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Introduction

� Up to now sensitivity studies using the full simulation of the SHiP
detector only performed for the sterile neutrino model

� Toy and back of the envelope calculations of sensitivities performed for
other new physics models

� Precise estimations required for physics TDR
→ Multitude of new physics models documented in physics proposal
need to be studied more accurately by simulating within our SHiP
software framework
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R-Parity violation and light neutralinos

� Benchmark models to study sensitivity of SHiP from de Vries, Dreiner, Scheier
[arXiv:1511.07436]

� Model used previously to explain the NuTeV dimuon event excess through
neutralino production from B-meson decays Dedes, Dreiner, Richardson
[arXiv:hep-ph/0106199]

� Complementary to LHC SUSY searches as such models allow to probe
sfermion masses up to O(10)TeV 4
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FIG. 1. Relevant Feynman Diagrams for D+ ! e�0
1 + `+

At SHiP energies, with a 400 GeV proton beam we ex-
pect (next to the production of light mesons contain-
ing up, down, or strange quarks) high production rates
for charmed mesons, and somewhat lower rates for B-
mesons. As we discuss below, for example over the life-
time of SHiP about 4.8 ⇥ 1016 D±-mesons are expected.
Thus even very rare decays can be probed. Individual
LiQaD̄b R-parity violating operators allow for leptonic
decays of mesons. As an example the tree-level Feynman
diagrams for the decay

D+ ! e�0
1 + `+i , i = 1, 2 . (19)

are given in Fig. 1, for a = 2, b = 1. In this specific
example the light neutralino can decay via the same R-
parity violating operator:

�̃0
1 ! (⌫ K0

S/L; ⌫̄ K̄0
S/L) . (20)

Both sets of decays are possible, as the neutralino is a
Majorana fermion. For small values of the coupling �0i21
and given that the neutralino must be lighter than the
D+ meson, the neutralino lifetime can be long enough to
decay downstream in the SHiP detector.

V. EFFECTIVE INTERACTIONS:
LEPTON-NEUTRALINO-MESON

In this section, we discuss the R-parity violating ef-
fective interactions between a meson, a lepton, and a
neutralino. These interactions are relevant for both the
production and the decay of the neutralino and are nec-
essary to determine the possible signatures at SHiP, as
in Eqs. (19),(20). We focus on the operators �0iabLiQaD̄b

where i denotes the leptonic generation index and a and
b the quark generation indices. The index b is always as-
sociated with a down-like SU(2) singlet quark, whereas
the index a can refer to either an up-like or down-like
SU(2) doublet quark. If a is up-like then i corresponds
to a charged lepton, i.e. electron, muon, or tau, whereas
if a is down, i corresponds to a neutrino.

A. The Formalism

The interaction Lagrangian due to �0iabLiQaD̄b is given
in terms of four-component fermions by

L ��0iab

h
(⌫C

i PLda)ed⇤bR + (dbPL⌫
i)edaL + (dbPLda)e⌫iL

i

� �0iab

h
(uC

aPL`
i)ed⇤bR

+ (dbPLua)èiL + (dbPL`
i)euaL

i

+ h.c. (21)

Here, da,b, ua, ⌫i, `i denote the down-like quark, up-
like quark, neutrino, and charged lepton fields, respec-
tively. The tilde denote the corresponding supersymmet-
ric scalar partners. The dominant contribution to the
R-parity violating decay of a meson typically proceeds
at tree-level via operators associated with the Feynman
diagrams as shown in Fig. 1. Thus we also need the stan-
dard supersymmetric fermion-sfermion-neutralino ver-
tices. We assume that the sfermion mixing is identi-
cal to the fermion mixing such that their contributions
to the gauge couplings cancel. As we consider a domi-
nantly bino LSP neutralino, �̃0

1, we only take chirality-
conserving terms into account

L � gũaL
(e�0

1PLua)eu⇤
aL

+ gd̃aL
(e�0

1PLda)ed⇤aL

+ gl̃iL
(e�0

1PL`i)è⇤iL + g⌫̃iL
(e�0

1PL⌫i)e⌫⇤iL

+ g⇤edR
(dPLe�0

1)
edR + h.c. (22)

We assume that the sfermion masses are significantly
larger than the momentum exchange of the process. Thus
the sfermions can be integrated out, resulting at tree-
level in the low-energy e↵ective four-fermion Lagrangian
for both the production and decay of the neutralino:

L � �0iab

 g⇤edbR

m2
edbR

(d̄bPL�̃
0
1)(⌫

C
i PLda)

�
g⇤edbR

m2
edbR

(d̄bPL�̃
0
1)(u

C
aPL`i) +

gedaL

m2
edaL

(�̃0
1PLda)(dbPL⌫i)

� geuaL

m2
euaL

(�̃0
1PLua)(dbPL`i) +

ge⌫iL

m2
e⌫iL

(�̃0
1PL⌫i)(dbPLda)

�
gè

iL

m2
è
iL

(�̃0
1PL`i)(dbPLua)

�
+ h.c. (23)

We have omitted the terms involving pairs of neutralinos,
which are most likely not relevant at SHiP, see [28]. Sim-
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Benchmark modes

� Large overlap of production and decay signatures to HNL model already
implemented in FairShip
→ Trivial extension of existing framework

� Main complication is the large amount of parameter space of the model
→ Hundreds of combinations of production and decay modes depending on
quark and lepton flavour couplings
→ Literature splits into 5 benchmarks e.g [arXiv:1511.07436]

Channels considered
� Production: D+

(s) → χ̃0
1µ

+, B0 → χ̃0
1ν̄, B

+ → χ̃0
1(µ+, τ+)

� Visible decay modes: χ̃0
1 → K (∗)+(µ−, τ−),

� Invisible decay modes: χ̃0
1 → (K 0

L ,K
0
S ,K

∗) + (ν, ν̄), χ̃0
1 → (η, η′, φ) + (ν, ν̄)
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Production and decay widths

6

We list the values of the pseudoscalar and vector decay
constants we use in Table I in Sect. VIII. In general, we
find that neutralinos can interact both with pseudoscalar
and vector mesons via di↵erent but related e↵ective cou-
plings. In the following analysis we therefore consider
both meson types and also show how the inclusion of the
latter a↵ects the overall sensitivity.

Potentially fine-tuned models with non-degenerate
sfermion masses could lead to a complete cancellation
of the individual contributions in Eqs. (30), (31). No sen-
sitivity would be expected in such a scenario if only pseu-
doscalar mesons were considered in the analysis. How-
ever, for a nonzero RPV coupling the e↵ective operators
in Eqs. (30)–(33) can not all vanish simultaneously. We
hence safely use the simplifying assumption of completely
mass degenerate sfermions.

B. Possible Decay Modes

From Eqs. (30)–(33), a single �0iabLiQaD̄b operator
leads to interactions with charged (pseudoscalar or vec-
tor) mesons M+

ab of flavour content (uadb), as well as

neutral mesons M0
ab with quark composition dadb, and

their respective charge conjugated equivalents. If m�̃0
1

<
mM � mli , the operator opens a decay channel of the
meson into the neutralino plus lepton li. For example,
M± ! �̃0

1`
±, or M0 ! �̃0

1⌫, M̄0 ! �̃0
1⌫̄. Such processes

serve as the initial neutralino production mechanism
here. In addition, for m�̃0

1
> mM +mli the neutralino can

decay via �̃0
1 ! M+`�, M�`+ or �̃0

1 ! M0⌫, M̄0⌫̄. Such
decays can potentially be observed in the SHiP detector.

From the structure of the operators in Eqs.(30)–(33),
the definition of the e↵ective couplings and the meson
structure constants in Eqs. (35), (37), we obtain the fol-
lowing unpolarized decay widths1:

�(Mab ! e�0
1 + li) =

�
1
2 (m2

Mab
, m2

e�0
1
, m2

li
)

64⇡m3
Mab

|GS,f
iab |2(fS

Mab
)2(m2

Mab
� m2

e�0
1
� m2

li), (38)

�(M⇤
ab ! e�0

1 + li) =
�

1
2 (m2

M⇤
ab

, m2
e�0
1
, m2

li
)

3⇡m3
M⇤

ab

|GT,f
iab |2(fT

M⇤
ab

)2
h
m2

M⇤
ab

(m2
M⇤

ab
+ m2

e�0
1
+ m2

li) � 2(m2
e�0
1
� m2

li)
2
i
, (39)

�(e�0
1 ! Mab + li) =

�
1
2 (m2

e�0
1
, m2

Mab
, m2

li
)

128⇡m3
e�0
1

|GS,f
iab |2(fS

Mab
)2(m2

e�0
1
+ m2

li � m2
Mab

), (40)

�(e�0
1 ! M⇤

ab + li) =
�

1
2 (m2

e�0
1
, m2

M⇤
ab

, m2
li
)

2⇡m3
e�0
1

|GT,f
iab |2(fT

M⇤
ab

)2
h
2(m2

e�0
1
� m2

li)
2 � m2

M⇤
ab

(m2
M⇤

ab
+ m2

e�0
1
+ m2

li)
i
. (41)

Here, li either denotes `±i or ⌫i, depending on whether
Mab is charged or neutral. The phase space function

�
1
2 (x, y, z) ⌘

p
x2 + y2 + z2 � 2xy � 2xz � 2yz. The co-

e�cients G are defined in Eqs. (30)–(33). For each of
the above decays there exists a charge-conjugated pro-
cess with identical decay width. Here we list the most
important mesons Mab that participate in each interac-
tion for given a, b

�0i11 !
(

(ud̄) = (⇡+, ⇢+)

(dd̄) = (⇡0, ⌘, ⌘0, ⇢, !) ,
(42)

�0i12 !
(

(us̄) = (K+, K⇤+)

(ds̄) = (K0
L, K0

S , K⇤0) ,
(43)

1 The neutralino decay width in Ref. [30] contains an erroneous
sign and misses a factor of 2, which is fixed here in Eq. (40).

�0i13 !
(

(ub̄) = (B+, B⇤+)

(db̄) = (B0, B⇤0) ,
(44)

�0i21 !
(

(cd̄) = (D+, D⇤+)

(sd̄) = (K0
L, K0

S , K⇤0) ,
(45)

�0i22 !
(

(cs̄) = D+
s , D⇤+

s

(ss̄) = ⌘, ⌘0, �
(46)

�0i23 !
(

(cb̄) = B+
c , B⇤+

c ,

(sb̄) = B0
s , B⇤0

s

(47)

�0i31 ! (bd̄) = B0, B⇤0 (48)

�0i32 ! (sb̄) = B0
s , B⇤0

s (49)

�0i33 ! (bb̄) = ⌘b, ⌥ (50)

For light neutral pseudoscalar mesons, mass and
flavour eigenstates do not coincide. For our studies this
is only relevant for the K̄0

L,S , ⌘, and ⌘0 mesons (we take

With the GS,f
iab given by e.g

5

ilarly, we have dropped interactions involving four SM
fermions, see [46].

For pure bino interactions, the coupling constants gX

are family independent [61]

g˜̀
iL

= g˜̀
L

= +
g2p
2

tan ✓W , (24)

g⌫̃iL
= g⌫̃L

= +
g2p
2

tan ✓W , (25)

gũaL
= gũL

= � g2

3
p

2
tan ✓W , (26)

gd̃aL
= gd̃L

= +
5g2

3
p

2
tan ✓W , (27)

gd̃bR
= gd̃R

= � 2g2

3
p

2
tan ✓W , (28)

Here, ✓W denotes the electroweak mixing angle and g2

the Standard Model SU(2) gauge coupling.

Using chiral Fierz identities (e.g. [62]), one can rear-
range the four-fermion interactions in Eq. (23) such that
each term factorizes in a neutralino-lepton current and a
quark-bilinear:

( ̄1PL
R
⌘2)(⌘̄1PL

R
 2) = �1

2
( ̄1PL

R
 2)(⌘̄1PL

R
⌘2)

� 1

4
( ̄1�

µ⌫ 2)(⌘̄1�µ⌫⌘2)

± i

8
✏µ⌫⇢�( ̄1�µ⌫ 2)(⌘̄1�⇢�⌘2), (29)

with �µ⌫ ⌘ i/2 [�µ, �⌫ ] and ✏0123 = 1.  1,2, ⌘1,2 denote
four component fermions. Making use of these identi-

ties and applying  CPL/R⌘ = ⌘CPL/R in combination

with the Majorana identity �C = � for the neutralino,
Eq. (23) can be written as the sum of the following four
interactions:

(e�0PL⌫i)(dbPLda) ⇥

�0iab

⇣ g⌫̃L

m2
⌫̃iL

� 1

2

gd̃L

m2
d̃aL

� 1

2

g⇤
d̃R

m2
d̃bR

⌘

| {z }
⌘GS,⌫

iab

, (30)

(e�0PL`i)(dbPLua) ⇥

�0iab

⇣1

2

gũL

m2
ũaL

+
1

2

g⇤
d̃R

m2
d̃bR

�
g˜̀

L

m2
⌫̃iL

⌘

| {z }
⌘GS,`

iab

, (31)

(e�0�µ⌫⌫i)(db�
⇢�da) ⇥

�0iab

⇣ gd̃L

4m2
d̃aL

+
g⇤

d̃R

4m2
d̃bR

⌘

| {z }
⌘GT,⌫

iab

⇣
gµ⇢g⌫� � i✏µ⌫⇢�

2

⌘
, (32)

(e�0�µ⌫`i)(db�
⇢�ua) ⇥

�0iab

⇣ gũL

4m2
ũaL

+
g⇤

d̃R

4m2
d̃bR

⌘

| {z }
⌘GT,`

iab

⇣
gµ⇢g⌫� � i✏µ⌫⇢�

2

⌘
, (33)

and their hermitean conjugates.
For pseudoscalar mesons composed of anti-quarks q̄1

and quarks q2, we can connect the quark bilinear vec-
tor currents with external meson fields by defining pseu-
doscalar meson decay constants fM

h0|q̄1�
µ�5q2|M(p)i ⌘ ipµfM , (34)

where |M(p)i denotes a pseudoscalar meson M with mo-
mentum p. The standard current-algebra approximation
then predicts

h0|q̄1�
5q2|M(pM )i = i

m2
M

mq1 + mq2

fM ⌘ fS
M , (35)

for the pseudoscalar currents in Eqs. (30) and (31). Here,
mM , mq1

and mq2
are the masses of the meson M and

the quarks q1, q2, respectively.
The tensor structure in Eqs. (32), (33) does not lead

to purely leptonic processes such as M ! e�0 + li or
e�0 ! M + li, because a pseudoscalar meson only has
one relevant Lorentz-vector, its momentum. Thus the
tensor interactions only contribute to higher multiplicity
processes such as M ! e�0 + li +M 0, where M 0 denotes a
lighter meson. These are phase space suppressed by two
to three orders of magnitude, and we do not consider
them here.

Vector mesons have two intrinsic Lorentz vectors, their
momentum pµ and polarization ✏µ. The decay constant
of a vector meson M⇤ with mass mM⇤ , can be defined as

h0|q̄1�
µq2|M⇤(p, ✏)i ⌘ fV

M⇤mM⇤✏µ. (36)

Heavy-quark symmetry relates the vector and pseu-
doscalar constants for mesons containing a heavy quark
fV

M⇤ ' fM [63]. We use this relation for the B and D
mesons. For lighter mesons, such as K⇤ and �, the re-
lation is not accurate and instead we follow Ref. [64],
where the vector decay constants are obtained from
M⇤ ! e+e� decays.

Similarly we can define the tensor meson constant

h0|q̄1�
µ⌫q2|M⇤(p, ✏)i ⌘ ifT

M⇤(p
µ
M ✏⌫ � p⌫M ✏µ). (37)

For mesons containing a heavy quark (c or b), heavy-
quark symmetry [65] also relates the vector and tensor de-
cay constants fT

M⇤ ' fV
M⇤ ' fM . Because the tensor de-

cay constants are not known in all cases, we also employ
this relation for lighter mesons. The additional uncer-
tainties entering via these simplifying assumptions hardly
a↵ect the SHiP sensitivity curves on �0/m2

ef . These range

over many orders of magnitude and thus an O(40%) cor-

rection in a decay constant fS,T,V
M(⇤) does not noticeably

change the results presented in the figures in Sec. VIII.

� Assuming sfermion masses are degenerate then can set limits in with
λiab/m

2
f̃
vs mχ̃0

1
plane.
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Some results
� Script in place to calculate decay widths and branching fractions for 5

benchmarks
� Can also calculate individual widths for user specific benchmark
� Integrated within FairShip. In the process of generating events within

FairShip to test (not yet committed)

 mass (GeV)0χ 
2 4

)
+ µ

 N
 

→ 
+

(D
B

0

20
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12−10×
-910× = 1

f
~
2/mprodλRPV neutralino 

 mass (GeV)0χ 
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 (
m

)
τc 0 χ
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410
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910

) ]µν,-µ)(
0,+

,K*0

L,S
,K+ (K→0χ [ -910× = 1

f
~
2/mdecayλRPV neutralino 

� For coupling λprod/m
2
f̃
∼ O(10−5)− (10−9)GeV−2, B(D+ → χ0µ+)

∼ O(10−2)−O(10−10)

� For coupling λdecay/m
2
f̃
∼ O(10−5)− (10−9)GeV−2, proper decay length

∼ O(mm)−O(1000km)
� In agreement with literature
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Other models
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Light Axino

Ki Young Choi, work ongoing...
� Supersymmetric partner of the axion
� Exhibits very weak interactions and SHiP perfect place to search for this

mode
� Mass ranges between MeV and a few GeV
� Part of the Physics proposal but no quantitative estimates

� Split into two cases: R-parity conserving and R-parity violating

K.A. Petridis (UoB) Physics models Collaboration Meeting 8 / 11



Ki Young Choi, work ongoing...Light Axino(-like) and Dark Matter

R-parity conservation

Figure 6.6: Feynman diagram for the R-parity violating production of an axino.

with some constants C and C3. This is essentially the scalar equivalent to the pseudo-scalar inter-

actions of ALPs discussed in Chapter 5 plus an additional interaction with two axions. In addition

we can also have (strongly model dependent) interactions with Standard Model fermions.

Let us briefly discuss the two main di↵erences: the parity and the interaction with two axions.

For most direct experimental tests such as SHiP the di↵erence in parity only leads to minor mod-

ifications (see, e.g., Figs. 3.9 and 5.2 where we consider scalars and pseudoscalars interacting with

SM fermions; we expect this level of similarity also for other couplings such as one to two gauge

bosons). The interaction with two axions is more important. If the axion mass is less than half

the saxion mass, the saxion can dominantly decay via s ! AA. Depending on the value of fA and

the mass of the axion this can be an invisible decay, or the axion A itself can decay into something

visible. If the decay is invisible this can lead to a significant reduction in the observed number of

events and a corresponding reduction in sensitivity. One can always consider this as the worst case

scenario for the sensitivity. Decays of the produced axions can only lead to additional events. Aside

from this modification we expect for saxions at SHiP very similar signatures and quantitatively also

similar improvements to those for ALPs, and we refer the reader to Chapter 5 for details.

6.7.2.2 Axino LSP with R-parity breaking

If R-parity is broken, an axino LSP can decay and produce signatures in the SHiP experiment. In

bilinear R-parity violation models, the light axinos dominantly decay to photon and neutrino with

a lifetime10 [939]
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with ⇠i = h⌫̃ii/v and h⌫̃ii being the sneutrino vev which parametrizes the size of R-parity violation.

In models with DSFZ type interactions axinos can additionally decay into e�e+⌫ with similar decay

rate. The QCD axino with fA & 109GeV is found to be hard to decay inside the SHiP experiment.

However, for general ALPinos, the corresponding Peccei-Quinn breaking fA scale might be smaller.

With R-parity violation, a single axino can be produced together with a neutrino, e.g. from

two quarks via an s-channel Z boson as shown in Fig. 6.6.

6.7.2.3 Axinos with R-parity conservation

If R parity is conserved, supersymmetric particles must be produced in pairs and this, of course

also holds for the axinos. Typical R-parity conserving production channels are shown in Fig. 6.7.

Since the diagram on the left hand side is suppressed by two factors of fA, the corresponding

production is likely to be too small to be observed, and a light neutralino is required for direct

10Here we consider parameter values that are more appropriate for ALP models and not for the QCD axion.
Nevertheless we model the interactions (also for the superpartners) on those of the KSVZ axion. However, one
should take this with a grain of salt, as strong model dependencies are possible.
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Nevertheless we model the interactions (also for the superpartners) on those of the KSVZ axion. However, one
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R-parity conserving production. In this case we can have axino/neutralino production (middle) or

neutralino pair production (right).

An interesting option then also opens up for the decay. The heavier of the two (either the

axino or the neutralino) can decay into the lighter one, as shown in Fig. 6.8, for the case when the

neutralino is heavier. The corresponding lifetime can be quite large and therefore suitable to the

SHiP setup since the relevant interaction is suppressed by fA. The decay shown on the right hand

side then leads to an interesting but also challenging mono-photon signature in SHiP. In addition

we can also have (somewhat suppressed) decays with two charged tracks as shown on the right hand

side of Fig. 6.8. If the axino is heavier, we can just reverse the roles of axino and neutralino in the

decay diagrams.

6.7.3 Concluding remarks

If axion/ALP models are embedded in a supersymmetric context two additional particles appear

that lend themselves to searches at SHiP. The first option is the saxion/sALP whose phenomeno-

logical features are qualitatively relatively close to that of the axion/ALP and can be searched at

SHiP with the strategies discussed in Chapter 5. However, if the decay of the saxion into two ax-

ions is kinematically allowed, it is typically dominant, which can lead to reductions in the observed

number of events with SM particles.

The fermionic axino/ALPino leads to di↵erent signatures and strategies. If R-parity is broken
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More studies are needed for quantitative statements on the sensitivity.4895

6.8 Additional Possibilities4896

In this section we briefly mention several other options that could lead to observable signatures at4897

SHiP, but which are in very early stages of discussion and need further investigation to determine4898

the sensitivity at SHiP and for comparison with existing limits.4899

6.8.1 Pair production of light neutralinos and decay to gravitino4900

In Section 6.2 we already discussed the possibility of light neutralinos. The focus was on R-parity4901

violating production and decays.4902

Even if R-parity is conserved, the neutralino is not necessarily the lightest superpartner. In4903

theories with gauge mediated supersymmetry breaking this is typically the gravitino. For example4904
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Here F is the scale of supersymmetry breaking, k is a coupling strength to the SUSY breaking4906

sector and � encodes the relevant neutralino mixing angles for the neutralino-photon-gravitino4907

coupling.4908

Pair production of such light neutralinos could occur via squark exchange in the t-channel.4909

(On the parton level the diagrams are similar to what we will have in the case of flavor violating4910

production discussed in the next subsection and shown in Fig. 6.9, but due to the absence of flavor4911

violation, formation of intermediate mesons is not necessarily preferred.)4912

In this setup the channel of interest would be,4913
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somewhat similar to the axino case discussed above.4914

6.8.2 Flavor violating production of light neutralinos4915

Flavor violating squark terms could lead to a significantly enhanced pair production of light neu-4916

tralinos. A possible diagram is shown in Fig. 6.9, where we have production from the decay of4917
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� Are there ways to produce through decays of charm and beauty hadrons?
Under study
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Dark Scalar

Gaia, work ongoing...

� Existing toy model already used to
study sensitivities and understand
detector acceptance

� Needs to be ported into FairShip

Dark Scalar

- Gaia has a sensitivity based on a toy she is interesting in 
putting this in FairShiP 

Concerning geometry optimisation is trivial 
- 1) the closer the decay volume is to the target the better 
- 2) no losses of events for conical decay volumes 40 to 60 m long 

(below 40 m we start loosing events)

Gaia Interested
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Conclusions

� RPV neutralino model: close to finalising implementation in FairShip, need
to test production chain

� Once that is done move on to implementing Sgoldstino model

� Dark Scalar and Axino models also ongoing

� Many many more models need to be added:
� e.g Pseudo Dirac goldstinos, Dark photons, Axion Like Particles...
� Please contact Nico if interested
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