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vy— vy as a test of weak scale quantum gravity at the NLC
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Recently, it has been proposed that the fundamental scale of quantum gravity can be close to the weak scale
if there are large extra dimensions. This proposal has important phenomenological implications for processes
at the TeV scale. We study the procesg— yvy, assuming an ultraviolet cutoffls~1 TeV for the effective
gravity theory. We find that, at the center of mass energies1 TeV, the contribution of gravitationally
mediated scattering to the cross section is comparable to that coming from the one-loop Feynman diagrams of
the standard model. We thus conclude that the effects of weak scale quantum gravity can be studied at the Next
Linear Collider (NLC), in the photon collider mode. Our results suggest that, for typical proposed NLC
energies and luminosities, the range 1 EeM <10 TeV can be probedS0556-282(99)06618-7

PACS numbds): 04.80.Cc, 04.56:h

[. INTRODUCTION gravity contribution to the photon scattering process at weak
scale energies will also be given in this section. We conclude
The idea of using extra dimensions in describing physicathat the effect is strong, but the SM contribution could be
phenomena is a fairly mature one and dates back to the eargpmparable and must be included. Section Ill contains the
decades of the twentieth century. During that time, attempt$M and the gravity amplitudes used in our calculations. This
at unifying the theories of electromagnetism and gravitatiorsection also includes our discussion of the approximations
were made by assuming the existence of an extra spatidfat have been made in writing down the various amplitudes
dimension[1]. A new application of extra dimensional theo- @nd the conditions of their validity. In Sec. IV, we discuss
ries has recently been proposed in Rg#s3], where it was the method used in computing the predicted cross sections

suggested that the fundamental scale of graMtycould be for yy—yy at the NLC.’ in the photon col!ider mode. The
as low as the weak scale,~1 TeV, assuming that there results of our computations for cross sections and the NLC

weren large compactified extra dimensions. It was shown i reach for the effective scale of WSQG are presented in Sec.

o : V. Finall , Sec. VI contains our concluding remarks.
Refs.[2,3] that gravitational data allowm=2. This proposal y 9
has significant phenomenological implications for collider
experiments at the scalé,,, where weak scale quantum Il. WSQG AND ITS CONTRIBUTION TO  yy— vy

gravity (WSQG effects are assumed to become strong. |n this work, we assume the fundamental scale of gravity
Lately, a great deal of effort has been made to constrain thg_=1 TeV and that there are=2 compact extra dimen-
proposal for WSQ@Q4,5,12. In the case oh=2, the most  sjons of sizeR, even though there are astrophysical and cos-
stringent constraints come from astrophysical and cosmamological considerations that suggddt=100 TeV forn
logical observations[3], and it is argued thatMg =2 [5]. With these assumptions, Gauss’ law yields the rela-
=100 TeV[5]. However, terrestrial experimental data havetion [2,3]
constrained WSQG to hawd=1 TeV, and in the case of
n= 3, there is no evidence of a more severe constraint. |\/|2P~|\/|fF‘+2Rn, (1)

In this paper, we show that the procesg— yy at ener-

gies of order 1 TeV can be used to constrain WSQG over ghereM,~10° GeV is the Planck mass. The exact relation
large range in the TeV region. This process can be studied gfmongMm », Mg, andR, as presented in the Appendix, de-
a proposed Next Linear CollidéNLC) [6], where high en-  pends on the convention and the compactification manifold
ergy Compton backward scattered photon beams with ene(rsed. However, for order of magnitude estimates, reldtipn
gies of order 1 TeV and luminosities of order 100 foper  gyffices.
year can be produced. The procgsg— yy has the advan- Given the above assumptions, we expect gravitationally
tage that it receives contributions from the standard modeediated processes at TeV energies to be important. To es-
(SM) only at the loop level and, therefore, could in principle timate the size of the WSQG effect iny— yy, we take
be sensitive to new physics at the tree level. We will showMle TeV, and the center of mass energy, ,~1 TeV

) _ _ : » .
that this process provides a good test of WSQG in the TeVrpe gravity contributionrg to the total cross section is then

regime. _ _ _ given by
The rest of this paper will be organized as follows. In Sec.

II, we present the basic ideas of WSQG in theories with large 5 E \6/ 12
extra dimensions. An estimate of the expected size of the oo~ . (_7) (_> , 2)
(16m)2\ Mg

*Email address: hooman@slac.stanford.edu and we obtain
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og~10 fb, (3 photons. The 1-loop helicity amplitudes of the SM are in
general complicated. However, in the limst|t|,|u|>m?,
whereE, = /s,./2. We note that, in the TeV regime, the SM wherem is the mass of aV boson, a quark, or a charged
total cross sectionrgy~10 fb is measurable at the NLC |epton, these amplitudes can be approximated by those parts
[6,7], and Eq.(3) suggests that the signal for WSQG#y  of them that receive logarithmic enhancemeli@s Except
—7yy can be large and measurable, as well. Our estimatgyy the contribution of the top quark loop which does not
also suggests that, although the effects of gravity can bgffect our results significantl§g], these leading amplitudes
large, the SM contribution is comparable and has to be innoyide a good approximation at the energies of interest to
cluded in our analysis. In the next section, we present the SNis namely those of the NLC. We will discuss the necessary
and gravity amplitudes used in our calculations. cuts and the regime of validity of these amplitudes, in the
next section.
The processyy— yy has many symmetries that reduce

We consider the processy(k;)y(k,)— v(py)y(p,), the number of independent helicity amplitudes. It can be
wherek, andk, are the initial andp; and p, are the final  shown[8] that only three helicity amplitudes, out of 16, are
4-momenta of the photons. We defiges (k; +k,)%,t=(k,  independent, and they aiM . , . (s,t,u),M, ., (s,t,u),
—py)?, andu=(k,— p,)?. Each photon can have eitheror and M, __(s,t,u). In the high energy limit that we are
— helicity. In what follows, we denote a helicity amplitude considering, of these three amplitudes, the only logarithmi-
by M, wherei,j,k,I==*,(i,j) are the helicities of the cally enhanced one ., , . (s,t,u), for both the fermion
(kq,k,) photons, andK,|) are the helicities of thef;,p,)  and theW loops[8]. For theW loop amplitude we havgS]

Ill. THE AMPLITUDES

aZ

MW s,t,u u—t —u—i —t—i
gﬂzjulz( - ) In ‘1o “1+16

168 1I —Ss—ie | —t—ie N —s—ie | —u-—ie 1I —t—ie | —u-—ie
—In n n n —In n ,
st mg, m3 m3 ma, tu : mg,

4
|

where a=~1/137 andmy, is the mass of th&V boson;myy M,_,_(st,u)=M,,,.(ut,s) (6)
=80 GeV. This value ofx corresponds to that appropriate

for real initial and final state photoris. and

For the fermion loops, we have M, . (st,u)=M,_, (s,u,t). )
MO, (stu) The gravity amplitudes are all at the tree level, and they
T 244 are

o Qf
. , MG =(2m)e(ky) e (ko) * Y(p1)e* °(po) BH"“F(Ky +kp)
——8_8 u—t n —u—le I —t—le
S m? mf2 XD(S)[(kl'kZ)CMV,pU+ D,u,V,po’(klakZ)]
X[(P1-P2)Cap vs+Da P21, 8
2 I [(P1-P2)Capyst Dag.yalP1,P2)] ®)
e N e M(C=(2m)e”(ky)e"(Ka)e* "(pr)e* *(P2) B “A(ks—p1)
t—i 2 XD(t)[(kl pl)c,uv,py+ D,uv,py(klipl)]
—L—le
—In( m2 ) +772}' ) X[(k2-P2)Cap,ost Dag,ss(Ka,P2) 1, 9
f
and

where Q; is the fermion charge in units of the positron - b
charge, and; is the mass of the fermion in the loop. In our M(E=(2m)e(ky)e(kp)e* (pr)e* °(p2) B F(ky — o)
approximation, there are only two more leading helicity am- XD(W[(Ky*P2)Cuppst Do po(K1,P2)]
plitudes that will enter our computations. These are ’ '

x[(kZ' pl)caﬁ,oy+ Daﬁ,o’y(k21pl)]a (10)

where ¢#(p) denotes the polarization vector of a photon
We thank I. Ginzburg for bringing this point to our attention.  with 4-momentunp, and the functiorD(x) is given by[9]
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Mé beam energy taken away by the photon is then
D(x)=Mg“n ™ for n=2
E7
X=—=. (13
and E.
2 We take the laser photons to have enefjy Then, the
D(x)~M34<m) for n>2; (1)  maximum value ok is given by

the expressions fd8,, , ;(k), C,, \s, @ndD ,, , ,(K,p) are z

given in the Appendix. max - 1+z’
Here, we would like to make a few comments regarding

— 2 ;
the amplitudeg8), (9), and (10). First, we note that the ex- Wherez=4E.E,/mg, andm, is the electron mass. One can-
pressions for D(x) depend on the cutoff scaléMg not increasea, SIMply by increasingds, , since this makes

>s,|t],|ul, introduced to regulate the divergent sum over thelN® Process less efficient becauseedke™ pair production

infinite tower of Kaluza-Klein states. This dependence is 41'"ough the interactions of the laser photons and the back-
result of our implicit assumption tha =M. However, if ~ Ward scattered: beam. The optimal value faris given by

Mg is much smaller thaM g, then

(14)

Zopr=2(1+12). (15
Mc (1+2)
D(x)—>(M—S D(x) for n=2, (12 The photon number densifyx,P.,P,) and average helicity
F &>(x,Pg,P)) are functions ok, P, P,, andz however, we

always setz=zgpt in our calculations. We give the expres-
sions for these two functions in the Appendix.
Let M;j be a helicity amplitude foryy— yy. We define

resulting in a suppressidri0].

Second, it should be kept in mind that the amplitut®s
(9), and (10) are derived from an effective Lagrangif®|
with the lowest dimension operators that describe the cou-
pling of the Kaluza-Klein gravitons to various fields, in our IM, 2= My ]2 (16)
case the photon field. In this effective description of quantum kil
gravity, we need to introduce a cutdf s<M, in order to
get finite results. As with any effective Lagrangian, there are"’md
terms of higher dimension that should in principle be in-
cluded in the Lagrangian. The tem{F , ,F**)?/M$, where IM__|2=>) M. _y|? (17)
\ is an unknown coefficient, is one such term that contrib- kil

utes at the same order in powers dfl/to our calculations. . ' .
o where the summation is over the final state helicities of the
The coefficienf cannot be calculated, unless the fundamen-

tal theory of gravity at the scal®! is known. In principle, photons. Then, for various choices of the palPg (P,) and

the size of the contribution from this term can be larger tharlPe, P1,) of the two beams, the differential cross section
the one calculated in this paper, and may even have the oplo/d(} is given by
posite sign. However, since is unknown, we have chosen

to consider only the lowest dimension local terms in the do 1 f(xq)f(X5)
Lagrangian, and simply add the contributions from Egs. dQ ~ 1287% dx;dx; X1%s
(9), and(10) to those obtained from Eq&) and(5). This is ee
a reasonable choice, as long as one is only interested in an 14 &5(Xq1) Ex(Xy) 5
order of magnitude estimate of the effects. - 2 IM |
IV. NLC AS A PHOTON COLLIDER N 1-&2(x1) €2(X2) M, 19
2 =

We mentioned before that high energy and luminosity
beams can be achieved at the NLC. The basic propos&gherex, andx, are the energy fractions for the two beams,
mechanism uses backward Compton scattering of laser ph%‘lven by Eq.(13), and s,.=4E2. Different choices of

. , c.

; P
tons from the high energg” e~ beams at the NLE11]. The (Pe,P) and  (Po,P) in (f(x).&(x) and

h i in thi h istributi i . . ) o
v beams that are obtained in this way have distributions m(f(xz),gz(xz)), respectively, yield different polarization

energy and helicity that are functions of thheenergy and the .
9y y b 9y pross sections.

initial polarizations of the electron beams and the lase _ 2 2

beams. The laser beam polarizat®ncan be achieved close We note th.at the expressions fod . ,|* and|M., _|* are

to 100%; however, the electron beam polarizatRpis at f\ctually functions of theyy center of mass energy squared

the 90% level. We takgP||=1 and|P¢|=0.9 for our calcu- S=X1XzS and the center of mass scattering an@le, . We

lations. also havet =x;x,t and u=x;X,u. In the previous section,
Let E. be the electron beam energy aBd be the scat- we introduced the logarithmically enhanced SM amplitudes,

tered y energy in the laboratory frame. The fraction of the valid whens,|t|,|u|>m3,. However, we see that to have a
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10000 ' (P,., P, P, P, ) Polarization Cross Sections
— ++ SM+WSQG ; M;=3TeV ; n=6 1 1 2 2
=ee - SM+WSQG ; M;=3TeV ; n=6
++ SM 50.0 !
1000 L ——-+ SM m6<0,<51/6 i (+, +, + +)
............ (+, +, 45 -) M, =3 TeV
e LR
400 (h-+0)  n=6
= —=-l=+H+)
% 100 = =) /6 <6, < Sm/6
30.0
£
©
10 20.0
1 : 10.0
500.0 1000.0 1500.0
s, " (GeV)
FIG. 1. SM+ WSQG and SM cross sections, represented by 0'5?00.0 1000.0 1500.0
the thick and the thin lines, respectively, for the initial helicities S, (GeV)
++ and +—. The gravity contribution is calculated fog . o o
=3 TeV andn=6. FIG. 2. SM+ WSQG cross sections for six independent initial
electron and laser beam polarizations. Haves=3 TeV andn
=6.

good approximation, we must demasgt|,|u/>m2,. To
avoid restricting the phase space too much, and in order to

S : =3 TeV, andn=6. The curves in Fig. 1 are obtained for
Eg(ee ?hgeof%ﬂowﬁgozg?:tmﬂ to the SM amplitudes, we WIIIphotons with+ + and+ — initial helicities. At the NLC, the

v beams will have a distribution in photon energies and he-

Ocm e[ 7/6,57/6], licities, and these cross sections will not be observed. How-
o ever, the cross sections presented in Fig. 1 show the relative
X 0.4x , size of the contribution of each initial helicity state to the
el Lmad predicted cross section at the NLC, as obtained from Eq.
and (18).
The six SM+ WSQG cross sections, fdlg=3 TeV
X €[ V0.4X5 mad, (199 andn=6, in Fig. 2, correspond to six independent choices

for the polarizations K’el,P|l,Pez,P|2) of the electron and

where X; max and X, max are given by EQ.(14); X;max  the laser beams at the NLC, in the photon collider mode.
=Xy max- These cuts ensure that the integrations are alway¥hese cross sections are plotted versus the center of mass

performed in a region wherg|t|,|u|>m3,. energy of the beamys,.. The curves in this figure show a
sensitive dependence on the choices of the polarizations for
V. RESULTS VSee=1 TeV, with the (+,—,+,—) polarization giving the

largest cross section at high energies. In Fig. 3, choosing

In this section, we present our numerical results for them =3 TeV andn=2,6, we compare the SM- WSQG
expected size of the WSQG effects at TeV energies. Howgross sections with that of the SM in the typical proposed
ever, here, we would like to make a few remarks regardingy| C center of mass energy rangs,.c[500,150Q GeV.
our calculations. First of all, in obtaining our results, we have\ye have chosen thet(,—,+,—) polarization for all three
assumedMs=M¢. The effects of the departure from this cyryes, since this choice yields the largest gravity cross sec-
assumption are given in E¢12). Second, the only depen- tjon, as shown in Fig. 2.
dence on the number of extra dimensionis our computa- The SM and SM+ WSQG differential cross sections
tions comes from Eq.11). We only disti'nguish petwegn .the da/d(cosb, ), at y/S.e=500 GeV, are compared in Fig. 4.
ca;es witlm=2 andn>2. I-n the case with=2, in th_e I|m|t Again, we have choseMs=3 TeV and the ¢,—,+,—)
Mgs>s, the WSQG amplitude is enhanced logarithmically hojarization. The end point behavior of the differential cross
compared to the case with>2. In our computations, for sections is caused by our choice for the cuts, given in Egs.
n>2, we have InI(JIﬁ/s)>2/(n—2) over most of the param- (19). At this center of mass energy, and given our cuts, the
eter space considered. We choaose6 as a representative n=26 result does not offer a distinctive signal for WSQG. For
value for n>2; other choices result in a rescaling of the n=2, we see that the differential cross section for SM
effective value ofMg. WSQG, in the region where cd@s,,~0, is larger than that

In Fig. 1, we present they— vy cross sections for SM for SM by about a factor of 2.
+ WSQG and SM, assuming a mono-energetic beam of pho- Next, we present our results for the typiddls reach of
tons. For the gravity contribution, we have choskhy  the NLC, at various stages. The stages at wh@
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(Pes Py Poy P) = (4, =+ -) M, Reach for NLC0.5
10000 T 5.0 1 T T T
—— SM+WSQG,n=2 M =3TeV | N=2 (+,-+-)
——- SM+ WSQG, n=6 | PN
—-= SM /6 <8, <5m/6 I esucL
1000 |
l
40 | | 1
z |
e -
< 100 g”’ |
% :
|
3.0 | J
10 !
] ] S
|
|
|
] , !
500.0 1000.0 1500.0 0 A . \ \
.. (GeY) 1500.0 2000.0 2500.0 3000.0 3500.0 4000.0
M (GeV)
FIG. 3. SM + WSQG and SM cross sections for the
(+,—,+,—) polarization. HereM =3 TeV andn=2, 6, for the FIG. 5. TheMg reach for NLCO.5. The solid and the dashed

WSQG contributions. lines represent thg? as a function oM for the casesi=2 and

n=6, respectively. The dot-dashed line marks the reach at the 95%
fid level.
—500 GeV, \S,c=1000 GeV, andyS,.=1500 GeV are o cence ieve
denoted by NLCO.5, NLC1.0, and NLC1.5, respectively. _ _ _
Throughout, we assume that the luminosity=100 fb* sections. To establish the reach in each case, we require a

per year. We use thg?(Mg) variable, given by one-sided 95% confidence level, corresponding oM )
=2.706.
. The plots in Figs. 5, 6, and 7 show the 95% confidence
2 = B 2 level experimental reach faMgs at NLC0.5, NLC1.0, and
X(Mg)= ( USM)[USM o(Ms)T", (20 NLC1.5, respectively. As one can see from these figures, the

largest reach at each stage isifior 2. This is because of the

. logarithmic enhancement of the WSQG amplituderer2,
whereogy ando(Mg) refer to the cross sections for the SM 44 given by Eqs(11). The lowest reach iM is about 2
and SM+ WSQG, respectively. We have chosen the, (

—,+,—) polarization for computingoc(Mg), since this

choice gives the largest high energy SM WSQG cross M, Reach for NLC1.0
8-0 T T T T T T T 4.0 : ! ' '
—— SM+WSQG;n-2 M,-3TeV | 0t o)
——= SM+WSQG;n=6 (+, -, + -) | =
7.0 F ’ » Ty Ty 4 - %
— sm 5., = 500 GeV ! 95% CL
|
6.0 | . |
l
g - |
= 50 = : |
3 < |
2 40 I ]
S .
’ |
3.0 PSR P 1
\\\ ,/’ |
20 | R == 1 '
|
.0 [l 1 i i
10 . . . . . . . 3000.0 4000.0 5000.0 6000.0 7000.0
08 -06 -04 -02 00 02 04 06 08 M, (GeV)
cos6,,,

FIG. 6. TheMg reach for NLC1.0. The solid and the dashed
FIG. 4. SM + WSQG and SM differential cross sections at lines represent thg? as a function oM 5 for the casesi=2 and

VSee=500 GeV for the (,—,+,—) polarization. Here,Mg n=6, respectively. The dot-dashed line marks the reach at the 95%
=3 TeV andn=2, 6, for the WSQG contributions. confidence level.
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M, Reach for NLC1.5 versations. This work was supported by the Department of
Energy, contract DE-AC03-76SF00515.
4.0 I . . . .
: ::é (+, =+ -) APPENDIX
l —— =
. 95% CL In this paper, we have assumed that the fundamental mass
{ scaleM g of gravity and the siz® of the n extra dimensions
3.0 f ! : are related by9]
= - — - — l ..................... PR R ——
2 E‘ K2R"= 167(4m) "2 (n/2)M 7 "+ (A1)
"%
| . . .
| where k=167Gy; Gy is the four dimensional Newton
20r i 1 constant and” represents the gamma function.
} The expressions for B,,,,(k), C,,\,, and
‘ D a0k p), used in Egs(8), (9), and(10), are given by 9]
1
10 A . ) ) , K,.Ky kK,
40000 50000 6000.0 7000.0 8000.0 9000.0 10000.0 Buvne K= 20— || o™ —
M, (GeV) My My
FIG. 7. TheMg reach for NLC1.5. The solid and the dashed KKy k. ky
lines represent thg? as a function ofMg for the cases=2 and T\ o™ m2 /2N m2
n=6, respectively. The dot-dashed line marks the reach at the 95% KK KK
confidence level. 2 kMkV Kk,
. - § 77,4.“/_ 2 Mo 2 ’ (AZ)
TeV forn=6 at NLCO0.5 and the largeM g reach is about 9 Mk Mk
TeV forn=2 at NLC1.5. Note that these values are obtained
for L=100 fb ! per year, and by increasirlg the reach in Crvne=Tux Tvot Mo Tn ™ Tuv Mo (A3)

M will be improved.

and
VI. CONCLUDING REMARKS

D v\ k! = Vk(r - (rkv + k(r v (rk v
The process/y— yy at TeV energies is an important test  ** (KP)= 7 koPr = Lo KiPrt MnkoP = kP
channel for WSQG theories, since the tree level gravity con- +(ue—v)], (A4)
tribution to the process in these theories is expected to be

significant, whereas the SM contributes only at the looprespectively, where,,, is the Minkowski metric tensor and

level. In this paper, we have used the high energy limit SMm, is the mass of a Kaluza-Klein state. We have
helicity amplitudes and the gravity amplitudes from the low-

est dimension WSQG effective Lagrangian to compute scat- 4772|ﬁ|2
tering cross sections. The SM WSQG cross sections can ma = >
significantly differ from those of the SM alone. R
We have shown that the NLC in the photon collider mode .
can be effectively used to constrain theories of quantunwheren=(n,,n,, ... ,n,), andn;, i=1,2,...n, denotes
gravity at the weak scale. The size of the expected effedhe n;th Kaluza-Klein level in thaéth extra dimension.
shows a strong dependence on the choice of initial electron Let P, and P, be the polarizations of the electron beam
and laser polarizations. Our computations suggest that studgnd the laser beam, respectively. We define the function
ing yy—yy at the NLC, operating at yS,e C(x) [11] by
e[500,150Q GeV andL=100 fb ' per year, can con-
strain the scaléVl g at which quantum gravity becomes im- 1
portant, over the range 1 Te¢Mg=<10 TeV. CO)=75 T (1=x)—4r(1-r)=PePirz(2r-1)(2-x,
Note addedWhile this work was being completed, we (A6)
received a papdrl2] by Cheung whose contents have some
overlap with those of this work.

: (A5)

where r=x/[z(1—x)]. Then, the photon number density
f(x,Pe,P,;2) is given by
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2o 4 8 1 8 1 The average helicitg,(x,P¢,P;;2) is given by
oc= 1-———=|In(z+)+5+—-————
“ mk z 7 2z 2(z+1)?
27a? 2 5 1 1 X )
+PeP iz I+ finz+) =5+~ gz(x,Pe,P|;z)=—C(X){Pe[—l_x+x(2r—1) }
1 1
_ . (A8) -P(2r—-1) 1—X+m . (A9)
2(z+1)?
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