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Photon Structure in Supersymmetric QCD Tsuneo Uematsu

1. Introduction

In the present talk we would like to discuss about the virtual photon structure functions in
the supersymmetric (SUSY) QCD, where squarks and gluinos are present in addition to quarks and
gluons. Here we particularly interested in the heavy particle mass effects on the parton distributions
inside the virtual photon in SUSY QCD.

As is well known, the photon structure functions can be studied through the two-photon pro-
cesses in the™ e~ collision which dominate over one-photon annihilation processes at high ener-
gies [ . Here we consider the two-photon processes with double-tagging experiments where
both of the outgoing" ande™ are detected. In particular we study the kinematical region in which
one of the photons, which we call the ‘probe photon’, with the mass squagée= Q?, is much
heavier than the other one, ‘target photon’, with the mass squapgd= P?, which is in turn
much larger thaM\éCD, ie. /\(2gCD < P2 < @ In this kinematical region we can study the whole
structure functions and the parton distributions, their shapes and magnitudes in perturbation theory.
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Figure 1: e* e~ two-photon processes in supersymmetric QCD. The solid (dashed) line denotes the quark
(squark), while the spiral (spiral-straight) line implies the gluon (gluino).

Some years ago the effects of supersymmetry on two-photon process were studied in the litera-
ture B4 F). In 1983 Reya studied the SUSY effects in photon structure functions where the squark
mass is less than 40 Gelg][ The one-loop splitting functions for SUSY QCD were computed in
refs. [@,[7]. Scott and Stirling studied the longitudinal photon structure function in SUSY @D |
Ross and Weston investigated the evolution and threshold effects for the virtual photon structure
functions []. In this paper based on the framework of treating heavy parton distribuf@AS][
we reexamine the effects of the squarks and gluinos appearing in SUSY QCD (SQCD) on the pho-
ton structure functions to the leading order in SQCD which can be measured in the two-photon
processes aé" e~ collision illustrated in Fidll

2. Squark contribution to the photon structure functions

Before going to the study of the SUSY QCD radiative effects based o@4fesolution equa-
tion, it is worthwhile to investigate squark contributions to the photon structure functions through
the pure QED interaction. We consider the virtual photon-photon forward scattering amplitude for
y(Q) + y(p) — y(q) + y(p) illustrated in Fig.2. The-channel helicity amplitudes are related to its
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absorptive part as follows:

W(abla't') = g (a)e, (b)WH"P7¢, () g5 (b') (2.1)
where 1
Wivpo (P, Q) = EImTuvpo(p)CI) ) (2.2)

andey (a) represents the photon polarization vector with heliajtgnda = 0, =1. Similarly for the
other polarization vectors and we hasfeb,b’ = 0,41. Due to the angular momentum conserva-
tion, parity conservation and time reversal invariance, we have in total eight indeperahamnel
helicity amplitudes, which we may take as

W(1,11,1), W(1,-1/1,—-1), W(1,0/1,0), W(0,1/|0,1), W(0,0|0,0),

The first five amplitudes are helicity-nonflip and the last three are helicity-flip. It is noted that the
s-channel helicity-nonflip amplitudes are semi-positive, but not the helicity-flip ones. The photon-

Figure 2: Virtual photon-photon forward scattering with momenqta) and helicitiesa(b) anda’ (b')

photon scattering phenomenology is often discussed in terms of the photon structure functions
instead of thes-channel helicity amplitudes. Budnev, Chernyak and Ginzburg [BO®]iptro-

duced the following eight independent structure functions, in terms of which the absorptive part of
virtual photon-photon forward scatteriny#VP?, is written as,

Wavpo = (Tr1) uvpoWrt + (T7) uvpa Wit + (1) pvpaWat + (Tit) pupe\Wir
+(Tr0) pvpoWrL + (TLL) pvpoWL — (TFL) pupo WL — (TT D) pvpoeWiE . (2.4)

whereT;’s are the projection operators given in the Appendix of (& ,[and these eight structure
functions are simply related to the s-channel helicity amplitudes as discussed[}ef. [

The structure functions are evaluated by multiplying the relevant projection operator to the
structure tensoW,,,ps. We note that the virtual photon structure functiéijs F), FY, g} andg}
are related to the ones introduced by BCdIii| [as

1 1 1
FY(x Q% P?) =Wrr — SWri,  FY(x Q7.P%) = gz [wn +Whr — DWW~ 2WrL] :
FLV(Xv sz Pz) = F2V - XF]_y7 (25)
1 ~ 1 1
gJY(X’ Q27 PZ) = TZ |:W|§T - \/JZV\‘LIIE] ) gg(x’ Q27 Pz) = _72 WIE}T D TE )
B B \V/1- B2
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where independent variables are- Q°/2p- q (Bjorken variable) P?, Q* andn¥. Here we have
introduced the variablg given as

~ L p2Q2 1 4x2P2 26
P e Ve (2:6)
2 . ; 1 ; ;
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Figure 3: FZV (left) andg{ (right) as functions ok for various values of squark mass, which are given in
units of GeV, for fixedP? = (10)? GeV? andQ? = (10002 Ge\~.

0.08 T T
1 S Wy ——
0.8 o : 0.07 Fw,
0.06 [ Wi e
0.6 s M s — W
0.4 H 0.05 Q=(1000)" Ge\
ity P2= (10)2 GeV'
0.2 L \ 0.04 |12 500 Ge
0 - 0.03
02 Q%=(1000)? GeV?
e P2= (10)2 GeV/ 0.02 .
0.4 m=300G o
0.01 i
-0.6 Wer 1 o
0.8 Wit 0F
-U. o a, FITTTPRR | %
Wtﬁ .01 |
N Wi e oop L
0O 01 02 03 04 05 06 07 08 09 1 "0 01 02 03 04 05 06 07 08 09 1
X X

Figure 4: Eight virtual photon structure functio®;+, Wit, W&, W (Left), Wr, WL, WY, WER(Right).
The values oP? andQ? are in units of Ge¥Y.

We have plotted in Figs.3 and 4, squark contributions to the photon structure functions as
functions ofx. The vertical axes are in units bfc%eé whereN. is the number of colord\. = 3
for supersymmetric QCDey is the electric charge of the squark which is the super partner of the
quark of theg-th flavor. In these plots we have chosgh= (10002Ge\?, andP? = (10)2Ge\2.
The allowedx region is 0< X < Xmax With

1

.
+&+%

Xmax = (2.7)
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The photon structure functions can be classified into two group®#t) Wit, W, Wi and (ii)

Wr, Wi, W, WER. The first group also exists for the real photon target, while the second group
does not exist for the real photon case and are small in magnitude compared to the first group. The
graphs show that all the structure functions tend to vanisk-asxmax Which is the kinematical
constraint. The positivity constraints derived from the general Cauchy-Schwarz inequidHlies [

in fact lead to the following equalities for the squark contributid:[

Wiy =Wt + Wy | (2.8)
WEL—WAE| = vWr (WT (2.9)

while we have an inequality
WA+ WAE| < /(W T+ We W (2.10)

The first equality[2.8) can be rewritten in terms of the helicity amplitudes as
W(1,1-1,-1)=wW(1,1/1,1), (2.11)

which holds both for the reaP@ = 0) and virtual P? # 0) photon target.

3. Evolution equation and heavy mass effects

Many authors have studied heavy quark mass effects in the nuBpar(d the photon struc-
ture functions[[3 [I4. Now we consider the heavy parton mass effects, and we decompose the
parton distributions in the case where we haye- 1 light quarks and one heavy quark flavor which
we take thens-th quark and all the squarks have the same heavy mass, while the gluino has another

heavy mas4g [10Q:
qy(t) = (Gvf\aQ1a"',an—1,31,"‘aS”lf—LQH,SH) . (31)

We denote the-th light flavor quark, squark by;i(x,Q?,P?), s(x,Q%P?), (i=1,---,n; — 1),

one heavy quark and its superpartner (squarkpysy and the gluon, gluino by (x, Q% P?),

A (x,@%,P?), respectively. We now define light flavor-nonsinglet (LNS) and singlet (LS) combina-
tion of the quark and the squark as follows:

ni—1 ng—1

OLNS = Zl (€— ()G, Sins= Zl (€ — (A1) s,

1= 1=
ni—1
1 f

; & . (3.2)

ng—1 ng—1
Os = O, Sis= s, ()=
2,9 2,

ng—1
Then we rearrange the parton distributions as
d'(t) = (G,A,0dLs,SLS, OH, SH, ALNS, SLNS) - (3.3)

The evolution equations are given by

da’t) _ ©., 9 70
i _qy(t)®P°+aS(t)k° (3.4)
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where the parton-parton splitting functié® and the photon-parton splitting functidg®® are
given in ref. g [1g.

Now we take into account the heavy mass effects by setting the initial conditions for the
heavy parton distribution functions as discussedli.[ We note here that the structure function
F. can be written as a convolution of the parton distribution and the Wilson coefficient function
FJ(x, Q% P?)/x=g"®C. We put the initial conditions for the moments of the parton distributions
are defined as

¢¥(nt =0) = (0.A(1).0.8(n). G (). §4(1), 0. &ns() ) (3.5)

and require that the following boundary conditions are satisfied:

AN, QP =m}) =0, sis(n, Q¥ =mg) =0, gu(n, Q> =ngy) =0,
s1(n, Q% =g, =0, sins(n, Q% = mgy) =0, (3.6)

wherem, , msg andmy are the mass of the gluino, squarks and the heavy (here we take top) quark,
respectively. Note that here we take all the squarks have the saméngass

By solving the evolution equation taking into account the above boundary condition we get
for the moment ofj":

a 4am 1
y _ ) n _
Y= grgam ™ 27 1+dp{1

where theP" is the projection operator onto the eigenstatef the anomalous dimension matrices

fo = YiPPAM which are related to the splitting functid®(x) asj, = —2 f; dx¥1P(x) andd" =

A"/ 2[o. R,ﬁo) is the anomalous dimension corresponding to the photon-parton splitting function,
O = 2 [2dx¥~1K0(x). The initial valueg¥(n, 0) is determined so that we have

as(t) d

as(0)

as(t)
as(0)

, (3.7)

14+d"
} +d'(n,0)y A"

q/(t =tm) =0, tm =—-In (3.8)

for j = A,s.5,04,.S4 ands.ns. By solving the above coupled equatiofEg) we get the initial
condition B.9).

Now we write down the moments of the structure function in terms of the parton distribution
functions and the coefficient functions, which meag) at LO. We take

C(1,0)7 = (0,0,(€%)1, (&)L, €. €4, 1,1) . (3.9)

Then then-th moment of the structure functicﬁito the leading order in SQCD is given by

MY = /0 1dx>€“’1F2V/x =d'(n)-C¥(1,0)
= (€)Las+ () LSLs+ R 0F + S + Oins+ Sins - (3.10)

We have solved the equatiof&§ for §¥(n,0) numerically, and plug them int@(3) for the
parton distributions and then evaluate the moments of the structure fum?z*fibg the formula
(B10. By inverting the Mellin moment we get tHg’ as a function ok.
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In Fig.5, we have plotted our numerical results for ﬁ}@a. The 2dot-dashed (red) and
dashed (green) curves correspond to Iﬂz*fgéa for the massless QCD and SQCD. For the more
realistic case, we take; = 6 treating theu, d, s, c andb as massless and take the top quiark
massive. We assume that all the squarks possess the same heavy mass and the gluino has another
heavy mass. In these analyses, we have t§¥ea (10002GeV? andP? = (10)2GeV?. We took
the top massngp = 175 GeV, the common squark masss = 300 GeV and the gluino mass
m, = 700 GeV.

Q°=(1000)” GeV?, P*=(10)” GeV?, Myq41=300 GeV, Mgy ino=700 GeV

gluino

35 T T T T
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Massless SQCD
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2.5 |- — Massive SQCD with Threshold (total)

Box(6 squark + 6 quark)

2

FY,/a

05 | e

0 /

0 01 02 03 04 05 06 07 08 09 1
Bjorken x

Figure 5: F)(x,Q?,P?) /a with SUSY particles as well as top threshold included. The dashed (2dot-dashed)
curve corresponds to the massless SQCD (QCD) case. The double-dotted curve shows the massive QCD
case. The dash-dotted (dotted) curve corresponds to the quark (squark) component of the massive QCD.
The solid curve means th‘ezy/a for the massive SQCD. The kink &t0.89 (0.74) corresponds to the top
(squark) threshold. The light-blue solid curve shows the parton-model result with 6 quarks (heavy top) and

6 massive squarks.

The double-dotted (blue) curve shoﬁé/a for the QCD with the mass of the top quark as well
as the threshold effects taken into account. The dash-dotted (dark-green) curve shows the quark
component for the massive SQCD case with massive top quark, while the dotted (pink) curve means
the squark component for the same case. The sum of these leads to the solid (orange) curve which
corresponds t&,) /a for the massive SQCD with massive top and threshold effects included. Here,
we adopt the prescription for taking into account the threshold effects by rescaling the argument of
the distribution functiorf (x) as f(x) — f(X/Xmax) With Xmax given in [27). After this substitution
the range ofk becomes X X < Xmax. In this figure we have also shown the parton-model result
with 6 quarks (heavy top) and 6 massive squarks by light-blue solid curve.

At smallx, there is no significant difference between massless and massive QCD, while there
exists a large difference between massless and massive SQCD. Ax/ahgesignificant mass-
effects exist both for non-SUSY and SUSY QCD. The SQCD case is seen to be much suppressed
at largex compared to the QCD. The squark contribution to the total structure function in massive
SQCD appears as a broad bumpxot xnax. Here of course we could set the squark mass larger
than 300 GeVe.g. around 1 TeV, as recently reported by the ATLAS/CMS group at LHC, for
higher values of?.
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4. Summary

In this talk we have investigated the photon structure in the SUSY QCD. We first study squark
contributions to the eight structure functions of the virtual photon. These structure functions are
found to satisfy the positivity constraints and show different behaviors compared to the quark con-
tribution. By setting the suitable boundary conditions for the heavy parton distributions in DGLAP
evolution equation we investigated the SQCD radiative effects in the presence of the heavy spar-
ticles. There is no significant difference in the smatkgion between QCD and SQCD, while at
largex, it turns out that there exists a sizable difference between the massive QCD and SQCD.
When compared to the squark contributiorFQ’)in the parton model calculatiodT, the squark
component in the SQCD is suppressed at lardae to the radiative correction. We expect that the
future linear collider would enable such an analysis to be carried out on photon structure functions.
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