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Motivation and set-up

after all the hierarchy might be between two not so separated
scales ...

This is what happens when gravity feels D = 4 + δ dimensions:
M̄2

pl = M̄2+δ
D · V(δ) where V ∼ Rδ, M̄ ≡ M/

√
8π

R = 1012 ,10−3 ,10−12 ,10−15 m for δ = 1,2,4,6
1
R = 10−21 eV, 10−4 eV, 20 KeV, 7 MeV for δ = 1,2,4,6

KK expansions naively gives mgn ∼ n
R

astrophysics limits for gravitons below O(100) MeV
(arXiv:hep-ph/0304029)

can be avoided lifting the KK tower above
O(100) MeV with a modification of the metric of the
ED (arXiv:hep-ph/0002001,hep-ph/0108115,hep-ph/0408320)

such modifications are
irrelevant for a collider

100 MeV

...
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Gravitons exchange

KK states of the graviton tower can mediate 2→ 2 scattering

gn n = 1, 2...

Each graviton is weakly coupled, ∼ 1/Mpl , but there are many
KK (due to the large ED phase-space as mKK = pED)
The effect might be dominated by UV physics (δ > 2)

At the very least you can model the effect of tree-level exchange
of gravitons with a dimension-8 operator

L ⊃ cττ ≡
8

M4
T
· 1

2

(
TµνTµν +

1
δ + 2

Tµ
µT ν

ν

)
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pp → γγ, `¯̀, ... and do not forget jj

Energy pays off to probe the dim-8: LHC7@2010� TeVatron

σ =
(

2 TeV
MT

)8
×





12.5 pb for pp → jj no search so far ...
10.4 fb for pp → µ+µ− EXO-11-039

21.3 fb for pp → γγ EXO-11-038

`¯̀and γγ roughly a cut-and-count in the high mass region

jj has a larger rate, but cut-and-count is risky due to QCD uncertainties
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pp → γγ, `¯̀, ... and do not forget jj

Energy pays off to probe the dim-8: LHC7@2010� TeVatron

σ =
(

2 TeV
MT

)8
×





12.5 pb for pp → jj no search so far ...
10.4 fb for pp → µ+µ− EXO-11-039

21.3 fb for pp → γγ EXO-11-038

`¯̀and γγ roughly a cut-and-count in the high mass region

jj has a larger rate, but cut-and-count is risky due to QCD uncertainties

Bounds can be extracted from the angular distribution arXiv:0906.4819 (D0)

uu → uu dominates at LHC⇒ jj is even better than at TeVatron
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dσ
dχ angular distribution, χ ≡ exp |y1 − y2|

Being the mediator a spin-2 each vertex has a p2
T dependence as

opposed to the pT dependence of a spin-1.

Signal gives more central events (small χ)
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Bounds on graviton exchange at tree level

arXiv:1103.3864,1102.2020
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Virtual Gravitons in γγ and µµ̄ searches

pp → µµ̄ with L ∼ 1/fb: MT > 2.3 TeV

7

Figure 3: Observed 95% upper limits on Ms for different numbers of extra dimensions n with
(Left) and without (Right) ADD k-factor.

Table 3: Observed 95% upper limits in TeV with respect to GRW and HLZ conventions for full
model validity in

√
ŝ and truncation at Mµµ = Ms (HLZ) or Mµµ = ΛT (GRW).
ΛT [ TeV] (GRW) Ms [ TeV] (HLZ)

n = 2 n = 3 n = 4 n = 5 n = 6 n = 7
ADD k-factor: 1.0

Full 2.62 2.58 3.12 2.62 2.36 2.20 2.08
Truncated 2.56 2.58 3.10 2.56 2.27 2.09 1.95

ADD k-factor: 1.3
Full 2.70 2.72 3.22 2.70 2.44 2.28 2.16

Truncated 2.66 2.72 3.20 2.66 2.37 2.17 2.02

The observed 95% C.L limits on ADD models are found to significantly improve the previous
limits evaluated with 2010 data [5] and provide the best limits based on dilepton events to date.
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pp → γγ with L ∼ 1/fb: MT > 2.7 TeV9
Table 2: Table of 95% CL lower limits on MS (in TeV), as a function of the number of EDs in the
HLZ convention for two different values of the ADD signal K factor. All limits are computed
with a signal cross section truncated to zero when

√
ŝ > MS.

K factor nED = 2 nED = 3 nED = 4 nED = 5 nED = 6 nED = 7
1.0 3.2 3.4 2.8 2.6 2.4 2.2
1.6 3.5 3.7 3.1 2.8 2.6 2.4

of EDs nED, as shown in Table 2. This is calculated trivially for nED = 2 and for nED > 2 by
using Eq. (6).
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Figure 5: Observed and expected limits on the Kaluza–Klein graviton (GKK) mass M1 for k̃ =
0.01 (top left), k̃ = 0.05 (top right), and k̃ = 0.10 (bottom). The theoretical cross section for the
GKK is given by the dashed blue line.
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Figure 6: The 95% CL lower limits on the RS1 graviton model in the M1–k̃ plane. Also shown
are bounds due to electroweak constraints [29] and naturalness (MD > 10 TeV) are shown. All
points in the plane above and to the left of the red line have been excluded by the measurement
presented in this paper. Perturbativity requirements bound k̃ � 0.10.

For the RS scenario, we perform a similar limit setting procedure, but in a bounded window
in Mγγ, as described in Sec. 4. The results are given as a ratio of the excluded cross section to
the RS signal model cross section, including the mass dependent K factor. The corresponding
limit in terms of M1 is found when the two quantities are equal. For the values of k̃ and M1
that were not simulated, we have interpolated the theory cross section, signal yield, and signal
width. We then use the interpolated signal width to set the corresponding counting window
for the background yield.

8 7 Model Limits

7 Model Limits
In order to set limits on virtual graviton exchange in the ADD scenario, we perform a counting
experiment in the signal region (Mγγ > 0.8 TeV) and set 95% CL upper limits on the quantity

S ≡ (σtotal − σSM) × B × A, (8)

where σtotal represents the total diphoton production cross section (including both signal, SM,
and interference effects), and σSM represents the SM diphoton production cross section. We
indicate the signal branching fraction to diphotons by β and the signal acceptance by A. We
utilize the CLs technique with Gaussian priors for the nuisance parameters (integrated lumi-
nosity, signal efficiency, and background). The likelihood is constructed from the Poisson prob-
ability to observe N events, given S, the signal efficiency of (76.4 ± 9.6)%, the expected number
of background events (1.3 ± 0.2), and the integrated luminosity L = (1.14 ± 0.05) fb−1 [15].
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Figure 4: Signal cross section parameterization as a function of the strength of the ED effects,
ηG (left) and as a function of 1/M4

s for the nED = 2 case (right).

The observed upper 95% CL limit on S is 4.2 fb. We then translate this limit on the signal into
a limit on the parameters of the ADD model, using the following technique. Since the effects
of virtual graviton exchange interfere with the SM diphoton production, generally, we expect
the overall cross section of the diphoton production from physics sources to have the following
form:

σADD = σSM + AηG σint + Bη2
G σED, (9)

where ηG is the parameter specifying the strength of ED effects. Consequently, we parameterize
the signal cross section within the counting window as a bilinear form in the parameter ηG and
subtract the σSM term, already accounted for in setting the cross section limit on the signal.
For nED = 2 case, ηG is not a constant, as it depends on the invariant mass of the diphoton
pair. Consequently, in this case we parameterize signal cross section with a smooth function of
1/M4

S and then directly translate the limit on the cross section into the limit on MS.

The expected 95% CL limit together with the signal cross section parameterization as a function
of ηG are shown on the left in Fig. 4. The intersection of the cross section limit with the signal
cross section curve determines the upper 95% CL limit on the parameter ηG. As seen from
the plot, these limits are equal to ηG = 0.0108 TeV−4 and 1/M4

S = 0.0064 TeV−4. We further
translate these limits into the lower limits on the fundamental Planck scale for various numbers

EXO-11-038
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dσ
dχ angular distribution, χ ≡ exp |y1 − y2|

Being the mediator a spin-2 each vertex has a p2
T dependence as

opposed to the pT dependence of a spin-1.

Signal gives more central events (small χ)

A = Sδ,Λ(s)

(
TµνTµν − Tµ

µT ν
ν

δ + 2

)

Sδ,Λ(s) =
1

Mδ+2
D

∫

|q|<Λ

dδq
s − q2 + iε
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dσ
dχ angular distribution, χ ≡ exp |y1 − y2|

ATLAS and CMS with 36/pb

AC
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dσ
dχ angular distribution, χ ≡ exp |y1 − y2|

ATLAS and CMS with 36/pb plus monojet searches
EXO-11-058, EXO-11-059, ATLAS-CONF-2011-096, arXiv:1103.3864,1102.2020

ED pushed in the multi-TeV region
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Extending the reach of ED searches

limits from j+mET and γ+mET
Extra-dimensions searches
EXO-11-058, EXO-11-059, ATLAS-CONF-2011-096

jet

mET from gn n = 1, 2, ...

dark matter production (see T. Tait)

DM

DM

jet

Sparse thoughts:
(personal set of open questions)

one or many invisible body final states?
see R. Mahbubani and B. Gripaios on arXiv:1108.1800

continuos spectrum of invisibles or just a
single/multi body final state?

any chance to catch difficult scenarios as
degenerate (N)LSP in jet+mET+soft `s?
(Giudice, Han, Wang, Wang arXiv:1004:4901, Buckley, Randall, Shuve

arXiv:0909.4549)
soft

soft

!invisible

!invisible

jet
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Conclusions

No signal of large extra-dimensions so far (MD constrained in the
multi-TeV region)
Best bounds on tree-level gravitons from the angular distribution
in pp → jj
Monojet searches can be recycled for DM searches and more
(discussion?)
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Figure 4: Real part (solid red curve) and imaginary part (dashed blue curve) of S(x) in units

Λ = MD = 1. The dotted line in the δ = 6 panel shows the single-pole approximation (one

graviton with mass Λ) that holds in the limit δ → ∞.

with the data with 36 pb−1 of integrated luminosity we get a bound subdominant with respect

to LEP, although significantly larger that existing limits from Tevatron.

3 Tree-level graviton exchange

In view of its experimental significance, we reconsider the theory behind eq. (2) and the approx-

imation of tree-level graviton exchange with an effective operator. In full generality, tree-level

graviton-exchange (fig. 1a) leads to a scattering amplitude of the form

A = S(s)

�
TµνT

µν − T µ
µ T ν

ν

δ + 2

�
. (7)

The function S is obtained by summing over all the Kaluza-Klein (KK) tower of gravitons.

As will be discussed below, if the typical energy resolution of the experiment is broader than

the mass separation between two KK states, the sum can be approximated as an integral over

the extra-dimensional momentum q of the graviton. Such integral is UV divergent for δ > 1

extra dimensions. So we regularize the integral by including only KK excitations with mass

m = |q| below an arbitrary cut-off Λ, which parametrizes the onset of the unknown quantum-

gravity physics. A small (large) ratio Λ/MD effectively means that quantum gravity is weakly

(strongly) coupled [5]. The use of the cutoff allows for a comparison of the experimental limits

on the operator (2) with the searches for real graviton emission in missing pT events. Cutting

off the integral, we find

S(s) =
1

M2+δ
D

�

|q|<Λ

dδq

s − q2 + iε
=

πδ/2 Λδ−2

Γ(δ/2) M2+δ
D

Fδ(
s

Λ2
) (8)

8where Γ is the Euler function and Fδ is recursively defined as

Fδ+2(x) = xFδ(x) − 2

δ
(9)

and1

F1(x) =
2√
x

arctanh
1√
x
, F2(x) = − log

�
1 − 1

x

�
. (10)

Fig. 4 shows the behavior of the real (solid line) and imaginary (dashed line) parts of S, for

various values of δ. In the case of t-channel exchange, the variable of the function S is negative

and no imaginary part is developed, since the exchanged graviton cannot be on-shell. For δ > 2

the integral is dominated by the heaviest graviton with mass m ≈ Λ and thus, for s � Λ2,

the function S can be treated as a constant with no momentum dependence and the scattering

amplitude can be approximated by the effective operator T of eq. (2) with a coefficient which

is usually defined as [4]

S(s � Λ2) =





πδ/2

(1 − δ/2)Γ(δ/2)

Λδ−2

M δ+2
D

≡ 8

M4
T

for δ > 2

π

M4
D

ln
s

Λ2
for δ = 2

−iπ

M3
D

√
s

for δ = 1

(11)

However, in view of the high dimensionality of the operator, the dominant LHC bound comes

from the highest energy events, and it is appropriate to retain the full amplitude, including the

dependence on the cut-off Λ.

We would like now to comment on the validity of approximating the sum over virtual

gravitons with an integral.

3.1 δ = 1

It is well known that gravity at macroscopic scales and astrophysical considerations strongly

constrain the cases δ = 1, 2, and 3. The corresponding fundamental mass MD can lie around the

weak scale only if the theory is modified in the infrared. This can be achieved by introducing a

warping factor [26] with a small mass parameter µ (of a few MeV) which lifts the lightest KK

mode of the graviton (and characterizes the KK graviton mass splitting, since mn � πnµ for

n � 1), without modifying the UV behavior of the theory and its collider predictions [27].

1Equivalent, but more explicit, expressions for F1,2 are

Im F1 = −π/
√

x, Im F2 = −π for 0 < x < 1 and zero otherwise

Re F1 =

�
1√
x

ln
���
√

x+1√
x−1

��� for x > 0
1√−x

�
2arctan

�√−x
�
− π

�
for x < 0

Re F2 = − ln

����1 − 1

x

���� .
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For Publisher’s use

Collaborations at the Fermilab Tevatron are

also looking for direct graviton emission in

the “monojet” (jE/T ) channel, which is quite

challenging due to large instrumental back-

ground from jet mismeasurement and cosmic

rays. Although no results have been reported

as yet, the sensitivity of these searches is ex-

pected to be similar to those at LEP.17.

While the formalism for calculating di-

rect graviton emission is well established, dif-

ferent formalisms have been used to describe

virtual graviton e!ects.5,6,8 Since difermion

or diboson production via virtual graviton

exchange can interfere with the SM produc-

tion of the same final state particles, the

cross section in the presence of LED is given

by:5,6,8 ! = !SM + !int"G + !G "2
G, where

!SM, !int, and !G denote the SM, interfer-

ence, and graviton terms, and the e!ects of

ED are parametrized via a single variable

"G = F/M4
S, where F is a dimensionless

parameter of order unity, reflecting the de-

pendence of virtual graviton coupling on the

number of extra dimensions. Several defini-

tions exist for F :

F = 1, (GRW5);

F =

!
log

"
M2

S

M

#
, n = 2

2
n!2 , n > 2

, (HLZ6);

F =
2#

$
= ± 2

$
, (Hewett8).

Here, # is a dimensionless parameter of or-

der unity, conventionally set to be either +1

or !1 in cross section calculations within

Hewett’s formalism. Only the HLZ formal-

ism has F depending explicitly on n.

Because di!erent experiments have set

limits on virtual graviton exchange using dif-

ferent formalisms, it is worthwhile to specify

relationship between the three definitions of

e!ective Planck scale, referred to as "T , af-

ter the original5 notation, MS(Hewett), and

MS(HLZ):

MS(Hewett) |!=+1 =
4

$
2

$
MS(HLZ) |n=4

"T = MS(HLZ) |n=4 .

Unless noted otherwise, we will express lim-

its on the e!ective Planck scale in terms of

MS(Hewett), and they all will be given at

95% CL.

Among the many difermion and dibo-

son final states tested for presence of vir-

tual graviton e!ects at LEP,11,13,14,15,16 the

most sensitive channels involve the dielectron

(both Drell-Yan and Bhabha scattering) and

diphoton ppocesses.b None of the experi-

ments see any significant deviation from the

SM in the analyzed channels. This is trans-

lated into the limits on MS(Hewett), listed in

Table 2. They are of the order of 1 TeV for

both signs of the interference term.

Virtual graviton e!ects have also been

sought at HERA in the t-channel of e±p "
e±p scattering, similar to Bhabha scatter-

ing at LEP.5,8 A search carried out by the

H1 Collaboration19 with 82 pb!1 of e+p and

15 pb!1 of e!p data, have set limits on MS

between 0.5 and 0.8 TeV (see Table 3). Al-

though these limits are somewhat inferior to

those from LEP, the ultimate sensitivity of

HERA at the end of the next run is expected

to be similar to that at LEP.

Recently, the DØ Collaboration reported

the first search for virtual graviton e!ects at

a hadron collider,20 based on the analysis of

a two-dimensional distribution in the invari-

ant mass and scattering angle of dielectron or

diphoton systems, as suggested in Ref.10 The

results, corresponding to 127 pb!1 of data

collected at
#

s = 1.8 TeV, agree well with

the SM predictions, and provided the limits

on the e!ective Planck scale, shown in Ta-

ble 4 for all three formalisms.5,6,8 These lim-

b Recent preliminary results from L3 at
!

s >
200 GeV indicate that the best sensitivity is found
in the ZZ channel,15 but details of the experimen-
tal analysis are not yet available. These results di!er
from those of an earlier L3 publication,13 where the
sensitivity in the ZZ channel at

!
s = 189 GeV was

significantly lower than that in the !! channel, as
well as from recent OPAL results in the ZZ channel
at the highest LEP energies,16 consistent with Ref.13

It may therefore be prudent to await final results from
L3 on this issue.For Publisher’s use

Table 1. Lower limits at the 95% CL on the e!ective Planck scale, MS(Hewett), in TeV, from searches for
direct graviton production at LEP. Limits from

!
s > 200 GeV data are shown in normal font; limits from

189 GeV data are in italics; limits from 184 GeV data are in bold script.

Experiment e+e! ! !GKK e+e! ! ZGKK

n=2 n=3 n=4 n=5 n=6 n=2 n=3 n=4 n=5 n=6

ALEPH 1.10 0.86 0.70 0.60 0.52 0.35 0.22 0.17 0.14 0.12

DELPHI 1.25 0.97 0.79 0.68 0.59 N/A N/A N/A N/A N/A

L3 1.02 0.81 0.67 0.58 0.51 0.60 0.38 0.29 0.24 0.21

OPAL 1.09 0.86 0.71 0.61 0.53 N/A N/A N/A N/A N/A

Table 2. Lower limits at the 95% CL on the e!ective Planck scale, MS(Hewett), in TeV, from searches for
virtual graviton e!ect at LEP. Upper (lower) rows correspond to ! = +1 (! = "1). The ALEPH Collaboration

used a di!erent formalism for their analysis,5 so their limits were translated into Hewett’s formalism.8 The
L3 Collaboration used formalism18 for diboson production,13,15 in which the sign of ! is reversed, compared
to Hewett.8 To correct for that, we reverse the sign of ! when quoting the L3 limits in the "", WW , and
ZZ channels. Combined L3 limits are nevertheless a!ected by the mixture of two signs of ! in difermion and
diboson channels. (See also footnote on the previous page for a discussion of the ZZ results.) Limits from
sqrts > 200 GeV data are shown in normal font; limits from 189 GeV data are in italics; limits from 184 GeV
data are in bold script. Some of the older limits obtained within the formalism5 before an important revision
was made, are not directly comparable with the results at the highest LEP energies.

Experiment e+e! µ+µ! "+"! qq̄ (bb̄) f f̄ !! WW ZZ Combined

ALEPH 0.81 0.67 0.62 0.57 (0.44) 0.84 0.82 N/A N/A 1.00

1.05 0.65 0.60 0.53 (0.44) 1.05 0.81 N/A N/A 0.75

DELPHI N/A 0.73 0.65 N/A (N/A) 0.76 0.71 N/A N/A N/A

N/A 0.59 0.56 N/A (N/A) 0.60 0.69 N/A N/A N/A

L3 0.99 0.69 0.54 0.49 (N/A) 1.00 0.80 0.68 1.2 1.3

0.91 0.56 0.58 0.49 (N/A) 0.84 0.79 0.79 1.2 1.2

OPAL N/A 0.60 0.63 N/A (N/A) 0.68 0.82 N/A 0.80 0.90

N/A 0.63 0.50 N/A (N/A) 0.61 0.85 N/A 0.59 0.83

its are similar to and complementary to those

from LEP, as di!erent energy regimes are

probed at the two colliders. A similar analy-

sis in the dielectron channel is being pursued

by the CDF Collaboration,21 but no results

have yet been reported. As the current Teva-

tron sensitivity is limited by statistics, rather

than machine energy, we expect combined

Tevatron limits to yield an improvement over

the currently excluded range of MS.

Although no evidence for LED has been

found so far, we are looking forward to the

next generation of collider experiments to

shed more light on the mystery of large ex-

tra dimensions. The sensitivity of the up-

graded Tevatron experiments in the next run

is expected to double (2 fb!1) or even triple

(15 fb!1), which o!ers a unique opportunity

to see LED e!ects in the next 5 years. The ul-

timate test of the theory of large extra dimen-

sions will become possible at the LHC, where

e!ective Planck scales as high as 10 TeV will

be able to be probed.

Table 3. Lower limits at the 95% CL on the e!ec-
tive Planck scale, MSHewett, in TeV, from the H1

experiment.19 The limits have been translated into
Hewett’s formalism8 from the original formalism5

used in the H1 analysis.

H1 e+p e!p Combined

# = +1 0.45 0.61 0.56

# = "1 0.79 0.43 0.83

Experiment Process + −
LEP [7] e+e− → γγ 0.93 TeV 1.01 TeV

LEP [8] e+e− → e+e− 1.18 TeV 1.17 TeV

H1 [9] e+p and e−p 0.74 TeV 0.71 TeV

ZEUS [10] e+p and e−p 0.72 TeV 0.73 TeV

CDF [11] pp̄ → e+e−, γγ 0.99 TeV 0.96 TeV

DØ [11] pp̄ → e+e−, γγ 1.28 TeV 1.14 TeV

DØ [12] pp̄ → jj 1.48 TeV 1.48 TeV

CMS at 7 TeV with 40/pb [13] pp → µ−µ+ 1.6 TeV 1.6 TeV

CMS at 7 TeV with 36/pb [23] pp → γγ 1.74 TeV 1.71 TeV

ATLAS at 7 TeV with 3.1/pb pp → jj 2.2 TeV 2.1 TeV

ATLAS at 7 TeV with 36/pb pp → jj 4.2 TeV 3.2 TeV

CMS at 7 TeV with 36/pb pp → jj 4.2 TeV 3.4 TeV
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Bounds on graviton exchange at tree level

Table 1: Tree-level graviton exchange: 95% CL limits on the coefficient MT (known as

Hewett normalization [4]) of the dimension-8 operator T of eq. (2) for positive and negative

interference. The last two limits are derived in this work.

Experiment Process + −
LEP combined [15] e+e− → e+e− 11.3 11.5

LEP combined [15] e+e− → µ+µ− 16.4 12.7

LEP combined [15] e+e− → �+�− 17.2 15.1

LEP combined [15] e+e− → bb̄ 15.3 11.5

H1 [9] e+p and e−p 2.5 3.9

ZEUS [10] e+p and e−p 4.6 5.3

DØ [16] pp̄ → e+e− 4.7 5.5

CDF [16] pp̄ → �+�− 4.5 5.6

CCFR [17] νN scattering 3.7 5.9

DØ [16] pp̄ → jj 3.2 3.1

ATLAS at 7 TeV with 3.1/pb pp → jj 5.3 4.2

CMS at 7 TeV with 36/pb pp → jj 11 8.1

combined 22.4 15.7

Table 2: Loop-level graviton exchange: 95% CL limits on the coefficient |cΥ/4π|−1/2 (in

TeV) of the dimension-6 operator Υ of eq. (3) for positive and negative values of cΥ.
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