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Long-lived NLSPs

Theoretical motivation for 
many new searches!



Some references
GGM theory:

Meade, Seiberg & DS (0801.3278)

Buican, Meade, Seiberg & DS (0812.3668)

GGM collider phenomenology

Meade, Reece & DS (0911.4130) 

Meade, Reece & DS (1006.4575)

Ruderman & DS (1009.1665)

Ruderman & DS (to appear)



It’s a good time to discover new physics! Where will we find it?

Tevatron LHC

SUSY predicts many promising collider signatures.

We are entering a golden era of particle physics.

Discoveries are on the horizon! What will we find?
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Supersymmetry
Low energy supersymmetry is a compelling candidate 
for physics beyond the Standard Model. 

Among its virtues are:

Solution to the gauge hierarchy problem

∼ (100 GeV)2

(1016 GeV)2
∼ 10−28

Fine tuning

Opposite spin 
“superpartners”

Extends chiral 
symmetry to 
the Higgs!

h ∼ λ2

16π2
M2

cutoff(δm2
h)SM =

(δm2
h)tot = 0

∼ − λ2

16π2
M2

cutoff(δm2
h)MSSM =

h
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Among its virtues are:

Solution to the gauge hierarchy problem

Gauge coupling unification

Gauge couplings unify to 
percent level in the MSSM

Much better than in the SM 
alone

(Could be an accident; cf 
solar eclipses...)
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Supersymmetry
Low energy supersymmetry is a compelling candidate 
for physics beyond the Standard Model. 

Among its virtues are:

Solution to the gauge hierarchy problem

Gauge coupling unification

Unique extension of spacetime symmetries 

Calculable framework

Distinctive phenomenology

Dark matter (?)
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SUSY Breaking
SUSY predicts degenerate masses for scalars and 
fermions in a multiplet.

But none of the superpartners have been observed!

If SUSY exists, it must be a 
spontaneously broken 

symmetry!quarks, 
leptons, 
W, Z

squarks, 
sleptons, 
gauginos



Vacuum energy

Vacuum energy is an order parameter for SUSY 
breaking. Nonzero iff SUSY is broken. 
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Vacuum energy

Vacuum energy is an order parameter for SUSY 
breaking. Nonzero iff SUSY is broken. 

SUSY vacua
meta-stable vacuum

F
2 ≡ �0|H|0� ∝

��Qα|0�
��2 +

��Q̄α̇|0�
��2



Goldstino
Bosonic 
Global 

Symmetry

massless 
Goldstone 

boson

Fermionic 
Global 

Symmetry

massless 
Goldstone 
fermion

Massless Goldstino is a universal feature of spontaneous 
SUSY breaking.

After coupling to gravity, Goldstino is “eaten” by spin 3/2 
gravitino.

m3/2 =
F√
3Mpl
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How does one build a viable model of SUSY breaking?

Directly in the MSSM? 
Not viable due to EWSB, sparticle spectrum...

SUSY-breaking communicated at tree-level to the MSSM? 
Not viable due to supertrace theorem (Dimopoulos & Georgi):

Tr(−1)F m2 = 0 ⇒
�

i

m2
d̃i

=
�

i

m2
di
≈ (5 GeV)2

MSSM must be extended to include a 
separate SUSY-breaking sector!

SUSY-breaking must be communicated 
radiatively (via loops of heavier 

“messenger” fields) to the MSSM!

Realistic SUSY Breaking
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Hidden sector:
SUSY

“Messengers”

Visible sector:
MSSM

Signatures
with R-parity
without R-parity

NMSSM
...

gauge mediation

gravity mediation

anomaly mediation
...

3-2 model
IYIT

ISS
...

collider 
signatures

...

FCNCs

EDMs

dark 
matter

cosmology

Complete 
supersymmetric 

model

The SUSY Paradigm
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�
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∼ (100 GeV)2

Type

high scale SUSY;
gravity mediation 

very high scale SUSY;
anomaly mediation

low scale SUSY;
gauge mediation

M κ
√

F

Mpl

(∼ 1018 GeV)

Mpl

M �Mpl

O(1)

∼ α

4π

∼ α

4π

1010 GeV

1012 GeV

√
F � 1010 GeV

m3/2

100 GeV

106 GeV

� 100 GeV
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√
F

104 GeV 1010 GeV 1012 GeV

Anomaly 
mediation

Gravity 
mediation

Gauge 
mediation

How to distinguish between the different scenarios?

Flavor and CP

The lightest superpartner

Scales of SUSY Breaking 
and Mediation

M ∼Mpl

κ ∼ 1κ ∼ α

4π

M �Mpl

κ ∼ α

4π

M ∼Mpl
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After integrating out the hidden and messenger sectors, 
we are left with explicit SUSY-breaking in the MSSM.

Must be ``soft” (dimensionful), otherwise quadratic 
divergences re-introduced.

Analogous to fermion masses and chiral symmetry 
breaking in the SM.

3 complex gaugino masses 3x3 Hermitian squark 
and slepton masses

Lsoft = −1
2

3�

i=1

Miλiλi −
�

f=Q,ū,d̄,L,ē

f̃
†
m

2
f f̃ + (Higgs)

potential CP violation! potential flavor violation!

Soft SUSY Breaking



There are strong experimental constraints on SUSY-
breaking in the MSSM.

                   parameters. A generic point in this 
parameter space is ruled out by precision 
experimental tests.

“SUSY flavor problem” and “SUSY CP problem”

Lsoft → 100+

Br(µ→ eγ)exp < 1.2× 10−11 (∆mK)exp = (3.483± 0.006)× 10−12 MeV

Soft SUSY Breaking



SUSY Flavor Problem
In general, the scalar soft masses can be written 
using a “spurion” for SUSY-breaking:

With Planck-scale mediation, no a priori reason for 
flavor-diagonal scalar masses.

In scenarios such as “mSUGRA”, this property is 
simply assumed.

In low-scale SUSY-breakng (gauge mediation), it is 
derived.

Lsoft ⊃
�

i,j

�
d4θ cij

X†XQ†
iQj

M2
, �X� = θ2F
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Lightest Superpartner
High-scale SUSY-breaking: LSP ∈ MSSM. Together 
with R-parity, this can be WIMP DM.

Low-scale SUSY-breaking: gravitino LSP

Then the lightest MSSM sparticle becomes the 
next-to-lightest superpartner (NLSP).  

m3/2 =
F√
3Mpl

∼ eV −GeV

MSSM

gravitino LSP

NLSP
{ ..

.



Type Pros Cons

Gravity mediation WIMP DM candidate
doesn’t solve SUSY flavor 

problem; 
uncalculable framework 

Anomaly mediation solves SUSY flavor problem
tachyonic sleptons; 

requires “sequestering” usual 
gravity mediation terms

Gauge mediation
solves SUSY flavor problem; 

calculable framework;
viable spectrum

no WIMP DM

Will focus on gauge mediation in the remainder of these lectures.

SUSY Scenarios
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Gauge Mediation

Gauge mediation is a calculable, viable framework 
that automatically solves the SUSY flavor problem.

The idea is to communicate SUSY-breaking to the 
MSSM via the SM gauge interactions themselves.

Messengers are charged under SU(3)xSU(2)xU(1); no 
direct coupling to the MSSM.

Hidden sector:
SUSY+...

Visible sector:
MSSM+...SU(3)xSU(2)xU(1)



To date, many models of gauge mediation have been 
constructed, with a wide variety of predictions. 

Questions for the LHC era:

What are the general predictions of gauge 
mediation? 

How large is the parameter space?

If we discover new physics at the LHC, how can we 
tell whether or not it’s gauge mediation?

Gauge Mediation
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General Gauge Mediation
(Meade, Seiberg & DS)

Hidden sector:
spontaneously breaks SUSY at a scale M
has a weakly-gauged global symmetry
includes messengers, if present

Theory decouples into separate hidden and visible sectors 
in g->0 limit.

Philosophy: work exactly in the hidden sector but to 
leading order in g.

Hidden sector
SUSY+...

Visible sector:
MSSM+...

G ⊃ GSM



General Gauge Mediation
Want to calculate the soft masses in this framework. 

Rough idea is that they should be given by the 
following diagrams:

db c

a

e
Fig. 1: The graphical description of the contributions of the two point functions
to the soft masses. (a) represents the gaugino mass contribution from !j!j"". In

(b)-(e) the various contributions to the soft scalar masses are given: (b) !J", (c)
!JJ", (d) !j!j!̇", and (e) !jµj#". It should be stressed that the blobs in the figures

represent hidden sector correlation functions. The leading contribution in theories

with messengers arises from one loop of the messengers, but in general when there
are no messengers, it is more complicated.

So far we have discussed the simpler case of a single U(1) gauge group here, in the

case of the actual MSSM one has to consider the separate SU(3), SU(2) and U(1) gauge

groups. We will label the gauge groups by r = 3, 2, 1, respectively. If we want the gauge

couplings to unify, then the value of c(r) = c must be independent of r (assuming SU(5)

normalization of the U(1) factor of course) and we want the thresholds !C(r)
a (0) to depend

weakly on r. Moreover, if we want perturbative unification, then there is an upper bound

on the magnitude of c. These are examples of some completely general constraints on the

SUSY breaking sector that can be derived using our formalism.

Now, it is straightforward to find the sfermion and gaugino masses of the MSSM.

In Figure 1 we show the diagrams involving the current correlation functions which are

responsible for the MSSM soft masses.

The gaugino masses arise at tree level in the e!ective theory (3.2); to leading order
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case of the actual MSSM one has to consider the separate SU(3), SU(2) and U(1) gauge

groups. We will label the gauge groups by r = 3, 2, 1, respectively. If we want the gauge

couplings to unify, then the value of c(r) = c must be independent of r (assuming SU(5)

normalization of the U(1) factor of course) and we want the thresholds !C(r)
a (0) to depend

weakly on r. Moreover, if we want perturbative unification, then there is an upper bound

on the magnitude of c. These are examples of some completely general constraints on the

SUSY breaking sector that can be derived using our formalism.

Now, it is straightforward to find the sfermion and gaugino masses of the MSSM.

In Figure 1 we show the diagrams involving the current correlation functions which are

responsible for the MSSM soft masses.

The gaugino masses arise at tree level in the e!ective theory (3.2); to leading order
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Current Supermultiplet
We can make this precise by studying the currents of 
G and their correlation functions.

The current belongs to a supermultiplet:

By current conservation and Lorentz invariance, the 
nonzero two-point functions are:

jµ → (J, jα, j̄α̇, jµ) (Assume G=U(1) 
for simplicity)

�J(x)J(0)� → C0(x)
�jα(x)j̄α̇(0)� → C1/2(x)
�jµ(x)jν(0)� → C1(x)
�jα(x)jβ(0)� → B(x)



Coupling to visible sector
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g2(MB̃(0)λλ + c.c.) + . . .
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Gaugino mass:

δLeff =
1
2
g2C̃0(0)D2 − g2C̃1/2(0)iλσµ∂µλ̄− 1
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−1
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Figure 4: Feynman diagrams for two-photon processes arising from neutralino and chargino production. At

left, the typical process in MGM, where χ̃±1 are mostly wino and decay through sleptons to the mostly-bino

χ̃0
1. The final state includes energetic tau leptons. At right, a typical process with mostly-Higgsino NLSPs,

which are produced directly. The small splitting between χ̃±1 and χ̃0
1 leads to a three-body decay through

off-shell W with very little phase space, so there are relatively soft leptons or jets in the final state.

much softer, and the event could contain little additional activity beyond γγ+ �ET. Examples

of the different decay chains are shown in fig. 4.

Various other Tevatron searches involving energetic photons and missing ET exist [52–

54]. We have analyzed them in some detail; while some parts of parameter space can be

excluded with these results, we find that the limit from γγ + �ET is always much stronger,

and so we will not discuss them in detail.

5 Searches Relevant to wino co-NLSPs

5.1 Searches for γ + W + �ET

CDF has published a search for γ + � + �ET with 0.93 fb−1 of data [55]. They selected for

at least one isolated photon and at least one isolated lepton (e or µ) with pT > 25 GeV

and |η| < 1. They also required �ET > 25 GeV. They found 163 events with an expected

background of 150.6± 13.0. This null result sets a 95% confidence limit on the cross section

times branching fraction for general neutralino NLSPs:

σ × Br× ε < 40 fb (5.1)

With 10 fb−1, the projected bound is

σ × Br× ε < 8 fb (5.2)
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on NLSP type.
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Slepton co-NLSPs in MGM

A popular example is minimal gauge mediation (MGM),

W = λ X φi φ̄i

Slepton co-NLSPs occur when N � 3 and tanβ � 10.
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But in GGM there are many different possible spectra.

heavy squarks and gluinos

bino or slepton (co-)NLSP
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diphoton+MET (bino NLSP)

delayed photons+MET (bino NLSP)

OS dilepton+MET (slepton co-NLSP; LEP only) 

long-lived stau NLSP

....

Heavy squarks & gluinos => electroweak sparticle production 
only...
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Also, their limits are often expressed in terms of 
unphysical MGM parameters:

Difficult to interpret more generally!

7

Background events Expected signal events Observed events
Genuine E/T No E/T Physics Total ! = 75 TeV ! = 90 TeV

E/T > 30 GeV 0.97±0.12 9.62±1.12 0.19±0.07 10.8±1.1 28.3±4.2 8.7±1.3 16
E/T > 60 GeV 0.11±0.04 1.44±0.43 0.08±0.04 1.6±0.4 18.1±2.7 6.4±1.0 3

TABLE I: Numbers of background events from W!, W + jet, and tt̄ (Genuine E/T ), no inherent E/T (No E/T ), Z!! ! ""!!
and W!! ! #!!" (Physics) processes; the total number of expected background events; numbers of expected GMSB SUSY
signal events for two values of !; and the observed numbers of events for E/T > 30 GeV and 60 GeV. Errors are statistical and
systematic combined.

!, TeV m!̃0
1
, GeV m

!̃+
1
, GeV $LO, fb k-factor E"ciency

70 93.7 168.2 215 1.21 0.17 ± 0.03
75 101.0 182.3 148 1.20 0.18 ± 0.03
80 108.5 198.1 97.5 1.19 0.18 ± 0.03
85 115.8 212.0 65.4 1.18 0.19 ± 0.03
90 123.0 225.8 41.8 1.17 0.19 ± 0.03
95 130.2 239.7 29.5 1.16 0.20 ± 0.03
100 137.4 253.4 20.6 1.15 0.20 ± 0.03
105 144.5 267.0 14.4 1.14 0.18 ± 0.03
110 151.7 280.7 10.3 1.13 0.19 ± 0.03

TABLE II: Points on the GMSB Snowmass Slope model:
neutralino and chargino masses, cross sections predicted by
PYTHIA, k-factors, and reconstruction e"ciencies with total
uncertainty.
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FIG. 2: Predicted cross section for the Snowmass Slope model
versus !. The observed and expected 95% C.L. limits are
shown in solid and dash-dotted lines, respectively.
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for GMSB

This is starting 
to change! 

See CMS 10002, 
10008, 11002 



General GMSB Signatures

MGM 
signatures

But there is 
much more to do!
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General GMSB Signatures
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Model independence! All possibilities are equally valid! Don’t want to miss anything!!

(see also Tevatron Run II SUSY working group hep-ph/0008070)



GMSB ≠ MGM !!!



Signatures of GMSB
Since GGM, there has been renewed interest in 
general collider signatures of gauge mediation.

Carpenter (0812.2051)

Rajaraman, Shirman, Smidt & Yu (0903.0668)

Katz & Tweedie (0911.4132), (1003.5664) 

Abel, Dolan, Jaeckel & Khoze (0910.2674), (1009.1164)

Jaeckel, Khoze & Wymant (1102.1589)

Nakamura & Shirai (1010.5995)

.......



GMSB @ LHC
In order to maximize our chances for discovering gauge 
mediation at the LHC, we should be as model 
independent as possible.

But GGM parameter space is too large to study fully.

We advocate the following approach:

Consider each NLSP type separately.

Simplify spectra: keep only sparticle content necessary for 
production and signature, decouple all other sparticles

Focus on strong production (gluinos and squarks): most relevant 
for early LHC

(Meade, Reece, DS; 
Ruderman, DS)



GMSB @ LHC
In order to maximize our chances for discovering gauge 
mediation at the LHC, we should be as model 
independent as possible.

But GGM parameter space is too large to study fully.

We advocate the following approach:

Consider each NLSP type separately.

Simplify spectra: keep only sparticle content necessary for 
production and signature, decouple all other sparticles

Focus on strong production (gluinos and squarks): most relevant 
for early LHC

(For similar approaches in other contexts, see 
Dube et al; Alwall, Schuster & Toro; Wacker et al)

(Meade, Reece, DS; 
Ruderman, DS)



The End
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Sum Rules

Five MSSM sfermion masses f=Q,U,D,L,E are given in terms 
of 3 parameters            . So there must be 2 relations. 

These take the form:

Sum rules true at the scale M. (Small) corrections from RG 
and EWSB. 

These relations were known before in specific different 
models (Martin & Ramond; Faraggi et al; Kawamura et al; Martin; 
Dimopoulos et al). Here we see they are completely general.
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