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Compton scattering in noncommutative space-time at the Next Linear Collider
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We study Compton scattering in the noncommutatN€) counterpart of QED. Interactions in NC QED
have momentum dependent phase factors and the gauge fields have Yang-Mills type couplings; this modifies
the cross sections and they are different from the commuting standard model. Collider signals of noncommu-
tative space-time are studied at the Next Linear Colli@i&rC) operating in theey mode. Results for different
polarized cases are presented and it is shown that the Compton process can probe the noncommutative scale in
the range of 1-2.5 TeV for typical proposed NLC energies.

DOI: 10.1103/PhysRevD.63.075007 PACS nuniberl2.60—i, 13.40—f

I. INTRODUCTION Noncommutative QEINC QED) has been shown to be one
loop renormalizablg8,9]. The C, P, T properties of NC
The idea that space-time could be noncommutaiN€) QED has also been studied and is found taXT invariant
dates back to the work of Snydgt] in 1947. Noncommu- for space-space and space-time noncommutatiyitQ].
tative field theory(NCFT) has been of recent interest follow- There has also been attempts to formulate a noncommutative
ing the realization in string theory that NC spaces comeGlashow-Weinberg-Salam modgll]. Hence it would be
about in a specific low energy limit of D-brane dynamics ininteresting to explore the possible effects of noncommutativ-
the presence of a certaid(1) constant background mag- ity at the collider level.
netic field[2]. Prior to this, noncommutative geometry and  Noncommutative effects at the colliders has been studied
the field theoretical construction on it was developed purelyfor the first time by Hewetet al.[12]. They have considered
in a general mathematical framewd. The noncommuta- several 2-2 processes i e~ collisions at the Next Linear
tivity of such a space can be characterized by the commutaollider (NLC) and shown that NC scale of the order of a
tor of coordinates*: TeV can be probed at the NLC. Though the NC scalg
could be the Planck or the grand unified the@BJUJT) scale
[X, . X,]=16,,, (1) it was argued in the context of the recent work on possible
_ ) _ ) TeV scale quantum gravitj17,18 that one could as well
where the matrixd,,, is real, antisymmetric, and commutes .,nsider the NC scald yc to be not too far from the TeV

with space-time coordinate®. The NC parameted,, has  gca1e[12]. They have considered the Moller, Bhabha, and
dimensions of area and reflects the extent to which the paty, inilation processes in the' e~ mode and theyy— yy

ticular CoorQinates noncommute: Furthermorg, a NC scal rocess in theyy mode of NLC. The 95% lower bound on
Anc can be introduced above which the coordinates are no he Ay for the various process obtained ag 1700 GeV
commuting: for Moller, (b) 1050 GeV for Bhabha(c) in the range 740—-
840 GeV for annihilation, ande) for yy— yvy the space-
Cuv ) time NC yields 700—800 GeV while space-space NC gives
Aﬁc’ 500 GeV[12]. Other phenomenological aspects of noncom-
mutativity has been studied3—-15 and bounds on the
wherec,,, has the same properties &g, but the strength of parameter obtained for high- and low-energy limits.
noncommutativity has been absorbed in the NC sdalg. The NLC is planned to operate i@"e”, yy, andey
Various aspects of field theory on noncommutative spacenodes. At high energy and luminosity, taée™ collider can
have been analyzed. The perturbative structure and the rengnield a y beam of comparable energy and luminosity using
malisability of these theories have been studidét One of  the laser back scattering technidu®]. The NLC is an ideal
the major out come of these studies is that the ultraviolet antkesting ground of the standard mod&M) and a very effec-
infrared effects in noncommutative field theory do not de-tive probe of possible physics that may lie beyond the SM.
couple[5]. Hence physics at short distance can affect physicThe experiment at the NLC also provides a great degree of
at long distance and vice versa. The causal behavior gfrecision because of the relatively clean initial states and the
space-space and space-time noncommutativity has beelegree of precision can be enhanced by using the polariza-
studied and shown that while space-space noncommutativityon of the initial states. Hence we have considered the pos-
is causal and unitary, the space-time is acausal and nonursibility of testing the NC effects at the NLC in theey mode
tary in NCFT, but it could be restored in string thed6]. by studying the Compton scattering.
Apart from string theony6], unitarity of space-time nonlo- In Sec. Il we introduce the basics of NC QED. In Sec. Il
cality can also be restored in super Yang-Mills thepry.  we present the cross section for Compton scattering in NC
space. The numerical results and possible reach of the NLC
is discussed in Sec. IV. Finally we summarize our results in
*Email address: mathews@ift.unesp.br Sec. V.
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II. NC QED IIl. COMPTON SCATTERING IN NC QED

The one loop UV divergent structure of(l) Yang-Mills The Feynman diagrams that contributes to the tree level
theory on noncommutativR* has been analyzef]. The  processy(k,)e(p;)— y(k,)e(p,) in the NC QED has the
mathematical structure of the quantum field theory over aisuals- andu-channel diagrams and in addition there is also
noncommutative space is not yet well understood but by asa t-channel diagram coming from the triple photon vertex.
suming that the quantum theory is defined by the generatinghe amplitude is given by
functional of the theory, it was shown that the theory is )
renormalizable at the one loop levid]. The matter fields L I %
where introduced and the perturbative aspects of NC QED M=-1g ex%zpl/\pz) cuu(ki) €z, (ko)
have been analyzd®]. The NC QED action is given by

1
1 X gu(p2)7v(p1+kl)'y#u(pl)
SNCQEDZJ ddx( __ZF/-”V* FAY+ lp’* 'y’u'ID,ulﬂ_m(ﬂ* lﬂ),
49 AP i
(3) + f u(p2)7pu(pl) eX%EpIZAKZ)
where thex product is defined as 1
+| =u(p2) ¥ (bp1—Kz) y,u(p1)
A*B(x)= ié’ S A(X+ &)B(x+ )
(X)_ex 2 MV(?&’U“ (?77’} (X g) (X 7])|§,77:0' N i
4 ~ 7 uP)y,u(py) [exp FpiNke | (D)

The noncommutativity of space modifies the algebra of fU“C'vvhereg is the NC couplingpy,=p1— P, the careton the

tions and even in th&J(1) case the field strength is nonlin- \1andelstam variables corresponds to ehesubprocess and

ear and has the fori,,=d,A,—3d,A,—i[A,,A)lm- The  the three photon vertex functiov is given by
Moyal brackef A,B]y, is a commutator under theproduct.

The covariant derivative for the matter fields is given by Voirp=9,,(2k1—Kz) , +9,,(2ka— K1) ,— 9, (K1t Kp) , -
®
Duy=du=iAx g Dpp=abtigrA,. (5 qpep product is defined as

There exist other possible choice of covariant derivative

which are related to the above by charge conjugation and are P1/\pP2=0,,p Ps= >
detailed in[10]. The action Eq(3) is invariant under the NC ARc
gauge transformation

Cuv

prpy- 9

The NC effects appear as the phase factors. In the commut-
s 1 ing limit #—0 the SM diagrams are recovered. Because of
AuX) = AT X)=U0)*A,(X)* U™ (x) the triple photon NC contribution, care should be taken to
+iU(x)*aMU‘1(x), check the Ward identity and to retain only the physical phc_>-

ton degrees of freedom. The NC effects at the cross section

could arise from the interference of diagrams which could

PX) = ¢ () =UX)* ¢h(x), pick up a phase or from the explicit three and four photon
vertex diagrams.
P(X)— ' (X)= (x)*U(x) "L, (6) At the NLC, y beam can be obtained from laser back

scattering and hence has a distribution in energy and helicity
of the parent electron and laser beam. The differential cross

where U(x) =exfia(X)], is defined as an infinite series of section for the Compton scattering at the NLC is given by

the scalar functionr(x) under thex product andJ(x) "1 is

its inverse. Note that due to theproduct algebra of the NC do £(x) [ 1+ Pe,€a(X)

space, the Lagrangian is no longer invariant under the NC _ZQZJ dx 2 Mo

gauge transformation but the action is. Hence this gives the XS 2

basic ingredients needed to derive the Feynman rif¢s 1-P, £,(X)

Each of the interaction vertex picks up a phase factor which + &2 M |2) (10)
depends on the momentum and even inthe) case A, 2 e

couples to itself and there exist three and four point photon 5 ) _

vertices. The propagators are the same as the commutin§erea=g“/4m, xis the fraction of the parent electron en-
theory. Due to noncommutativity, the theory is manifestly€rgy carried by the photors corresponds to the c.m.s. lab
nonlocal in the noncommuting coordinates and this leads t§ame of thee"e™ pair, andP, is the beam polarization of

violation of Lorentz invariance. the electron beam. The photon number dengfty) and the
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Stokes parametef,(x) are functions ofx, the parent elec- Wwhere ¢ is the polar angle in they c.m.s. frame and the
tron and laser beam polarization. The details are given in theorresponding Mandelstam variables atte= (k; —k5)?
Appendix. It has been suggested in Rgf5] to study the :—g(l—cosa)/z, ﬁ:(kl—p2)2=—§(1+cos0)/2 and s
low-energy Thomson limit of the Compton scattering in NC =xs, The Compton phase factdr. in this frame has the
case to find the physical value of NC coupling as in the QEDsorm
case[16]. Whether this property of Thomson limit holds for
the NC case is being investigatgthb]. -

The matrix element squai®;;|* corresponds to the sub- A _— S [ — C13SiN 6 COSh— C3SiN 6 SiN h+ C1SiN O COS
processy(i)e(j)— ye, wherei,j denotes the respective ini- 8Aﬁ,C
tial helicities while the final helicities are summed over. The

polarized|M;|? are given by +CozSingsing +cog( —1+cosb)]. (14)
5 s s Note thatA gets contributions from space-space and space-
M 2=~ 64‘4{—25'”2&:, time noncommutativity. From the phase factor there is an

additional polar angle dependence in the cross section and

unlike the usual 22 process there is also an azimuthal

angle dependence. The explicit form of the phase factor de-

pends on the amount of honcommutativity of the particular

noncommuting coordinates, i.e., the magnitude of the com-

where the noncommuting phase is ponents ofc,,, . For the numerical analysis we choose a few
specific cases described in the next section.

,  u u?
IM, _|?=— = +4=sirfAc, (11
s t?

1
Aczzplz/\kz- (12
IV. NUMERICAL RESULTS

The NC effects for the Compton scattering reside in the even Before we present our numerical analysis it is important

function sirfA¢ and taking the commuting limidc—0 one  to point out that the phase factdr. depends on the choice

recovers the SM form. The commuting limit seems possibleof frame and hence the cross section is not Lorentz invariant.

at the tree level but in the far infrared the physics might lookBut nonlocality and violation of Lorentz invariance are

different due to loop effects and ultraviolet-infrared mixing manifestation of NC spaces and if the space is indeed non-

[8,9]. To perform the phenomenology we assume the termsommuting above some scalgc the effects of these viola-

independent of the NC scale as the SM contribution andion could be observed close fo,c. This could for instance

study the effects induced by the noncommutativity. be an azimuthal angle dependence ina2 process. As was
The NC Compton phase in the above equation is an oytointed out in Ref[12], two experiments could still compare

come of a combination of phase effects arising from theresults by converting to a common frame of reference which

t-channel triple photon vertex diagram, its interference withcould be some slowly varying astronomical coordinate sys-

the s- andu-channel diagrams and the interference betweenem.

the s- and u-channel diagrams. The polar angle dependence To perform the analysis we consider two cases Viy.

of the above equation is different for the commuting SM andc,, =0 andc; #0 (space-space NGand (Il ) co; #0 andg;;

can be suitably exploited to distinguish the NC QED contri-=0 (space-time NC Further assuming the components of

bution. The cross section E(LO) is a function of the polar- c,, to be of order of unity

ization of the electron, the parent electron and laser beams.

The polarization can be used as a useful tool for the analysis. -

To evaluateA ;. we have to go to a specific frame and we Ap=— singcod ¢—B); c4=0, c;;#0,
choose theey c.m. systen{c.m.s) frame 8 E,C
ki= \/§ s
1_7(1’0'0’])' A= 5[ —cosa+cosa cosf+sinasing
ANC
S xcog¢p—p)]; Ccui#0, c;=0, (15)

S
k2=7(1,sin0 COS¢,Sinf sin ¢, cosb),

where in case | the noncommutativity is parametrized as
\/g C13=CO0SPB, Cy3=sinB and in case ll,co;=SinaCcosB, Cp,
p1= 7(1,0,0,— 1), =sinasinB, and cy;=cosa. The anglep fixes the origin
from where the azimuthal anglg is measured and is chosen
to be 8= w/2. This chooses a specific direction and hence a
violation of the Lorentz symmetry. It is instructive to look at
the explicit form of the phase factor f@= 7/2 and for the
(13 various values ofr

S
p2:7(1,— sin 6 cos¢, —sin# sin¢, — cosb),

075007-3



PRAKASH MATHEWS PHYSICAL REVIEW D63 075007

2 a2 T
e 7 - 1(Pgy Py Py) R - 1000
~ L — 4L A e =500 GeV
© [ A yo= 500 GeV o) g
S 35 [
5 - 3 }
u 25
4 o L
2=
3 r
B 15
5 [+ -
I 1=
r o T e SM
1 os |- T
0 L 1 | | 1 ‘ | 1 ‘ | | ‘ | 1 | ‘ | 0 : | ‘ 1 1 | | | 1 | ‘ 1 1 1 | | | | 1
600 800 1000 1200 1400 600 800 1000 1200 1400
1/2 12
(a) (b)

FIG. 1. (a) Total cross section as a function ¢& for various polarization statesP(; ,P;;,Pe,). (b) Unpolarized total cross section
(0,0,0 as a function ofy/s for the NC and SM.

3 #0 corresponds to a background electric field in the direc-
A'Cz— >—singsing; c13=0, Cx3=1, tion characterized by an angte with respect to the beam
NC direction. Cases | and lica(=w/2) have the same form at

. the cross section level. Case lla does not have an azimuthal
angle dependence. For the numerical analysis we will only
consider the distinct cases |, lla, and llb= 7/4). We have
takenx in the rangg0.1,0.83 and have a cut on the polar
Cos=1, angle in thee®e™ c.m.s. lab frame|cos6,<0.95. The
results are presented fafs in the range[500,150Q GeV.
0 o Further the various polarization states are considered denoted
Aclaa= m(—l+cose+smesm¢), by (Pe1,P1,Pep) Where Py, and Pj; corresponds to the
NC parent electron and laser beam aRg the other electron
1 1 beam which interacts with the photon beam in the subpro-
Co1=0, Cop=—=, Coz=——, cess. The polarization stat@,0,0 corresponds to the unpo-
J2 J2 larized case.
In Fig. 1 the various polarization states of case | has been
| s o plotted as a function of/s in the rangg500,150Q GeV for
Aclar= SA_ZS”WS'”¢- C01=0, Co2=1, C3=0. Anc=500 GeV. The polarization state+(+,+) is the
Ne (16  Most dominant. To compare this with the commuting limit
(SM), we have plotted the unpolarized cross secti®®,0
The above cases have definite meaning with respect to tHer NC and SM for case | withA =500 GeV. The SM
constant background field responsible for the noncommutasontribution drops much faster than the NC contribution at
tivity [2]. The space-space noncommutativity#0 corre- larger /s and hence can be probed at the NLC. This behavior
sponds to a background magnetic field in the direction peris typical for each of the NC cases under consideration and
pendicular toij while the space-time noncommutativity; as the NC scalé ¢ is increased the drop witkis becomes

S
I _ - ; Co1= =
Adlo= A2 (—1+4cosh); cp1=0, ce=0,

NC

TABLE I. 95% C.L. limits on the NC scald ¢ in GeV for \/s=500, 1000, 1500 GeV obtained using an
integrated luminosityfL =500 fo 1. The various polarization states that yield the limits is indicated as

(PelvpllvPGZ)'

NC Js=500 \/s=1000 \Js=1500

Case|  1050¢ —+) - 1190(+ ++) 1780(+——) - 1840+ —+) 2410(+ + +) - 2530(+ — +)
Case lla  890f +—) - 1140(+ ++)  1530(++—) - 1730+ ++) 2080(+ + —) - 2340(+ — +)
Case llb  990¢ + —) - 1150(+ + +)  1670(+ ——) - 1780(+ ++) 2270(+ — —) - 2440(+ — +)
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been tabulated in Table | fafs=500, 1000, and 1500 GeV.
The various polarization states give different search limits
and the range has been summarized in Table I.

The the typical azimuthal angle dependence of the various
NC cases have been plotted in Fig. 2, fqis=Ayc
=500 GeV. Inspection of Eq16) shows thes dependence,
which corresponds to the choice of noncommutativity. Case
lla is independent o while cases | and IIb have distingt
dependence as shown in Fig. 2.

The polar angle dependence of the SM and NC is differ-
ent as can be see in EL]). The SM has 1/ dependence
and hence will peak in the backward direction while the NC
case has an additionalti/dependence and hence also has a
forward dominance. The NC cross section has been plotted
as a function ofey c.m.s. polar angle casfor \s=Ayc
L =500 GeV. InFig.3a)th_e_variouspolarizationstateshave
0 1 2 3 4 5 3 been compared. To exhibit the forward dominance of NC

o case we have plotted in Fig(l3 the (+,+,—) polarization
state in comparison to the SM.

FIG. 2. Azimuthal angle dependence for various case of non-
commutativity and polarization. The solid line denotes NC and the
dotted line denotes the corresponding SM. V. CONCLUSIONS

§'"% = A o =500 GeV

1.2

W+ ++)

do/d¢ (pb)

0.8

Iy (+-+)

0.6

0.4

n,(++-)

0.2

similar to the SM case though it is still higher. To study the In this paper we have considered the Compton scattering
reach possibilities at NLC as a function of the NC sc&lg.  in the noncommutative QED and studied the various distri-
we perform ay?(Aye) fit using butions at the NLC in they mode. The NC phase factdr:
has contributions from space-space and space-time noncom-
2 _ 2 mutativity. We have considered the two cases separately.
X (Ane)= 7 Losu onc(Ane) I (7 The various noncommutative cases considered have distinct
azimuthal angle dependence. The polar angle dependence for
wherelL is the luminosity,ogy is the SM total cross section, noncommuting and the commuting SM is also different and
and o ¢ is the NC QED total cross section. We choose ancan be used to probe the noncommutativity. The 95% C.L.
integrated luminosity L =500 fo ! for the calculation. We reach possibilities of NC scal for various noncommut-
obtain the 95% C.L. lower bound onyc by demanding ing cases at the NLC operating in th&s range[500,150Q
x%(Anc)=4. The reach at NLC for various NC cases haveGeV has been given in Table I.

—
=
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FIG. 3. (@ The differential cross section for noncommutativity case | as a functioryot.m.s. polar angle casfor \s=Ayc
=500 GeV for various polarization stateb) The differential cross section for the polarization statg {,—) for NC and SM.
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APPENDIX 27a’ 4 8 1 8
This appendix contains the useful formulas for the distri- mgz z
bution of photon produced using the laser back scattering
technique. The electron beam responsible for the production _ 1 L p.p n z In(1+2)— E
of photon beam is called the parent electron. For further 2(1+2)? el z 2
details regarding laser back scattering technique, refer to the
original work[19]. The photon beam produced by laser back 1 1 A2
scattering has number density given by the distribution 1+z 201+2)2| | (A2)
2mwa? . )
f(x,Pe,Py;2)=——C(x), (A1)  wherer=x/(z(1—x)). The Stokes parameter is defined as
MgZoc
where P is the polarization of the electron beam and is &x(X,Pe,Py;2)= ( +x(2r— 1) )
taken at 90% levelR .= *+0.9), P, is the laser beam polar- C(X)
ization and can achieve almost 100®,€ +1). The frac-
tion of the parent electron beam energy carried by the photon C( ) ——(2r— )( 1-x+ m) .
is denoted byx. The maximum valuex can take is 0.82,
above this value the laser beam and back scattered photon (A3)
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