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String Pheno @ The LHC Age

New Physics Scenario + Ingredient from string compactification 
+ Pheno. Constraints is already stringent

Focusing on models which could be seen and tested in near future

The more phenomenological approach:

String Theory Stringy Structure
TeV Scale New 

Physics

?experiment
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and many others: V. Bouchard, S. Cecotti, M. Cheng, J. Conlon, J. 
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Tavanfar, T. Watari, M. Wijnholt . . . . . .

What are the ingredients for F-GUT 

SUSY breaking and U(1)PQ deformation

LHC signals and searching strategy 

Focus on the F-theory GUT model

Plan of my talk

F-theory

F-GUT

LHC

?



Local Model

Focusing on the UV motivated gauge theories -- Local models gravity can be 
decoupled 

Requiring GUT and decoupling limit severely restrict the model

SM Gauge + Matter

4d space-time

B6

S4

MGUT /Mpl ∼ 10−3



F-theory Ingredients for Model 
Building

Gauge fields --> ADE Singularity

Matter fields --> Curve with enhanced symmetry

Yukawa --> Point with enhanced symmetry

S4 × C2/ΓADE

SU(6)

Q

D

SO(12)

Hd

SU(6)
5̄× 5̄× 10

Total 
dim

Internal 
dim

Gravity 10 6

Gauge 8 4

Matter 6 2

Yukawa 4 0



Hierarchical CKM matrices 

μ term from the vev of a GUT singlet

U(1)PQ symmetry

Right-handed Neutrino

E8 Point Unification

E8 enhanced symmetry 

Heckman and Vafa, arXiv:0811.2417
Heckman,Tavanfar and Vafa, arXiv:0906.0581

min. number of geometric ingredients necessary

E8 breaking pattern

E8 ⊃ SU(5)GUT × SU(5)⊥

broken by U(1) flux to
SU(3)× SU(2)× U(1)

broken to U(1)s by geometry



Majorana Neutrino Scenario

Extra matter

Only one U(1) survive, PQ charge fixed

Dirac Neutrino Scenario

Two U(1)’s :

E8 Point Unification

10⊕ 10

U(1)PQ U(1)χ

straint:

(−t1 − t2) + (tj + tk) + (t1 − t2) = 0, (4.54)

which is not possible, because t2 appears twice in the constraint. Hence, in all cases we

find that an E7 point of enhancement cannot accommodate either a Dirac, or a Majorana

scenario.

It is quite remarkable that flavor considerations from quarks and leptons push the en-

hancment point all the way up to E8. We now turn to a classification of possible mondromy

group orbits compatible with the other elements of F-theory GUTs.

5 Matter and Monodromy in E8

Taking seriously the idea of unification naturally suggests combining the various ingredients

of F-theory GUTs in the minimal number of geometric ingredients necessary. Indeed, as we

have seen in section 4, the presence of an E8 point is not so much an aesthetic criterion, as a

necessary one in order to generate hierarchical CKM and PMNS matrices. The aim of this

section is to classify F-theory GUT models consistent with this E8 point of enhancement.

The only assumptions we shall make are that the following interaction terms be present in

the low energy theory:

�
d

2θ 5H × 10M × 10M +

�
d

2θ 5H × 5M × 10M + Neutrinos +

�
d

4θ
X

†
HuHd

ΛUV
, (5.1)

where here, X is a GUT singlet localized on a curve. In fact, the result we obtain will not

strictly require X
†
HuHd/ΛUV, but will also apply to µ-terms generated through the vev of

a GUT singlet S through the F-term
5
:

�
d

2θ SHuHd. (5.2)

In order for a GUT scale µ-term to not be present, we shall also require the presence of a

continuous global Peccei-Quinn symmetry. In the context of Majorana neutrino scenarios,

there is a unique PQ symmetry available, with charge assignments [8]:

5M 10M 5H 5H X
†

NR

Majorana U(1)PQ +2 +1 −2 −3 +5 0
. (5.3)

In the case of Dirac neutrino scenarios, there is a certain degree of flexibility. For simplicity,

5Note that the field S whose vev gives rise to the µ-term is related to our field X by S = D
2
X†/ΛUV.
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Minimal E8 Model

SU(5)GUT

E 8

NR

10M

5H5H

5M

Y10

10
Y’

XD

Figure 3: Depiction of an F-theory GUT in which all of the necessary interaction terms

descend from a single point of E8 enhancement. In all but one Dirac neutrino scenario,

accommodating messenger fields in the gauge mediated supersymmetry breaking sector

turns out to force the messengers (Y10 and Y �
10

) to transform in the 10 ⊕ 10 of SU(5)GUT .

GUT singlets such as the right-handed neutrinos NR and X field localize on curves normal

to the GUT seven-brane. Here we have also included a dark matter candidate D which is

localized on a curve.

neutrino scenarios. See Appendix A for further details of this classification. A remarkable

feature of the classification is that in all but one scenario, it forces the messengers to

transform in the 10 ⊕ 10 of SU(5)GUT . After commenting on some of the implications of

this for phenomenology, we next discuss potential “semi-visible” dark matter candidates

corresponding to electrically neutral components of non-trivial SU(5)GUT multiplets.

5.1 Flux and Monodromy

Before reviewing the main elements of the classification, we first discuss some of the neces-

sary conditions on matter curves and fluxes which a monodromy group action must respect

in order to remain consistent with the assumptions spelled out at the beginning of this

section.

Recall that the chiral matter is determined by the choice of background fluxes through

the matter curves of the geometry. In particular, we must require that if a zero mode in

a representation localizes on a curve, then the conjugate representation cannot appear. In
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Extra GUT multiplet + Singlet           Gauge mediation is natural in F-GUTs. 

Basic Picture

Soft mass 

In almost all cases, messengers are in

SUSY and mediation

SUSY

�X� = M + θ2F
L ∼

�
d2θXY Y �

Y, Y’
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!
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Figure 1: Feynman diagrams contributing to supersymmetry-breaking gaugino (λ) and sfermion
(f̃) masses. The scalar and fermionic components of the messenger fields Φ are denoted by
dashed and solid lines, respectively; ordinary gauge bosons are denoted by wavy lines.
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EWSB in MSSM

In F-GUTs, PQ charge of X forbid 

D-term contribution to μ term 

Bμ term:

problemµ/Bµ

B, µ ∼MEW

�
d

4θ
X

†
HuHd

MX
(from integrating out KK modes of X)

=⇒ µ ∼ F̄

MX
, require µ ∼ 10

2
GeV =⇒ F ∼ 10

17
GeV (6)

Bµ term are generated

�
d

4θ
X

†
XX

†
HuHd

M
3
X

=⇒ Bµ ∼ M |F |2

M
3
X

=
M

MX

����
F

MX

����
2

=⇒ M

MX
∼ 10

−3

This condition can be achieved by the fluxes; Also MX ∼ 10
12

consistent with

axion

• DSB is achieved by instanton correction

3. A solution for QCD Axion

U(1)PQ is anomalous → global U(1).

La ⊃ |x|2∂µa∂µ
a +

a

32π2
�µνρσ

TrSU(3)FµFρσ

Axion decay constant fa = �X� ∼ 10
12

GeV within the narrow window 10
9
GeV <

fa < 10
12

GeV.

4. PQ deformation on the soft masses

Heavy U(1))PQ gauge boson exchange generates the operators

−4παPQ
eXeΨ

M2

�
d

4θX†
XΨ†Ψ

=⇒ ∆PQm
2
Ψ(Mmess) = 4παPQ

eXeΨ

M2
|F |2

diagonal in gauge eigen-base, no FCNC

Estimate of ∆PQ:

α ∼ 10
−2

and MU(1)PQ
∼ 10

15
GeV =⇒

∆PQ ∼
�

4παPQ
F

MU(1)PQ

∼ 30GeV

5. Summary: Minimal GMSB + PQ deformation

KK scale MX ∼ 10
15

GeV, susy breaking scale m �susy
=
√

F ∼ 10
8

GeV, Messenger

scale M ∼ 10
12

GeV. (draw diagram)
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KK scale MX ∼ 10
15

GeV, susy breaking scale m �susy
=
√

F ∼ 10
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GeV, Messenger

scale M ∼ 10
12

GeV. (draw diagram)

5

�
d
2
θXHuHd

MX ∼ 1015 GeV

Bµ

µ
∼ M

MX
µ smaller than μ if M < Mx 

M. Ibe and R. Kitano, JHEP 0708:016,2007
J. Marsano, N.Saulina S. Schafer-Nameki, J. Heckman and Vafa
......
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U(1)PQ and Axion

U(1)PQ gauge boson can obtain mass through Stueckelberg mechanism 

Below           ,  global U(1)PQ            broken by  

M set the axion decay constant  

Take soft mass to be ~TeV                             

In fact both M and F-term can be generated through Fayet-Polonyi potential     
--Mild tuning of the flux needed to achieve necessary hierarchy

MPQ

by other contributions to the tree level superpotential. Some additional technical
details on this point as well as some discussion on higher order instanton corrections
are deferred to Appendix A.

Including all terms which involve a non-trivial dependence on X, the full super-
potential is therefore of the form:

W (X, Y ) = λXY Y ′ + M2
PQκ1qX + O(MPQq2) + O(q) (8.22)

In the above, the O(MPQq2) term corresponds to possible multi-instanton contribu-
tions involving only the X field, and the O(q) term refers to possible contributions

involving MSSM fields. At leading order, the F-term potential is therefore:

VPolonyi =

∣∣∣∣
∂W (X, Y )

∂X

∣∣∣∣
2

+

∣∣∣∣
∂W (X, Y )

∂Y

∣∣∣∣
2

+

∣∣∣∣
∂W (X, Y )

∂Y ′

∣∣∣∣
2

(8.23)

=
∣∣λY Y ′ + M2

PQκ1 · q
∣∣2 + |λXY ′|2 + |λXY |2 . (8.24)

8.3 Fayet-Polonyi Model

We now determine the scale of supersymmetry breaking in our realization of the
Fayet-Polonyi model on a PQ seven-brane. In particular, we show that this theory

can accommodate the vev of X required for the gauge mediation scenario explored
in this paper.

The effective potential for the X field is given by the sum of VFayet and VPolonyi:

VPQ = VFayet + VPolonyi (8.25)

= 2παPQ ·
(

|X|2 +
∑

Ψ

eΨ |Ψ|2 − K ′(C + C†) + ξflux

)2

(8.26)

+
∣∣λY Y ′ + M2

PQκ1 · q
∣∣2 + |λXY ′|2 + |λXY |2 . (8.27)

By inspection, VPQ admits critical points where all fields other than X and C vanish.

Because a non-zero vev for such fields would break at least part of the GUT group,
we shall only consider vacua where X and C have non-trivial vevs.

Returning to equation (8.21), ∂W/∂X "= 0 so that supersymmetry is broken.
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�X� = M

M ∼ 1012 GeV
F

M
∼ 105 GeV

109 GeV < M < 1012 GeV

J. Marsano, N.Saulina S. Schafer-Nameki, J. Heckman and Vafa



U(1)PQ Induced soft masses

of aesthetics. The upper bound on Λ we take is:

Λmax(N10 = 1) = 95 TeV (11)

Λmax(N10 = 2) = 53 TeV. (12)

Since the messenger scale also plays a role in setting the scale of the axion decay constant,
we shall effectively treat Mmess as a fixed parameter. A change in Λ therefore corresponds
to altering the scale of supersymmetry breaking.

The soft masses at the messenger scale receive additional corrections from integrating
out the heavy PQ gauge boson:

L ⊃ −4παPQeXeΨ

�
d4θ

X†XΨ†Ψ

M2
U(1)PQ

(13)

where eX and eΨ respectively denote the PQ charges of X and the MSSM chiral superfield
Ψ and MU(1)PQ

is the mass of the PQ gauge boson. Once X develops a supersymmetry
breaking vev, this induces a shift in the soft masses at the messenger scale:

m2
soft

= m2
mGMSB

+ qΨ∆2
PQ

. (14)

Compatibility with minimal Majorana and Dirac neutrino scenarios [24] yields two dif-
ferent choices for the PQ charges. In a normalization where the operator

−4παPQeXeX

�
d4θ

X†XΨ†Ψ

M2
U(1)PQ

(15)

has the same coefficient in both Majorana and Dirac scenarios, the constant of proportion-
ality q appearing in equation (14) is:

10M 5M 5H 5H

qMajorana −4/5 −8/5 +8/5 +12/5

qDirac −1 −1 +2 +2

. (16)

Technically speaking, there is slightly more freedom in the Dirac scenario, because there
is also a U(1)B−L symmetry available in Dirac neutrino scenarios. Since the effects of the
PQ deformation are similar in Majorana and Dirac scenarios, we shall focus on Majorana
scenarios. In addition, we restrict our discussion to scenarios with µ > 0.

The PQ deformation lowers the soft masses of the chiral matter fields, while raising
the soft masses in the Higgs sector. For sufficiently large values of ∆PQ, this induces a
tachyonic mode in the spectrum, which imposes an upper bound on the value of ∆PQ on
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Integrate out heavy PQ gauge boson 

∆2
PQ ∼ g2

P Q

F 2
X

M2
PQ

L ⊃ −g2
P Q

eXeΨ

�
d4θ

X†XΨ†Ψ
M2

PQ

Additional contribution to the scalar mass

Cosmological constraint 

∆PQ ∼ O(100) GeV

∆PQ � 50 GeV
Negative sign -> Lower mq̃, ml̃

VPQ

X

X

Ψ

Ψ



Soft terms at low energy

GMSB + PQ deform. set BC @ Mmess

Effective Parameters for Pheno Study:

Λ (                ) and ΔPQ

N10 = 1, 2   (N5=3,6)

Bμ =0 @                                                                     
-- fix tanβ at low scale

RG evolving of soft parameters down to TeV scale

Mmess ∼ 1012 GeV

Higgs
Bound

Heavy
Gluinos

!
LHC Regime

Figure 1: The range of values for the F-theory GUT parameter Λ extends from a lower

bound set by the current limits on the mass of the Higgs, to an upper bound determined

by the requirement that the gluinos be light enough to be produced at the LHC.

the masses of the gauginos and scalar sparticles scale as:

mgaugino ∼ N5
α

4π
Λ (4)

mscalar ∼
�

N5
α

4π
Λ (5)

where in the above, α is shorthand for the contribution from the various fine structure

constants of the Standard Model gauge groups.

In the specific context of F-theory GUTs, the µ term is roughly given as:

µ ∼ FX

MKK
X

, (6)

where MKK
X ∼ 10

15
GeV is a Kaluza-Klein mass scale of a GUT singlet in the compactifi-

cation. Thus, obtaining the correct value of µ requires:

FX ∼ 10
16 − 10

18
GeV

2
. (7)

This range of values for FX implies that the mass of the gravitino is ∼ 10− 100 MeV.

Moreover, the fact that the scale of supersymmetry breaking is relatively high compared

to other models of gauge mediation implies that the NLSP will decay outside the detector

due to its long lifetime.

The rough range of values for Λ extends from Λ ∼ 10
4

to Λ ∼ 10
6
. Beyond this range,

the mini-hierarchy problem is exacerbated. In fact, we shall typically consider a smaller

range on the order of:

10
4

GeV � Λ � 2× 10
5

GeV, (8)

because for larger values of Λ, the masses of the gluinos and squarks would be too heavy

to be produced at the LHC. Finally, in the context of F-theory GUTs, the Bµ term and

the A-terms all vanish at the messenger scale. Thus, in this class of models, Bµ and the

A-terms are radiatively generated, and tan β is typically in the range of 20− 40.

7

50 GeV0 GeV

Cosmo
Bound

PQ!
mGMSB Tachyon

Figure 2: The PQ deformation parameter ∆PQ of F-theory GUTs lowers the squark and
slepton soft scalar masses in relation to the value expected from a high messenger scale
model of minimal gauge mediated supersymmetry breaking. At ∆PQ = 0, F-theory GUTs
reduce to a high messenger scale mGMSB model. Cosmological considerations impose a
lower bound on ∆PQ of order 50 GeV. Finally, there is also an upper bound on ∆PQ which
comes from the requirement that the slepton sector not contain a tachyonic mode.

of 500 GeV (the precise value of which depends on Λ and the number of messenger fields),
the low energy spectrum will contain a tachyon. Depending on the number of messengers
as well as the size of the PQ deformation, either a bino-like neutralino, or a lightest stau
could be the NLSP. Due to the fact that the scale of supersymmetry breaking is so high,
the NLSP decays outside the detector, effectively behaving as a stable particle.

It is quite exciting that a remnant of stringy physics in the form of the PQ deformation
has a measurable manifestation at low energy scales. One of the aims of this paper is to
study how the effect of this deformation can be extracted from collider data.

2.2 Parameter Space Scan

Due to the fact that F-theory GUTs depend on one discrete parameter, N5, and two contin-
uous parameters, Λ and ∆PQ, it is possible to perform a scan over much of the parameter
space of models. The range of the scan performed over the parameters Λ and ∆PQ de-
pends on the number of messengers N5, because if the masses of the gluinos and squarks
are too heavy, the LHC will not be able to generate sparticles of the desired mass. For
example, in minimal GMSB, the masses of the gluinos and squarks respectively scale as
N5Λ and

√
N5Λ. Thus, even a factor of five increase in Λ can jeapordize the production

of gluinos at the LHC. Further, increasing Λ exacerbates the fine tuning already present in
the Higgs sector. For this reason, we believe it is theoretically well-motivated to primarily
consider scenarios where Λ is as small as possible, without violating current experimental
lower bounds on the masses in the sparticle spectrum. As explained earlier, we will focus
on bino NLSP scenarios because the lightest stau NLSP scenario of similar models has been
studied elsewhere, such as in [23]. Nevertheless, some distinctive features of such models in
the context of F-theory GUTs are discussed briefly in subsection 2.6.

Restricting to the bino NLSP case, since increasing the number of messengers lowers the

9

Λ ≡ F/M



Gaugino Mass

Scalar Mass 

Small for squark

Large for sleptons -> largest for lightest stau

Figure 5: Plot of the stau masses in F-theory GUTs versus the bino NLSP mass for N5 =
1, 2, 3 messengers. The upper line in the plot corresponds to mχ̃0

2
, while the lower one

corresponds to mχ̃0
1
. This figure shows the typical hierarchy in the masses of τ̃1 and χ̃0

1,2.
The variation in the stau mass corresponds to the change of ∆PQ, which becomes less
significant in the bino NLSP regime as the number of messengers increases.

the right are:
PQ: �l, �χ0

3, �χ0
4, �χ±2 , �q. (18)

The mass shift due to the PQ deformation is most prominent for lighter sparticles. At
the messenger scale, the mass shift for squarks and sleptons is:

m = �m

�

1−
∆2

PQ

�m2
, (19)

where �m denotes the mass at the messenger scale in the absence of the PQ deformation.
Hence, when �m � ∆PQ, there is little change in the mass of the sparticle, so that the
squarks will shift by a comparably small amount. On the other hand, the masses of the
sleptons can shift significantly. Since the mass spectrum is generated mainly by gauge
mediation, the absence of an SU(2) gauge coupling implies that the right-handed selectron
�eR, smuon �µR and stau �τR will be lighter, and thus more sensitive to the PQ deformation
in comparison with their left-handed counterparts. Depending on the range of parameter
space, the �eR, �µR and �τR mass can either be above or below the mass of the �χ0

2. It is also

13

Detail Feature in Soft Terms

mgaugino ∼ N10
α

4π
Λ

m̂scalar ∼
�

N10
α

4π
Λ

m2
scalar = m̂2

scalar + eΦ∆2
PQ

No PQ  shift



Gravitino mass: 

NLSP decay to Gravitino

NLSP is quasi-stable, lifetime : one sec - an hour

The LSP

Γ(ψ̃ → G̃ + ψ) ∼ m5
NLSP

F 2
X

mG̃ ∼
F

Mp
∼ 10− 100MeV

Heckman,Tavanfar and Vafa, arXiv:0812.3155



ΔPQ and Slepton Mass
-- N10=1, Λ = 50 TeV

Χ" 01

Τ"1

e"R, Μ" R

Ν"e, Μ, Τ, e"L, Μ" L, Τ
"
2

Χ" 02, Χ
" &
1

100 GeV

0 50 100 150 200
'PQ !GeV"

100

150

200

250

300

350

400

Mass !GeV"

Figure 5: Mass spectrum of the sleptons and lightest chargino and two lightest neutralinos
with N10 = 1, Λ = 5 × 104 GeV as a function of ∆PQ. At values of ∆PQ ∼ 90 GeV, the
stau becomes the NLSP. At somewhat larger values of the PQ deformation, the sneutrinos
become lighter than �χ0

2 and at larger values, the right-handed selectron and smuon become
lighter than the bino. The dashed grey line denotes the lower bound on the masses of
quasi-stable staus of 100 GeV.
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Χ" 01

Τ"1

e"R, Μ" R
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'PQ !GeV"

50

100

150

200

250

300

350

400

450

Mass !GeV"

Figure 6: Mass spectrum of the sleptons, lightest chargino and two lightest neutralinos with
N10 = 2, Λ = 53.2 TeV as a function of ∆PQ. The dashed grey line denotes the present
bound of 100 GeV on quasi-stable staus.

masses of the sparticles still depend on ∆PQ, so that changes in the branching fractions
still persist.

3.3 Benchmark Models

In the previous sections we have studied how the mass spectrum depends on the parameters
of an F-theory GUT. For N10 = 1 messengers, we have seen that there are three qualitatively
different orderings of masses which can be achieved for the lightest sleptons relative to the
bino. Proceeding from smaller to larger PQ deformation, we have seen that at low values
of the PQ deformation, the bino is the NLSP, while at moderate values of ∆PQ, the stau is
the NLSP, but the right-handed selectron and smuon are heavier than the bino. Moreover,
the remaining sleptons are all heavier than the second neutralino and lightest charginos. At
maximal PQ deformation, the right-handed selectron and smuon become lighter than the
bino, and all of the remaining sleptons are lighter than the second neutralino and lightest
charginos. We have also seen that for N10 = 2 models, however, that there is less variation
in the mass spectrum, so that the primary qualitative differences are well represented by
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Figure 2: The relative masses of the bino, lightest stau and right-handed selectron depend

on the value of ∆PQ and Mmess. There are the three qualitatively different regions for the

F-theory GUT Majorana neutrino scenario with N10 = 1 and Λ = 50 TeV with separated

by the two lines where the bino is equal in mass to either the stau (upper line) or slectron

(lower line). Here we also indicate the bino NLSP (upper left orange region) and stau NLSP

(lower right cyan region) regimes of parameter space.
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NLSP -- Stau / Bino

N10=1, Mmess= 10^12 GeV
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Figure 4: As a function of ∆PQ and Λ, the masses of the sleptons will change relative to the
gauginos. For F-theory GUTs with N10 = 1 messengers, as ∆PQ increases, there are three
qualitative crossing regions where the stau becomes lighter than the bino, the right-handed
selectron and smuon become lighter than the bino, and the remaining sleptons become
lighter than the second neutralino and lightest charginos. In the plot, the orange region to
the left denotes the range of parameter space where the bino is the NLSP, and the cyan
region to the right indicates the region of the stau NLSP.
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The Whole spectrum
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Figure 1: Spectrum of an F-theory GUT Majorana neutrino scenario with N10 = 1, Λ = 5×
104 GeV for minimal (red left columns) and maximal (blue right columns) PQ deformation
of order 200 GeV. At small values of the PQ deformation, the bino is the NLSP, whereas
for larger values this transitions to the stau. Further note that at larger PQ deformation,
the right-handed selectron and smuon are also lighter than the bino, and all of the sleptons
are lighter than the second neutralino and lightest chargino.
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Effects on Sparticle Decay

Squarks and gluino decay not sensitive to ΔPQ

Neutralino and chargino decay change significantly
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Figure 8: Dominant branching fractions of the �χ0
2 as a function of ∆PQ with N10 = 1 and

Λ = 50 TeV. As the mass of the sneutrinos becomes lower than the charginos, additional
decay channels open up.
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Difference From Other Models

Although a deformation of mGMSB, it is narrow and less studied 
region of parameter space

Qualitative comparison with mGMSB and mSUGRA

low scale 
mGMSB

FGUT mSUGRA

SUSY scale

LSP Gravitino Gravitino χ1

NLSP short-live  
χ1 or stau

long-lived 
stau

short-live  
χ2 or stau

Signal γ+Et+jets heavy 
“muon”

Et+jets

105 GeV 108 − 109 GeV 1011 GeV



What can we see at LHC?

Rest of the Talk: Focus on stau NLSP scenario

Main Questions: 

How staus are produced and detected at LHC ?

What are the signals? How they depends on F-GUT 
parameters?

What is the prospect for discovery?

Can we identify F-GUTs?



Long-lived Stau Search in the 
PAST

1307/28/2009
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D0: 2 isolated μ w/ pt> 20 GeV

No Mass limit on stau!
PRL 102, 161802(2009)

CDF: 1 isolated μwith pt > 40 Gev

σ<10fb at 95% C.L

Limit on the stau mass is model dependent (depend on other sparticle mass)
For FGUTs, m > 100 GeV

LEP II: m >100GeV

P. Achard et al., Phys. Lett. B 517, 75 (2001).

T. Aaltonen et al. PRL103, 021802 (2009)

or Charged Heavy Massive Particle(CHAMP)
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Stau Production in LHC

Superpartners are produced in pair   
<-- R-parity

Cascade Decays

All SUSY events : 2 stau + X

NO LARGE MISSING 
ENERGY  



production Rate @ LHC

LO cross section from Pythia
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detector and trigger

Muon trigger  (efficiency drop very fast below β = 0.8)

Muons w/ low velocity(β < 0.6) are not trigger by Muon trigger would      
reach the muon chamber too late, out of Bunch Crossing time 25ns 

jet + Et trigger ( independent of the stau velocity)

tion of these Split-SUSY events is described in Section 6.
For the background study we used single muon events from the CSC production. They were produced

at constant pT with a uniform ! distribution, like the single "̃ samples. We used cross-section estimates
of 1000 pb (200 pb) for muons with pT> 40 GeV (> 100 GeV) inside the ATLAS acceptance of |! |< 2.5
[45].
The simulation of a long-lived heavy sleptons in the ATLAS detector required a special patch to

GEANT4 [46].

5.2 Trigger and DAQ issues

When trying to identify slow particles [47, 48] one must pay special attention to the dimensions of AT-
LAS. Since the detector extends over 20m in length from the interaction point to each detector side and
the bunch crossing period is 25ns, this means that particles from three separate bunch crossings can
co-exist in the detector at the same time.
As described above, the matching of event fragments from different subdetectors is achieved using

the BCID. This is calibrated so that particles originating together at the interaction point and traveling at
the speed of light will have the same BCID assigned to them in all detector elements.
When # is sufficiently small, the particle will take longer to reach the detectors (especially those far

from the interaction point) and hits may be assigned a wrong BCID and thus not be read-out. Figure 14
shows the efficiency with which slepton hits in the muon trigger chambers are associated to the correct
bunch crossing as a function of # . This figure was produced using the single "̃ events described above.
It can be seen that efficiency drops sharply below # = 0.8(0.7) in the endcap (barrel). In order to find
particles with # < 0.7 (# < 0.6) in the endcap (barrel), ATLAS must collect hits from the following
bunch crossing (BC). Fortunately the MDT chambers collect data over a 700 ns interval, and thus hits
from many BCs will be present. The RPC and TGC data acquisition can be set up to read out data from
±7 and ±1 BCs around the triggered BC respectively. The option to read out the information about extra
BC, which was originally intended for debugging, must be switched on during routine ATLAS operation
if we want to increase our efficiency for long-lived charged particles.
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Figure 14: The efficiency, as a function of # , for all slepton hits in the muon trigger chambers to be
included in the same BC with fast particles, for the barrel (right)and the endcap (left).

The hits from a slow particle may fall outside the correct BC, either for all trigger stations (e.g. if the
particle is very slow and the trigger was produced by another feature in the event) or hits in the low-pT
stations in the barrel may arrive in the correct BC, but the hits in the outer station may be late. In such a
case, even if the pT of the particle was high, it would produce a low pT trigger.
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Muon Detector

12 Chapter 1. Introduction

high, cathode strip chambers (CSC) are deployed and cover the region up to |η| < 2.4. In

addition to this, resistive plate chambers (RPC) are used in both the barrel and the endcap

regions. These RPCs are operated in avalanche mode to ensure good operation at high rates

(up to 10 kHz/cm
2
) and have double gaps with a gas gap of 2 mm. A change from the

Muon TDR [4] has been the coating of the inner bakelite surfaces of the RPC with linseed

oil for good noise performance. RPCs provide a fast response with good time resolution

but with a coarser position resolution than the DTs or CSCs. RPCs can therefore identify

unambiguously the correct bunch crossing.

The DTs or CSCs and the RPCs operate within the first level trigger system, providing 2

independent and complementary sources of information. The complete system results in a

robust, precise and flexible trigger device. In the initial stages of the experiment, the RPC

system will cover the region |η| < 1.6. The coverage will be extended to |η| < 2.1 later.

The layout of one quarter of the CMS muon system for initial low luminosity running is

shown in Figure 1.6. In the Muon Barrel (MB) region, 4 stations of detectors are arranged in

cylinders interleaved with the iron yoke. The segmentation along the beam direction follows

the 5 wheels of the yoke (labeled YB−2 for the farthest wheel in−z, and YB+2 for the farthest

is +z). In each of the endcaps, the CSCs and RPCs are arranged in 4 disks perpendicular to

the beam, and in concentric rings, 3 rings in the innermost station, and 2 in the others. In

total, the muon system contains of order 25 000 m
2

of active detection planes, and nearly

1 million electronic channels.
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Figure 1.6: Layout of one quarter of the CMS muon system for initial low luminosity running.

The RPC system is limited to |η| < 1.6 in the endcap, and for the CSC system only the inner

ring of the ME4 chambers have been deployed.

DT: Drift Tubes 
5 wheels each w/ 12 30° sectors 

0.2 mm res

CSC cathode strip chamber
 0.2 mm res

RPC: Resistive Plate Chamber
RPC coverage might be less than shown

why RPC ?

1.5. CMS: the overall concept 11

tor was manufactured in twenty continuous lengths, each with a length of 2.65 km. Four

lengths were wound to make each of the 5 coil modules. These modules were assembled

and connected together in SX5 at Point 5.

1.5.2 Muon system

Centrally produced muons are measured 3 times: in the inner tracker, after the coil, and in

the return flux. Measurement of the momentum of muons using only the muon system is

essentially determined by the muon bending angle at the exit of the 4 T coil, taking the in-

teraction point (which will be known to ≈ 20 µm) as the origin of the muon. The resolution

of this measurement (labelled “muon system only” in Figure 1.5) is dominated by multiple

scattering in the material before the first muon station up to pT values of 200 GeV/c, when

the chamber spatial resolution starts to dominate. For low-momentum muons, the best mo-

mentum resolution (by an order of magnitude) is given by the resolution obtained in the

silicon tracker (“inner tracker only” in Figure 1.5). However, the muon trajectory beyond the

return yoke extrapolates back to the beam-line due to the compensation of the bend before

and after the coil when multiple scattering and energy loss can be neglected. This fact can be

used to improve the muon momentum resolution at high momentum when combining the

inner tracker and muon detector measurements (“full system” in Figure 1.5).
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Figure 1.5: The muon momentum resolution versus p using the muon system only, the inner

tracker only, or both (“full system”). a) barrel, |η| < 0.2; b) endcap, 1.8 < |η| < 2.0.

Three types of gaseous detectors are used to identify and measure muons [4]. The choice

of the detector technologies has been driven by the very large surface to be covered and

by the different radiation environments. In the barrel region (|η| < 1.2), where the neutron

induced background is small, the muon rate is low and the residual magnetic field in the

chambers is low, drift tube (DT) chambers are used. In the 2 endcaps, where the muon

rate as well as the neutron induced background rate is high, and the magnetic field is also

All are in L1 Trig

25,000 m2

1,000,000 channels

3

Low velocity stau can be explored using MDT (Monitored Drift Chamber) data in off-line analysis



How to Isolate Staus

Long-lived stau behaved like a muon but with low velocity

5 Trigger and reconstruction for searches of long-lived heavy particles

Heavy, charged, long-lived particles are predicted in manymodels of physics beyond the StandardModel.
One example is GMSB where for high tan! the �̃ is the NLSP which couples weakly to the gravitino.
The signal is a heavy long-lived charged particle with velocity significantly smaller than the speed of
light, ! < 1. The momentum (and therefore ! ) spectrum of these particles is model dependent. Those
which have ! close to unity are indistinguishable from ordinary muons. Those with ! significantly lower
than 1 could be identified and their mass determined.
In ATLAS event fragments from different parts of the detector are assiged to a particular bunch

crossing (BC) using the BC identifier (BCID). The usual assumption is that the particles traverse the
detector at nearly at the speed of light (! ≈ 1). Hits from a slower particle may be lost during data
collection, or may be marked with the wrong BCID. The implications of low particle speed in the ATLAS
trigger and data acquisition design are considered below.
This note does not address the case where the decay length of heavy charged NLSP is such that a

significant number of particles will decay inside the tracking volume.

5.1 Datasets used

This analysis is based on a data sample of 10,000 events from the CSC production generated with the
characteristics of GMSB point 5: != 30 TeV , Mm = 250 TeV, N5 = 3, tan! = 5, sgn(µ) = +,Cgrav =
5000. At this point the squarks and gluinos have masses around 700 GeV, the neutralino has a mass of
114 GeV and the "̃ and �̃ have masses of 102 and 100 GeV respectively. The cross-section for this point
is 23 pb and the "̃ , ẽ and µ̃ are co-NLSPs and are produced in the decay #̃0→ �̃±�∓. Because of the
small mass difference between the neutralino and the slepton, the �̃ and lepton are nearly collinear. The
pT and ! spectra of the sleptons and accompanying leptons are shown in Figure 13.

 [GeV/c]TP
0 50 100 150 200 250 300 350 400 450 500

0

100

200

300

400

500

600

700

800

slepton

muon

ATLAS

!
0.4 0.5 0.6 0.7 0.8 0.9 1 1.1
1

10

210

3
10

slepton

muon

ATLAS

Figure 13: Transverse momentum and velocity spectra for sleptons and accompanying leptons from the
GMSB5 sample.

GMSB5 is a single benchmark point and cannot be taken to represent all the possibilities of long-
lived particle production. Some issues that impact our ability to discover long-lived new particles, if
they exist, depend on the mass and ! spectrum of these particles. In order to make our study less model
dependent we also used for this study additional samples of events containing a single "̃ each, generated
at different ! with a uniform $ distribution between $ = −3 and $ = +3.
Split-SUSY events containing long-lived gluinos with masses of 300 GeV and 1000 GeV were also

used to assess the efficiency of the slow particle trigger, as discussed below. The generation and simula-
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Figure: default

Triggered as a muon, but much more energetic !

Heavy --> expect low velocity (β) 

Time-of-flight measurement in muon chamber

dE/dx measurement in Calorimeter 

Expected Performance of the ATLAS Experiment - Detector, Trigger and Physics
arXiv:0901.0512 

recently using fast-moving 
stau also proposed

Muon and Stau can be isolated
using β cut

Jie Chen and T. Adams
arXiv:0909.3157 [hep-ph]

The energy-loss measurement dE/dx for heavy charged particles may be used for particle

identification. For instance, the Bethe-Bloch formula for the energy loss by excitation and

ionization gives a scaling quadratically with the particle charge and inversely with the speed

dE

dx
∝

(

Q

β

)2

, (21)

independent of the charged particle mass. The mass can thus be deduced from p and β.

However, if we allow a most general case for a particle of arbitrary m, Q, then an additional

measurement (such as β from a Cerenkov counter or time-of-flight measurements) would be

needed to fully determine the particle identiy.

From the relation Eq. (20), the momentum resolution based on a curvature measurement

can be generically expressed as
∆pT

pT

= apT ⊕ b, (22)

For instance, the ATLAS [12] (CMS [13]) detector has the resolution parameterized by a =

36% TeV−1 (15% TeV−1), b = 1.3%/
√

sin θ (0.5%). In particular, the momentum resolution

for very high energy muons about pT ≈ 1 TeV in the central region can reach 10% (6%) for

ATLAS (CMS). Good curvature resolution for highly energetic particle’s tracks is important

for the charge determination.

ECAL: High-energy electrons and photons often lead to dramatic cascade electromagnetic show-

ers due to bremsstrahlung and pair production. The number of particles created increase

exponentially with the depth of the medium. Since the incident energy to be measured by

the electromagnetic calorimetry (ECAL) is proportional to the maximum number of particles

created, the energy resolution is characterized by 1/
√

N , often parameterized by

∆E

E
=

a
√

E/GeV
⊕ b, (23)

where a is determined by the Gaussian error and b the response for cracks. For ATLAS (CMS),

a = 10% (5%), b = 0.4% (0.55%).

The coverage in the rapidity range can reach

|ηe,γ| ≈ 3 (24)

or slightly over for both ATLAS and CMS.
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Consider stau candidate with 0.6 < β < 0.91, pass the muon trigger 
with 100% efficiency

Detector resolution of stau velocity and momentum

Simulation

Event Generation - Pythia + basic detector effects

leptons: e/mu w/ Pt > 10 GeV and |η| < 2.5 + stau with β >0.91

jets: Pt >50GeV and η<2.5

In the context of an F-theory GUT where F/ΛUV is also on the order of the weak scale,
it follows that the two decay rates are comparable as order of magnitude estimates. In
other words, the NNLSP will still appear quasi-stable. By abuse of terminology, we shall
therefore refer to the NNLSP in such situations as the NLSP, since its effects on collider
physics are negligible.

4 Long-lived Stau and Event Generation

The long-lived stau once produced in a hadron collider would appear as muons to the trigger
system. Indeed, fast moving long-lived staus are not distinguished from muons throughout
the standard data collection and reconstruction, unless their speeds are measured and
masses are reconstructed. On the other hand, slow-moving staus which arrive the muon
spectrometer outside the Bunch Crossing timing would be missed by the trigger system. A
dedicated offline analysis is necessary to obtain their information. At LHC, for example in
ATLAS detector, the muon trigger efficiency drop very fast below β = 0.8 in the barrel and
β = 0.7 in the endcap [65]. Once a stau pass the L1 trigger, L2 muon trigger can calculate
β and reconstruct the mass of the stau candidates. As we will see immediately, most of
the staus produced will have a large velocity due to the boost from heavier particle decay.
Therefore, a large portion of the events will pass the muon trigger. In this paper, we will
focus on the events with stau candidate which are reconstructed as muon. In the end of
the paper, we will also briefly discuss the low velocity staus and how they can be used to
measure the lifetime of stau.

To study the signature related to stau events, we perform a Monte Carol simulation
of the event production at the LHC using Pythia [66], with basic detector effects included
for various objects (see the Appendix for more details). The mass spectra and decay
information are generated using SoftSusy [67], SDECAY [68] and BRIDGE, and is written
in the format of Susy Les Houches Accord. The detector resolutions of the velocity and
momentum of stau are important for our analysis and are parameterized as [69]

σβ

β
= 0.028β,

σp

p
=

k1p

GeV
⊕ k2

�

1 +
m2

τ̃

p2
⊕ k3 GeV

p
(34)

where k1 = 0.0118%, k2 = 2% and k3 = 89%. Due to the current plan of LHC for a period
of low center-of-mass energy running before going to the designed 14 TeV, we generate
events with center-of-mass energy from 5 TeV to 14 TeV. In some case, we will particularly
show results with 7 TeV, which is likely to be an important energy which LHC will be
operating on.

As we have just said, to select the stau candidate, we have to impose cuts on the velocity
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signal - Inclusive stau(τ̃ + X)
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5.1.3 Discovering Staus

Imposing further selection cuts on inclusive stau channels can further eliminate contami-
nation from background muons produced through Standard Model processes, leading to a
cleaner signal and a better chance of discovery. In addition to the basic cut β < 0.91 used
to avoid contamination from muons we include the event selection cuts in [61,62]:7

• At least one hadronic jet with pT > 50 GeV and a calorimetric Emiss
T > 50 GeV

(trigger requirement);

• meff > 800 GeV,

where meff is the total invariant mass of the event constructed starting from the transverse
momentum of the high pT jets and muons (or muon-like particles)

meff =

min(4,Njet)�

i=1

pjet,i
T +

min(2,Nµ)�

i=1

pµ,i
T . (37)

The Standard Model background after all these cuts is estimated to be σbkgnd
SM � 1 fb [61,62].

Again these selection cuts have only a mild effect on the signal acceptance. Note that since
this cut requires at least one hadronic jet, it will reject events generated by Drell-Yan
production of staus and charginos. In practice, this means that such signals can be treated
as independent constraints on the parameter space of F-theory GUTs.

The estimated upper bound of σbkgnd
SM � 1 fb means that even for 1 fb−1 of integrated

luminosity, we can expect around one Standard Model event. Assuming one Standard
Model event as background, a 5σ level discovery would then correspond to roughly seeing
five times as many candidate stau events. To gauge the necessary integrated luminosity
required to claim discovery, we have computed the inclusive cross section of one and two
stau candidate events as a function of N10, Λ, and ∆PQ by imposing the further selection
cut mentioned above. In figure 15 and figure 26 of Appendix B, we plot the resulting
contours for cross sections 0.5 pb, 0.05 pb, and 0.01 pb. To detect five inclusive one or
two stau events, this amounts to an integrated luminosity of respectively 10 pb−1, 100
pb−1 and 0.5 fb−1. Note that this in some sense overestimates the number of Standard
Model background events, which upon allowing for fractions of an event for each integrated
luminosity is roughly 0.01, 0.1 and 0.5.

7Though we do not include it here, additional discrimination from background muons can be achieved
by requiring [61, 62] p > mτ̃1

β−0.05√
1−(β−0.05)2

, where mτ̃1 is obtained from the stau mass measurement (see

section 7). This cut significantly increases the level of muon rejection, but only affects stau candidate events
at the level of a few percent.
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Figure 15: Contour plot of the inclusive ≥ 1τ̃1 signal in parameter space Λ and ∆PQ for√
s = 14 TeV and N10 = 1 messengers. The three contours correspond to the value of the

cross section at 0.5 pb, 0.05 pb, and 0.01 pb. To detect five inclusive one or two stau events,
this amounts to an integrated luminosity of respectively 10 pb−1, 100 pb−1 and 0.5 fb−1.
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Other Channels - (τ̃ + leptons)
5.3 τ̃ + l Signal

As we have seen from the previous sections, the electro-weakino production is important in
the F-theory models. Their decay often give rise to leptons, e.g.

χ0
2 → l̃ + l→ 2l + τ + τ̃ ,

ν̃ + ν → 2ν + τ + τ̃ ,

τ̃ + τ

χ±1 → τ̃ + ντ ,

ν̃ + τ → τ̃ + 2τ + ν

The produced τ can decay leptonically to e and µ, and therefore contribute the isolated
leptons. Given the fact that the lepton efficiency is high, the relative size of different
signatures with different number of lepton encode the information about branching factions
of chargino and neutralino decay, and therefore can be used to probe the size of ∆PQ.

In the following, we explicitly consider the following signatures:

• 2 τ̃+ ≥ 1l + 0jet

• 2 τ̃+ ≥ 1l

• 2 τ̃+ ≥ 2l

Here the 2τ̃ events are selected similarly as in the previous section, and 0 jet means events
containing jets with pT > 20 GeV and |η| < 3 are vetoed. For these channels, the back-
ground is again suppressed by the strong stau selection cuts, and we will simply take them
to be zero again. The dependence of these signals on ∆PQ is shown in Fig. 16 for the
case N10 = 1 and Λ = 50 TeV, as well as the case with N10 = 2 and Λ = 28 TeV. It is
clear from the plots that the inclusive stau signals with leptons and jets have large cross
section as expected and increase monotonically with ∆PQ. On the other hand, the stau
signal with leptons but no jet has relatively small cross section since they originate from
the electro-weak production. However, they are almost constant as ∆PQ changes.

In additional to the τ̃ + l signal, one can also search for τ̃ + τh signal given the richness
of the tau leptons from neutralino decay χ0

1,2 → τ̃ +τ . If the nature of the long-lived charge
particle is really the stau, we should be able to reconstruct the mass of the neutralino mass
χ0

1,2 by using the invariant mass of τ̃ and hadronic τ . However, the tau jet reconstruction
efficiency is low and depends on the details of the detector. We therefore will not discuss
these channels here.
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Lots of leptons from cascade decay 

Increase with PQ deformation

Χ" 01 h l
"#
L l!

Τ"#1 Τ
!

Τ"#2 Τ
!Ν" l Ν l & Ν

"'
l Νl

Ν"Τ ΝΤ & Ν
"'
Τ ΝΤ

Χ" 01 NLSP Τ"1 NLSP

0 50 100 150 200
(PQ !GeV"

0.2

0.4

0.6

0.8

1.0

BR!Χ" 02 ) X"

Figure 8: Dominant branching fractions of the �χ0
2 as a function of ∆PQ with N10 = 1 and

Λ = 50 TeV. As the mass of the sneutrinos becomes lower than the charginos, additional
decay channels open up.
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neutralino. Figures 24 and 25 in Appendix 7.2 show that for N10 = 2, there is less of
a dramatic shift in the branching fractions, in accord with the fact that all sleptons are
already lighter than �χ0

2 and �χ±1 .

Increasing ∆PQ also increases the number of leptons present in the most likely decay
chains. By inspection of all of the branching fractions, we see that as ∆PQ increases, the
first and second generation sleptons become light enough to become decay products for the
lightest chargino and second neutralino. This decreases the branching fractions �χ0

2 → �τ±1 τ∓

and �χ+
1 → �τ+

1 ντ , meaning the expected decay topology will tend to have more events with
two staus, as well as additional leptonic signatures.

3.5 Right-Handed Sneutrino NLSP and Dirac Neutrino Scenar-

ios

In the above discussion we have assumed that the NLSP corresponds to a superpartner
of a Standard Model particle. This is appropriate in Majorana neutrino scenarios, where
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5.3 τ̃ + l Signal

As we have seen from the previous sections, the electro-weakino production is important in
the F-theory models. Their decay often give rise to leptons, e.g.

χ0
2 → l̃ + l→ 2l + τ + τ̃ ,

ν̃ + ν → 2ν + τ + τ̃ ,

τ̃ + τ

χ±1 → τ̃ + ντ ,

ν̃ + τ → τ̃ + 2τ + ν

The produced τ can decay leptonically to e and µ, and therefore contribute the isolated
leptons. Given the fact that the lepton efficiency is high, the relative size of different
signatures with different number of lepton encode the information about branching factions
of chargino and neutralino decay, and therefore can be used to probe the size of ∆PQ.

In the following, we explicitly consider the following signatures:

• 2 τ̃+ ≥ 1l + 0jet

• 2 τ̃+ ≥ 1l

• 2 τ̃+ ≥ 2l

Here the 2τ̃ events are selected similarly as in the previous section, and 0 jet means events
containing jets with pT > 20 GeV and |η| < 3 are vetoed. For these channels, the back-
ground is again suppressed by the strong stau selection cuts, and we will simply take them
to be zero again. The dependence of these signals on ∆PQ is shown in Fig. 16 for the
case N10 = 1 and Λ = 50 TeV, as well as the case with N10 = 2 and Λ = 28 TeV. It is
clear from the plots that the inclusive stau signals with leptons and jets have large cross
section as expected and increase monotonically with ∆PQ. On the other hand, the stau
signal with leptons but no jet has relatively small cross section since they originate from
the electro-weak production. However, they are almost constant as ∆PQ changes.

In additional to the τ̃ + l signal, one can also search for τ̃ + τh signal given the richness
of the tau leptons from neutralino decay χ0

1,2 → τ̃ +τ . If the nature of the long-lived charge
particle is really the stau, we should be able to reconstruct the mass of the neutralino mass
χ0

1,2 by using the invariant mass of τ̃ and hadronic τ . However, the tau jet reconstruction
efficiency is low and depends on the details of the detector. We therefore will not discuss
these channels here.
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• 2 τ̃ + (≥ 1l) + 0 jet

• 2 τ̃ + (≥ 1l)

• 2 τ̃ + (≥ 2l)

where the 2τ̃ events are selected as in the previous subsection, and “0 jet” refers to events
which are vetoed if they contain a jet with pT > 20 GeV and |η| < 3. For these channels,
the background is again suppressed by the strong stau selection cuts, and we will simply
take them to be zero. The dependence of these signals on ∆PQ is shown in figure 17 for
F-theory GUTs with N10 = 1 and Λ = 50 TeV, as well as N10 = 2 and Λ = 28 TeV.
By inspection, we see that the inclusive stau signals with leptons and jets have large cross
section as expected and increase monotonically with ∆PQ.

By contrast, the stau signal with leptons but no jet has relatively small cross section.
This is also expected because such signals are produced entirely by electro-weak processes,
and so are not connected with the decay of a squark or gluino, which have much higher
production cross sections when compared with charginos and neutralinos. In addition, note
that this signal has very little dependence on ∆PQ.

5.4 Inclusive Lepton Signals

In the above analysis we have focussed on signatures which aim to distinguish staus from
muons. Even when such staus cannot be distinguished from muons, they can still generate
signatures with low Standard Model background. Since Standard Model processes copiously
produce leptons, such signatures require either the presence of multiple leptons, or specific
charge combinations of leptons combined with a large pT cut.

In this subsection we study inclusive lepton signals where we do not explicitly attempt
to differentiate staus from muons. In other words, we now consider any stau as a “muon”
if it satisfies :

• β > 0.67, pT > 20 GeV and |η| < 2.5

With respect to these cuts which allow fast-moving staus, the inclusive lepton signatures
we consider are:

• SS: A pair of same-sign isolated leptons.

• 3l: Three isolated lepton candidates.

• 4l+: Four or more isolated lepton candidates.

In order to reduce background, we also require these signal events to have:
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• At least two hard leptons with pT > 100 GeV

• At least two hard jets with pT > 150 GeV.

Since staus passing the “muon” cut should always have pT � 100 GeV, the pT cut on the
two hardest leptons only mildly affect the signals, but can significantly reduces Standard
Model background. For the SS signal, the Standard Model background is negligible. For the
3l signal, the primary source of Standard Model background is from WZ and tt̄ production.
We reduce the WZ background by requiring that no pair of charged lepton reconstructs
to an invariant mass mZ ± 10 GeV. The tt̄ background is potential large if the muon for b
quark decay is isolated. To suppress it, we require two hard leptons with pT > 100 GeV to
reduce the acceptance of leptons from W decay, and additional two hard jets pT > 150 GeV.
Alternatively, if one is interested in the signal from electro-weakino or slepton productions,
one can also using jet veto to suppress the tt̄ background, which we will not discuss here.
For the 4l+ signal, the Standard Model background is pre-dominantly from ZZ production.
We reduce this background using the same type of cut as in the 3l signal.

Let us now discuss the primary origin of these signatures and our theoretical expecta-
tions for the corresponding dependence on the PQ deformation. For the same-sign (SS)
isolated lepton signal, gluinos and squarks can decay to pairs of same sign lightest charginos
�χ±1 �χ±1 and pairs of second lightest neutralinos �χ0

2�χ0
2. The subsequent decay of the lightest

chargino to �χ±1 → �τ±1 + ντ and the second neutralino to �χ0
2 → �τ±1 + τ with the τ decaying

hadronically, will generate SS lepton signals.

As can be seen from figure 18, the SS signal is roughly a decreasing function of ∆PQ.
To see how this comes about, note that in the case of same sign staus generated by lightest
chargino and second neutralino decays, as ∆PQ increases, the branching fraction to states
without additional charged leptons decreases. Note that increasing the value of ∆PQ simply
diverts these decays through channels which generate additional charged leptons in the final
state.

Next consider the source of tri-lepton (3l) and four or more leptons (4l+). Such sig-
natures will originate from processes which generate two fast-moving staus, as well as
additional e or µ leptons and can be generated in a variety of different cascade decays.
Figure 18 shows that both of these signals are roughly increasing functions of ∆PQ. As
∆PQ increases, the masses of ẽR, µ̃R, ν̃τ and τ̃2 decrease and eventually drop below the
mass of �χ0

2 and �χ±1 .9 Consequently, the branching ratios of �χ0
2 and �χ±1 into these states

increases. Since these states typically decay to �τ1 with additional leptons, the increase of
∆PQ also increases the 3l and 4l+ signals.

9Note that in the case of N10 = 2 F-theory GUTs, this statement already holds for vanishing PQ
deformation
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Hard leptons + jets, where no isolation 
of stau is necessary.

SM Background can reduced by hard 
cuts



Is it F-GUTs?

superpartner masses                                                                                                       
-- measurement can be done at the LHC

very few number of parameters                                                                        
-- measuring mass of squark and gluino fix N10 and Λ; measuring other 
mass give additional checks 

susy breaking scale                                                                                                     
-- measure the lifetime of stau

Two major ways:

Once long-lived stau is confirmed (from the tau rich events), there are only few 
possible scenarios, e.g. minimal GMSB models

very challenging at LHC

Non-collider approach: staus produced by neutrino-
nucleon interaction and detected by Neutrino telescope 

Albuquerque, Burdman, Chacko, 
Phys.Rev.Lett.92:221802,2004

http://arxiv.org/find/hep-ph/1/au:+Albuquerque_I/0/1/0/all/0/1
http://arxiv.org/find/hep-ph/1/au:+Albuquerque_I/0/1/0/all/0/1


Generally much easier compare to 
conventional SUSY model -- No Et

Stau mass can be constructed from the 
measured momentum and velocity. Better 
precision if selecting low velocity stau                                                    

measuring mass
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the mass reconstruction is more accurate at low momenta and velocities. Since the relative
number of low velocity staus is lower compared with the number of high velocity staus,
increasing the total number of such events requires a relatively large integrated luminosity.
It was shown in [63] that the stau mass can be precisely up to an uncertainty of ∼ 0.02
GeV using 30 fb−1 of integrated luminosity.

Reasonable estimates of the stau mass can also be obtained for lower integrated lumi-
nosity. For example, at

√
s = 14 TeV and an integrated luminosity of ∼ 500 pb−1, figure

9 of section 4 illustrates that for the Maj(1)
MID benchmark model, the total cross section for

supersymmetric production of events is ∼ 1 pb, indicating there will be about 500 super-
symmetric events with staus. In this case, we find that the best fit of the stau mass is
mfit

τ̃ = 175.59± 0.47 GeV using a Gaussian fit (see figure 20). In the analysis, we selected
staus with velocity 0.6 < β < 0.91. With 100 pb−1 data, we find only 69 event stau candi-
dates remain, but the fit of the stau mass is almost as good as the previous case, with the
error bar increased slightly to 0.63 GeV.
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Figure 20: Distribution of the reconstructed stau mass for the benchmark model Maj(1)
MID

defined in subsection 3.3. 500 events are generated and staus are selected with velocity
0.6 < β < 0.91. The Gaussian fit gives mfit

τ̃ = 175.59 ± 0.47 GeV, while the actual stau
mass is 175 GeV.

The presence of quasi-stable staus in the final state provides a convenient means to
reconstruct the masses of other sparticles further up a decay chain. For example, the mass
of �χ0

1 can be reconstructed by exploiting the fact that over the entire parameter space of stau
NLSP F-theory GUT scenarios, there is a significant branching fraction to �χ0

1 → �τ±1 τ . The
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background is reliably calculated. In addition, the tracking information of a stau event
can be helpful in identifying these events [71]. This is because the momentum and the
direction of the slow-moving staus can be recorded during their escape from the detector.
This information can be used to infer the trajectory along which a slow-moving stau could
be stopped. Looking for muons coming from a particular direction, this would provide a
means to significantly reduce the background of such events.

7 Mass Spectra and Distinguishing Look-Alikes

Our focus in much of this paper has been on signatures of stau NLSP F-theory GUTs.
Assuming evidence has been found for such a scenario, it is important to study what class
of models reproduces the same observables. This broader question based on the LHC inverse
problem has been studied from different vantagepoints for example in [81,82]. One approach
to this problem is based on the general footprint method [83], which directly compares the
collider observables of different classes of models to determine possible differences. This
method has been applied to F-theory GUT models with a bino NLSP in [12] to compare
particular classes of well-motivated supersymmetry breaking scenarios.

In this section we consider a simplified version of this problem by studying possible
degeneracies in the mass spectrum of F-theory GUTs with other models with an MSSM-
like spectrum. More precisely, we study how mass measurements extracted from stau NLSP
scenarios can be used to distinguish between F-theory GUTs and minimal gauge mediated
supersymmetry breaking (mGMSB) models. To this end, we first review how to extract
details of the sparticle mass spectrum in stau NLSP scenarios which are similar to F-
theory GUTs. Next, we use the high precision of these mass measurements as a means to
distinguish between F-theory GUTs and many mGMSB models.

7.1 Mass Reconstruction with Staus

Following [63] and [60], we now discuss how quasi-stable stau scenarios allow one to deduce
much of the sparticle mass spectrum. We can extract the mass of the stau through the
relation:

meτ1 =
p

βγ
(39)

where β is measured with the time-of-flight in the precision muon chambers, and p is
reconstructed through a measurement of pT and η [72]. Due to the uncertainty in the
measurement of p and β, the reconstructed mass distribution will show a broadening around
the correct mass. From the resolution of p given in equation (35) of section 4, we see that
the uncertainty in p is proportional to p2 for large stau momentum. This illustrates that
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the mass reconstruction is more accurate at low momenta and velocities. Since the relative
number of low velocity staus is lower compared with the number of high velocity staus,
increasing the total number of such events requires a relatively large integrated luminosity.
It was shown in [63] that the stau mass can be precisely up to an uncertainty of ∼ 0.02
GeV using 30 fb−1 of integrated luminosity.

Reasonable estimates of the stau mass can also be obtained for lower integrated lumi-
nosity. For example, at

√
s = 14 TeV and an integrated luminosity of ∼ 500 pb−1, figure

9 of section 4 illustrates that for the Maj(1)
MID benchmark model, the total cross section for

supersymmetric production of events is ∼ 1 pb, indicating there will be about 500 super-
symmetric events with staus. In this case, we find that the best fit of the stau mass is
mfit

τ̃ = 175.59± 0.47 GeV using a Gaussian fit (see figure 20). In the analysis, we selected
staus with velocity 0.6 < β < 0.91. With 100 pb−1 data, we find only 69 event stau candi-
dates remain, but the fit of the stau mass is almost as good as the previous case, with the
error bar increased slightly to 0.63 GeV.
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Figure 20: Distribution of the reconstructed stau mass for the benchmark model Maj(1)
MID

defined in subsection 3.3. 500 events are generated and staus are selected with velocity
0.6 < β < 0.91. The Gaussian fit gives mfit

τ̃ = 175.59 ± 0.47 GeV, while the actual stau
mass is 175 GeV.

The presence of quasi-stable staus in the final state provides a convenient means to
reconstruct the masses of other sparticles further up a decay chain. For example, the mass
of �χ0

1 can be reconstructed by exploiting the fact that over the entire parameter space of stau
NLSP F-theory GUT scenarios, there is a significant branching fraction to �χ0

1 → �τ±1 τ . The
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mtrue
τ̃ = 175 GeV

Hinchliffe Paige ’98, Ellis etal ’06 



measuring mass

efficiency for identifying τ ’s is roughly ετ ∼ 50%, so by selecting final states which contain
opposite sign staus and two opposite sign τ ’s, we can reconstruct the resonance associated
to the invariant mass of a pair of �τ±1 τ∓ to a �χ0

1. Note that a similar resonance will also occur
for �χ0

2, providing a means to reconstruct the mass of this sparticle as well. In [63] this type
of strategy was employed to work backwards up cascade decays to deduce the masses of
many sparticles. In particular, the “ε model” considered in [63] has a similar mass spectrum
to that of the Maj(1)

MID benchmark model (though different enough to be distinguishable!),
and so rather than perform a complete analysis of our case, we shall simply use the same
precision estimates based on 30 fb−1 of integrated luminosity at

√
s = 14 TeV:

∆meτ1 = 0.021 GeV, ∆meντ = 1.2 GeV, ∆melL = 2.0 GeV

∆meχ0
1

= 0.9 GeV, ∆meχ0
2

= 2.0 GeV,

∆meqR = 2.8 GeV, ∆meqL = 3.7 GeV, ∆meb1 = 57.7 GeV. (40)

Note that for all of the uncolored sparticles, the accuracy is within the range of 2 GeV or
less. In addition, the mass difference for first and second generation squarks are both less
then 4 GeV. The reason for the larger uncertainty in the sbottom mass is that events from
b̃1 and b̃2 are mixed together since both of them can decay to bχ̃0

1 [63]. The result only
serves as an estimate of the combination of b̃1 and b̃2 masses.

To distinguish between models which can mimic the spectrum of F-theory GUTs, we
will also find it convenient to reconstruct the mass of the first and second generation right-
handed sleptons �lR. In this case, the decay chain of interest depends on the relative masses
of �χ0

1 and �lR. Indeed, we have seen that for N10 = 1 scenarios at moderate PQ deformation
melR > meχ0

1
, whereas at larger PQ deformation for N10 = 1 and for all values of ∆PQ in

N10 = 2 scenarios, we instead have melR < meχ0
1
. The latter case has been studied in detail

in [60] where it was found that with 100 fb−1 of integrated luminosity at
√

s = 14 TeV,
∆elR ∼ 1 GeV.

Let us now return to scenarios where melR > meχ0
1

so that right-handed sleptons domi-
nantly decay via

�lR → �χ0
1l → �τ±1 τ∓l. (41)

Since the actual production of right-handed sleptons is somewhat low in models such as
the Maj(1)

MID benchmark model, generating a sufficient number of events requires a large
integrated luminosity, in part because heavier sparticles rarely decay to �lR, and because
the direct production cross section σ = 1.3 × 10−2 pb is relatively small. To demonstrate
the reconstruction of the right-handed slepton mass can be done with small enough uncer-
tainty, we perform an analysis with 100 fb−1 integrated luminosity of simulated data for the
benchmark model Maj(1)

MID. First, we selected events with at least one stau candidate, one
tau jet and no jets. Then the invariant mass Minv(�τ±1 τ∓l) of any opposite-sign tau-stau pair
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Other masses can be constructed by 
selecting proper final-state particles

Construct Invariant Mass distribution

With 30 inv fb, the following precision can be achieved Hinchliffe Paige ’98, Ellis etal ’06 
Ibe Kitano ’07, Ito Kitano Moroi ’09



Example
Table 1: Mass spectra of F-theory benchmark model Maj(1)

MID and some candidate mGMSB
look-alike models. All masses are in GeV, and we have taken the top mass to be 172.4 GeV
in our calculation.

parameter Maj(1)
mid mGMSB1 mGMSB2

Mmess 1012 1012 2× 109

√
F 2.2× 108 2.2× 108 107

tan β 24.05 34.7 24.5
mg̃ 1112 1113 1116
meχ0

1
198.6 199.0 199.3

meχ0
2

377.1 379.4 378.0
meχ±1

380.3 382.3 381.2

mũL 1106 1112 1102
mũR 1059 1066 1063
mt̃1 857.6 866.7 898.1
mt̃2 1050 1047 1059
mb̃1

997.2 982.2 1014
mb̃2

1032 1032 1046
mẽL,µ̃L 383.0 421.7 382.2
mν̃e,ν̃µ 372.5 412.1 371.6
mẽR,µ̃R 214.3 246.9 204.9
mτ̃1 175.0 174.8 174.7
mν̃τ 366.1 400.4 367.7
mτ̃2 384.0 422.3 385.1
mh 114.3 114.3 113.8
mA 693.1 614.2 623.4
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very close

different

fixed

N10=1, Λ = 50 TeV
ΔPQ=140GeV

Compare F-GUT Benchmark with 
mGMSB

Vary mGMSB parameters:

Distinguishing models is possible                  
-- require large luminosity

Mmess, Λ,
√

F , tanβ



Stopped Stau?

Low velocity stau can be stopped

Inside detector: stau decay not correlated with the 
bunch crossing, difficult to trigger (with normal 
trigger)                                                                                     
with modified trigger see Asai, Hamaguchi and Shirai, 
Phys.Rev.Lett.103:141803,2009

Outside detector: 

External detector, e.g. Water Tank -- require 
lifetime long enough

Stau trapped in Cavern Material decaying 
back to detector

τ̃1 G̃

τ

detector

e

j

τ̃1

G̃

τ
detector

e

j

Buchmuller etal ’04
Feng and Smith ’04
De Roeck etal ’05

    Hamaguchi etal ’04, ’06,’09
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Figure 19: Plot of the number of stopped staus expected from 100 fb
−1

of simulated LHC

data in two F-theory GUT scenarios as a function of distance from the collision point in an

idealization where surrounding the collision point there is a large ball of either carbon (C)

or iron (Fe). As we integrate over larger distances, the number of stopped staus necessarily

increases.
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The faction of low velocity stau is small --> need large luminosity

Stopped Stau?



Conclusion

F-GUTs is a rigid frameworks for SUSY GUTs -- just enough to fit various 
aspects of phenomenological ingredient

Embedding of GMSB in the framework is natural and predicative

It can be tested at the LHC within a few years

It also interesting to see if these local construction can be globally consistent.


