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Photons, neutrinos, and large compact space dimensions
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We compute the contribution of Kaluza-Klein graviton exchange to the cross section for photon-neutrino
scattering. Unlike the usual situation where the virtual graviton exchange represents a small correction to a
leading order electroweak or strong amplitude, in this case the graviton contribution is of the same order as the
electroweak amplitude, or somewhat larger. Inclusion of the graviton contribution is not sufficient to allow
high energy neutrinos to scatter from relic neutrinos in processes suzza—as/y, but the photon-neutrino
decoupling temperature is substantially reduced.

PACS numbgs): 13.15:+g, 04.50+h, 14.60.Lm, 14.70.Bh

. INTRODUCTION Because the scale of 3} is my, a typical photon-
o o neutrino cross section is quite small, so small that a high
The 2—2 processeyv— yv, yy—vv andvv—yy are  energy neutrino beam is not attenuated by interactions with

of potential interest in astrophysics. However, because of thghe present density of relic neutrinos via the process
vector-axial-vector nature of the weak coupling, the leading_. ,,y [6]. In the early universe, the photons and neutrinos
term in these cross sections for these processes with mass'?ﬁéi:ouple at a temperatufe- 1.6 GeV, or about one micro-

. . 2 2 2 . X . A 1
neutrinos, nominally of ordeGra“w®, vanishes due 10 second after the Big Bang. If this temperature were a factor
Yang's theorenj1,2]. In the limit that the photon energy  of 19 lower, i.e..T<Aqcp, One might be justified in specu-
<me, wherem, is the electror21 mass, thi’se Cross sectioNgating that some remnant of the circular polarization men-
can be shown to be of ord@Z a’w (@/my)*[3-5], and, N {ioned above could be retained in the cosmic microwave
the annihilation channels at least, thi§ behavior persists to background radiation and at this would provide evidence for
center of mass energie®~2m,,, wherem,y is the mass of  the relic neutrino background.

the W boson[6]. Lowering the decoupling temperature necessitates in-

6 . _ . .
The w” behavior of the photon-neutrino cross sections CaQ:reasing the cross sectiom(»v— yy), or changing the de-

be understood in terms of an effective Lagrangian of thependence of the age of the universeon the temperature.

form The latter seems unlikely, since the T~ 2 radiation domi-
1 o2 nated behavior of the early universe is insensitive changes
LM=—— g_4A[Z7V(1+ 5)(d,1) such as including a non-vanishing cosmological constant. On
82w My the other hand, new interactions could increasévv
— —y7), provided they involve the exchange of particles with
() v 1+ y) hIF i F o @) spin #1. A new interaction of this type is provided by the

recent proposal that the compact dimensions of string theory
are sufficiently large to make the effective gravitational scale
A of order a TeV rather than the usudp=1.2

X 10'° GeV Planck scalg7—11]. That this new gravitational

whereg is the electroweak gauge coupling,is the neutrino
field andF ,, is the electromagnetic field tensor. In Ed), A
is

4 m\2N interaction will makg a significant 'correction to the standarq
A= —In(—) +1 (2)  model photon-neutrino cross sections can be seen by rewrit-
3 mé ing Eq. (1) in the form
in the low energy limitoa<my, andA is obtained by fitting
the numerical calculation of the cross section dor m, [6]. 1 g%
Since LY is a dimension 8 operator, it follows that the L= = AT, T, 3
center of mass cross sections will behave«fs Another 8w My

property of Eq.(1) is that the scattered photons in the chan-

nel yv— yv are circularly polarizedh leading order{5] due

to the parity violating terms irC. There is no linear po- whereT,; and T}, are the symmetrical energy-momentum
larization in this channel. tensors of the neutrinos and the photons. Explicitly, we have
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1

Top= gloval L+ v5) (A1) + yg(1+ ¥5) (dath)

(91 Ya(1+ ¥5) = (doh) Y51+ ¥5) ¥/, (4)

1
Ts=FaFm—7 ©)

2 SusFroFp -

In the next section, we show that an effective interaction
which is the product of energy-momentum tensors also aris
when the spin 2 graviton is exchanged between photons arly

neutrinos. This is followed by the calculation @f(vy

— vyv) and a discussion of the resulting astrophysical impli-

cations.

Il. GRAVITON EXCHANGE BETWEEN PHOTONS
AND NEUTRINOS

According to models in which only the gravitongX
propagates in the additional compact dimensions of B

=4+n dimensional manifold, the compact spatial dimen-

sionRis related toA andMp as[7]

AMFZR"~M /4. (6)

The graviton’s propagation in ald dimensions implies the
existence of a tower of spin 2 particles in ordinary space-

. . 2 N >
time, whose masses are given by:=n?/R? where n
=(n1,n2, P

,N,) and then,; are integers. Furthermore, in
these models the interaction between the spin 2 gravito
G.»,» and any standard model field has the universal form

n
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Since the energy-momentum tensors are conserved, sym-
metrical and, in this case, traceless, E).reduces to

2

K 1
Ai=—T"(p1.P2) ———— T2a(Ky ko). (11
n 4 aﬁ(pl p2) mE—S—ls ﬁ( 1 2) ( )

To complete the calculation of the amplitude, it is necessary
to sum.A; over the values ofns. This is done by replacing

dbe sum with an integral over the number density given

[9,11]
1
dN = EQnFe“(m2)<“-2>’2o|m2, (12

where(), is the surface area of amdimensional sphere. If
the integral ovedm? is cut off at A2, we find as leading

terms[11]
AZ
In<—) if n=2
A2 dN _IQ npAn-2 s
0 m-s—ie 2 nR 2 .
if n>2
(n=2)

1
= E(an“/\”—Zln(/\,s). (13

Apart from a In\%s) term whenn=2, all values ofn have
the sameA"~ 2 dependence. If we then take the specific re-
alization of Eq.(6) for the scale parameteX to be

. QA"2R'=M3Z, (14)
‘Cgﬁ:_ ETMVg,LLVY (7)
the summed version of Eqll) is
whereT,, is the energy-momentum tensor of the standard
model field. A :4_7T| (AT YT (ke o) (15
Given the effective coupling, Eq7), it is a simple matter G \4 MY Tap P1.P2) TaplKa.K2),

to calculate the 22 amplituded412,13. In the annihilation

channels §y— vy and vv— vv), the amplitude for a par-
ticular my; has the form

K2 P (Kt ko)
Ai= Tug(Pr, )~ 53" T (ki ko), (8)
mﬁ—S—Is

with s=— (k;+k,)?. Here Paprp IS the spin 2 projection
operator

1
Paprp(K)= E(dax(k)d,gp(k)+dap(k)dgx(k)

: ©)

2
= 5dap(K)h,(K)

with

1

(10

n

where we have used’=327/M?2 [9].

II. v?—»yy CROSS SECTION INCLUDING GRAVITON
EXCHANGE

Using Eq.(3), the standard model amplitude for the anni-
hilation processes is

1 g%«
AM = — = AT? 5(p1,P2) T s(Ke ko),

which, in view of Eq.(15), leads to the total amplitude

1 g%« 4 )
A: _m_4A+PIn(A:S) Taﬁ(pl!pZ)TZ’B(klka)'
W

8
17

If the photon helicities are denoted hy and\ ,, the product
of energy-momentum tensors in E4.7) is given by
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FIG. 1. The total cross sectiom(v7—> v7y) is shown. The left panel is the=2 result and the right panel is the=4 result. In each
panel, the solid line corresponds Ao=1 TeV, the dot-dash line td. =.5 TeV and the dashed line to=10 TeV. TheA =10 TeV curve

is identical to the standard model result.

Top(P1,P2) Thp(Ky,K2)

1 1
=Zsin0 st(1—>\1>\2)+532(1—>\1)(1+>\2) (18

1
=My, (19

wheret=—(p;—k;)?, and ¢ is the scattering angle in the

center of mass. The differential cross section for— yy
can then be calculated using

do

- = A |2, 20
" 32775%2' Al (20)

with z=cos#é, and

= ! gzaA 71-| A 21
A"l"z_ Em—cv +P n(A,s) M"l"z' (21

Summing over the helicities gives

d0'_1 1gzaA WIA 231 4 -
a9z 167 Em—\‘}v +Pn( S)| s°(1-2%), (22

which leads to the total cross section

_ 11 do
o(vv— 'y')/)=5f71d25 (23
_ e 1g2aA (A 2 24
~50m Em_ﬁv +P n(A,S) ] . (24)

Using the valueA=14.4[6] and expressing\ in TeV, we
find

_ 1 &8 WA\
O'(Vv—vy'y)=§$ 1+.3T X 10+ fh.
e

(25

The cross section is shown in Fig. 1 for the cases?2 and
n=4 with A=.5, 1 and 10 TeV. Although the logarithmic
variation in then=2 case is scarcely detectable in the range
.2 GeV=\/s<2 GeV, its presence in the coefficient &f *
makes the effect of the extra dimensions largest for this case.

IV. DISCUSSION AND CONCLUSIONS

The possibility of a high energy neutrino scattering from
the current relic neutrino background is not materially en-
hanced by the inclusion of the effects of gravitons propagat-
ing in compact dimensions. Neglecting the electroweak con-
tribution to thevv— y+y cross section, which is known to be
too small [6] to produce any scattering, the condition
0,,—yyN,Clo=1 for at least one scattering, gives

)nyct0= 1 (26)

or, using the relic neutrino density,=56 cm 3, and the age
of the universe,= 15X 10° years, the condition can be writ-
ten

x®In?(x?)=0.0207A?, (27)

with x=\/s/A andA in GeV. Fa a 1 TeV scale, the solution
to Eq. (27) is x=3.78, giving Js=3.78 TeV, which is be-
yond the range of validity of the effective theory.

The additional contribution to the cross section from
gravition exchange will affect the decoupling temperature.
The temperature at which the reactiow— yy ceases to

occur can be determined from the reaction rate per unit vol-
ume
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1 d®p, d®p, R
- (277)6J’ e /T+ 1f eEz/T+1U|U|' 29

Decoupling Temperature

wherep; andp, are the neutrino and antineutrino momenta,
E, andE, their energies|uv| is the flux andT the tempera-
ture. Using the invariance afE E,|v|, the relationship be-

tweenc|v| in the center of mass frame and any other frame
iS

T (MeV)

- 2E3y
= _ saand | -
olv|=ocm ELE,’ (29 w01 L . -~ v T
which gives FIG. 2. The decoupling temperature is shown as a function of
2 the effective gravitational scalk.

X 10" "0 cn?,
where {(z) is the Riemann Zeta function. The interaction
(30)  rateR s obtained by dividing Eq(33) by the neutrino den-
sity n,=3£(3)T%4x2, giving

- 4 . 2
0’|U|= —6( 1+ —4|I’](—
16E.E,mg A S

for n=2 andA in TeV. Takings=4E,E, sir?(6,,/2), where
01, is the angle between the incoming neutrinos, the angular

integrations in Eq(28) result in the integrand 3 [10%2A2\ |?
, R=7.3x10"%TJ, 1+ —In > secl, (34
f 40,00,- 27 [ 14 2o A o
16201275 A4\ 2ELE,
) with T,o=T/10'° K. Multiplying R by the age of the uni-
12 1 3 | A? 0 3 verse,t=2T,Z sec, the condition for a single interaction to
+ A4 + A4 n 4E,E, + A4 occur is
(31
_ _ Tio 3 [1042A2)\ 17"
To estimate the decoupling temperature, the last two terms 1828 —In > =1. (35
on the right in Eq(31), which are suppressed relative to the A 3T
first by small numerical factors, can be neglected. The reac-
tion rate per unit volume is then given by The solution to this equation is shown in Fig. 2. While
69 12 . 5 . 5 there is a substantial correction to the standard model decou-
= M T_ X y pling temperature, a decoupling temperature of a few hun-
p dx dy
5(2m)* méJo e+1Jo Te¥+1 dred MeV is only possible foA ~250-300 GeV, which is

unrealistically low. The decoupling temperature 1 TeV

scale is 1 GeV, down from the standard model result of 1.6
' (32 GeV. Thus, a mechanism for lowering the photon-neutrino

decoupling temperature beloWgcp remains elusive.

2
X

A2
In| — | —Inx—1In
472 y)

The Inx and Iry terms in Eq.(32) result in contributions
which are small relative to the remaining terms. Omitting
these terms gives

1+P
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