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Hierarchy problem and extra dimensions

Gravity is the weakest among all the fundamental forces
(GN/GF ∼ 10−33)

QFT expects Higgs mass to be much larger than its value
observed experimentally

Gravity is unified with the fundamental gauge forces of
standard model (SM) at Planck scale

Hierarchy problem is the huge disparity existing between
electroweak (EEW ∼ 100 GeV) and Planck scale (EPl ∼ 1019

GeV)

One possible solution is to consider Planck scale at ∼ TeV

The universe is required to have large extra spatial dimensions
(LED) d = 4+ n =⇒ beyond standard model (BSM) physics
comes into play
(Arkani-Hamed et al, Phys. Lett. B 429, 263–272 (1998))
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Microscopic black hole

E 2
Pl ,4 ∼ RnE 2

Pl ,4+n, R is the length scale of LEDs (n ≥ 2)

The SM fields are confined in only (3 + 1) dimension of a
d-dimensional hyperspace, while gravity can propagate in bulk

If two ultra high energy (UHE) particles collide with a center
of mass energy ECM >> EPl ,4+n, a microscopic black hole
(MBH) is formed semi classically
(Emparan et al, Phys. Rev. D 65, 064023 (2002))

Cross section of MBH formation, σMBH = πr2Sch,4+n,

rSch,4+n = 1
MPl,4+n

(
MMBH
MPl,4+n

)1/1+n [2nπ(n−3)/2Γ(n+3/2)
2+n

]1/1+n
,

rSch,4+n << R

The MBHs decay very fast ∼ O(10−27 sec) into SM particles
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MBH from UHE neutrinos
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UHE neutrinos (Eν ≳ 1018 eV) undergo neutrino nucleon deep
inelastic scattering (DIS) in Earth’s atmosphere and may produce
MBH as an intermediate resonance state (νN → BH, b ≲ rSch,4+n)
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MBH production cross section

Cross section of MBH production,

σMBH(νN → MBH) =∑
i=partons

∫ 1

a dx fi(x)× πr 2Sch,4+n

where a = (MPl ,4+n TeV)2/2mNEν,

fi = Parton distribution function (PDF)

σMBH is free of any short distance physics
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Non standard interaction (NSI)

New physics is introduced in terms of NSI in the neutrino
sector in model independent way

CC-NSI is only important at the source and detector. NC-NSI
affects neutrino propagation in matter.

In terms of lepton number conserving dimension-6 four
fermion operator,
LNC−NSI ∈ 2

√
2GF

∑
X=L,R

ϵf ,Xαβ (ν̄αγ
µPLνβ)(f̄ γµPX f )

NSI allows flavour changing neutral current (FCNC)
process (να → νβ, α ̸= β), which are strongly
suppressed in SM. Flavour conserving NC processes
(να → να) are allowed in both SM and NSI.
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Events generated by UHE neutrino

(1)νN → lX (l = charged or neutral lepton, X=shower) :

ν

N

W±,Z 0

BSM particles

ll

X

l

No of events generated, Nνi =

2πAT
∫
dcosθ

∫
dEνi

dϕνi
dEνi

Psurv ,i
∑

j=CC ,NC

ymax,j
i∫

ymin,j
i

1
σj (Eνi

)

dσj (Eνi
)

dy P j
int,i ,

P j
int,CC(NC) = 1− exp(−NALσ

CC(NC)(Eνi ))

Psurv ,i = exp[−X (θ)NA(σ
CC (Eνi + σNC (Eνi ))]

(Alvarez-Muniz et al. Phys.Rev.D65:124015,2002)
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Events generated by UHE neutrino

(2)νN → MBH → lX :

ν

N

BH

ll

X

l

MBH

No of events generated, NMBH
νi

=

2πAT
∫
dcosθ

∫
dEνi

dϕνi
dEνi

PMBH
surv ,i

1∫
0

1
σMBH(Eνi

)

dσMBH(Eνi
)

dy Pint,i ,

Pint,i = 1− exp(−NALσ
MBH(Eνi ))

Psurv ,i = exp[−X (θ)NA(σ
CC (Eνi ) + σNC (Eνi ) + σMBH(Eνi )]

(Alvarez-Muniz et al. Phys.Rev.D65:124015,2002)
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UHE ν flux

The highest energy neutrinos (∼ EeV) are generated in the
GZK process, pγ → nπ+, π+ → µ+νµ, µ

+ → e+νe ν̄µ;
pp → π+ → µ+νµ in gamma ray burst (GRB) and active
galactic nucleus (AGN)

The upper limit of such neutrino flux is restricted by
Waxman-Bahcall flux, E 2

ν dϕν/dEν < 2× 10−8cm−2s−1sr−1

(E. Waxman, J.N. Bahcall, Phys. Rev. D 59, 023002 (1999))

Due to ν oscillation, ϕe : ϕµ : ϕτ = 1 : 1 : 1, for a distant
source
(Athar et al, Mod. Phys. Lett. A 21, 1049–1066 (2006))
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Results
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Figure: Variation of scattering cross sections (σ) in CC and NC processes,
for flavour diagonal processes allowed in both SM and NSI
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Results
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Figure: Variation of scattering cross sections (σ) for FCNC processes
allowed by NSI
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Results

SM NSI

Ne Nµ Nτ Ntot Ne Nµ Nτ Ntot

1.68 1.68 1.68 5.04 1.85 1.64 1.65 5.15

Table: Number of shower events created in the process νN → lX for
both SM and NSI in context of IceCube detector (A = 1 km2) over a
period of T = 1 year. Ne , Nµ and Nτ are the number of events created
individually by νe , νµ and ντ , respectively. Ntot = Ne + Nµ + Nτ .

AK Alok, T. Sarkar, S. Yadav, Eur.Phys.J.C 82 (2022) 446
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Results
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Figure: Variation of total cross section and the cross section of black hole
formation
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Results
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Figure: Variation of BH survival probability PBH
surv for the cases n = 3 and

n = 6

AK Alok, T. Sarkar, S. Yadav, Eur.Phys.J.C 82 (2022) 446
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Conclusions

The effect of NSI is analyzed on the number of events
generated by UHE neutrinos in two kinds of interactions,
νN → lX and νN → MBH → lX

The shower events generated from these two processes are
differentiated from their topological structures

NSI can only provide marginal increase in the number of
shower events produced in the absence of MBH production

The number of events produced through MBH production
remains nearly unaltered

A large enhancement in the number of shower events over the
SM prediction can provide unambiguous signatures of TeV
scale gravity in the form of MBH production
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Thank you!
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Bounds on LEDs

n = 1 is ruled out as for EPl ,4+n ∼ 1 TeV, R ∼ 1013 cm =⇒
gravity is modified over astronomical distances.

For n = 2 , R ∼ 1 mm =⇒ the lowest length scale over
which gravity has been measured. The lower limit on
EPl ,4+n ≳ 30 TeV which is unreachable by the current
accelerator experiments.

For n = 3, EPl ,4+n ∼ 2 TeV

For n ≥ 4, the constraints come from cosmic ray and collider
experiments which shows EPl ,4+n ≳ 1− 2 TeV.
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νN scattering cross section

L(4)
eff = L(4)

SM + 1
ΛC

(5)
i O(5)

i + 1
Λ2C

(6)
i O(6)

i + ....

O(6)
1,f = (ν̄αγ

µPLνβ)(f̄ γµf ), O(6)
2,f = (ν̄αγ

µPLνβ)(f̄ γµγ
5f )

C
(6)
i ,f = C

(6)
i ,f |SM + C

(6)
i ,f |NSI (i = 1, 2)

For the NC transition να → νβ, the SM contributions are given by
(Altmannshofer et al, JHEP 09, 083 (2019))

C
(6)
1,u |SM = −C

(6)
2,u |SM +

4
√
2

3
GF s

2
wδαβ,

C
(6)
1,d |SM = −C

(6)
2,d |SM − 2

√
2

3
GF s

2
wδαβ = C

(6)
1,s |SM ,

C
(6)
2,u |SM =

GF√
2
δαβ, C

(6)
2,(d ,s)|SM = −C

(6)
2,u |SM , (1)

while the NSI contribution is expressed as,

C
(6)
1(2),f |NSI =

GF√
2
ϵ
f ,V (A)
αβ . (2)

sw = sin θw , where θw ∼ 28.13o is the Weinberg angle
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νN scattering cross section

d2σCC

dxdy =
G2
FmNEνx

π [fu(x) + fd(x) + 2fs(x) + (1− y)2(f̄u(x) + f̄d(x))]

d2σNC

dxdy = mNEνx
π [(C 2

L,u + C 2
L,d)

∑
i=u,d

(fi (x) + f̄i (x)(1− y)2)+

(C2
R,u + C 2

R,d)
∑

i=u,d

(fi (x)(1− y)2 + f̄i (x))

+2{C2
L,s(s(x) + s̄(x)(1− y)2) + C 2

R,s(s(x)(1− y)2 + s̄(x))}]

x , y → Bjorken varriables, 0 ≤ x , y ≤ 1
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νN scattering cross section

At x → 0, the PDFs are divergent and there is no
experimental constraint. Hence in this region, consideration of
different behaviour of PDFs result in different scattering cross
sections
(Gandhi et al, Phys. Rev. D 58, 093009 (1998))

UHE neutrinos (1010 eV) can probe upto x ∼ 10−4 at
MPl ,4+n ∼ 1 TeV

PDFs are extracted from CTEQ6 dataset for momentum
transfer Q2 = 104 GeV2
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