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QCD: Hadron at different scales

soft physics perturbative QCD

Quark and gluons don’t exist as

2 2
asymptotic states Where does (Q“ come from?



Parton model. Factorization

Factorization: separation of
different phases




Kinematic variables

An arbitrary momentum: An arbitrary coordinate:
2 2
p=apr + BPQ + Pl 2H = EZ_F]?'LlL + gz_pg + ZﬁL_

Scalar product:

p-z=o0z_+Bzy —piLz1 p2:0458—p2¢



Rapidity Factorization. DIS

_ Background Hard part
An arbitrary momentum: _ o

p=ap + Bp2 + 1

Use this parameter to

. .
--------

separate phases

lan Balitsky (1996)




Rapidity Factorization. Evolution

p=oap,+ Bps+pL Background Loop Hard part
4 § e 'y o ) i

Use this parameter to
separate phases

0 .
--------




Evolution

Can construct general equations
interpolating between different
kinematic limits
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Factorization. Drell-Yan

p=api + Bp2 +pL
A X

Can not use one
variable




Factorization. Drell-Yan

Factorization is not
obvious

P p=ap1+ Bp2 +pL
T

[—00, 24 |P(@)¥(2)[z—, —od]

P1 ‘
- e— . A ", .. :‘.
— —\ —~ Y Have to include two
| T types of gluons

P2



Factorization. Three-gluon vertex
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P1 ‘_g

Key ingredient. Easy to check
in the leading order

What about resummation in
all orders of perturbation
theory?¢

P2



Factorization. Tree diagrams

B_|_(£U_,$J_)
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Feynman diagrams in two
background fields

We perform resummation of
this type of diagrams



Background fields




Shift

______
P
.

Shift of the field
a a a a
CM — CM + AM + B,

Covariant derivative contains interaction
/ with the background fields

F., =F.+({D.,C,) —(D,C,) —ig[C,,C,]*
4>

el B _,
A(wyywy) | BHEo L)



Gauge fixing tferm

1 . 1 . Y
_ a \2 . a\2
Loop = —7(F) (€ + A) — 5 (1D" —igCh}Cy)
....... QCD in the background T We will define this field later
¢ Gauge fixing term. Compare
[ ‘ with the usual choice
L, - 2
L —5(D"C)

Using non-standard gauge
Yy fixing term effectively resum
f standard diagrams



Definition of the field

1 . 1o ; - 1
Loop = =5 CiO Cy + DIFLC™ — L Fu, FH — gf**CMCD,CY — S g f* freCLecin e
h

.
.,

Non-standard Field separation
propagator :

Loon = Ci{ = (9" Pl + 2igF Ly )L + D7
+gfabc(zébubyéc,u, o Cuvbl/i)ucvvs) o g2fa,brfcdré£é«cuédy} 4.

Define the field by cancellation
C of this term



Master equation

(guvﬁ3b+2igﬁgbu) ‘“llj _ ﬁyﬁauu+gfabc(Qébyﬁyécu_ébyﬁuéﬁ)_g2fab7’fcdrcuvlljéc,ucuvdv
Master equation

1) Neglect transverse  :
momentum 2) Solve by iteration

C=C'+C?+C%+ ...



Iferative solution

(guuﬁ3b+2igﬁgbu) ‘“llj _ ﬁyﬁauu+gfabc(zébyﬁyécu_ébyﬁuég)_g2fab7’fcdrcuvlljéc,ucuvdu
Master equation

C=C'+C?+C3%+ ...

uQa_i_g 1 S \ac/ rcrbAlr S1b
C+ 9 (75_75+7D+) (f C+ C—)

U2a__i_g 1 S \ac( gerb Alr A1b
C = g PO )



Iferative solution

(guvﬁ3b+2i9ﬁ5bu) ‘“llj _ ﬁyﬁauu+gfabc(Qébyﬁyécy_ébyﬁuéﬁ)_g2fabfrfcdrcuv’ljéc,ucuvdv
Master equation

1) Neglect transverse  :
momentum 2) Solve by iteration




N _ :'
@Y

Pure gauge
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We can reconstruct gauge
martrix order by order

We neglect tfransverse momentum. Let’s
calculate correction to this picture



Transverse correction

(guuﬁ3b+2igﬁgbu) ‘“llj _ ﬁyﬁauu+gfabc(zébyﬁyécu_ébyﬁuég)_g2fab7’fcdrcuvlljéc,ucuvdu

Master equation
Allow small transverse :

i : Correction -----...
momentum transition :
: €
(P + gC)aCi = i(P + gC)*™ 9;(A+ C);)
v.. » ¥
gA, + gCu',u = ’LQ@MQT
] (?QN),C? = —Q*9%(Q19,Q)°

All effects of the pure
gauge are included



Transverse correction

Co = —2Q(Q10,0)" o s, + LIRS o, + QPRGN 0, + - (20,01
g T g Y ) T g
Solution in terms of
the gauge matrix
We can calculate the a5 U ~ab ; b
strength tensor F&(A+C)=-Q70-(Q 002 2\ 2,

g >

It is easy to reconstruct the gauge
matrix at infinity. It is just a semi-
infinite Wilson line



Strength tensor

Gauge matrix, has a complex dependence ..
on background fields
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Factorization

]ea

P (x) iz(l’) [—OO»37+]al]:—l—z'(5’7+axL)ﬁiz‘(f—aﬂ?L)[f—a_OO

1) The color is disentangled

2) The expression was
obtained in the limit of
small momenta

3) The result was obtained
through solution of the
equation of motion



Factorization. Corrections

(guuﬁ3b+2igﬁgbu) ‘“llj _ ﬁyﬁauu+gfabc(zébyﬁyécu_ébyﬁuég)_g2fab7’fcdrcuvlljéc,ucuvdv

a a al 1 e ea __.--"“‘.CorreCTiOI’]S?
F2i(a)Fi(x) = [—o0, o | Fl(wq, w1 ) FEi(@—, 21 ) [, —00]™

1) The color is disentangled

2) The expression was
obtained in the limit of
small momenta

3) The result was obtained
through solution of the
equation of motion

vd 4) Can calculate
f corrections to this result

lan Balitsky, A.T. (2017)
in preparation



