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RS MODEL

1. There is only one extra dimension.

2. The gravity only can propagate in the bulk while the SM fields are confined to the
brane.

3. There are two branes on the extra dimension, namely SM brane and the Planck

brane at φ = π and φ = 0 respectively.

4. The space time is highly warped. The warp factor is responsible for the large
hierarchy between the electroweak scale and the Planck scale.

5. The size of the extra dimension need not be very large.

6. The RS modes are very massive and are not evenly spaced.

7. The metric in the RS model is given by

ds2 = e−2krc|φ|ηµνdx
µdxν + r2c dφ

2

8. The effective coupling of the RS modes with the SM fields is c0 = k
MP l

Phy. Rev. Lett.83 (1999) 3370

L.Randall and R.Sundrum
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Summation of the states

• Virtual KK states have to be summer over at the amplitude level.
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Summation of the states

• Virtual KK states have to be summer over at the amplitude level.

• Real KK states have to be summed over at the cross section level.

The RS modes are given by

mn = xnkexp(−πkrc) ≡ xnm0

and c0 =
k

MPl
, k ∼MPl

The sum over the KK(RS) modes is given by

D(Q2) =
∞
X

n=1

1

s−m2
n + i mnΓn
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Summation of the states

• Virtual KK states have to be summer over at the amplitude level.

• Real KK states have to be summed over at the cross section level.

The RS modes are given by

mn = xnkexp(−πkrc) ≡ xnm0

and c0 =
k

MPl
, k ∼MPl

The sum over the KK(RS) modes is given by

D(Q2) =
∞
X

n=1

1

s−m2
n + i mnΓn

Parameters

• M1 = 1.5 TeV for LHC

• Effective coupling between RS modes and the SM fields, co = 0.01
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Additional interactions

Φ(k2)

h~n
µν

Φ(k1)

h~nµνΦΦ : −i
κ

2
δmn[m2

Φηµν + Cµν,ρσk
ρ
1k
σ
2 ]

f(k1)

f̄(k2)

h~n
µν

h~nµν ψ̄ψ : −i
κ

8
δmn[γµ(k1ν + k2ν) + γν(k1µ + k2µ) − 2ηµν( 6 k1+ 6 k2 − 2mψ)]
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Additional interactions

Aa
ρ(k1)

Ab
σ(k2)

h~n
µν

h~nµνAA : −i
κ

2
δab[(m2

A + k1k̇2)Cµν,ρσ +Dµν,ρσ(k1, k2) + ξ−1Eµν,ρσ(k1, k2)]

Ab
σ(k2)

Aa
ρ(k1)

Ac
λ(k3)

h~n
µν

h~nµνAAA : −g
κ

2
fabc[Cµν,ρσ(k1λ − k2λ) + Cµν,ρλ(k3σ − k1σ) + Cµν,σλ(k2ρ − k3ρ) +

Fµν,ρσλ(K1, k2, k3)]
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Additional interactions

f̄(k2)

f(k1)

Aa
ρ

h~n
µν

h~nµν ψ̄ψA : −ig
κ

4
Tanm(Cµν,ρσ − ηµνηρσ)γσ

where

Cµν,ρσ = ηµρηνσ + ηµσηνρ − ηµνηρσ

Dµν,ρσ(k1, k2) = ηµνk1σk2ρ − [ηµσk1νk2ρ + ηµρk1σk2ν − ηρσk1µk2ν + (µ↔ ν)]

Eµν,ρσ(k1, k2) = ηµν(k1ρk1σ + k2ρk2σ + k1ρk2σ) − [ηνσk1µk1ρ + ηνρk2µk2σ + (µ↔ ν)]

Fµν,ρσλ(k1, k2, k3) = ηµρησλ(k2 − k3)ν + ηµσηρλ(k3 − k1)ν + ηµληρσ(k1 − k2)ρ + (µ↔ ν)

and κ =
1

MPl

Phys.Rev.D59 (1999) 105006

T.Han, J.D.Lykken, R-J. Zhang
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Diphoton production

It is the process in which two Hadrons collide to give photon pair.

P1(p1) + P2(p2) → γ(p3) + γ(p4) + X(px)

• The interaction takes place at the parton level and the sea quarks play an
important role.

• SM LO : quark anti-quark annilations (EM)

• BSM: quark anti-quark annihilations as well as gluon gluon fusions

• The ED signal can be looked for due to the large gluon flux at LHC.
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Hadronic cross section

The hadronic cross section can be expressed in terms of the partonic cross sections

convoluted with the appropriate partonic distribution functions as

dσP1P2 =
X

ab=q,q̄,g

Z 1

0

dx1

Z 1

0

dx2f
P1

a (x1, µF )fP2

b (x2, µF )dσ̂ab(x1, x2)

where dσ̂ab (x1, x2) = dσ̂abSM (x1, x2) + dσ̂abBSM (x1, x2)

LO matrix elements

|Mqq̄|
2 =

1

8N

"

e4Q4
f8

„

u

t
+
t

u

«

−8e2Q2
f c

2
0D(Q2)

1

s2
(u2 + t2)

+2c40
`

D(Q2)
´2 1

s4
tu(u2 + t2)

#

|Mgg|
2 =

1

8(N2 − 1)
2c40
`

D(Q2)
´2 1

s4
(u4 + t4)
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Two cut off phase space slicing method

1. Separation of the singular regions from the three body phase space

2. Introduce two parameters namely δs and δc for separating soft and
collinear regions.

3. Regularize this singular region in n-dimensions

4. Cancellation of infra red divergences between real and virtual diagrams.

5. Initial state collinear singularities are absorbed into Parton Distribution
Functions.

6. Integration over the remaining hard and non-collinear part in 4-dim.

7. Physical observables should not depend on the parameters δs and δc.
Finding the stable region of these two parameters.

Phys.Rev.D65:094032,2002

B.W.Harris and J.F.Owens
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Soft

Suppose a process where p5 is soft

p1 + p2 = p3 + p4 + p5

soft region is : 0 ≤ E5 ≤ δs
√

s12/2.

The three body phase space in n − dim in the soft region is

dΓ3|soft =

[

dn−1p3

2p0
3(2π)n−1

dn−1p4

2p0
4(2π)n−1

(2π)nδn(p1 + p2 − p3 − p4)

]

dn−1p5

2p0
5(2π)n−1

= dΓ2

[(

4π

s12

)ǫ
Γ(1 − ǫ)

Γ(1 − 2ǫ)

1

2(2π)2

]

dS

with dS =
1

π

(

4

s12

)−ǫ ∫ δs
√

s12/2

0

dE5E
1−2ǫ
5 sin1−2ǫθ1 dθ1 sin−2ǫθ2 dθ2
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Soft

Matrix element (2 → 3) in this region can be approximated to

Ma
3 |soft ≃ gµǫ

rε
µ(p5)J

a
µ(p5)M2

with Eikonal current Ja
µ(p5) =

4
∑

f=1

Ta
f

pµ
f

pf · p5

The cross section in the soft region will be

dσS =

[

αs

2π

Γ(1 − ǫ)

Γ(1 − 2ǫ)

(

4πµ2
r

s12

)ǫ] 4
∑

f,f ′=1

dσ0
ff ′

∫ −pf · pf ′

pf · p5 pf ′ · p5
dS

where dσ0
ff ′ = 1

2Φ

∑

M0
ff ′dΓ2.
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Collinear

The hard collinear region is : 0 ≤ t15 ≤ δcs12 where δc << δs.

Phase space in this collinear region :

dΓ3|coll =

[

dn−1p3

2p0
3(2π)n−1

dn−1p4

2p0
4(2π)n−1

(2π)nδn(zp1 + p2 − p3 − p4)

]

× (4π)ǫ

16π2Γ(1 − ǫ)
dzdt15[−(1 − z)t15]

−ǫ

Corresponding matrix element squared :

∑

|M3(1 + 2 → 3 + 4 + 5)|2 ≃
∑

|M2(1
′ + 2 → 3 + 4)|2P1′1(z, ǫ)g2µ2ǫ

r

−2

zt15
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Collinear

The cross section in the collinear region can be given as

dσP+P→3+4+5

HC = G1/P (x/z)G2/P (y)dσ̂1
′
+2→3+4

0 (s12, t13, t14)

»

αs
2π

Γ(1 − ǫ)

Γ(1 − 2ǫ)

„

4πµ2
r

s12

«ǫ–

×

„

−
1

ǫ

«

δ−ǫc P1′1(z, ǫ)
dz

z

»

(1 − z)

z

–−ǫ

dxdy

MS scheme :

Gb/B(x, µf ) = Gb/B(x) +

„

−
1

ǫ

«

"

αs
2π

Γ(1 − ǫ)

Γ(1 − 2ǫ)

 

4πµ2
r

µ2
f

!ǫ#
Z

1

z

dz

z
Pbb′(z)Gb′/B(x/z)

• There is a mismatch between the range of the limits.

• Soft collinear terms will be present.
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SM NLO2 remnants

• Soft singularities appearing as 1/ǫ2 and 1/ǫ will cancel between real and virtual
diagrams

• Initial state collinear singularities are absorbed into PDFs

σsoft = Ga/P (xa, µF )Gb/P (xb, µF )σab0

ˆ

8CF [logδs]
2
˜

σcollinear = Ga/P (xa, µF )Gb/P (xb, µF )σab0

»

CF ( lnδs + 6) ln
„

s12
µ2
F

«–

σvirtual ∼ Ga/P (xa, µF )Gb/P (xb, µF )

× CF {ln(−u/s)(4 + 6t/u) + [ln(−u/s)]2(4 + 4u/t+ 2t/u)

+ ln(−t/s)(4 + 6u/t) + [ln(−t/s)]2(4 + 4t/u+ 2u/t) +
π2

6
(8u/t+ 8t/u)}

σNLO2 = σsoft + σvirutal + σcollinear

+ G̃a/P (xa, µF )Gb/P (xb, µF )σab0 + (xa↔ xb terms )
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cuts

Primary cuts
• Rapidity cut on the individual photons : |yγ1,2 | ≤ 2.5

• Transverse momentum cuts on the photons :
|pγ

T | ≥ 40 GeV (hard) , 25 GeV (soft)

Isolation cuts
• The radius of the cone around each of the photons in the

rapidity-azimuthal angular plane is given by

∆r(pγ , pj) =
√

(yγ − yj)2 + (φγ − φj)2

• ∆R = 0.4, Eiso = 15 GeV

• Discard the event with ∆r(pγ1
pγ2

) ≤ 0.4

• Discard the event if ∆r(pγ , pjet) ≤ 0.4 and E5
T ≥ 15 GeV .

• Discard the event if ∆R(pγ , pjet) ≤ 0.4 and
χ (∆r(pγ , pjet)) ≤ E5

T ≤ 15GeV (Frixione’s algorithm)
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SM stability analysis

SM DiGamma

dσq q
_  /dQ (pb/GeV)

LHC

Q= 200 GeV

δc = δs / 50

NLO3

NLO2
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δs

-0.2

-0.1

0

0.1

0.2

10
-4

10
-3

SM DiGamma

dσqg  /dQ (pb/GeV) LHC

Q = 200 GeV

δc = δs / 50

NLO3

NLO2

NLO2+NLO3

δs

-0.04

-0.02

0

0.02

0.04

10
-4

10
-3

Figure 1: Variation of differential cross section dσ/dQ with δs for Q=200 GeV in qq

and qg channels.



- p. 18/25

SM Diphoton production

SM DiGamma

dσ  /dQ (pb/GeV) LHC

CTEQ6M

δs = 10-4

δc = δs / 100

pt
γ (H,S) > 40, 25 GeV

|yγ| < 2.5

∆Rγγ = 0.4

Eiso = 15 GeV

LO

NLO
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Figure 2: Diphoton invariant mass distribution at NLO using phase space slicing method.
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RS NLO2 remnants

qq

σ(soft) = 8CF [ln(δs)]
2{Gq/P (xa, µF )Gq/P (xb, µF )σqq

0 }

σ(virtual) = CF (−20 + 8ζ(2)){Gq/P (xa, µF )Gq/P (xb, µF )σqq
0 }

σ(collinear) = CF (4lnδs + 3) ln
s12

µ2
F

{Gq/P (xa, µF )Gq/P (xb, µF )σqq
0 }

gg

σ(soft) = 8N(lnδs)
2{Gg/P (xa, µF )Gg/P (xb, µF )σgg

0 }

σ(virtual) = (−N(203/9) + nfTf (70/9) + 8Nζ(2)) {Gg/P (xa, µF )Gg/P (xb, µF )σgg
0 }

σ(collinear) = N (4lnδs + 11/3 − 2/3nf ) ln
s12

µ2
F
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RS stability Analysis

RS DiGamma Stability
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Figure 3: Invariant mass distribution: M1 = 1.5 TeV. c0 = 0.01. qq̄ (left) and gg (right).
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RS stability Analysis

RS DiGamma Stability

dσq q
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Figure 4: Invariant mass distribution: M1 = 1.5 TeV. c0 = 0.01. qq̄ SM*RS (left) and
gg SM*RS (right).
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Invariant mass distribution

RS DiGamma
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Figure 5: Invariant mass distribution: M1 = 1.5 TeV, c0 = 0.01. SM (left) and SM +

RS (right).
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Rapidity distribution

SM DiGamma

dσ  /dY (pb)

LHC

CTEQ6M

SM (LO)

SM (NLO)
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Figure 6: Rapidity distribution: M1 = 1.5 TeV, c0 = 0.01. SM (left) and SM + RS

(right). 1100 < Q < 1600 GeV .
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Angular distribution

RS DiGamma

dσ  /d cosθ* (pb)
LHC

CTEQ6M

M1 = 1.5 TeV

c0 = 0.01

SM (LO)

SM + RS (LO)

cos θ*
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10
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-0.5 0 0.5

Figure 7: Angular distribution: M1 = 1.5 TeV, c0 = 0.01. SM + RS (right). 1100 <

Q < 1600 GeV .
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Summary

1. The gravitational interactions can become stronger at TeV scale.

2. The angular distribution for SM and SM+GR can be distnguished in experiments.

3. The large K factor (∼ 1.65) for gravity included process gives the importance of

NLO corrections.

4. K factor depends on experimental cuts.

5. NLO QCD corrections to the diphoton production at the LHC in the extra
dimensional models could decrease one of the theoretical uncertainties.
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