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Abstract: We discuss possible implications of exotic stringy instantons for baryon-violating signatures in future

colliders. In particular, we discuss high-energy quark collisions and Λ−Λ̄ transitions. In principle, the Λ−Λ̄ process

can be probed by high-luminosity electron-positron colliders. However, we find that an extremely high luminosity

is needed in order to provide a (somewhat) stringent bound compared to the current data on NN→ ππ,KK. On

the other hand, (exotic) instanton-induced six-quark interactions can be tested in near future high-energy colliders

beyond LHC, at energies around 20−100 TeV. The Super proton-proton Collider (SppC) would be capable of such

measurement given the proposed energy level of 50–90 TeV. Comparison with other channels is made. In particular,

we show the compatibility of our model with neutron-antineutron and NN→ππ,KK bounds.
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1 Introduction

In recent companion papers, implications of exotic
stringy instantons in B−L violating rare processes and
baryogenesis have been explored [1–12].

As known, in open string theories, instantons are (Eu-
clidean) D-branes wrapping n-cycles on the Calabi-Yau
(CY) manifold. These solutions have been calculated
and classified in the literature (see Ref. [13] for a com-
plete review on these subjects).

In this paper, we will suggest that the exotic in-
stantons can be tested in collider physics. As shown
in Ref. [8], six quarks ∆B= 2 violating transitions can
be generated by one exotic instanton in the context of a
low scale string theory scenario with MS '10÷100TeV.

The model suggested in Ref. [8] is theoretically motivated
by baryogenesis and the hierarchy problem of the Higgs
mass, while embedding a theory of quantum gravity. As
regards baryogenesis, the tunneling probability of B−L
violating processes can be enhanced in the thermal bath,
as it happens for standard model electroweak sphalerons
[14, 15]. This implies a B−L first order phase transi-
tion which could explain the observed matter-antimatter
asymmetry. On the other hand, a low string scale theory
can alleviate the strong hierarchy problem of the Higgs
mass of 17 orders, reducing the hierarchy to a small num-
ber (comparable to the Yukawa coupling of the electron).
The possibility of testing exotic instantons in a collider
may allow testing of low scale string theory in the fully
non-perturbative regime. This may also be important
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to understand the issues arising from geometric moduli
stabilization in string compactification. In fact, string in-
stantons and string fluxes may generate non-perturbative
effective potentials stabilizing the geometric moduli and
allowing for a string vacuum safety.

In particular, we will show how exotic instantons can
generate Λ−Λ̄ transitions, and qq → q̄q̄q̄q̄ qq → ¯̃q¯̃q¯̃q¯̃q
high-energy collisions. Electron-positron colliders with
luminosity much higher than Belle and BaBar could
be used to (indirectly) test such a scenario. Indeed,
we find that an extremely high luminosity is needed,
which looks unrealizable in the near future. On the
other hand, we argue how comparable measurements in
neutron-antineutron physics and in high energy colliders
beyond the LHC can provide tests for our model in the
near future. In this sense, the high energy frontier is
the preferred experimental direction of our model, with
respect to the high luminosity one.

This paper is organized as follows. In Section 2
we discuss our theoretical model, in Section 3 its phe-
nomenology in electron-positron colliders, and in Section
4 its phenomenology and parameter space in compari-
son with several other different possible channels, before
coming to our conclusions.

2 Theoretical model

B and L number conservation can be dynamically
violated by non-perturbative quantum gravity effects
known as exotic stringy instantons. Exotic stringy
instantons are Euclidean D-branes (or E-branes), in-
tersecting physical D-brane stacks. We consider IIA
string-theories1). In this case, “exotic instantons” are
E2-branes, wrapping different 3-cycles on a Calabi-Yau
compactification with respect to physical D6-branes. A
MSSM can be embedded in a quiver theory with three
or more nodes. In the low energy limit, these quiv-
ers can produce gauge theories U(3)a×U(2)b×U(1)c or
U(3)a×Sp(2)b×U(1)c×U ′(1)s or U(3)a×U(2)b×U(1)c×
U ′(1)d or eventually higher node extensions2). The ba-
sic fundamental elements are: i) D6-branes wrapping
3-cycles in the Calabi-Yau CY3; ii) Ω-planes; iii) E2-
instantons; iv) open strings3).

Open strings are attached to D6 and E2-branes. Let
us also recall that open (un)oriented strings attached to
two intersecting D6-brane stacks will reproduce (MS)SM

matter fields as lower energy excitations, in the limit
α′

s → 0. The number of intersections among the stacks
will correspond to the number of generations. As an ex-
ample, the three generations of lepton superfields L come
from open strings attached to a U(2) or Sp(2) stack and
a U(1) stack, with these stacks intersecting each other
three times. The hypercharge U(1)Y is reconstructed as
a massless linear combinations of the U(1)s in the model.
For example, for U(3)a×U(2)b×U(1)c,

Y =qaQa+qbQb+qcQc , (1)

where Qa,b,c corresponds to U(1)a ⊂U(3)a and U(1)b ⊂
U(2)b and U(1)c respectively. On the other hand, two
linear independent combinations of U(1)s orthogonal to
(1) will be anomalous4).

Let us consider the presence of an E2-brane intersect-
ing the U(3)-stack two times, the U(1)-stack two times,
and the Û(1)-stack (image of U(1) with respect to Ω)
four times. For α′

s → 0, this construction generates ef-
fective Lagrangian terms among the ordinary superfields
U c,Dc and fermionic moduli (also called modulini):

Leff∼k(1)
f U i

fτiα+k(2)
f Di

fτiβ, (2)

where τ i modulini live at U(3)-E2 intersections, α mod-
ulini at U(1)−E2 and β at Û(1)−E2. Here, we consider
an E2-instanton with a Chan-Paton factor O(1). As pre-
scribed by instanton calculation, we will integrate out
modulini at the D6-E2 intersections, and obtain

WE2−D6−D̂6 =

∫

d6τd4βd2αe−Leff

= Y(1) e
−SE2

M 3
S

εijkεi′j′k′U iDjDkU i′Dj′Dk′

,

(3)

where Y (1)
f1f2f3f4f5f6

= k(1)
f1
k(1)

f2
k(2)

f3
k(2)

f4
k(2)

f5
k(2)

f6
is the flavor

matrix determined by the couplings k(1,2) derived from
mixed disk amplitudes. We can assume these as free
parameters, parametrizing our ignorance about the par-
ticular geometry of the E2-instanton considered. A su-
perpotential (3) can generate diagrams like the one in
Fig. 2. In particular, n−n̄ and Λ−Λ̄ transitions are
generated by the two effective operators

Onn̄+OΛΛ̄ =
y1

M3
E2M

2
SUSY

(ucdcdd)(ucdcdc)

+
y2

M3
E2M

2
SUSY

(ucdcsc)(ucdcsc), (4)

1) For classic papers on open string theories see Refs. [19–23]. In open string theories, calculations of scattering amplitudes are much
simpler than F-theories or heterotic string theories.

2) See Refs. [16–18, 25–28] for (incomplete) literature on intersecting D-brane models.

3) Before the orientifold projection, in order to restore the correct balance of arrows one has also to introduce flavor branes for some
of these models. See Ref. [24] for a discussion of unoriented quivers with flavour branes.

4) In string theory, anomalous U(1)s can be cured through the generalized Green-Schwarz mechanism. The two anomalous vector
bosons Z′,Z′′ get a mass of the order of the string scale, through the Stückelberg mechanism. Peculiarly, they have to interact with Z,γ

through generalized Chern- Simon (GCS) terms in order to cancel the anomalies. See Refs. [29, 31] for an extensive discussion of these
aspects.

093102-2



Chinese Physics C Vol. 41, No. 9 (2017) 093102

where M3
E2 = e+SE2M 3

S, y1 = Y(1)
111111 and y2 = Y(1)

112112 .
More details and analysis of explicit quivers were exten-
sively discussed in Ref. [8]. These operators correspond
to the generation of an effective Majorana mass for the
neutron and for the Λ baryon.

e−SE2 is the effective action of an E2-brane wrapping
3-cycles on the CY3. It is related to the string coupling
as

e−SE2 =e−VE2/gs+i
∑

r qrar , (5)

where VE2 is the volume wrapped by the E2-brane and
the imaginary part consists of a sum all over Ramond-
Ramond axions. For l > lS, exotic instantons have
to respect the universal string theory bound on non-
perturbative effects:

|e−SE2 |6e−
2

gs (6)

interpreted as a bound from the instanton-antinstanton
virtual pair diagram, i.e as a bound on their parti-
tion function. This bound is very important for the
considerations in the following. In fact, gs � 1 will
suppress E2-transitions. On the other hand, scenar-
ios in which gs = 0.25÷1 suggest a coupling strong as
e−10÷e−2'5×10−5÷1.1×10−1, with a small volume VE2

This result is peculiarly different with respect to non-
perturbative classical configurations in field theories, like
sphalerons, usually suppressed as e−1/g2

Y M . In particular,
for electroweak gauge instantons, the suppression factor
can be proportional to e−104

or so. Such a high string
scale as the one desired in our case has to be consistently
compatible with the Yang-Mills coupling and MPl/MS

ratio. Let us recall that, by dimensional reduction to 4d,

1

g2
Y M

=
M 3

SV3

(2π)4gs

, (7)

M 2
Pl=

M 8
SV6

(2π)7g2
s

, (8)

where V3 is the volume wrapped by D6-branes (stacks)
corresponding to YM bosons, and V6 is the total internal
volume. The hierarchy among YM couplings and a high
string coupling is understood as a volume suppression
hierarchy. Generically, the volumes of three-cycles are
not directly related to the total internal volume, even if
in simple compactifications like the isotropic toroidal one
they are related as V3∼

√V6. This allows more variability
among string scale and Planck scale hierarchies.

Furthermore, the suppression factor e−SE2 can also
be compensated by coefficients in k(1)

f of mixed disk am-
plitudes. These coefficients can be higher than one and
their combinations can give rise to an appreciable en-
hancement of Y (1) flavor components1).

2.1 Exotic instantons in high energy collisions

In this section, we will consider two-quark high en-
ergy collisions induced by exotic instantons. For s�Λ2,
the scattering amplitude is just reduced to a contact six-
quark interaction

A(qc
f1
qc

f2
→q̄c

f3
q̄c

f4
q̄c

f5
q̄c

f6
)'Y(1)

f1f2f3f4f5f6

Λ−3

M 2
SUSY

(9)

with qc = uc,dc,....tc RH quarks and Λ−3 'M−3
S e−SE2 .

A less suppressed channel is qcqc→ ¯̃qc ¯̃qc ¯̃qc ¯̃qc. In the low
energy limit, its amplitude is

A(qc
f1
qc

f2
→ ¯̃qc

f3
¯̃qc
f4

¯̃qc
f5

¯̃qc
f6

)'Y(1)
f1f2f3f4f5f6

Λ−3. (10)

The corresponding quark-squark cross section can be
evaluated by integrating the square of the amplitude over
the whole 4-dimensional phase space dΦ4. We define the
Mandelstam variables s12=(p1+p2)

2, s34=(p3+p4)
2, where

p1,2,3,4 are squark momenta (final states) and s=E2
CM .

One finds that

dσqc
f1

qc
f2

→ ¯̃qc
f3

¯̃qc
f4

¯̃qc
f5

¯̃qc
f6

=dΩ̂
C

4Λ6
P2(s,s12,s34), (11)

where

C=
C4

(8π2)3
Tr
{

Y(1)†Y(1)
}

, (12)

with C4 a combinatorial factor depending on the number
of equal particles in the final state, and dΩ̂ the integral
over all scattering angles

dΩ̂=dcosθ
dφ

2π
dcosθ̂12

dφ̂12

2π
dcosθ̂34

dφ̂34

2π
. (13)

The notation φ̂ij indicates variables evaluated with re-
spect to the rest frame of qij . P2 is a complicated poly-
nomial of s,s12,s34 and subleading logarithmic functions
as follows:

P2(x,y,z)=−ζ1(y)ζ1(z)[−4y logζ+
2 (x,y,z)

+xlogζ−2 (x,y,z)+y2+ζ3(x,y,z)]

where

ζ1(x)=

√

1−2(m1+m2)

x
+

(m1−m2)2

x2

ζ±2 (x,y,z)=−x
2−2x(x+y)+(y−z)2−x±y∓z

Λ2

ζ3(x,y,z)=
1

3

[

x2+5x(y+z)−2(y−z)2
x

√

ζ+
2 +x−y+z

]

with m1,2,3,4 squark masses in the final state.
For s→Λ2, the cross section grows rapidly. s̄=Λ2

corresponds to the bound of the unitarity break-down.

1) However, recent trends in non-perturbative string theory and string phenomenology suggest that for distances of l<lS , the 3-cycle
volume factor can be collapsed on the CY3 singularity [32, 33]. In this regime, the saddle point approximation can no longer be trusted,
so our previous estimates are no longer valid in this case. In this case an enhancement of exotic instanton processes is expected.
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In other words, our effective cross-section would badly
break the Froissart bound.

For s ' Λ2, the contact interaction approxima-
tion loses validity; scatterings are probing the fully
non-perturbative regime, and an exotic instanton is
a fully non-perturbative configuration. Resonant pro-
duction at s ' Λ2 corresponds to an infinite series
of stringy amplitudes with six open-string insertions
∑

∞

g=0
Ag(z1,z2,z3,z4,z5,z6), where g is the genus (loops).

This is a technical problem in the high energy limit com-
mon to all non-perturbative (Euclidean) configurations,
like QCD instantons, sphalerons and so on. However, let
us note that in our model Λ=e+SE2MS>MS. As a con-
sequence, an infinite tower of stringy higher spin states
are excited at Λ and they will unitarize the S-matrix.
This is a generic conclusion coming from unitarization
arguments of string theory amplitudes, also connected
to CPT symmetry in string theory. We consider the
problem in the fixed angle kinematical regime, which is
also particularly suitable with the experimental set-up
of colliders. We argue that the fixed angle scattering
amplitudes of (six) open strings are expected to fall ex-
ponentially with energy as

Atree−level

s>M2
S

=AQFT e−α′slogα′s+··· (14)

while N-loop amplitudes behave as1) [34]

AN−loops

s>M2
S

=AQFT e−
1
N

α′slogα′s+··· . (15)

In Fig. 1, we show the qualitative universal part (flavor
and combinatory independent) of the two-quark four-
squark cross section, assuming squark masses smaller
than Λ-scale. For ECM ' Λ the process lies in the
fully non-perturbative stringy regime. From the phys-
ical point of view, we expect that, with the growing of
CM energy, the E2-brane starts to oscillate and its dy-
namics is described by oscillations of the modulini fields.
The number of modulini is a topological invariant of the
exotic instanton solution, associated with the invariance
of intersections with physical D-branes. At the non-
perturbative scale, open strings associated to modulini
have to reggeize. Loop-corrections to tree-level mixed-
disk amplitudes at fixed angle are expected to add ex-
ponentially suppressed contributions in the form of Eq.
(15). We conjecture that this is the main contribution
to the unitarization of the scattering amplitude for the
fixed angle kinematical regime and s�Λ2.

Fig. 1. The two-quark four-squark cross section
σ(y) (flavor independent part) with respect to
the normalized s-variable y = s/Λ2 and neglect-
ing squark masses. For y < 1, σ ∼ y2; for y ' 1
the amplitude will saturate the unitarity bound
of string theory. For y > 1 and fixing the scat-
tering angle, the amplitude falls off exponentially
with the production of the non-perturbative con-
figuration.

Fig. 2. Diagram for a Λ−Λ̄ transition. u, d, s are
right-handed up, down and strange quarks. Four
quarks in the diagram are converted to the cor-
responding squarks through the exchange of two
gaugini. The black vertex is directly generated by
an exotic instanton.

3 Phenomenology of Λ−Λ̄ transitions

Now let us discuss the implications of Λ−Λ oscillations
on the phenomenological side2). So far, no baryon num-
ber violating process has been observed in the Standard
Model (SM), thus any possible signal would be definitely
exciting and efforts along this direction are deserved.
New physics effects can be also probed at hadron-hadron
colliders. As discussed in Ref. [40], the BES detector

1) The result found by Gross-Mende in Ref. [34] is valid for four open string amplitudes. Their result is expected to be qualitatively
the same as for six point amplitudes in 2→4 fixed angle scatterings.

2) Of course, in the Standard Model analysis, these baryon-violating effects need not to be considered, e.g., see the CP violation of
Λc→Λπ decay [35] and also the conventional NN̄ scattering [36–39].
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with its huge J/ψ data sample has been proposed to mea-
sure possible Λ−Λ oscillation by studying the quantum

coherent ΛΛ states, following the treatment of D0−D
0

mixing [41]. To avoid complications due to mixing, the
charged B was used as an example in Ref. [42]. The
eigenstates emerging from the oscillations can be writ-
ten as

|ΛH〉=p|Λ〉+q|Λ〉,
|ΛL〉=p|Λ〉−q|Λ〉, (16)

with the normalization condition |p2|+|q|2=1. The sub-
script “H” (“L”) means the heavy (light) mass eigen-
states. Here p and q can be parametrized as

√
1+z/

√
2

and
√

1−z/
√

2, respectively, where z involves the oscil-
lation mass δmΛΛ appearing in the off-diagonal elements
of the effective Hamiltonian used to describe the time
evolution of the Λ−Λ system. For details, see Ref. [40]
or the general consideration in Ref. [41]. One can define
the following mass and width:

m≡mH+mL

2
, ∆m≡mH−mL

Γ≡ΓH+ΓL

2
, ∆Γ≡ΓH−ΓL, (17)

from which the mixing parameters are defined as

xΛ≡
∆m

Γ
, yΛ≡

∆Γ

2Γ
. (18)

For the free Λ case without external magnetic fields,
∆m= 2δmΛΛ. For simplicity, we will confine ourselves
to this case. The influence of external magnetic field is
discussed in Ref. [40]. The dominant decay mode of Λ is
Λ→pπ− with branching ratio 64% [43], and correspond-
ingly Λ→pπ+ assuming CP invariance. In the case that
Λ−Λ oscillation happens, the process Λ→Λ→pπ− will be
possible. This phenomenon can be probed by counting
the number of events N for J/ψ→ ΛΛ → (pπ−)(pπ−),
the wrong-sign decay, while the right-sign decay would
be J/ψ→ΛΛ→(pπ−)(pπ+). The time-integrated decay
rate for the wrong-sign decay relative to the right sign is
found to be

R=
N
(

J/ψ→ΛΛ→(pπ−)(pπ−)
)

N
(

J/ψ→ΛΛ→(pπ−)(pπ+)
)=

x2
Λ+y2

Λ

2
. (19)

A discussion of time-dependent observables is presented
in Ref. [40], and the BESIII detector is capable of access-
ing this time information. Assuming yΛ=0 – it is indeed
quite a small quantity – one can get an estimate of the
mixing mass parameter δmΛΛ from Eq. (19) as

δmΛΛ=
1√
2

√
RΓ. (20)

Based on the design luminosity of the BEPC-II acceler-
ator in Beijing [44], 10×109 J/ψ and 3×109 ψ′ events

will be collected per year of running. If finally no sig-
nal of wrong-sign decay can be detected, one should
put an upper limit R 6 4×10−7 and correspondingly
δmΛΛ 6 10−15MeV at 90% confidence level (C.L.) [40],
inferring from the knowledge of interval estimates for
very rare signals. To date, a sample of 1.31×109 J/ψ
events has been collected [45], so the aforementioned up-
per limit will be increased by a factor of

√

10/1.31≈2.8,
i.e. δmΛΛ 63×10−15MeV. Consequently, the oscillation
time will be bounded by the upper limit as 2.5×10−7 s at
90% confidence level. This would be the first such search
in the experiment. See also Ref. [40] for more details of
this analysis.

Note that Υ(4S) also has the same quantum num-
bers as J/ψ, i.e., IG(JPC)=0−(1−−), and can also decay
to coherent ΛΛ states. The Belle and BaBar detectors
could be used to probe this process as well. Currently,
there are 772×106 Υ(4S) events available from Belle [46]
and 471×106 from BaBar[47]. Taking into account that
the non-BB decay mode constitutes less than 4% (at 95%
confidence level) of the total decay rate, much fewer ΛΛ
events are expected. Otherwise, if most Υ(4S) decayed
into ΛΛ, the number of events would increase by one
or two orders of magnitude, more than BES. Although
the above upper limit for Λ−Λ̄ oscillation could be ac-
cessed by the collider experiment, we would require an
extremely high luminosity to get a comparable bound to
the n−n̄ case. One can find this point from Eq. (20) –
the oscillation mass is proportional to the square root of
the luminosity. n−n̄ oscillation time is constrained to
be 107÷108 smaller than the Λ−Λ̄ oscillation time, and
thus the luminosity should be increased by order 1015,
which seems unrealizable in the near future. In other
words, extremely huge data samples would be needed
to pin down a more stringent bound on such a new-
physics (NP) signal. However, we will show that the
required energy to generate such an NP phenomenon
(e.g., in the exotic instanton model below) can be ac-
cessed in the near future. Recently, the Circular Electron
Positron Collider (CEPC) has been proposed in China,
and aroused great interest in the community [48]. The
planned design would allow the electron-positron collider
to be converted into a proton-proton collider, with an un-
precedented center-of-mass energy of 50–90 TeV, in the
second phase. This is the Super proton-proton Collider
(SppC) project [49]. At such a high energy, the new
physics beyond the LHC discussed in the present paper
would be accessible. Future measurements are expected
to give valuable hints for this line of research.

4 Parameter space, n− n̄ and proton-

proton colliders

An operator OΛΛ̄ generates not only Λ−Λ̄ transitions
but also NN→KK transitions. As discussed in the pre-
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vious section, δmΛΛ̄ can be constrained up to 10−6eV by
the next generation of experiments. However, NN→KK
is just constraining OΛΛ̄ up to δmΛΛ̄<10−21eV. δmΛΛ̄ is
related to the New Physics scale by

δmΛΛ̄'y2

Λ6
QCD

M5
ΛΛ̄

, (21)

so that MΛΛ̄ '100 TeV scale. Furthermore, Onn̄ is ac-
tually constrained by δmnn̄<10−23eV, corresponding to
Mnn̄>300TeV [50, 51]. The next generations of experi-
ments will test1) Mnn̄'1000TeV [52]. In our model,

MΛΛ̄

Mnn̄

=
y2

y1

=10−18÷1018 .

Fig. 3. (a) Four anti-squark production in high
energy collisions of two quarks qf1qf2 →
¯̃qf3

¯̃qf4
¯̃qf5

¯̃qf6 . (b) Four quark production in
high energy collisions of two quarks qf1qf2 →
q̄f3 q̄f4 q̄f5 q̄f6 . Black vertices are induced by ex-
otic instantons.

Such a large hierarchy range is naturally under-
stood by couplings arising from mixed disk ampli-
tudes. For example, the number 10−18 is understood as
k
(1)
1 k

(1)
1 k

(2)
1 k

(2)
1 k

(2)
2 k

(2)
2

k
(1)
1 k

(1)
1 k

(2)
1 k

(2)
1 k

(2)
1 k

(2)
1

'10−3×10−3×10−3×10−3×10−3×10−3.

As a consequence, a 100TeV-scale test of Λ−Λ̄ is moti-
vated from the theoretical side, independently from n↔n̄
limits. A 100TeV scale scenario for Λ−Λ̄ can be natu-
rally obtained with e+SE2 ' 1 (small 3-cycles wrapped
by the E2-brane), MS 'MSUSY '100TeV. In this case,

a final test-bed for this model can be provided by fu-
ture proton-proton 100TeV colliders beyond the LHC.
In fact a uds → ūd̄s̄ transition will be directly tested,
mediated by an exotic instanton in collision. However,
a more intriguing scenario can be opened in the case of
10TeV<MSUSY 'MS < 100TeV. In this case, planned
proton-proton colliders can test other flavor amplitudes
like ud → c̄s̄s̄s̄,c̄s̄b̄b̄ that are less constrained by n− n̄
or NN→ππ,KK processes. In particular, the predicted
experimental processes for a high energy proton-proton
collider are pp→4q̃. This leads to several different chan-
nels. This is the case of pp → 4q+4χ0 leading to four
jets and missing transverse energy pp → 4j+EM.T or
pp → 3j+t+EM.T (with standard top decays) and so
on. Other interesting channels come from stop produc-
tion and successive decays like t̃ → W+b̃→ W+b+χ0,
t̃→b+χ+→b+W+χ0.

As discussed in Section 2.1, the cross sections of these
processes have a peculiar behavior not common to gauge
models because of their exponential decrease up to Λ for
s�Λ2.

5 Conclusions

In this paper, we have discussed phenomenological
implications of a new class of instantons known as ex-
otic instantons. They can generate ∆B = 2 violating
transitions as n ↔ n̄,Λ ↔ Λ̄ and ∆B = 2 high energy
collisions like qq→ ¯̃q¯̃q¯̃q¯̃q,q̄q̄q̄q̄ in hypercharge-preserving
combinations. We have explored the possibility of de-
tecting exotic instantons in future colliders, in compar-
ison with present low energy limit channels like n↔ n̄,
NN→ππ,KK.

We summarize our main conclusions as follows.
1) Contrary to other non-perturbative solutions like

electroweak gauge instantons, exotic instantons can in-
duce effective operators with a high coupling. As a con-
sequence, their effects can be seen in low energy observ-
ables as well as in high energy colliders.

2) A neutron-antineutron transition can be generated
by exotic instantons and it can provide an indirect test-
bed for a class of models mentioned in this paper2).

3) Our model predicts Λ−Λ̄ transitions. The possi-
bility of testing these in future high luminosity electron-
positron colliders seems very far from our present tech-
nological capability, if compared to the actual related
limits from NN→KK transitions.

4) ∆B = 2 exotic instantons can be reached in the
next generation of high energy proton-proton colliders
beyond LHC, well compatible with neutron-antineutron
limits, NN→ππ,KK and so on. We have stressed how

1) See Ref. [53] for a discussion on perturbative renormalization corrections of n−n̄ operators.

2) This is an example of a different UV completion of a six-quark operator from a non-perturbative classical configurations, rather
than extra heavy fields. This has intriguing analogies with classicalization [54–58, 60]. Reference [58] is related to discussions in Ref. [59].
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cross-section running with center-of-mass energy cannot
be reproduced by any quantum field theory model. In
fact an exponential softening of the cross-section can-
not be reproduced from any other UV completion of the
six-quark effective operator in the context of quantum
field theories. This is a feature distinguishing our string
theory model from other quantum field theory models.

5) The cosmological impact of exotic instantons re-
vealed in Ref. [8, 10] provides additional constraints on
their parameters. Different from the case of electroweak
gauge instantons, due to the enhancement of the effect of
exotic instantons in high energy collisions, a direct quan-
titative relationship between cosmological and physical
consequences of the model considered is possible.

The class of models suggested here strongly moti-
vates two directions for future experimental physics:
neutron-antineutron experiments and high-energy col-

liders beyond the LHC. Eventually, detection of exotic
instanton-mediated processes could motivate the con-
struction of technologically challenging high luminosity
collider in order to detect a Λ−Λ̄ transition or new rare
physics experiments searching for NN→KK. These mea-
surements could constrain the exotic instantons’ geome-
try and their intersections (with ordinary D-branes) and
their wrapped 3-cycles on the CY3. Future beyond-LHC
colliders (such as the proposed CEPC+SppC) might
bring us exciting new surprises at the higher-energy and
higher-luminosity frontiers.

We would like to thank M. Bianchi, Z. Berezhiani,

G. Dvali, A. Dolgov, C Gomez and O. Kanchelli, for use-

ful discussions. The author XWK also thanks Hai-Bo Li

for helpful advice.

Appendix A

Superpotential calculus

In our paper, we have considered an instanton with a
rigid O(1) symmetry in context of IIA superstring theory.
This instanton has the universal zero mode structure dx4d2θ,
which yields a new term to the holomorphic F-terms in the
effective supergravity action. The computation of these ef-
fects can be done from the Conformal Field Theory prospec-
tive. In particular, one can compute the superpotential of
an M-point correlator in a string instantonic background
〈Φa1b1 ...ΦaM bM

〉E , where B denotes the instantonic back-
ground and Φ are generic physical fields in the bi-fundamental
representations of two generic N ′ and M ′ stacks of D6-branes

The correlator is related to the effective supergravity
quantities in the action as follows [64, 65]:

〈Φa1b1 ...ΦaN bN
〉B=

eK/2YΦa1b1
,...,ΦaM bM

√

Ka1b1,...,aM bM

, (A1)

where K is the non-holomorphic Khäler potential, K is the
Khäler metric and Y is the holomorphic superpotential cou-
pling. The following generic formula for the computation of
the correlation function in the semiclassical approximation is
[64, 65]:

〈Φa1b1 ,...,ΦaM bM
〉B'

∫

d4xd2θ
∑

conf

∏

a

(
I+
∏

i=1

dλi
a)(

I−
∏

i=1

dλ̄i
a)

×exp(−S(0))exp

(

∑

b

CED∗
b
+CEO∗

)

×〈Φ̂a1b1 [x1]〉λa1 λ̄b1
...〈Φ̂aLbL

[xL]〉λaL
λ̄bL

, (A2)

where Φ̂akbk
is the chain-product of all the the vertex opera-

tors at fixed values of k

Φ̂akbk
=Φakxk,1 ·Φxk,1xk,2 ·...·Φxk,n−1 ,xk,n

·Φxk,n,bk

while
〈Φ̂a1b1 [x1]〉λa1 ,λ̄b1

a CFT disk correlator for Φ̂ and for the charged zero modes
λa1 ,λ̄b1 inserted in the boundary of the mixed disk ampli-
tudes. CED∗

b
,CEO∗ denote the sum all over the annulus dia-

grams with and without one cross-cap, respectively.
From Eqs. (A1)-(A2), the holomorphic superpotential

coupling can be entirely re-expressed in terms of holomor-
phic couplings in the CFT amplitudes:

YΦa1b1
...ΦaM bm

=
∑

conf.

exp(−S0)Yλa1 Φ̂a1b1
[x1],λ̄b1

...Yλa1 Φ̂aLbL
[xL]λ̄bL

,

(A3)

where S0 corresponds to the vacuum disk amplitude for the
E2-brane:

S
(0)
E

=−〈1〉Disc=
1

gs

VE2

l3s
,

with VE2 the volume of the 3-cycles wrapped by the E2-
instanton. This formula generalizes the prescription given
in Section II, in the particular case of brane intersections de-
scribed above. In particular, the instanton can reproduce the
six-quark operator if and only if with the number of brane
intersections considered above.
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