::.‘..'iw-ao’

6 goo 800 1000 1200 1400 1600 1800 10 800 1000 1200 1408 1600 1goo
< 10U p—_ 0 ‘ 2% % N—" '
0] PP — 99, 9 — qax, NLO+NLL exclusion | PP = § 9,9 — g %, NLO+NLL exclusion B o
O, 1400 =0bserved  10,,,,,, =Observed + 16, o 1 5
e i Razor |- T W S
g% :2:Expected £ 10, 0. 1NAZO z22Expected + 16, 0imen ] 3
1200|  razor oL al ®
- 4 - w
1000F - - &
L ] 1 410" ©
- - 11 s
800~ = 4 1 =
¥y ] ] £
600 - = 5
] 1 4102 a
400 3 44 3
] al -
&l - . o
200 = I e
i 9 wn
4 3 (o)}

i) IS IO H S I S IS
800 800 1000 1200 1400 1600 1800
mg.[GeV]

: .
1000 1200 1400 1600 1800 16

m; [GeV]

0 800

MT2 variable most powerful (and similar to ATLAS) !
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Gluino (7)

Q 3-step via 3'9 gene squarks oLl —

; T T
& u ATLAS Prellmmary ATLAS 8 TeV, 20.1 fb"
i E":x'1400 [ 1s=13Tev,3.31b" “=== Expected limit (1 0,,)
0-1lepton+ 23 b-jets + MET 1000 - o K% Observed lmit (+16305%)

M | 5 1000

i 12 br -

| “Distant ‘800

ITev | . Cousins” N5
The “Nuclear Family”

of the Higgs 400

200

500 GeV_| torb .

hG

III|\\I‘III|I\I|}II‘I|I|\II‘III

III|III|IIl|I

[T, ;| . |

1000 1200 1400 1600

2000

3
o}
o
=

—-—)n 9

Mt h OI" b _— gg producllon g—>tt+x rn(q) >> rn(g)
= B ;‘ C T T T T T T T T T T } ]
) 8 E ATLAS Prellmlnary ATLAS 8 TeV, 201 fo" ]
E?;MOO [ 1s=13TeV,33 fb" B Expected it (21 04) =
i — susy, _|
«—— C(loseness to nggs To remove ttbar 1200 [ meorv)__,
@ 10° T T T T 1000 [ —
H ATLAS Preliminary T beround - ]
> s - 331! i - -
\/ '-E‘mr'n b whe gnofr::;znvp?:;:eclion Eglﬂg‘ewp 800 F -
B X b:su & 10° Git:m,, m_, = 1600, 200 (g x J00) =; m“:Vs% T %, .
e s Git:my, m, = 1400, 800 (¢ ) :|w jets a8e0 ?” —]
my 10° g n - ]
w o) 400 [— —
reco 200 |— : -
M e E H .
¥ Mren, MT  — 1000 1200 1400 U 2000
s m§[GeV]
&
(=] . . " .
4 Strongest limits on gluino masses !
Number of top-tagged jets
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Gluino (8)

d 3-step via 3" gene squarks

;‘ B I I I I I I I I I I I I I I I I I I I I I d I —l

- + >3 b-jets + o _ATLAS Preliminary “*"" 3b jets expected
0-1lepton+ 23 b-jets + MET & 14001A 1S y 2 3b jets observed

v o — Co- X, e SS leptons expected -
------ 2 br U3 1200 4 — SS leptons observed_|

‘Dlst*:anE ‘é’ L \s=13TeV,3.21b" ........ Run | expected s

1TV | Cousins . — Run | observed i
The “Nuclear Family” 1000— & > 3b jets: to appear N

of the nggs - @\,\ SS leptons: arXiv:1602.09058 B

- e\"@ """"""" = Run I: arXiv:1507.05525 7]

torb - S e ]

500 GeV_| 800 S =
iy —) i P i

Mt h t or b BOQ P Y : —
——)B r . -

«—— Closeness to Higgs 400 [ ]

\/'-E‘ri'z.in. sub 200 B ol e . ]

e b ‘gim'ri) TR GRS T B B B B

1000 1200 1400 1600 1800 2000 2200

m(g) [GeV]

Other top-killer analyses can not compete
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Gluino (9)

d 3-step via 3" gene squarks

CMS preiminary 2.2 fb" (13 TeV.CMS preiiminary 2.2 o' (13 TeV)

pp—§8, § —tt¥, NLO+NLL exclusion pp — 3 @ > t1F NLO+NLL exclusion

1600 —

=—Observed+1 g, - —Observed + 16 .

J ::: Expected+ 1 ey Ol HTmiss Sia t theory ol MT2
1400| 7% EXPECIEOE 1 G, periment -=:=Expected + 1 o

1800,

]

o [GGV]

X

0-1lepton+ 23 b-jets + MET

m.

experiment

PRI 1 1

M e fia b
“Distant
I TeV . Cousins”

The “Nuclear Family” 800
of the Higgs =t

1200

=]

Lol

=
S

400
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EEREEE | U BARIRERREBERERAR

_._f |
1.
=
[

ril i I8l i il s I Wl

95% C.L. upper limit on cross section [pb]

.
(=]
T T TN T

M e e A b e

— ~ = 0 .
> pp — 3. § — tfi? NLOSNLL exclusion J| PP — 999 — 11X, NLO+NLL exclusion
O, —Observed + 16,

=Observed + 16, oy 4{lboosted
x1 400 HHH Expected +:1 Gexpenmem 0|-RaZOI' === Expected 1 Gexperiment
razor OL+1L

—_

PR

107

600 107

400

|

200

. 107°

e Lo i e I |

T T[T T [T T[T T T[T
i sl b s e S [T
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95% C.L. upper limit on cross section [pb]

e 1 oL | TPRU OO BTl (0 I 111 (0, VI
\ 800 1000 1200 14008 1600 }800 800 1000 1200 1400{ 1600 }800
MT21

1GeV] {[GeV]

mrs)| 0

Very similar limits (since dominated by Nb cut)
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Gluino (10)

L Assume now LSP is the gravitino
= Next-to-Lighest LSP (NLSP) determines the event final states
= Enhance multi-leptonic / photonic signature (0/1 leptons +jets +MET analyses also strong)

Bino case Wino co-NLSP case Higgsino case
: : : Open Spectra M(C1-N1)<1GeV Compressed spectra
Multiple light jets + MET pen Sp AM(C1-N1)<1Ge P P
} ) mu — YN T o mu — Y T3 M1 N4
M == Q12 b
- “Distant i N2, c1 il N2 M2 - — f3,C2
| TeV . Cousins” e
The “Nuclear Family” o -
of the Higgs M1 N1 M2 — R mu —T
500 Gev. f2 & g &
2 i |
FLg = 5-1 ( —t— ) 7]
o I — . NLSP type Relevant final states (+MET
B (—)5«— NLSP sl clevant final states (+MET)
—- G bino 77, YHjets
G : : —
«—— Closeness to Higgs wino vE, vy, yHjets, (+jets, jets
Z-rich higgsino Z((H 0 jets, Z((F07) Z(007), SS dileptons, jets
h-rich higgsino b-jets, SS dileptons, jets

JHEP 02 (2012) 115
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]
G I u I n o 1 1 ATLAS: 1507.05493
CMS: 1507.02898,1508.01218

O NLSP = %,°
= Add MET to all signature in brackets

0.wino like degenerate 0-Higgsino like
0 _: . 1 1
x41%-bino like (yy) with v.*- (v + e Z+jets, H> bb+jets
1
%: GGM: bino-like neutralino, gluino production CMS 19.7 fb‘1 (8 TeV) GGM: higgsino-like neutralino, <0
F — — T T T T T T <) JLENLENL B L S BN B BRI Ev— .
g 1600_— ATLAS e (Observed limit (+ 1 G?;J;\;y) E 1200LGGN/; Winol-like |\:|_SP [ . l E 1600:_ fum— Observed limit (i16$§eso\:y)
n C i i i imi o NLO exclusion O L ;
o | Shoanaks Expected fmi (£ 1 0, = [ = Observed= 1 (theory) = f | - Expected it ¢ 1,
= 1500  5=8Tev.203M wt Expected it (:20g,) | = g00| i Expected + 16 (exp.) @ 1500F :
o o, AllmisatossecL — ———— s »
:='<1400 2 1400f e
w b 800— E B , "'o R,
1300 - O 1a00f-
- 600~ AW NATLAS 4@
12001 ft - ) 1200 }R{band SR analyses RELS
C & 400 =4 7 \5=8TeV, 203"
1100F i ) ﬁ 1100F— Al limits at 95 % CL
- zooﬁ :
C oy e g s d e g sl o g gl aagdla s laa el Lo b oo b g s d o g g b ey o el gl
10000 200200 600800 0002007400 700 800 000 1100 1200 1300 1400 10000 00200 600 800 1000 T200” 400
M. (GeV) G
M [GeV] g ”&7[ ev]

M(gluino) above 1 TeV
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u
G I u I n o 1 2 ATLAS: 1508.06608
CMS-PAS-SUS-15-010

Q pMSSM
= Not assuming 100% BR ...

ATLAS pPMSSM: z‘: LSP

—

= ' ] g}
Q — —1 (O]
3 - \s=8 TeV, 20.3 fb g
1000} —— § 7. [1405.7875 Q
= g —»aqay, [ I 0.8 3
E | s
©
i —0.6<§D
i ©
500 0.4 g
i ©
I 02"

0 0

0 500 1000 1500 2000

m(g) [GeV]

Close-by limit wrt Simplified Model for gluinos
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1rst/2"d gene squarks (1)

ATLAS: 1508.06608

U By products of gluino-like analyses
= But not constraint by naturalness: can be anywhere !

CMS-PAS-SUS-15-010

= Generally mass degeneracy across squarks families, for left and right-handed. Not generic !

A Natural Spectrunt

General “bottom-uﬁ'” viewpoint

T
1 - “Distant
ITeV L f - Cousins”
The “Nuclear Family” —E— '
of the Higgs :
500 GeV | _’52
br
8 g ()i
K1 bt — \
i (=+)8

«— Closeness to Higgs

[GeV]

M.,

800

700

600

500

400

300

200

100471

~~ . ~ ~0
gq production g — g X,

ATLAS
1s=8TeV,L=201b"

ATLAS,L=471Hb"1s =7 TeV
0O-lepton + 2-6 jets + E:‘Ss

-----------

,!III|IIII|IIIIIIIIIlIIIIIIIlI|IIII|I

<" ==« Expected

| L— T 7 T 1 T
All limits at 95% CL.

= = Expected (+10,,,)
m== Observed (+1 clshis,:)

~Expected O-lep. + 2-6 jets + E’T“iss

---Expected O-lep. + 2-6 jets + ET“ (1 non-degen. q)

Monojet

- =--Expected 0-lep. Razor

L L

P .
w7

> femiverts

IIII|IIII|I[II|IIII|IIII|IIIIIIIII|III[|II

Quite weak generic limits

1200
m; [GeV]

m: |
1000
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Summary on Strong SUSY

- “Distant
| TeV - Cousins”

A: MSSM
500 GeV | B: Natural >10%

C1. RPC RPV ? (see later)
C2: LSP nature: 3%, G

14 C3: Spectra opening

«— Closeness to Higgs

Limits on gluino mass very strong: >1 TeV in ‘all’ vanilla cases

P. Pralavorio SUSY Searches DESY, 08-Apr 2016 41



Conclusions on Vanilla framework

o 3
o ‘ ;& -
SN In
e ' Cl. searches .

k. M(gl)>1
ey Scale [
#0008 susy

Higgs Mass

constraint

Still viable if :
-- very compressed scenario: limits are weaker but will come
-- complicated SUSY spectrum: intricate decay chains especially due to EWK sector

-- a new electroweak singlet is added : relax Higgs constraints and complexify more the EWK sector
-- hard accessible process at low luminosity (y, x,=2>WW), ...
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Conclusions on Vanilla framework

And a recent newcomer !!
S(750 GeV) if it turns out to be true

72 Max cxBR(A+H->yy)~10-2fb vs 6fb obs.
= Factor 500 too low 1572.05332

=» Only known possibility but extremely
Incl, gq contrived 1603.04464

arch .
M(gi)s4 Tef‘e/s. | |
- - ‘ Chargino enhancement
- | my~350 GeV, I'y<5 keV
hliggs Mass tanp =1 and p= M2 = M1
constraint )

= Adding one more X scalar [NMSSM], could
be possible by generating a new final state

=> Add to MSSM new families of Vector-like " NJ 1602.03344
Fermions Q to enhance ¢—>yy rate 1601.03696 v @, . my~GeV > 2 photons in

B sl ~one cluster ! Should be
> %“: " possible to confirm or not
h experimentally

y
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Lecture Part lic

MSSM Extensions?

Scalar Gluon, another scalar (NMSsM) _ Fine-tuningis 1% or 0.1 % ...
~ sparticles can be above TeV !

M 4= 12 ijlf J

10 Tow ] =
The “Nuclear Family”
of the Higgs
5 Telty b = HL-LHC, FCC
i ()
A: MSSM i ES .
B: Natural >10% - -
C1: RPC loseness to Higgs

SUSY has no role in hierarchy problem

~ No mass constraints on sparticles or particular
spectrum (long-lived particles)

C2: LSP nature
C3: Spectra opening

RPV

Targeting gluino and stop + Spectacular signatures
(multileptons, no Z, resonances, LFV, Long-lived particles)

(Very) Compressed spectrum
Low pT objects + eventually Long-lived or meta-stable particles
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Lecture Part lic

MSSM Extensions?

Scalar Gluon, another scalar (NMSsM) _ Fine-tuningis 1% or 0.1 % ...
~ sparticles can be above TeV !

M 4= 12 ijlf J

10 Tow ] =
The “Nuclear Family”
of the Higgs
5 Telty b = HL-LHC, FCC
i ()
A: MSSM i ES .
B: Natural >10% - -
C1: RPC loseness to Higgs

as no role in hierarchy pro

~ No mass constraints on sparticles or particular
spectrum (long-lived particles)

RPV long-lived particles

Targeting gluino and stop + Spectacular signatures
(multileptons, no Z, resonances, LFV, Long-lived particl

C2: LSP nature
C3: Spectra opening

(Very) Compressed spectrum
Low pT objects + eventually Long-lived or meta-stable particles
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Long-Lived Particles

O Apart from LSP other particle could be long-lived :
1. Very weak coupling with G=LSP [GMSB] : => Non pointing y or Z
2. Lifetime proportional to A2,A-2, A2 [R-Parity violation] =» Displaced vertex if A, A’, A”’~0(10)
3. Low mass difference, e.g AM(y*-%.°)~100 MeV [AMSB] & Low p emitted, kinked track
4. Stable Massive Particle (mix of 1 and 3) = Stable R-hadron (g or q), sleptons

MetaStable Detector Stable

stable massive

disappearing (kink)
particle

. track - _
Non pointing displaced =" | stow (p<1,
vIZ vertex 1 long time
- primary @&~ || offlight) ~ penetrate
- vertex E a detector

Generic limits on life-time vs mass plane !

P. Pralavorio SUSY Searches DESY, 08-Apr 2016 46



Long-Lived Particles (1) rmemmmn

1 Non pointing photon could have several striking signatures
= LSP=G and long-lived bino-NLSP = y,°2>vG

(ifftf)

2 (n2)

1(ny)

= Late Timing arrival in the EM calorimeter (t,) = No pointing to the primary vertex

=» Need excellent calorimeter t|m|ng reso. 1.Stand-alone pointing Capabi”ties of the
Y o oMsasw  sermy calorimeter 2 1(y,%) <50 ns
-% [ gTLAS -4~ Data 2011 i ;30000 ? Traw E
Sodg i S2so00 | T 2.lmpact parameter of the converted
R | ey e photons = (%) < 1 ns
= F°, 6=0.30ns "5 15000 | San = 040820001 ]

0.35 = . 2 o ]

; 1 £10000 | - e .
\\,N_*..;’ 2 | o=0.44ns; Need a deep understanding
R ST, .k , - of the detector !

10 15 20 25 30 35 40 - 4 6
Cell Energy [GeV] ECAL Timing [ns]
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Long-Lived Particles (2)

R = 1082 mm

U High mass displaced vertex with 5 tracks or lepton W ——
= Design a background-free analysis in M, ¢x — Niyack Plane A
= Build up a dedicated tracking to increase signal efficiency *”“"‘“‘

= Could come from e.g. RPV with ;,#0 or Long-lived gluinos

TRT

X
s’

SCT

R=122.5mm = e Pixels

qg 4 l
ATLAS \s =8TeV, 20.3fb" ATLAS \s=8TeV, 203"
- ® Data I signal Mc M(gl)=0.6 TeV DV+EF™ & Data 1w signal Mc M(gl)=1.4 TeV
% ' Sig'nal E Signal Region
% region 2
€102 E
107"
— 1072
10
102
<107
107°
| 1 10

Number of leptons in vertex 3 4 56 78910 20 30 40 50
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Long-Lived Particles (3)

n = *
U Direct production of a metastable y,* e
] ] E —e—Data(is=8TeV, |Ldt=2031") ATLAS .;
= Motivated by AMSB, but model independent results F e SHMC prechclon | E
n%: =200 GeV, ri‘: =0.2ns (Decay radius < infinite) §
v x4* >soft n* + 4,0 Disapearing track in the TRT U iy B n i 1
. , 10° ote 1
= Remove background : N;gr + highest p; isolated track Gp e " 3
Trunca{1 +Normal tracks !
trac t ]
%idecaying into %"+ Iii % @_U : : L§
0 30 40 50 60
NTHT

high-p charged particle

interacting with TRT material > E ' - ] ) ==
) E —e— Dala
O ,.4f ATLAS Total background
< 10 E Interacting hadron
_@ F g e p'-mismeasured track
low-py charged particle scattere G 10°f 'S= 8TeV, J'—dt= R S Bacn
in materials resulting in badly = N m, = % gex = g,gns
measured track py 10°F — :j Z300GeV, 22 10ns
10
true particle track
10" 3
102k
10'3 L. 1
E 2.3 T T T T T T f [ T T LIS U
= : ‘)
= 1'51 S ‘;“.‘ * HL y AL ?
g 0.5} ...."...Q.}".T. 1?“ IS0 1 44 i
20 30 40 100 200 300 1000

Track P [GeV]

* o (C1N1,C1C1) ~ 15/ 1pb for m=100/200 GeV @ 8TeV
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Long-Lived Particles (4)

1211.1597, ATLAS-2013-058

O Slowly moving particles

= Can be colored ( )

v' If lifetime > hadronization time scale ~O(10-%%)s
then gluino R-hadrons or gluinoballs can form

v Can flip sign (1, 2 times) or not 1,3

v' Can stop and decay later 2 Tracker Calo Muon

= Can be non-colored ( ) 4

v' Manifest as a heavy muon, charged and
penetrating

<« Signal

=» Important to combine all detector information to cover all cases
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Long-Lived Particles (5)

1211.1597, ATLAS-2013-058

] Possible to reconstruct its mass !
= Start from one (or two) high pT isolated track >p

= Measure By (invert Bethe-Bloch) from Si-track clusters

[ T T T 1T T 1 =10

f 1. |5 10°
= [ |/ 1FonCu o
a >
o /e 2 10¢
S E Bethe Radiative / s |
8L/ Anderson ° 1
£ i At w

et J
g %.g \ } Ee /
:1”%_“3“ Radiative /7 Radiative 10°
il Minimum  effects iy l0sses
a [ ionizal -
8 e icnization reach 1% [ 10
A T | W el 8

| { Without § o .

1 PR "N B S duale

s o 95515105005 115 2 25 |

4 5 b
{1101 S R 1 0 o 100 1000 W DU () qp (GeV)

= Measure 3 (calo or calo+Muon Spectrometer)

— 2004107 & T l. e 5 P ac
= ATLASPrellmmary -3 i S 5ol ATLASPreliminary Ssoor ATLAS Prelminary ]‘
o F Calorimeter : 'Eh [ Calorimeter + MS @ Ldt=1591"
§ 160 ILdI-dJIh' [ | ] § L JLm-a.ﬂh‘ 3 gwc
= 140 ol = = 40p ’ g = . =8TeV H
recf 4 gmonggeren f 1 3 [ pgmengeren | v Trim « Signal
100 o = 0.080 | '- E 30 o = 0.035 L L -
| 3 [ : 1 L MC.Z -
o e , 2of —Memoite [l - T \
r q - o o= 0. 3
401 ~90/ 011) 4 10’ o = 100 o 0
200 OB ° 3 -.\; ""3 5% (2011) ] Gﬁ~2.5ﬁ) 12)
i oy : . T [ Lo . %,
% 02 07 06 08 1 12 1.4 B oz 04 08 TE I TZTTa4 O N O = 2 = ]
B —— B o - B

=>» Add the 2 or 3 information together and compute M=p/By
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Long-Lived Particles (6)

. . . ATLAS: 1411.6795, 1506.05332,
1 Look at the Mass distributions CMS: 1305.0491

= And search for a peak !
= Good S/B in general

Pixel only Full detector

T | T T T |.I LI | T 1 T T T T I T T

10°

> T T T T ] T T T I T T T T I T T T T T T T ; [ -
3 EATLAS - data j e [ ATLAS | i
o 102k1s=8TeV, 184" = background _ #1000 Full Detector: =
0 E Stable selecion m(g)=1000 GeV E E e - 7
o r o e M(T)=350 GeV . e Gy L W .
o 10¢ < E - Ty B0 R B @ .
-E E E 800— - i m e wmeaa |
L 1E 1 E o) i e i SR 2 B i
E —[ E .5 " EE
i e ]
10'15_ i D'eoo_u s EEs —
F ' £ E N s EEHEN = i
ol s :”:' o) N sElEEE= |
10 E R o . s EEE = .
e P A A A A A L LA E T T I 7
g D B ) e N ) 400— _— I‘I"I‘I"'""""""'"'-"' """""""""" sl
| A Vi | A e I < .- R
S Vsheleg g e e Data 2011 ({s = 7 TeV) |
2 Ju'v” *I‘H?L+ S e—e————— ] = w B ¥ Sl -
% ) 1 1 I-* L [ L 1 1 1 [ 1 1 1 1 ] L 1 1 1 ] 1 1 1 1 F = s m m = 8 - » z . Slgnala (m=500 Gev) —
8 o 500 1000 1500 2000 2500 S00Le m = m m v e e |
MaSS [GeV] HMEE =" s o« e Signal region —

.! ' .I .I 1 | 1 1 1 | 1 1 1 | 1 Il 1 | 1 1
200 400 600 800 1000

From Calo+Muon my [GeV]
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Long-Lived Particles (7)

1 R-hadrons can also stop in the calo and decay later
= In Split SUSY (unnatural model), the stopped gluino only particle reachable at LHC
= High energetic jets in absence of collisions
= Background = calorimeter noise, cosmics and beam halo not SM !

ATLAS 20121201 12:33:41 CET source:JiveXML_215456_82343392 run:215456 ¢v:82343392 lumiBlock:506 Atlantis

rr|rrrrrrrrrrr |11 1| T T 1T

[2] F 3
& O amas 50f' @ is—7 Tev —= Data =
i 35F 22017 @ 158 Tey .\ Cosmic ]
3 B Beam-halo =
= — 600 GeV g =
0 —— 1000 GeV g x100 -
25 —
20F- E
15E E
10 3
5F E
- 1 i 4

0 1 2 3 4 5 6

20 0 zZim) 20

Number of Jets

Can look for it in a window 1 us <t <300 hours !
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Summary Long-Lived Particles (1)

1 Combining all, very strong on gluino mass limit !

Olepton analysis !

< g R-hadron — g/qq 2" ;mz=100GeV——_——> Status: March 2016

> B ATLAS Preliminary -@- Expected
8 2400 - 95% CL limits. o} 5" not included —e- Observed
'_'U, 2900 —_ Displaced vertices Phys. Rev. D92, 072004
= - Stopped gluino Phys. Rev. D88, 112003 }18.4-20.3 o, Vs=8 TeV
c @ Stable charged JHEP 01 (2015) 068
2 2000 = o Jets+ET"° ATLAS-CONF-2015-062 _1
é - Pixel dE/dX To appear } 32107, {s=13 TeV
= 1800 — o )
o - f Bl
& 16005 @ | zad »
- e : 7
400 = i : | :
E : L ;o
1000 [ ° i T
:*5_5 i ; ! 1o 5
800 & 1 1 [ | o)
e : : 8
600 [~ : i P
- III|III| | IIIIIII|! | EIIIIIIl | IIIIIII| II I!IIIIII| | IIiIIIII | IIIII!Il 111
102 107" 1 1100 1 102 10°  10°
(r for n=0, By=1) Beampipe @Inner Detectorﬁ Calo MS T [ns]
L llI[IIl 1 1 Illllll 1 liJIllIlI 11 I[IIJIIi 1 1 Iilllli | llIJlll I 1 IIlllII 1 Illllll
10° 102 107" 1 10 10? 10° 10*
ct [m]

Exclude m(gluino) >1 TeV whatever the lifetime !
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Summary Long-Lived Particles (2)

1 Combining all, very strong on chargino mass limit !

W= T 7 W) Status: July 2015
= 1000 —
3 - Pixel dE/dx arXiv:1506.05332 - *O- - Expected limits
o e = Disappearing track arXiv:1310.3675 ¢ OPS?'VEd Nmhe
E o 95% CL limits.
= 800 = e SMP (Full Detector) arXiv:1411.6795 G3U5Y ot included
et C o 2 = H
£ 7000 18.4-20.3 fb ,.\s. 8 TeV . . . o
= - ATLAS Preliminary ! ! :
S 600F 5 E oo e
it - : ! ! !
500 - ! i ] |
400 - ;
= ; .
00E ; 0
wof
: - : : : L
100__I | II||! | | 1 IIIIII | | !l III||| !I I!I IIEIC{)I
10! 1 : 10 3
(rfor n=0, By=1) i Inner Detector i Calo i MS | T [ns]
| 1 1 I L1 1111 | 1 | ([ | I | | L I L 111 i |
102 107 1 10
ct [m]

Exclude m(chargino) >100 GeV whatever the lifetime !
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Lecture Part lic

MSSM Extensions?

Scalar Gluon, another scalar (NMSsM) _ Fine-tuningis 1% or 0.1 % ...
~ sparticles can be above TeV !

M 4= 12 ijlf J

10 Tow ] =
The “Nuclear Family”
of the Higgs
5 Telty b = HL-LHC, FCC
i ()
A: MSSM i ES .
B: Natural >10% - -
C1: RPC loseness to Higgs

SUSY has no role in hierarchy problem

~ No mass constraints on sparticles or particular
spectrum (long-lived particles)

C2: LSP nature
C3: Spectra opening

PV

Targeting gluino and stop + Spectacular signatures
(multileptons, no Z, resonances, LFV, Long-lived particles)

(Very) Compressed spectrum RPV ... can not be systematically check !

Low pT objects + eventually Long-lived or meta-stable particles

P. Pralavorio SUSY Searches DESY, 08-Apr 2016 56



RPV

£ | q
2 A Ey 'i’; oA qq X3 p (il’
W = Wumssm + AijeLi L; Ey + AZJkL QJD,C + w5 LiHy + N UiD; Dy

Lepton Number Violation (LFV)

= Add 48 new Yukawa couplings and 96 complex parameters

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

= Allow the LSP to decay

= Can change other sparticle decay
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ATLAS: 1503.04430

 New signature: Lepton flavor violation in the production / decay K
= A'3415 Aizp ¥0 and pp e’\?ﬁeu, et, Ut resonance W =Wussu iLjEk z-QjDk+mLz-Hu+/\;;kU@DjDk

d
, Uy
Agpp == A¢ (e, p)~rn , MET=132 GeV, no Jet!
d
L3S L L L B B L B O \ L B L B AT FREEREE R EE RN PR T
ATLAS * Data - Z'(0.75 TeV * Data 2 (0.75 TeV 10°ATLAS 4 e+Daa  ==Z(0.75TeV)
\s=8TeV,203 1" —7.(1Tev) [lJetfake \s=8TeV,20.3f" —7.(1Tev) [lJetfake \s=8TeV, 203107 _g (1 Tev) et fake

Bz-«w Bt
[Dothers ~ Total SM

Bz -1 Bt
[[others Total SM

Wz-n B

[Dothers ' Total SM

Events / 20 GeV

Events / 20 GeV

Events / 20 GeV
2

% 2 é E E H H H C% 2 ;
% 1E e +""*"‘+"+" ; } : ;‘% 1E- e : 1 s g Ll e e : : g
E i 3 E* 7 e S S E : £
o = i ; ; e =
0O 200 400 600 800 1000 1200 0 200 400 600 800 1000 1200 0O 200 400 600 800 1000 1200
Dilepton Mass [GeV] Dilepton Mass [GeV] Dilepton Mass [GeV]
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ATLAS: 1405.5086

1 New signature: lepton but no Z W = Wssu iLjEk+A;jkLinDk+niLz-Hu+A;;kU.,:DjDk
= 1,0 LSP, & #0 implies y,°>II'v with I=e, .t

pp L, W T, WL Z vl
r

> PFT T T T T T T T = [ T T T T T T T
8 ATLAS SROnozb * Pata2012 44 Total SM E 8 1000 A+LAS g
2 .F_““;d“""e =Z;z ] - J-Ldl -203f0", {s=8 TeV - .
= - sl [ I - S - ; ]
& 1 15=8TeV _[L dt=2031b i o E = a0k hp#0 S Observed (10™ -~ E
2 Ty 0. M, ;)=(600,400) GeV T F === hgro -oBead .
8 W 0 sheea = [ B A0 o TR .
> [ : E F o 3 o AN -
it} H L 600— 233 * < > _
---------- [ Alllimits at 95% CL g i
1 53 -
400— -
107 r ]
200K —
10% / C ]
7 R I i —r ]

0 200 400 600 800 1000 1200 1400 200 300 400 500 600 700 80D 900 1000 1100
m.. [GeV]

m; [GeV] P P X Y
= pp =G —qaE, aGi; X, —v Il

> 3 ;1800_ LA L O S B S B e Sy M B B R S s By e
8 10 ATLAS SR1nozb * Data2012 %< Total SM _§ 8 C ATLAS =
=3 Fenckble, mz 7 £.1600 J.Ldl=20‘3fb'y,|&BTeV A =
[r3} < . I (¥4 Bwz . = C AT 3
“; ‘EOZ 18=8TeV _[L dt=2031 Higgs wwv —; E 1400 Ay #0 = Observed (115“‘"\‘)_ (’.}' A —
E +=+ 30 h,5570, M(G)=(800,400) GeV 1200:_ = 1«0 <--Bweced . g =
T |1 e . F Fras 20 y :
grmemrmmmemsasnnnned T E 1000 = Az #0 .
weanrannnnad 7] [ Alllimits at 95% CL 3
g =4| +jets +MET 3 s - E
] 600 .~ 3
10" G . F ]
E 400F * =
102 P 200F- =
A R RN W <7 v s s 727 L ~ S — = 4 Z i I

0 50 100 150 200 250 300 0 600 800 1000 1200 1400 1600 1800
E?“ [GeV] m [GeV]

Now limit on direct charginos production (not possible in RPC) !
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R PV 3 ATLAS: 1502.05686
CMS: 1311.1799

W = Wussu + XijuLi LiEy, + Xj, LiQ; Dy + ki LiH, @

d New signature: 2x3 jet resonance L

= Motivated by g=>qqq and g=>qqy+°>qqqqq
= Multi-jets background data driven and differentiates 0, 1, 2 btag ...
= 2 different strategies pursued by CMS and ATLAS

Reconstruct 6jet invariant mass Resolve 6-10jet evts with a lower p- cut
T
CMS simulation at \s = 8 TeV R T
. T T T T T T T T T T T T T T T T T T T T T T T T E =8 TeV, 20.3 fb
E - ] """ Hadronic RPV, § — qqq, Idlmu"_lo ='400 GeV ] 3 S| ATHAS o ‘Data
(= - & 10°= . O  Extrapolation from 3 Jets
= . = o E 7 jets, = 2 b-t
o F [_] Correct triplets . I e o Extrapolation from 4 Jets
; 4000 =3 iy Gaussian signal = § 10 = 4 Extrapolation from 5 Jets
D 3500— —— Incorrectly combined triplets = 10 T 0 O
E. = E E— --------- . ammese m§ =1000 GeV
E 3000:— 2 14000 ' ' ' ' 4 4 10° 3
= © __ Expected multijet 3 ) S ) —
2500 :?_12000 . background F= L 15355 ...........
- £10000 g = Signal + background = gk = 0202020202 T $.—",—.
2000/— S 8000 1= :#:4 _________
= |= 6000 . 1 ;4" -----
1500 :_ 1 4000 _: 1 1 | | 4_§
= -1 [o] E T enrrdren P B . it ] -
1000, il e = LR | —— S 3
= ;o G050 500 600 700 800 'g 1:% ;@__—__o__é_ ’
500 il Triplet invariant mass [GeV] —] E 38 ] :$=$ I
o= | 4 |'!= | a"‘.n P I T R T B R . | RV N N TR T S (Y N ; 83: . . : - =
200 400 600 800 1000 1200 1400 1600 1800 60 80 100 120 140 160 180 _ 200

. . ; Jet p_ Requi t [GeV
Triplet invariant mass [GeV] =t B Feguiramant oY)
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ATLAS: 1502.05686
CMS: 1311.1799

U Results for 2x3 jets resonance
= Show for light flavor (top) and heavy flavor (bottom)

CMS,L=19.4fb"at\s = 8 TeV
e e

5 F s = T T . T
2 F ] = ——— Obs 95% CL Limit
= L . . . L m sseesee Exp Limit
= il Observed limit ] =1 ok 1 F(’)_ Exp Limit
T OE Expected limit E T M <8 E X LAt
< F - 102 s g9 Cross-Section (NLO-+NLL)
[ . 2
& [ [ Expected 15 ] 2% BR()=0%, BR(b)=0%, BR(c)=0%
;4 1= = 10
e + E =
: D Expected £ 20 1 % s =8 TeV, 20.3 fb™'
3 1 1
107 i
F . 1 0—1
107 — 1 072
: i E ATLAS f'\
n P Y P ! i 4 3 1 1 | |
L T T B > = 0
_— me — TR - =
B = \_/ < = 1 (o= T T \VII T
= e - B =9 F ——— Obs 95% CL Limit
= Observed limit = g o Llan
= q0p E = 10°EF o +1 o Exp Limit
;E E —— Expected limit 3 o 3 E ey GG Ex!:) Limit
g r ] T 102 | s g9 Cross-Section (NLO+NLL)
ﬂ)g 'l Expected £ 16 | i E BR(t)=100%, BR(b)=100%, BR(c)=0%
S I:’ Expected + 2 ¢ 3 é 10E
C 7 % 4 i s =8 TeV, 20.3 fb™’
107 E = %
. ] 107"
102 A - 102
3 3 ATLAS
W T ETTE ) ST . 103 1 1 1
200 400 jo A 1600 600 800 1 0] 1200
et invariant mass [GeV]

my [GeV]

=» Exclude Gluino masses < 1 TeV. ATLAS above CMS

P. Pralavorio SUSY Searches DESY, 08-Apr 2016 61



CMS: 1306.6643

= %42 LSP, consider two possible combinations Aterm | neutralino LSP decay mode
rry . A122 = —A212 Upve + pevy,
= pp >tt Dty Oty O>>4l (+ jets)+MET [ A2s3 = —Asas | TVt T |

= Assume y,° bino-like

cMs 8=8TeV, jL dt = 19.5 fb" CcMs (s =8TeV, jL dt=19.51b" CcMs is=8TeV, [Ldt= 195"

‘g Search Region: SR1 1s = L PRI B L 'I""I"‘: E\""L"" """ L L
E 102 - Observed | 3 1205_ Stop RPV 4, 2 i : - 12001 otsLiks
DBkg Uncertainties 3 :_ [ —— Theory uncertainty (NLO+NLL) I 1- - el /... 1"32;1'&3"::;38&[%% -
- 1 540005 +eeee expected 95% CLs Limits —{ 1000~ Sxpectedin, oy s E
L ' Misid. leptons 4 E E m oxpectedtio, : ‘ . I P
108 | i 3 8001 | - 800r I H
- B r - I
- L 1 . ]
[Jwz | 600 | | e00; I
yri C : S I
1E - IE 400~ : -] 400 | ]
' CRY ] r : § r I
] . 1 200 .
iz | 200 I - F :
g AR L ] P I R N BN S R
10" R R A IR PR EPRP rurr RSP 700 800 900 _ 1000 1100 1200
0-300 300-600 600-1000  1000-1500 >1500 700 800 900 1000 1100 1200 m- (GeV)
S, (GeV) m- (GeV) k

Very strong limits for direct stop, w or wo taus (independent of LSP mass)
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CMS: 1306.6643

’ = - o o
| Stop RPV (7\.. ) W = Wussm + AijrLi L Ey, +inDk + ki LiHy + N Ui D; Dy,
n X10 LSP, consider several decay modes region label kinematic region stop decay mode(s)
A my < myp < 2m¢,mf]3 t — tvbb
= Final states: 2p + 2t + 2b B 2my <y < F tpth + tvbb
ol < Mg <myp<mw+mg | F— (bR] + bRy
= Assume y,° bino-like D | mwtmg <my<mtmy| T Whi
E My + gy < iy f—tx)
cMS Vs=8TeV, [Ldt=19.51"
; i l L T I T T T T I T T T T [ 4
[0} o =
g 800: 3
72 700F =
= = =
600f =
500( =
400f -
- % CLs Limits]
300 NLO+NLL B
E - 7 smeeas expected 95% CLs Limits]
- R < TR TR PP o . I8 S i D

A I A A
300 400 500 600 700 800 900
m- (GeV)

Weaker limits dependent of LSP mass
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ATLAS: 1306.6643

O Stop RPV (1) W= Winssae+ M Bil By + X i D talal, —|—.,;DjDk
b
= Stop direct decay to bs P i ‘4 .
= Final states 2x2 resonant jets >> =77 35 ‘

= % [t 05 25 L UL B
q, ‘ o E L ! T T 11T TT T 1 T T 11 I T T T11 I T T 17T TTrrr
G \ ATLAS z 8 10°% 5
o 400 § \s=8TeV,17.4 1" = ATLAS E
P —e— Data E 2 \s=8 TeV, 17.4 fb-! ]
€ sy SM total 2 102t -
¢ 300 Multijet (- Mg % 0 -
- K = S . ]
s m-=100 GeV ] =
200 RN ;= 200 GeV © 10F W E
[ M = 300 GeV 1 F CDF' :
100 1E_pp \s=1.96 TeV, 6.6 fb"'
F ———— Obs. 95% CL limit
ol [ Exp. 95% CL limit
= 107 +16 exp. limit
n 2 F = p.
1 5 C | 2 o exp. limit
g . 1 102 t t* cross-section
0‘5 El 11 | I 11 1 1 l 11 1 1 l L L 1 I L1 1 I N - I 11 1 |
50 100 150 200 250 300 350 400

m- [GeV]

mis, [GeV]
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Lecture Part lic

MSSM Extensions?

Scalar Gluon, another scalar (NMSSM Fine-tuning is 1% or 0.1 % ...
4 ~ sparticles can be above TeV !

M 4= 12 ijlf J

10 Tow ] =
The “Nuclear Family”
of the Higgs
5 Telty b = HL-LHC, FCC
i ()
A: MSSM i ES .
B: Natural >10% - -
C1: RPC loseness to Higgs

SUSY has no role in hierarchy problem

~ No mass constraints on sparticles or particular
spectrum (long-lived particles)

C2: LSP nature
C3: Spectra opening

RPV

Targeting gluino and stop + Spectacular signatures
(multileptons, no Z, resonances, LFV, Long-lived particles)

(Very) Compressed spectrum
Low pT objects + eventually Long-lived or meta-stable particles

P. Pralavorio SUSY Searches DESY, 08-Apr 2016 65



Beyond MSSM

SUSY Theory phase space

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].

=>lower o, 2x2 jet resonance *_

A new scalar singlet is added [2 more
Higgs and one more neutralino, 0910.1785]
=>» Relax constraints from Higgs mass (i.e.
reduce fine-tuning) and provide a solution

to the p problem

Stealth SUSY. Invisible singlet 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)

Loose simplicity, can generally evade part of the LHC limits — but not for long
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Beyond MSSM (1)

1210.4826

4 Dirac Gluino: 2x2 jets final states Y ¢

= sgluon (= gg) pair produced: 2 resonances M,, M, reconstructed with 24 jets pT>80 GeV

= Reduce combinatorics by minimizing |AR-1|+]AR,-1|
= Note: @LHC lower masses are hardly accessible because of trigger threshold !

4000

= = T T T T T =
§ as00F— j Lat=46f' ATLAS p (4"jet)> 105 GeV = E [T T L L B '_.'_ 'Ol;Jslelive'd‘ T
S aoeef VERTTEV £ mmbbgla B = il Ldt=46fb" .
2 3 B AECD result g c 10°E S e Expected E
._% 2500 — ﬂ-—’ I VC sgluon; Region A —] C)E - s=7TeV M+1ic 3
2000 2— = —_ M uon = 250 GeV —i o ~ + 2 o T
= —— = = i . 5
1B = = 3l “<z Scalar gluon _|
1000 [~ =t - = 1= 10 = < 3
E g - = — E - --Hyperpion 3
500 — i — | - ]
=—— e O B — ATLAS 2010 -~
% 1.2 Lor\c; 2 I |
R S I = e S S & o 10°E E
a [0 - T e T e e T T = .
o R S e » ]
w2 7
5 o —-J_T_-—-_h 10 3
é -2 | _ : 1 I 1 1 1 1 [ 1 1 1 1 ] 1 1 1 1 | 1 1 1 1 I 1 1 1 1 I /,/4//'_‘
L | . | - x - | - ! - 100 150 200 250 300 350
100 150 200 250 300
(m_+m,)/2 [GeV] Mass [GeV]

=» Exclude scalar gluons for masses below 300 GeV
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Beyond MSSM (2)

4 Dirac Gluinos: 4 top final states
= For more massive sgluon (M>350 GeV), sgluon—>tt dominates = 4 top final states
= Can be accessed by asking 2 same-sign leptons

3 jlllllIIIIIiIIIIIIIIIIIIIIII[IIIIIIIIIFIIIII]:
[N 5 —e— 95°% CL observed limit
.’E 10 e, 2 omemseees 95% CL expected limit =
] A —
= - T + 16 95% CL expected limit
(an] 1L [ ] +£2095% CL expected limit |
é E %% Theory [BR(c — tf) = 100%] 3
107 5
1072 =
103 - ATLAS
g \s_8TeV 20. 3fb’1
1 I I I 11 I 111 1 I L1 1 1 I

04 0506 0.7 08 09 1 1.1 1.2
Sgluon mass [TeV]

=» Exclude scalar gluons for masses below 800 GeV
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Conclusions (1)

What we have seen in Run1 (beg. Of Run2) ? nothing except from few small effect

woMS 19.4 10" (8 TeV)
,ED; I +Data £
14073683 280 2142 RPV SUSY? s
L Not seen by ATLAS 3" ov
: 2.60 jets plus dilepton plus MET SUSY? ot ~-Signal 1
% HD; ¥ SF central leptons
1503.03290 3.00 jets plus on-shell Z plus MET SUSY? . o
ATLAS "
1506.00962 3.40 WW/WZ/ZZ resonance at ~ 2 TeV 27 20:7
3
2,
% 1
o ;
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T T T T T T T T T
%) [ ATLASPreliminary—e— pata 2015 %14jl|”||”|“”“”|”_T.IL'DT;;”W”]'”]L
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-.Clc_). 20? % Rare top < % 10;SH'Z i m(g)u=(700'200)gev_’
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W sk —— mBE)-(020.50) Gov (still nothing for CMS) 4 f ]
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Conclusions (2)

A: MSSM

What we conclude ? B: Natural >10%
| C1: RPC
The Hard Facts C2: LSP nature: 1,0, G

C3: Spectra opening
'- |$(750) ?

Pre LEP Post LHCs
9 ‘EL iy B
ta hg
TeV er{;;g I
_________ | pegpe e 0E B= EEgpet =
: N ' :
.‘\::L C ;l 00 .ﬁ 4 A
N3 ) Al
By o\
: In
— 7R ) % cl,
T 4, & : i T £ TR \ M Tearches_-
= L © Weak % 9)>1 1oy
inda — : P ' %\ Scale ' ! : :
b N = . 60 R e & "-f‘-‘ RSN . p
M, il o o Y susy ~
" - ey e ey Rl :
= 151 ’
Higgs Mass
. constraint
\i 7 C:l s 4 SM (valid up to M) _
A = 5 MssM —
N R 71 ;

S. Dimopoulos, SUSY13

Connection of MSSM with the hierarchy problem diminished
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Conclusions (3)

( Particle Physicists continue to dig hard ...

My optimistic view

§-d production, § — qq 7,
S“ C T T | T L ' T T T I T T T l T T T l T T T T l T ]
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— A - N A’ o) QgJ 1500 |— = todic,300m" ()« 60 —
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Searches ’80 ?)
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Vacuum(A) strong weak GUT Gravitation?
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