application to inclusive ee” and DIS

Ww = JwEg) Jv(0) with J* e.m. current of quark
normal product :: useful to define a composite operator for g — 0
= study 7 [JXE) J¥(0)] per & — 0 with Wick theorem

T [JH(£)J7(0)] =
L P (E)YHp(€) ¥(0)7” ¢(0) + (O ¢(0) ¢(€)¢(0) +
P (0)y yHp(€) %0(0)@0(6) — Tr[y#4"] ¢(§)¢(0) ¢(0)¢(€)

= Tr [v"9"] Sp(=£) Sp(&) = 1 (M4 "¢(0) 1 i S(E)
— 1 p(0)y (€)1 iSp(=E) + PV (E) ¥(0)v ¥ (0) :

d*p e~ PE
(2m)* p— m + ic

[
Y(E)P(0)= (O[T [$(&)B(0)] |0) = —i Sp(¢) =i

divergent for§ - 0 = OPE
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(cont’ed)
1 1

Sp(6) =2(i7 -0+ -m) A(E) ~ (iy-0+m) 1n% €2 e + ... —,69
— (5_2 _,Y?f)z 4;22_ + 471% ng o + termini meno singolari
most singular term in 7 [J%(&) J¥(0)]
Tr S (—7S, (") ~ ~Jgrm i T 01+ g
D LU _ oepigv
— ii(g _Qi)i + ...
less singular term in T [J%(&) JY(0)]
W (E)YFY(€) P(0)y(0) : = O(£,0)  regular bilocal operator
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(conted) intermediate terms

— 1 () iSp(&) W (0) 1 — 1 p(0)y” iSp (=€) yub(€)

Y B B
~ o ;ﬁ —z  HOUIMI(O) — FOWA (O : + .
_ i 50 - 50
— 272(£2 — i¢)? (O',u)\up OV(Sa 0) + ¢ Culvp OA(& O))

Tu Y\ = <O',u)wp + 1€ vp ’75) ol

YWY — (UuAup - ieu)\z/p ’75) ol

Oulvp — YGulGvp + Gupdv X — Gur9zp
= 00 (£,0) = 97 ¥(0) — ¥ (0)v 9 (§) -

O (&,0) = 1 9()v57*¥(0) + ¥(0)vs7 % (€) :

regular bilocal operators
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(cont’ed) ..
summarizing :

529w/ — 26#5:/ 4 Zf)\
T4(€2 — )4 2m2(€2 — je)?

A
_27r2(§€2 —ie)2 HAvp 046, 0) + Ou(€,0)

T [Ju(€)Jv(0)]

Tulvp O@ (£,0)

« Oy4" (€,0) and O (€,0) are regular bilocal operators for & — 0 ;
bilocal — contain info on long distance behaviour

» coefficients are singular for ¢ — 0 (ordered in decreasing singularity);
contain info on short distance behaviour

* rigorous factorization between short and long distances at any order

 formula contains the behaviour of free quarks at short distances
— general framework to recover QPM results

- in inclusive e*e” (and also DIS) hadronic tensor displays [J%(&), JY(0)]
— manipulate above formula
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(cont’ed)

T [JH(E)JV(0)]—T [J*(€)JV(0)]T = e(¢0) [J#(¢), J¥(0)]

;‘Jg e(z0) = m J* hermitiana

. 1 1 . 2
we have |im — = PV— 4 ind (%)

e—0 12 — je x2

1 (-t 4,5
lim s O (x
e—=0 (22 — ie)" (:132) + (n—1)! (@)
1 1 (=1

n—1,_ 2
M@ i @i oY @Y

§ con &"(0%) = 5 6(a?)

(€0 [740), Ju(0)] = "= Eo0m) 32y L & 52y ., 00(6,0)

A
&a(é' )elu)\ypO (f O) +O/,u/(£ O) Oyu(o,g)
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application: inclusive e*e”

A
tot — 214
2 253 .
In(q) = /d4x e ¢(z9) ™ (z2?)
. im? 2\n—1 _¢ 0N p( 2
/d% e (0[[Ju(z), J(0)]|0) = g ) )
~ /d4cz; ' ¢(9) (O|L (Qxﬂzr;y — z? glw) 83(z2)|0)
373 -
- o 9 0 9 - S
' Ju—"——2——— /d4:1: e'4% ¢(29) 83 (z?) ég(/
37‘(‘ 8q Oq gt 0q¥ C y
1 ~
— 6—7'(' G(qo) 9(q2) (4qMCIV — QQQ;W) 5(a)
4 2
et 1 4% g6}
— " (4q,qu—q° e(¢®) 0(g? L
= o3 (Ganav—agu) e(q) 0(q") — —- 3
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(cont’ed)

starting from quark current Z 6% Z : @f(fﬁ)V“Tﬁf(ﬂU) :
f C
2

Z 6% QPM result !
f

summary : OPE for free quarks at short distances is equivalent to QPM

dTon

> Oy — Ne
3s

because QPM assumes that at short distance quarks are free fermions
— asymptotic freedom postulated in QPM is rigorously recovered in OPE

é equivalent diagram :
' Wy = /d4x e'd® (O|L3 (2:{:;@,/ — a:Qg,U,,/) 83(z2)|0)
3
v — / d4z 9% (0| Tr [S,(2)v*S o (—2)7"] |0)
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application: inclusive DIS

MWy, = o [ et (PI[Ju(@), J(O)]|P) A

— @/cﬂx eldr <2£UM$V — CEQQ;W) 83(5132) <P|P>

04 (z,0)|P)

1 .
+2—7T2/d4:1: 4?22 e(29) a1 (2?) (Plouavp

OZ(SL‘, 0)|P)

1 0. :
55 [ d'2 et (@) 61 (?) (Pligu,

1 oz A A
-|—g/d4xe T2 ¢(10) (P|Ouv(z,0) — Opu(0,2)|P)

no polarization — Wt
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(cont’ed)

[J4(x),J¥(0)] dominated by kin. x2 — 0 = expand O, (x,0) around x=0
regular bilocal operator — infinite series of regular local operators

1
Y(x) = ¥ (0) +x* Oup ()| =0 + 1 ot 2H2 0y Opptp ()| z=0 + ---

00 (z,0) = Y %xm 3 (BB B(@))|_ APP(0) = DOV (Fpy By ¥ ())|__
"= — V —
04 O
0
. 1 R
4. iqx A n p
T pAvp /d xedT g™ .. nzzzo ECBM xt <P|0Vu1...un(o)|P>
DIS Fl(xB) qtq” FQ(ZUB) =1
N — z H pV
M G+ g2 T, F QPM result
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OPE: general procedure for (non)interacting fields

Ju(@)Ju(0) = > C,p, 1oy (@) 2Lz Opy ., (0)
{o} 4%

2 1 v
light-cone expansion valid for x> ~ 0 = C{a}(w ) ~ 6Fna—d

n,, = spin of O
d = canonical dimension of O

WW X /d4:1: eiq.x (Pl[JM(x)v JV(O)]|P> WMV dimensionless
dz] = 4
M. gHre] = ng _lgcj

(P|P") =2E (2m)3 (P — P))| =2

o .
(P10t (O P) = Py Py, MA2 +o( )]:—d+z
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(cont’ed)

interacting field theory:
radiative corrections — structure of singularities from Renormalization
Group Equations (RGE) for C

x 1 .
Clay@?) R0 g (10970 (up2) + ...

Yo anomalous dimension of O

U factorization scale

N.B. dependence on u cancels with similar dependence in O (0,u;)
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(cont’ed)

: 4 . 1q-x
W « !'_rf(]) d x e Juv
1 1

X Z na—d nao—d

(o} \(@2—ie)3T 2 (a24ie)T 2

Xzl .atma Py Py, MO 2 ¢

d—nag—2
M 1

s [2) ()
oG R T

for x — 0 (i.e., g2 — <) importance of O determined by twist t=d —n_
t=2 (t=2 — scaling in DIS regime)
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summarizing

procedure for calculating W,

» OPE expansion for bilocal operator in series of local operators
 Fourier transform of each term
« sum all of them
« final result written as power series in M/Q through twist
t = d (canonical dimension) - n_ (spin) = 2

2MW,, = % / d*z e (P|[J,(x), J,(0)]| P)

1
~ D2 Tuivp

™~ Z /d4xequ [ ,LLI/{CM}(x )_( ,uu{a}(xQ)) ] ghl... ghna <P|O,LL1 g (O)[P)

{a}
d—nq—2 \
M 1\ 1
~ % Z C/u/ {a} ( ) <_> ~

(o} Va2 2 (23457
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(cont’ed)

is it possible to directly work with bilocal operators skipping previous steps?
which is the twist t of a bilocal operator?

Example :

Y PO = $0)7"$(0) + v $(0) 9" (0) + ...

/ = J*(0) 4 2, 6" (0) + ...

if local — t =2 1 1
=2 L— <9‘“’ 2 ghv Qi\‘> -+ 2 gtv Qﬁ\‘
t =2 t =4

hence, if local version of bilocal operator has twist =2
— bilocal operator has twist f = 2
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operational definition of twist (Jaffe, 1995)

since a bilocal operator with twist t can be expanded as

A\ P2 A\ 22
(5) (5) e ez

operational definition of twist for a regular bilocal operator

the leading power in M/Q at which the operator matrix element
contributes to the considered deep-inelastic process in short distance limit
(< in DIS regime) 4 | P

b
power series parametrizes the bilocal operator @ o
_P,—[ ; JT

p

N.B. — the necessary powers of M are determined by decomposing the
matrix element in Lorentz tensors and making a dimensional analysis
- definition does not coincide with t = d — spin, but this is more convenient
and it allows to directly estimate the level of suppression as 1/Q
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pQCD

corrections
power

corrections

2
1 o, Olg

1/Q

1/Q?

1/Q3

23-Apr-13

QPM —— Improved QPM

Operator
Product
Expansion

7

N.B. for the moment only

. . + -
inclusive e e and DIS

16



OPE valid only for inclusive e*e™ and DIS

inclusive e*e”

T x

semi-inclusive e*e”

23-Apr-13

wi = [ a*eeir€ (o] (), J/(0)] o)

c.m.

¢ = (¢%,0) regime DIS: Q2 - 0 = ¢° =
causalita = [..] definito su &2 >0

contributo principale all’'integrale da ¢ - & finito
=0 ~0=¢~0

composite operator at short distance — OPE
Wi = LY [ ateeit (0.4(6)| P X) (X1 (0)[0)
41 ~

hadron rest frame P,* = (M,, 0)
q-€ finite — W dominated by €2~ 0

but ket |P,> prevents closure Y
— OPE cannot be applied
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inclusive DIS oMWY — Qi /d4§ el (P [JH(E), JY(0)] |P)
2 7T

in DIS limit = (XB = _q2/2Pq flnlte) PN (V o )
X q-€ finite in DIS limit - €9~0 - &+~ 0

semi-inclusive DIS

2MWH o< 3 [ dt et (PLIH(E)| Py X) (P X T (0)] P)
X

’h
Vg

’ ket |P,> prevents closure Y
— OPE cannot be applied

e
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Drell-Yan

Wi = s [t (PLPo|R(E) 17(0)| PL)

q-E finite — dominance of €2 ~ 0

but < .. > is not limited in any frame since
s=(P,+P,)? ~2P,- P, 2Q? and in Q2 - =
limit both P,,P, are not limited

W w gets contributes outside the light-cone!

which are the dominant diagrams for processes where OPE cannot
be applied ?

is it possible to apply the OPE formalism (factorization) also to
semi-inclusive processes?
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classify dominant contributions in various hard processes

preamble :
- free quark propagator at short distance Sg(x)

Sp(@) = (iy-0+m) A(@) ~ (70 +m)

__—%re i -+ 1 -+ termini meno singolari
(22 —de)24x2; T 23 )

+ ...

1 1
2 .

w25 12 — e

- interaction with gluons does not increase singularity

I dty 1
~ S —y) S ~N —
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inclusive e*e”

e’ optical
theorem

> = 1Im | L L~ TS0~

X

dominant contribution at short distance — o, in QPM
radiative corrections — ~ (log x?ug?)" — recover OPE results

semi-inclusive e*e”

PTG ,
dominant diagram at short distance because ~ Sp(@) ~ —3

radiative corrections — ~ (log x?ug?)"

23-Apr-13 factorization between hard vertex and soft fragmentation



(cont’ed) 5

inclusive DIS

1
dominant diagram at short distance because ~ Sp(x) ~ 3

radiative corrections — ~ (log x?ug?)" hence recover OPE result

semi-inclusive DIS

from semi-inclusive e*e”
factorization between hard e.m. f
vertex and distribution and fragmentation from inclusive DIS

functions (from soft matrix elements)
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pQCD
corrections

power 1 Og Og?
corrections
1 QPM —— IQPM
Operator
11Q Product
Expansion
1/Q? ) / convolution
approach
1/Q3 diagrammatic
approach / convolution with
. . factorized hard
systematic studies of .
ower corrections scattering
P (Efremov, Teryaev,Jaffe,

(« OPE for inclusive DIS Ji,Ralston,Soper,Qiu,

and e*e”) Sterman,Collins,Leader
(Ellis,Furmanski,Petronzio, "82)  Anselmino...)
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(cont’ed)

for all DIS or e*e™ processes (either inclusive or semi-inclusive) the
dominant contribution to hadronic tensor comes from light-cone kin.

1

« definition and proprerties of light-cone variables
* quantized field theory on the light-cone
 Dirac algebra on the light-cone
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