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Graviton-induced bremsstrahlung
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We discuss photon bremsstrahlung induced by virtual graviton exchange in proton-proton interactions at
hadronic colliders, resulting from the exchange of Kaluza-Klein excitations of the graviton. The relevant
subprocessegg—G—e*e” y and qaﬂe+e’ v are discussed in both the Arkani-Hamed—Dimopoulos—Dvali
and the Randall-Sundrum scenarios. Although two-body final stategal graviton emissiorwould presum-
ably be the main discovery channels, a search for three-body final states could be worthwhile since such events
have characteristic features that could provide additional confirmation. In particulds, tistribution of the
photon is in both scenarios harder than that of the standard-model background.
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[. INTRODUCTION clude the production of dileptons and diphotons in electron-
positron collisions, as well as gluon-gluon and quark-
The idea of additional compact dimensions and strings a@ntiquark-induced processes at the Fermilab Tevatron and
the TeV scale, proposed by Antoniadi] for solving the ~CERN Large Hadron Collide{LHC). .
hierarchy problem, together with the idea that standard- N fact, several searches at the CEBNe™ collider LEP
model (SM) fields live on branes in a higher-dimensional and the Tevatron have given direct bounds on.the effective
spaced 2] have led to the even more radical speculations thaPlanck scale, of the order of a TeM3-15, while astro-
extra dimensions might be macroscopic, with SM fields conPhysical arguments result in very strong limits when applied
fined to the familiar four-dimensional worltbrane [3,4]. to the simplest ADD scenarios, for=2 and 3 extra dimen-

The models which allow for gravity effects at the TeV scalefr:%r;f E/ill-g]rih?v;i(lzgufrs:é g‘t?o\%re;b;)ége:ﬁnf%gf; ziatr\(/:vg?soz;e
can be grouped into two K|nds: 'Fhose of factorizable 9€0Mtinal states, which are expected to be dominant, and therefore
etry, where the extra dimensions are macroscojdt

. . g lead to the most stringent bounds on the existence of extra
[Arkani-Hamed—Dimopoulos—Dval{ADD) scenarid, and 9

. ! dimensions.
those of non-factorizabléwarped geometry, the simplest a6 \ve shall investigate photon bremsstrahlung induced

example of which has only one extra dimension separatingy graviton exchanggl7]. While this cross section is further
“our” brane from a hidden brang4] [Randall-SundruniRS)  yeduced byO(a/ ), so is the background. It has some char-
scenarig. _ ) ) _acteristic features resulting from the exchange of a spin-2
In both these scenarios, the propagation of gravitons iparticle and from the direct graviton-photon coupling that we
the extra dimensions leads to gravitons which from the fourwould like to point out. These features may be useful in

dimensional point of view are massive. In the ADD scenario discriminating any signal against the background.
these Kaluza-KleinfKK) gravitons have masses starting at  Specifically, we shall consider the process

values of the order of meV, and there is practically a con- .
tinuum of them, up to some cutdffl 5 (close to the effective pp—ete y+X, (1.

Planck scalgof the order of TeV, whereas in the RS scenarioywhich may get a contribution due to graviton exchange, and
they are widely separated resonances with mass splittings fhich for energetic electror®r muong and photons should
the order of TeV. In both cases, they have a universal couexperimentally be a very clean signéfhere is also a related
pling to matter and photons via the energy-momentum tenprocess, where a graviton is emitted in the final sfagj.)
sor. Since this final state is very distinct, and since the
These recent speculations have led to several studiggandard-mode{Drell-Yan) background is well understood,
[5—-13 of various experimental signals induced by gravitonthe proces$1.1) may offer some hope for observing a signal
production and exchange. The new scenarios allow for ther improving on the exclusion bounds.
emission of massive gravitor}§—7], which would lead to This paper is organized as follows: Fit§ec. 1) we con-
events with missing energfor transverse momentymas  sider the gluon-gluon fusion contribution to both two-body
well as effects due to the exchange of virtual gravitdns  and three-body final states. ThéSec. Il) we consider
addition to photons and’s) [5,7,8,11. These processes in- quark-antiquark annihilation, which also gives rise to the
standard-model background. We calculate the cross section
by summing over the KK tower within the ADDSec. IV)

*Email address: erik.dvergsnes@fi.uib.no and RS(Sec. \} scenarios for a selected choice of param-
"Email address: per.osland@fi.uib.no eters, and finally we give some concluding rema(gec.
*Email address: nurcan@uta.edu VI).
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Il. GLUON-GLUON FUSION

We shall first discuss gluon-gluon fusion. Because of the
increasing gluon luminosity at high energiésHC), this
contribution will be dominant for a certain range in invariant
mass of thegthree-body final state. At even higher invariant
masses, the contribution to the signal, from quark-antiquark,

annihilation, becomes dominant.

g e~ g
A. Two-body final states ky Py
The process of interest, E¢L.1), is related to the two- ¢ bny
body final state
pp—e‘e +X (2.2 b "
l . g et g
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which may proceed via gluon-gluon fusion and an interme- F!G- 1. Feynman diagrams fgg—G—e"e"y. [There is a

diate graviton,

corresponding set of diagrams Wi]qﬁinitial states, which we shall
refer to as “seB.” The SM diagrams corresponding to diagraftig

gg—G—ete . (2.2) and (2), with qainitial states and a photon & instead of the

For massless electrons, the cross section for single gravi-

graviton, will be referred to as “sdd,” and “set D;." ]

B. Three-body final states

ton exchange resulting from gluon-gluon fusioriis agree-

ment with the results of12])

o <% S
Ogg—ee™ ~ 2 ! (
9078 10240r (S—m))?+(mgl'p)?

2.3

Let us now consider the contribution from gluon-gluon
fusion to the bremsstrahlung process in Bql). The under-
lying subprocess

gg—G—etey, (2.5

can proceed via the four Feynman diagrams of Fig. 1, the

with s=(k;+k,)? the two-gluon invariant mass squared. basic couplings for which are given by Hant al. [7] (see
Furthermore,m; and I';; are the mass and width of the also Giudiceet al. [5]).

graviton} and « is the graviton coupling, to be defined be-  The evaluation of the cross section is straightforward, and
low. The angular distribution, which is forward-backward the differential cross sectiofwith respect to the azimuthal
symmetric, is given by +cos'é, where 6 is the c.m. scat- angle,y, and co®, whered is the angle between the photon

tering angle.

and the beamnis of fourth order in the invariants. This is due

With &; and ¢, the fractional momenta of the two gluons, to the underlying mechanism being the exchange of a spin-2
ki=§&,Py, k,=¢,P,, andP; and P, the proton momenta, object. It is straightforward to verify that it is gauge invariant

(P,+P,)2=s, we haves=¢,&,s. For the overall process With respect to the gluons, as well as to the phatastually,

(2.1) we thus find the differential cross section

()

do(® 1 1 o
gg—ee gg—ee

—2 == d f dé, fo(&n)f —=
ds fO gl o 52 g(gl) g(§2) ds

—fld fld f f
=/, 3 o & fy(§1)fy(&2)

X 8(£16,5—5) 0l2) (9)

B e (: dxdxd cosd
=< lgg(8) o83 ed), (24 dx;dx,d cose

diagram 4 is by itself gauge invarignBut the expression is
quite lengthy, so we shall not write it out here.

The angular distribution of th&wo-body) non-radiative
cross section(2.3) is given by fourth-order polynomials in
cosé. Here, just like in gluon bremsstrahlungee, e.g.,
[19)]), there is an accompanying dependence on the azimuthal
angley, but now up to fourth order in cog or, equivalently,
up to cos 4.

After integrating over the azimuthal orientation of the
events, the cross section is of the form

d35(©®

99 oy -~ bO(Xl ,X2) + bz(xl ,X2)CO§0

+b4(X1,Xp)cos6, (2.6

with the relevant convolution integralgg(é), over the gluon

distribution functions given by EqA1) in Appendix A.

similar to the two-body final states, i.e., the gluon-gluon fu-
sion does not contribute to any forward-backward asymme-

try.

The Kaluza-Klein indexn onm; andT'; should not be confused In our calculations we have chosen the unitary gauge

with n, the number of extra dimensions.

(¢~1=0 in the notation of7]), whereby the scalar exchange
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decouples. After averaging and summing over gluon, elecfollowing cross section for single graviton exchangsatial
tron and photon polarizations, and integrating over event oristate quarks are considered massless

entations with respect to the gluon momentum, we fiiod R R

exchange of a single gravitpn ~(G) k* s s2

o = = (3.0
qq—ee —m32+mirs’
250 - - 153607 (s—m%)?+m:l';
Oggeey aK'SQg S Xe(Xe . %,)
dxidx; 256072 (s— m§)2+(m51“,;)2 BT in agreement with5,12]. It differs from the cross section for

2.7 gluon-gluon fusion by a factor 2/3.

There is also a SM background to this process, where the
with Xg(X1,X2) given by Eq.(A8) in Appendix A. Further-  same final state is produced through photorZ @xchange.
more, a is the fine-structure constar@.=—1 is the elec- This well-known cross section is given by
tron charge, and;, X, andx; denote the fractional energies
of the electrons and the photon in the c.m. frame,

s o AT, 2,5 Rev(s
B el 200 - 27108 Q20 Rex(d
X]_:El/ S, X2:E2/ S,

[ L @8 tgtaerax(I, 62
Xa=wl\s, 0=x<_,

T 2 with

with X1 +X,+Xx3=1. The expressioXg(X;,X,) exhibits the 1 :

familiar singularities in the infrared and collinear limits, x(5)= —— , (3.3
=(p,+k)2=5s(1—-2x,)—0, ands,=(p,+k)2=s(1—2x,) SINF(26y) (s—m3z)+im,I';,

—0, as well as a collinear singularity @&=(p;+ p,)?

=5(1-2x3)—0 due to the fourth Feynman diagram. Here where we have normalized vector and axial-vector couplings
K to v;=T¢—2Q;sirPéy anda; =Ty, respectively, withl; the

s=(ky+ky)2=(p;+p,+k)2. The additional singularity .. . .
means that there is a tendency to have events with hard phls_c;szp 'Qégour:tgerglgrza; ringhl;\?gaereatr?aeNTr?esivzgi Vn\/]'i()j(tiggc’f
) q ’

tons[17]. This is one way in which these events differ from

ordinary QED-based bremsstrahlung. angle. — . ) )
The differential cross section in E@Q.7) can be writen [N the case ofqg—~G—e"e", with the cross section
more compactly as given by Eq.(3.1), the angular distribution is 43 cog6
+4 codd, whereas for the photon exchange, E8.2), the
1 d250© 4aQ? angular distribution is given by the familiarticos’d. The
99-eey © Xa(Xq,Xy), (2.9 interference between graviton and photon exchange has an

&E%Lee dxydx; angular distribution given by cd8 (as pointed out by Ref.

R [5]), i.e.,it exhibits a forward-backward asymmetand van-
with oé‘éLee given by Eq.(2.3). As we see, the cross section ishes upon integration. The interference between graviton
is reduced by a facto©(«/7) compared to the two-body andZ exchange exhibits a slightly different angular distribu-

cross section. tion (which also vanishes upon integratjon
Analogous to Eq(2.4), we find for the gluon contribution For pp collisions, we find the graviton contribution to the
to the overall proces€l.l) differential cross sectiofin accordance with Eq2.4)]
3 _(G) 27(G) (G)
Togeey 1) (5 Loseer 54 Waaee L 5 50 (g (3.9
dsdx,dx, S dx1dX; ds s BB qg—ee > :

with the convolution integral given by E¢gA1) in Appendix ~
A grag y ERD) PP with 1gg(S) given in Appendix A. The SM contribution can

be found in a similar manner, but here the convolution inte-

grals must be weighted by the facto®, Qquq and @

+a§) for photon exchange, interference between the photon
Another process which contributes to Ed.1), and gives and theZ, and forZ exchange, respectivelfsee Appendix

rise to the SM background, is quark-antiquark annihilation.A). The reason for this is that the convolution integral im-

Furthermore, at large invariant masses of the final state, plicitly contains flavor summation.

also gives the most important contribution to the signal.

IIl. QUARK-ANTIQUARK ANNIHILATION

B. Three-body final states

A. Two-body final states Now we will examine the subprocess

The process in Eq(2.1) may also proceed via quark- .
antiquark annihilation and an intermediate graviton, with the qg—e‘e vy, (3.5
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The corresponding result for final-state radiatieatB) is

dz(}B CYK4§Q§ s? X )

- . X1,X2),
dxdx, 384072 (5-mP)2+(miTp)2 o ’
(3.9

with Xg(x1,X,) given by Eq.(A8). This contribution is, like
in the two-body case, identical to the contribution from
gluon-gluon fusion, except for a factor of 2/3.

There is also an interference termag, between seté
and B, which has to be considered. It contributes to the
forward-backward asymmetry, and vanishes when integrated
over all event orientations.

et In the three-body case, the SM background becomes
FIG. 2. Feynman diagrams for “initial-state radiation” tqﬁ ~ (SM) “ - A
—ete y. We refer to these diagrams as “sét’ The SM dia- Tqqoeey” 9cT oDt OCD, (3.10
grams corresponding to diagraifi3 and(2), but with a photon oZ
instead of the graviton, are referred to as “€f' and “set C;.” where the contribution of initial- and final-state radiation is
given by
which is determined by four sets of Feynman diagrams. First,
there are the diagrams of Fig. 2, referred to as “A¢t dZErC 3aQ§ ~ (SM)
describing “initial-state radiation.” Then, there are four dia- dxdx,  dm T g ed 53)Xc(X1,X2),
grams analogous to those of Fig. 1, where the initial-state (3.19)

gluons are replaced by quarks and antiquarks. We shall refer 0~ 5
to these as “seB;” they describe “final-state radiation.” d“op _ 4aQq oM
Finally, we have the SM background, which arises from dia- dx;dx, T qg—ee
grams similar to 1 and 2 of sets and B, with a y or Z

exchanged instead of the graviton. We shall refer to the SMvith Xc(X1,X;) and Xp(Xy,X2) given in Appendix A, and
diagrams as “setsC,,” “ C;" (initial-state radiation &(%'\i)ee given by Eq.(3.2). This oy, is the familiar brems-
“D,,"and “D;" (final-state radiation It is convenient to  strahlung cross section expressed in terms of the related two-
separate initial- from final-state radiation, since, in thepody process. While the contribution of the photon-exchange
former case, the propagator does not carry all the momentuiart of the interference between initial- and final-state radia-

of the initial quarks. . tion to the integrated cross sectio&uCyDy, vanishes[20],
The qg-initiated cross section can be decomposed as i< ic not the case for terms involvigexchang¢21]. They

$)Xp(Xy1,X2),

~(G) ~ (SM) ~(G,y) ~(G,2) are included in the full SM background, E@.8).
- ’ q- ’ - ’ and o> , . !
qgq—eey qgq—eey ag—eey qq—eey For the interference terms between graviton exchange and
(3.6) the SM diagrams, we introduce the following notation:
where the first term is the graviton contributi¢setsA and - - - - -
B), the second term is the standard-model backgrdsats Tqq—eey” 9AC, T 0AD T OBC, T IBD,
C andD) and the last two are graviton-photon and graviton- (3.12
= . ~ G,Z ~ ~ ~ ~

Z interference terms, respectively. gfﬁ_})eey: Tac,* Tan,+ 0sc,+ Oap,,

First we shall consider the graviton exchange diagrams,

where we introduce the following notation: where the subscripts indicate the diagram sets involved.

~(G) We find that botrfrACy andfrBDy, together with the terms

g :(}A+(}B+(}AB. (37)
qg—eey ~ ~ . .
of oac, and OBD, which are proportional to the vector cou-
For initial-state radiatiorisetA), we find pling, vanish after integration over event orientations, but
) ) they contribute to the forward-backward asymmetry. The
- 4 " : ' _ :
d?oa _aK s3 Qq S3 Xa(Xq . %0) oac, term proportional to the axial coupling also vanishes
dxidx, 1228872 (s3—m?3)2+(mil';)? A upon integration over all event configurations. Finally, after

(3.8 integration over angles théBDZ term proportional to the

L . . . axial coupling, being proportional to the Legendre polyno-
whereXa(x1,%2) is given by Eq(A4) in Appendix A. Since mial P,(cos#), also vanishes(When introducing cuts, the

the denominator in Eq:3.8) depends ors;=(1—2x3)S in-  cancellation is not complete.

stead ofs, this contribution will be smeared out when inte-  For the nonvanishing graviton-SM interference terms, we
grated overxs. get
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dz(}AD7 aZKZQéQg S5 A. Total Cross sec.tion
dxde .~ 1247 R > | Xap(X1.X2), In the ADD scenario, the coupling of each KK mode to
=72 Sg—m+imgly matter is Planck-scale suppressed. However, since the states
- are very closely spaced, wiff7]
d UADZ: — aZKZQquque 47202
dx,dx, 1441 m2=_" (4.1)
n RZ ! )
XRE X* () —— 2| Xao(X1, %) ificati i |
X S metimel-| APVt andR/27 the compactification radii, the coherent summation
3 Thn nen over the many modes leads to effective couplings with
9n S ~ strength 15, where Mg is the UV cutoff (close to the
d o8,  a’k"QqQq s effective Planck sca)e
dx,dx, 144 R S m%+imr;1“,; Xgc(X1.X2), Explicitly, in this scenario, the graviton coupling is in the
n

(3.13 (4+ n)-dimensional theory given by7]

~ gun=7wn+ khun,  «2=167G{H", 4.2
dZ‘TBCZ_ . K*QqQevqve IMN= 7TMN MN N (4.2)
dx.dx, 14447 WhereGF\,‘””) is Newton'’s constant in 4 n dimensions. In 4
dimensions the coupling can be written as

Xec(X1.X2), 2=V 12=16mV. 1 GE=167Gy, (4.3

X * —
R{X (s3) S— m§-+imﬁl“,;
with V,, the volume of then-dimensional compactified space
(V,=R" for a torusT") and Gy the 4-dimensional Newton
constant.

Summing coherently over all KK modes in a tower, the
graviton propagator gets replacgd:

where x(s) is given by Eq.(3.3), whereasXp(X;,X,) and
Xgc(X1,X5) are given in Appendix A.

To find the contribution from quark-antiquark annihilation
to the overall proces$l.1), a relation similar to the one
given by Eq.(3.4) should be used. However, when there are
quark charges or vector and/or axial-vector couplingsdr

) involved, the convolution integrals must be weighted by _ 1 =—iD(3)
these factors, as shown in Appendix A. S— m§+ im;I';
IV. BREMSSTRAHLUNG IN THE ADD SCENARIO she-l R" ~ .
T2 (4 [2|(Ms/\/;)—l77],
In this section we shall consider bremsstrahlung within (4m)
the ADD scenarid3]. First, we shall present the cross sec- (4.4)
tion as a function of invariant mass, and then study the pho-
ton distribution(or k, spectrum of such events. with
|
5L Ms : 1I é 1 n=even
- a0 | = — 5100l —— ) = )
7 &2k |\ B 29
I(Mg/Vs)= B i - 4.5
(nEM L (s L Mt VR e
f— —_— [ — O —_— , = .
& 21| 3 2% M- Ve
|
for n extra dimensions. tion, we shall use the expressions of E4.5).
Higher order loop effects may be importd2@], so these Invoking the relatior] 7]

expressions should not be taken too literally. In particular,
this applies to the dependence on the number of extra dimen- 2RN= 8 (A7) V2T (n/2)M = 7+ 2) 46
sions. In the approach 5] and[8] this uncertainty, includ- K*RI=8m(4m)™ T (/)M s (4.6

ing then dependence, is absorbed in the cutoff in such a way

that D(s) and D(s;) [see Eq.(4.4)] are indistinguishable. between the volume of the extra dimensions, the gravita-
Here, in order to preserve the qualitative difference betweetional coupling and the cutoff scale, the differential cross
these two propagators, related to final- and initial-state radiasection can be expressed as
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ADD ADD _ n=2, My=4 Tev
= Ms=4 TeV =
O 10 [ n=2,3,4,5,6 O 10°
< =
P 0
= s
E 3
~ T '
o o
5 ©
107 | 107
L n=2 99 N T J
10 [ A Tal S
S\M‘“ \n - 6 ! 'g g ““‘\
b oy SM™
107 ; : % 107 L . .
0 1 2 3 4 0 1 : ¢
M,., [TeV] Meey [TV

FIG. 3. Cross sections fgrp—e* e~ y+ X at s=14 TeV. Both plots are for the ADD model witl ;=4 TeV. We have set the number
of extra dimensiongfrom above to n=2,3,4,5, and 6 for the left panel. The full differential cross sect'dml,d\/g (solid), and the SM

backgrounddashegl are shown in both plots, whereas thg (dash-dottegand theqa(dotted contributions to the signal are shown in the
right panel forn=2.

dio aSs3 S3 " - ang s\" - -
5 = — | 1 S)[412(Mg/s3) + m2]Xa(X1,X2) + — | [3lgg(S)+2lga(s
revpmmbrrey i Fvel BELERCIE s/\/s3) + T IXa(X1, Xo) 1ot |z [3oo®) T 2es(3)]
az 33 n/2
2 x 2 _ 3 2 2 2
X[412(Ms/\3)+ 7%]Xp(Xq %) e (Mg) (2Q2Ip_p (5)1(Ms/Vs3)+Qevelp p,(S)

n/2
%) (2Q%15.p (9 (Ms/V3)+Qevelp p,(3)
S

XRe{x* (S)[21(Ms/\/s3) =i 7]} Xap(X1, %) +

d3o(SW

y_— 4.
dsdx;dx, @9

X Relx* (53)[ 21 (Ms/\/3) =i 7]} Xae(Xq X0)

where x(s) is given by Eq.(3.3) and the convolution integrals are given in Appendix A. The SM background is given by

3 _(SM) 3 32
d o a 2 - - P - 2 16a°Qq
{Qe|cyc7(5)+2QeUe|cch(S)ReX(Ss)"‘(Ue‘Fae)'CZCZ(S)|X(53)| FXe(X1,%2) +

{Qelo p,(5)

d%dxldxzzﬁ 9ss
- - . A e, 8a°Q.a, -
+2Qeve|DyDZ(S)ReX(S)"_(Ue—"ae)lDZDZ(S)|X(S)| }XD(Xlaxz)_?{QeICYDZ(S)
X Rex(8)+Qel c,p_(SIReX(Sg) +4vel c,p,(S)RE X* (8) x(S3) I} Xcp( X1 Xo) (4.8

In Eq. (4.7), the different contributions are given in the fol- s \/7 ; ; _
X o ot 9 oo spect toys (labeledMee, in the figuresg, for Mg=4 TeV
lowing order: First quark-antiquark annihilation with initial andn=2,34,5 and Gleft pane} in the ADD scenario, where

state radiation(setA), then gluon-gluon fusion and quark- ; :
antiquark annihilation with final-state radiatiofset B), we have |_ntegrated out thg X, depenijencésee Ap_pendlx
n%)' The right panel shows only the=2 curve, with the

various interference terms between graviton exchange a o ; .
SM amplitudes, and finally the SM background. The Originscontnbutlons from gluon-gluon fusion and quark-antiquark

of the different terms are reflected in the subscripts of thexnihilation (induced by graviFon elxchange'also displayeAd.
X’s. Note that gluon-gluon fusion is dominant from/;

In Fig. 3 we show the cross section, differential with re-=1.3 TeV up to \/223 TeV for this choice of parameters,
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o ADD . ADD  n=2, Ms=4 TeV
E n=2,3,4,5,6 % E SM‘\\\M=T Tev
£ Lrom kS M2 Tev
— B\ — \ i
~ B ~ i/ |TT———— M=3TeV
3 i\ n=2 g & | \“
S 1 I‘\\\ Siow L | |
107 b ( SM
107 | i i ‘
10 L N
SMY, ’ S
—2 L LN [ | -5 PR | B \‘ L
oy 0.5 1 15 2 W5 05 L5
K [TeV] k [TeV]

FIG. 4. Photon distributions for the ADD model. Left panétr/dk, (solid) with (from above n=2,3,4,5,6 extra dimensions ahlg
=4 TeV, together with the SM background. Right partal/dk; (solid) for n=2 andMgs=4 TeV, integrated over 100 GeV bins around
Mee,=M=1,2,3 TeV, with the corresponding SM backgrouridashegl

whereas the quark-antiquark annihilation process takes ovéated toXg (final-state radiation with graviton exchangby
at larger invariant masses. Belowl TeV, the background more than an order of magnitude. This is partly due to the
is larger than the signal. difference in the convolution integrals.

We have integrated over]"<x;<0.5, subject to they Among the different interference terms, relatedXgp
cuts: 31,52>y§, 5323’3%, where bothy=y;=0.01. The andXgc, the most important one is that betweenBéfinal-

minimum invariant mass of the two electrons is controlled byStaté radiation with graviton exchangand setC, (initial-
= state radiation with photon exchang€&or invariant masses
y3. At a scaleys=1 TeV, the cut ofy=0.01 corresponds to

electron(or photon energies exceeding 10 GeV. We consider2€!0W ~1 TeV, this interference dominates thg part of

a minimumxz of 0.1 in these plots. The corresponding reso-the signal (but here, it is overwhelmed by the SM back-
lution is well within that foreseen at the LH[23]. For the ground. We note that the SM amplitude does not interfere

angular cuts, we take the pseudorapidity<2.5 with the gluon-gluon fusion part of the graviton-mediated

Here, and in the remaining figures, we uge= 14 TeV, amplitude.
which corresponds to the LHC energy. With an integrated o
luminosity of 100 fo'* and a bin width of 100 GeV, we B. Photon distribution

might expect a few events per bin at invariant masses above \whereas photons emitted by QED bremsstrahlung tend to
1 TeV. be soft and/or collinear with the fermions, the present
Near theZ mass, the cross section has an additional pealyraviton-induced bremssstrahlung will be more energetic
(barely visible in the figuressince both the amplitudes with [17], and also emitted at larger angles. A first, qualitative
s (setC;,) and those withs; (setDy) resonate. Also, a8 manifestation of this feature is that the transverse momentum
~10xm;~0.9 TeV, the cross section has a falloff. In fact, spectrum(with respect to the incident beawill be harder.
both the second peak and the falloff are related to “radiativeVe shall here make this statement quantitative.
return,” where the emitted photon has the right energy to In Sec. IV A, we have integrated the differential cross
make theZ propagator resonate. The peak newris at the  section overx;,x, and co9 to obtain cross sections which

starting point for radiative return, determined By (and  gre differential with respect tQ/g [see also Eq(2.4)]. Now

hence the lower value far;), whereas the falloff near 0.9 e will instead change variables fromx,(x,,cos6) via
TeV is related to the end point of the radiative return, given(x,,=x, —x,,xz,cos6) to (X;,k, k), wherek, =wsing

by the upper value of5, which is 3(1—ys). andk;= o cosf. Here
Close to the cutoffM g, the cross section increases due to
the logarithm inl (Ms/\/S). This is of course an artifact, due VKZ +kf=k= w=X3\/§, (4.9

to the way the cutoff is treat@®2]. Note that the explicin

dependence in Fig. 3 is in the approact 58] absorbed in  with » the energy of the photon. After integration over

the cutoff. _ X12, kj and Vs, we get the cross section, differential with
Let us now discuss the different terms relatedjtpanni-  respect tok, , the photon momentum perpendicular to the

hilation. The part of thejq annihilation cross section which beam.

is related toX, (initial-state radiation with graviton ex- In Fig. 4, left panel, we showla/dk, for different num-

changg is everywhere significantly smaller than the one re-bers of extra dimensions, and witfis=4 TeV, where we
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with Fig. 3, we impose the cutscSm'”\/g$ k<1(1-ys) \/; J1(x,) =0, k is of the order of _theéfour d|m§n3|onal Planck
. .scale andr. the compactification radius of the extra
Since the photon should not be too close to the beam axis,. : . ) . N
dimension: Since there is only one extra dimension in this

we also requird, =100 Gev. We see that th spectrum dscenario, we shall usa,, instead ofm;; for the mass of the
becomes much harder when extra dimensions are involve hth graviton

The right panel of Fig. 4 shows bin-integrated crossA sec- The gravitational coupling is in this model given by
tions. Here we have chosen invariant masses\& (10,19

=1,2,3 TeV, and integratedzo/(dkld\/g) over 100 GeV

bins around these values. The peaks at 0.1, 0.2 and 0.3 TeV

are also related to cuts dn(or x3). Note that the SM back- _ /16 Xo Kk 5 X; k

ground is very small at higher invariant masses. K= T m_n Mo m

V. BREMSSTRAHLUNG IN THE RS SCENARIO 52
As in the preceding section we will first present the total — Pl 8

cross section, and thereafter the photon distribution, for the Mp= @ZZAX 10 GevV.

Randall-Sundrum scenarjd].

A. Total cross section Here we shall usen; andk/M p, as the two parameters which

In the RS scenario, the graviton masses are givefilby specify the model. Note that 0.8&k/Mp=1 [10].
The differential cross section can in the RS scenario be
my=kx, e Kre7= ﬁml, (5.1  expressed apwith the different contributions given in the
X1 same order as in E@4.7)]

4 4

To___as (X1)4 ) 1o o (B10(s0) BXa(xy 0 + —2 (X1)4 Q2[3144(8) + 21 p(8)]
= = — =5 S S Xq1,X —_— | — — S S
dsdx,dx, 307272s\Mi) \ M, PP LA 1900m2s My ) \ M) e 99 o8
~ 2X Cl2 Xl 2 k 2 2| ~ R
XI9GS Xa(x1.,%2) = 75| oo v ({Qelo p (S)Red(s3)

+Qevelp_p,(SIRELX* (S)G(Se) [} Xap(¥1,%2) +{Q2lp b (S)REG(S)

3,(SM)

+Qevelp_p,(SREX* (S3)G(S) 1} Xac(Xa X2)) + (5.3

dsdx,dx,

where the SM contribution is given by E@t.8). For massive the total graviton width in units of the two-gluon width. Ne-
graviton exchange we have introduced the abbreviation  glecting mass effects, we hal/é,24]

R 1 13 13
“ S = -, :—’ :—,
W= 5 —— (5.4 X" X2Toer Mg
n s—mj+im.I', (5.7)
N, NcNg 1
with [7,24] Xt=7g' Xa~ 715 ' AXHTXrTgg:
2 Here,N,=6 is the number of leptons, ad.N,=18 is the
.= YG m3k2= Ye %2m _L (5.5 number of quarks weighted with color factors. Note that
" 20w " 10m "™ M My ' since we have neglected quark and electron masses, there is
no contribution to the cross section from radion exchange,
and
2The first four roots are 3.83, 7.02, 10.17 and 13.32.
Ye=1+tx, txztxwtx, txgtxutxr (5.6 %To solve the hierarchy problerky .~ 12 is required.
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FIG. 5. Differential cross sections for the RS model, with= 1 TeV. The left panel shows the differential cross secm'tml,d\/g (solid)
with (from above¢ k/Mp=0.1, 0.05 and 0.01, and the SM backgroudshed Right panel: thegg (dash dottefl and qq (dotted
contributions to the cross section are shownktvl o= 0.05.

since the radion couples to the trace of the energy- It should be noted that the third and fourth peaks should
momentum tensor. However, it contributes slightly Ifq be somewhat reduced since we have not taken into account
through Eq.(5.5). that these gravitons can decay into the first KK resonance.
We display the RS scenario cross section, differential withSelf-interactions of the gravitons were considered 28],
respect to\/g [see Eq(5.3)], in Fig. 5. In the left panel, we where a BR of about 15% was found for té;—G;G,;
have summed over KK states, and chosen the first gravitodecay.
resonance am;=1 TeV, with k/Mp set to 0.1, 0.05 and By comparing Figs. 3 and 5, we see that the difference
0.01 (from abovaé. In the right panel, we show the different between the two scenarios is striking, with extremely narrow
contributions (gg and qa) to the cross sectioiifor k/Mm and wid(_aly sepgrated resonances in the RS case, (;ompared to
=0.05) induced by graviton exchange. The cuts are the sanf@€ continuum in the ADD case. Note that according to our
as in the ADD case. expressions, thk/Mp, dependence cancels at the resonance.
As we mentioned above, the integration oggr(or x3) A single peak should therefore have a height which is inde-

will smear out the contribution from initial-state radiation. pendent ok/Mp,, but at very high invariant masses we see

For invariant masses greater than that thek/M p=0.1 peak is higher than the other peaks, and
also slightly shifted. This is mainly due to interference with
\/éz 1 ~11m 5.9 and 'overlap of the neig.hboring peaks Which are very broad.
Ji—a2xm L ' Since the cross sections for graviton-induced bremsstrah-
lung are much lower than for the corresponding two-body
final state, an important question is, however, if there is any
chance of seeing these resonances in the experiments. To
egive an order of magnitude estimate of the number of events

these secondary peaks are mainly due to the term involvi fo expect from these narrow peaks, we have integrated the

Xa (initial-state bremsstrahlung with graviton exchange differential cross sections glven n F.IQ' 5 over blrlsl\llrgey.
which gives no visible effect in the ADD case. In the upper left panel of Fig. 6 we integrate ov&, start-

Similar to the ADD case, for invariant masses belowing from \/§=Mem;g. The different curves correspond to

~1 TeV, it is the int_erference between d8tand Setc.y k/MpF 01' 0.05 and O'Olfrom above for m;= 05(30||d),
which dominates thgq signal(dotted. Between the peak at 1 (dotted and 1.5 TeV(dash-dotted This should be com-

1 TeV and the secondary peak next toldue to radiative pared to the SM backgroun@dasheg which is also shown.
return) this interference term becomes negative, resulting irin the remaining panels of Fig. 6 we have integrated over

a dip in the total cross section. In fact, the totg} signal 100 GeV bins for the same choice kfMp,, for m;=0.5,
(graviton exchange plus its interference with the SM ampli-1.0 and 1.5 TeV.

tude is negative in some small region of invariant mass. We see that for these parameters it should be possible to
However, these structures depend on details of the cuts intesolve at least the first peak, and in most cases several peaks
posed. are visible. We emphasize that this is not a simulation, but

s3® will always be greater tham,, and radiative return to
the first graviton resonance gives a small peak at this valu
Eqg. (5.8, and similarly for the higher resonances. In fact
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FIG. 6. Integrated cross sections for the RS scenario. In the upper left panel we have integrated the cross sections in Rj{g.fﬁrover
\/§> Mg“é[}. The choice of parameters I&$I\7p,:0.1, 0.05 and 0.0tfrom above for m;=0.5 (solid), 1 (dotted and 1.5 TeV(dash-dotteg
The SM backgrounddasheglis also shown. The other three panels show the corresponding result of integrating over 100 GeV bins, with
m,;=0.5 (upper righi, m;=1 (lower left) andm;=1.5 TeV (lower righ}.

these plots should provide an indication of the number oBoth the ADD and the RS scenarios have been considered.

events that correspond to these narrow peaks. We found that three-body final states are likely to be detect-
o able, and could be a valuable supplement to the two-body

B. Photon distribution final states, for the purpose of detecting the effects from
The photon distribution is also in the RS case harder thamassive gravitons related to extra dimensitifisuch exis.

the SM background. In the left panel of Fig. 7 we showThese configurations, of a hard photon associated with an

do/dk, , having integrated ovet/;. The steps occur when electron—positror{or muon pair in the opposite direction,

k, equals half the invariant mass of a RS graviton, since thishould provide a striking signature at the LHC. Furthermore,

limits the photon momentum. the photon has a harder distribution in transverse momentum
The right panel of Fig. 7 again shows bin-integrated crosshan the SM background.

sections, but now we have chosen 100 GeV bins around the \e have here focused on bremsstrahlung at the LHC. At

first three resonancess= my, m,, Mz, since this is where the Fermilab, the phenomenology will be rather different.
most of the events will occur. We see a similar behavior as irBecause of the lower energy, and because of the different
the ADD scenario. initial state, quark-antiquark annihilation will be much more
important, relative to the gluon-gluon initial state. Further-
more, there will inpp collisions be additional contributions

In summary, we have discussed photon bremsstrahluntp the forward-backward asymmetries, beyond those of the
induced by the exchange of massive gravitons at the LHCSM. Such asymmetries will be induced by interference be-

VI. CONCLUDING REMARKS
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FIG. 7. Photon distributions for the RS model. Left pamet/dk, (solid) with (from above k/l\7p|:0.l, 0.05, 0.01m; =1 TeV and the

SM backgrounddashegl Right panel:do/dk, (solid) with m;=1 TeV andk/l\7p|:0.05, integrated over 100 GeV bins around the first
three resonances, with corresponding SM backgrounds.

tween theC-odd exchange of a photon oZaand theC-even . . .
exchange of a graviton, as well as by the interference be- lgs(S) =22, lqq(S), |cyc7(5):22 leqa(s).
tween graviton-exchange with initial-state radiation and a a
graviton-exchange with final-state radiation. This effect,

which is washed out at the LHC because of the symmetry oic < (s)= 22 quq|q—(s)

the initial state, is of course present also &re” —ff [8],

and will have an analogue in the three-body final states. We

hope to discuss this effect elsewhere. ICzCz(S)zzé Qé(v§+a§)|qa(s),
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10,0,(8)=22 Qqpglad(S).
(A2)

APPENDIX A: CONVOLUTION INTEGRALS AND EVENT

e e
Lo le,0,(8)=1c,0,(9=22 QGadlad(S).

In this appendix we define the convolution integrals and

the event shapes used in our expressions. First, the basng D, (s)= 22 QqU g2yl q—(s)
convolution integrals are
= = These integrals are labeled according to the sets of Feynman
o Y S S - diagrams which are associated with the couplings involved.

I (s)—J dyf(\[ey)f<\[ey), 9 _ _ _ pling

99 y > S g S Integrals involving SM couplings also enter in interference

(A1) terms involving graviton exchange. Note the factor of two in

A v 2 3 the qq convolutions, which accounts for the fact that gipa

a(s)zf dyf, - e { e, collider, either beam can provide the quark or the antiquark.

-y All convolution integrals have been evaluated with CTEQS5

parton distribution functionf26].

with Y= 1 log(s/s), and where in the latter case, a specific The event shape distributions of the different contribu-
quark flavorq is considered. The quark convolution integralstions to the cross section can be expressed in terms,of,
enter in the cross section weighted with different couplingandx;=1—X;—X,. It is convenient to express these quan-
constants and summed over quark flavors: tities in terms of the abbreviations:
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_ 4 2

Z,=8x3— 1235+ 12x5— 3,
Zp=3x5(1—2x3)(2x5— 2x3+1),

2= 2X3(X1+ X2)2(4X5—2x3+ 1),

(A3)

Z4=6(1—2x3)(4x53— 10x3+5),
Ze=9X3(1— 2X3)(2x5— 6X3+3),

Z=8x3—80x3+ 1803 — 1403+ 35,

PHYSICAL REVIEW D 67, 074003 (2003
zy=2x5+2x3— 1,
2, =2x5—6x3+3,
Zj=8x5—4x5+3,
zj=8x5—10xs+3,
7= 12%35—8x3+3.

We first give the expression for initial-state radiation, ex-
pressed as an integral over &s

ag(Xy,Xp) + 85(Xq,Xp)COS O+ ay(Xy ,X,)COSH O

XA(xl,xz)zf d(cos#)

with
ag(X1,X2) = — (X3 X2)*Za— (X1 — X2)22b+ Zg,

_ 4 2 2
A(Xq,X2) = — (X1 = X2)"Zg+ (X1 = Xp) “Ze— X532y,

_ 4 2,2 4
A(Xq,X2) = (X1=X2) "2t = (X1 = X2) X329 — X3Z5 .

For the initial-state SM background terms we have

(A4)
x3(1—2x%3)(1—cog0)
[
(X1—X2)?Zi+ %52
Xap(X1,Xz) = (1-2X3) —,
X3
(A8)
NI (X1~ X2) 2+ X5(3— 2xs)
A X1,Xp) =
(A5) Bc(X1,Xz X§(1—2X3)
X1+ Xo
Xcp(X1,X2) = 2

0o(X1,X2) + Co(X1,X5)COS O
X3(1—cog )

(AB)

Xc(xl,xz):j d(cos0) ¢

with

2
Co(X1,X2) = (X1—X2)?Zg+ X524,

2 2 (A7)
Ca(Xq,X2) = (X1 = X2) “Zn + X324

We impose a cut on the photon emission anglegiven by
| 7| <2.5, to render the integrak, and X finite.

For the remaining quantities, the integration over ¢os
trivial, and one finds

B(xi+Xx3)

Xg(X1,X2) =Xp(X1,Xz) + 1-2x3

2(x3+x3)
(1—2x9)(1—2%5)’

Xp(X1,Xp) =

3

APPENDIX B: DEFINITION OF y CUTS

Here we shall define quantities where thgx, depen-
dence(which determines event shapés the cross sections
is integrated out. When we carry out these integrations, we
will impose y cuts. In the case of gluon-gluon fusion, we
define

ste) =ff dx,dX, Xg(Xq,X5). B1
gg—eey si>y§ 1Y A2 B( 1 2) ( )

Thesey cuts will remove IR soft and collinear events where
the photon has little energy, or its direction is close to that of
an electron. The cuts, which could be milder, will remove
events where the two electrons are close.

In the case of quark-antiquark annihilation, the approach
is the same, so we will not write out the integrals here. How-
ever, for terms involving initial-state radiation and related
interference terms which depend sg=(1—2x5)s, all fac-
tors involvings; must be part of the integrand, singe and
X, are related tos.
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