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OUTLINE

* Motivation for New Physics

* Exotic searches

* Dark Matter at Colliders

* Long-Lived Particles

* Supersymmetry (maybe)

* Prospects at |3 TeV and beyond



X+ MET




DARK MATTER INTERACTION

* Exact interaction of DM with ordinary matter determines relic abundance

GO X

Indirect Detection Direct Detection Production at Colliders

X

* Each type of interaction requires different experimental technique and
types of detector to be studied
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* Annihilation in high energy photons, particle-anti-particle pairs

* search for ultra-relativistic objects produced in galactic halo
* observatory on earth or with satellites
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DARK MATTER AT LHC

* Indirect detection X q
— search for production of DM annihilation

— high energy photons, particle-anti-particle pairs

L X
— search for ultra-relativistic objects produced ’
in galactic halo
— observatory on earth-bound or with satellites X X
* Direct detection
— Observe recoil of dark matter from nucleus \\
q q

* Pair production at LHC
— large missing energy in the detector g X
— need to identify and trigger events of interest
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DIRECT DARK MATTER SEARCHES
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DIRECT DARK MATTER SEARCHES
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missing missing
energy energy

q X q X

vW/Z/H + MET gluon(jet) + MET

* Radiated by initial partons necessary to trigger the event

* Presence of high energy photon/W/Z/Higgs or jet(s) in addition to large
missing transverse energy

* Results interpreted in terms of cross section on nucleons

* limitations due to (in)validity of effective theories
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| INTERPREATION |

Spectrum of Theory Space

Can we meet in the middle?

Effective Field Theories Tim Tait
Simplified

@ Lepton Photon 2013
Models

.. .
HiggS N
UV Complete
Sketches of Models Models
Little
? Higes More
Are sketches of models useful? c
omplete




X+ MET INTERPRETATION

* Original intent

— complementary approach to direct searches at low mass

e Criticism to use of
effective theories

— mediator mass assumed
to be negligible at LHC

* But keep in mind:

— robust measurement
free of assumptions

— only interpretation
affected by theoretical
assumptions
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MODELLING THE DM INTERACTION

2,2
_ 9q9x 2
olpp = Xx+X)~ ta a2y 1220 |~ 1A% B for M > 40 TeV (EFT)
A = M/, /9y94 q g x(my)
* Pair-production of ¢ can be characterized S try e
by a contact interaction with operators
q x(my)
" =
Oy = (X'y,,x[zgq'y 7) vector --> spin independent (Sl)
Oy = (X%‘%X/ing'yw) axial-vector --> spin-dependent (SD)

e Cross section depends on the mass (m2,) and the scale A
(for couplings g, gq)

2
os1 = 9% A = M/\/8x8q
spin-independent p Moy,
and spin-dependent Osp = O.BBW H = +m 8
cross sections _ _

[Bai, Fox and Harnik, JHEP 1012:048 (2010)]

[Goodman, Ibe, Rajaraman, Shepherd, Tait, Yu, Phys.Rev.D82:116010 (2010)]
[Beltran, Hooper, Kolb, Krusberg, Tait, JHEP 1009:037 (2010)]
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FROM EFT TO SIMPLIFIED MODELS

https://arxiv.org/abs/1507.00966 DM
SM DM SM M
SM
lr: Med.
DM DM
SM
SM SM SM
Colliders
Colliders (EFT) (Simplified Model)

e Use SUSY approach
— simplified models for final state
— Four parameters
— provide 2D constraints in (mx, Mmediator) Plane
— assumptions for gg and gpm
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HIGGS PORTAL TO DARK MATTER

* Discovery of Higgs has opened new doors to Dark matter

* New searches to investigate coupling of dark matter candidates to Higgs
boson

* mono-Higgs: Higgs + missing energy through new operator
— produced via both quarks and gluons ¢ . h

————— X
h? Z?W?
/
q_’g Z’S’o.- X

* Higgs mediation: dark matter candidate couples only to Higgs and no other
SM particle
— mpm < mu/2 : Higgs decay to DM pair

» Currently branching ratio of invisible Higgs decays < ~30%
= expect to reach BR < 0.2-0.3% with 3000 fb"!

— mpM > mu/2 : DM pair from virtual Higgs Q1
» Distinctive signature with forward jets

Shahram Rahatlou, Roma Sapienza & INFN 84



X + MET SIGNATURES AFTER RUN1
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MONO-W + MET

* W being charged can distinguish between u and d quarks
— Need to account for interference

* Leptonic W decays
— pro: clean high-pt lepton signature; single-lepton trigger
— con: small branching ratio

* Hadronic W decays

— pro: large branching ratio
— con: large SM backgrounds
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SUMMARY OF CURRENT SEARCHES

* mono-jet
— strongest constraints

* mono-photon

— more challenging for background estimation
— less powerful: EWV vs. strong interaction

mono-W/Z leptonic
— clean signature and simple trigger
— penalized by W/Z branching fraction

mono-W/Z hadronic

— larger statistics with larger background
* mono-t/b

e ttbar/bbbar + MET

e Search for mediator in dijet final state
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MONO-JET CANDIDATE
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MONO-JET SPECTRUM
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SEARCH FOR MEDIATOR
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Jet jet
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ISR jet
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INTERPRETATION
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LONG-LIVED PARTICLES




L ONG-LIVED PARTICLES

* Most exotic part of exotic program

 Search for long-lived particles relies on detector features more than
other exotic searches
— dedicated trigger
» stopped particles
— dedicated reconstruction algorithms
» muon reconstruction: heavy stable charged particles
» tracking: disappearing tracks
— dedicated detector calibration
» calorimeter time calibration

* Many searches in Run| but no discrepancy or excess
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LONG-LIVED APPROACHES

e Delayed tracks
— classic heavy stable charged particles

* Tracks with large impact parameters

— standalone muons in muons system
— two or more tracks displaced from primary vertex

Spatially displaced vertices
— both for high and low mass particles

— some dedicated tracking to increase efficiency for tracks
displaced from primary vertex

Displaced jets
— relies on displaced tracks

Delayed photons

— measurement of time of flight with ECAL
— photon conversions
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L ONG-LIVED TIMELINE

* Delayed charged tracks

* Tracks with large impact parameters

e Spatially displaced vertices
* Displaced Jets

* Delayed photons
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ATLAS SUMMARY

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CombinedSummaryPlots/EXOTICS/ATLAS Exotics_LLP_Summary/
ATLAS_Exotics_LLP_Summary.pdf

ATLAS Long-lived Particle Searches* - 95% CL Exclusion

ATLAS Preliminary

Status: July 2015 JLdt=(184-203)fb!  s5=8TeV
Model Signature  [Ldt[fb™] Lifetime limi Reference
RPV x? — eev/euv/uuv  displaced lepton pair ~ 20.3 | x° m(g) =13TeV, m(x?) =10TeV|  1504.05162
samxg - 28 aspiaced e+ jos 203 | O m(E) = 11TV ) 10TV 150405162
N AMSB pp > x20.xix  disappearingtrack 203 | x? lifetime . 02230m m(x;) = 450 GeV 1310.3675
(%)
a AMSB pp - x£%.xx;  large pixel dE/dx 18.4 | xZ lifetime . 13190m m(x}) = 450 GeV 1506.05332
GMSB non-pointing or delayedy 203 | x{ lifetime . o0s5am SPS8 with A = 200 TeV 1409.5542
Steat SUSY 2DMSvertces 195 | S ftime SRR ~(5) = 5000V | 150409534
Hidden Valley H — mr, 2 low-EMF trackless jets  20.3 | , lifetime . 04175Tm m(r,) = 25 GeV 1501.04020
g
Y, fiddenValley H > mr,  2IDMSvertices 195 | lfetime PosesEEm  m(r,) = 25GeV 1504.03634
o
t'lg FRVZ H = 2yq + X 2 e u-,m-jets 203 | valietime [INNNNETA0mR] H — 2y4 + X, m(yg) = 400 MeV 1409.0746
I  FRVZH- 4y +X 2 e-, p—, 7-jets 203 | yalietme [EEEE0mm H = 4yq + X, m(y4) = 400 MeV 1409.0746
g Hidden Valley H — m,m, 2 low-EMF trackless jets 203 | =, lifetime . o0es0m m(m,) = 25 GeV 1501.04020
I
@ HiddenValley H—>mn,  2IDMSvertices 195 | v ifetime - o4318im m(m,) = 25 GeV 1504.03634
_§ FRVZ H — 4yq + X 2 e—, u—, m—jets 20.3 | 74 lifetime | 28-160mm H — 4yg + X, m(y4) = 400 MeV 1409.0746
RS
S Hidden Valley ® — z,m, 2low-EMF tracklessjets 20.3 | m lifetime . o2979m oxBR = 1 pb, m(r,) = 50 GeV 1501.04020
A~
&8
S § Hidden Valley ® - mm,  2ID/MSvertices ~ 19.5 |, lifetime oo o <BR = 1 pb, m(m,) = 50 GeV 1504.03634
®
=~ Hidden Valley ® — m 7, 2 low-EMF trackless jets 20.3 | =, lifetime oxBR =1 pb, m(r,) = 50 GeV 1501.04020
§ § Hidden Valley ® » m,m,  2IDMSvertices 195 | =, lifetime oxBR = 1 pb, m(m) = 50 GeV 1504.03634
_ HVZ(1TeV) > quay 2IDMSvertices 203 | lifetime oxBR = 1 pb, m(ny) = 50 GeV 1504.03634
I
S
S HVZ'@TeV)- qq 2IDMS vertices 203 |, lifetime oxBR = 1 pb, m(ny) = 50 GeV 1504.03634
0.01 0.1 1 10

egmfﬂm on new states is shown.
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CMS SUMMARY

https://twiki.cern.ch/twiki/pub/CMSPu inc/PhysicsReéuItsCombined/exo-Iimits_LL_Moriond_201 6.pdf
CMS long-lived particle searches, lifetime exclusions at 95% CL

RPV SUSY, T — bl, m({) = 420 GeV
8 TeV, 19.7 fb™" (displaced leptons)

H — XX (10%), X — ee, m(H) = 125 GeV, m(X) = 20 GeV
8 TeV, 19.6 fb" (displaced leptons)

H— XX (10%), X — uu, m(H) = 125 GeV, m(X) = 20 GeV
8 TeV, 20.5 fo™' (displaced leptons)

GMSB SPS8, 7, — G, m(if) =250 GeV
8 TeV, 19.7 fb™ (disp. photon conv.)

GMSB SPS8, %, — G, m(%?) =250 GeV
8 TeV, 19.1 fb™ (disp. photon timing)

RPV SUSY, m(d) = 1000 GeV, m(%,) = 150 GeV
8 TeV, 18.5fb™" (displaced dijets)

RPV SUSY, m() = 1000 GeV, m(%) = 500 GeV
8 TeV, 18.5fb™ (displaced dijets)

AMSB %, 7. = %, + 7, m(¥.) = 200 GeV
8 TeV, 19.5fb™" (disappearing tracks)

cloud model R-hadron, m(g) = 1000 GeV
8 TeV, 18.6 fb™" (stopped particle)

AMSB ¥, tan(p) = 5, u > 0, m(¥) = 800 GeV
8 TeV, 18.8 fb™" (tracker + TOF)

AMSB %, tan(p) = 5, u >0, m(¥;) = 200 GeV
8 TeV, 18.8 fb™ (tracker + TOF)

. m
outer radius: beamspot

beampipe
pixels tracker
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HEAVY STABLE CHARGED PARTICLES

* In many flavors of SUSY, LSP is a heavy charged particle, stau, stop, gluino
— split SUSY, GMSB, KK tau from some universal extra dimension models

* Behave like very heavy muon through tracking and muons detectors
— B<I so later time of arrival in detectors compared to common relativistic
particles from collisions
— Smaller velocity implies larger ionization energy loss

5

i 2

* Search for muon like particles and measure dE/dx
energy loss

Dedicated muon reconstruction because of late
arrival compared to standard muon

standard muon
i heavy muon
|

R N R

L
-

- -
¥

nn:kl . |

* ;?I; - L ] |.H"' el
:!I 1 b o 81:
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ANALYSIS METHOD

* Discriminating variables

—High pt tracks

—ionization energy loss

—time of flight
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-
o
N —
|

-
o
&

Fraction of tracks/24 GeV/c¢

—
<
(¢}

| Tracker - Only

Observed
MC - SM

MC - g 300 GeV/ 2
MC - g 600 GeV/ ¢
MC - g 800 GeV/ 2

1 1

CMS \s=7TeV 50fb""

B [ ]
107 - :
| v
ol
10 0

1 I 1
500

I T g 1 : AL N B S S N |—§ © ——— |CMIS I\lfgl': 7] Tey I5.0]".) ;1 -
S 3 g Tracker + TOF E
% 3 E ® Observed ]
S - § MC-SM =
G 10-2 = bew % uc:emss ; 370 G:VI ‘zg

ol - 40 Tracker + TOF u 15402 M MC - GMSB ?: 494 GeV/ ¢
”% = ‘A% @ Observed .s = '% 10 = "R, ’?
o & A A MC-SM r 10 - -
L 10-4 _E A .. B MC-GMSB t,247 GeV/ &2 I‘rﬁ_ L 10-:3 = L % §r =
E ‘4 ¥ MC-GMSB :,370Gevi <t | 3 c ? ;rr . 3
- i ¥ MC-GMSB t 494GeV/ 2 | | 10 4l @ T % A _L

E ?: E_ y

1 of #\ ] - e I :
° 107 ¢ 2 10°F { d I‘E
1 : Tt ;
E = - L1
1 o MELIN " i
108 f - f i

. fn : EI IR B |* (IS ¥ T I R N NI 3 1 0'7 L L L 1 - L L

1000 0 02 04 06 08 1 1 2 3 4
p; (GeVic) e 1/B

Shahram Rahatlou, Roma Sapienza & INFN

102



| (MeV/cm)

20
18
16
14f
12F
10F

MASS MEASUREMENT FROM dE/dx

2.4 (13 TeV)
T T T | T

[ ] Data (13 TeV)

B MC: Q=1e 1000 GeV
- [[] MC: Q=2e 400 GeV
- [ MC:Q=1e 400 GeV

II|III|II-I‘|'III|III|III|III

o NN A O

I I- I
1000

p (GeV)

CMS Preliminary 2010 \s =7 TeV

* Quadratic relation between measured energy loss |n and mass

* Determine K and C from fit to known particles (pions, kaons, protons)

* Determine mass of heavy particles based on measured |y and momentum p

Shahram Rahatlou, Roma Sapienza & INFN

)] 5_ T T 1 T T T T, T T 171 T T 1 T T T T T T 1
_ é 10 : ] 7T | o 3
e £ f Mwvc ]
O ** - .
10° g 10*F E
= 5 :
o 10°E .
10° X - ]
> i i
()]
) 102;_ =
< : :
10 & i ]
P 101 .
% : .
9 - ]
|_ - |
1 O 05 1 15 2 25 3
Mass (GeV/c?)
I =K 4 C
h — 75
p

103



HSCP MASS

R — —
. 12.9 b (13 TeV)

<10 T T T [ T T T 1 T T 1 d =
2 CMS Tracker + TOF 3
[ Preliminary
§ ¢ Observed

10* A A | Data-based SM prediction

“ 7] Stau (M = 494 GeV)

1 0—2

Shahram Rahatlou, Roma caprciica « v 104



DISPLACED JETS
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DISPLACED JETS
Y ey YO LN 20 0 20 40 60 80

CMS1
. \ 5 20
Zamvag
CMS Experiment at LHC, CERN
*_ Data recorded: Mon Nov 5 06:43:54 2012 CEST

\

Run/Event: 206596 / 355731202 0
Jet 0,
et = 126.46

’24/ Lumi section: 321
- L—
eta = 1.649

Orbit/Crossing: 84146846 / 350
phi =-3.111

-40

Jet 3,

et=73.94

eta = 1.789 -60
phi = -2.433 I—>

-20

* Dedicated trigger
— 2 jets with displaced tracks selected at High Level Trigger

* Only track and vertex information used

momentum
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DISPLACED JET INTERPRETATION

18.5 b (8 TeV)

18.5fb™" (8 TeV)

a -
Qo CMS ]
@ - ’
1\ I 95% CL limits: m, = 200 GeV i
> —e—m, =50 GeV
oy [ Exp. limits (= 10)
X 1 - —
< :
X ]
1\ _
El:_/ _
o}
10” - =
C 1 1 | 1 1 1 1 [ | | 1 :

X ct [cm]

o(H — XX) x B*(X — ¢ [pb]
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102

E 95% CL limits:

- —e—m, =150 GeV

- —=—m, =350 GeV
[ Exp. limits (+ 10)

|
CMS

m,, = 1000 GeV

1

10

10°

X ct [cm]

* Higgs-like interpretation remains a favorite benchmark

* Addition of calorimeter time information in Run2 under study
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DELAYED CONVERTED PHOTONS

miss
ET

o] N
z - ~
L d ~
L d ~
L d

8 10E
% I Fcwms
L - Si ' jet (MC
(Beam axis points = T Simulation v +Jet (MC)
out of the page) 2 1
< L — GMSB(180 TeV, 0.4 cm)
107 ~— GMSB(180 TeV, 20 cm)
1072 =
10.3 Jdee ol
8 0 50 100 150 200 250 300 350 400 450 500
eam Spot E_I‘PISS (Gev?o8
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LONG-LIVED NEUTRALINO

19.7 b7 (8 TeV)
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DELAYED PHOTON WITH TIMING

Zero lifetime

12 ey
1011} 12 é
9 3 6§
87654 <
A
L
v /

Y

/

P > X

In-time photon
= Arrival time compatible with that of a
relativistic particle from the IP
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Non-zero lifetime

\.

|Pi}i" > X

Off-time photon

= Arrival time sensibly increases with
parent particle lifetime
=AT~O(ns)
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SHAPE OF PHOTONS IN CALORIMETER

L~
v

£0- Prompt Photon ']
<291 =
2t . . E
260 : : s
2 o E
ok E
22:_ | | Lovon b by by n By | | B

SMAjoR
]

SMINOR

11 12 13 14 15 16 17 18 19
1 index
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DELAYED PHOTONS IN 7 TEV DATA

5 CMS4.91b” \s=7TeV g CMS4.9fb" \s=7TeV
“(B 1 O I I I | I I I | I I I I I I I § U) 1 0 T I T T T T I T T T T I T I
GC) 10° * DATA B orel-yanw Mc) 4 108 * DATA I oreli-yanw (Mc)
FO
Lﬁ - Y + Jets (data) Wiz +Jets+yMC) 1> 1 0’ - v + Jets (data) W/Z + Jets + ¥ (MC)
w 10° QCD Multijet (data) - ff + Jets (MC) _?qLE 10° QCD Multijet (data) - {f + Jets (MC)
o 5
o 1 02 Bkg. stat error = th Bkg. stat error
_Q -
S 10 —— GMSB (100, 2000) _;,'g —— GMSB (100, 2000)
-] =
Z JFHBr e GMSB (100,250) 1= .~2LC % e GMSB (100, 250)
1 =Z
1 Teaip > 0-5n8 = ¥, > 100 GeV
1078 L ERi | 2
, - srsrs
10°8 W | g =
10° E
1 0—4 I 1 1 1 I | 1 | ] () l ) l | l L
o 8 T
s
t\u 4 R R, .............................................................................. e . — T . [ O s e SV RTR R SO RR YO URENT RO SR UNTRITY: SV RO SURRRUREERTRNRTRRR S RORRS DR RO RS TR RY —
3 OMAM{ 777 ;
0 200 400 600 8( 5 10
. [GeV] ECAL Time [ns]

* This analysis requires detailed study and calibration of ECAL time
measurement

* No other physics client than this analysis so far EXO-11-035
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LONG-LIVED SUMMARY

Search for long-lived particles use simple and basic detector
information

— unlike some of sophisticated variables needed in many Higgs and BSM
searches

Deeper understanding of detector response typically implies
longer time scale for long-lived searches
—and longer term detector activity commitment

Displaced vertices remain perhaps most profitable approach

— results can be interpreted in many models, specially in terms of some
flavor of some Higgs-like particle
» Higgs remains a catchy name

Time of flight for photons and electrons requires heavy investment
in detector studies but can pay dividends

— clean experimental signature

— unfortunately not enough theoretical models to get people excited
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SUPERSYMMETRY




A SOLUTION TO HIGGS MASS DIVERGENCE

* scalar particles contribution to Higgs mass also quadratically
divergent with MUV

* Contribution with opposite sigh compared to fermions

S
PSRN
’ 1) )
' '
H |‘ e Am% = 1675;2 [M%V —2m¢In (Myvy /mg) + }
S
f
AJ
2 2 2
EI__S\f Yhhh Am7, = 62 | —2MGy + 6m% In (Myvy /my) + ..

* If such scalar particles existed, fermion and scalar contributions
could cancel each other exactly and naturally without fine tuning

* Such conspiracy is generally known as a symmetry of the theory!
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SUPERSYMMETRY (SUSY)

Standard particles SUSY particles

| Quarks ' Leptons . Force particles Squarks o Sleptons 0 SUSY force
particles

* Elegant new symmetry of Nature

For each /2-integer spin particle (Fermion) there is an integer spin partner
(Boson) and vice versa

— Complete spectrum of partners to standard model particles

— Their spins are different by '/2 unit

Predicts 5 Higgs bosons, the lightest very similar to that in Standard Model

Requires observation of new predicted particles and phenomenology
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WHERE ARE SUSY PARTICLES?

* Many SUSY particles have already been observed
—leptons, quarks, WV, and Z

—same particles included in SM
* But no SUSY partner of SM observed yet!

o If SUSY is an exact symmetry, we should have seen SUSY
partners of known particles with the same mass

* SUSY is certainly broken!

* Spontaneous SUSY breaking must be added by hand and still
avoid divergences in Higgs mass corrections

* Different symmetry breaking mechanisms on the market
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NEW SYMMETRY: R-PARITY

R— (_1)3(B—L)—|—25

* Add new conservation law to protect against lepton and baryon
number violation

* R-parity combines spin, baryon, and lepton quantum numbers
—particles:R = +1
—SUSY particles:R = -1

e Important phenomenological consequences
—SUSY particles can only be produces in pairs

—R = -1 particles must always decay in final states with at
least one R = -1 particle

»lightest SUSY particle (LSP) must be stable

—Two R = -1 particles can annihilate and produce ONLY R = +]|
particles

»important for Dark Matter searches

Shahram Rahatlou, Roma Sapienza & INFN
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LIGHTEST SUPERSYMMETRIC PARTICLES

* Two particles play crucial role in SUSY searched

* Lightest supersymmetric particle must be stable and hence escape
detection

—missing energy in SUSY processes

—SUSY masses are expected to be large therefore expect large
missing energy

* Next to lightest supersymmetric particle (NLSP)
— Because of R-parity conservation must always decay to LSP

» two body decay of NLSP — X + LSP
— X will always be an ordinary R = +| particle

—distinctive kinematic signature for X helps searching for NLSP

Shahram Rahatlou, Roma Sapienza & INFN
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SUSY SPECTRUM

Pair Production

GG
—_10% Qq

86% of all hadronic
production in LM1 consists
of “simple” decay chains.

This makes it particularly

amenable to being
approximated well with a
y 3-particle OSET.
050V B W -

X,°

* Lightest supersymmetric particle (LSP) stable and escapes detection
— missing energy in SUSY processes

e Next to lightest supersymmetric particle (NLSP)
— R-parity conservation: NLSP — X + LSP R
— Potentially long proper lifetime
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SUSY PrRODUCTION ViA QCD

g ; g go870700 g
Gluino pairs g etc.

9 J 9 09090 9

g . ///a gm————a s S q
Squark pairs . q, g etc.

i T Ygag0r----T g q

- g ///E]V gm ————— q
Squark 4+ gluino T g etc.
q g q L g

* QCD production dominates but given heavy mass for SUSY, cross
section strongly depends on squark and gluino masses

Shahram Rahatlou, Roma Sapienza & INFN 121



SUSY PRODUCTION VIA ELECTROWEAK

: . “ Ny cr u | Cf
Chargino pairs ’ ) ! ~ etc.
q Cy a ' Cy
. . 4 N; q : N;
Neutralino pairs Z QLn!
7 N, g N,

Chargino + U>VKZ<@+ o o q N
. dy, | aL |
neutralino y N, y | N, v P N,

: q o q v u o
Slepton pairs 0z 4 v
q A;._ q ¥ d 7

e Smaller cross section since EW coupling is smaller compared to

QCD
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SUSY vs. STANDARD MODEL
July2015 CMS Prellmlnary

& 7 TeV CMS measurement (L < 5.0 fb™)
$ 8 TeV CMS measurement (L < 19.6 fb™)
A B — 7 TeV Theory prediction

enjelss — 8 TeV Theory prediction

th() Z CMS 95%CL limit

2,
I 11Tl
{

AL

—

o
n
KA

I IIIIIII| I IIIIIII| I IIIIIII| I IIIIIII| I IIIIIII|
(e |
b
¥
.
v

[ &)

10

;
b
o
R
3
,_b_|
L

—
o

@'
m
|

N
=3

KA
I IIIIIIII I IIIIIIII I IIIIIIII | IIIIIIII I IIIIIIII I IIIIIIII I III

l
ff Eﬁi?ffﬁffffff__jffffffﬁfﬁfffffffffffffffff

| K

—+H

-2-4-2—-@--@--5—-@--@'?3--;----j--?-----------—-z-

Production Cross Section, ¢ [pb]
o

—
<
\V)

I IIIIIIIl I IIIIII:
I IIIIIIII | IIIIIII

Iw I z Iw«,IZy IwwIszzz IEW IEWIW’IEW |WV7| t It ItW ItHhIﬂy IthItlZIggHIX?ﬁIVHIﬂHI

qaW  qqZ  WW ssww

All results at: http://cern.ch/go/pN;j7 Wik, Z-41 lnop Th. Acy, in exp. Ac
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SUSY PHENOMENOLOGY




SUSY PHENOMENOLOGY

CMS CMS Experiment at LHC, CERN
Data recorded: Tue Oct 26 07:13:54 2010 CEST
Run/Event: 148953 / 70626194
L T \ Lumi section: 49
‘ Orbit/Crossing: 12688625 / 466

Jet pT: 390GeV|

|Jet pT: 460GeV| q
N ‘
AN
max(g,q)
. |
L Wem min(g, q)
/
/ ~e ~0

MHT: 683GeV

L15X 2
~()
L1
Missing Energy
of 100's GeV
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SIMPLIFIED MODELS (SMS)

* Very productive industry of SUSY flavors and models
— early results at 7 TeV have flourished new ideas

 Simulating each and every model across parameter space not
feasible (and perhaps not reasonable)

* Luckily, final experimental signature in common between many
models

* Define search strategy to maximize coverage of distinct
experimental final states

Model A2
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SIGNATURE-BASED SEARCH STRATEGY

* Not relay on your favorite theorist to define signatures

— Variety of creative models sometimes with very specific predictions
—Fine tuning of search potentially counterproductive

* Experimental approach: final states predicted by different models for
different corners of parameter space

—MET + | jet
—MET + > | jet
—MET + | lepton
—MET + 2 lepton

- same sign

- opposite sign
—MET + multi-leptons
—MET + high pt photon

0

* Model-independent strategy to constrain classes of models
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SUSY SIGNATURES

% S U SY S'i gn at u res Squark and gluino production
*Interpretation in Simplified Models > ” 0555

Direct production of charginos, neutralinos E[t sleptons

{
K ( 0 ¢
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Taus in decays of charginos and neutralinos
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INTERPRETATION OF SMS

CMSSM What the individual searches
_ pair Production ¢ @re sensitive to is much more
/,/ 560
e
| g £
u
b %
d
; ~ 500 %
u —_
360
[m]
iso 344
- / . 2 86% of all hadronic
—a=ﬂ P— duction in LM1 consists
> p;?”:im:I:”I I'::Iet:ay chair'ls. =
eanp o
(=2]) \J-’ 8.7% This makes it particularly
' amenable to being
‘ y approximated well with a
1 3-particle OSET.
l 964 W B W - ilo g
Simplified model spectrum (SMS)
with 3 particles, 2 decay modes o W N
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INTERPRETATION OF SUSY SEARCHES

THE interpretation tool for SUSY searches @ LHC

Pros
* closely related to exp. observables
- understand features
* limited number of parameters
- results as 2D scans
*  “easy” reinterpretation (cross-section limit)

-

Cons

\.

*  no complete model

* application to other (full) models

~

- consistency, higher-order corrections?

- ignores details of production,
spin structure, ... j

— 1800 = —
. . . > ‘ o)
A short interpretation guide @ L. 2| Map of observed
O, 1600 —Observed + 16, ] S Lo Kunad
ot | Evoected £ 10" 1 & cross section limits
E 1400] - -~ Y - experiment ] o) . _
5 4" o | * under assumption BR=1
- = - [2]
12001~ e/—_ 8
. . . . L o e - : — 10_1 6
Kinematic limit T E— PR 132
8001 3 1]
L = i - \
C ] (O] . .
600 4/ 4102 & | Observed mass limit
E ted di limit 400 -1 = | « variations correspond to
xpecte . (me |an).mass " _ C 1 O +10 uncertainty on the total
* at nominal production cross section 2001 B oroduction cross section
o i 1 —I 1 1 1 1 1 1 1 1 1 1 1 i 'I jiSanp 1 I_ . O)
1o variations due to stat+syst Q00800 1000 1200 1400 1600 1800 10° % N /

ICHEP2016, Aug 9, 2016
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STOP DECAYS
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CONSTRAINTS ON STOP

ﬂi production,f1—> bff X? / f1—> c Z? /f1—> Wb X? /f1—> t i?

Status: ICHEP 2016

ATLAS Preliminary
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FUTURE PROSPECTS




BENEFITS OF HIGHER ENERGY

Higgs: 1000

 ratios of LHC parton luminosities: ’:' 1 z
ﬁ%ﬁ HégH%\é\i\év’ Zg and vy [ 14 TeV /8 TeV and 33 TeV /8 TeV / ; /,': ~5.0TeV
I y . v ! | ]

SUSY
squarks/Gluino

100 | gg_ ~1.5TeV

SUSY - 3rd Generation: E ---- ¥qq

Mass scale ~ 500 GeV
qq and gg: factor ~3to 6

luminosity ratio

SUSY — Squarks/Gluino:
Mass scale ~ 1.5 TeV
qqg,99,qg: factor ~40 to 80

—_
o

—F-____—__

AR
Mass scale ~ 5 TeV

qq: factor ~1000 Increase in energy will help a lot!
Not just for SUSY...
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WHAT HAVE WE LEARNED?




\WHATH

* Largest scientific machine ever built performed beyond
expectations
— First particle discovered in 20 years

WE LEARNED?

* First ever spin-0 elementary particle

* Investigations so far support Standard Model predictions
—but do not exclude yet new theories at higher energy

* Relatively small mass of new boson leaves theoretical puzzles

to be addressed

— Physics at electroweak scale (100 GeV) regulated
at Planck scale (107 GeV)




OUTLOOK




OUTLOOK

* Extensive search program just starting to probe new territories &

»
iy

&7 aBlE

beyond Standard Model ne fffr gz
—Only most basic and simplistic theories probed at this poi 3

* New gauge bosons excluded up to ~4 TeV of mass =&
; 3 e

* New fermions excluded up to ~0.7 TeV of mass

* But these searches assume strong coupling




OuTLOOK

beyond Standard Model

— Only most basic and simplistic theories probed at this pO| ’
* New gauge bosons excluded up to ~4 TeV of mass
* New fermions excluded up to ~0.7 TeV of mass
* But these searches assume strong coupling

* Probability of producing new particles increased
up to 50 times wrt Run |

Exploration of a new territory just begun 3 B
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PERSONAL PERSPECTIVE
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PERSONAL PERSPECTIVE

* Next two years critical for future of searches
— Happy Ending: New particles discovered

» if mass not too large, accumulate data with high-luminosity LHC to study

properties and define next step
» if heavy, aim at upgrade of energy
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8B

PERSONAL PERSPECTIVE

* Next two years critical for future of searches

— Happy Ending: New particles discovered

» if mass not too large, accumulate data with high-luminosity LHC to study

properties and define next step
» if heavy, aim at upgrade of energy
— No particles found

» Indirect search through Higgs couplings becomes critical

» Maybe new particles weakly coupled to known particles
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PERSONAL PERSPECTIVE

* Next two years critical for future of searches

— Happy Ending: New particles discovered

» if mass not too large, accumulate data with high-luminosity LHC to study
properties and define next step

» if heavy, aim at upgrade of energy
— No particles found
» Indirect search through Higgs couplings becomes critical
» Maybe new particles weakly coupled to known particles
» Use high-luminosity LHC to probe weakly coupled scenario

* Dark Matter
— Potential of search at LHC highly dependent on center-of-mass energy
» Does not require very large data samples
— Several direct detection experiments underway for large mass candidates
» Xenon | T just started. DarkSide (Liquid Argon) 20k underway

— Interesting and model-independent claim at low mass deserves
verification by new experiments
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