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Particle production by gluon fusion in pp scattering

Suppose we produce a scalar particle (e.g. Higgs) in a gluon-gluon
fusion.

For simplicity, assume the vertex is local:

Lo = g<1>/dz D(2)F*(2), F* = F° FH

prtoa
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Matrix element between hadron states = >, = |

“Hadronic tensor”

def

Winpna) &3 [dx e o pal P WO XIFO) o1, pa)
X

- / dx ¢ (p palF () F2(0) o, )

Double functional integral for W
Wipapea) = 3 [a e @ papalP0X) (X O lpa.pa)
tr—00 X Altr)=Alty) Pa)=v(y) - > -
= lim_ d*x e7i" / DA,DA, / DYDYDYDY Vs (A(1;), (1))
X W (A1), (1)) e Soe0A0) 5o () F2 )2 ()W, (A (1), (1) W (A1), (1))
“Left” A, ¢ fields correspond to the amplitude (X|F?(0)|pa, ps),

“right” fields A, v correspond to amplitude (pa, pB|F*(x)|X)

The boundary conditions A(tf) A(ty) and w(tf) (tr) reflect the sum over
intermediate states X.
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Rapidity factorization for particle production
Sudakov variables:

p = api+Bp2+py,

2 2
P1 = pa, p2 =Pps, p1:p2:o
s 4 . s _
X = prox = [T, Xe = prox =4 [ox
pA

"Projectile” fields: |F| <b

"Central” fields

"Target” fields: |X| < a

We integrate over “central” fields in the background of projectile and
target fields.
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Rapidity factorization for particle production

After integration over C fields

W@AaPB;‘I)

4 A=Ay Da(ty)=1balty) o
= /d xe_qu/ DAHDAH/ Dq/)aDqu'lf{/’aDwa

—

% e*iSQCD(A&;)u)eiSQCL)(A7U’(«)\Ij* (A([i), /l/;a<li))\llpl4 (A(fj), U(tl))

PA

Bliy)=B(y) Oo(t) =t (tr) I
X / DB,DB,, / DipyDipp Dy D1y

x ¢~ iSacoBn) iSacoBU0ys (B(1;), 4 (1)) Wy (B(1), (1))
X esefr(U7V707‘~/)O(q7x’ y;A7 ¢G7A7 qza; B? /l)bh’ B’ sz)
O - sum of the connected diagrams for F2(x)F?(0) in the background

fields
Sefr - effective action (sum of disconnected diagrams = e5¢f).
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Approximations for projectile and target fields

At the tree level 3 = 0 for A, A fields and « = 0 for B, B fields <
A =A(xe,x1), A=A(xe,x;)and B = B(x,,x,), B = B(xe,x1).

NB: because of boundary conditions A(z;) = A(z;) and (1) = (1) for
the purpose of calculating the integral over central fields one can set

A(xe,x1) = A(Xe, X1 ),  Yal(¥e,x1) = Pa(¥e, x1)
and

B(x,x1) = B(xi,x1),  Up(xe,x1) = Pp(xa, x1).

The fields A, v and A, ¢) do not depend on x, =

if they coincide at x, = oo = they coincide everywhere.
Similarly,

B, 1, and B, 1, do not depend on x, =

if they coincide at x, = oo they should be equal.
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F,,(C) in the tree approximation

: : :
Z
®,
: g
000000000G400000000000003000000000000%
&, o o
F g g S
2 S S
5 g S
& (@ (@)
pB

F,,(C) = sum of tree diagrams in external A, A and B, B fields
with sources J,, = D"F (A + B) and J,, = D*F,,,(A + B)
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F,,(C) in the tree approximation

Since A = A and B = B the sources and background fields are the
same to the left and to the right of the cut

=
F,,(C) is a sum of diagrams with retarded Green functions
(F. Gelis, R. Venugopalan)
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Classical solution

The sum of diagrams with retarded Green functions < solution of classical YM

equations
DVFZV = Zgwff“%ﬂ% (P“”mf)wf =0
f
with boundary conditions

Ap®) P EZ Ay (vex1), () E (e, x1)
AH('X) x._):_oo BM(X*,XJ_), ’l/](x) x'_>:_°° wb(-x*rxl)
following from C,,, 1. "= 0.
The projectile and target fields satisfy YM equations

D'Fi, = Y gy, (P+mp), = 0
G

S gy, (P+mpy), = 0

f

D'F},

Method of solution: start with A,, + B,, and correct by computing Feynman
diagrams (with retarded propagators) with a source J, = D*FH (U + V)
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Power counting for background fields

To get the relative strength of Lorentz components of background
Alxe,x, ) and B(x,, x, ) fields, we compare the typical term in the

leading contribution to possible higher-twist corrections
Leading-twist operator

11

. , X7 X3

(Pa| UL (xe,x 1)U (0)pa) ~ s* (g5 + —52)
Sl

Uﬁi(ZMZJ_) = ([—OO.,Z.]?*)abAii(Z,,ZJ_)
Higher-twist operator

d"" (pal U (xe, 21 ) UL (63, x1) UZ(0) pa)

3 xk ¥ L ox x#xjixk
~ s gz, +glk + &> + >
xJ_ J_ S Sl

= Uy ~ s— ~ sm . Similarly, Ve, ~ s— ~ S
J_ J_

(For the purpose of power counting m | ~ g, ,my)
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Power counting for background fields

In this way we get the relative strength of the background gluon fields
in projectile and target:
Av(Xe,x1) ~ 8, Ae(xe,x1) ~mi, Ai(xe,x1) ~ my,
B.(xs,x1) ~ m}, Be(xe,x1) ~s, Bi(xe,x1) ~ my
for the gluon fields and
P1a(Xe,x1) ~ mi/z, Vitha(Xey X1 ) ~ m‘l/z, Pra(Xe, X1 ) ~ sy/m_,
. 3/2 . 5/2
Pll/’b(xo,iu) ~ S\/mg, ’Yﬂ/}b('xth_) ~ mL/a pgwb(X.,XJ_) ~ ml/

for quark fields.

We see that there large background fields A,, B, ~ s so the linear term
J, ~ D*F (A + B) ~ s* = the expansion in powers of J,, is bad.

. Balitsky (in collaboration with A. Tarasov) (JLAHigher-twist corrections to gluon TMD factorizati



Way out: gauge transformation

Gauge transformation with a matrix ©(x) such that

Xy —>—00

Qxs,Xe, X1 ) "= [Xe, —00e A

x Q(x*7x07xL) x.joo [x*7_oo* X.

The matrix 2 is obtained in a following way:
Ap(xs,xe) = QT(x*,x.)é?MQ(x*7x.)

is a solution of our YM equation in 2 longitudinal dimensions.
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Way out: gauge transformation

Gauge transformation with a matrix €2(x) such that

Xe—>—00 B.

R - [X*, _Oo*l\

Q(x*7xI7xJ_) - [X., 730'];\*7 Q(x*vxhxl)

The initial conditions turn to
Ap(x) N Up(xe,x1),  ¥(x) B Ny(xe, x1)

Ap®) =T Vulroxn), (@) =T Sylrex)

where
2
Up(xe,x1) = ;pz/,U.(xuxJ)+UM(X.-,M),
2
V;:,(x*vxj_) = EPI;LV*(XMXJ_)+V;LL(X*7XJ_)7
2 [, / 2 [, /
Ui(’thL) = = dxo U*,'(X“XL), Vl'(x*rxl) = - dx* Vti(x*'/xL)
S ) oo S ) o
Ya(Ze:21) = [—000,2e):t(2e,21),  Zp(24,21) = [—00s, 24]:¥(24,21)

New initial conditions look like the projectile fields in the light-like gauge p5A,, =0
and target fields in the light-like gauge p{'A, =0
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Classical solution with new background fields

Now all background fields are ~ m

=0

Ui(xe,x1) ~ my, Us(xe,x1) ~m7, U,
Vi(xu,x1) ~ mi, V(X x1) Nmﬁ_, Vo = 0

and we have to solve

DR, = S gl . (Pl = 0
I

with boundary conditions
Au(x) = U, (X.,XL), ¢(x) SR Za(-xost)
A,U«(x) x.—>:_oo VM(X*axl)v 1/)()6) x._>:_oo Eb(x*axL)

Now we start with U/,, + V,, and computie Feynman diagrams (with

retarded propagators) with a source J, = DF'/(A + B) ~ m’
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Expansion at small momentum transfer

The solution of YM equations in general case (scattering of two “color glass
condensates”) is yet unsolved problem.

Fortunately, for our case of particle production with 4 < 1 we can use this small
parameter and construct the approximate solution as a series in ‘/‘

Example:

Ao = Ut [eol o pl U V) = Vet [t —— [0 V1)

~ B + ie

2
The characteristic o > oy and 8 > 3, s0 a > %

lpJ_
= (——2) =
ma_%+km M) + Gl B ) + -

and in the leading order in p, /p; we get

m@:Umm+/Mﬂ —[2)[05, V](2)

_ U,(x.,xl)—é/_x ¥, (U, 1), Vx50
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Gluon fields in the leading order in pi/pﬁ ~q3/0*

With the expansion
1 1 1 1, 1
Priepo  pl-ptiepe Bl Pt 0+ iepo
the dynamics in transverse space is trivial
Gluon fields : Fﬁi_]) = Ve, Fii_l) = U,
FOU = Ut Vie - %SU;‘bvbf
FO = v - iusvy - miﬁ‘” —D"bV_}”ﬁ I,
i 1

(0)a a _ yabyb 7(0) ab 1 rbe G
F = Vi —VOU] = 5 =LY = DU eV,
(ﬁ+t ) 2(B + ie)

*i
ilU;, Vi] — i[Vi, U],

F f,? ) — ik + Vik —
where
L0 = iUy — iV Uy — DI (VS 4 VI US)
2 (U“”V” VEU;) + SatviZp + SptviSa

ion with A.
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I. Balitsky (in collaboration with A. Tarasov) (JLAHigher-twist corrections

Gluon fields in the leading order in pi/pﬁ ~ g3 | Q?

With the expansion

1 1,

= —— = —————p .
P riepo  pt—pl+iepo  pt o pt+iepe pt+iepo

the dynamics in transverse space is trivial.

Gluon fields:  FV = v, FGY = v,
FU = Ut Ve = SUSVY

o . '

F(O)“ - ye — ~Uabe _ ! L(O) _ quvbc U9

o e T i T T 2atie)

A 1 ‘

FO = va vyt - L [O _poyb__—__y9

*i *1 LV i 2(B+i€) i 12 J 2(5-‘1-1'6) )

F = U+ Vi — ilU;, Vil = ilVi, U,

We integrate over o without cutoff « > o since the contour over « can be
removed from the pole to the region of large « (if there is no pinch). Similarly, we
integrate over all g’s.

(Different from SCET where they keep the cutoffs a > o, and 8 > a,).
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TMD factorization with power corrections

At the tree level
g )
F2x) = ZUS()VE) + 2o AU (U () Vi@V () + .
AIK = glighl _ gikgil _ gil gk
= in the region s > Q% > Q%

64 /5> . 2 . _
W(pa,ps:q) = Nz/_s 1 /deL e’(q’x)lS/dx.abak o~ i0tgXe i
C

X { (palUZ (va, 2 UZ(0) ) (pi| Vi (e, 1) Vi (0) )

NCZ Aide e 2 bc a b
g g | A ™ U e 21 U5 2 U O )
< [ V5 VL5V O)lpa) + x5 0)

QQ (easy to see e.g. on a quark target)
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Conclusions and outlook

Conclusions
m Higher-twist power correction to particle production by gluon fusion
ats > ¢> > ¢% is calculated
Outlook

m Power corrections to Drell-Yan and SIDIS
m Factorization at the one-loop level (and match to evolution
equations for gluon TMDs).
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Thank you for attention!
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