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Power corrections to TMD factorization

A typical factorization formula for production of a particle with a small
transverse momentum in hadron-hadron collisions:

do

M = Z/dszei(q’b)er/A(anblaU)Df/B(vabLan)U(ﬁ — H)
f

+ power corrections + Y — terms

When we increase transverse momentum g3 of the produced particle:
m At first the leading power TMD analysis with (nonperturbative)
TMDs applies,
m then at some point power corrections kick in,

m and finally at ¢> ~ Q? they are transformed into so-called Y-term
making smooth transition to collinear factorization formulas.

In this talk | try to answer the question about the first transition, namely
at what g5 power corrections become significant.
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Higgs production by gluon fusion in pp scattering

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

For simplicity, assume the vertex is local:

Lo = gu / &2 D()F (D), F=FoFm
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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)

tf—o0 ~

- . At)=A(ty)  _ Vi) =ply) - . 7 _
= iim [dtxein / DA,DA, / DYDIDIDY W (A1), (1))

X W3, (A(), (1)) oo B iSoco ) B2 () F2 () 0, (A (1), (1)) Uy (L), (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 = ap1+ Bpa+py, P1~pa, pp=pp, pi=ps=0

p
A "Projectile” fields: |F| <b
"Central” fields
"Target” fields: |X| < a
pB

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 ¢~ iSecn (Bt giSoco (Bebn) s (B(1y), iy (1)) Wy (B(1r), (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 Ievelﬁ =0 for A, A fields and o = 0 for~37B~fieIds =
A=A(x_,x,), A=A(x_,x;)and B = B(x4,x,), B=B(x_,x]).

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

A(x,,XL) :A(x*axl)a wa(x*axL) = wa(xfny)
and

B(xy,x1) =B(xy,x1),  ¥plrg,x1) = Pp(xy,x0).

The fields A, 1 and A, 1) do not depend on x, =

if they coincide at x; = co = they coincide everywhere.
Similarly,

B,;, and B, ¢, 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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F,,(C) in the tree approximation

Since A = A and B = B the sources and background fields are the
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(F. Gelis, R. Venugopalan)

& : ‘I
é §
S
000000000 000000000000080000 OOOOOO&
[ [®, (&
F g g 8
3 g g
3 1S S
& (@) (@]
pB v i

I. Balitsky (JLAB & ODU) Power corrections to TMD factorization for particl



Classical solution

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

DVFZV = Zgﬂf“%ﬂ% (P“”mf)wf =0
f

with boundary conditions

Apu(x) S

Auleoxn), @) =Ty
Au(x) R

Bﬂ(XJrva.)a T/J(x) )inoo

Yp(xy,x1)
. ——00
following from C,,, 4. = 0

The projectile and target fields satisfy YM equations

DF, = > gy,  (P+mpy = 0
-

D'Fi,, = Y gl yf,  (P+mpd, = 0
7

Method of solution: start with A, + B,, and correct by computing Feynman
diagrams (with retarded propagators)
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Classical solution in A?%!° — 4**' — o gauge

Convenient gauge: A, = 0 for the projectile and A_ = 0 for the target.

Ui(x_,x1) ~ my, U_(x_,x1) ~mi/\/s, Uy =0
Viley,x) ~ my, Vi(xp,xi) ~ mi/\s Vo =0

and we have to solve

D'F, =Y ety (P+mpy) =0
7

with boundary conditions

Xy —+—00 Xy —+—00

Ap(x) "= Uyl xy), ¢x) = E(lr_,x)

IV gx), 9()

Now we start with U, + V,, and compute Feynman diagrams (with
retarded propagators) with a source J, = DHFF (U + V) ~ m3
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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:
1 i 1 ;
A_ = U_+ [dz(x pr 1)U, V](z) = U- + (x| ———3)[U;, V'](2)
a— E+le
The characteristic o > o, and 8 > 3, s0 a > ”ﬁ%
_ 1 pJ_
= (xla_%+i6|z) (o~ \z)+(x\a+leﬁsa+le|)+

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

A(¥) = U_(exy) + /dz<x| —[2)[0;, V(2

= U_(x_,x;)— %/_ dx’ [l]j(X’_,XL),Vj(.x+,XJ_)]
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Gluon fields in the leading order in pi/pﬁ ~ g3 | Q?

With the expansion

1 I R P |

— = - - = — Pl — +
p*+iepo  pj—pitiepo  pj pjtiepe ~pf+iepo

the dynamics in transverse space is trivial.

Gluon fields : F(:.]) = V_, F(;.” = Uy,

FOY = vy v —iutvy
FO _ g gyt - i/Vs 50 _ pabybe /s U

—i —i

2(a+ie) P 2(a+ie)
(0)a a sy7abyrb l/\/g 7(0) ab y tbc 1/\/5 cj
FO = ye, _jyayb - _UNVZ_jO) _ pabpgbe _IVZ_ye
+i +i VUi 2(6+i€) i i 2(B+i6) ?

FO = Uy + Vi — iU, Vi] — i[Vi, Ud],
where F(® denotes term of n-th order in expansion in powers of % ~ D
]

L = —iU® vy — iV Uy — D (US4 VIUS)

— (UL VE = VP U) + Sat*vi%p + Spt*yiEa
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Gluon fields in the leading order in pi/pﬁ ~ g3 | Q?

With the expansion

1 I S |

; = ; = 5 - —D] ;
p*+iepo pﬁ — pi + iepo pﬁ pﬁ + iepo pﬁ + iepo

the dynamics in transverse space is trivial.

Gluon fields : F(:il) =V Fs:il) = Uy,
FOY = upl 1ve —iutvy
(O)a = U4, — anbe l/\/7 Dabvbc 1/\/5
i - — T 2(a+ie) le) ’ I 2(a+ie)
1
F(+Oi)a _ Vii—iV”bUb ’/ Vs l Dabch / \f J
2(B + ie) 16) 2(B+i )

FY = U+ Vi — i{Us, Vi] = ilVi, U,

We integrate over o without cutoff o« > 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 5’s.

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

At the tree level
F2(x) = 4UL (VA (@) + 26" AT () U () Vi (o) Vi () +
AbKL — gt]g gikgjl_gilgjk

= in the region s > 0> > Q%

W(pa,ps,q) = Nzli l/dzxL e"'(q”‘)li/dx_dmr e~ —iByvs
x { AU () U2 0) ) (oI V2 (e 1) V25 (0) )
- [ ai o e U (U Ol
X /_:‘iixﬁr d™ (pg| V" (x, x )V (X x 0 )V"(0)|ps) + x<—>0}
0?

The correction is ~ .
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Z-boson production in pp scattering

pba
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do P> 1-ds} +8s),
B —W ) ) k)
dQ2dydq’. 192553}, (m% — Q%)% + T%m? [=Wz(pa,ps,q)]

Welpnona) = gz 3[4 € oa o) (X))
X
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Same story: factorization + integration over central fields

“Projectile”fields : |8| < o,

“Central”fields

“Target”fields : |a| < oy
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Diagrams for classical solution

Classical solution = sum of perturbative diagrams with retarded
propagators in the background of projectile and target fields.
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Expansion of quark fields

Expanding it in powers of pi/pﬁ as for gluons we get:

) = o0+ o0 ol el 4

where
\Ifff’) = Ya+Eu, Zu = gfz ‘B wAa
‘I’/go) = Ya+Z0, Zon = (¢Aa_l ) lBii%’
Uy = g5+ Eip, Zip = —g?ViAiﬁ_i_ieiﬁB,
\111(90) = &B%—Ew, Eip = —(@Z_)Bﬁiie)viAigfl.

1. Balitsky (JLAB & ODU) Power corrections to TMD factorization for particl S



Power corrections

W(pA7PB q
k,g—k)1
= 8 2 2 N /dsz|: +a§) [1 - Z%LCIM(O‘ZJCL) 1u(6m‘1l kl)
2
. 1)"<qQZ">h (ki (B — K1)
N
2k2 k)32
S e DAY kR B — )
I3 (g k RS (Bey g1 — k)]
_ NC (kaq - k)J_
N—1 @

X (2(1 +ap) [ (k)i (Ber g — ki) — J5 (o, k)50 (Bzy g — k)]
+ (1 )[Jtlwu?’(amkl)]tlzs(ﬁm q.1 — kl) +]t2wu3(a27kl)jt2ﬁ3(6m q1 — ki)
+ 103 (g k) (Bes g — ki) + 750 (kL ) (Bes g1 — kL)])

bl i) + feoeh s fuordhs fuos)] 1+ o(ﬂﬁ)) i

N
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Leading-N, power corrections

2
Power corrections are ~ leading twist qu—iz x (1+ Ni + %)

(Pleasant) surprise: terms not suppressed by Ni are determined by the
leading-twist terms due to QCD equations of motion
Leading twist:

1
8m3s

/ dx_dPxy em @ HEDL (AL (x_ 1) poip(0)|A) = fis(a,k2)

Power correction:

8
8m3s

dx_dx| e ix— +i(k,x)

X (AW (x_,x1) a0 x1) — ivs Ui, x )]0 (0)]A)

= —ki fir(ag, k1) + O(ay).

(Mulders & Tangerman, 1996)
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Power corrections to Z-boson production

Result:
Wz(pa,ps,q) = SSWiV/dZM
x [{(1 )1 -2 B o ki — k)
#2002~ I o i k0 + (0 0 30)
my
s{uoctfuodt{uos](i+ o)

e =(1=55%), aas=(1-3s53)

Power correction is ~ E'
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Power corrections to Z-boson production

Result:

o2
Wz(pa,pB,q) = —/deL

8chW
X [{(1 + a?) [1 - ZM] Suulas, k)fiu(Bey g — ko)

02
K k _
(q Qz) hlu( ki )hﬁ:(sSQCIL — ki )+ (a; < ﬁz)}
N

+{u<—>c}+{u<—>d}+{u<—>s}]<1 + 0(%)).

ay,e = (1 — %S%V)7 ads = (1- %S%v)

+2(a? —1)=+

Power correction is ~ @

( y- and > terms involve twist-3 quark-quark-gluon TMDs which do
not reduce to leading-twist distributions).
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Estimate of power corrections

If 0 > k% > m% we can approximate

fla myh(o
fitoekd) = T o i) ~ MAHOD
1 1
&2 1 (k C]—k)J_
= Wolparppq) = ——o— [Pk [1 -2
oarna) = e [P | )

X Z(l + a})[ﬁ”(az)]_ff(/@z) + fr(a)f (B)]
f
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Estimate of power corrections

If 0 > k% > m% we can approximate

mlz\,h(az)
K

fla
fl(az’ki) = 5(22)7 h%(azvki) =
1

e? 1
= W, ,PB, 2—/d2kL[1—2
Z(PA B Q) SS%VC%VNC ki(q — k)i Q2

X Z(l + a})[ﬁ”(‘lz)ﬁ(/@z) + fr(a)f (B)]
f

With logarithmic accuracy

e’ 1 qi 1 0
TR AN st ppins
dsyewNe LT my 07 g7

xS+ @) fla)fulBe) +fila)f (82)]
A

Wz(pa,pB,q) =

= power correction reaches 10% level at g, ~ %Q ~ 20 GeV
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Drell-Yan: same formula and same estimate

2 1
WM(PA’pBaCI) = T /dsz-
: D) ey

A1 M} (a1 (50) + 0 6]

0?
2
+ 2e2 (g s (By) + hf(aq)hf(ﬁq)] 02 }
2 b kg
N dszki(q—k)i [1 e }

X Z exlfr(ag)fr (By) + Fr(ag)fy (By)]
f

= power correction reaches 10% level at g, ~ ;0
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Conclusions

Conclusions
= Higher-twist power correction to H and Z production at s > ¢> > ¢%
are calculated. The estimate gives 10% corrections at g, ~ %Q.
Outlook

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