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Sfermion pair production in polarized and unpolarized gg collisions

S. Berge, M. Klasen, and Y. Umeda
II. Institut für Theoretische Physik, Universita¨t Hamburg, Luruper Chaussee 149, D-22761 Hamburg, Germany

~Received 9 August 2000; published 3 January 2001!

We calculate total and differential cross sections for the production of sfermion pairs in photon-photon
collisions, including contributions from resolved photons and arbitrary photon polarization. Sfermion produc-
tion in photon collisions depends only on the sfermion mass and charge. It is thus independent of the details of
the SUSY breaking mechanism, but highly sensitive to the sfermion charge. We compare the total cross
sections for bremsstrahlung, beamstrahlung, and laser backscattering photons to those ine1e2 annihilation.
We find that the total cross section at a polarized photon collider is larger than thee1e2 annihilation cross
section up to the kinematic limit of the photon collider.
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I. INTRODUCTION

Among the possible extensions of the standard mo
~SM!, supersymmetric~SUSY! theories have a variety of at
tractive features: They can solve the Higgs hierarchy puz
break electroweak symmetry radiatively at low energies,
explain the unification of gauge couplings at a high ene
scale. A necessary condition for these arguments to be v
is that SUSY is realized in the region of the electrowe
scale. This makes the search for supersymmetry one of
most important tasks at future high-energy collider expe
ments.

If SUSY is realized at the electroweak scale, most of
SUSY partners of the SM particles will be discovered at
high center-of-mass energies available at the next genera
of hadron colliders, i.e., at run II of the Fermilab Tevatron
at the CERN Large Hadron Collider~LHC!. After this dis-
covery stage it will be important to analyze the properties
these sparticles and to check whether they have the co
quantum numbers to be partners of the SM particles.

While hadron colliders have the advantage of large av
able center-of-mass energy, they also have serious disad
tages: First, they produce enormous backgrounds from
processes making it difficult to distinguish the signal fro
the background. Second, the remnants of the initial hadr
make it impossible to reconstruct the full final state. Thi
the energies of the partons initiating the hard scattering
unknown so that an energy~mass! scan becomes impossible

In e1e2 annihilation, the full center-of-mass energy pa
ticipates in the hard scattering and is precisely known,
the final state consists of a small number of high-energ
particles. The precision studies following upon the SUS
discovery stage are therefore the natural domain of h
energy lepton colliders. Important information on the SUS
parameters can be gained from the SUSY mass spectru
will be important to know whether all sfermions, squarks a
sleptons, or those of the same generation, have iden
mass parameters and/or gauge couplings, how large the
ferences and ratios among them are, or how much the
and right-handed squarks or sleptons are mixed@1#.

Currently several lineare1e2 colliders in the 500–3000
GeV center-of-mass energy range are under design in var
international collaborations. From previous experience w
existing lepton colliders such as the CERNe1e2 collider
0556-2821/2001/63~3!/035003~11!/$15.00 63 0350
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LEP2 it is well known that photons will be ubiquitous a
future lepton colliders due to bremsstrahlung and bea
strahlung effects. Furthermore, it has been proposed to b
scatter laser photons from the lepton beams in order to b
a collider with high-energetic and almost monochroma
photon beams@2#. Photon colliders have similar advantag
as lepton colliders: In energy scans the initial photon ene
is known, although only to615%, and the final state can b
completely reconstructed.

Sfermion production in photon collisions has been cons
ered previously either with bremsstrahlung photons@3,4# or
with laser photons, where the center-of-mass energy de
dence for fixed sfermion mass was analyzed in@5,6# and the
sfermion mass dependence for a fixed collider energy o
TeV in @7,8#. The production of bound squarkonium stat
was considered in@9# for bremsstrahlung photons and in@10#
for photon colliders.

In this paper we present the first complete analysis
sfermion production in photon-photon collisions fro
bremsstrahlung, beamstrahlung, and laser backscattering
cluding resolved photon processes and polarization effe
We compare the total cross sections directly to those
e1e2 annihilation and also present differential cross s
tions. A FORTRAN program to generate total or differentia
cross sections for any sfermion type in polarized or unpo
ized photon-photon collisions or ine1e2 annihilation is
available from the authors upon request.

In Sec. II we review for completeness the unpolariz
photon spectra coming from bremsstrahlung, beamstrahl
and laser backscattering and update them using the la
linear collider design parameters. In Sec. III we present
analytical and numerical results for sfermion production
unpolarized photon-photon collisions and compare them
those ine1e2 annihilation. Section IV contains a discussio
of polarized photon spectra. In Sec. V we calculate anal
cally and numerically total and differential cross sections
sfermion production in polarized photon-photon collision
Our conclusions are given in Sec. VI.

II. UNPOLARIZED PHOTON SPECTRA

High energy electron-positron colliders are abund
sources of photons due to the presence of three photon
©2001 The American Physical Society03-1
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duction mechanisms: bremsstrahlung, beamstrahlung, an
ser backscattering. While the first two radiation proces
occur at any circular or lineare1e2 collider, albeit at differ-
ent levels, laser backscattering requires additional la
beams and focusing mirrors, which may also interfere w
the design of the detectors. These modifications still p
technical difficulties, and they will also increase the cost
such a ‘‘photon collider.’’

Bremsstrahlung can be conveniently described through
approximation of the complete two-photon processe1e2

→e1e2X. The outgoing photon spectrum is given by t
Weizsäcker-Williams formula@11#

f g/e
brems~x!5

a

2p F11~12x!2

x
ln

Qmax
2 ~12x!

me
2x2

12me
2xS 1

Qmax
2

2
12x

me
2x2D G . ~1!

It has been integrated over the photon virtuality up to
upper boundQmax

2 54Ee
2(12x) for untagged outgoing elec

trons, which depends on the electron~positron! beam energy
Ee5AS/2. This leads to a logarithmic dependence of t
spectrum onS, the squared center-of-mass energy of the c
lider. a5e2/(4p)5A2GFmW

2 sW
2 /p is the electromagnetic

coupling constant in theGF scheme, whereGF is the Fermi
coupling constant,sW5A12(mW /mZ)2 is the sine of the
electroweak mixing angle, andmZ591.188 GeV andmW
580.419 GeV are the masses of the electroweak ga
bosons.me is the electron mass, andx is the fractional en-
ergy of the photon in the electron.

At existing electron-positron or electron-proton collide
such as LEP2 and the DESYep collider HERA, bremsstrah-
lung is the only relevant source of photons. Future circu
electron-positron colliders aboveAS5500 GeV would suf-
fer from very high synchrotron radiation. They must the
fore have a linear design with large luminosities and de
particle bunches. Inside the opposite bunch, electrons
positrons experience transverse acceleration and ra
beamstrahlung. The corresponding spectrum@12#

f g/e
beam~x!5

5

4A3Y
E

u

`

dvAi ~v !F S 2v
u

21D 11~12x!2

2~12x!

1
x2

2~12x!G , ~2!

where the Airy function Ai(v) falls off exponentially at large
v andu5$5x/@4A3Y(12x)#%2/3, is controlled by the beam
strahlung parameter

Y5
5r e

2EeN

6asz~sx1sy!me
. ~3!

This parameter is proportional to the effective electrom
netic field of the bunches and depends on the classical e
tron radiusr e5a/me52.818310215 m, on the rms sizes o
the Gaussian beamsx , sy , sz , and on the total number o
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particles in a bunchN. Current design parameters for futu
linear colliders are listed in Table I@13#.

For not too largeY<5 the spectrum for multiple photon
emission can be written in the approximate form@14#

f g/e
beam~x!5

1

G~ 1
3 !

S 2

3Y D 1/3

x22/3~12x!21/3

3expF2
2x

3Y~12x!G
3H 12AY/24

g~x! F12
1

g~x!Ng
~12e2g(x)Ng!G

1AY

24F12
1

Ng
~12e2Ng!G J , ~4!

where

g~x!512
1

2
@~11x!A11Y2/3112x#~12x!2/3 ~5!

and the average number of photons radiated per elec
throughout the collision is

Ng5
5a2szme

2r eEe

Y

A11Y2/3
. ~6!

SinceY}AS, the exponential suppression of beamstrahlu
decreases with risingAS and from up to down in Table I.
Beamstrahlung is most important for the CERN Comp
Linear Collider ~CLIC! design and less important for th
Next Linear Collider~NLC!, Japan Linear Collider~JLC!, or
DESY TeV Energy Superconducting Linear Accelera
~TESLA! designs.

The photon spectra for theAS51 TeV e1e2 colliders
listed in Table I are shown in Fig. 1, where we have used
beamstrahlung spectrum of Eq.~4!. It is obvious that the

TABLE I. Current design parameters for possible future line
colliders.

Collider TESLA JLC NLC CLIC
Last update 8/98 9/99 12/98 9/99

Center-of-mass energy~GeV! 500 500 500 500
Particles per bunch (1010) 2 1.11 0.95 0.4

sx ~nm! 553 318 330 202
sy ~nm! 5 4.3 4.9 2.5
sz (mm) 400 200 120 30

Y 0.038 0.074 0.101 0.280
Center-of-mass energy~GeV! 800 1000 1000 1000

Particles per bunch (1010) 1.41 1.39 0.95 0.4
sx ~nm! 391 318 234 115
sy ~nm! 2 3.14 3.9 1.75
sz (mm) 300 200 120 30

Y 0.082 0.186 0.285 0.979
3-2



du
a

ca
ri

t
io

r

m
s

i

e

-
in-

s

ss.

n

be-
on-

in
ata,

ted
ng
. 2.

lep-
um

e
the

ct
rth

the
the

ion

SFERMION PAIR PRODUCTION IN POLARIZED AND . . . PHYSICAL REVIEW D63 035003
bremsstrahlung and beamstrahlung mechanisms pro
mostly soft photons. However, it is interesting to note th
beamstrahlung at a 3 TeV CLIC collider@15# produces al-
ready 3 times more high-energetic photons~at x50.8) than
bremsstrahlung alone.

The situation is much better if laser photons are backs
tered off the incident lepton beams. The laser backscatte
spectrum@2#

f g/e
laser~x!5

1

Nc
F12x1

1

12x
2

4x

X~12x!
1

4x2

X2~12x!2G ,

~7!

where

Nc5F12
4

X
2

8

X2G ln~11X!1
1

2
1

8

X
2

1

2~11X!2
~8!

is related to the total Compton cross section, depends on
center-of-mass energy of the electron-laser photon collis
X54EeEg /me

2 . The optimal value ofX is determined by the
threshold for the processgg→e1e2 and is X521A8
.4.83 @16#. If this value is kept fixed, the laser backscatte
ing spectrum becomes independent ofAS. A large fraction
of the photons is then produced close to the kinematic li
x,xmax5X/(11X).0.828, so that one obtains an almo
monochromatic ‘‘photon collider.’’

III. UNPOLARIZED CROSS SECTIONS

The inclusive cross section for photoproduction of sferm
ons in electron-positron collisions,

se1e2
B

~S!5E dx1f i /e~x1!dx2f j /e~x2!dt f̃duf̃

d2s i j
B~s!

dt f̃duf̃

,

~9!

can be obtained by convolving the hard photonic cross s
tion

FIG. 1. Photon spectra forAS51 TeV e1e2 colliders. For
TESLA, the 1998 beam size parameters of theAS50.8 TeV de-
sign have been used.
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d2s i j
B~s!

dt f̃duf̃

5
p~4p!221«

s2G~12«!
F t f̃uf̃2mf̃

2
s

m2s
G2«

Q~ t f̃uf̃2mf̃
2
s!

3Q~s24mf̃
2
!d~s1t f̃1uf̃ !uM i j

Bu2 ~10!

with the photon energy spectraf g/e(x) discussed in the pre
vious section. We denote the momenta of the massless
coming photons byk1,2 and those of the outgoing sfermion
with massmf̃ by p1,2. Heres5(k11k2)25x1x2S, t f̃5(k2

2p2)22mf̃
2 , and uf̃5(k12p2)22mf̃

2 are the Mandelstam
variables of the hard photon-photon scattering proce
uM i j

Bu2 is the partonic matrix element squared, summed~av-
eraged! over final ~initial! state spins and calculated ind
5422« dimensions.m is an arbitrary scale parameter. I
addition to the direct contributions withi , j 5g, one or two
of the photons can also resolve into a hadronic structure
fore they interact. For these single- and double-resolved c
tributions, the photon spectraf g/e(x) have to be convolved
with the parton density functionsf i , j /g(y) of quarks or glu-
ons in the photons:

f i , j /e~x!5E
x

1 dy

y
f g/eS x

yD f i , j /g~y!. ~11!

The parton densities in the photon cannot be calculated
perturbation theory but have to be fitted to experimental d
e.g., on the photon structure functionF2

g(x) or on jet photo-
production.

In contrast, the partonic matrix elements can be calcula
in perturbation theory. Direct sfermion production in leadi
order proceeds through the three diagrams shown in Fig
The corresponding matrix element is given by

uM gg
B u25

4e4ef̃
4
NC@~12«!t f̃

2
uf̃

2
22mf̃

2
t f̃uf̃s12mf̃

4
s2#

~12«!2t f̃
2
uf̃

2 .

~12!

Here, summing over left- and right-handed squarks and s
tons has led to an additional factor of 2, but we do not s
over different sfermion generations. The color factorNC
53 for squarks andNC51 for sleptons. Because of the larg
mass of the top quark, the supersymmetric partners of
left- and right-handed top,t̃ L,R , can mix to t̃ 1,2 as can those
of the bottom quark. It is important to note that the dire
photon-photon cross section is proportional to the fou
power of the sfermion chargeeef̃ (eũ52/3, ed̃521/3, el̃
521). The cross section is independent of the details of
SUSY breaking mechanism, since it depends only on
physical sfermion massesmf̃ .

FIG. 2. Leading order Feynman diagrams for direct sferm
production in photon-photon collisions.
3-3
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S. BERGE, M. KLASEN, AND Y. UMEDA PHYSICAL REVIEW D63 035003
This is different in electron-positron annihilation, whe
the squared matrix element@22#

uM e1e2
B u25

2d i j e
4ef̃

2
NC~ t f̃uf̃2mf̃

2
s!

s2

1
ai j

2 e4NC~124sW
2 18sW

4 !~ t f̃uf̃2mf̃
2
s!

64sW
4 cW

4 @s21mZ
41mZ

2~22s1GZ
2!#

1
ai j d i j e

4ef̃NC~s2mZ
2!~124sW

2 !~ t f̃uf̃2mf̃
2
s!

4sW
2 cW

2 s@s21mZ
41mZ

2~22s1GZ
2!#

~13!

depends on the details of the SUSY breaking mechan
through the sfermion mixing angleu f̃ in theZ0 f̃ i fD j coupling
e/(4sWcW)ai j with

ai j 5S 4~ I f
3Lcos2u f̃2ef̃sW

2 ! 22I f
3Lsin 2u f̃

22I f
3Lsin 2u f̃ 4~ I f

3Lsin2u f̃2ef̃sW
2 !

D ,

~14!

and it is possible to produce off-diagonal sfermion ma
eigenstatesf̃ i fD j . In this paper we restrict ourselves to th
case of no squark mixing.sW(cW) is the sine~cosine! of the
electroweak mixing angleuW and I f

3L51/2(21/2) for up-
type ~down-type! fermionsf. The first term in Eq.~13! cor-
responds to the exchange of a photon in thes channel, the
second one to the exchange of aZ0 boson, and the third one
to the interference between the two. The cross section for
production of sfermions in electron-positron annihilation,

se1e2
B

~S!5E dt f̃duf̃

d2se1e2
B

~S!

dt f̃duf̃

, ~15!

does of course not depend on the photon spectra or pa
densities.

In Fig. 3 we show the total cross section for up-ty
squark production in photon-photon scattering and ine1e2

FIG. 3. Total cross sections for up-type squark (q̃L1q̃R) pro-
duction in photon-photon scattering and ine1e2 annihilation at a
1 TeV collider as a function of the squark mass.
03500
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annihilation atAS51 TeV as a function of the squark mas
Only the annihilation cross section differs for left- and righ
handed squarks. It extends out tomq̃<AS/2. With laser
backscattering, the mass range is reduced tomq̃<0.8AS/2.
However, the photoproduction cross section exceeds the
nihilation cross section formq̃<250 GeV by up to an orde
of magnitude, and even above 250 GeV it is of compara
size. While up-type squarks below 250 GeV are already
cluded by current Tevatron data, a light top squark and s
tons withmt̃ 1 , l̃ .100 GeV are still allowed@17–19#. These
sparticles can therefore better be studied at a photon colli
Note that the photon cross section for light left-~right-!
handed sfermions has to be divided by 2 and compared to
left- ~right-! handed annihilation cross section. Slepton cro
sections are larger than up-type squark cross sections
factor 1/(3eũ

4)527/16, while down-squark cross sections a
smaller by a factor (ed̃ /eũ)451/16. In addition, selectron
production ine1e2 annihilation has an additional contribu
tion from the t-channel exchange of a neutralino. In Fig.
we also show the cross sections for photons produced
bremsstrahlung and beamstrahlung without additional la
facilities. We find that the bremsstrahlung cross section is
similar size ase1e2 annihilation only for very light squarks
mq̃<100 GeV, which are already excluded experimenta
The bremsstrahlung cross section is always lower than
laser cross section by one to three orders of magnitu
Beamstrahlung, which is most important for the CLIC~99!
design, behaves similarly to bremsstrahlung and enhan
the bremsstrahlung cross section by a factor of 2.1

In Fig. 4 we show the cross sections for the production
up-type squarks of mass 250 GeV as a function of the cen
of-mass energy of the collider. The annihilation cross sect
has a maximum atAS;3mq̃ . At the kinematic limit of the
collider, sfermions can only be produced through the ann
lation process, but the laser backscattering cross section
shows a very steep threshold behavior. At higher energ

1Our results agree with@4# for e1e2 annihilation, but differ for
the bremsstrahlung cross sections by approximately a factor of

FIG. 4. Total cross sections for the production of up-ty

squarks (q̃L1q̃R) of mass 250 GeV in photon-photon scattering a
in e1e2 annihilation as a function of the center-of-mass energy
3-4
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the laser backscattering cross section stays constant, w
the annihilation cross section falls off like 1/S. At 1 TeV or
higher center-of-mass energy a photon collider is there
favorable. At a very large energy CLIC collider even t
bremsstrahlung and beamstrahlung cross sections bec
comparable to the annihilation cross section. For the be
strahlung cross section it is necessary to interpolate betw
AS5500, 1000, and 3000 GeV, since the CLIC~99! design
parameters are only known for these fixed center-of-m
energies.

For a light top squark and sleptons of massmt̃ 1 , l̃ .100
GeV a photon collider is already favorable at the threshold
the sfermion pair production process in photon-photon co
sions @23100 GeV/0.85250 GeV#, and the cross sectio
falls off very slowly at large energies. This can be seen fr
Fig. 5 where we show total cross sections for the produc
of up-type squarks of mass 100 GeV. Even the bremsst
lung and beamstrahlung cross sections for these light s
ticles become interesting aroundAS51 TeV.

As mentioned at the beginning of this section, photo
can produce sfermions not only by direct coupling, but a
after resolving into a hadronic structure. The direct, sing
and double-resolved hard scattering matrix elements are
mally of O(a2), O(aas), andO(as

2), wherea andas are
the electromagnetic and strong coupling constants. Howe
the resolved processes have to be convolved with parton
sities in the photon, which are ofO(a/as) at asymptotically
large factorization scalesm5mq̃ . Therefore all three catego
ries end up being of the same orderO(a2) in the perturba-
tive expansion. In resolved processes, only part of the in
photon energy participates in the hard scattering. There
one expects them to be important only at low masses, wh
not the full center-of-mass energy is needed.

If one of the two photons still couples directly, we obta
the contributions shown in Fig. 6. The matrix eleme
squared for the processgg→q̃qD ,

uM gg
B u25

e2eq̃
2
gs

2CF@~12«!t q̃
2
uq̃

2
22mq̃

2
t q̃uq̃s12mq̃

4
s2#

2~12«!2NCCFtq̃
2
uq̃

2 ,

~16!

FIG. 5. Total cross sections for the production of up-ty

(q̃L1q̃R) squarks of mass 100 GeV in photon-photon scattering
in e1e2 annihilation as a function of the center-of-mass energy
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can be obtained from the direct contribution by the repla
ments e2ef̃

2→gs
2 and NC→CF /(2NCCF), where gs

2/(4p)
5as(m) is the strong coupling constant andCF5(NC

2

21)/(2NC) is the color factor of SU~3!. The matrix element
squared for the processgg→q̃qD is identical. Obviously re-
solved contributions arise only for squarks, since sleptons
not couple strongly. The single-resolved matrix eleme
have to be convolved with the gluon density in the photo
which constitutes a higher orderO(a/as3as) contribution
to the photon structure and is not well constrained fro
deep-inelasticeg scattering. The gluon density is expected
be small at largex52mq̃ /As.

If both photons resolve into a hadronic structure, we o
tain the contributions in Fig. 7. The matrix elements squa
for the processesqi q̄j→q̃qD andgg→q̃qD are

uM qi q̄j

B u25
d i j

4NC
2 F8gs

4NCCF

tq̃uq̃2mq̃
2
s

s2

14ĝs
4NCCF

tq̃uq̃2~mq̃
2
2mg̃

2
!s

~ t2mg̃
2
!2

28gs
2ĝs

2CF

tq̃uq̃2mq̃
2
s

s~ t2mg̃
2
!
G

1
12d i j

4NC
2 F4ĝs

4NCCF

tq̃uq̃2~mq̃
2
2mg̃

2
!s

~ t2mg̃
2
!2 G ,

~17!

uM gg
B u25

4gs
4

16~12«!2NC
2 CF

2 FCOS 122
t q̃uq̃

s2 D 2CKG
3F12«22

smq̃
2

t q̃uq̃
S 12

smq̃
2

t q̃uq̃
D G , ~18!

where CO5NC(NC
2 21), CK5(NC

2 21)/NC , and ĝs is the
quark-squark-gluino Yukawa coupling, which is equal to t
quark-quark-gluon gauge couplinggs in leading order of
SUSY-QCD. Thet-channel contribution inqiq̄j→q̃qD de-
pends on the gluino massmg̃ and does not contribute fort̃

d

FIG. 6. Leading order Feynman diagrams for single-resolv
sfermion production in photon-photon collisions. Initial state qua
contribute only at next-to-leading order.
3-5
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FIG. 7. Leading order Feynman diagrams f
double-resolved sfermion production in photo
photon collisions.
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production due to the negligible top quark density in t
photon. Furthermore, the gluino-exchanget-channel term
}12d i j is the only term through which off-diagonal squar
can be produced. Note that this is impossible ine1e2 anni-
hilation. The quark-initiated matrix elements have to be c
volved with the leading orderO(a/as) quark densities in the
photon. These are fairly well constrained from deep-inela
eg scattering and peak atx.1.

If we include all direct, single-resolved, and doubl
resolved contributions to up-type squark production
photon-photon scattering, we obtain the results shown
Fig. 8.

Here we have used the Glu¨ck-Reya-Vogt~GRV! @leading
order ~LO!# parton densities in the photon with a leadin
order value ofas

nf55(m5mq̃) and L (4)5200 MeV @20#.
Resolved processes~mostly photon-gluon fusion! contribute
substantially only at small squark masses~below 100 GeV!,
which are experimentally excluded. While theqq̄ t channel
varies by an order of magnitude with the gluino mass, t
dependence does not show up in the total cross section
have chosen gluino masses between the current experim
limit of 200 GeV @17# and 1 TeV, where weak-scale supe
symmetry starts to become unnatural. The total cross sec
is clearly dominated by the direct channel and has very li
dependence on resolved contributions or assumptions on
photon structure.

IV. POLARIZED PHOTON SPECTRA

Future lepton colliders are very likely to have a high d
gree of longitudinal polarizationuleu<1/2. Part of this po-

FIG. 8. Total, direct, and resolved cross sections for up-t

squark (q̃L1q̃R) production at a 1 TeV photon collider as a func
tion of the squark mass.
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larization will be transferred to the produced photons. T
polarization state of the photon is determined by the Sto
parametersj i , i 51,2,3 @21#, whereAj1

21j3
2 is the degree

of linear polarization and

j25D f g/e~x!/ f g/e~x!, D f g/e~x!5 f g/e
1 ~x!2 f g/e

2 ~x!
~19!

is the mean helicity. Sincej1 andj3 generally depend on the
azimuthal angle, we will be mainly concerned with the c
cular polarization parameterj2.

The circularly polarized bremsstrahlung spectrum

D f g/e
brems~x!5

2lea

2p F12~12x!2

x
ln

Qmax
2 ~12x!

me
2x2

12me
2x2S 1

Qmax
2

2
12x

me
2x2D G ~20!

has been derived in@11#. As in the unpolarized case a non
logarithmic term is present which is, however, not singu
for x→0.

The x dependence of the circularly polarized beamstr
lung spectrum,

D f g/e
beam~x!5

5le

2A3Y
E

u

`

dvAi ~v !F S 2v
u

21D12~12x!2

2~12x!

1
x2

2~12x!G , ~21!

is very similar, as can be seen in Fig. 9. Atx.1 the photons

e

FIG. 9. Degree of circular polarization for bremsstrahlung a
beamstrahlung photons.
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are completely polarized parallel to the incoming electr
helicity, but atx.0, where most of the bremsstrahlung a
beamstrahlung photons are produced, they are comple
unpolarized. This can be understood from the fact that
electron polarization is lost in the Lorentz transformati
from the Breit frame of the electron-photon vertex to t
center-of-mass frame of the photon-target vertex. The dep
dence ofj2 on AS and Y is very weak. AsY→100, the
beamstrahlung polarization coincides with the bremsstr
lung polarization. This discussion pertains strictly speak
only to single photon emission, but we expect a similar
havior also for multiple photon emission.

While the photon polarization at ane1e2 collider is thus
rather limited, a photon collider offers the additional pos
bility to control the helicity of the laser photonsuPcu<1.
This also affects the unpolarized photon spectrum@2#:

f g/e
laser~x!5

1

Nc12lePcNc8
F12x1

1

12x
2

4x

X~12x!

1
4x2

X2~12x!2
22lePc

x~22x!@x~X12!2X#

X~12x!2 G ,

~22!

where

Nc85F S 11
2

XD ln~11X!2
5

2
1

1

11X
2

1

2~11X!2G
~23!

is related to the polarized total Compton cross section.
can be seen in Fig. 10, the monochromaticity of the outgo
photons can be improved considerably by choosing 2lePc
521.

Figure 11 shows the degree of circular polarizationj2
with

FIG. 10. Laser backscattering spectra for different combinati
of electron and laser photon polarization 2lePc .
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D f g/e
laser~x!5

1

Nc12lePcNc8
H 2le

x

12x F11~12x!

3S 12
2x

~12x!XD 2G1PcS 12
2x

~12x!XD
3S 12x1

1

12xD J ~24!

for laser-backscattered photons@2#. If only the electrons are
polarized (Pc50), the result coincides again with that fo
bremsstrahlung and beamstrahlung. However, ifPc561,
then the backscattered photons have helicityj252Pc at x
5xmax. Therefore the choice 2lePc521 guarantees no
only good monochromaticity, but also a high degree of c
cular polarization of the produced photons. By switching t
signs ofle andPc simultaneously, one can switch the heli
ity j2 of the outgoing photons without changing the phot
spectrum or spoiling its monochromaticity.

V. POLARIZED CROSS SECTIONS

The cross section for sfermion production in polariz
photon-photon collisions can again be calculated from E
~9! and ~10!. However, the unpolarized matrix eleme
squared has to be replaced with

uM gg
B u25

4e4ef̃
4
NC

~12«!2t f̃
2
uf̃

2 $~12«!t f̃
2
uf̃

2

3@11 j̃1
(1)j̃1

(2)2 j̃2
(1)j̃2

(2)1 j̃3
(1)j̃3

(2)#

22mf̃
2
t f̃uf̃s@ j̃1

(1)j̃1
(2)2 j̃2

(1)j̃2
(2)

1~11 j̃3
(1)!~11 j̃3

(2)!#12mf̃
4
s2~11 j̃3

(1)!

3~11 j̃3
(2)!%, ~25!

which has been calculated using the covariant density ma
for polarized photons@21#:

s FIG. 11. Degree of circular polarization for laser-backscatte
photons.
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rmn
(1,2)5«m«n* 5

1

2
~em

x en
x1em

y en
y!6

j1
(1,2)

2
~em

x en
y1em

y en
x!

7
ij2

(1,2)

2
~em

x en
y2em

y en
x!1

j3
(1,2)

2
~em

x en
x2em

y en
y!.

~26!

The j i
(1,2) , i 51,2,3, are the Stokes parameters discusse

the previous section. They describe the polarizations«m,n
(* ) of

the photons with momentak1,25As/2(1,0,0,61). Here ex

and ey denote unit vectors in thex and y directions. The
momenta of the outgoing sfermions are given byp1,2
5(mT coshy,6pT cosf,6pT sinf,6mT sinhy), and pT , y,
andf are the transverse momentum, rapidity and azimu
angle of the produced sfermions;mT5Amf̃

2
1pT

2 is the trans-
verse sfermion mass. The azimuthal dependence of the c
section has been included in the rotated Stokes parame

j̃1
(1)5j1

(1) cos~2f!2j3
(1) sin~2f!, ~27!

j̃2
(1)5j2

(1) ,

j̃3
(1)5j1

(1) sin~2f!1j3
(1) cos~2f!,

j̃1
(2)5j1

(2) cos~2f!1j3
(2) sin~2f!,

j̃2
(2)5j2

(2) ,

j̃3
(2)52j1

(2) sin~2f!1j3
(2) cos~2f!.

For sfermion production in polarized photon-photon c
lisions we consider only direct processes. Our analysis of
unpolarized cross section has clearly demonstrated tha
solved processes are only important at very small, exp
mentally excluded, squark masses. Furthermore, alm
nothing is known experimentally about polarized parton d
sities in the photon. Predictions for polarized resolved p
toproduction would thus be very speculative.

Because of the azimuthal dependence, cross sections
linear photon polarization are difficult to disentangle and
main small if averaged over the azimuthal angle. Theref
we restrict ourselves to circularly polarized photons and
j15j350. Since uM gg

B u2 depends then only the produ

j̃2
(1)j̃2

(2) , we expect identical cross sections for incomi
photons with identical or opposite helicities.

In Fig. 12 we compare thee1e2 annihilation cross sec
tion against the polarized photon-photon cross section
up-type squark production at a 1 TeV photon collider for
different squark masses. The labels11, 22, 12, and
21 denote the helicitiesPc of the incoming laser photons
The helicities of the incoming leptonsle have always been
chosen to ensure the condition for optimal monochroma
ity, 2lePc521. The backscattered photons are theref
highly polarized in the direction opposite to the laser pho
~see Fig. 11!. The unpolarized curve is the same as in Fig.
i.e., le5Pc50.
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Figure 12 demonstrates that the unpolarized phot
photon cross section can be enhanced in the regionmf̃
P@100;250# GeV by about 40% if one chooses oppos
laser photon helicities (12 or 21). Formf̃.250 GeV the
effect is even more dramatic: The cross section can be
proved by almost an order of magnitude at largemf̃ if one
chooses identical laser photon helicities. The cross sectio
a polarized photon collider stays larger than thee1e2 anni-
hilation cross section almost up to the kinematic limit of t
photon collider. It is interesting to note that one has to swi
from opposite to identical helicities atmf̃.250 GeV, where
the unpolarized photon-photon cross section drops below
annihilation cross section. In Fig. 12 we also show polari
tion effects for sfermions produced via bremsstrahlung a
beamstrahlung. The cross sections remain small and are
slightly enhanced by preferring identical over opposite le
ton helicities.

In Fig. 13 we compare the same cross sections for a fi
up-type squark mass of 250 GeV as a function of the cen
of-mass energy of the colliderAS. The unpolarized photon
cross section can again be enhanced by an appropriate c
of polarization. In particular, identical laser photon heliciti

FIG. 12. Total cross sections for up-type squark (q̃L1q̃R) pro-
duction in polarized photon-photon scattering and ine1e2 annihi-
lation at a 1 TeV collider as a function of the squark mass.

FIG. 13. Total cross sections for the production of up-ty

squarks (q̃L1q̃R) of mass 250 GeV in polarized photon-photo
scattering and ine1e2 annihilation as a function of the center-o
mass energy.
3-8
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lead to a photon cross section which is larger than the a
hilation cross section already at the threshold of the pho
collider, i.e., below 1 TeV, while the cross section for opp
site helicities is smaller by a factorb45(124mq̃

2/s)2. Po-
larization for bremsstrahlung and beamstrahlung is again
little interest. At largeAS, where the cross sections becom
large, the radiated photons are completely unpolarized.

For up-type squarks of mass 100 GeV we show
center-of-mass energy dependence in Fig. 14. Again
cross section at threshold can be optimized by choosing id
tical photon helicities.

For experimental analyses it is also important to stu
differential cross sections, e.g., in the transverse momen
pT or the rapidityy of the produced supersymmetric pa
ticles,

dse1e2
B

~S!

dpTdy
52pTSE dx1x1f i /e~x1!dx2x2f j /e~x2!

d2s i j
B~s!

dt f̃duf̃

,

~28!

since cuts onpT and y can help to eliminate background
For this reason we show in Fig. 15 differentialpT spectra for

FIG. 14. Total cross sections for the production of up-ty

squarks (q̃L1q̃R) of mass 100 GeV in polarized photon-photo
scattering and ine1e2 annihilation as a function of the center-o
mass energy.

FIG. 15. Differential cross sections for the production of u

type squarks (q̃L1q̃R) of mass 250 GeV at a 1 TeV polarize
photon collider as a function of the transverse momentumpT .
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up-type squarks of mass 250 GeV, produced at a 1 TeV
photon collider. The spectra have been integrated over
rapidity y and extend out to the kinematic limitpT

,0.828AS22mf̃5328 GeV. While the unpolarized spec
trum peaks atpT.100 GeV, or roughly atmf̃ /2, the mean
pT of sfermions produced with backscattered laser phot
of identical helicity is almost twice as big. If the laser ph
tons have opposite helicity, one gets a distinct twin-pe
behavior with a local minimum. This is due to the absence
the four-point interaction diagram in Fig. 2 which contribut
only for identical helicities at intermediatepT . These fea-
tures should be very helpful in experimental analyses. Si
lar results for up-type squarks of mass 100 GeV are show
Fig. 16.

Finally we show in Fig. 17 rapidity distributions for up
type squarks of mass 100 GeV produced at a 1 TeV pho
collider. The rapidity spectra are symmetric aty50 and ex-
tend out to uyu,2. This range should be covered by th
detector at a photon collider to provide optimal analyzi
conditions for sfermions of massmf̃5100 GeV. Formf̃
5250 GeV the rapidity spectrum is narrower and exten
out to uyu,1.1 ~see Fig. 18!. The spectrum for laser photon
with identical helicities is again very similar to the unpola

FIG. 16. Differential cross sections for the production of u

type squarks (q̃L1q̃R) of mass 100 GeV at a 1 TeV polarize
photon collider as a function of the transverse momentumpT .

FIG. 17. Differential cross sections for the production of u

type squarks (q̃L1q̃R) of mass 100 GeV at a 1 TeV polarize
photon collider as a function of the rapidityy.
3-9



in

-
p

ve
om
c

id
ot
in

e-
nu
pe
t
a
an
a

ro

a
ed
e
e
am

n

we
nta-

on
end

of
can
ns.

fer-
ype

tic
tron
se-

rger
n
lar-
en
r
the

ing

for
ore,
all
ded.
oss
ruc-

tal
We
n
y

col-
ar-
h

is
V.
rk
chaft
g

X-

p-

d

S. BERGE, M. KLASEN, AND Y. UMEDA PHYSICAL REVIEW D63 035003
ized spectrum. The spectrum for opposite helicities has
teresting shoulders aty561.5 in the case of mf̃
5100 GeV. The dips aty561 are again due to the ab
sence of the four-point interaction diagram in Fig. 2 for o
posite helicities.

VI. CONCLUSION

In this paper we have presented a detailed analysis
sfermion production in photon-photon collisions. We ha
reviewed the unpolarized and polarized photon spectra c
ing from bremsstrahlung, beamstrahlung, and laser ba
scattering and updated them using the latest linear coll
design parameters. We have calculated for the first time t
and differential cross sections for sfermion production
photon-photon collisions, including contributions from r
solved photons and arbitrary photon polarization. Our
merical results have been compared directly to the com
ing e1e2 annihilation cross section. We have chosen
present our results for the typical case of up-type squ
production. The cross sections for down-type squarks
sleptons can easily be obtained by rescaling our results
cording to the sfermion charge and color factor.

Bremsstrahlung and beamstrahlung photons will be p
duced naturally at any lineare1e2 collider. Our results show
that the corresponding production cross sections are sm
except at the very large center-of-mass energies envisag
the CLIC design. The polarization of the initial photons r
mains small even if the initial lepton polarization is larg
Therefore polarization effects in bremsstrahlung and be
strahlung are of little interest.

A dedicated photon collider will require the constructio

FIG. 18. Differential cross sections for the production of u

type squarks (q̃L1q̃R) of mass 250 GeV at a 1 TeV polarize
photon collider as a function of the rapidityy.
.
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of additional laser facilities at some extra cost. However,
have demonstrated that a photon collider may be adva
geous for the analysis of sfermions for several reasons:

~i! In leading order of perturbation theory, photon-phot
collisions are pure SUSY-QED processes, which dep
only on the physical sfermion mass and not on the details
the SUSY breaking mechanism. Any model dependence
therefore be analyzed cleanly in the decay of the sfermio

~ii ! The photon cross section is very sensitive to the s
mion charge so that sleptons, up-type, and down-t
squarks can be clearly distinguished.

~iii ! A photon collider can produce almost monochroma
photons, i.e., photons which have about 83% of the elec
beam energy, and they can be highly polarized. As a con
quence we find that the production cross sections are la
than those ine1e2 annihilation for a large range of sfermio
masses. If the incoming laser photons and leptons are po
ized and the photons have identical helicities, this is ev
true up to the kinematic limit of the photon collider. Fo
lower sfermion masses or higher center-of-mass energies
cross section can be improved by about 40% by choos
opposite laser photon helicities.

Resolved photon processes are only important
squarks, since sleptons do not couple strongly. Furtherm
resolved photons contribute significantly only at very sm
squark masses, which are experimentally already exclu
While there is thus no enhancement of the production cr
section, there is also no uncertainty due to the photon st
ture or the scale of the strong coupling constant.

Differential cross sections are important for experimen
analyses to distinguish signal from background events.
find that thepT spectrum for sfermion production in photo
collisions peaks roughly atmf̃ /2 as expected. The rapidit
spectrum for sfermions of massmf̃5100 GeV at a 1 TeV
photon collider extends out to62. We conclude that this
should be the minimum coverage a detector at a photon
lider should have to ensure full analyzing power. The pol
ized pT and y spectra have very distinct features whic
should be helpful in the experimental analysis.
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