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Motivation

Well understood in pQCD L ——
]
e dimensional counting rule Fr ~ 1/0? u - om0
%06} jovitmomtpend |
2
o exact limit Fr (Q?) — 87ra5(Q2)%.
04+
o logarithmic evolution with Q?
0.2~
T. Horn et al., nucl-ex/0607005 00/ R B R T R

Q? (Gev?)
However
e discrepancy between asymptotic behavior and present data
e discrepancy not seen in F.y transition form factor at the same 0?
Estimate of the power corrections

o Brodsky and Lepage: end-point contributions AQ%

“Exclusive processes in perturbative QCD” Phys.Rev.D22: 2157, 1980

A2
o Chernyak and Zhitnitsky: higher twist wavefunctions 55”

“Asymptotic behaviour of exclusive process in QCD” Phys.Rept.112:173,1984.



F.(Q?) in SCET. Leading Order

Factorization

e at leading order in 7, all orders in o
Fr (Q27 M) = d’mﬁ QT ® ¢7wl

e Ty hard kernel, perturbative

: : : o ¢r a pion lightcone wavefunction, non
. perturbative.
e ¢ defined by
/]
(7| Enpy W *5 (Wi =7 Py) Winp,|0)

27

ifen po® /0 dz6 (wy — (22— D) D) Sn(1,2)

e attree level

f‘n’ 8may(Q) ! ¢r(21) ! dr(22)
Fr(Q ) = 255 /0 s 2 /0 47
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Pion Form Factor in SCET. Power Corrections

based on: I. Rothstein, Phys.Rev.D70:054024, 2005
SCET;

hard-collinear particles  pe ~ Q (A2, A%, A), P2~ OAocp A~ \/AQiQCD
usoft particles pus ~ Q (A2, A2, )2), P~ AZQCD,

e subleading terms in the matching of electromangetic current J*
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SCET;
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e subleading terms in the matching of electromangetic current J*

order \? (n* + at) xn,wﬁWSPi Xnwy Xi,@3 rWSXﬁ@z s A
A, ’
e TOP with subleading collinear lagrangians Y
R
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Pion Form Factor in SCET. Power Corrections

based on: I. Rothstein, Phys.Rev.D70:054024, 2005

SCET,;
hard-collinear particles Pe~Q ()\2, A0 )\), pg ~ OAgcp A~ AQ—QCD
usoft particles pus ~ Q (A2, A2, )2), P~ AZQCD,
e subleading terms in the matching of electromagnetic current J*
a S

order \? (0" + 7)Y X,y P Xy X3 Y X . i

e TOP with subleading collinear lagrangians
- - -

order A2, higher twist wavefunctions

e TOP with usoft collinear interactions

Tl el £l ] T elh e, L) ]

usc,n

order A2



Pion Form Factor in SCET. Power Corrections

SCET/]I
collinear particles  p. ~ Q (772, n°, n), P2~ AZQCD
soft particles Pus ~ Q (n,m,m), Py~ AéCD,
Matching
e collinearp. = (pt +rt,p~,pL +r1) —pe= (rt,p~,r1)

usoft — soft.

diagrams with only collinear particles: A> — n°®
diagrams with usoft and collinear particles:

internal lines with offshellness ~ QAgcp integrated out

QVAVAVAVAVAVAVD,

)\2
SCET;

n~ AQQCD



Matching Result

\\ b4 = /dwid@i/dUldﬁzcg)(wi@i,Uu&z) Oj(wi, @i, 01,52)
,/ \ with oy — n - 9, 65 — 7 - 0, label operators on soft fields.
e One Example:

1

uy o s N O = -7
Oy = (n* +1") Xnwy 37 T+Xnu4 Xnay 37T Xnwy me]SIQ,, 2 S7id 1 Qi

_ i # +
+ (”u + nu) Xnw| 27 T Xnw,y Xnws 2'Y rt Xnwy Qnu‘lsn Q—1— S»xI@LQno‘z + h.c.

Soft operators & matching coefficients:

) c g cr\? 1 1 1 n 1
0 i =-8ra |— | — | —
Oy ~ Qnﬂ'lsu Szid 1. Qﬁﬁz “ s N, 015'% Wy — W3 W3wy w4d)§

, #
t - 2
Oc ~ uay Sy Sn 501 - O Ornay C = —32n’a’ (ﬁ) 1 { ; }
N,

52 2
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Matching Result

A NT4 = /dwid@i / do1d5>CY) (w;, &1, 01, 52) Oj(wi, @1, 01, 52)
with oy — n - 9, 65 — 7 - 0, label operators on soft fields.
e One Example:
i b o _ _ 1—7
Oq = (0" +7") Xnw, E’YST+Xnu4 Xnas 5757 X, me]SI QMTSﬁlaLQﬁEZ
R i # +
+ (” +n ) Xnw| 27 T Xnw,y Xnws 2'Y rt Xnwy Qnu‘lsn Q—1— S»xI@LQno‘z + h.c.

o Soft operators & matching coefficients:

~ Cy = —8n’a’ cr\? 1 1 1 N 1
Op ~ Qna] (l'@i)f SI SﬁQﬁFrz b= N, gf&z W] — W4 W3wy wZLD_g

O~ Buo, (in- )" 5] 35 2% Ci= 32772042(&)2 : [ : }

N, 0‘]25'2 wj&g




e Matching at one soft gluon

O, NQnUIS Qu

Qrm] lgBlna3 S Qu

Sn lgBJ_nag Qn02

Sn Qnaz

C. =

87T2 27
016, (62 + 53)
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87720&7,
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W] — W4 W3wy

Matching Results
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RPI and Soft

Is this set of the operators RPI invariant?
naively: no, to ensure RPI, the soft part of the operator should depend only on full Lorentz

scalar, like @, B, . . .

Introduce two distinct collinear directions n; and n,

e noop no_ 1 pvaB,v oa,B
e Four vector basis in the ny, ny sector ny,ny, v, wo= mm £ vinyn,.

n14VM n -V

Ho_— Iz M
VE = ny + n +VJ_
np-ny np-np
o B [T
e but for power counting: bases nyL el and ny, iy, el .
nm-V=n-V
ny-ny_ n -V _
ny-V= 2 n - V+ ny-np+ny-Vy g
m m ny n -y wo o
Vi=Vvi, - np-Vyig—n -V n; g n3
’ ny - ny np - ny ny-ny 7

e Dirac matrices
7 . — 5 M - . _ 5 “w
XVHFXH?_' F_{L’Yv')ﬂ_} X'I]FX'H . F_{ﬁlzﬁlwaﬁlfylyl}



B K W w ©
Rep {72 T T ALY g 0 T
ﬁg — 715 r_zf —

vector with soft scaling
e A 1o~ by

e the components in the ny, 715 basis:

nz-Van-V
n-V-on -V

\s

s
T2 Vi

e components in the n;, ny basis change too:

n-V-on-V
n-V-on-V

H W
Vi—=V|

RPI transformations

W W i w
ny —n nt —n
RPI;:q 2 2, and 1 1
ny —ny +e , n —n
vector with soft scaling
®ec o~ A0
e components in the ny, 75:
ny - V — ny - |4
np-V—onp-V+er - Vip
i
ny -V n
H T T .
Vi,—=Vi, 5 fla2T el Vip

e components in the n;, n; basis are unchanged



RPI invariance of the electromagnetic current

— 5 ®
Ja = Xnjw; YL Xnyws

S 2 1 ~ P
b2 = I’l]‘nznl +§gi M) Xnjw YL PL2Xnyw,

- YL pa
Je2 = Xnjw 2 8P L AXnyw,

1
- I
— Xnw; YL 1 "PL,ZXn w
oo e 7L ywy

Jip =

RPI;

Co=—wrCpr=wrCrp=wrCyp.

o true (at tree level)

e agrees with C. Marcantonini and I. Stewart,
talk given at SCET Workshop 2007

i)

(8)
]b 13'2
i)

(&)
Jd‘,gz

RPI;
Ca
Ca

_ B
= ny Xnjwy YL - B, w3 Xnywy
ny - ny N

o 2
- np - ny

-yl ua
2 g/j_ BJ_,ng, A Xnywy

1
ni' 4+ Egikﬁz >\> Xnjwy YL - B 2Xn,

= Xnje,
1

= —X i B
= Xnjw; Y1 M - Bl 2wy Xnywy
ny - np -

=—wr G =wrCep=wrCyp

— (w2 + wa)C,Ef’z) = (w2 + ws)C((.flz)

1 217!
2]
wy w3z w3 ’



RPI invariance of the subleading contributions F;

2 m /23
Oa,Z = n anwl ) '7 Xnjws Xmyws = B 0l X'lzwan],O'lSnlSnz 01 2 + "2 a9 - 'YLan,az
1
2 _ i [/%3 iy
Ocp = ——Xmw '7 Xnjws Xnywsy Y X”Z“’ZQ"DD'IS'I]S”Z n - 00n;,0,
ny-ny 2 2 s np

e RPI;: trivially realized in the soft sector.

e RPIj;: each operator is invariant.

RPI & Soft

. Lo RPI invariant object as
Naive expectation is wrong because:

e RPI; does not impose constraint in the ny -0 " ny -0
soft sector ni - ny b ni - ny

)

e two collinear directions n; and ny can appear in the operators



RPI invariance of the subleading contributions F;

2 _ ﬁ] 5 _ 7[2 5 — ny -0 np - 16)

Oa,Z = anlwl ?7 Xnjwy Xnyws ?'YA X”ZWZQ"IJISLS”Z d— o mh — o n an,az
2 ity s _ iy s — iy
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Estimate of the correction

e matrix element between , (= | 7 (0| ;(0] and |0), |7 )7 |0),
e charge conjugation simplifies the matrix elements
e one example (operators O, and Oy):

. L (8) 0 L balz) [ $r(22)
FO*(0%) = 5 (*) 87 af(AQw@(Qu—Q‘,)/ dle‘/0 dzzTZ

— / do']do'z

@+, 2y _ Jx (8 _ ) E q&,r(zz).
FO* (0% = F QZ( ) 877 (Agen0) (Q, Qd)/ 2 /Odzz—m

— / do’ldo'z

o but parity (0|Qno, S} Sz%ngz 10) = (0] Qsior, S} S sy [0).
e simmetry of the coefficient o — &5, rename z; — 2,

OIleSn Snz sz l0),

0|szs St le l0)

PO (@) + FO* () =0

e same argument holds for the other four operators.



Conclusion (?)

At this moment
Agcp

e 1o order corrections to Fr (Q?)

however
e check the matching & all the signs
e add pion/quark mass effects

e construct the most general SCET); operator contributing to Fr.
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Definition of the fields

e collinear fields

1
igB!  =6w—n P)fz~PW" [in
1
o soft fields
Ono =8(0 —n- ’P)Srth
Qiz = 8(5 — - P)Shas
1
g, =6(c—n- ’P)*/PS,, [in
s n-
igB!  =6(6—n- P)Lsﬁ [in

n-P

iit - De,iD! | ] Wi

-De,iD" | Wi,

- Dy, iD* ] S}

-De,iD* ] 81,



Contributions to F;

F7(ra) J;3 (ﬁ) o Z(Q —Q) / Zl) / —22) ¢7r (z2)

1 _
/ doda, — (0‘Qna| Y" Y;,i@J_Q552|O>,
0'10'2

fa (Cr\? (1 —z2)¢x(21) P (22)
Fi’”:—@(i) Sﬂzaf(Qu—Qd)./dzl 'z% ! ./dzz Z;Z

1
/ doda; 2_
10

f72\' C ¢'7\—(Z & (22)
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1
/do’ld6'2 —
g102
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Charge conjugation and parity

e charge conjugation

T
c'g,C = —[gC]” clarc=—u" cTlve= Y]
implying
—1 3 T —-15 —1 T
C7'0i0,C= = [Or-2C)"  and €100 C=[C7'000,]
The operator C is such that C’yNC*1 —~*. Using this info,

1 i 1
C lQno] YJEYﬁQﬁ,EZC - Qn —0) n 2YnQn,7crl

® parity
P gt x7,x 1 )P = yoqs(x 7, xT, —x1 ) PlAR(xt x7 x 1 )P = gAY
P~ 7 AP = n - Ay Pii- 9qsP~! = n - 8¢,
P! Qi (T x 7, X )P = 1005, (6, 2T, —x1)
P 000, (6T, 27,20 )P =205,0, (x 7,0, —x1)
So

_ i _ i ~ i
PilQna]SI SﬁEQﬁ&ZP = Q?Lo']Sg Sn’YOE'YOQné'z = Qﬁo‘lsg SnEQnt?z



w W Iz Iz I
RPI, : n, —m +AL,2 and 4™ T
nh — b A —

vector with collinear scaling
e A 1,2 A

e the components in the ny, i1, basis:

ny-V—ony-V4+AL -V,
n-V-—on -V
ny-V w

H 1 _ s
Vi,—=Vi, ) 1,2

e components in the n;, ny basis change too:

nz-Van-V+AJ_72-VJ_
I’ll-VHn]-V
n1'V

ny-ny

n
)

Vi—>Vi—

RPI transformations

W I Iz W
n, —n ny —n
RPI;:¢ 2 2 and ¢ L L
nzﬂanrsJ_yz ny —
vector with collinear scaling
L] €12 )\0
e components in the ny, 75:
nm-V-on-V
V-V
ny
i w2 .
VL,Z - VL,Z 5 €12-Vip

e components in the n;, n; basis are unchanged



p w w
n, —m +AL,2

RPI,; : and

S ol
}’lz — }12 nl — n

vector with soft scaling
e A 1,2 A

e the components in the ny, i1, basis:
n-V-on-V
n-V-on-V

" "
Vio—= Vi

e components in the nj, ny basis change too:
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H H
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RPI transformations

W I Iz W
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p w w
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RPI,; : and

S ol
}’lz — }12 nl — n

vector with soft scaling
e A 1,2 A

e the components in the ny, i1, basis:
n-V-on-V
n-V-on-V

" "
Vio—= Vi

e components in the nj, ny basis change too:

n-V-on-V

n-V-on -V
H H
VL—>VL

RPI transformations

W I Iz W
n, — n n, —n
RPI;:q 2 2, and L 1
nzﬂanrsJ_yz ny —
vector with soft scaling
oeia~ N
e components in the ny, 75:
n-V-on-V
np-V—on-V4+e - Vio
I
ny -V n
M no_ w2 .
Vio—=Vi, 5 flaT HEL2 Vip

e components in the n;, n; basis are unchanged
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