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The Large Hadron Collider (LHC)

• Only discovery so far.

• If no new strongly interacting physics is found, how can we further test for 
new electroweak physics at the LHC?                                                         

• How might the new physics be hiding from current searches?
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The light-higgsino scenario (LHS)

• The only new parameter introduced in the minimal supersymmetric standard 
model (MSSM) is the higgsino mass parameter μ:

• Supersymmetry breaking introduces many more:

• In general no connection between the μ and the soft mass parameters...

3

W =µHuHd + hu
ijQiUjHu + hd

ijDiQjHd + he
ijLiEjHd

�L
soft

= m2

uH
†
uHu +m2

dH
†
dHd + (BHuHd + h.c.)

+em2

li l̃
†
i l̃i + em2

ei
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The light-higgsino scenario (LHS)

• Why split spectrum? The soft supersymmetry breaking terms introduces 
sources of flavour- and CP violation. Alleviated if superparticles heavy. 

• Easy to explain 126 GeV scalar boson (                         ) and no signals of 
squarks and gluinos. 

• Why weak-scale μ? Chargino searches tell us μ > ~100 GeV,

• Obtaining the electroweak symmetry breaking scale

• In hybrid models of supersymmetry breaking from extra dimensional GUTs,    
μ is gravity mediated and the soft masses are gauge mediated...

4Brümmer & Buchmüller (2011)
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The light-higgsino scenario (LHS)

• This leads to an MSSM spectrum where the lightest chargino and neutralinos 
are higgsino-like and the rest of the superpartners have >TeV masses.

• The lightest higgsino is a neutralino.

                                                                                                  (c’s positive)

• Small mass differences between all the higgsinos                           

• Difficult to detect at the LHC.

• Very low thermal relic densities of neutralino WIMP dark matter candidate, 
due to coannihilation.
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Dark matter in the LHS? (Not to mention 
baryogenesis and neutrino masses)

• Possible solutions: moduli decays to WIMPs                      , axions                                 
- or decaying gravitino dark matter:

• Local supersymmetry leads to the prediction of the gravitino.

• Thermal leptogenesis requires high reheating temperature. 

• Thermal production of gravitinos depends on the reheating temperature. 
Potential cosmological problems with overclosure and big bang 
nucleosynthesis...

• With small R-parity violation, gravitino dark matter can be made consistent 
with big bang nucleosynthesis and leptogenesis (with see-saw generated 
neutrino masses).
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R-parity violation

• R-parity distinguishes between standard model and supersymmetric 
particles. It is imposed to ensure the stability of the proton and also results in 
the lightest supersymmetric particle being stable.

• Allowing for R-parity violating terms in the MSSM in general introduces many 
new parameters:
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R-parity violation

• R-parity distinguishes between standard model and supersymmetric 
particles. It is imposed to ensure the stability of the proton and also results in 
the lightest supersymmetric particle being stable.

• Allowing for R-parity violating terms in the MSSM in general introduces many 
new parameters:

• Consider extension of the MSSM with only the bilinear terms; trilinear L-
violating couplings are always generated at loop level anyway but B is 
conserved so that the proton is stable. Very few parameters.
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Bilinear R-parity violation

• To facilitate calculations, the fields can be rotated twice to trade the bilinear 
couplings in both the superpotential and the soft part for L-violating trilinear 
terms proportional to the Yukawa couplings.

•                        are thus traded for the rotation parameters               , and the 
new interactions will depend linearly on the parameters:

• For the phenomenology of interest, one can introduce                                    
an overall R-parity breaking parameter ζ:
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Constraints on ζ from cosmology

• How much R-parity violation do we need?

• All higgsinos decay before BBN if

• Can we get the right relic abundance of gravitinos?

• Scenario with spontaneous breaking of B-L in the early universe allows 
for lower reheating temperature than in thermal leptogenesis: 1 TeV 
gluino gives a minimum gravitino mass of 10 GeV.                              
This bound scales as:

• Can have 40 GeV gravitino with 2 TeV gluino and thus higgsino masses 
from 100 GeV (and up to allow for heavier gluinos). 10
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Constraint on ζ from astrophysics

• How large R-parity violation can we have?

• Fermi-LAT bound on the lifetime of decaying dark matter leads to:

11

Cosmology with Gravitino DM

Gravitino DM
The Gravitino is not stable and decays
into neutrinos and photons

⌃3/2

�

⇤

As Fermi-LAT has not found a suitable
signal, we derive a upper bound
of ⇥ . 10�8.

Higgsino NLSP
New decay channels for the NSLP open
up, it can decay into leptons and
W bosons.

⇧0
1

W±

l⇤

For ⇥ & 10�13 all neutralinos decay
before BBN.

R-parity violation leads to a consisted Cosmology with decaying Gravitino DM.

⌅3/2(�⇤) = 1� 1027 s
�
⇥

10�8

⇥�2⇤ m�0
3

1 TeV

⌅2 � m3/2

10 GeV

⇥�3

Jan Hajer | LEXI | October 11, 2012 | Page 10

FIG. 15. Top row: Dark matter annihilation 95% CL cross section upper limits into �� (left) and

Z� (right) for the NFW, Einasto, and isothermal profiles for the region |b| > 10⇥ plus a 20⇥ � 20⇥

square at the GC. �Z limits below E� < 30 GeV are not shown; see text for explanation. Bottom

row: Dark matter decay 95% CL lifetime lower limits into �⇥ for the NFW profile and same ROI.

Systematic e�ects from the photon line flux upper limits are not included.
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Table IV and Fig. 15 give the spectral line flux upper limits, cross-section upper limits, and

lifetime lower limits for various spectral line energies.

The �� annihilation cross section ⇤⇥v⌅�� upper limits are shown in Fig. 15. The upper
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LHC signature: (very) displaced muons

• In the LHS with R-parity violation, the lightest higgsino                     
dominantly decays to a W boson and a charged lepton,                                 
but not promptly.

• Fermi bound on ζ leads to lower bound on the higgsino NLSP decay length:
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LHC signature: (very) displaced muons

• Consider pair production of charged and neutral                                                             
higgsinos for μ=100-400 GeV at 8 TeV proton                                        
collisions at the LHC.

• Look for pair of muons with opposite sign (OS)                                                  
from the same displaced vertex.
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Figure 4: Typical R-parity violating decay chain involving higgsino-like neutralino at the
LHC. The the secondary vertices as well as the two interesting muon combinations are
highlighted. The Z boson decay is invisible, due to the small mass di�erence between the
heavier higgsinos and the lightest higgsino (c.f. Table 3), this is also the case if initially
charginos are produced.

• The inner detector or tracker, for track reconstruction and vertex identification,
stretches out to a radius of r ⇥ 110 cm transverse to the beam. Its innermost part,
the pixel detector covers r � 11 cm.

• The electromagnetic calorimeter measures electron and photon energies and stretches
to r � 2 m.

category ⇥0
1 decays LHC signature

leptonic W +W �l+l� ⇤ l+�l��̄l+l�

2l� + 2l+ + /ETW +W +l�l� ⇤ l+�l+�l�l�

W �W �l+l+ ⇤ l��̄l��̄l+l+

semi-leptonic W +W �l+l� ⇤ jjl��̄l+l� 2j + 2l� + 1l+ + /ETW +W +l�l� ⇤ jjl+�l�l�

W +W �l+l� ⇤ jjl��̄l+l� 2j + 1l� + 2l+ + /ETW �W �l+l+ ⇤ jjl��̄l+l+

W +W �l�l+ ⇤ jjjjl�l+ 4j + 1l� + 1l+

(same sign, W +W +l�l� ⇤ jjjjl�l� 4j + 2l�

no /ET ) W �W �l+l+ ⇤ jjjjl+l+ 4j + 2l+

Table 1: All possible final states in higgsino-like neutralino case if both neutralinos decay
inside the tracking volume.

– 11 –

higgsino µ

100 200 300 400

‰0
2 106 209 311 413

‰±
1 104 207 309 411

‰0
1 102 205 307 408

Table 4: Mass spectrum of light higgsinos in our four benchmark models with a
higgsino mass parameter µ between 100 GeV and 400 GeV. All masses are given in
units of GeV.

parameter µ in three steps from the lower bound of about 100 GeV to 400 GeV, see Table 4.
The masses of the MSSM Higgs particles are in this case set by the CP-odd Higgs mass
parameter mA, which we have taken to be 800 GeV. All other particles are governed by the
gauge mediated parameters m0 and m

1/2

which are chosen to be 3 TeV, putting them out
of reach of the LHC.

In all our benchmark points the Higgs mass is around 125 GeV, in agreement with the
observed Higgs-like resonance at the LHC [1, 2]. Furthermore, while the LHCb result of an
excess in the search for the rare decay B0

s æ µ+µ≠ [66] excludes many models with large
tan — [67], the LHS is una�ected by this constraint due to the large mass splitting between
the µ parameter and the squark masses.

We have used these parameter choices as input values for a full RGE calculation per-
formed with SOFTSUSY. As expected the production cross sections for all supersymmetric
particles except the light higgsino states are negligible. The higgsino production cross
sections for the four benchmark points are listed in Table 5.

3.3 Background

The SM processes that dominate the dimuon channel are:

• “ú/Zú æ µ+µ≠

• tt̄

• V úV ú, where V = W, Z.

In Table 6 we give the next-to-leading order (NLO) cross section for the processes that
we have simulated for our study. As we will see, these will be e�ciently removed by the
requirement of a secondary vertex.

In our analysis, we will require the muons to be isolated, which e�ciently removes
leptons originating in jets, and we further remove possible contributions from displaced b

quarks by a su�ciently large cut on tracks in the inner radius. For low background levels,
however, other background sources might come into play. These are:

• cosmic muons,

– 17 –

µ

100 200 300 400

χ0
1χ+

1 1640 121 22.8 6.28
χ0

2χ+
1 1530 116 22.2 6.15

χ≠
1 χ+

1 1300 94.8 17.2 4.58
χ0

1χ≠
1 918 55.9 9.23 2.29

χ0
2χ≠

1 851 53.6 8.94 2.24
χ0

1χ0
2 1410 91.3 16.1 4.19

σtot 7649 532.6 96.47 25.73
Lgen

min 18.3 93.9 518 1940
Lgen

max 565 263 1450 5440

(a) L = 8 TeV.

µ

100 200 300 400

χ0
1χ+

1 3350 293 66.0 21.9
χ0

2χ+
1 3130 282 64.3 21.5

χ≠
1 χ+

1 2770 246 53.9 17.4
χ0

1χ≠
1 2090 158 32.0 9.72

χ0
2χ≠

1 1950 152 31.2 9.54
χ0

1χ0
2 3030 240 51.0 16.2

σtot 16320 1371 298.4 96.26
‡tot

14

/ ‡tot

8

2.1 2.6 3.1 3.7

(b) L = 14 TeV.

Table 5: Partial and total NLO production cross sections for our benchmark models
at 8 TeV and 14 TeV LHC in units of fb. The minimal and maximal (depending on ζ)
integrated luminosity corresponding to the generated number of events at 8 TeV for
each model is given in units of fb≠1.

• pion and kaon decays in flight,

• hadronic punch-throughs,

• pileup.

An estimation of such contributions to our background has to be done with real LHC data,
and is beyond the scope of this work. We argue here that most of this background, should
it contribute, can be removed without significant loss of signal. Cosmic muons can be
vetoed against by using the timing information, as discussed in [25], or a cut on back-to-
back muons. Punch-throughs are also not simulated in Delphes but should in principle be
possible to veto since in this case the muon would be associated with a jet. Most of any
possible contribution to displaced muons from decay in flight should be removed by our
high pT requirement on muons. Pileup was estimated in a partly similar analysis to give
a systematic uncertainty in the event selection e�ciency of 2 % [63]. The displacement
due to pileup is in general much smaller than the secondary vertices we are expecting.
Therefore, such a background can be reduced by increasing the minimal impact parameter
value required, which in our case of larger displacements would not lead to a large decrease
in signal e�ciency.

In the following we therefore neglect these backgrounds to our displaced muon channel.
However, as will be described in Section 3.5, we will in our statistical analysis allow some
margin for systematic uncertainty in case of vanishing estimated background levels by
requiring our predicted signal to amount to a certain number of observed events.

– 18 –

masses in GeV

production cross sections in fb



LHC signature: (very) displaced muons

• Analysis: Madgraph/Madevent+Pythia for 
event generation and Delphes for detector 
simulation.                                                
Radial information taken into account as 
worked out in 

• Cuts:
• 2 OS isolated muons (created before 

the muon system) with       >10 GeV,
• If the muons have tracks (muon 

created within the 1st 3d of the 
tracker): 
•  d(vertex) > 5 mm,
•  Δd(vertices) < 1 mm,

• Invariant mass m(μ+μ-) > 5 GeV.

14

m2
ll ⇡ m2

�0
1
�m2

W

0 20 40 60 800

20

40

60

80

100

Invariant mass of µ+µ≠ [GeV]

N
um

be
r

of
ev

en
ts

pe
r

bi
n

# edge
1682 63.7
1405 63.9
981 63.7

62.4

(a) Large total number of events (#).

0 20 40 60 800

1

2

3

Invariant mass of µ+µ≠ [GeV]

N
um

be
r

of
ev

en
ts

pe
r

bi
n

# edge
73 64.7
50 63.8
26 67.3

62.4

(b) Small total number of events (#).

Figure 6: Examples of the mass-edge reconstruction when the higgsino mass is m‰0

1

=
102 GeV (benchmarks µ = 100 GeV), so that the theoretical value for the edge in the
dimuon invariant mass is 62.4 GeV. The values in the legend show that already a small
total number of events (#) are su�cient in order to reconstruct the mass edge with
an error around 2 GeV.

should be tested in other ways as well. Here, we show that the chosen signature allows for
the determination of the neutralino mass via the well-known mass edge method [78, 79].
The mass edge in the dimuon invariant mass distribution is to leading order determined by

m2
ll = m2

‰0

1

≠ m2
W + O

A
ml

m‰0

1

B2

. (3.6)

Following [80] we fold the phase space function with a Gaussian to model the mass edge:

T (mll) = 1Ô
2fi‡

⁄ m
cut

0
dy y exp

A

≠1
2

3
mll ≠ y

‡

42
B

, (3.7)

where the endpoint mcut and the height of the triangle ‡ are the free parameters to be
fitted to the dilepton invariant mass mll distribution to reconstruct the dimuon mass edge.
We implemented this mass edge formula in the MINUIT class of the ROOT package.

For this method to work, a su�ciently large sample of signal events is needed. In Fig-
ure 6 we show examples of the mass edge reconstruction for di�erent numbers of observed
events in the case of our benchmarks model with µ = 100 GeV. We conclude from Figure 6b
that a total number of events between 26 and 50 should give an accurate estimate of the
higgsino mass.
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Test with neutralino mass of 102 GeV.



Discovery reach @ LHC 8 TeV
• The cuts effeciently remove all simulated background (SM dimuon and 

detector effects) and are expected to remove background from cosmic 
muons, decay-in-flight, punch-throughs and pile-up.
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Figure 7: Discovery reach with 8 TeV center-of-mass energy at the LHC for our four
benchmark models. Each colored band represents a value of µ and the lower, middle
and upper line on each band corresponds to Pobs = 50 %, 90 % and 99 %, respectively.
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Figure 8: Mass reconstruction reach at 8 TeV under the assumption that S = 40
events (middle line of each colored band) are su�cient in order to reconstruct the
neutralino mass. The lower and bands correspond to S = 30 and S = 50 events,
respectively, and Pobs ¥ 50 %.
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Requiring an 
expectation of 

at least 5 events 
and 50%, 90% or 
99% probability 
to observe such 

a signal 
(assuming a 

Poisson 
distribution).



Higgsino mass determination

• The higgsino mass can be determined using the edge in the dimuon invariant 
mass distribution:
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Figure 10: Estimation of the mass reconstruction reach for 14 TeV based on our 8 TeV
analysis, under the assumption that S = 40 events are su�cient in order to reconstruct
the neutralino mass. The bands correspond to the interval spanning between 30 and
50 events, and Pobs ¥ 50 %.

neither the resulting mass eigenstates nor the transformation matrices di�er from the ones
derived previously in the bino NSLP case. In fact, the parametrization only depends on a
large hierarchy between the fermi scale and the largest neutralino mass.

We were thus able to use the limits on decaying gravitino dark matter from gamma-
ray searches with the Fermi-LAT to put an upper bound on the RPV parameter ’ and
thereby a lower bound on the higgsino NLSP decay length. This motivated our study of a
dimuon LHC signature with macroscopic and, compared to other scenarios studied in the
literature, relatively large displaced vertices. We simulated events and detector response
for a few benchmark models, varying the value of the higgsino mass parameter µ and the
RPV parameter ’. We found that this scenario can show up already in the 8 TeV run at
the LHC with the 10 – 30 fb≠1 of data expected at this center-of-mass energy, and that the
reach in ’ is improved by up to an order of magnitude compared to the current reach of
gamma-ray searches.

We also demonstrated that in the case of a signal, the LHS hypothesis can be tested
further by a mass edge reconstruction. Except for the largest ’ and smallest higgsino
masses considered, the luminosity accumulated during the 8 TeV run may not be enough.
However, based on a our rough estimation of the 14 TeV reach, the higgsino mass in all our
benchmark scenarios can be determined in the 14 TeV run, requiring integrated luminosities
in the range 30 – 1000 fb≠1.

The complementarity of gamma-ray and LHC signatures for the LHS with RPV may
also be used to falsify the model. A future observation of a gamma-ray line consistent with
decaying dark matter would fix the gravitino mass and the value of ’. If also an LHC
signal of a higgsino-like neutralino shows up, which may even be possible in the scenario
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Figure 6: Examples of the mass-edge reconstruction when the higgsino mass is m‰0

1

=
102 GeV (benchmarks µ = 100 GeV), so that the theoretical value for the edge in the
dimuon invariant mass is 62.4 GeV. The values in the legend show that already a small
total number of events (#) are su�cient in order to reconstruct the mass edge with
an error around 2 GeV.

should be tested in other ways as well. Here, we show that the chosen signature allows for
the determination of the neutralino mass via the well-known mass edge method [78, 79].
The mass edge in the dimuon invariant mass distribution is to leading order determined by

m2
ll = m2

‰0

1

≠ m2
W + O

A
ml

m‰0

1

B2

. (3.6)

Following [80] we fold the phase space function with a Gaussian to model the mass edge:

T (mll) = 1Ô
2fi‡

⁄ m
cut

0
dy y exp

A

≠1
2

3
mll ≠ y

‡

42
B

, (3.7)

where the endpoint mcut and the height of the triangle ‡ are the free parameters to be
fitted to the dilepton invariant mass mll distribution to reconstruct the dimuon mass edge.
We implemented this mass edge formula in the MINUIT class of the ROOT package.

For this method to work, a su�ciently large sample of signal events is needed. In Fig-
ure 6 we show examples of the mass edge reconstruction for di�erent numbers of observed
events in the case of our benchmarks model with µ = 100 GeV. We conclude from Figure 6b
that a total number of events between 26 and 50 should give an accurate estimate of the
higgsino mass.
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Summary & conclusion

• An MSSM light-higgsino scenario is an interesting theoretical possibility.

• Extended with small R-parity violating couplings we can also have a 
consistent cosmology and gravitino dark matter.

• The bounds on decaying dark matter from the Fermi-LAT motivates a search 
for displaced higgsino-like neutralino decays at the LHC.

• With the 8 TeV data, LHC searches can extend the reach in the RPV 
parameter ζ as compared to current gamma-ray searches, and a signal can 
show up at integrated luminosities of 10-30/fb.

• In the case of a signal, the displaced dimuon signature allows for 
reconstruction of the higgsino mass. For this, we might have to wait for the 13 
TeV run.
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