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1. Introduction and Motivation

How SUSY affects photon structure?

* Investigate photon structure functions in
supersymmetric QCD where squarks and gluinos
are present in addition to quarks and gluons

 Here we particularly interested in the heavy
particle mass effects in the PDFs in SUSY QCD

o We first perform Box diagram calculation of
squark contribution to the eight virtual photon
structure functions without radiative corrections
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Virtual-Photon Kinematics
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Photon structure in SUSY QCD so far studied

Reya studied SUSY effects in photon structure function
where squark mass is less than 40GeV (PLB 1983)

Kounnas-Ross & Jones-Llewellyn-Smith computed the
1-loop splitting functions for SUSY QCD (NPB 1983)

Scott-Stirling studied the longitudinal photon structure
function in SUSY QCD

Ross-Weston considered evolution and threshold
effects for the virtual photon structure functions (EPJC
2001)

We first perform Box diagram calculation of squark
contribution to the eight virtual photon structure funs
without radiative corrections (arxXiv:1108.2847)
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2. Squark contribution to the
photon structure functions

Before studying the supersymmetric QCD
radiative effects, it is worthwhile to investigate

sqguark contributions to the photon structure
functions through the pure QED interaction fully
taking into account the squark mass effects.
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Forward photon-photon amplitude:

Kitadono et al. arXiv:1108.2847, PRD to appear D D
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We compute the discontinuity of the forward photon-photon amplitudes

Tvpo(pq) =i / d*rd*yd* 2PV 0|T (T, ()], (0).,(y) J,(2))]0)
|

Wopo (P @) = —Tm T p (P, q)

Or integrating the squared amplitudes over the two-body phase space

v crl 2 vpo *
W; = pP"" %Inﬁjwpcr :/dPS( ) pre M, Mo

Box Triangle Bubble
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8 virtual photon structure functions
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Structure Tensors

WHVPG — (TTT);wpcr Wrr + (T;T)NVPU W;T + (T;T)uvpd W;T + (TLT)PWPO' Weir
+ (TTL ).uvpcr Wrr + (TLL )uvpcf Wirr — (T;L )uvpcr W;L — (T;% ):wpcr W;E

T,’s  projection operators

1
(TTT)},LUPG' — R}.LURPO" RMY — _gﬂu + E |:p ) q(qppu T qr}pp) o qu”pu o p2q,uqu:|

HUrpc __ pPUUL.P 1.0 >
(TTL) vpo B RM f2k§" by = _; (p“pqozqq”)
(Tur)o = Kk RO, =
(Tpp)* e = KR REES, i == (o Z)

(T;T)MHPG = R""R"7 — RHGRUP? X =(p -q)2 — p2q2.

.
(T7r)""7 = Z(R*" R’ + R'R" — R* R"),
(T],)*P° = R*PkY kS + R*7kYVES + kU RS RV + ki kS RVP
(
(T7E)HP7 = RMPEY KRS — RMOERTVES + BV KSRV — BV kS RYP
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photon helicity amplitudes

W (abla’b’) = €, (a)el(b)WH*P7 e, (a’)e, (b)
€, (a) polarization vector a,a’,b,b’ =0,+1

Due to the angular momentum conservation, parity conservation and
time reversal invariance , we have 8 independent helicity amplitudes

Wrr = %[W(1,1|1,1) +WwW(1,-1|1,-1)] ,  Wgp = W(0,1]0,1),

Wrr = W(1,0[1,0), Wi, = W(0,0/0,0),

we., = % W(1,1|1,1) — W(1,—-1]1,-1)] , WiL,=W(1,1|—1,-1)
1

Wi, = 3 (W (1,1]0,0) — W (1,0[0,—1)]

wWre = %[W(1,1|0,0) 1+ W(1,0[0, —1)]

2011/9/26 RADCOR 2011 "Photon Structure in Supersymmetric QCD" 10



3. Numerical Analysis

F, with various mass
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F, with various P?
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8 virtual photon structure functions
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4 real photon structure functions
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Wi = Wrr + Wi, Equality holds for both real & virtual photon
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Positivity Constraints

Three model-independent positivity constraints:

.
Wi,

IN

(WTT + W;T) ’

Wi, + Wi

IA

\/(WTT + Wi )Wee

VWrrWep .

T TAa
Wi, — Wi

IA

guark parton case: Sasaki, Soffer & TU(2002)

In squark parton case (LO QED), we found that
first and third equality hold

Wir = Wrr + Wep |
Wiy — Wigl = VWr Wi

W(1,1| —1,—1) = W(1,1|1,1)
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For the real photon

1
91{ — ’;T — 5 [W(la 1|1a 1) — W(la _1|13 _1)]

1
Ff’ = Wy = E [W(lalllal) + W(la _1|13 _1)]

Helicity non-flip amplitudes is positive semi-definite.
From triangle inequality,
91| < FY

For virtual photon, this inequality Is not satisfied In
the small-x region if P2 is much bigger than m2.
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P2= 0 GeV?‘ | | | | | |
01 | l9%l

03}

|gy1| VS FY1 (Real)
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g, sum rule

) i ¥
In general, polarized photon structure function ¢
satisfies remarkable sum rule:

/ (. Q%) dx = 0
0

Our result (Real photon):

/ gf(; Q )di‘ — N,.— @ e [/ TarlLdx —{—/ 3(21 — l)dtr] — ()
0 T 0 0

: : : 1
Using integration by parts where Tmax = T2
Tmax I'max Q2
/ TeLdr = —/ B(2x — 1)dx
0 0
- (T + 1)10g(”\ﬁ+1>
DN 2(T + 1)/
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Squark signature in W' ;

Bump due
to squark
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4. Evolution equation and heavy mass effects

Evolution eq. for SUSY QCD

dq’ (¢ Q 2
q’ (1) - () ® PO + © . 2 In as(P-)
ar as(7) o (0P
PO parton—parton splitting function Bo=9—n f
k) photon—parton splitting function _
ny # of active flavors

qu(z) — (G,/I,Qj,S;') (i — la ,l’lf)

qi(x, 0°, P?) quark PDFs G(x, O, P?) gluon PDF
s;(x, 0%, P?) squark PDFs  A(x, O°, P?) gluino PDF
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SUSY relation for splitting fns.

Pyq + Psqg = Pys + Pss = Py
P, + Psg = Pgx + Ps) = Pyv
Pgq + Prnq = Pgs + Paxs = Pvg
Pcc + Pxg = Pgx + Pxx = Pyvy

thenwetake o=Z+5S, V=G+2 singlet

¢:P¢¢®¢+P¢V®V‘|‘K§)‘S)

_ d1ln Q?
singlet
_ (5) _
dan2V =Prg®0+Prv®V K;’ =K\ 4+ K®
Non-singlet dns = Poo ® dns + qu)NS)

d1n Q?

‘ Mixing easily solved !
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Massless SUSY QCD and Non-SUSY QCD

FZY (X,Qz,Pz)/Snf<e4> _;:m(Qz/pz)
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X
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»heavy mass effects can be incorporated
by the boundary conditions:

/\(na Q2 — mi) =0, SLS(na Q2 — miq) = 0, QH(naQ2 — m?’—[) = 0.

SH(na Q2 — mgq) = 0, SLNS(naQ2 — mgq) =0

my glunomass Msq squark mass myp heavy quark mass

-1

g (n,1) = / dra™'q" (z, Q2, P?)
JO

q'(n,t =0) = (Oa'i(n)aoa§LS(n)anH(n)a §H(n)303§LNS(n))

8" 4 1 s (1) e
- (0) n —
q'(n,t) = 8mfo s (t) o ; H 1+d7 {1 [aS(O)] }

w0 T EE]
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Numerical analysis

By solving the couplec

q;},(t — tmg') =0, tm; =

boundary conditions

2 a,(P?)
In
Bo as(m3)

to determine the initial conditions:

qﬁ{(nat — 0) — (Oai(n)aoa §LS(n)a QH(n)a §H(n)303 §LNS(n))

Parameter set Msquark = 300|GeV]

\ ¢

Inverse Mellin
transform

1My, — TOO[GEVT]
Q? = 1000000[(GeV)?]
P? = 100[(GeV)?]
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Massive SUSY QCD and Non-SUSY QCD

SUSY QCD
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Massive SUSY QCD and Non-SUSY QCD
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FY, in QCD and SUSY QCD

18 T T T T T T ]
6 quarks —_— g

16 6 squark
6 quarks + 6 squark
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1oL Q (1000) GeV
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5. Conclusion and Outlook

We have calculated the eight virtual photon
structure functions in squark parton case and
have numerically studied their contributions

We have found three positivity constraints in
the squark case reduce to two equalities and
one inequality in contrast to the quark case

Inequality |g,| < F, holds for the real photon

We confirmed the vanishing g, sum rule in real
photon target as in the quark case
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e SUSY QCD effects added by DGLAP equation
with modified boundary conditions to include
squark mass effects

e At small x, there is no significant differences
between massless and massive cases

e Atlarge x, significant heavy mass effects exist
* Possible squark signature at small x in W',

* The kinematic parameters chosen for Q?, P?
and m? are just illustrative values and are not
necessarily realistic values in the ILC region.
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e The parameters can be freely scaled up or
scaled down since we have general formulas
for the structure functions, which only depend
on the ratios such as m?/Q?, P?/Q?. The heavy
squark mass, m, could be set larger than 1 TeV
as the recently reported results from the
ATLAS/CMS group at LHC.
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g, with various mass
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g, with various P2
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Analytical Results (4 W’s in real photon)

T

x 1
Werr = NC—63 [L T {ET:B + (22 — 1)} + B {Ta:(l —x) + 202 — 22 + 1}]
Wirr = Ncge [L{r2® +22(1 — )} — 68x(1 — )]

4

q

a o 1
Wip = Nc;eq L Tx 4+ B(2x — 1)]

Wi, = Ncgeé [L {27‘ (1 -+ %‘T) :132} + 3 {2:1:2 + 7 (1 — :r:)}]

T

- .14+ _ 4m? B TX
with £=m —2 r=% 6‘\/1_(1_3;)

The others (W, W, W', , W@ ) vanish In real
limit (P—0)
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Analytical Results (8 W’s in virtual photon) —(1)
For simplicity we use the followina definitions:

L:lnl—l_ﬁé [’5_\/1—132622_\/1—43"2132
1— /38 (p-q)? Q?

4m? 4m2x
and ﬁ_\/l (p+a)? \/1+ rP? + (v — 1)Q?
Wop = N2 —e, [L——(l — B%3%)(4z(1 — z) — 1 + B?) {2 (m—2 — P—2(33 +x— 1))
vy 4385 Q>?

30— = )1 - ) + 22 Q—Z]+(2m—1)} 5{ (Z—jmw(af: — 4z t2) - 1)

(x — 1)) + —(1 — B?) [Q—(Bm — 8z — 2) + %(12332 — 8z + 1)]

2
Q2

Wrr = N, ge‘lzm(l — 2:13)2132 [— ! L {2:1; (P—2(2m2 —2x 4+ 1) — 2m2>
TL — c Q 255 Q2 Q2

] +2a -1} 366_ (P_2m 1)

21m 2

Lla—pel [(1 _2)(1 - f?) + ept

" ] +(2m2—2m+1)}]

(1 - A7) [(1 —2)(1 - B +m52Q2 "



Analytical Results (8 W’s in virtual photon) —(2)

o, 2P2x\° 1 , (P? 2m,2
Wir = Nc;fiq 1— Q? _EL 2T E(Zm —2x+ 1) — E
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2 2
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Analytical Results (8 W’s in virtual photon) —(3)

Wi = Nc%ei [B_IE)L {—2:13(1 S [1 —B*(1 —x) + ;W?%] +2(1 - AH)z(l — z)

+%(1_52)(3+,@2)+8$2—6:13(1—52)}{ il [(1 B x(1 — x)

1 o a2 2 'm_2 P_Qm ﬂ e _P_2 A2
1380 B 7|+ o T+ LTy - )
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= ) e - ) — (- ) (¢ D et )}

Wis = NoSel/1 - 7| on (4 e - D@ -3 - 1)~ @)+ - )

T

2 2 0 .
X (%(8$2 — 8x — 2) -+ %(8:}32 — 8x + 1)) 4+ 2%:13(1 _ 32) [(1 o ﬂ’:)(l B )@2) n mﬁz%]

+(1 - 22)*) - %—f (m - ‘“%) (3“3 Sl 3)2_:)]

TAa __ « 4\/7'“
Wie = N.—el\/1 - 32

v

1 - P2 2m? + P2
it {70 ] e (1 2 )

4 {e-neats)

X



Q*=(1000)* GeV?, P*=(10)* GeV?, My ,,=300 GeV, my,,=700 GeV
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