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Run 2 is a good moment fo summarise o stssex

e No large increase of centre-of-mass energy or luminosity
expected for a while.

e Results will not be superseded quickly

e Role of the authors in Run 2 SUSY search programme.
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Has LHC achieved its missione UNIVERSITY

eFrom “ATLAS - A 25 years Insider Story of the LHC

Experiment”, (with reference to the Losanne meeting in
1984)

In this context, it appeared for the first time that it was possible to
quantitatively compare the potentials of vastly different accelerators, in
terms of answering some of the fundamental questions at the time. These
included questions on the existence (or not) of the following: (i) a Higgs
boson responsible for the mechanism of the electroweak symmetry breaking,

(ii) heavier quarks, including the missing third-generation top quark, and
(iii) supersymmetry (see Chap. 9).

e  LHC successfully completed (i), (i) and (iii)
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(1) A Higgs boson.....
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(1)...responsible for the mechanism of

electroweak symmetry breaking
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(ii)...third generation top quark... sy

e[ HC fransformed ftop quark measurement into precision
physics.

e ... including rare processes, some of which observed for the first time.
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il)Supersymmetry Ensiy

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

June 2021 Vs =13TeV
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phenomena is shown. Many of the limits are based on
simplified models, c.f. refs. for the assumptions made.
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ATLAS and CMS uivensiy

CMS Integrated Luminosity Delivered, pp
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Complexity of SUSY parameter space

° -|- h e m i n i ma I SU p ers y mme ,l, ri C SUSY conserving sector SUSY breaking sector
extension of the Standard Model e || S e S
( M S S M ) con T ains ] 2 4 new 4 Yukawa couplings per 3 complex 3x3 matrices (Higgs

generation trilinear couplings to sfermions)

parameters.

3 mass terms for the Higgs sector
+ 2 additional off-diagonal terms

eEven hypotheses well backed-up
by experimental results!, one ends
up with a 19-dimension parameter
space.

Higgs VEV expectation angle 3

e Approach:
» Use simplified models.
e Then combine these results fo make gauginos
statements on SUSY model (and singlinos

parficle masses) exclusions.

CMSSM

IThese are: absence of new sources of CP violation, absence of flavour
changing neutral currents, universality of 1st and 2nd generation.
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Complete Vs Simplified models sy

’ 4\4
7 ~0
600 — / - X1
j C N — i~ X4
400 = p
L H

200 —

[ =
| =
/

<1

-

Real SUSY model Slmp“fled model

- Many concurrent production processes.
- Many different decay modes for SUSY

- Very few production processes (often
only one).

Very few decay modes (often only
one).

One (or few) diagrams to target.

parficles.
- Many diagrams to target.
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Complete Vs Simplified models sy
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400 = p

- H

200 —
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Simplified model

- Pros:
- Analysis strategy closely connected
to event topology.

Real SUSY model - “Model independent” constraints:

- Pros: they apply whenever the signature

- Direct connection to physics. considered is realised in a model.
- Direct statement on UV completion. - Cons:
- Cons: - Mass limits do not extend
- Analysis strategy very model automatically to complete
dependent. scenarios.
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Example 1 - SUSY “fixing"” g-2

Taken from M. Chakraborti et al.,

m-= (GeV)

* A class of models fixing muon g-2 and

satisfying DM constraints has )Z(l) almost H? %0
. ~F | J

degenerate with 7. fiad K
* Are these excluded by the LHC? wf* iy

IATLAS 13 TeV LIMIT|

e (-2,

A (g-2),+ On’

® (g-2),+ O’ + DD
* (g-2),+ 0h’ + DD+ LHC ||

200

400 600 800 1000
mxlo (GCV)

Eur. Phys. J. C 80, 984 (2020)

The LHC limit is based on £ — )?(l)f, but here

£ — vt — veufis relevant (and in this

case £ is very soft).
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https://link.springer.com/article/10.1140/epjc/s10052-020-08504-8#citeas
https://link.springer.com/article/10.1140/epjc/s10052-020-08504-8#citeas
https://link.springer.com/article/10.1140/epjc/s10052-020-08504-8#citeas

US

Example 2 - Nearly degenerate states o Suesex

e A class of models fixing muon g-2
and satisfying dark matter
constraints.

e Dark matter could be composed
by the lightest neutral Higgsino

state.
e|s this excluded by the LHC? Bt T
N 10100 200 30;)."’X-g (Gev4)00 500 600
T LHC simplified models
map directly into this
A phase space
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Production and decay unncasy

. .pe . pp, \{§=13 TeV
e Simplified model production o |

cross sections defermined by
Standard Model physics (for
a 2HDM model) + mixing.

Cross-section [pb]

NN > N S— ....... a.a.(.NNL.o ..... ié...fr..NNLL,.S..ﬂav.ou.r

Thumb rule for sensitivity
(works well for simple
scenarios). ~ 50 events are 5 5 ; ~
enough for discovery. 1070 """500 1000 1500 2000 2500 3000

Susy particle mass [GeV]

b
s

Example decay - Example decay - /
R-parity R-parity violating ,4¢é
conserving stop decay. X1z Adzs

gluino decay. Signature: \%i%
Signature: pmISS depends on the b

stuff fopology
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The electroweak sector

*The mass hierarchy and couplings of the neuiralinos and
charginos depend on the mixture in terms of the
superpartners of the standard model B and W fields, and of
the two Higgs doublets. The mixing matrices are

M, O  Sew-ist zZ / %)
SUER o ~

_ O m L S ZL. - M ~ «'Wo
My = st -isy 0 /Y 2z “ 1A
Q ~ o ~o

§YUFF /V\-/ %L \ HL/

O

Sppte- ISH _
ML STUFF Zt o

M T \ !
SrvatL-isH ~ 4 - MZ _
e /7 X, H
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The electroweak sector

M <M<y

bino LSP

higgsino ~0 ~0 ~
------ X4,X3,X

MSUGRA/
CMSSM, dark
matter density

typically too high

U< MM,

higgsino LSP

4
wino ~0 ~:i:
------ X3,X2

Natural scenarios,
dark matter
density typically
foo low

M, < pu, M,

wino LSP

Q

[

e

o=

higgsino 0 ~0 ~+ %
------ 3,X4,X2 8
Q

<

bino 0 +
------ X2 é)
Q

—

O

B!

wino ~0 ~:i: (7]
------ XI,XI 8
Q

<

AMSB-like
scenarios, dark
matter density
typically too low
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...or gravitino LSP (in

which case the
phenomenology is
determined by the
NLSP)

GGM-like
scenarios, dark

matter difficult to
get right.
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Why so many SUSY searchese i

e Each of ATLAS and CMS has tens of different SUSY searches
performed.

X

(

Long
ed)
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Cross-section [pb]

pp, Vs =13 TeV
106 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 S SO NTT TSI NN A
10 —_ ;21552 (NLO + NLL, hlggsmo like)

2 A\ N\ e —gg(NNLONNLu __________________

10 NN NN — #__;_aa_(_N_NLo _____ fé...+..NNLL,.5..fIavour i

.....................................

_5 ||||i||||i||||i|
1075 500 1000 1500 986w 2500 3000

Susy particle mass [GeV]
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T T 1 UNIVERSITY
uino pair-productio
o . Wino-bino
2000 PP — 99, 9 = qdX]  Moriond 2021 —
< B A B B R R IR B B Higgsi
S 100 CMS 187 b (13 Tev) | —l
(.2. C - 1704.07781 (HF™), 36 fb o Expected ]
Freoo Zigmnzs el ) st
1200 =
1000 —
800/~ =
6001 =
400 E
C H ]
200~ | =
:I|III|III|III|III|III|J_L Igllllllll:
800 1000 1200 1400 1600 1800 2000 2200 2400
Mg [GeV] v max(g.q) ! <= (high) Pt jet
] » e min (g.q')
RPC simplified model inspired AM l — et
by a bino-like EW sector. It ¥ 7 I
assumes squarks are too heavy Am I , ¥ (mTimg) = —apton
to be relevant, and only a Hiasbb
bino state in the EW sector.
20
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Gluino pair-production

UNIVERSITY
OF SUSSEX

~

pp—>§§ 9 qqx1 Moriond 2021
T

; 2000 r T | T | | | T T | T TT | 1T | T ]
—_ C - 1704.07781 (HF™), 36 fb Expected ]
& 1600l —1908.04722, 0-lep (Hr™) " Expected 4
- =—1909.03460 (My,) —Observed :
1400 -
12001 —
1000 —
800 . -
600} 7
400~ i

- |
200 ’ 7

{
Co bl b bvr v b bv o by i N

800 1000 1200 1400 1600 1800 2000 2200 2400

mg [GeV]

Signature:

* jets

e Missing fransverse momentum
Main background processes:

e/ = VU + jets

e W — (v + jets, tt — Cu + jets
where the lepton is lost oris a 7,4

e Multijet (but it is typically very well
suppressed)

e For example, the blue line is obtained by a O-lepton analysis

categorising events based on: H, = pre“ H”’”SS N,

N,

jets?
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Gluino pair-production e

Vs=13 TeV, 36.1 - 139 &’ March 2022

T T | T T 1T | 1T T 1 T T LI

- G o, O lep. [2010.14293] ATLAS Prellmlnary—

—
o
93500_ g— bBX = 3 b-jets [CONF-2018-041]
—  g— ttx = 3 b-jets + = 2 lep. SS [CONF-2018-041, 1706.03731]
1253000 g— an\(/X 0 lep. + 1 lep. [2010.14293, 2101.01629]
= - §— qaz x 2 lep. OS SF [CERN-EP-2022-014]
- §— quT =7-12jets + 1 lep. += 2 lep. SS
[2008.06032, 1708.08232, 1909.08457]
g— qq(u/w)z? vial/v 2 lep. OS SF [1805.11381, CERN-EP-2022-014]
> 11 [1808.06358]
= 1y [1802.03158]

GGM/GMSB

IIIIIII

e This plot includes many different
scenarios - each with 100%
branching ratio.

[ Colours indicate different models
I Observed limits at 95% CL

\g\

g — tf)?(l),g — bE)Z(l) relevant for
naturalness.

II|Il|||IIIIIIIIIlIIIIlIIIIlIIII

5001 )
| 1 I | I | | | I | I | | | 1 | 1 | I | | I | |

1000 1200 1400 1600 1800 2000 2200 2400
m(g) [GeV] 9 — qu)?(l),g — qqZ)?(l) are an
example of electroweak sector with

« Some dependence on the exclusion power on the a wino-bino electroweak sector.
topology.
s Elie...

* The combination of the analyses gives a nice overall
exclusion
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Naturalness wants light stops

* The naturalness of the Higgs boson mass requires:

* A Higgsino mass of maximum few hundred GeV.
* A top partner mass atf the TeV scale.

* A gluino mass of maximum few TeV.

3u2m2 2 X2
m; = m%cos> 20 + Y !log(%)-{—Xf (1——t ]+

US

UNIVERSITY
OF SUSSEX

472 : 12
t b
’ t 4 t -a/*diWi
i e 1 X3 b _ ey X
B : """"""" - - X1
. Q12,11 2,d; ~< ~ ~F
=stooofsreds S~ ~ So X -
B RIS i X i %’ X
----- bR p WF
t b
g c
D ) b - b v
EL t.R t Ve S ~0 T
DI e . X y - -
b o . L
~ S Xa X1 -
4 p ! W et g
s b t ‘R{” “
natural SUSY decoupled SUSY ¢ VT
' b
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US
Naturalness wants light stops uanceary

pp = tt, t =1tX? Moriond 2021
;‘ i T | T T T | T T T | T T | T T | T T l T T T | T ] Wino_bino
8 - CMS Preiiminary 137 fb' (13 TeV) ——
= 10001~ _sus-20-002, 0-, 1- and 2-lep combination E ted ] Higgsino
X 1711.00752, 0-, 1- and 2-lep (stop), 36 fb” "Expected 4
e —2103.01290, 0-lep (stop) —Observed - ®

-—1912.08887, 1-lep (stop)
—2008.05936, 2-lep (stop)

800

(Long
lived)

GGM/GMSB

600

400

Signature:
° jets
. : i * B-jefts
00 400500800 1060 1200 1400 Top quarks (possibly boosted)
m; [GeV] missing transverse momentum
Possibly leptons

200

plane characterised by o 1,
X1 hierarchy between « W+ heavy flavours, Z + HF
t,t, W. * Multiboson production

¢
) *The bino scenario. e Efc...
7 é . : . . Main background processes:
. X1 eDifferent regions in the J 2
¢
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Wino-bino

Stop constraints

X X

VAR SRRy ev e
* Moving away from the bino scenario

GGM/GMSB

PP, 7%

: : : With compressed EW sector (wino
BiIno-wino scenario

or higgsino)
CMS 137 b (13 TeV) - CMS 137 b (13 TeV) -
B 1000) pp - T, T, - bty bWy, g % 1000f pp > T, T, - b - bW orf, > 1% g
O] Approx. NNLO+NNLL exclusion ~ O] Approx. NNLO+NNLL exclusion ~
=, | =Observedt 1oy, 10 & =, | =Observed 1oy, 10 &
13 o = 13 o =
c 800 === Expected £ 16, 0 inon 2 e 800[ === Expected £ 16, oinen 2
-= Expected Ol Expected 2l 1 g -= Expected Ol My -Myp=5 GeV 1 3
--------- Expected 1| My = 0.5 (m; +my) 2 o Expected 11 BR(f, - t ;) = 50% 2
600~ y - o 600~ ~--==—ol N - o
Y 1 410" & i =N\ 1 H10" &
- 'é | \\—‘“' (> f ,':":’:\’,"’ \‘ i .é
400~ — = 400~ O\ \ R =
b 1 2107 O - i 0 1 =107 o
Y \ - Q L ER) 1 J Q
1 - o i v e
2T/ Ll 15000 T Ak i geco
/ R 32 - SHE 32
::= 1 :; 1 _ Tp] L 1 : | ]
1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 ::l l' i 1 ; 1 I 1 0—4 m 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | I:S I" L1 1 I 1 0—4 m
200 400 600 800 1000 1200 1400 800 400 600 800 1000 1200 1400
m- (GeV) m; (GeV)
h SUS-20-002 !
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https://cms-results.web.cern.ch/cms-results/public-results/publications/SUS-20-002/index.html

, US
RPV strong production sy

Wino-bino RPC
Higgsino RPV
Signature: )
e Jets (and leptons depending (Long

on which RPV coupling is on)
e Possibly b-jets

GGM/GMSB lived)

Main background processes: o March2021
. > I A, G- qqxd. 2 - qqq, RPV Multijet, SUSY-2016-22 1

> Depeﬂds on The SIgﬂCITUI’e g 28001 ) g tti, 19— ths, RPV 1L+Jets, CONF-2021-007 ATLAS Preliminary
_ — 2600 F —— A", G- tt78, 13 » uds, SS/3L, arXiv:1706.03731 VS =13TeV, 36 —139 fb~! ]
o Typlcglly mUH'”e'I' tt' t'l'bb QT 2400 |- — .6 aaxd, 1~ laa, RPV 1L+jets, CONF-2021-007 All limits at 95% CL ]
‘ 2 ‘ ‘é’ 2200 - A, G- qqi, %2 = 1qq. SS/3L, arXiv:1706.03731 ‘ ]

eTC | === Observed Limit » ;orbquef(\’ ,,,,,

: 2000 [ === Expected Limit . 5L -=" i

*|If R-parity is not conserved, the LSP is not stable anymore.

*RPV 1L + jets in the plot:

e Data driven background estimation for high-jet multiplicity
configurations of ttbar.

* Different EW sector configurations considered, higgsino limits
weaker by ~200 GeV.

%400 1600 1800 2000 2200 2400

e Limifs are at least on a par with RPC scenarios. .
R m(§) [GeV]
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US
Long-lived strong production ey

displaced multi-track | disappearing tracks

e Sparticles become long-lived if: vertices in ID + MET, Y non-prompt
jets, leptons v photons
« Decay mediator largely off-shell (for a N\
= . =0 i N
eXOmple g q q qq)(l 4 out the q displaced leptons, lepton / R emerging jets
has very large mass - This is the split SUSY jets, or lepton pairs & —
scenario). ,—
. . : stable or meta-stabl
Small phase space available in the : ‘ charged particles
decay (compressed states, e.g. pure -
wino EW sector). jets with low
displaced multi-track vertices EMfrac

in Muon Spectrometer

* Small couplings in the decay.
/s

* A plethora of experimental tfechniques (and a lot of fun).
e Sometimes challenging for the detector configuration.

* One of the areas where the gain from run 1 has been more visible.
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US
Long-lived strong production unncasy

EXO-19-021 88.49,8q -
b b . . C
e — Wino-bino
CMS 132 b7 (13 TeV) , HiGasino

— 3500 — —
> pp — §9, § — qa. m_, =100 GeV mini-split ] 1 O
O 17 ] 5=,
Q) 95% CL NNLO, 04 +NNLL exclusion e (-
- e o
é@ = = Expected =1 0y, 0 iment 1l =
3000| — 8 GGM/GMSB
= Observed =+ 1 Otheory 4 &
(/)]
(7p]
o
S
© 0 0,
2500 1 g (R-hadron)— qq %, s mE,) = 100 GeV March 2022
> RPC OL 2-6 jets arXiv:1712.02332 (Ys=13 TeV, 36 fo” imi
© 3000 _° J ( 3617  ATLAS Preliminary
—@— RPC 0L 2-6 jet - -2018-003 (Ys=13 TeV, 36 fb
S T Displaced oo ?Ez(éTeV, 33 ) ) -@- Expected
1)) | —@— Pixel dE/dx CERN-EP-2022-020 (Ys=13 TeV, 139 fo) —e— Observed
e - —@— Stable chargedarxiv:1902.01636 (Ys=13 TeV, 36 fb) e
2000 c - — Stopped gluinoarxiv:2104.03050 (Ys=13 TeV, 103 fb™) 95% CL limits
o 2500 —
E I
s [
1500 S 2000 o= :
102 - - :
0 [
1500 |-
Displaced jets in CMS: -
: b _a 1 1 [ o
- looking at dijet events where 1000 £ : L £
d 1_ f D-§IIIII|I| 1 Illllllli | IIIIIII| | Iilllllll II IEIIIIIIl | IIIIIII| 1 IIIIIII| 1 IIEB
dlSp|CIC€d TI’CICKS cdan be (r forn=0, By=1) Beampipe !Inner Detector Calo M3
1 1 IlIIIII| 1 Ii[llllll 1 |[I|II||i 1 IIiIIIII | III||||| | IIII||I| | II|II|I|
reconstructed 10° 102 10" 1 10 102 10°  10*

ct [m]
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https://arxiv.org/abs/2012.01581

Electroweak production

(Where Run 2 really made huge difference)

pp, Vs = 13 TeV

. A I — 5 """"""" °"(N L'cl')"l 'NLL"'h‘.g‘géiﬁa"|'.'ké)"'

35 (NNLO + NNLL)

.................. approx

aa_(_N_NLo _____ fé....+..NNLL,.5..fIavour ¥

Cross-section [pb]

(NN-L-O ----- r-(-)----+--NNLi-_-) --------------------

...........................................

200 2500 3000

Susy particle mass [GeV]

500 1000
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US
Electroweak production sy

|

88,949,849 T
Wino-bino

Higgsino

e The core of SUSY searches
in Run 2.

®
*Directly probing the dark
matter sector.

) [GeV]

0
1

m(X

450 March 2022 ATLAS Preliminary Vs=13 TeV, 36.1-139f6"  All limits at 95% CL
_I T T 7T I TT 1T I TTr T I T T T I TTr T I TTrrrT | TTrrr I Trrr I Trrr I T T T I_

- - = =+ Expected limits
400— — = Observed limits
350 — — %1: %20 Via

C . Wz ol 2l, 3l
300 - ] arXiv:1806.02293

— ] arXiv:1911.12606

— = arXiv:2106.01676
250 - — arXiv:2108.07586

C . CERN-EP-2022-014
2 __ —

00 C I [ Wh Ibb, ol

— . arXiv:1909.09226
150— —] arXiv:2108.07586
100f- = XX via

— 1 Caww o2l

- | arXiv:1908.08215

50 = - ATLAS-CONF-2022-006
[] : arXiv:2108.07586

IIIIIIIIIIIII‘ IlIIIIIIIlllllllllllllllll‘llll
900 200 300 400 500 600 700 800 900 1000 1100

m(%, %, ) [GeV]

G
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Efficiency

Full hadronic final states

eRun 2: access to higher boson
boost in 79, 7, — X7) (X generic
boson).

e Full hadronic final states: heavily
relying in the ability of tagging
W.,Z - gqqg and h — bb using jet
substructure techniques.

0.8¢

E T T T T T T T o T T T T T T T T
0.75E ATLAS Simulation, Vs = 13 TeV 3 2 ATLAS Simulation, \s = 13 TeV
TUE W. taqai E D 10— [a]w taqai -
0.7 SUSY signal [B]W-aqq againg ) F Zosw +jets ~ qq tagging i
E  Am > 400 GeV [¥]Z- qqtagging E © L [¥]Z- qqtagging
0.65F = 5
E = [e]
06 1 &
055 | N\
055 3 \ 5 = \ v
0450 ° = g
045 =
E 3 \'4
03 E L L L L L L L 1 3 L L L L L L L L 1
2x10? 3x10%  4x10? 7x102  10° 2x10? 3x10%  4x10? 7x102  10°
Large-R jet P, [GeV] Large-R jet P, [GeV]

US

UNIVERSITY
SUS-21-002 OF SUSSEX
CMS 137 b (13 TeV)
< 800 & 0 _+ —0 0 —0 g 10°
S PP = X, Xy X, = W X, %, = HX, E g
9 700] NLO+NLL Exclusion ] =
— = Observed + 16, —=10 8
o T ry = -0(—')
& 600| ===Expected + 106, cmon 3 o
(S
7 T 2]
500 = 1 3
4 3 G
400 = 7 &
4 =z E
300 - BE =
1 4 7 )
- oy
200 o F10% 5
: a0 3 3
s
100 L _: — N &\(;
R TIE 3
20 1200
~+,~0
m(x,/x,) [GeV]
WW(HH)—BB+XX (W: X7, H: X7, B: T, X=W/Z/h)
; 800:I I T | LI | | T | T T T I LI | LI | | T l__
8 200 - ATLAS Is = 13 TeV, 139 fo™!, 95% CL Observed limit J
o~ | B@E - Z2)+BE - Z7) = 100% for (. B) ]
S 6005 — B, - 77,) = 100% =
C ~0 0 _
. — B, —» Zx,) =75% ~ ~ .
500 5 e . (W, B) -
E (x2—>Zx1)=5OA> ................................ E
400 -~ B, > ZX) ; E
o I R E
300F Bl = 2x)=0% =
200 —
100 \ —
0:IIIIIII::-II’II|IIII|IIII|IIIIIII|II‘I~IIII|I IF
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11 i 111
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http://www.apple.com/uk
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SUSY-2018-41/

Wino-bino

Higgsino

e Light Higgsinos are needed in natural SUSY
scenarios.

GGM/GMSB

A, 1) [GeV]

* Higgsinos (maybe with a bino component) = 60 jﬂ‘; 1, iggsino ., =’*f‘7f,,,,+m(’“‘1’)’2
are a good dark matter candidate. ] 505
*Typical mass splittings in the Higgsino ;:N 40; ATLAS i
: . = c All limits at 95% CL
multiplet: o(10 GeV) or less. Now the mass spit BN Emis )
Pair produced Higgsino will decay to the (rather tahn the : ~ Gbe, Limi compressed
lightest neutralino emitting soft objects ”eL;LrO““O "_“?55) s 208 LEP oxcludes
on the y-axis! -
(leptons). 10f ATLAS 3L
..‘|...|...|‘..|...\...|...|...|...|...
CMS 129-137 fb" (13 TeV) 900 120 140 160 180 200 220 240 260 280 300
pp — x xz, X xz, my: (m~°+m~o)/2 (Higgsino simplified) § m(x 2) [GeV]
45mx><m;c°<0NLONLLechu3|on = S e B AL NI
= Expected+ 1o, . =~ = Observed*1c,, = © 50F <=+ Expected limit (+10e.) ]
40 rimen r 8 (2‘ =5 Observed limit (+10yneory) 1
10 3 g LEP {i excluded 1
35 @ T ATLAS 13 TeV 36 fb™" excluded |
= g€ 10 7
c N
25 1S : ATLAS ;
20 £ 5k V8=13TeV, 139"
o I ee/ i, my shape fit |
15 § Al ﬁﬁﬁts z:tgs%CL
— S0t =00 ~+e— (Livaeing) |
5 8 L i) =Im +ml/2
» - i
100 140 160 180 200 220 240 e
m;» [GeV] 100 150 200 250 300 350
SUS-18-004 m(x3) [GeV]
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SUSY-2018-16/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SUSY-2019-09/
https://cms-results.web.cern.ch/cms-results/public-results/publications/SUS-18-004/index.html

Wi n O Wino-bino

|f Higgsino mass split very small (300
MeV), then the chargino becomes
long-lived.

*This is in common with the pure Wino
scenario, where the mass plit can go
down to ~160 MeV.

e Experimental signature: disappearing
frack in the detector.

140 b (13 TeV)

101 fb™ (13 TeV)
T [ T T

0 ' | '@‘ T T T =
C — — - . .
= M , s CMS Pure higgsino
$¥10%E CMS Pure wino 102 99 =
1 O - 95% expected ] 1 O - 95% expected —
= I 68% expected B E I 68% expected E
o arennen Median expected ] [ sesenme Median expected .
m— Observed : L m— Observed |
1 = w= AMSB (PLB 721 (2013) 252) 1 | = == AMSB (PLB 781 (2018) 306) |
:\ ~ ——— — | : :
7t 0 i i ike ¥ AT ot . . . oo~
107! = X:X: %,X, production (wino-like %) = 1 O_1 = : X1X?12 production (higgsino-like %)
- tanp=5u>0 ] N tanp=5u>0 ]
» I | I I I I | ] I 7__—|ﬂ_|_—\_'1_|_'_:
500 100 200 400 600 800

e EXO.19-010 (5
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https://arxiv.org/abs/2004.05153

Higgsino

Sleptons (and g-2)
®
A

Signature:
* TWO Oopposite sign, same
flavour leptons.
Main background processes:

GGM/GMSB

f~,%%|

e Di-boson production.
Results have direct impact on

60— \\«
. - ATLAS Preliminary ~ A'lmisasect \
g-2 anomaly possible - 8-13TeV,20.3-130fb~! == Oosened
. 500 arXiv:1403.5294, Run 1 2¢
Xiv:1911.12606, Run 2 soft 2¢ 4
explonghons ::X:z:1908.08215, REEzZ?oJ
[ mmm CONF-2022-006, Run 2 2¢, Am ~m(W) N
400 [— w LEP fij excluded 4 N
- a5V :10=(2.5+0.6)x10° &

pp - fi g A7 g [ - KX, bino LSP March 2022

m(x9) [GeV]

(tanB, u [TeV], M [TeV])
60, 0.5, 0.5)

300 = 0,30, 19

¢ L1506

: B ( 5, 1.0, 1.0)

P . : 200 I 6‘@\
:\ 100 §§§§x N

300 400 500 600 700 _ 800

i Xt
p 0
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US
Staus uiveRsiTy

e Direct staus are of interest mainly because of their role in
possible dark matter scenarios (stau co-annihilation)

Signature:
e Two tau leptons (hh and hl
final states of interest).

CMS Preliminary 137 fb' (13 TeV)
%) pp — TLR TLR , TL,R -1 %? NLO+NLL exclusio
O

—
o
)

—Observed t 10
= 200| =::Expected + 1o

theory

—_
o

e Possibly displaced taus.
Main background processes:

e Foke taus, Z — 17. 150

experiment

—

—
<

I'I‘IIIIIIIIIIIIIII

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

-Illllll | IIIIIII| 1 IIIIIII| | IIIIIII| |
—_
o
b

CMS Preliminary 137 fb (13 TeV) 100
5 O R
e E — GNLONLL_1Sd
° 95% CL upper limits
—— Observed
e e Median expected E 1072
68% expected ] 50
10" 95% expected
1072 v
0 Ir { L
100 150 200 250 300 350 400 450 500
107°
E pp—TT, 'f—ni:’, m(xf) =1 GeV, c1y(7) = 0.1 mm 3 mT [G eV]
C LR
b b by b b by b L
10450 150 200 250 300 350 400 450 500 S US_ ] 8_006

m(T) [GeV]
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https://cms-results.web.cern.ch/cms-results/public-results/publications/SUS-18-006/index.html

. US
Wrapping up e

Pre-LHC Post-LHC

“Losanne Simple realisations of SUSY (mMSUGRA/

: Simple realisations of SUSY excluded.
1984” SUSY CMSSM) viable.

Classical naturalness arguments need m(gluino)

< few TeV, m(stop) < 1 TeV under severe stress.

More modern arguments relax these constraints.

However consensus on m(Higgsino) < hundreds
of GeV (and not fully explored).

Expected m(gluino) ~ m(squark) ~
m(stop) ~ hundreds of GeV.

Naturalness

Stop/chargino/stau cohannihilations as  Bino-like dark matter strongly constrained by
Dark Matter favourite regularisation mechanism for a  electroweak SUSY searches. Higgsino- and

bino-like DM candidate. wino-like dark matter still largely allowed.
Muon g-2 Can be fully (and easily) incorporated in ~ Can be fully (and easily) incorporated in EW-Scale
g EW-Scale SUSY. SUSY (on a much restricted parameter space).
= 3000 =
() | —e— §g production, 'g'—>qq§(‘: ] © 1400/— —e— Tf, production, i—)tig ]
S, [ —a— §q production (8 states), ﬁ—»qu ] ) [ — ﬁx”‘; production (wino), i:)”(z—»W’Zi: PRD 104 (2021) 052001
o - . JHEP 02 (2021) 143 __| N L P .
= 2500~ 95% CL limits for m_, =0 ] cifﬁ_ o 95% CL limits for m_, = 0 ]
£ - % 7 i 1200 % .
om C PRD 97 (2018) 112001 7 E C m
£ 2000 - Q. 1000— —
- ] 1S C JHEP 10 (2017) 005 ]
L EPJC 76 (2016) 302 - |- EPJC76(2016) 460 arXiv:2108.07586 ]
1500 | HEP 00 019 178 EPJC 80 202003 ] 800— —]
C EPJC 77 (2017) 710 ] B i
B ] 600~ .
1000 j JHEP 10 (2016) 006 i : EPJC 78 (2018) 995 :
- . 400 —
[ JHEP 06 (2014) 55 ] B i
500— — - JHEP 04 (2014) 169 _l
C ] 2001~ =
- | | | . 0 - | | .
End of Run 1 2015 dataset 2015+2016 dataset End of Run 2 End of Run 1 2015+2016 dataset End of Run 2
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US
Summgry

*Tried to deliver reasons and principles to navigate the body of SUSY
searches from ATLAS and CMS.

* And | highlighted some of the crucial limits.

e Full statement on the state of the art will be done by ATLAS and CMS
with the analyses combination and MSSM scans.

eIt is hard to identify another sector of HEP where LHC had such a
dramatic impact.

e After 14 years of LHC (and other HEP enterprises), the questions of
naturalness and dark matter haven't yet found an answer.

* No significant BSM excess at the LHC may be frustrating. At the same
time, anomalies start to appear (not necessarily connected with SUSY)
and LHC has fill to collect >95% of its expected luminosity. Exciting (but
also strange) times for HEP.
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Funziona? iveRsiTy

P p . v
2 =0 t_-
b - ~0
-
~ ~0
S~e » TS X1
b X1 t
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eScordarsi del jet e cercare un Al
vertice secondario isolato:
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2019-027/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2019-027/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2019-027/

US
Supersymmetry and the LHC AT

d 1 41/10, —19/6, —7) Standard Model
,Bga = 7700 = —2ba92a (blab2ab3) - ( / / )
dt 167 (33/5, 1, —3) MSSM
d ol = ba (a=1,2,3) from arXiv:hep-ph/9709356
dt 27 60_'|'|'|'|'|'|'|'|
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Naturalness ovessiTy

* Why SUSY2 Many possible answers.
e But why SUSY at ~ TeV (rather than at 10 or 100 TeV)?

* Fix hierarchy if sparticles masses <1 TeV
« if the Higgs couples to a higher physical scale A, then its natural mass is of the order of A. Why is the Higgs lighte

* WIMP miracle: weakly interacting DM points to a DM mass of ~ 1 TeV.

H H )\
------ e = s i
f !

Arl?

f
I N —P Amy=2x oAB,t..

With SUSY, quadratic effects (big hierarchy) are cancelled
exactly, one is left with only logs (little hierarchy)
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Naturalness wants light stops
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The “natural” gluino production scenario

* The naturalness of the Higgs boson mass requires:

* A Higgsino mass parameter of maximum few hundred GeV

» A fop partner mass at the TeV scale

* A gluino mass parameter of maximum few TeV

2012

3 2
m; = m%cos> 20 + Y T !log (m—g) + X7 (1 —
m

2
A n

B
~ Q12,11 ,2,d;
W L
..... —
g
____________ EL t.R
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H
natural SUSY decoupled SUSY
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Naturalness wants light
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° jets
e B-jets
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RPV

{Ke]gle!
lived)

®

Top quarks (possibly boosted)
missing fransverse momentum

Possibly leptons

Efc...
Main background processes:

o t1,ttbb
« W+ heavy flavours, Z + HF
* Multiboson production
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The "natural” gluino production scenario
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Signature:
* jets
e B-jets
e Top quarks (possibly boosted)
e Missing fransverse momentum
e Possibly leptons and multileptons

e EfC...
Main background processes:

o 11, 1tbb
W+ heavy flavours, Z + HF
 Mulfiboson production
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Standard Model - Joys and pains
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The role of colliders
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e Colliders are the only experimental tool o access the EW scale
directly.

* The Standard Model predictions agree with data over the board.

Parameter Input value 11::"; Fit Result wm;fﬁ'ni:? ut in 1‘;{2?5 m‘:g“ :’mc
My [Gev] 12514 0.2 yes 125,112 100.27244 10031335
My [GeV] 80.379 4+ 0,013 - 80.263 + 0.007 80.356 + 0.008 80.356 £ 0.007
Ty [GeV] 2.085 £0.042 - 2.001 +0.001 2.001+0.001 2.001+0.001
Mj [GeV] 011875400021  yes  0L1870£0.0020 01.1067+00009  01.1060 +0.0006
Tz [GeV] 24052+00023 -  2.49504+0.0014  24045+00016  2.494540.0016
2,4 [nb] 41,540+ 0.037 - 41,483+ 0.015 41,4744+ 0.016 41474 £0.015
RS 20,767 + 0,025 - 20,744+ 0.017 20.725+ 0,026 20.724 £0.026
A% 0.0171£0.0010 -  0.01623+0.0001  0.01622+ 00001  0.01624 0.0001
A 0149900018 -  01471+£0.0005 01471400005  0.1472+ 0.0004
sin®’e (Qre) 02224+00012 -  0.23151+0.00006 0.23151+0.00006 0.23150 + 0.00005
sinzﬁﬁﬁ(TEV) 0.2318 +=0.0003 - 0.23151+0.00006 0.23150+0.00006  0.23150 £ 0.00005
A. 0.670 +0.027 - 066794000022 0.667940.00022  0.6680 + 0.00016
A 0.023 £0.020 ~  0.93475+0.00004 0.93475+£0.00004  0.93475 0.00003
Ads 00707400035 -  00737+£0.0003 00737400003  0.0737+0.0002
ARt 0009200016 -  01031+£0.0003 0103300004  0.1023+0.0003
RS 0.1721+0.0030 - 0.17226 F3:0055%  0.172260.00008  0.17226 % 0.00006
R} 021620+0.00066 -  0.21579+0.00011 0.21578+0.00012 0.21577 0.00004
e [GeV] 1274857 yes 1274397 - -

iy [GeV] 4204037 yes 4.204337 - -

ms [Gev](?) 173.06 4 0.94 yes 173.54 4 0.86 175971211 176.00 1253
Aaf®,(M2) (12) 2758 4 10 yes 2756 & 10 2738 £ 41 2730 £ 30

a. (M%) - yes 0.1197+3-0059 0.1107 £ 0.0030 0.1198 + 0.0028
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The LHC Run 2
CMS Average Pileup (pp, vs=13 TeV) EX
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