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Outline

- Supersymmetry (SUSY): an attractive extension of the SM

- Searches for SUSY at ATLAS

Inclusive squarks/gluinos

+ Sstop/sbottom

—lectroweakinos

Long-lived sparticles

- The way forward




SUSY Is an attractive theory

Supersymmetry (SUSY): symmetry between bosons and fermions

Implies new superpartners with spin 2 difference from SM particles

Ex.: top quark — stop quark (spin 0), Higgs — Higgsino (spin 72)

SUSY solves several problems/limitations of the SM at the same time

3
Hierarchy problem Am,f ~ m=eeee O ------ ~ — 4—ﬂyt2A§M + ...

Dark matter t ~ 108GeV? if Ag, = M,

lanck

Grand unification
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Where are the superpartners?

f supersymmetry was exact: the '
superpartners would be everywhere \ .

SUSY must be broken: heavy
superpartners
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Fortunately, SUSY can still solve the
SM problems even though it’s broken

)

But, generally, they can’t be too i

h e avy e it h e r : M S U SY ~ @ (TeV) | Copyright: STFC/Ben Gilliland WBO?OII

= Superpartners could be discoverable at the LHC!



L arge collective effort to discover SUSY at the LHC!

ATLAS SUSY Searches* - 95% CL Lower Limits ATLAS Preliminary

July 2018 \s=7,8,13TeV
miss -1 . .
Model &, T,Y Jets ET JLaqm™ Mass limit Vs=7,8TeV  +s=13TeV Reference
L} L L] L} L] L] L} Ll I L} L] L L} L}
4, 4—aX) 0 2-6jets  Yes  36.1 1.55 m(¥)<100 GeV 1712.02332
. mono-jet  1-3jets  Yes  36.1 0.71 m(g)-m(¥})=5 GeV 1711.03301
) N . . .
5 & 2—qgt) 0 2-6jets  Yes  36.1 z 2.0 m(¥")<200 GeV 1712.02332
= g Forbidden 0.95-1.6 m(¥')=900 GeV 1712.02332
% 88, 8—qq(lt Wi 3epu 4 jets - 36.1 F4 1.85 mg?‘i}faoo GeV 1706.03731
0 ee, pt 2 jets Yes  36.1 z 1.2 m(g)-m(¥1)=50 GeV 1805.11381
§ 32, §—qqWZX| 0 7-11jets  Yes 361 |%& 1.8 m(¥}) <400 GeV 1708.02794
I3 Se.u 4 jets - 36.1 z 0.98 m(g)-m(¥})=200 GeV 1706.03731
c N - ;
= gz o) 0-1e,u 3b Yes  36.1 4 2.0 m(¢})<200 GeV 1711.01901
Bep 4 jets - 36.1 F4 1.25 m(g)-m(¥})=300 GeV 1706.03731
bb, b —>b,?? /Xy Multiple 36.1 by Forbidden 0.9 m(¥})=300 GeV, BR(bY})=1 1708.09266, 1711.03301
Multiple 36.1 By Forbidden 0.58-0.82 m(¥})=300 GeV, BR(bX})=BR(t¥} )=0.5 1708.09266
Multiple 36.1 | b Forbidden 0.7 m(¥)=200 GeV, m(¥})=300 GeV, BR(tk'} )=1 1706.03731
w e bibihif, My =2xM, Multiple 361 |4 0.7 m(7})=60 GeV 1709.04183, 1711.11520, 1708.03247
< .9 Multiple 36.1 i Forbidden 0.9 m(¥}])=200 GeV 1709.04183, 1711.11520, 1708.03247
S G . ) -
%g A, i — Wb} or ¥} 0-2e,u 0-2jets/1-2bh Yes 361 | 1.0 m(P))=1 GeV 1506.08616, 1709.04183, 1711.11520
. & ff, HLSP Multiple 36.1 |4 0.4-0.9 m(E%)=150 GeV, m(¥i)-m(¥})=5 GeV, 7, ~ i, 1709.04183, 1711.11520
g,) % Multiple 36.1 £ Forbidden 0.6-0.8 m(¥})=300GeV, m(¥; )-m(t\)=5 GeV, , ~ 7, 1709.04183,1711.11520
?«, % i1}, Well-Tempered LSP Multiple 36.1 i 0.48-0.84 m(¥})=150 GeV, m(¥})-m({})=5GeV, 7, ~ 7, 1709.04183, 1711.11520
iy, >k 1 &, e—ct) 0 2¢ Yes  36.1 i 0.85 m(t")=0 GeV 1805.01649
i 0.46 m(7, ,&)-m(¥})=50 GeV 1805.01649
0 mono-jet  Yes 361 |7 0.43 m(7,,&)-m(¥°)=5 GeV 1711.03301
by, h—t +h 1-2ep 4b Yes 361 |@ 0.32-0.88 m(¥1)=0 GeV, m(7,)-m(¥})= 180 GeV 1706.03986
Xi¥3 viawz 2-3e,p - Yes 381 | X/ 0.6 m(E%)=0 1403.5294, 1806.02293
ce. i >1 Yes 364 |@&/@ 017 m(EE)-m(E)=10 GeV 1712.08119
Xi¥3 via Wh ttityyltbb - Yes 203 |X/K, 0.26 m(¥)=0 1501.07110
B O, X (e, X —Fr(w) 27 - Yes 361 | X //\:’2 0.76 m(EY)=0, m(7, 7)=0.5(m(¥T)+m(¥)) 1708.07875
E e Xy 1% 0.22 m(¥)-m(¥)=100 GeV, m(%,#)=0.5(m(¥} )+m(t")) 1708.07875
S rlig, 168 2e.p 0 Yes 361 |i 0.5 m(¥))=0 1803.02762
2e.p > 1 Yes  36.1 i 0.18 m(?)-m(¥})=5 GeV 1712.08119
HH, H—hG|ZG 0 > 3b Yes 361 | @ 0.13-0.23 0.29-0.88 BR(Y] — hG)=1 1806.04030
4e.p 0 Yes  36.1 i 0.3 BR(Y] — ZG)=1 1804.03602
Direct Y1 X; prod., long-lived Y7 Disapp. trk 1 jet Yes  36.1 Xy 0.46 Pure Wino 1712.02118
T o X Pure Higgsino ATL-PHYS-PUB-2017-019
)
=g Stable  R-hadron SMP - : 32 |z 1606.05129
2 % Metastable g R-hadron, 3—gq¥} Multiple 32.8 2.4 m(¥})=100 GeV 1710.04901, 1604.04520
S S GMSB, ¥]—G, long-lived 1} 2y - Yes 203 1<r(¥))<3 ns, SPS8 model 1409.5542
g8, X\ —eev/euv/upy displ. ee/ep/pp - - 20.3 6 <cr(t))< 1000 mm, m(t})=1 TeV 1504.05162
LFV pp—v, + X, V. —eu/et/ut ep,eT.ur - - 3.2 Vr 1.9 A5,,=0.11, A432/133/233=0.07 1607.08079
VXTIV — WW/ZEetevy 4ep 0 Yes  36.1 m(t})=100 GeV 1804.03602
g8, §-q901, X1 > q4q 0 4-5large-R jets - 36.1 Large 17, 1804.03568
i Multiple 36.1 m(¥!)=200 GeV, bino-like ATLAS-CONF-2018-003
@€ 3g.g > tbs/ go1i¥), K] — tbs Multiple 36.1 m(¥})=200 GeV, bino-like ATLAS-CONF-2018-003
7T, it ¥) = ths Multiple 36.1 m(¥?)=200 GeV, bino-like ATLAS-CONF-2018-003
f1f1, f1—bs 0 2jets+2b - 36.7 1710.07171
fif, fi—bt 2e.u 2b - 36.1 |7 0.4-1.45 BR(F, —be/bu)>20% 1710.05544
L L L L L L L L I L L L L L
*Only a selection of the available mass limits on new states or 107! 1 Mass scale [TeV]

phenomena is shown. Many of the limits are based on
simplified models, c.f. refs. for the assumptions made.



ATLAS detector is ideally suited for SUSY searches!

+ Currently in LHC Run 2: /s = 13 TeV

- Excellent LHC performance:

~x2 higher luminosity than design

- Smooth operations for ATLAS N

140= Preliminary ls=13Tev
- Delivered: 158 ib™

LHC Delivered .
Recorded: 149 fb™"
ATLAS Recorded
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What would superpartners production look like®?

- Strongly-interacting superpartners
have highest production cross-section

+squarks, gluinos
- |In most SUSY models: the number of

superpartners Is conserved In an interaction A EPF:,CQL SUSY
ecay chain

- Called R-parity conservation

Implies SUSY particles are pair-produced

+ All SUSY particles (except one) decay
promptly

- A decay chain ensues



What would superpartners production look like®?

- The superpartners of the EWK gauge

field mix to produce neutralinos and
charginos

* bino, wino, higgsino —

ecay chain

R-parity conservation: the lightest SUSY

article (LSP) is typically stable . .
D ( )is typ Y Experimental signature:

= Dark matter candidate! ® |ots of missing momentum (dark matter)

® high-energy Jets
® sometimes charged leptons

. Typically the 7+




Searches for inclusive squarks and gluinos

Model &M T, Y Jets ETY [Ladm™] Mass limit V5=7,8TeV +s=13TeV Reference
T T l_|_l_l_l_l_' T T T T T

G, §-a¥1 0~ 26jets  Yes  36.1 1.55 mi¥))<100GeV 1712.02332

» mono-jet  1-3jets  Yes 36.1 0.71 m(g)-mit’)=5 GeV 1711.03301
g g8, 8-qa%) 0 26jets  Yes 361 |& 2.0 m(#})<200GeV 1712.02332
b g Forbidden 0.95-1.6 m(¥;)=800GeV 1712.02332
8 8, E'—*qc?(ff’)?? 3epu 4 jets - 36.1 F 1.85 m(¥)<800 GeV 1706.03731
2 i@, g-rqqWZ¥) 0 7-11jets  Yes 381 |2 1.8 m(}) <400GeV 1708.02794
8 3enu 4 jets ' 3.1 | 0.98 mi(z)-m(¥")=200GeV 1706.03731
R T ST 0-1e,pu 3b Yes  36.1 I3 2.0 m(¥")<200GeV 1711.01901
3ep 4 jets - 36.1 Fd 1.25 m()-m(¥:)=300GeV 1706.03731

10
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Summary of searches for inclusive squarks and gluinos

- Unfortunately no excess observed
SO far

+ Limits on sparticle masses will
improve only incrementally with
luminosity

Moving toward complex techniques
iIke machine learning

3500

[GeV]

<3 3000
-
2500
2000
1500

1000

500

1000 1200 1400 1600 1800 2000 2200

s=13 TeV, 36.1 fb” July 2018

I T B
- Goai, otep. (1712023321 ATLAS Preliminary -
G bbY, >3 b-jets [1711.01901]

— gty 23b-jets+ >2lep. SS[1711.01901, 1706.03731]

- §— W%, Olep. + 1 lep. [1712.02332, 1708.08232]
L 0 qaWZy, 27-11jets + 1lep. + 2 2lep. SS
[1708.02794, 1708.08232, 1706.03731]
— qq(Ilv)E, via /v 2lep. OS SF + > 3 lep. [1805.11381, 1706.03731]
> 11 [SUSY-2016-30]

> 1y [1802.03158]
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All limits at 95% CL
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g ) ATILAS Prc;l-minaryI 6 dute 5 lZ;‘.”Z?,“
W 18 (5«13 TeV,79.8 " m_iox B
" - Cut-and-count analysis ) Muttiet
An example: gluino to stop/sbottom
- g > ft, g = bb well motivated by o : ik
naturainess ] e —
c* SR G""O{-BSQ Grgy :n G CSq G,...!LBSQ c,, " :q q» . c&q Gy c;% Sk Q':oc 55 Gy,
5200 gg production, g — tf+‘5(?, m(q) >> m(Q)
> EI ATLIAS F’IrellirlnilnaglrI ; -I-I-Elxr;ecltec:l Lilmilt (;1:5 ')I IE
(.3. 20 5= 13Tev, 79.8 0" g —= Observed Limit (::1 ;S:Ei() =
<3 1800F- All limits at 95% CL -
E et :
14003— —;
12003— —;
. . o 1ooof— —
+ Several signal regions requiring =3 b- s0oF- E
jets, lots of missing energy and 600 F- =
hadronic activity 0 E
200— : :' —:
L . R R T T R T ':"2;00
+ Limits on gluino mass up-to 2.2 eV

12 ATLAS-CONF-2018-041



Searches for stop and sbottom

miss - s 8
Model &H,T,Y Jets ET' JLdtmp™ Mass limit Vs=7,8TeV +5=13TeV Reference
Byby, by —b¥] [iX] Multiple 36.1 | & Forbidden 0.9 ‘ m(¥|)=300 GeV, BR(4{})=1 1708.09266, 1711.03301
Multiple 36.1 | b, Forbidden 0.58-0.82  mi¥})=300GeV, BR(AE))=BR(tk | )=0.5 1708.09266
Multiple 36.1 | B Forbidden 0.7 mi¥))=200 GeV, m({7)=300 GeV, BR(t{})=1 1706.03731
w e b hOh, My =2xM, Multiple 36.1 | 0.7 miF’)=60GeV 1709.04183, 1711.11520, 1708.03247
§ o Multiple 36.1 f Forbidden 0.9 m(¥})=200GeV 1709.04183, 1711.11520, 1708.03247
8'§ [y, i = WhY! or i) 0-2e,u 0-2jets/1-2b Yes  36.1 3 1.0 mi¥))=1GeV 1506.08616, 1709.04183, 1711.11520
. § f\f;, HLSP Multiple 36.1 i 0.4-0.9 m(¥;)=150GeV, m(¥])-m{¥|)=5GeV, f; = i, 1709.04183, 1711.11520
§ § Multiple 36.1 f Forbidden 0.6-0.8 m(¥?)=300GeV, m(¥;)-m{X|)=5GeV, i, = i, 1709.04183, 1711.11520
RS f,f;, Well-Tempered LSP Multiple 3.1 | 0.48-0.84 m{¥’)=150 GeV, m{¥} )}-mit)=5GeV, 1, = I, 1709.04183, 1711.11520
f1fy, fy =X | &8, ek 0 2¢ Yes 361 |f 0.85 m(¥})=0 GeV 1805.01649
f 0.46 m(f, &)-m(¥})=50 GeV 1805.01649
0 mono-jet  Yes 36.1 f 0.43 m(f,,&)-mt])=5GeV 1711.03301
Ly, =) +h 1-2epu 4b Yes  36.1 f 0.32-0.88 m(¥])=0GeV, m(i,)-m{&})= 180 GeV 1706.03986




Summary of searches for stop and sbottom

heavy 1O be seen at the LHC? E 8002_ ATl:ASOIi’reIimir;ary Vs=13 TeV, 36.1 fb” -

= [ el Aewey S [1709.04183] .

S 700 [t /T>Wb% /T—>bify 1L [1711.11520] —

X it A-wbrA-birr 2L [1708.03247] .

o = Tscy /T>bffy Monoje 1711. 1 ~

- stop/sbottom are well motivated = _ f 2 o eosotess -
B} ~ —— \s=8TeV, 20 fb" Run 1 [1506.08616] |

to by Ilght by naturalness 500:_— Observed limits  ==== Expected limits All limits at 95% CL _:

= \ery important focus at the LHC 400 T

| 300?— \‘\l‘i‘\\\( \ —f

+ But again unfortunately no excess .
so far o \
100F i/_:

) I—imitS On StOp maSS uD_tO ~.1 Tev 0:| | 1 4 | I"- l| I I | | I | I I | I | | | I'.I | [ | | | | | [ | IIE:\‘\\\]E

200 300 400 500 600 700 800 900 1000
m(t,) [GeV]
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An example: b )?(2), XH = )?(1)

Events

Well motivated by naturalness

Targeting h — bb (60%) — final
state with 6 b-jets!

Several signal regions targeting >4
p-jets, large Er™iss and hadronic
activity, and reconstructed i — bb
candidate(s)

Events / 30 GeV

Limits on sbottom mass up-to 1.4
TeV

20

18

16

14

12

10

Significance

10*

10°

102

10

| ! |

Vs=13TeV, 79.8 fb™

ATLAS Preliminary mSingle Top MtV

! | | !

|
ot 1 Z+jets

B W+jets ~ Diboson
o ttH 4 SM Total
¢ Data

SRA SRA-L SRA-M SRA-H SRB SRC25 SRC27 SRC30 SRC32

N S N (o)
Ty rrryreeyprnd

ATLAS Preliminary Wtt  [Single Top —

Vs=13TeV, 79.8 fb"

SRB

50

100

150

WitV | Z+jets

BttH | Diboson .
B W+jets %6SM Total
¢ Data —

---. m(b, %, )= (700, 580, 450) GeV

200 250
M(AcangNeande),, [GEV]

ATLAS-CONF-2018-040

B, B, production ; B, > b %, > bh% ; m(,) =60 [GeV]

; 1 600 B 1 I I 1 I l I l I I 1 I I I I 1
O] u ..
0] - ATLAS Preliminary
= 1400~ (s=13 TeV, 79.8 fb”, 95% CL .
X -
é = = = - Expected Limit (+10,,)) -
1200~ —— observed Limit (=125 ~
- LAS8TeV, 20.3fb" (observed) < 7
- \EW i
1000 & A B
QO{O v ) -
- -o‘b\'\\‘ © © N Ib © ) ]
800— \{;\(@6‘?’“ QN o © }o o o ]
B | © o o o oifg o o
600 — ” 6 "o o o o oifie o o ]Z
o ¥ 48
[ o/ o o o 0o 0o 9 '
400— o 13
B © o o o gf o o o o |
2 1 9 1 $ 1 9 1 $ 1 Q 1 0 1 9 1 $ l". | $ 1 9 1 9 1 9 1
%00

400 600 800 1000 1200 1400 160
m [GeV]
1




Searches for electroweakinos

miss - s o
Model &M T,y Jets ET [Lanm™ Mass limit Vi=7,8TeV  V5s=13TeV Reference
¥ via Wz 2-3 e, Yes 381 | E/E 0.6  mi@))=0 1403.5294, 1806.02293
€€, Jij 21 Yes 36.1 Xy /)'(f 0.17 m{¥:)-m(k])=10 GeV 1712.08119
X1X3 via Wh EElEyylEbb Yes 203 |EIES 0.26 mit))=0 1501.07110
> TR 105, X1 —Fv(T9), X3 —F1(v7) 21 Yes  36.1 {';lzf" 0.76  miE})=0, m(#, $)=0.5(m(¥} }+m(E))) 1708.07875
w s X /Xf 0.22 mieT )-mity =100 GeV, m(#, #)=0.5(mX] )+m(X))) 1708.07875
S 2 rlig o) 2ep 0 Yes 361 |Z 05 ‘miE})=0 1803.02762
2ep 21 Yes  36.1 ¢ 0.18 m()-m{¥; )=5 GeV 1712.08119
HH, H-hG|ZG 0 > 3b Yes  38.1 44 0.13-0.23 0.29-0.88 BR(E! — hG)=1 1806.04030
4epu 0 Yes  36.1 H 0.3 BRW, — ZG)=1 1804.03602

16



Summary of searches for direct electroweakino production

0,0 . .
D) _
ure )(1 )(1 CroOSS SeCthﬂ J[Iﬂy _ SUSY 2018 ATLAS Preliminary' (s=8,13 TeV, 20.3-80.0 fb*  All limits at 95% CL
+ O E 300 :_ | l 3 ’ | | _: = =+ Expected Ii-mijts
Better to search for A1 A20r S D o 7 —— Observed limits
T lfj 250— 3 "& N I ST
. , 0 B : // @V’\ e’ - \ 1 —Www 2
Which then typically decay to A 200— g@,g\/f? ' — o 2015 01
. o B B, S A S . _
via emitting a SM boson (W, Z, h) - 47 IS v\ -
150— ' =0
0 0 0 0 - !4 %%, via
X — h)ﬁ Xy — Z)ﬁ - ] —wz aua
= Wy} 100¢ o = IR
0 d "\ O e
Room for m(y,) down-to 50/ ) e
~100 GeV, not as constrained , Y
i ] . T ol ey Ny
as squark/gluino searches! 005 560 300 700 =60 500
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An example: Search for electroweakinos with recursive jigsaw

arXiv:1806.02293

reconstruction

0
Search for )(1+ A>  production in the
2/3-lepton channels

m(yslx) — m(xy) 2 100 GeV

+ Attempt to reconstruct the sparticles
decay tree

Four signal regions with excesses ~1.4
- 3.00

Using only 2015-16 data — looking
forward to adding 2017-18 data

Number of events

10* I T I I I I I
ATLAS —e— Data
103 Vs=13TeV, 36.1 fb™ Y, Other i
. W DI Bkg. Unc =
Jo? XA VIS N
¢
10 = G v e o v | ’
1 @Qt@% I %
107" '
e iy §1 — T
. ~ n e e ey .
A, 3¢ /SFLV 3¢ - 3 A



Searches for SUSY long—-lived particles and RPV

miss - . 8
Model &M T, Y Jets ET [Larm™) Mass limit Vs=7,8TeV  y5s=13TeV Reference
Direct ¥ ¥, prod., long-lived ¥ Disapp. trk 1 jet Yes  36.1 i; 0.46 Pure Wino 1712.02118
'§ X7 015 Pure Higgsino ATL-PHYS-PUB-2017-019
= ‘§ Stable g R-hadron SMP - 3.2 g 1.6 1606.05128
E’§ Metastable g R-hadron, z-qgf| Multiple 328 |#& [®=100ns,0206 16 2.4 m(¥})=100 GeV 1710.04901, 1604.04520
S GMSB, ¥} -G, long-lived ¥ 2y - Yes 203 | 0.44 1<r(¥!)<3 ns, SPS8 model 1409.5542
28, X —veevjepy/puy displ. ee/ep/pp - 203 |& 13 6 <cr(¥))< 1000 mm, mE))=1 TeV 1504.05162
LFV pp—v, + X, vr—vepfet/ur €M, ET UT 3.2 V. 1.9 A5,=0.11, A152/133/23:=0.07 1607.08079
XX 173 — WW/ZEeters 4ep 0 Yes  36.1 1.33 m(E?)=100 GeV 1804.03602
73 g_,qqy“, i - 94q 0 4-5large-Rjets - 36.1 1.9 Large A7, 1804.03568
°>. Multiple 36.1 2.0 mi¥} )=200 GeV, bino-like ATLAS-CONF-2018-003
S tbs /g—'t&f L] - ths Multiple 36.1 2.1 mi¥})=200 GeV, bino-like ATLAS-CONF-2018-003
i, Fatiy, ] — ths Multiple 36.1 1.05 mi¥})=200 GeV, bino-like ATLAS-CONF-2018-003
f1fy, fy —bs 0 2jets+25H 36.7 1710.07171
N, f1—bé 2epu 2b 36.1 i 0.4-1.45 BR(f; —be /bu)>20% 1710.05544
A 1 A 4 4 4 3 A l A 1 A 4 1
*Only a selection of the available mass limits on new states or 10! 1 Mass scale [TeV]

phenomena is shown. Many of the limits are based on
simplified models, c.f. refs. for the assumptions made.

19
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Searches for SUSY long-lived particles

What if the accessible sparticles are
long-lived?

Well motivated by naturalness and dark
matter

Predicts compressed mass spectra of
sparticles

More and more focus on these searches

—Xotic, almost background-free
signatures

Massive stable particle, disappearing tracks

g (R-hadron) — qq %, ; m(%,) = 100 GeV SUSY 2018

% 3000 — ® RPCOL 2-6 jets arXiv:1712.02332 (Vs=13 ‘,Iev, 36 fb) ATLAS Preliminary
| —@— RPC OL 2-6 jets ATLAS-CONF-2018-003 (Ys=13 TeV, 36 fb™)
(2- - Displaced vertices arXiv:1710.04901 (Vs=13 TeV, 33 fb™) ~G- Expected
o) _ Pixel dE/dx SUSY-2016-31 (Ys=13 TeV, 36.1 fb™) . —e— Observed
‘é’ . ® Stable charged arxiv:1606.05129 (Ys=13 TeV, 3.2 fb™) 95% CL limits
- 2500 Stopped gluino arXiv:1310.6584 (Vs=7,8 TeV, 5.0,23 fb™)
< . . D
E 5 !
© 2000 &= :
= - !
@) - :
I : :
- i 5
_: i =
1500 |- : :
- a
1000 |- i
% :
£ :
O: : : : :
o ! ! P g :
500 §IIIIIIII I IIIIIIIII | IIIIIIII I IiIIIIII II IIIIIIIII I IIIIIIII I IIIIIIII | II
102 107 11100 1 107 10° 10" ng)
(r for n=0, fy=1) Beampipe ‘Inner Detector Calo MS
III | IIIIIIII | IIIIIIIII | IIIIIIIII | IIIIIIII | IIIIIIII | IIIIIIII | IIIIIIII
10°  10% 10~ 1 10 10°  10°  10°
ct [m]
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An example: pixel detector dE/dx

ATLAS pixel detector: 4 layers that can
measure dE/dx

dE/dx = mass, if momentum is measured

SUSY particles can sometimes be

(meta)stable

.g.

Stable

R-hadron in split-SUSY

R-hadrons excluded with mass

below 1890 GeV

Local 2.40 excess at ~600 GeV

Events / 50 GeV

Data/Bkg

Events / 50 GeV

I 1 I | 1 I | I I 1 1 I

I I |

E T T T T
- ATLAS e Data
10°F {5=13Tev, 36.1 " I Background E
- --- m(@) = 1600 GeV, (@) =10 ns 1
10E -+~ m(g) = 2000 GeV, (@) = 10 ns —
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Conclusions

No signs of SUSY so far at the LHC

“Vanilla” natural SUSY significantly constrained

Sut still room left = very important to keep looking!

Constraints can be weakened in more complex SUSY models

NMSSM, RPV, stealth SUSY, hidden valley, twin higgs, etc

+ And experimental constraints on electroweakinos are weaker

High-Luminosity LHC (2026+) will significantly improve the sensitivity to electroweakinos!



ou must be joking




Back—up slides
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Multi-lb: MC generators

Process Generator Tune PDF set Cross-section
+ fragmentation/hadronization order
Gbb/Gth/Gtt MADGrRAPHS aMC@NILO-2.2.2 Ald NNPDF2.3 NLO+NLL [30-35]
+ PyTHIA v8.186
tt PowHEG-Box v2 Al4 NNPDF3.0 NNLO+NNLL [36]
+ PyTH1A-8.230
Single top PowHEeG-Box vl (v2) PERUGIA2012 CTI10 NNLO+NNLL [37-39]
Wt-channel (s/1) + PyTH1A-6.428 (-8.230)
tiW/ttZ MADGRrRAPHS aMC@NILO-2.2.2 Ald NNPDF2.3 NLO [40]
+ PyTHIA-8.186
4-tops MADGRAPH-2.2.2 Al4 NNPDF2.3 NLO [40]
+ PyTHIA-8.186
ttH MADGRrAPHS _aMC@NILO-2.2.1 UEEES CTI10 NLO [41]
+ HErRWIGH++-2.7.1
Dibosons SHERPA-2.2.] Default NNPDF3.0 NLO [42, 43]
WW. WZ,ZZ
W/Z +jets SHERPA-2.2.1 Default NNPDF3.0 NNLO [44]
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Multi-lb: Signal and control regions: cut&count

Gtt 1-lepton

Criteria common to all regions: > 1 signal lepton, Np_jers = 3

Targeted kinematics  Type Nz  mr bfm EXs  mid M7
Region B SR >5 =150 >120 >500 =>2200 > 200
(Boosted, Large Am)  cr =5 <150 -  >300 >1700 > 150
Region M SR > 6 > 150 > 160 > 450 > 1800 > 200
(Moderate Am) CR =6 <150 -  >400 >1500 > 100
Region C SR 27 >150 >160 >350 >1000 -
(Compressed, small
CR =7 <150 - > 350 > 1000 -
Am)
Gtt 0-lepton
Targeted kinematics ~ Type  Niepton  Vpojers  Nier A¢2m mr ?’:j; EFS  mi M7
Region B SR = () >3 >7 >04 >60 >350 >2600 > 300
(Boosted, Large Am)  cp =1 >3 6 - <150 -  >275 >1800 > 300
Region M SR =0 = >7 >04 > 120 >500 > 1800 > 200
(Moderate Am) CR = >3 6 - <150 -  >400 >1700 > 200
Region C SR =0 >4 >8 >04 5120 >250 > 1000 > 100
(Compressed,
moderate Am) CR - 2 27 - < 150 - >250 > 1000 > 100
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Multi-b:

Signal and control regions: cut&count

Gbb
Criteria common to all regions: N = 4
Targeted kinematics  Type  Niepton  Vp-jets A¢:{m my bﬁﬁ; ETs Mt Others
Region B SR — >3 > 0.4 — — > 400 > 2800 -
(Boosted, Large Am)  cr = >3 - <150 -  >400 > 2500 -
Region M SR =0 = > 0.4 - >90 >450 > 1600 -
(Moderate Am) CR =1 2 - <150 - >300 > 1600 -
Region C
SR = () > 0.4 - 155 450 - -
(Compressed, small B g g g
Am) CR =1 = - <150 - 375 - -
Region VC SR =0 =23 >04 - 100 >600 - ' -
(Very Compressed, - ' g g pr > 490, j1 # b,
= 1 >3 - < 150 - > 600 - A¢" > 2.5

very small Am) CR
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Multi-lb: Signal and control regions: multi-bin

oo

Criteria common to all regions: Np_jeis 2 3

High- N regions

Targeted kinematics  Type  MNiepeon A¢:{m mr N b’cm:; My  EMS Mes
) SR-0OL =0 > 0.4 - >7 >100 >200 > 400 > 2500
High-mes
(HH) SR-1IL =1 - >150 26 >120 >200 > 500 > 2300
(Large &m) CR  >1 - <150 26 >60 >150 >300 > 2100
nermediateny  SROL =0 >04 - 29 >140 >150 >300 [1800,2500]
(HI) SRIL >1 - >150 >8 >140 >150 >300 [1800,2300]
(Intermediate Am) o 51 - <150 8 60 >150 >200 [1700,2100]
Low-ma SROL =0 >04 - 29 >140 -  >300 [900, 1800]
(HL) SRIL >1 - >150 >8 >140 -  >300 [900,1800]
Small Am
( ) CR >1 - <150 >8 >130 -  >250 [900,1700]
Intermediate- N regions
Criteria common to all regions: Np.jers = 3
Targeted kinematics  Type  Nion AGD.  mr  Ne jy=borAgh <29 mI mE  Ems _
ntermediatemss  SROL =0 >04 - [7,8] v > 140 > 150 >300 [1600,2500
(1) SRIL 21 - >150 [6.7] - > 140 >150 >300 [1600,2300)
Int diate A
(ntermediate Am) 0 51— <150 [6.7] / 5100 >150 >300 [1600,2100]
o SROL =0 >04 -  [7.8] / > 140 - >300 [800,1600]
W-Mest
(IL) SRIL 21 - >150 [6.7] - >140 - >300 [800,1600]
Am
(Low Am) CR >1 - <150 [67] / 130 - >300 [800,1600]




Multi-lb: Signal and control regions: multi-bin

Low-Nje regions

Criteria common to all regions: Np.jers = 3

Targeted kinematics  Type  Niepeon Aqbfg.m mr N jy=bor A <29 p"T m?’lﬁ‘; E}’“S"’ Mot
wf&'{';‘cff SR =0 >04 - [4,6 - 590 - >300 > 2400
(Large Am) CR > 1 - < 150 [4,5] = - - > 200 > 2100
lﬂl“m?iif)“c'"kff SR =0 >04 - [4,6 v >90 > 140 >350 [1400,2400]
(ln[ermcdiate Am) CR > 1 — < 150 4,5J v > 70 — > 300 [1400, 2000]
'—O(H')'cﬁ SR =0 >04 - [4,6] v/ >90 >140 >350 [800, 1400]
(Low Am) CR > 1 - < 150 [4,5] v > 70 - > 300 [800, 1400]
ISR regions
Criteria common to all regions: Np_jers 2 3, Adl > 2.9, p-()l >400GeVand j, #b
Type  Nepon Ay, m1 Ne  mipgn  EPS e
SR =( > 0.4 = (4, 8] > 100 > 600 < 2200
CR > 1 - < 150 [4,7] = > 400 < 2000

29
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Multi-b: Systematic uncertainties

Relative uncertainty
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Multi-b: Validation regions
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Events
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ATLAS Preliminary
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Sbottom analysis

SRA Target

mmmelp b-jets from 51 decays
—p D-jets from h decays

s o

SRB Ta rget = b-jets from b; decays

—gp h-jets from h decays

miss

—— ET

Table 2: Selections for SRB.

SRC Target

sy b-jets from 51 decays

SRA-M

Variable SRA SRA-L SRA-H
Nieptons (baseline) =
Njets > 6
Nb—_jets > 4
ET™ [GeV] > 250
min Ag(jet;_4, pr ) [rad] > 0.4
T veto Yes
pr(b1) [GeV] > 200
ARpax (b, b) >2.5
ARmax—min(ba b) <25
m(hcang) [GeV] > 80
5 meg [TeV] >1.0 €][1.0,1.2] €][1.2,1.5] >1.5

Variable SRB
Nieptons (baseline) =0
Njets > 5
Nb—.jets > 4
EZ"™ [GeV] > 300
min A¢(jet;_4, p1 ) [rad] > 0.4
T veto Yes
m(Acand1s hcandZ)avg [GeV] €[50, 140]
non-b leading jet Yes
pr(J1) [GeV] > 300
|A¢(j1, ET™)| [rad] > 2.8
meg [TeV] > 1

——pp b-jets from h decays
——- E,’]I‘i"'s
—— - S— >

Variable SRC25 SRC27 SRC30 SRC32
Nleptons (baseline) - O
Njets >4
Nb—_jets >3
E{.‘"SS [GeV] ' > 250
min Ag(jet;_4, pr ) [rad] > 0.4
S > 25 > 27 > 30 > 32
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Sbottom analysis

| VS 32 SRC32} i = 2 b-tags
i ‘E'}.C.??j E E - - A¢(iets Emlss)
>4+ |CRA1¢,CRB1¢:  SRA,SRB SRC27] s § <o4
i 25 |26 | CRC1¢
- A —— ' :
-------------------------- b 23 VRCO?-Z ' | CRC2/
3 . VRAOY, VRBO/
1 0 N(£) 2 N@)
(a) A- and B-type fit strategy (b) C-type fit strategy
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Long-lived particles
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Pixel dE/dx

Table 1: Summary of the different selection requirements applied to the signal region (SR), the validation region

(VR), and the control regions (CR).

| e | 8 ._l | I 1] | ] ] | ] 1 1 1 I L I L | LI I L | ] I LI | ] I | !
“g : ATLAS .
ol U= P Minimum Bias Data 2016
S m . K \s=13TeV, 0.4nb" .
O 61 o 3 Pixel Hits Used for dE/dx -
E. - _ Positive Charge Z
5 O — Fit (1.6 x 10° tracks) E
S 4F E
% n .
3 MPV ierx (BY) = lc +B —
u (By) :
21— =
1 :— —a —— - :
0 :l 1 1 1 I 1 | l 1 1 l | 1 l 1 1 1 l L1 1 I 1 1 1 l 1 | l 1 :

0.5 1 1.5 2.5 3 3.5

By

»-CR dE /dx-CR
SR A for SR | for VR | for SR | for VR
Track Momentum [GeV] | >150 | 50-150 | >150 | 50-150 | >150 | 50-150
E7" [GeV] >170 >170 <170
Tonisation [MeV g~! cm?’ > 1.8 <1.8 -




Pixel dE/dx
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