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Introduction:

EFT look at DIS
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DIS

e Define

e (Cross section
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e Factorization
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e Factorization
Q p1F
E / d€CQ <—7 ) 7 s(M)) ¢¢/h(§,MF;as(M))+O (

® ¢,/ often referred to as the “probability to find parton ¢ in h”

Maybe was good in 1969, what about a field theoretic definition?
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PDF

e Factorization

A2
Z / dfCQ <_7 Q7'UJ7F S(M)) ¢z/h(€7:u’F7aS(:u))+O< gCQjD

® ¢;/p, often referred to as the “probability to find parton ¢ in A”

Maybe was good in 1969, what about a field theoretic definition?

e Answer: [Collins, Soper NPB 194, 445 (1982)]

68 = 5 [ @t T NI 0.0l T wlm) N )

— 0

with n light-like vector, n? = 0 and

0
[0,tn] = W, ()W, (tn) where Wiy (u) = P exp ig/ dsn - A(u + sn)

— 0

e Evolution: DGLAP equation

dey =2 d_";:F)ba(gaoés)q5

dln,u_ T Ja
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Splitting Functions

e Evolution: DGLAP equation

d Q L d
%o _ % [TE b 6 an) b
dln p T Je

Py, are “splitting functions” calculated via
1) Altarelli-Parisi [Altarelli, Parisi NPB 126, 298 (1977)]

probability of a quark to “split” to a quark and a gluon

1+ &2

CCP 77:C
a9 F1—§

where the full expression is

1+ £2
o= | (L2

3
1_§>++§5(1—§)]

singular & — 1 added “by hand”
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Splitting Functions

e Evolution: DGLAP equation

do as 1 d&
b= = _Pba(£7a8)¢a
dln p T Ja

Py, are “splitting functions” calculated via
2) Moments (“ OPE ”)
|Georgi, Politzer PRD 9, 416 (1974)], [Gross, Wilczek PRD 9, 980 (1974)]

Using translation invariance write the PDF as

68 = 5 [ are N @IR0) P L pOIN )

T J—c0
Moments are given as local matrix elements

1 d(b 1
/ dr mn_1¢(5’7) = Pn, = = —YnPn, Yn = _/ dx CEn_lpqq
0 dln p 0
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EFT look at DIS

e Potential issues with standard derivation

1) AP method
— How to generalize to higher orders in ag/higher twist?

— Singular terms added “by hand”

2) Moments
— Can be complicated at higher twist

e Different approach: EFT look at DIS
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EFT look at DIS

e Potential issues with standard derivation

1) AP method
— How to generalize to higher orders in ag/higher twist?

— Singular terms added “by hand”

2) Moments
— Can be complicated at higher twist

e Different approach: EFT look at DIS

F, = Cao(p) ® o) +  power corrections
T T
Wilson coef. Operator
dF: d
2 -0 = ¢ _ P ® ¢
dln p dln p
1
anom.
dim.

e Can’t we calculate P “as usual” in EFT?
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“Calculating As Usual”

e Consider one loop and Minimal subtraction scheme(s)

e standard procedure, e.g. [Buras hep-ph/9806471]
— Calculate one loop matrix element

— Renormalize

O, = Zz'j Oj

os 1
ezl
471 €

1
Define Z(1) coefficient of =

where

€
— Anomalous dimension
dz)
5.2 Ty
Yij = 29 d92
— RGE equation
dO;
— ~N O
dln p i3

e Only difference, operators are non local

= anomalous dimension matrix is “infinite”
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History

e In fact, this calculation was done before!
T. Braunschweig, J. Horejsi and D. Robaschik,
“Nonlocal Light Cone Expansion And Its Applications
To Deep Inelastic Scattering Processes,”

Z. Phys. C 23, 19 (1984).
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History

e In fact, this calculation was done before!
T. Braunschweig, J. Horejsi and D. Robaschik,
“Nonlocal Light Cone Expansion And Its Applications
To Deep Inelastic Scattering Processes,”
Z. Phys. C 23, 19 (1984).

e Almost unknown paper... by the end of 2008
— [Georgi, Politzer PRD 9, 416 (1974)] 581 citations
— [Gross, Wilczek PRD 9, 980 (1974)] 905 citations
— [Altarelli, Parisi NPB 126, 298 (1977)] 3816 citations
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History

e In fact, this calculation was done before!
T. Braunschweig, J. Horejsi and D. Robaschik,
“Nonlocal Light Cone Expansion And Its Applications
To Deep Inelastic Scattering Processes,”
Z. Phys. C 23, 19 (1984).

e Almost unknown paper... by the end of 2008
— [Georgi, Politzer PRD 9, 416 (1974)] 581 citations
— [Gross, Wilczek PRD 9, 980 (1974)] 905 citations
— [Altarelli, Parisi NPB 126, 298 (1977)] 3816 citations

— [ Braunschweig, Horejsi, Robaschik ZPC 23, 19 (1984)] 5 citations!
1 self citation , 1 by Nyeo, 3 by Andrei V. Belitsky et. al.
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SCET

e But there is a renewed interest...
e The appropriate EFT for DIS is: Soft Collinear Effective Theory
e Calculating the anomalous dimension of non local operators
is almost standard in SCET
e Some results for anomalous dimensions from inclusive charmless B decays

(analogous to DIS for x — 1)
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SCET

e But there is a renewed interest...
e The appropriate EFT for DIS is: Soft Collinear Effective Theory
e Calculating the anomalous dimension of non local operators
is almost standard in SCET
e Some results for anomalous dimensions from inclusive charmless B decays

(analogous to DIS for x — 1)
— Two loop leading power jet function
[Becher, Neubert PLLB 637, 251 (2006), arXiv:hep-ph/0603140]
— one loop subleading power jet functions
[GP, arXiv:0903.3377, to appear in JHEP]
— Two loop Leading power shape function (B meson PDF)
[Becher, Neubert PLB 633, 739 (2006), arXiv:hep-ph/0512208]
— Partial one loop subleading power shape functions (subleading twist)

[Trott, Williamson PRD 74, 034011 (2006), arXiv:hep-ph/0510203]
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SCET Vs. QCD

e Although SCET is the appropriate EFT for generic x DIS
the soft gluons completely cancel in the PDF

[Bauer, Fleming, Pirjol, Rothstein, Stewart, PRD 66, 014017 (2002),
arXiv:hep-ph/0202088]

[Becher, Neubert, Pecjak JHEP 0701, 076 (2007), arXiv:hep-ph/0607228|
e In this case SCET is just “boosted QCD”

Can calculate using QCD Feynman rules
e Let us demonstrate by calculating Pyq

Method technically different from

[ Braunschweig, Horejsi, Robaschik ZPC 23, 19 (1984)]

but conceptually very similar
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Example of a Non-Local Renormalization:

Non-singlet Splitting Function
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Feynman Rules

e Definition of PDF

608 = 5= [ TN 30) [0, T v () N )

e Replace N(p) by a free quark with momentum k

zero-gluon Feynman rule

_ 1 > En-pt 1, ﬁ n
_ %/_oo dt P RIH(0) £ (tn)| )

_ L > 1€n-pt 10- —itn-k = ﬁu
= 271_/_oodte€ 0k ¢ ku(k)2 (k)
= dEn-p—n-R)ak) L k)

e If we sum and average over spins and set k = p we will find

0(¢ — 1), which is the parton model picture

Non-local Renormalization and Higher Twist - Gil Paz
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Feynman Rules

e Zero-gluon Feynman rule

sen-p—n-k)
e In order to find one-gluon Feynman rule
need to expand Wilson lines
nt

t9g—\6(n-p—n-k)—56Eln-p—n-k+n-1l)]

n -l

VRSN

L, pya
e Analogous to

[Grozin, Neubert PRD 55, 272 (1997), arXiv:hep-ph/9607366]
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One Loop Calculation

e We need to calculate, for example,

e Set external momentum to p and internal quark momentum to k

e Get integrals of the form

/ (;erl;d [inier (k—p1)2+ie §(En-p—n-k)

Only difference from standard Feynman integral, presence of delta function

2

e Define light cone vectors n? =n2 =0, n-n =2 e.g.

n=(1,0,0,—-1),n=(1,0,0,1) = n-p=po+p3 >0

e We have
nH 1

n
W =n-k— 4+n-k— + k"
n 5 +n 5 + i

1
d%:idn-kdﬁ-kdd—?m
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One Loop Calculation

e Integral

1 1
dn -k dn -k d% 2k
// 2(2m)d A + [k2-+ie

e Strategy: Integrate over
— n - k: residue
— k| : usual dim. reg.

— n - k: delta function

r(k—m2+i

6(n-p—n-k)
€

Non-local Renormalization and Higher Twist - Gil Paz
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PDEF’s support properties

e Integral

/

1
2(2m)d

=

1 2 1
dn-kdﬁ-kddsz[ ]
k2 +ie| (k—p)?+

e Integrate n - k using residues. Poles:

—0(&n-p—n-k)
1€

2 . 2 . _ _—ki—ze_

k*+ie=n-kn-k+k{ +ie=0 = n-k= k =0
n.
—(k — )2 —

(k—p)*+ie=0 = na-k=n-p+ (k=p) o
n-k—n-p

e For non zero result:
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PDEF’s support properties

=

e Integral
1 1 12 1
dn -k dn -k d* 2k S(én-p—n-k
/z(zw)d neman L[kQ—i—ie] i p2 i & Pnk)
e Integrate n - k using residues. Poles:
5 . ~ 5 . ~ —ki—ie
k*+ie=n-kn-k+ki +ie=0 = n-kz—kzO
n.
—(k—=p)2 —4
(k—p)2+ie:0 = n-k=n-p+ ( P)L 7JezO
n-k—n-p
e For non zero result:
n-k
I) n-k>0 U n-k—m-p<0 = 0<n-k<n-p = 0<—<I1
n-p
I) n-k<0 U n-k—m-p>0 = n-p<n-k<0

e Conclusion

-k
én-p—n-k) U 0<% <1
n-p

Non-local Renormalization and Higher Twist - Gil Paz
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Use of Method of Regions

e So far ignored numerator. Full integral

1 1 2 Num.
I = dn-k dn -k d® 2k S(én-p—n-k
/2(27r)d neman L [k2+z’e] (k—p)2 + ic (n-p=—n-k)

Where

Num.:(n-k)QE—l—n-k]éJ_—ki%

e Numerator structure can be complicated. Simplify using “Method of
Regions”

[Beneke,Smirnov, NPB 522, 321 (1998), arXiv:hep-ph/9711391]
[Smirnov, Springer Tracts Mod. Phys. 177, 1 (2002)]

e For PDF, only collinear region
n-k~O@1), 7-k~O@A{ep), ki~ O(Aqep)

A2

3
1
d*k ~ O(AGep), k° ~OAgep) =1~ Adep ( ) x Num.
QCD

e Anomalous dimension O(1) quantity

Need only Num. ~ A(QQCD = only kzi
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Full Result

e Full calculation: /Q\ %@\ /%\
+ + + WFR

e Unlike AP, the + distribution and d-function arise from

(-6 = =251 -) +

+ O(e)

(11+_£;)+ + 25(1 —g)] }

e We now find the anomalous dimension in the “usual way”

Pbare = / du 7 (2) Gren. ()

YAS) do T
= 2g° = [ duvy (=
V=2 7 Il / uv(u) P(u)

e We obtain finally the well known result
do L du Cra 1+ &2 3 x
/ : ( ) +251-8)| (=)
x 1— f + 2 u

Non-local Renormalization and Higher Twist - Gil Paz 20

1
(1-8&)+
e Full result

div. _ - CFaS
Dbare =u

VRS

u—— {6(1 — &)+ T 2001 - )2

dln p B U s




Beyond Non Singlet

e Using similar methods can calculate
the full 2 x 2 DGLAP
e Method can also applied to higher twist

e What is the current status of higher twist?

Non-local Renormalization and Higher Twist - Gil Paz
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Higher T'wist in QCD and SC.

(-
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Higher Twist in QCD

e Higher twist was considered in early 80’s by various authors
o [Jaffe, Soldate PRD 26, 49 (1982)]
Approach similar to OPE for twist 2

e 'To describe WHY at tree level need
— 3 four-quark operators
— 4 operators of the form ...9)

where ... combination of in - D, na F*?, 1 etc.

e The “complete” basis

— 6 possible four-quark operators
(¢ hPr, PR} (1,6} ) (P {#PL, #PRY {167} )

— 8 operators of the form ...q)

Non-local Renormalization and Higher Twist - Gil Paz
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Higher Twist in QCD

e Higher twist was considered in early 80’s by various authors
e [Ellis, Furmanski, Petronzio NPB 212, 29 (1983)]

Analysis using non local operator bases: “Collinear”, “ITransverse”
e “Collinear”: non local version of Jaffe & Soldate

Taking moments reproduces Jaffe & Soldate

Expression for WHY at tree level very complicated

o “Transverse”: To describe WHY at tree level need

— 2 four-quark operators

(ot ) (Yoht* ), (doyst® ) (dohvyst® o)
— 2 operators of the form
Vyuhyy DY DX 4, dyuty, DY DY 4
Expression for WHY at tree level very simple

e Although operators are multi-non-local

at tree level appear as function of one variable

Non-local Renormalization and Higher Twist - Gil Paz 24



Higher Twist in SCET

e 25 years later...

Non-local Renormalization and Higher Twist - Gil Paz
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Higher Twist in SCET

e 25 years later...

e SCET basis of twist-4 PE DIS [Marcantonini, Stewart, arXiv:0809.1093]
7t

Ol — >_<n,w1 5 Xn,wq 02 — >_(n,w1 5 PJ2_ Xn,wq
O ﬂ B Pt O3y ﬁ 77 B
3a = Xn,w; 5 (g J_)wg u Xn,wg = Xn,w 5 (g J_)w3Xn w9
o o o
4a — Xn,wq 5 (glgn_]_)wg,/PJ_Xn,wQ ; 4b — Xn,wq 5 ?J_ (anJ_)w:),Xn,wg s
Os5=% 7 Og = X 7 T
5=Xn w1 5 (9B, 1 )ws (9B 1 )wsXnws 6 = Xn.wy 5 Tr[(9B, 1 )wg (98, 1 )y Xn 0
O ey B," Os = mo: X Te[(gB" B,"
7= Xn y w1 5 (g _]_)w3 (g )ou4Xn w9 9 8 — Xn,wi 3 5 [(g J_)wg (9 )w4]Xn w9

7

O . — ﬂ —
9 — | Xn,wq EXn,wQ Xn,w3§Xn,w4 y

o o i
10 = [ Xn,wq 5'75Xn,w2 Xn,w3§75Xn,w4 )

_ A _ m A
O11= [Xn,wl 5'75T Xn,wg] [Xn,w3 575T Xn,w4]7

,.A ]

_ A _
O12= [Xn,wl §T Xn,wz] |:Xn,uJ3 ET Xn,wy
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Anomalous Dimension of twist-4

e Emphasize again, For generic x DIS :

QCD = SCET

e SCET supplies a complete “transverse” basis
ideal setting for calculating anomalous dimension

e What is known about anomalous dimension of twist-47?

e Using “OPE”
— Anomalous dimension of four-quark operators
[Gottlieb, NPB 139, 125 (1978)]
[Okawa, NPB 172, 481 (1980)]
— Anomalous dimension of “3-body” operators
[Okawa, NPB 187, 71 (1981)]

— Anomalous dimension of “4-body” operators unknown

e We can use non local renormalization to calculate anomalous dimension of
twist-4 operators |Glatzmaier, Mantry, Ramsey-Musolf, GP, In Progress|

e There is partial calculation of “subleading twist” for inclusive B decays

by Trott & Williamson, what can we learn from that?
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[Lessons from

Inclusive Charmless B Decays
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Inclusive B decays

B — Xs7v and B — X, 17 in the end point region

Ex ~mp > Aqep Py ~ mpyAqQep
analogous to DIS for x — 1
In particular similar factorization formula

' ~ H-J®S+..
do ~ H-J® b1+ ...

where S is B meson PDF

Inclusive B decays are more

— Complicated: Presence of heavy (“time-like”) quarks apart from
collinear (“light-like”) fields

— Simple: No mixing with gluonic operators (“non-singlet”)

At subleading power new structures arise

1
dI‘NH-J®S+—ZH-J®s7;+...
my p

(K.S.M. Lee, Stewart '04; Bosch, Neubert, GP ’04; Beneke, Campanario,
Mannel, Pecjak ’04)
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Subleading Shape Functions I

WESE /dw5(n_p+w) [wS(w) + t(w) T + s(w) _— f(—w)Ts N @Tl B qi(w) T
my my n-p n-p n-p
— Was/dw5(n P+ w) [fu(w) T + ff(w) T4]
n-p n-p
where
(O 0,2-]h-) = [ doe#7 5(w),
my, (i / d*zT{h(0)[0,z_] h(z_) £22)(z)}> = /dw e~ 3w T s(w),
n-x/2
_ / dt (7,(0) % 0, tn] v n gGHY (tn) [tn, @] h(z_)) = /dw e~ BT 4(1)
n-x/2 |
i / dt (h(0) [0, ¢n] (iD )2 (tn) [tn, z_| h(z_)) = /dw e EOTT ()
n-x/2 0
i / dt (7(0) % 0,tn] ok, gGH (tn) [tn, o h(z_)) = / duw e~ 59T (1) |
0

e s,t unique to inclusive B decay (arise from heavy quark)

e u (“kinetic”), v (“chromomagnetic”) analogous to DIS twist-4
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Subleading Shape Functions 11

WSSF = /dW5(n'p+w) [wS(w;: tw) Tz + ST(:;) T1 + % T3 + ’;J(—w; T — ;(w; Ty
— Was/dw5(n P+ w) [f;:(c;) T + fnv(f«;) T4]
and
n-x/2 n-x/2
202 [ an [t ([(S)gta]lta (') 1,1@)eyn ) 0 (510), 1)
0 t1

— /dw e_%“”_l'a’ fu(w),
n-x/2 n-x/2

2(~1)" /dt1 /dm([(BS)Ota]k%%[ta (577)  1,[@S)egn ], tbs] (STa)

_ t1n
t1

i)

= [awemiem p ),
e fu, fv analogous to DIS twist-4 four quark operators

e As for “transverse” basis: although operators are multi-non-local

at tree level appear as function of one variable
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Towards Anomalous Dimension of SSF

e First study of anomalous dimension of subleading shape functions (SSF)

[Trott, Williamson PRD 74, 034011 (2006), arXiv:hep-ph/0510203]
— Consider mostly inclusive B decays specific operators

— No four quark operators

e Conclusions of the study
— “Chromomagnetic”’ operator mixes only into itself
with v of leading twist
— “Kinetic” operator seems to mix into new operators

Closure of basis not established!
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What is (probably) the problem

Need to consider genuine multi non local operator
similar conclusion for subleading jet functions

[GP, arXiv:0903.3377, to appear in JHEP]

Multi non local
QT {¥(0), n- A(y), ¥ ()} )
finite in general but divergent for y — x or y — 0

Ren. of bi-local operators is well known

¢(§) F.T. of  (PP(0)...4(tn)|P)
S(w) F.T. of  (BJh(0)...h(tn)|B)

J(p?) F.T. of (QT {4(0), d(z)} Q)

Ren. of multi-local operators:
subleading jet, shape, or twist

still an open problem!
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Outlook and Conclusions

Non-local Renormalization and Higher Twist - Gil Paz
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(Gluoinc operators

e Another possible complication: gluonic operators

[Marcantonini, Stewart, arXiv:0809.1093]

O1=Tr
Oy =Tr

O34 ="Tr

Os.6 = It
O7s ="TIr
Og = Tr
where Fu’vaﬁ

:(anJ_ )wl '(anJ_)wz] 3
:(QBZJ_ )W1PJ2_ (QB#M)&JQ] 3
(9B | Ve (9B 1 s PE(9BL s | T

:(QBZJ_ )1 (9851 Jws (9B 1 )ws (QBQ,J_)M] Fi’fag ;

(9B )wn(9BY 1 ewa | Tr (9B ws(9Bh  )ewa ] T 5

(QBNJ_ )W1PJ_PJ_ (gB I/)W2] )

{94v9a8, 9uagus} and the traces are over color
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Outlook

e Using non local renormalization

to calculate anomalous dimension of higher twist
— Not an easy task ...
— Most likely easier and more feasible than “OPE”

— Must consider genuine multi-non-local operators

Non-local Renormalization and Higher Twist - Gil Paz
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Conclusions

Although DIS among the oldest examples of (non-local) OPE
EFT point of view relatively new

DGLAP equations can be calculated directly from non local operators

themselves

Approach almost unknown (5 < 3800 !) but very common in SCET
Higher twist was considered since early 80’s

but complete anomalous dimension is still lacking

Using non-local QCD/SCET approach for renormalization

will allow us to calculate this anomalous dimension

Interest beyond DIS:

closure of any non local basis beyond leading power not established
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Conclusions

Although DIS among the oldest examples of (non-local) OPE
EFT point of view relatively new

DGLAP equations can be calculated directly from non local operators
themselves

Approach almost unknown (5 < 3800 !) but very common in SCET
Higher twist was considered since early 80’s

but complete anomalous dimension is still lacking

Using non-local QCD/SCET approach for renormalization

will allow us to calculate this anomalous dimension

Interest beyond DIS:

closure of any non local basis beyond leading power not established

Stay tuned for results!
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