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OUTLINE

• Motivation for New Physics

• Exotic searches

• Dark Matter at Colliders

• Long-Lived Particles

• Supersymmetry (maybe)
• Prospects at 13 TeV and beyond
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DARK	MATTER	INTERACTION
• Exact interaction of DM with ordinary matter determines relic abundance

• Each type of interaction requires different experimental technique and 
types of detector to be studied
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DM INTERACTIONS WITH ORDINARY MATTER

• Dark#Ma\er#interacCons;#important#to#get#the#right#relic#abundance

• Then#why#not##

• Dark#Ma\er#as#a#parCcle#hints#at#many#interacCons#with#ordinary#ma\er
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INDIRECT	DETECTION
• 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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INDIRECT	DETECTION
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DIRECT	DETECTION
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DIRECT	DETECTION
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DARK	MATTER	AT	LHC
• Indirect detection

– search for production of DM annihilation
– high energy photons, particle-anti-particle pairs
– search for ultra-relativistic objects produced  

in galactic halo
– observatory on earth-bound or with satellites

• Direct detection
– Observe recoil of dark matter from nucleus

• Pair production at LHC
– large missing energy in the detector
– need to identify and trigger events of interest
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Where Are We Going?
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X	+	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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Figure 1: Dark matter production in association with a single jet in a hadron collider.

3.1. Comparing Various Mono-Jet Analyses

Dark matter pair production through a diagram like figure 1 is one of the leading channels
for dark matter searches at hadron colliders [3, 4]. The signal would manifest itself as an excess
of jets plus missing energy (j + /ET ) events over the Standard Model background, which consists
mainly of (Z ! ⌫⌫)+ j and (W ! `inv⌫)+ j final states. In the latter case the charged lepton ` is
lost, as indicated by the superscript “inv”. Experimental studies of j + /ET final states have been
performed by CDF [22], CMS [23] and ATLAS [24, 25], mostly in the context of Extra Dimensions.

Our analysis will, for the most part, be based on the ATLAS search [25] which looked for mono-
jets in 1 fb�1 of data, although we will also compare to the earlier CMS analysis [23], which used
36 pb�1 of integrated luminosity. The ATLAS search contains three separate analyses based on
successively harder pT cuts, the major selection criteria from each analysis that we apply in our
analysis are given below.3

LowPT Selection requires /ET > 120 GeV, one jet with pT (j1) > 120 GeV, |⌘(j
1

)| < 2, and events
are vetoed if they contain a second jet with pT (j2) > 30 GeV and |⌘(j

2

)| < 4.5.

HighPT Selection requires /ET > 220 GeV, one jet with pT (j1) > 250 GeV, |⌘(j
1

)| < 2, and events
are vetoed if there is a second jet with |⌘(j

2

)| < 4.5 and with either pT (j2) > 60 GeV or
��(j

2

, /ET ) < 0.5. Any further jets with |⌘(j
2

)| < 4.5 must have pT (j3) < 30 GeV.

veryHighPT Selection requires /ET > 300 GeV, one jet with pT (j1) > 350 GeV, |⌘(j
1

)| < 2, and
events are vetoed if there is a second jet with |⌘(j

2

)| < 4.5 and with either pT (j2) > 60 GeV
or ��(j

2

, /ET ) < 0.5. Any further jets with |⌘(j
2

)| < 4.5 must have pT (j3) < 30 GeV.

In all cases events are vetoed if they contain any hard leptons, defined for electrons as |⌘(e)| < 2.47
and pT (e) > 20 GeV and for muons as |⌘(µ)| < 2.4 and pT (µ) > 10 GeV.

The cuts used by CMS are similar to those of the LowPT ATLAS analysis. Mono-jet events
are selected by requiring /ET > 150 GeV and one jet with pT (j1) > 110 GeV and pseudo-rapidity
|⌘(j

1

)| < 2.4. A second jet with pT (j2) > 30 GeV is allowed if the azimuthal angle it forms with
the leading jet is ��(j

1

, j
2

) < 2.0 radians. Events with more than two jets with pT > 30 GeV are
vetoed, as are events containing charged leptons with pT > 10 GeV. The number of expected and
observed events in the various searches is shown in table I.

3 Both ATLAS and CMS impose additional isolation cuts, which we do not mimic in our analysis for simplicity and
since they would not have a large impact on our results.
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for dark matter searches at hadron colliders [3, 4]. The signal would manifest itself as an excess
of jets plus missing energy (j + /ET ) events over the Standard Model background, which consists
mainly of (Z ! ⌫⌫)+ j and (W ! `inv⌫)+ j final states. In the latter case the charged lepton ` is
lost, as indicated by the superscript “inv”. Experimental studies of j + /ET final states have been
performed by CDF [22], CMS [23] and ATLAS [24, 25], mostly in the context of Extra Dimensions.

Our analysis will, for the most part, be based on the ATLAS search [25] which looked for mono-
jets in 1 fb�1 of data, although we will also compare to the earlier CMS analysis [23], which used
36 pb�1 of integrated luminosity. The ATLAS search contains three separate analyses based on
successively harder pT cuts, the major selection criteria from each analysis that we apply in our
analysis are given below.3

LowPT Selection requires /ET > 120 GeV, one jet with pT (j1) > 120 GeV, |⌘(j
1

)| < 2, and events
are vetoed if they contain a second jet with pT (j2) > 30 GeV and |⌘(j

2

)| < 4.5.

HighPT Selection requires /ET > 220 GeV, one jet with pT (j1) > 250 GeV, |⌘(j
1

)| < 2, and events
are vetoed if there is a second jet with |⌘(j

2

)| < 4.5 and with either pT (j2) > 60 GeV or
��(j

2

, /ET ) < 0.5. Any further jets with |⌘(j
2

)| < 4.5 must have pT (j3) < 30 GeV.

veryHighPT Selection requires /ET > 300 GeV, one jet with pT (j1) > 350 GeV, |⌘(j
1

)| < 2, and
events are vetoed if there is a second jet with |⌘(j

2

)| < 4.5 and with either pT (j2) > 60 GeV
or ��(j

2

, /ET ) < 0.5. Any further jets with |⌘(j
2

)| < 4.5 must have pT (j3) < 30 GeV.

In all cases events are vetoed if they contain any hard leptons, defined for electrons as |⌘(e)| < 2.47
and pT (e) > 20 GeV and for muons as |⌘(µ)| < 2.4 and pT (µ) > 10 GeV.

The cuts used by CMS are similar to those of the LowPT ATLAS analysis. Mono-jet events
are selected by requiring /ET > 150 GeV and one jet with pT (j1) > 110 GeV and pseudo-rapidity
|⌘(j

1

)| < 2.4. A second jet with pT (j2) > 30 GeV is allowed if the azimuthal angle it forms with
the leading jet is ��(j

1

, j
2

) < 2.0 radians. Events with more than two jets with pT > 30 GeV are
vetoed, as are events containing charged leptons with pT > 10 GeV. The number of expected and
observed events in the various searches is shown in table I.

3 Both ATLAS and CMS impose additional isolation cuts, which we do not mimic in our analysis for simplicity and
since they would not have a large impact on our results.
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LIMITS OF EFT? 
• EFTs:%a%simple%descrip8on%for%searches%and%interpreta8on

– ColliderObased(generic(searches(strongly(supported(at(Snowmass((e.g.(arXiv:1305.1605)
– Useful(to(characterise(and(compare,(but(some(model(dependence(and(limita^ons
– Next(steps(widely(discussed(in(the(community...(
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• Original intent
– complementary approach  to direct searches at low mass 

• 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

Shahram Rahatlou, Roma Sapienza & INFN

X	+	MET	INTERPRETATION
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• Pair-production of χ can be characterized  
by a contact interaction with operators  

• Cross section depends on the mass (mχ) and the scale Λ  
(for couplings gχ, gq)

MODELLING	THE	DM	INTERACTION

82

[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)]

axial-vector		-->		spin-dependent	(SD)

vector		-->		spin	independent	(SI)	

spin-independent	
and	spin-dependent	
cross	sec=ons

EFT TO CROSS SECTION LIMITS
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Benchmark signatures for LHC DM searches
• Searches for DM at the LHC look for ETmiss+X


• X = jet, W, Z, γ, H, tt, bb, t, etc.

• Run 2: Adopt simplified models to interpret results (arXiv:1507.00966)


• Assume new massive particle which mediates DM-SM interaction

• DM particle is a Dirac fermion χ

• Keep to a minimal set of parameters


• Mmed, mχ, gSM, gDM, Γmed
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Figure 2.1: Representative Feynman
diagram showing the pair production
of Dark Matter particles in association
with a parton from the initial state via
a vector or axial-vector mediator. The
cross section and kinematics depend
upon the mediator and Dark Matter
masses, and the mediator couplings to
Dark Matter and quarks respectively:
(Mmed, m

c

, g
c

, gq).
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The coupling gq is assumed to be universal to all quarks. It is also
possible to consider other models in which mixed vector and axial-
vector couplings are considered, for instance the couplings to the
quarks are axial-vector whereas those to DM are vector. As men-
tioned in the Introduction, when no additional visible or invisible
decays contribute to the width of the mediator, the minimal width
is fixed by the choices of couplings gq and g

c

. The effect of larger
widths is discussed in Section 2.5.2. For the vector and axial-vector
models, the minimal width is:

GV
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g2
c
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3
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q(x) denotes the Heaviside step function, and b f =

r

1 � 4m2
f

M2
med

is the velocity of the fermion f with mass m f in the mediator
rest frame. Note the color factor 3 in the quark terms. Figure 2.2
shows the minimal width as a function of mediator mass for both
vector and axial-vector mediators assuming the coupling choice
gq = g

c

= 1. With this choice of the couplings, the dominant con-
tribution to the minimal width comes from the quarks, due to the
combined quark number and color factor enhancement. We specif-
ically assume that the vector mediator does not couple to leptons.
If such a coupling were present, it would have a minor effect in in-
creasing the mediator width, but it would also bring in constraints
from measurements of the Drell-Yan process that would unneces-
sarily restrict the model space.
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FROM	EFT	TO	SIMPLIFIED	MODELS

• Use SUSY approach
– simplified models for final state
– Four parameters
– provide 2D constraints in (mX, mmediator) plane

– assumptions for gq and gDM
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quarks are axial-vector whereas those to DM are vector. As men-
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rest frame. Note the color factor 3 in the quark terms. Figure 2.2
shows the minimal width as a function of mediator mass for both
vector and axial-vector mediators assuming the coupling choice
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= 1. With this choice of the couplings, the dominant con-
tribution to the minimal width comes from the quarks, due to the
combined quark number and color factor enhancement. We specif-
ically assume that the vector mediator does not couple to leptons.
If such a coupling were present, it would have a minor effect in in-
creasing the mediator width, but it would also bring in constraints
from measurements of the Drell-Yan process that would unneces-
sarily restrict the model space.
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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

• Higgs mediation: dark matter candidate couples only to Higgs and no other 
SM particle
– mDM < mH/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-1 

– mDM > mH/2 : DM pair from virtual Higgs
‣ Distinctive signature with forward jets
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2

h,Z, �,

Z 0, S, ...

h

�

�q̄, g

q, g

FIG. 1: Schematic diagram for mono-Higgs production in pp
collisions mediated by electroweak bosons (h, Z, �) or new me-
diator particles such as a Z0 or scalar singlet S. The gray
circle denotes an e↵ective interaction between DM, the Higgs
boson, and other states.

signals at the 8 TeV and 14 TeV LHC, with 20 fb�1 and
300 fb�1 respectively, in four Higgs boson decay channels
(bb̄, ��, 4`, ``jj), including both new physics and SM
backgrounds. In Sec. V, we conclude.

II. NEW PHYSICS OPERATORS AND MODELS

We describe new physics interactions between DM and
the Higgs boson that may lead to mono-Higgs signals at
the LHC. In all cases, the DM particle is denoted by �
and may be a fermion or scalar. We also assume � is a
gauge singlet under SU(3)C ⇥ SU(2)L ⇥ U(1)Y .

First, we consider operators within an EFT frame-
work where � is the only new degree of freedom beyond
the SM. Next, we consider simplified models with an
s-channel mediator coupling DM to the SM. For both
cases, Fig. 1 illustrates schematically the basic Feynman
diagram for producing h + 6ET (although not all mod-
els considered here fit within this topology). Quarks or
gluons from pp collisions produce an intermediate state
(e.g., an electroweak boson or a new mediator particle)
that couples to h��.

At the end of this section, we identify several bench-
mark scenarios (both EFT operators and simplified mod-
els) that we consider in our mono-Higgs study, see Ta-
ble I.

A. E↵ective operator models

The simplest operators involve direct couplings be-
tween DM particles and the Higgs boson through the
Higgs portal |H|2 [14–20]. For scalar DM, we have a
renormalizable interaction at dimension-4:

�|H|2�2 , (1)

where � is a real scalar and � is a coupling constant. For
(Dirac) fermion DM, we have two operators at dimension-
5:

1

⇤
|H|2�̄� ,

1

⇤
|H|2�̄i�5� , (2)

suppressed by a mass scale ⇤. Mono-Higgs can arise via
gg ! h⇤ ! h�� through these operators. However, it is

important to note that these interactions lead to invis-
ible Higgs boson decay for m� < mh/2. Treating each
operator independently, the partial widths in each case
are

�(h ! ��) =
�2v2

4⇡mh
scalar � (3a)

�(h ! ��̄) =
v2mh

8⇡⇤2
fermion � (3b)

neglecting O(m2
�/m

2
h) terms, where v ⇡ 246 GeV is the

Higgs vacuum expectation value. If invisible decays are
kinetimatically open, it is required that � . 0.016 (⇤ &
10 TeV) for scalar (fermion) DM to satisfy Binv < 38%
obtained in Ref. [6]. In this case, since the couplings
must be so suppressed, the leading mono-Higgs signals
from DM are from di-Higgs production where one of the
Higgs bosons decays invisibly, as we show below. On the
other hand, if m� & mh, invisible Higgs boson decay is
kinematically blocked and the DM-Higgs couplings can
be much larger.
At dimension-6, there arise several operators that give

mono-Higgs signals through an e↵ective h-Z-DM cou-
pling. For scalar DM, we have

1

⇤2
�†i

$
@µ�H†iDµH (4)

while for fermionic DM we have

1

⇤2
�̄�µ�H†iDµH ,

1

⇤2
�̄�µ�5�H

†iDµH . (5)

When the Higgs acquires its vev, the Higgs bilinear be-
comes

1

⇤2
H†iDµH ! � g2v

2

4cW⇤2
Zµ

⇣
1 +

h

v

⌘2
, (6)

where g2 is the SU(2)L gauge coupling and cW ⌘ cos ✓W
is the cosine of the weak mixing angle. Thus, these oper-
ators generate mono-Higgs signals via qq̄ ! Z⇤ ! h��.
However, for m� < mZ/2, these operators are strongly
constrained by the invisible Z width. The partial width
for scalar DM is

�(Z ! ��†) =
g22v

4mZ

768⇡c2W⇤4
scalar � , (7)

neglectingO(m2
�/m

2
Z) terms. For fermionic DM, the par-

tial width is larger by a factor of four for either of the
operators in Eq. (5). Requiring �inv

Z . 3 MeV [21] im-
poses that ⇤ & 400 GeV (550 GeV) for scalar (fermion)
DM if such decays are kinematically open.
At higher dimension, there are many di↵erent oper-

ators to consider for coupling h�� to additional SM
fields. Here we focus in particular on operators arising at
dimension-8 that couple DM particles and the Higgs field
with electroweak field strength tensors [22]. (Such oper-
ators have been considered recently in connection with

q1

q2

"h*
"
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X	+	MET	SIGNATURES	AFTER	RUN1
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LHC Searches for WIMP Dark Matter
EFTs and simplified models [arXiv:1507.00966] [arXiv:1506.03116] [arxiv:1603.04156]

Assume dark matter has very small couplings to
the SM.
Use information from astrophysics, detection
experiments to focus search.
Need a model for comparisons with
astrophysics.
The LHC can investigate and characterise the
interaction between DM and SM.
For Run-2, focus on simplified models, with
mediator.

(from 1503.05916)

Assocated production:
Scalar/Pseudo-scalar model

Higgs signatures

Vector model

James Frost (University of Oxford) LHCP 2016 Thursday 16th June 2016 3 / 46

LHC Searches for WIMP Dark Matter
EFTs and simplified models [arXiv:1507.00966] [arXiv:1506.03116] [arxiv:1603.04156]

Assume dark matter has very small couplings to
the SM.
Use information from astrophysics, detection
experiments to focus search.
Need a model for comparisons with
astrophysics.
The LHC can investigate and characterise the
interaction between DM and SM.
For Run-2, focus on simplified models, with
mediator.

(from 1503.05916)

Assocated production:
Scalar/Pseudo-scalar model

Higgs signatures

Vector model
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DM+b/bb/tt

• Search for DM recoiling against jets with b quarks

• Sensitive to tt+DM production as well


• 1-tag: ETmiss> 200 GeV, tagged jet pT > 50 GeV, up to 1 additional jet

• 2-tag: ETmiss> 200 GeV, two tagged jets pT > 50 GeV, up to 1 additional jet


• Recovers efficiency of tt+DM

• In both cases, veto events with isolated leptons
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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: EW 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

• ttbar/bbbar + MET

• Search for mediator in dijet final state
87
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MONO-JET	CANDIDATE
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MONO-JET	SPECTRUM
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MONO-PHOTON	CANDIDATE
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MONO-PHOTON	SPECTRUM
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Backup Searching for dark mediator production

Dijet+ISR search New! 2015+2016 data
ATLAS-CONF-2016-070

L1 trigger threshold remains a limitation

Circumvent by triggering on ISR object

Fit background and look for bumps
ISR photon: sensitive to smaller mZ0

ISR jet: more sensitive (when possible)
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Searching for dark mediator production

Dijet searches

Dijet searches probe dark mediators
If produced by q/g, it can also decay

Standard dijet search:
Sensitive to mZ0 & 1.5TeV

Can we circumvent the trigger barrier?
Trigger-level search:

Bandwidth = size ⇥ rate, reduce size
Reaches mediator mass of & 450GeV

Dijet+ISR search:
Trigger on ISR jet or ISR photon
ISR jet: mediator mass of & 350GeV
ISR �: mediator mass of & 200GeV

See Sapta’s talk at 17:00 today for
details on all three analyses (and more)

q
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gq gq

jet jet
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ISR photon

dijet pair

ISR jet
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SEARCH	FOR	MEDIATOR
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Searching for dark mediator production

Dijet searches

Dijet searches probe dark mediators
If produced by q/g, it can also decay

Standard dijet search:
Sensitive to mZ0 & 1.5TeV

Can we circumvent the trigger barrier?
Trigger-level search:

Bandwidth = size ⇥ rate, reduce size
Reaches mediator mass of & 450GeV

Dijet+ISR search:
Trigger on ISR jet or ISR photon
ISR jet: mediator mass of & 350GeV
ISR �: mediator mass of & 200GeV

See Sapta’s talk at 17:00 today for
details on all three analyses (and more)
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Searching for dark mediator production

Dijet summary New! 2015+2016 data
Exotics summary plot

Di↵erent dijet searches sensitive to di↵erent mass regimes
Analyses are working together to probe dark mediator parameter space

Below combination assumes a lepto-phobic axial-vector mediator
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INTERPRETATION
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LONG-LIVED	PARTICLES
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LONG-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 Run1 but no discrepancy or excess
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LONG-LIVED	APPROACHES
• 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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LONG-LIVED	TIMELINE

• Delayed charged tracks

• Tracks with large impact parameters

• Spatially displaced vertices

• Displaced Jets

• Delayed photons
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ATLAS	SUMMARY
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CombinedSummaryPlots/EXOTICS/ATLAS_Exotics_LLP_Summary/
ATLAS_Exotics_LLP_Summary.pdf
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CMS program covers a broad lifetime range
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CMS long-lived particle searches, lifetime exclusions at 95% CL

beamspot
beampipe

pixels tracker calo
CMSouter radius:

The LL program is sensitive to a 
wide variety of lifetimes, from well 
before the first active layer to well 
after the last active layer of CMS
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CMS	SUMMARY
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https://twiki.cern.ch/twiki/pub/CMSPublic/PhysicsResultsCombined/exo-limits_LL_Moriond_2016.pdf
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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
– β<1 so later time of arrival in detectors compared to common relativistic 

particles from collisions
– Smaller velocity implies larger ionization energy loss

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

• Dedicated muon reconstruction because of late 
arrival compared to standard muon
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Muon Drift Tube system
� CMS muon system has Drift Tube (DT) in the barrel region

� The DT staggered pattern can be exploited 
to measure the time of flight

� DT are timed so that �� �� particle, produced in pp 
interaction  give an aligned pattern of hits 

� A “slow” particle produce a zigzag pattern with offsets 
proportional to the deltaT

� Up to 44 measurement per track (if all four 
stations are crossed)

  

Muon Drift Tube system
� CMS muon system has Drift Tube (DT) in the barrel region

� The DT staggered pattern can be exploited 
to measure the time of flight

� DT are timed so that �� �� particle, produced in pp 
interaction  give an aligned pattern of hits 

� A “slow” particle produce a zigzag pattern with offsets 
proportional to the deltaT

� Up to 44 measurement per track (if all four 
stations are crossed)

standard muon
heavy muon
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ANALYSIS	METHOD

• Discriminating variables
–High pt tracks
–ionization energy loss
–time of flight
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MASS	MEASUREMENT	FROM	dE/dX

• Quadratic relation between measured energy loss Ih and mass

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

• Determine mass of heavy particles based on measured Ih and momentum p
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8 6 Ionization-based Mass Reconstruction

third band is from deuterons. Parameters K and C are determined from a fit to the proton band.
The fitted parameters are K = 2.579± 0.001 and C = 2.557± 0.001.

The mass spectrum obtained using Eq. 3 for all tracks with Ih > 5 MeV/cm and p < 2 GeV/c
is shown in Fig. 4 (right). The known values of the kaon and proton masses are also indicated
as vertical lines on the figure. The histogram obtained with MC does not display the deuteron
peak because PYTHIA does not produce such particles in pp collisions [9].
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Figure 4: Left: Distribution of the measured p and Ih for all reconstructed tracks with at least
12 hits in the silicon strip detector and good primary vertex compatibility from a data sample
collected with a minimum bias trigger. Right: reconstructed mass spectrum in data and MC for
all tracks used for the figure on the left, but with Ih > 5 MeV/cm and p < 2.0 GeV/c. Deuteron
production is not simulated in PYTHIA [9].

For mass values of 100 GeV/c2 or higher, the mass resolution is expected to worsen signifi-
cantly mainly because of the deterioration of the resolution on the p measurement. Another
instrumental effect affecting both the mass scale and the mass resolution is the silicon strip
tracker ADC cut-off, which becomes increasingly important as the HSCP � spectrum becomes
softer. Indeed, the lower the HSCP �, the higher its dE/dx and, therefore, the higher the chance
of having some of its charge measurements truncated. For 300 µm of silicon, truncation starts
at � values as low as 0.55. This � threshold grows with the square root of the path length and
reaches 1 (MIPs) for path lengths as long as 900 µm. As a consequence, the measured HSCP Ih
value will be underestimated and the resulting point in the 2-dimensional p-Ih plane will de-
part from the corresponding constant-mass curve and populate regions at lower mass values.
These effects are visible in Fig. 5, which has been obtained on the MC t̃1 signal samples. The
distribution of Ih and p for all reconstructed tracks passing the pre-selection and matched in
direction to the simulated HSCPs in the event are shown in Fig. 5 (left) along with the curves
resulting from Eq. 3, where m is set to the nominal t̃1 mass value. The small cloud of tracks
in the lower left corner of the figure is due to mismatched reconstructed tracks produced by
non-HSCP particles. Figure 5 (right) shows the resulting mass spectra, normalized to the num-
ber of events expected for the integrated luminosity used in this analysis. The degraded mass
resolution and the bias in the mass peak position are not relevant for the analysis presented in
this document, which is based on a counting experiment, as described in the next section.

6 6 Ionization-based Mass Reconstruction
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Figure 2: Left: distribution of Ias for the tracker-only data candidates passing the pre-selection
with and without the cluster cleaning procedure. Right: same distributions for a 200 GeV/c2

gluino MC sample, where only reconstructed tracks matched to the simulated HSCP particles
are considered. This distribution is normalized to the integrated luminosity of the analyzed
datasets.

A study performed on MC indicates that a selection that uses the Ias discriminator in the place
of the Ih estimator increases the signal-to-noise ratio by a factor 3. The division in subsamples
according to the track number of hits (⇥) brings an additional increase by a factor 8 (1.3).

6 Ionization-based Mass Reconstruction
The most probable value of the particle dE/dx is estimated using a harmonic estimator Ih of
grade k = �2:

Ih =
�

1
N �

i
ck

i

⇥1/k

with k = �2 (2)

where ci is the charge per unit path length of the i-th hit attached to a given reconstructed track.
In order to estimate the mass of highly ionizing particles, the following relationship between
Ih, p and m is assumed in the momentum region below that corresponding to the minimum of
ionization:

Ih = K
m2

p2 + C (3)

Equation 3 reproduces with an accuracy of better than 1% the Bethe-Bloch formula in the inter-
val 0.4 < � < 0.9, which corresponds to specific ionizations in the range of 1.1 to 4 times the
MIP specific ionization.

Figure 4 (left) shows the distribution of Ih versus p for all reconstructed tracks with at least
12 hits in the silicon strip detector and good primary vertex compatibility from a data sample
collected with a minimum bias trigger. The two bands departing towards high Ih values at
about 0.7 and 1.5 GeV/c in momentum are due to kaons and protons, respectively, while the



Shahram Rahatlou, Roma Sapienza & INFN

HSCP	MASS
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DISPLACED	JETS
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Physics models - hadronic jets

• ‘Hidden valley’ refers to a general class of models in which a hidden sector (v-sector) is added to SM


• v-particles don’t couple directly to SM, so need communicator particles: 


• Depending on coupling, this can lead to long lifetimes for the lightest v-particles


• One benefit of having a large detector, is we have the ability to look for them!

4

Scalar boson 

Scalar-boson mixing with 
hidden-sector boson, ΦHS.


ΦHS decays to a pair of πvs.

Z’ 

Z’ decays into v-quarks, 
which hadronize into πvs.
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4 5 Event reconstruction and preselection

The two sets of displaced tracks, corresponding to the two jets, are merged and fitted to a
common secondary vertex using an adaptive vertex fitter [25]. The vertex fitting procedure
down-weights tracks that seem inconsistent with the fitted vertex position, based on their c2

contribution to the vertex. To include a track in the vertex, its weight is required to be at least
50%. This procedure reduces the bias caused by tracks incorrectly assigned to the vertex, e.g.
tracks originating from pileup interactions. The secondary vertex fit is required to have a c2 per
degree of freedom less than 5. The distance in the transverse plane between the secondary and
the primary vertices, Lxy, must be at least eight times larger than its uncertainty. We require
that the secondary vertex includes at least one track from each of the two jets. This requirement
greatly reduces the background contribution from vertices due to nuclear interaction in the
tracker material. The nuclear interaction vertices are characterized by low invariant mass of
the outgoing tracks, making it unlikely that the outgoing tracks are associated with two distinct
jets. The invariant mass formed from all tracks associated with the vertex, assuming the pion
mass for each track, must be larger than 4 GeV and the magnitude of the vector pT sum of
all tracks must be larger than 8 GeV. Vertices can be misreconstructed when displaced tracks
originating from different physical vertices accidentally cross. To suppress such vertices, for
each of the vertex tracks we count the number of missing tracker measurements along the
trajectory starting from the secondary vertex position until the first measurement is found.
We require that the number of missing measurements per track, averaged over all the tracks
associated with the displaced vertex, is less than 2.

If a long-lived neutral particle decays into a dijet at a displaced location, the trajectories of all
tracks associated with the dijet should cross the line drawn from the primary vertex in the
direction of the dijet momentum vector at the secondary vertex. The quantity Ltrack

xy , illustrated
in Fig. 1, is defined as the distance in the transverse plane between the primary vertex and the
track trajectory, measured along the dijet momentum direction. We use a clustering procedure

L
xy

PV

Dijet 
momentum

trajectory

track

Figure 1: Diagram showing the calculation of the distance Ltrack
xy . In the transverse plane, Ltrack

xy
is the distance along the dijet momentum vector from the primary vertex (PV) to the point at
which the track trajectory is crossed.

to test whether the distribution of Ltrack
xy is consistent with a displaced dijet hypothesis. Clusters
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DISPLACED	JETS

• Dedicated trigger
– 2 jets with displaced tracks selected at High Level Trigger

• Only track and vertex information used

106

EXO-12-038



12 8 Results
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Figure 5: The 95% CL upper limits on the product of the cross section to produce a heavy
resonance H that decays to a pair of neutral long-lived particles X, and the branching fraction
squared B2 for the X decay into a quark-antiquark pair. The limits are presented as a function
of the X particle mean proper decay length separately for each H/X mass point. Solid bands
show the ±1s range of variation of the expected 95% CL limits.
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DISPLACED	JET	INTERPRETATION

• Higgs-like interpretation remains a favorite benchmark

• Addition of calorimeter time information in Run2 under study
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DELAYED	CONVERTED	PHOTONS
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LONG-LIVED	NEUTRALINO
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DELAYED	PHOTON	WITH	TIMING
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Zero vs non-zero lifetime
Zero lifetime Non-zero lifetime

In-time photon
!Arrival time compatible with that of a 
relativistic particle from the IP

Off-time photon
!Arrival time sensibly increases with 
parent particle lifetime
!ΔT∼O(ns)
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SHAPE	OF	PHOTONS	IN	CALORIMETER
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Several clustering algorithms are used in CMS:
! Energy fully recovered (ECLU = ∑Ei)
! Precise position measurement
! Time from the hottest crystal
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DELAYED	PHOTONS	IN	7	TEV	DATA

112

• 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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A	SOLUTION	TO	HIGGS	MASS	DIVERGENCE
• scalar particles contribution to Higgs mass also quadratically 

divergent with MUV

•  Contribution with opposite sign compared to fermions

• 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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Scalar loops give a “quadratically divergent”
contribution to the Higgs squared mass also.
Suppose S is some heavy complex scalar
particle that couples to the Higgs.

λS

S

H

∆m2
H =

λS

16π2

[
M2

UV − 2m2
S ln (MUV/mS) + . . .

]

(Note that the coefficient of the M2
UV term from a scalar loop has the opposite

sign of the fermion loop.)

In dimensional regularization, the terms proportional to M2
UV do not occur. One

could adopt dimensional regularization (although it seems unphysical for this
purpose), and also assume that the Higgs does not couple directly to any heavy
particles. But there is still a problem. . .
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Contributions to m2
H from a Dirac fermion

loop:
H

λf λf

f

f

The correction to the Higgs squared mass parameter from this loop diagram is:

∆m2
H =

λ2
f

16π2

[
−2M2

UV + 6m2
f ln (MUV/mf ) + . . .

]

where λf is the coupling of the fermion to the Higgs field H .

MUV should be interpreted as the ultraviolet cutoff scale(s) at which new physics
enters to cut off the loop integrations.

So m2
H is sensitive to the largest mass scales in the theory.
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SUPERSYMMETRY	(SUSY)
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• Elegant new symmetry of Nature

• For each ½-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 ½ 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?
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• Many SUSY particles have already been observed
–leptons, quarks, W, and Z
–same particles included in SM

• But no SUSY partner of SM observed yet!

• 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



R = (�1)3(B�L)+2S

Shahram Rahatlou, Roma Sapienza & INFN

NEW	SYMMETRY:	R-PARITY

• 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

• 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 = +1 
particles
‣important for Dark Matter searches
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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 = +1 particle
– distinctive kinematic signature for X helps searching for NLSP
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What the individual searches 
are sensitive to is much more 
simple…!

Simplified model spectrum (SMS)!
with 3 particles, 2 decay modes!

Interpretation in Simplified Models "
CMSSM!

Shahram Rahatlou, Roma Sapienza & INFN

SUSY	SPECTRUM

• Lightest supersymmetric particle (LSP) stable and escapes detection
– missing energy in SUSY processes

• Next to lightest supersymmetric particle (NLSP)
– R-parity conservation: NLSP ➞ X + LSP
– Potentially long proper lifetime

120
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SUSY	PRODUCTION	VIA	QCD

121

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

Superparticle production at hadron colliders

SUSY particles are produced in pairs (because of R-parity).

Production via QCD generally dominates, even though squarks
and gluinos are typically heavy:
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ũL

C̃+
i

C̃−
j

q

q

Z
Ñi
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Ñi

Ñj
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Figure 9.1: Feynman diagrams for electroweak production of sparticles at hadron colliders from quark-
antiquark annihilation. The charginos and neutralinos in the t-channel diagrams only couple because
of their gaugino content, for massless initial-state quarks, and so are drawn as wavy lines superimposed
on solid.
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Figure 9.2: Feynman diagrams for gluino and squark production at hadron colliders from gluon-gluon
and gluon-quark fusion.
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Squark pairs
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Figure 9.1: Feynman diagrams for electroweak production of sparticles at hadron colliders from quark-
antiquark annihilation. The charginos and neutralinos in the t-channel diagrams only couple because
of their gaugino content, for massless initial-state quarks, and so are drawn as wavy lines superimposed
on solid.

g

g

g
g̃

g̃

g

g

g̃

g̃

g̃

g

g

g̃

g̃

g̃

g

g

g
q̃

q̃∗

g

g

q̃

q̃

q̃∗

g

g

q̃

q̃

q̃∗

g

g

q̃

q̃∗

g

q

q
q̃

g̃

g

q

q̃

q̃

g̃

g

q

g̃

q̃

g̃

Figure 9.2: Feynman diagrams for gluino and squark production at hadron colliders from gluon-gluon
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Figure 9.3: Feynman diagrams for gluino and squark production at hadron colliders from strong quark-
antiquark annihilation and quark-quark scattering.

belong to the C̃+
1 C̃−

1 and C̃1Ñ2 channels, because they have significant couplings to γ, Z and W bosons,
respectively, and because of kinematics. At the LHC, the situation is typically reversed, with production
of gluinos and squarks by gluon-gluon and gluon-quark fusion usually dominating, unless the gluino and
squarks are heavier than 1 TeV or so. At both colliders, one can also have associated production of a
chargino or neutralino together with a squark or gluino, but most models predict that the cross-sections
(of mixed electroweak and QCD strength) are much lower than for the ones in (9.1)-(9.6). Slepton pair
production as in (9.2) may be rather small at the Tevatron, but might be observable there or at the
LHC [210]. Cross-sections for sparticle production at hadron colliders can be found in refs. [211], and
have been incorporated in computer programs including [186],[212]-[217].

The decays of the produced sparticles result in final states with two neutralino LSPs, which escape
the detector. The LSPs carry away at least 2m

Ñ1
of missing energy, but at hadron colliders only

the component of the missing energy that is manifest in momenta transverse to the colliding beams
(denoted /ET ) is observable. So, in general the observable signals for supersymmetry at hadron colliders
are n leptons + m jets + /ET , where either n or m might be 0. There are important Standard Model
backgrounds to many of these signals, especially from processes involving production of W and Z
bosons that decay to neutrinos, which provide the /ET . Therefore it is important to identify specific
signals for which the backgrounds can be reduced. Of course, this depends on which sparticles are
being produced and how they decay.

The classic /ET signal for supersymmetry at hadron colliders is events with jets and /ET but no
energetic isolated leptons. The latter requirement reduces backgrounds from Standard Model processes
with leptonic W decays, and is obviously most effective if the relevant sparticle decays have sizable
branching fractions into channels with no leptons in the final state. One must choose the /ET cut high
enough to reduce backgrounds from detector mismeasurements of jet energies. The jets+/ET signature
is one of the main signals currently being searched for at the Tevatron, and is also a favorite possibility
for the first evidence for supersymmetry to be found at the LHC. It can get contributions from every
type of sparticle pair production, except sleptons.

The trilepton signal [218] is another possible discovery mode, featuring three leptons plus /ET , and
possibly hadronic jets. At the Tevatron, this would most likely come about from electroweak C̃1Ñ2

production followed by the decays indicated in eq. (8.4), in which case high-pT hadronic activity should
be absent in the event. A typical Feynman diagram for such an event is shown in fig. 9.4. It could
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Ñj

u

d

d̃L

C̃+
i

Ñj
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antiquark annihilation. The charginos and neutralinos in the t-channel diagrams only couple because
of their gaugino content, for massless initial-state quarks, and so are drawn as wavy lines superimposed
on solid.
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etc.

LHC reach depends on mass spectrum.
Reach for gluinos & squarks is typically out to about 2 TeV.

Heather Logan (Carleton U.) SUSY (3/4) HCPSS 2010
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SUSY	PRODUCTION	VIA	ELECTROWEAK

• Smaller cross section since EW coupling is smaller compared to 
QCD

122

Superparticle production at hadron colliders

Production via electroweak interactions is also possible.
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Ñj

u

d

d̃L

C̃+
i

Ñj
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Figure 9.1: Feynman diagrams for electroweak production of sparticles at hadron colliders from quark-
antiquark annihilation. The charginos and neutralinos in the t-channel diagrams only couple because
of their gaugino content, for massless initial-state quarks, and so are drawn as wavy lines superimposed
on solid.
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Ñj

q

q

q̃L,R

Ñi
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Slepton pairs
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Rates are smaller than for colored particles because production
cross sections involve EW couplings.

Heather Logan (Carleton U.) SUSY (3/4) HCPSS 2010
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SUSY	VS.	STANDARD	MODEL
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Supersymmetry
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SUSY	PHENOMENOLOGY
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SUSY	PHENOMENOLOGY
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Jets of 
~100’s GeV 

jets 

jets 

0,1,2 
Leptons 

of ~10’s GeV 

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

125



• 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 + 1 jet
– MET + > 1 jet
– MET + 1 lepton 
– MET  + 2 lepton

- same sign
- opposite sign

– MET + multi-leptons
– MET + high pt photon

• Model-independent strategy to constrain classes of models

Shahram Rahatlou, Roma Sapienza & INFN

SIGNATURE-BASED	SEARCH	STRATEGY
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5.5 Chargino-Neutralino Production with Decays to a Z Boson 23

We scale the number of signal events Nsig by the ratio Rsig as defined in Eq. (3). The signal is
simulated with MADGRAPH. The signal cross section increases from 8 to 14 TeV approximately
by a factor of 5 to 12 for sbottom masses between 300 and 700 GeV. The fake background yield
Nfake and the rare SM background yield Nrare are also scaled by Eq. (3). The scaling of Nfake is
based on the tt cross section ratio, and the scaling of Nrare is based on the ttW cross section ratio
of 3.3 between 14 and 8 TeV [46].
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Figure 20: The simplified model topology for direct sbottom production, where the sbottoms
decay to a top quark and a chargino each, and the chargino decays to a W boson and a LSP (a),
and the projected 5s discovery reaches for this model (b).

The uncertainty on each component of the background, srare and sfake, is comprised of a 50%
systematic uncertainty and a statistical component. For Scenario A, the uncertainties remain
the same as for the 8 TeV analysis, except for the statistical uncertainty on the fake prediction,
which is scaled down by the square-root of the luminosity and cross section increase, as this
uncertainty is driven purely by the fakeable object count in the isolation sideband. For Sce-
nario B, the signal extrapolation is done in the same way, but the systematic uncertainty on
the rare SM background is reduced from 50% to 30%, as it can be assumed that the cross sec-
tions and kinematic properties of these processes will be measured and better understood. The
systematic uncertainty on the fake background is reduced from 50% to 40%.

Figure 20 shows the topology of the investigated simplified model and the 5s discovery region,
which is extended up to sbottom masses of 600–700 GeV and LSP masses up to 350 GeV.

5.5 Chargino-Neutralino Production with Decays to a Z Boson

With higher luminosities, the searches for the electroweak SUSY particles may become increas-
ingly more important. Charginos and neutralinos can be produced in cascade decays of gluinos
and squarks or directly via electroweak interactions, and, in the case of heavy gluinos and
squarks, gauginos would be produced dominantly via electroweak interactions. Depending
on the mass spectrum, the charginos and neutralinos can have significant decay branching
fractions to leptons or on-shell vector bosons, yielding multilepton final states. Here the pro-
jections of the discovery reach for direct production of c̃

±
1 and c̃

0
2, which decay via W and Z

bosons into the LSP (c̃0
1) [39], are presented. This production becomes dominant if sleptons are
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Figure 22: The simplified model topology for direct c̃

±
1 c̃

0
2 production decaying to the WH +

Emiss
T final state (a), and the projected 5s discovery projections for this model (b).

6 Discovery Potential: Exotic New Particles
In this section the discovery potential for exotic signs of new physics with the 14 TeV HL-LHC
dataset at CMS is explored. The benchmark channels presented below include searches for
additional gauge bosons (Z0 and W0), dark matter in the monolepton + MET channel, heavy
stable charged particles, and vector-like top partners.

6.1 Searches for Heavy Gauge Bosons Decaying to Lepton Pairs

A search for additional heavy gauge bosons decaying to lepton pairs has been performed with
the existing 7 and 8 TeV datasets [48]. In order to project the discovery potential of this search
to the HL-LHC scenarios, the background and signal yields are predicted using generator level
simulation parameterized by the efficiencies and resolutions measured in the 8 TeV data. The
POWHEG event generator and CT10 PDF sets were used to generate tt and the dominant Drell-
Yan backgrounds, while WW events were generated using PYTHIA. Samples of Z0 events were
also generated using PYTHIA and no interference effects were considered.

The same acceptance is assumed as in the 8 TeV search. In the electron channel, each electron
is required to have ET >35 GeV and be reconstructed with |h| < 1.442 (ECAL barrel region) or
1.56 < |h| < 2.5 (ECAL endcap region). At least one electron must be found in the barrel region.
Also studied is a case of reduced acceptance due to the degradation of the ECAL endcaps at
high luminosity, where both electrons are required to be in the barrel region. In the muon
channel, both muons are required to have pT > 45 GeV; one muon must be within |h| < 2.1 and
the other within |h| < 2.4. The effects of lepton isolation are simulated by requiring DR > 0.8
between the leptons and jets in tt background events.

Signal and background events are simulated at generator level and smeared to simulate the
detector response. The electron identification efficiency is taken to be 88% per electron, from
the 8 TeV analysis. The pT of electrons within the ECAL barrel (endcap) acceptance is smeared
by 0.8% (1.6%). Very high energy deposits in a single ECAL crystal (above ⇠1.7 TeV in the
barrel and above ⇠3.0 TeV in the endcap) will result in saturation of electronics readout. While
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What the individual searches 
are sensitive to is much more 
simple…!

Simplified model spectrum (SMS)!
with 3 particles, 2 decay modes!

Interpretation in Simplified Models "
CMSSM!
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Simplified	model	spectra	

ICHEP2016,	Aug	9,	2016	 Searches	for	SUSY	 8	

THE	interpretaCon	tool	for	SUSY	searches	@	LHC	

Pros	
•  closely	related	to	exp.	observables	

⁃  understand	features	

•  limited	number	of	parameters	

⁃  results	as	2D	scans	

•  “easy”	reinterpretaCon	(cross-secCon	limit)	

Cons	
•  no	complete	model	

⁃  consistency,	higher-order	correcCons?	

•  applicaCon	to	other	(full)	models	

⁃  ignores	details	of	producCon,	

spin	structure,	…	

A	short	interpretaCon	guide	

KinemaCc	limit	

Expected	(median)	mass	limit	
•  at	nominal	producCon	cross	secCon	

•  1σ	variaCons	due	to	stat+syst	

Map	of	observed	

cross	secCon	limits	
•  under	assumpCon	BR=1	

Observed	mass	limit	
•  variaCons	correspond	to		
±1σ	uncertainty	on	the	total	
producCon	cross	secCon	

Courtesy of W. Adam 
ICHEP 2016
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Figure 1. Illustration of stop decay modes in the plane spanned by the masses of the stop (t̃
1

)
and the lightest neutralino (�̃

0

1

), where the latter is assumed to be the lightest supersymmetric
particle. Stop decays to supersymmetric particles other than the lightest supersymmetric particle
are not displayed.

where the �̃±
1

can decay to the lightest neutralino by emitting an on- or o↵-shell W boson

(�̃
±
1

! W (⇤)�̃0

1

). The t̃
1

! b�̃
±
1

decay is considered for a stop mass above around 100 GeV

since the LEP limit on the lightest chargino is m�̃±
1

> 103.5 GeV [30].

This article presents a search for direct t̃
1

pair production in final states with exactly

one isolated charged lepton (electron or muon,3 henceforth referred to simply as ‘leptons’),

several jets, and a significant amount of missing transverse momentum, the magnitude

of which is referred to as Emiss

T

. The lepton arises from the decay of either a real or a

virtual W boson, and the potentially large Emiss

T

is generated by the two undetected LSPs

and neutrino(s). All stop decay modes described above except for the FCNC modes are

considered, as illustrated in figure 2. With several decay modes kinematically available,

the t̃
1

decay branching ratio is determined by factors including the stop mixing matrix and

the field content of the neutralino/chargino sector. Results are mainly based on simplified

models that have 100% branching ratio to one or a pair of these specific decay chains. In

addition, phenomenological MSSM (pMSSM) [31] models are used to study the sensitivity

to realistic scenarios where more complex decay chains are present alongside the simpler

ones.

Searches for direct t̃
1

pair production have previously been reported by the ATLAS [32–

38] and CMS [39–43] collaborations, as well as by the CDF and DØ collaborations (for ex-

ample refs. [44, 45]) and the LEP collaborations [46]. Indirect searches for stops, mediated

by gluino pair production, have been reported by the ATLAS [47–50] and CMS [39, 40, 51–

55] collaborations.

3Electrons and muons from ⌧ decays are included.
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Figure 2. Diagrams illustrating the considered signal scenarios, which are referred to as (a) t̃
1

!
t�̃

0

1

, (b) t̃
1

! bW �̃0

1

(three-body), (c) t̃
1

! bff 0�̃0

1

(four-body), (d) t̃
1

! b�̃
±
1

. Furthermore, a non-
symmetric decay mode where each t̃

1

can decay via either t̃
1

! t�̃
0

1

or t̃
1

! b�̃
±
1

is considered (not
shown). In these diagrams, the charge-conjugate symbols are omitted for simplicity; all scenarios
begin with a top squark–antisquark pair. The three-body and four-body decays are assumed to
proceed through an o↵-shell top quark, and an o↵-shell top quark followed by an o↵-shell W boson,
respectively.

2 Analysis strategy

Searching for t̃
1

pair production in the various decay modes and over a wide range of stop

masses requires di↵erent analysis approaches. The t̃
1

pair production cross-section falls

rapidly with increasing stop mass m
˜t1

: for the range targeted by this search, m
˜t1

⇠ 100–

700 GeV, the cross-section at
p

s = 8 TeV proton–proton (pp) collisions decreases from

560 pb to 8 fb. While the various t̃
1

decay modes considered all have identical final state

objects — one electron or muon accompanied by one neutrino (or more for a leptonic ⌧

decay), two jets originating from bottom quarks (b-jets), two light-flavour jets, and two

LSPs – their kinematic properties change significantly for the di↵erent decay modes and

as a function of the masses of the stop, LSP, and lightest chargino (if present). The

search presented in this paper is based on 15 dedicated analyses that target the various
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Use parton luminosities to illustrate the gain of 14 vs 8 TeV !

Higgs:!
pp " H,  H"WW, ZZ and γγ

mainly gg:  factor ~2  
 
SUSY – 3rd Generation: 
Mass scale ~ 500 GeV  
qq and gg:  factor ~3 to 6 
 
SUSY – Squarks/Gluino: 
Mass scale ~ 1.5 TeV  
qq,gg,qg:  factor ~40 to 80 
 !
Z� :!
Mass scale ~ 5 TeV  
qq:  factor ~1000 

SUSY!
3rd Gen!

~500 GeV!

SUSY!
squarks/Gluino !

~1.5 TeV!

Higgs!
125 GeV!

Z� !
~5.0 TeV!

Increase in energy will help a lot!  
Not just for SUSY... 

Outlook: 8 TeV vs 14 TeV"
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WHAT	HAVE	WE	LEARNED?
• Largest scientific machine ever built performed beyond 

expectations
– First particle discovered in 20 years

• 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 (1019 GeV)
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OUTLOOK

• Extensive search program just starting to probe new territories
beyond Standard Model
– Only most basic and simplistic theories probed at this point

• 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
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OUTLOOK

• Extensive search program just starting to probe new territories
beyond Standard Model
– Only most basic and simplistic theories probed at this point

• 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 1

• Exploration of a new territory just begun
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Only Higgs ?

… also New Exotic 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 

138

20 New Particles Working Group Report

In the context of supersymmetry, Z 0 can play an important role, such as the solution of the µ problem and
the mediator of the supersymmetry breaking. Z 0 decaying into superpartners can be an important discovery
channel.

In addition to Z 0 minimal gauge couplings to the Standard Model fermions discussed here, gauge-invariant
anomalous (magnetic moment type) couplings with the known fermions could also be present. The dilepton
final states, like e+e� and µ+µ�, are still the most clear channels. The reach of this scenario at hadron
colliders have been presented in [70]. For example, with integrated luminosity of 3 ab�1, pp collider at 14(33)
TeV can discover such a Z 0 up to 6(13) TeV.

1.3.3.2 New hadronic resonances
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Hadron colliders are also ideal for searching for new leptophobic resonances by looking for a peak in the
dijet invariant mass distribution. Aside from serving as a standard candle for understanding experimental
issues such as jet energy resolution, these searches are strongly motivated in theories with a new U(1) baryon
number gauge symmetry, coloron models, and models of Universal Extra Dimensions (UED). The discovery
reach in the coupling–mass plane [96] for LHC and HL-LHC, a 33 TeV pp collider, and a 100 TeV pp collider

Community Planning Study: Snowmass 2013
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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

138
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would also push sensitivity to lower couplings in

the several hundred GeV mass range.

The plot is not extended above gB = 2.5,

because the U(1)B coupling constant is already

large, αB = g2B/(4π) ≈ 0.5, so that it is diffi-

cult to avoid a Landau pole. For that large cou-

pling, the current mass reach is around 2.8 TeV.

The 14 TeV LHC will extend significantly the

mass reach, and can probe smaller couplings once

enough data is analyzed. Note that couplings of

gB ≈ 0.1 can be viewed as typical (the analogous

coupling of the photon is approximately 0.3), and

even gB as small as 0.01 would not be very sur-

prising.

We also present the coupling–mass mapping

for colorons in Figure 2. For clarity, we only

show the envelope of the strongest tan θ upper

limits from all available analyses at each coloron

mass. This mapping is performed again using

leading order production. The NLO corrections

to coloron production have been computed re-

cently [47], and can vary between roughly −30%

and +20%. We do not take the NLO corrections

into account as we do not have an event gen-

erator that includes them; furthermore, there is

some model dependence in the NLO corrections

at small tan θ (for example, they are sensitive to

the color-octet scalar present in ReCoM [34]).
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Figure 1-17. Left panel, the discovery reaches for KK-gluon in minimal UED model at hadron colliders.
Right panel, the discovery reaches for KK-gluon in next-to-minimal UED model at hadron colliders.

Hadron colliders are also ideal for searching for new leptophobic resonances by looking for a peak in the
dijet invariant mass distribution. Aside from serving as a standard candle for understanding experimental
issues such as jet energy resolution, these searches are strongly motivated in theories with a new U(1) baryon
number gauge symmetry, coloron models, and models of Universal Extra Dimensions (UED). The discovery
reach in the coupling–mass plane [96] for LHC and HL-LHC, a 33 TeV pp collider, and a 100 TeV pp collider
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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 1T just started. DarkSide (Liquid Argon) 20k underway

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