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Light Neutralinos?
Neutralinos in Supersymmetry

Take Standard Model and associate to each boson a fermion with
same quantum numbers and vice versa
SUSY partners of SM bosons get non-diagonal bilinear terms

MB̃(x),W̃ 3(x),h̃u(x),h̃d (x) =
M1 0 −mZ cos β sin θW mZ sinβ sin θW
0 M2 mZ cos β cos θW −mZ sinβ cos θW

−mZ cos β sin θW mZ cos β cos θW 0 −µ
mZ sinβ sin θW −mZ sinβ cos θW −µ 0

 .

tanβ: ratio of Higgs vevs vu, vd
µ: SUSY conserving Higgs mass parameter
M1,M2: ’soft’ SUSY breaking masses for B̃, W̃ 3

After diagonalisation −→ 4 eigenstates χ̃01/2/3/4
χ̃01 typically the lightest SUSY particle (LSP) and stable with RP
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Light Neutralinos
[Dreiner, Heinemeyer, Kittel, Langenfeld, Weiglein, hep-ph/0901.3485]

Theoretically, how light can it be?

detM = µ

[
m2

Z sin 2β
(

M1 cos2 θW + M2 sin2 θW

)
−M1M2µ

]

= 0?

Always possible if parameters are real
−→ χ̃01 can be made arbitrarily light

Experimentally, how light can it be?
If other SUSY masses are light (O(few 100 GeV)), constraints can
be set by collider searches and precision observables
But: Model independently, there is no universal lower mass bound!
Reason: A light χ̃01 is dominantly B̃ and does not couple to Z and h
If χ̃01 is stable, cosmology excludes 0.7 eV ≤ mχ̃01

≤ 24 GeV
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R-Parity Violation
Standard Model

Take all renormalisable, gauge- and Lorentz invariant
combinations of Standard Model fields

LSM ⊃ −µ2H†H −
(

Y ij
e (Li H)Ej + Y ij

d (Qi H)Dj + Y ij
u (Qi Hc )Uj + h.c.

)
.

Supersymmetry
Take all renormalisable gauge invariant combinations of left-chiral
superfields

WMSSM = µ
(

Ĥu · Ĥd

)
+ Υij

e

(
L̂i · Ĥd

)
Ê c

j + Υij
d

(
Q̂i · Ĥd

)
D̂c

j + Υij
u

(
Ĥu · Q̂i

)
Ûc

j

LW = −1
2

∑
i,j

ψc
i ψj

∂2W
∂Φ̂i∂Φ̂j

∣∣∣∣∣
Φ̂→φ

+ h.c.

−∑
i

∣∣∣∣∂W
∂Φ̂i

∣∣∣∣2
Φ̂→φ

.

But also: WRPV = κi

(
Ĥu · L̂i

)
+ λijk

(
L̂i · L̂j

)
Ê c

k + λ′iab

(
L̂i · Q̂a

)
D̂c

b + λ′′abc Ûc
a D̂c

bD̂c
c

Typically forbidden by ad hoc R-parity, but what if it not?
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Ĥu · Ĥd
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Ê c

j + Υij
d

(
Q̂i · Ĥd
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Ûc

j

LW = −1
2

∑
i,j

ψc
i ψj

∂2W
∂Φ̂i∂Φ̂j

∣∣∣∣∣
Φ̂→φ

+ h.c.

−∑
i

∣∣∣∣∂W
∂Φ̂i

∣∣∣∣2
Φ̂→φ

.

But also: WRPV = κi

(
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Ê c

k + λ′iab

(
L̂i · Q̂a

)
D̂c

b + λ′′abc Ûc
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R-Parity Violation

WRPV = κi

(
Ĥu · L̂i

)
+ λijk

(
L̂i · L̂j

)
Ê c

k + λ′iab

(
L̂i · Q̂a

)
D̂c

b + λ′′abc Ûc
a D̂c

bD̂c
c

Example for λ121
e

ν̃L

ē

Example for λ′121
c

d̃R

ēc

Example for λ′′121
u

s̃∗R
d̄c

Phenomenological Consequences
can couple 1 SUSY scalars to 2 SM fermions (impossible in MSSM)
−→ the lightest SUSY particle is not stable any more!
−→ Can avoid cosmological neutralino mass bounds!
violate lepton or baryon number
−→ Typically strong constraints from low energy measurements
−→ e.g. λ′121 ≤ 0.2 (md̃R

/100 GeV)
−→ LSP can be long-lived due to small decay width!
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SHiP — Search for Hidden Particles
What is it?

proposed fixed target experiment
uses CERN SPS with Ebeam = 400 GeV (

√
s ≈ 27 GeV)

can observe long-lived particles which travel for λ = O(100 m)
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RPV and Light Neutralinos at SHiP
Bringing the pieces together

Take Supersymmetry with LQD R-Parity to cosmologically allow
for a light χ̃01 with mass O(GeV)

Take SHiP to produce ≈ 4 · 1016 D± mesons within 5 years
Via small λ′121 predict small but sufficient branching ratio
Br(D± → χ̃01`

±)

c

d χ̃0
1

ℓ+

ℓ̃L

Via small λ′112 predict decay χ̃01 → K∓`± with small width / long
lifetime
If this decay happens at inside the SHiP decay chamber, it can be
registered
Require 3 expected events to claim a significant observation
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Derive Neutralino Meson Interactions

Take Superpotential

WRPV = λ′iab

(
L̂i · Q̂a

)
D̂c

b

Expand Superpotential Lagrangian

L ⊃λ′iab

[
(νc

i PLda)d̃∗R,b + (dbPLνi )d̃L,a + (dbPLda)ν̃L,i

]
−λ′iab

[
(uc

a PL`i )d̃∗R,b + (dbPLua)˜̀L,i + (dbPL`i )ũL,a

]
+ h.c. .

Expand Gauge Lagrangian
L ⊃gũL,a (χ̃0

1PLua)ũ∗L,a + gd̃L,a
(χ̃0

1PLda)d̃∗L,a + g ˜̀L,i
(χ̃0

1PL`i )˜̀∗L,i
+gν̃L,i (χ̃0

1PLνi )ν̃∗L,i + g∗d̃R,b
(dbPLχ̃

0
1)d̃R,b + h.c.
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Derive Neutralino Meson Interactions
Expand Superpotential Lagrangian
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[
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(dbPLχ̃

0
1)d̃R,b + h.c.

Find effective interactions for mf̃ � q

L ⊃λ′iab

[ g∗
d̃R,b

m2
d̃R,b

(d̄bPLχ̃
0
1)(νc

i PLda)−
g∗

d̃R,b

m2
d̃R,b

(d̄bPLχ̃
0
1)(uc

a PL`i ) +
g̃dL,a

m2
d̃L,a

(χ̃0
1PLda)(dbPLνi )

−
g̃uL,a

m2
ũL,a

(χ̃0
1PLua)(dbPL`i ) +

g
ν̃L,i

m2
ν̃L,i

(χ̃0
1PLνi )(dbPLda)−

g˜̀L,i

m2˜̀L,i

(χ̃0
1PL`i )(dbPLua)
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ũL,a

(χ̃0
1PLua)(dbPL`i ) +

g
ν̃L,i

m2
ν̃L,i

(χ̃0
1PLνi )(dbPLda)−

g˜̀L,i

m2˜̀L,i

(χ̃0
1PL`i )(dbPLua)

Daniel Schmeier — R-Parity Violation and Light Neutralinos at SHiP and the LHC 9



Derive Neutralino Meson Interactions
Find effective interactions for mf̃ � q

L ⊃λ′iab

[ g∗
d̃R,b

m2
d̃R,b

(d̄bPLχ̃
0
1)(νc

i PLda)−
g∗

d̃R,b

m2
d̃R,b

(d̄bPLχ̃
0
1)(uc

a PL`i ) +
g̃dL,a

m2
d̃L,a

(χ̃0
1PLda)(dbPLνi )

−
g̃uL,a

m2
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Apply Fierz identities to separate (q̄Γq′) currents

(dbPLua)(χ̃0PL`i ) × λ′iab

(1
2

gũL

m2
ũL,a

+ 1
2

g∗d̃R

m2
d̃R,b

−
g ˜̀L

m2
˜̀L,i

)
︸ ︷︷ ︸

≡GS,`
iab

+(`→ ν, ua ↔ da)

(dbσ
ρσua)(χ̃0σµν`i ) × λ′iab

( gũL

4m2
ũL,a

+
g∗d̃R

4m2
d̃R,b

)
︸ ︷︷ ︸

≡GT,`
iab

(
gµρgνσ −
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Derive Neutralino Meson Interactions
Find effective interactions for mf̃ � q
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g˜̀L,i

m2˜̀L,i
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How to evaluate (dbσ
ρσua) and (dbPLua)?

Pseudoscalar M(q1q2) :

〈0|q̄1q2|M(p)〉 = 0 M is pseudoscalar

〈0|q̄1γ
5q2|M(p)〉 = i m2

M
mq1 + mq2

fM ,

〈0|q̄1σ
µνq2|M(p)〉 = 0 no 2 Lorentz vectors

Vector M∗(q1q2) :

〈0|q̄1q2|M∗(p, ε)〉 = 0 M∗ is vector

〈0|q̄1γ
5q2|M∗(p, ε)〉 = 0 M∗ is vector

〈0|q̄1σ
µνq2|M∗(p, ε)〉 ≡ if T

M∗(pµMε
ν − pνMεµ).
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All Possible Decays for λ′iab
Decay Widths

Γ(Mab → χ̃01li ) =
λ

1
2 (m2

Mab
,m2

χ̃0
1
,m2

li )

64πm3
Mab

|GS,f
iab |

2(f S
Mab

)2(m2
Mab
−m2

χ̃0
1
−m2

li ),

Γ(M∗ab → χ̃01li ) =
λ

1
2 (m2

M∗ab
,m2

χ̃0
1
,m2

li )

3πm3
M∗ab

|GT ,f
iab |

2(f T
M∗ab

)2
[

m2
M∗ab

(m2
M∗ab

+ m2
χ̃0
1

+ m2
li )− 2(m2

χ̃0
1
−m2

li )
2
]
,

Γ(χ̃01 → Mab li ) =
λ

1
2 (m2

χ̃0
1
,m2

Mab
,m2

li )

128πm3
χ̃0
1

|GS,f
iab |

2(f S
Mab

)2(m2
χ̃0
1

+ m2
li −m2

Mab
),

Γ(χ̃01 → M∗ab li ) =
λ

1
2 (m2

χ̃0
1
,m2

M∗ab
,m2

li )

2πm3
χ̃0
1

|GT ,f
iab |

2(f T
M∗ab

)2
[
2(m2

χ̃0
1
−m2

li )
2 −m2

M∗ab
(m2

M∗ab
+ m2

χ̃0
1

+ m2
li )
]
.

Requirements for SHiP observation
A meson Mab which is produced lots and which can decay into χ̃01
A charged meson M±cd the χ̃01 can decay into
so m(M±cd ) < m(χ̃01) < m(Mab)
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Possible Scenarios

Coupling Which (q̄q) Relevant Mesons

λ′i11 (ud̄) π+, ρ+

(dd̄) π0, η, η′, ρ, ω
λ′i12 (us̄) K+, K∗+

(ds̄) K0
L ,K

0
S ,K

∗0

λ′i13 (ub̄) B+, B∗+

(db̄) B0, B∗0
λ′i21 (cd̄) D+, D∗+

(sd̄) K0
L ,K

0
S ,K

∗0

λ′i22 (cs̄) D+
s , D∗+

s
(ss̄) η, η′, φ

λ′i23 (cb̄) B+
c , B∗+

c
(sb̄) B0

s , B∗0s
λ′i31 (bd̄) B0, B∗0
λ′i32 (sb̄) B0

s , B∗0s
λ′i33 (bb̄) ηb , Υ

Conclusion at this stage
No combination with
m(M±ab) < m(χ̃01) < m(Mab)
SHiP can not be sensitive to
single λ′iab couplings!
Need one coupling λP for
production and another
coupling λD for decay
Find all possible decays
induced by λP , λD but
multiply final event numbers
with branching ratio into
charged final states only
Many possible scenarios, we
investigated some benchmarks
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Simulation
Monte Carlo Setup

Use Pythia8 to simulate collisions which produce meson Mab ≡ M
Let all mesons M decay into χ̃01
Find probability P(χ̃01 in d.r.) of χ̃01 to decay in detector region
(depends on boost and angle)

χ̃01

Target
Decay Chamber

R A

R
B

Li

Ld

Lt→d

φi

θi

ρi

Lt→d = 68.8 m, Ld = 55 m,RA = 2.5 m and RB = 5 m.

Normalise, use NM from SHiP proposal and Pythia8

Nobs.
χ̃01

= NM · Γ(M → χ̃01l) · τM · P(χ̃01 in d.r.) · Br(χ̃01 → charged)
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B1: D± → χ̃0
1e±, χ̃0

1 → K±e∓

Property Value

λ′P λ′121
λ′D λ′112
Mproduced D±
M±decay`

∓ K±e∓,K∗±e∓

M0
decay via λ′P K0

L ,K
0
S ,K

∗0

M0
decay via λ′D K0

L ,K
0
S ,K

∗0

0 500 1000 1500 2000
mχ̃0

1
in MeV

10−9

10−8

10−7

10−6

10−5

λ
′ 1
2
1

m
2 f̃

=
λ
′ 1
1
2

m
2 f̃

in
G

eV
−

2

Present RPV limit for mf̃ = 250 GeV

Present RPV limit for mf̃ = 1 TeV

Present RPV limit for mf̃ = 5 TeV

Present RPV product limit for mf̃ = 100 GeV

SHiP Sensitivity Reach

λP = λD

Colours show 3, 3k, 3M expected events

Existing bounds are on single operators (weak) and the operator
product (strong, but model dependent)

SHiP could set very tight constraints for this model if the product
bound does not apply

Daniel Schmeier — R-Parity Violation and Light Neutralinos at SHiP and the LHC 15



B1: D± → χ̃0
1e±, χ̃0

1 → K±e∓

Property Value

λ′P λ′121
λ′D λ′112
Mproduced D±
M±decay`

∓ K±e∓,K∗±e∓

M0
decay via λ′P K0

L ,K
0
S ,K

∗0

M0
decay via λ′D K0

L ,K
0
S ,K

∗0

0 500 1000 1500 2000
mχ̃0

1
in MeV

10−9

10−8

10−7

10−6

10−5

λ
′ 1
2
1

m
2 f̃

=
λ
′ 1
1
2

m
2 f̃

in
G

eV
−

2

Present RPV limit for mf̃ = 250 GeV

Present RPV limit for mf̃ = 1 TeV

Present RPV limit for mf̃ = 5 TeV

Present RPV product limit for mf̃ = 100 GeV

SHiP Sensitivity Reach

λP = λD

Colours show 3, 3k, 3M expected events

Existing bounds are on single operators (weak) and the operator
product (strong, but model dependent)

SHiP could set very tight constraints for this model if the product
bound does not apply

Daniel Schmeier — R-Parity Violation and Light Neutralinos at SHiP and the LHC 15



B1: D± → χ̃0
1e±, χ̃0

1 → K±e∓

Property Value

λ′P λ′121
λ′D λ′112
Mproduced D±
M±decay`

∓ K±e∓,K∗±e∓

M0
decay via λ′P K0

L ,K
0
S ,K

∗0

M0
decay via λ′D K0

L ,K
0
S ,K

∗0
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λ′121

m2
f̃

in GeV−2

10−12

10−11

10−10

10−9

10−8

10−7

10−6

10−5

λ
′ 1
1
2

m
2 f̃

in
G

eV
−

2

Present RPV limit for m
f̃

= 250 GeV

Present RPV limit for m
f̃

= 1 TeV

Present RPV limit for m
f̃

= 5 TeV

Present RPV product limit for m
f̃ =

100 GeV

SHiP Sensitivity Reaches

m
χ̃ 0
1 =

(600, 1200, 1800) MeV

Bottom: λP vs λD

Colours show results for three examples m(χ̃01)
Lower limit on λP due to sufficiently many D → χ̃01 decays

Upper limit on λP as a too large Γtot lets χ̃01 decay to quickly

Daniel Schmeier — R-Parity Violation and Light Neutralinos at SHiP and the LHC 16



B3: B0 → χ̃0
1ν, χ̃

0
1 → K±e∓

Property Value

λ′P λ′131
λ′D λ′112
Mproduced B0, B̄0

σbb̄/σcc̄ 2.1× 10−4
M±decay`

∓ K±e∓,K∗±e∓

M0
decay via λ′P none

M0
decay via λ′D K0

L ,K
0
S ,K

∗0

0 1000 2000 3000 4000 5000
mχ̃0

1
in MeV

10−9

10−8

10−7

10−6

10−5

λ
′ 1
3
1

m
2 f̃

=
λ
′ 1
1
2

m
2 f̃

in
G

eV
−

2

Present RPV limit for mf̃ = 250 GeV

Present RPV limit for mf̃ = 1 TeV

Present RPV limit for mf̃ = 5 TeV

Present RPV product limit for mf̃ = 5 TeV

SHiP Sensitivity Reach

λP = λD

Colours show 3, 3k, 3M expected events

Much weaker product bound

SHiP could improve limits on λ′/m̃2 by a significant amount
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SHiP Sensitivity Reaches
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χ̃ 0
1 =
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Bottom: λP vs λD

Lower limit on λP due to sufficiently many B → χ̃01 decays

Higher threshold due to much less B mesons

No upper limit on λP as it does not affect Γtot
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B5: B → χ̃0
1(τ, ν), χ̃0

1 → K±τ∓

Property Value
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Present RPV limit for mf̃ = 250 GeV

Present RPV limit for mf̃ = 1 TeV

Present RPV limit for mf̃ = 5 TeV

SHiP Sensitivity Reach

λP = λD

Decay into τ shifts mass thresholds

Much larger sensitivity if neutral final states could be observed
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Crude LHC Comparision
SHiP

Variable Description Value

Ncc̄ cc̄ in 5 yrs 9× 1016

σbb̄/σcc̄ cross sections 2.1× 10−4
ncc̄

D± D± per cc̄ event 0.53
nbb̄

B± B± per bb̄ event 0.83
nbb̄

B0 B0 per bb̄ event 0.80

χ̃0
1

Target

Decay Chamber

RA

R
B

Li

Ld

Lt→d

φi

θi

ρi

Lt→d = 68.8 m, Ld = 55 m, RA/B = 2.5 m/5 m.

LHC
Variable Value

Ncc̄ 1.5× 1015

σbb̄/σcc̄ 8.6× 10−3
ncc̄

D± 0.59
nbb̄

B± 0.87
nbb̄

B0 0.87

χ̃0
1

Ld

R O

R Iθi
Primary Vertex

ATLAS Detector Li L′i

RI = 0.0505 m, RO = 11 m, 2LD = 43 m

Very Overoptimistic
For the LHC, we also assume that any decay into charged particles would be observed
and that 3 observed events would yield a discovery!
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Decay Chamber

RA

R
B

Li

Ld

Lt→d

φi

θi

ρi

Lt→d = 68.8 m, Ld = 55 m, RA/B = 2.5 m/5 m.

LHC
Variable Value

Ncc̄ 1.5× 1015

σbb̄/σcc̄ 8.6× 10−3
ncc̄

D± 0.59
nbb̄

B± 0.87
nbb̄

B0 0.87

χ̃0
1

Ld

R O

R Iθi
Primary Vertex

ATLAS Detector Li L′i

RI = 0.0505 m, RO = 11 m, 2LD = 43 m

Very Overoptimistic
For the LHC, we also assume that any decay into charged particles would be observed
and that 3 observed events would yield a discovery!
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Comparison
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D → χ̃01 → K

B → χ̃01 → K

LHC
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Comparable, but shamelessly optimistic for LHC!
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Conclusions
Summary

Light neutralinos and RPV are an interesting combination
SHiP is sensitivite to LQD scenarios via decays from and to
mesons

M → χ̃01` χ̃01 → M ′±`∓

Need two different λ′ couplings for observability
SHiP can improve existing bounds significantly
LHC shows similar sensitivity for a very rough approximation,
probably orders of magnitude worse
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