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Hard scattering cross sections
within collinear factorization

2
1 PDFs are related to the structure
N no of the hadrons, universal to the
— AT scattering process
n . . .%*3

Oh,,h,—n(P1, P2) = Z J dxidx; | folx1, 1) fo(x2, 1) | Oqbom (X1P1, X2P25 1)
a,b

é\Ta,b—m(pa)pb; H) — [dq) (pmpb — {p}n) ‘Ma,b—m(pmpb — {p}n; H)\z O(Pa»Pm{P}n)

Phase space (includes Matrix element (squared)| Observable, imposes
spin/color summation) contains model parameters,  phase space cuts
governs the kinematics governs the dynamics
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High-energy, or kT, factorization

Gribov, Levin, Ryskin 1983
Catani, Ciafaloni, Hautmann 1991

dx dx;

Oh;,ha—QQ = szku o F(xi, ki) d'kay ~ Flx2, k1) 699(

2
m- kL ko
X]XZS’ TTI, m

e to be applied in the 3-scale regime s > m* > Agqp

e reduces to collinear factorization for s > m?* > k4,
but holds also for s > m?* ~ k3

e unintegrated pdf F may satisfy BFKL-eqn, CCFM-eqn, BK-eqn. ..

e typically associated with small-x physics

e relevant for forward physics, saturation physics, heavy-ion physics. ..
e k, gives a handle on the size of the proton

e it is known how to construct the necessary gauge invariant matrix elements
with off-shell gluons Lipatov 1995, Antonov, Lipatov, Kuraev,Cherednikov 2005
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Lipatov’s effective action

Effective action in terms of quarks 1, gluons v, and reggeized gluons A ..

L = Locp + Lind

1 1
Locp = pDY + 5T G, Du=0,+gv. G = g[DH,D V]

Lind = Tr{;m P exp (gj w(y)dy*) 02A_(x)
1 9 . — 2
+ 56_ P exp > v_(y)dy - 02A L (x)
kL = (nf)k“ M) =Mn")?=0 n"-n =2

Amplitudes are build up with ,MV A,X/w

the help of effective reggeon-

gluon vertices. W\MN\A MN\A WM\A
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Kinematical setup

k1 Pi
kKi+kyo=p1+p2+p3+ps
P2 ki =x1Pa + ki k, = x2Pg + k5
Pa-ki1 =Pa-kip =Pg-kig=Pg-kio=0
p3 P2 — P2 =0
Kk P4 ki =k, ks = ki,
2

Off-shell initial-state gluons =— what about gauge invariance?
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Kinematical setup

k1 Pi
kKi+kyo=p1+p2+p3+ps
P2 K1 =x1Pa + K k, = x2Pg + k>
Pa-ki1 =Pa-kip=Pp-ky1=Pg-kp=0
b3 P2 =P} =0
Kk P4 ki =k, ks = ki,
2
P / P /
Pa > & P1 Pa > > A
K1 P2 P1
P2
k2 ps K, P3
P P4 P &
’ PB’ ’ \PB’
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Two off-shell initial-state gluons

Embed the process g*g* — X in the on-shell process qaqs — qaqs + X.

PA Par PA PA’ PA Par PA Par
K
- £+ 4+ 4.
k) k) PB’
PB |%:1 PB |%:1 PB |%:1 PB

€1 — (E>O>O>E) €2 — (E>O>O> _E)
PA —Par = k1 = x14 + ki1 + 2, P — P’ = k2 = x2€0 + kay +yid;

The terms y,{, and y;{; are necessary to keep all quark momenta on-shell. Usu-
ally, one takes {; = pa and {, = pg, and extracts the amplitude for g*g* — X by
neglecting terms proportional to y;,. That is the high-energy limit.
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Continuation to complex momenta

e Wwe are just interested in a gauge invariant amplitude A(g*g* — X)

e the amplitude A(qaqs — gqaqgs + X) must be gauge invariant, must be com-
pletely on-shell, but does not have to be physical

e introduce complex on-shell momenta pa, pa+, P, Pr-

e? — 1z<€2—|'YFL [€1-) l, = %<(31—|'YH [€,-)

ly-k 63k
ph=(A+x )l — == ph, = Al S g
(81 °€2 €1 'EZ
{;-k ly-k
P = (A+x)tf ———=t  ph = AL+ ——=0}
(81 °€2 €1 'EZ
Now we have both the high-energy limit and on-shellness:
PA—Par =Xl + K7, P —Pp = X2l + K5, PA PA’
PA =Pa =Ps = P =0 IE
for any value of the dimensionless parameter A. pPB PB’
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Extract physical amplitude

Assign spinors to quarks without breaking gauge invariance.

€3-) = [41-) (la—| = (€] qa(pa) — [6i-) qa(par) — €|
[€4—) = [02-) (€3] = (€| qe(ps) — [{2-) qe(ps’) — ({2

Take limit A — oo to extract physical amplitude. This is not an approximation.

PA PA’ | For for an A-quark line propagator, we get
j:g P A+XLFYL+PL Ao £

Pe Py pr  2A+XyL-L Pl 2yLh 20p
pa = (A+x1)0 + ki3ls Gluons will attach to A-quark line via eikonal couplings
par = Ay — Kkyaly
Pa —pPar =x10 + ki Gy ly™=h - )
= (LY G =) G-Iy [ =) (G=] - - 18-)
PB = (A 4+ x2) + Kosly — (2@;” )(2@*2) cee

prr = Ay — K233
e — Ppr = X2l + ko Analogously for B-quark line.

\
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The prescription to get 2(g"'g"—X)

1. Consider the process da g — qa qg X, where ga, qg are

distinguishable massless quarks not occurring in X, and PA pal
with momentum flow as if the momenta pa,pg of the 1
initial-state quarks and pa, pg- of the final-state quarks : 2
are given by n
PsB Ps’

p;t:qu y PEL:kEL y P;Lv:PELf:O-

2. Associate 1 instead of spinors with the end points of the A-quark line,
interpret every vertex on the A-quark line as g T {7 instead of —igsT§v*,
interpret every propagator on the A-quark line as 6;;/{; -p instead of id;;/p.

3. Analogously for the B-quark line with £;.

i x11/—2k? 1 X5/ —2K3
4. Multiply the amplitude with i L, 122 2L

X
Js Js

For the rest, normal Feynman rules apply.

In agreement with Lipatov’s effective action.
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One off-shell initial-state gluon

)]V:—Erl—l—ﬁ—::n-]

v . kY +n, kY , kukY
il <_n“ i n-k (n-k)?

e the current | = J;, with momentum k; and containing all particles except the
qa quarks, is attached to the A-quark line as —{; - J;, independently of the
gauge.

: L. |
e current conservation k;-J; = 0 implies —£;-J; = — kg, -J;
X1

e if we choose the gauge with n* = (}, then all contributions with currents

attached to the A-quark line vanish, except
— the one with J;

— and possibly a contribution for which all gluons attached to the A-quark
line are on-shell

This is exactly in agreement with the found correction term for g*g — ng.
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Summary

e gauge invariant matrix elements for high-energy factorization is a non-trivial
issue

e presented a prescription to obtain gauge invariant tree-level off-shell helicity
amplitudes for g* g* — X

e in agreement with Lipatov’s effective action

e implemented in a Monte Carlo program,
able to deal with processes like

g*g" = bbZ - bbutu
g*g" — bbZg — bbu'u g
g"g" — bbg
g"g" — bbgg
so far with a toymodel for the k| -dependent pdfs
arXiv:1211.0961

page 12 of 12 A. van Hameren, Helicity amplitudes for high—energy factorization, 28-11-2012, IFJ PAN Krakow 01500



