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Summary

Axial form factor of the nucleon

V. Anikin, V.M. Braun, N. Offen, Phys. Rev. D 94 (2016) 034011

a4 (Q?) Gh(QY)/G(@)

e curves: QCD (light-cone sum rules)
® shaded regions: neutrino scattering data with dipole vs. z-parametrization

® data points: pion electroproduction near threshold
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Intro Summary

What are the options?

® neutrino scattering
— Dipole parametrization

7 2 ga .
Gh(Q7) = ar e’ My = 1.026(21) GeV  [Bernard:2001rs]

— z-parametrization [Meyer:20160eg]

1 9Im2 — ¢ — 9Im2 — to
G:(Qz):‘10-5‘@124-agzz-‘,-...7 \/ \/

T \/Qm,zr—qz—\/s)m,?r—to

® threshold pion production  [Park:2012yf]

1 Q@ it 94 Q° + Sy
Gl = =G "— ==-——"——— G}, + corrections Ey,"~Q°GT "
7= w2 NAGETE + i

— Exact for V@2 in the chiral limit m2 =

— Corrections ~ mx /My and ~ mg Q2/mfv

’ target accuracy?
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Intro Summary

Heuristic picture:
@ quarks can acquire large transverse momenta when they exchange gluons
@ “hard” gluon exchanges can be separated from “soft” nonperturbative wave functions

@ hard gluons can only be exchanged at small transverse separations

b~ 1/ QCD

|
|

Q A b~1/Q

|

Hard rescattering: Soft (Feynman):
Small b Average b
Average 0 < z < 1 Large z — 1

In practice three-quark states indeed seem to dominate, however
@ “Squeesing” to small transverse separations occurs very slowly

@ Helicity selections rules do not work. Orbital angular momentum?

@ = More complicated nonperturbative input needed
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Intro Data QCD LET Summary

e Duality + Dispersion Relations = Light-Cone Sum Rules:

1 ® duality,
;/ ds Im T(p, q) = v Fnon(Q)
0

e T(p,q) is calculated in terms of N* distribution amplitudes
Balitsky, Braun, Kolesnichenko, Nucl.Phys.B312:509-550,1989
Braun, Halperin, Phys.Lett.B328:457-465,1994
e Leading term is a Feynman (soft) contribution; hard terms can be added systematically and
without double counting
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Intro Data QCD LET Summary

® Schematic structure of a LCSR for baryon form factors
Braun, Lenz, Mahnke, Stein, Phys. Rev. D 65, 074011 (2002)
Braun, Lenz, Wittmann, Phys. Rev. D 73, 094019 (2006)

Qs [z

soft+hard hard (pQCD)

2
1 A2 1 [ s o
F(Q2) ad {Ftw—3 + Ftw:4 + gFf,w:E) + .. } + <7(TC?)> F;QC?D

where

Foy—3 = ftw:3(Q2, s0) @ P3(ur = so), Foy—s = ftw:4(Q2, $0) ® Pu(pur = s0),

e for each twist obtain an expansion

s (s0) as(s) )’
0 550 1 s{20 2
ft“’:" = t(ur>:n + < P ) t(w):n + ( P > t(w):n +..

,(up:n = In®(Q*/s) + aIn(Q*/s) + co, etc.

e hierarchy of twists based on so > Agcp, hence as(sp) < 1
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Summary

Intro

NLO LCSRs for nucleon EM form factors

e A large project completed:
Anikin, Braun, Offen; PRD 88, 114021 (2013) [arXiv:1310.1375]

@ A consistent renormalization scheme for three-quark operators
Krankl, Manashov;, PLB703, 519 (2011)

@ Light-cone expansion for three-quark operators for generic coordinates

@ NLO coefficient functions including twist-three and twist-four DAs

2 2 2 9
B > j ;
ot — oy N — o, —
o ¥\ \, ,,é:‘ - ¥ [ __ )
\ - \ Y a— —\ | = 4\

@ Nucleon mass corrections for all twists
Anikin, Manashov; PRD 89 (2014) 014011

@ A new calculation of twist-five off-light cone contributions
@ A more general model for the DAs, including second-order polynomials
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Intro

Summary

Examples of coefficient functions

1LY, ANIKIN, V.M. BRAUN, AND N. OFFEN PHYSICAL REVIEW D 8, 114021 (2013)
e T
L5 FICIENT FUN 01y () = 4518151 + 2653 = 4L)gy () = 85y ) + 204 + (4L = 35Ty (51) = 2L = D5, + 3y ()
NLO corrections (39) o the correlation functions A(Q% P?) and B(Q%, P?) can be writien as a sum of o ) ) 5
cothion of & sven gk or o — . 4 nd expanded i contbatons of naceon DA a5 hown i . (16) + 4y 50) = g )] + 21207 = SL) + (11 = 20/ + 205 = 21)/5 Yalsy) = 2207 = 5L)
and (47). Our results for the coefficient functions C}(x, W) are mmmd hxluw We use a shorthand notation L 2L)/xy + 41 = L1+ 26 xsJhialxs) = (10 + (4/%)) + (2/x)Jhoa(®) + 2[5 + (1/x2)
InQ*/ . where yu i the factorization scale. The dependence on ¥ = 1 + P%/Q? is not shown for brevty +2(1 + 26 fxslhiales) + 8/T)GL ~ 8)1/F, + 1/3) + 3(L ~ s &) — /2L — B/xz

+ 3L = Diysloes) + O/F)/F + 1y + UhalE) — 6/x)[1 /3 + hgal), (E6)

NUCLEON FORM FACTORS AND DISTRIBUTION PHYSICAL REVIEW D 88, 114021 (2013)

SUMMARY OF NLO CO

[TONS

+m

C00) = 20[3(L = 20g0x5) + 2L = Dgyy (s x3) + gy (5 x3)] + [261 + (4L = 3Ty ()
+ 3= ALy () + 2k () = 26y (6) — 2030 /1) L — 3) + SL — Thyales)
+ 2L = Thhip() — [6xa/x3) + Shhzalixs) + Sha(y) + (6/x3)(L — 2ps(x)
= (6/7)(L = D) + 3/ hn(xs) = (B2 has(), €D

= 45y018,00) — 853258, 5) + 2z — 2510, + i [13L = 25 + (L = 1)zl 0s)
20[20L + xax(1 +2) = 20l (1. x2) ~ 21 + 26)(2L = 3) = 2oy (Fx)
+ABrREL — 1)+ raL - 3) - x

+ (14 20)ga (85, 1) = (6 + 7

e (0. x2) = 25l + B)ga (. 1)
+ 1+ SL)galea) + 2Lgnlr, x2) = @ = 2L)gnles x2
(x2) + (1 + 2L)g (5, 12) + 20L — 3)gay (s, x2) + 205 ~ TLgay ez, x2) = 204L = Dgiaen x2) + Sy x2) + s x2 )] + 26 xs(1 + 20)

6 CH () = xxnl(17 - TL)

— 4g;

¥ ga(F0 ) + 2em(Fe D) ryrl(1+ 2L)y (50 + 2L — Dl 35) 2014 Ly () + 2601 = 2L + 2L = ) (Es) - @/x)xalxs — 4x)2L ~ 1)
+2(5 = TLh ()] + (1 + 2L)x () + dxship() = [ + (/e +2L) + 20l + Lot (5 = 1Ly () = 2015k () = 21 = 2x)xshy (55)
+ dnyd — ) inalen) = 2 — e /E)ing(r) + 2L — e/ EMhnsey) + (12 = Dy + @/ — Xy Teli (x2) = 201+ 2L = 2/ i) — 86003 — L)% + ha(sy)
+207 2 ite) — el ) + Dby (5) = Thy )] + xihs(r) + C/RfAsHIG ~ 1)+ 5 + 1y~ L1+ aymloll +20) =20+ 26123013 = 6L ki)
+ (20 /x2) = Dhaa(aa) = e fF ) (5y) + 20 /Fahaa(a) + [y = 20 el ) — 20y aal) + 4 Ea)hn(5s) + /ey = 261 + 3, + 3 e Dhaales)
2y /B9 2L + 26, (2~ LiJhia(&y) + 2ea/ 25 — BL + 25,7 — 2L)Jhys(53)

+ /)N~ 2L + 200
il

L)) - xi[25 - 8L

2+ B)h(E:) — @/ (1 +x) —

2L () + 200 /A + 5oy
@+ xa) (). €7

5 €y )

{65 ~ 3L)g1(0) + (3 ~ 4)gu 5y 3 + 2

gy %) = 28 (51, %) + 2

x.x)]
+ 2L = 3)(2x, + xa)hy () + [80 = 2L)x; + 203 = 4L}y (x3) + 4@, + 2y () — g ()]
+ 63— ALYa(E) + 614L — 3 + Alea/x)(L = D) — 120l + 1

xa)inrs) 0 () = 47,8, (51) + 2

13L 4 63(2 — £) = 200y 1l (59 + [262(4L — 3) ~ 85Ty (B,55)
+ 2251601 ~ 20) + 1 = L) + s /x2) 1 (3. 33) + 28 (51 33) = 203 + X (3 33)

+@/R)RL — Dhl®) = @/x)QL — Dhn(e) + @/8)hn(E) = @/x)hna). =)

+ (14 5L)ga(xs) = (3 = 4L)g1a(1 x3) + 207~ 4L)gyals, x3) + 28y, 13) — gl )]

15 CH () = 20 lS(L — 3)ge2) + 201~ 2L)gu (5 \le;

4L)g1 (83, %2) + 26L — S)gua (x252) + 2001 +4L) = 53— L)% iy (51) — 22/ )0 = 2L) + 223 + 1 +4L = 23 — 4Ly (x3)

1y x2) — 221 (F32) + 8y (e, )] + 205[(6L — 8y + (2L = 3y (52) 401+ 5y () + 42032 = (1 -+ x0) by ) + 407 = SL + 5 = 20/ o) + (/)L ~ 5)
f«hJL\.-HL*H\llmlmf)H\m['vaZH\»\,ULf?H)\‘\.LVv () + (5L = 7) + x(6L — 13) + 33232 = 3)Jhyaxs) = 205+ 2/% Jhn(®) + /D6xs(1 + x3)

2 (e + By (8) + 2623, + 52V (59) = 200051, + 535 (1) — 403 + 2L)3, o (51) +13(2 4+ 55Uz xs) + (/FIBL = 8 + 35, (L = DY) — @/DBL — 8+ 3L = D s ()
+2x5(15 = BL)ya(is) + 20x3/x2)[4(L — 1)y + (8L — 15)xVya(x2) + 4(x /x2)[(3 +2L)xs + 6 Jhyalixa) +(6/5)(1+ £)ha(1) = (6/5)(1 + x3)hna(xs), (E8)
— gz (51) — Brghas(F) + (8/x)[2eaxs + 15 Vina(am) + 1200 /E1 s (1) + B/ F)E — 2D (5s)

/x5 + 2L Dhrs(3) + A/ F Vs (55) — A 5, ®) 55O (0) = 4818180 + 0[5 + x3(8 = 3L)]g, () — 20[2(1 = L) + xs(1 +2L)]gy (. x2)

— 4%y (L = g1y (02, x2) + 265 g1 (51, 1) — g1 )] + 2[2(1 = L) + 351 + 2Ly ()
= 28521 = Ly () + iy () = oy Cea)] = 201+ 2L = 2/, + 2L = 1)/ Jhnalsr)
2004 2L+ 2L = D /xs + 263/ x)ialen) — 201+ 1/ dhna(®) + 200+ 1/xs + 23/ xaJhnxa)

00 ()=

2)+ (L~ 5l () ~ 453~ ) + (2L~ 3l
+ 261+ 20 [2AL = Dg )12, 32) = g2 (Fa.x2) + 82132, 1)1+ 4 [(L = 3) + (2L = 3)x, iy (5)

+ Q/E)I/F + 1/x)(L = 9) + 2L = 2hsE) + /O = 2L)/x = AL — Dins(a)
(1 20) 2L — 1y (x2) = oy (55) + 2y ()] + 20204 — 12)/ s + (4L~ 13)/ 3, ~ o) + O+ 15 + Ut — @fxal1 + (o) @
+ 20401+ 3~ L)+ (xa /) (13 — 4L oya () + 401 = (xy/53) + Cra/e)ras () = 401+ G/ DoasCea)
+2[(n/ 25) = 2000/8)(2L ~7) ~ 1/ )BL — 25) s (55) 7 1 5) = 38 (59) = 3 (45) + 2L ~ 10)s(5) = 26L = 10h1a) + 3hay) = Shmti) 355k
013, )BL = 25) iy xp) + 412001 /52) = (x5 = ) ia) + 401+ 2 s ), (©5) = (6/m)(L = 3hya(E) + (6/0)(L — Ix3) = (3/8)hns(®,) + B/
o2 1402123
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Intro Summary

Nonperturbative input

e from lattice QCD  [Braun:2014wpa]

— Normalization constants (wave functions at the origin) for S- and P-wave DAs (twist-3,4)

fv = 2.84(1)(33) 1073 GeV?
A1 = —4.13(2)(20) 10~2 GeV?
A2 8.19(5)(39) 1072 GeV?

— Quark “momentum fractions” in the S-wave DA (twist-3)

(1) = 0.372(7)(?)
(m2) = 0.314(3)(?)
(w3) = 0.314(7)(?)

e Fit parameters  [Anikin:2013aka]

— Quark “momentum fractions” in the P-wave DAs (twist-4)
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Intro QcD Summary

NLO LCSRs for nucleon EM form factors (II)

12/ GRi(@)/ G (@) H
1.0""‘"“'\«»\‘\'\ - 1oF MMH%} 1
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Q* Q?

Figure: Nucleon electromagnetic form factors from LCSRs compared to the experimental data
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Intro QcD Summary

NLO LCSRs for nucleon EM form factors (l11)

Q*FY(Q2)/FL(Q?) -
T S T

QZ

Figure: The ratio of Pauli and Dirac electromagnetic proton form factors vs. data

Axial form factor does not involve new parameters

— see slide 2
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Intro Summary

Threshold pion production

Generalized Form Factors ~ S-wave Multipoles at Threshold

. u
10 q

2mpy

em L~ 1 v N 2 TN
(TN|j;"|p) = —JéN(Pms {(ml(f—qﬂ 1) w2 (@)~ G3 ‘<<f>}N<Pz)

related to S-wave multipoles in the PWA
VAT Qe @@+ amy arN
8 m}?]f7r 1

VAT Qem Q*\/ Q2 + 4m;zv o

2

Egy (Q, Win)

N

L(lur (st Wth)

327 m}?]f7r

e.g. the differential cross section at threshold is given by

doy 2k | W [ N\2 Q° N 2}
= ET LA
a0 |y W2 — m12v (Egy )™ + E(w,tyh)Q (Loy
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Intro

Summary

Low-Energy Theorems

e Current algebra: predate ChPT and QCD

Chiral symmetry: @ pion mass m; — 0

@ pion coupling ~ |k| — 0

e Pion emission from external legs

7

(T NI [ N) ~ 7 (N|[ia™, Qs1IN)

, Kroll, Ruderman '54
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Intro Summary

Low-Energy Theorems — continued

Vainshtein, Zakharov, NPB36(1972)589

PCAC t algebra:
+ current algebra Scherer, Koch, NPA534(1991)461

Q2 wOp gA Q2 D wOp 29Am12\[ g
2 Gy - 2 2 GM’ Gy "= 2 2 GE’
my 2 (Q +2mN) (Q + 2 N)
2
£ grtn _ 94 Q? o+ La, artn 2V2gam3
my ! V2 (@2 +2mf) M e ’ (@2 +2m3) "

Derivation does not imply Q% ~ m2 !

Threshold photoproduction of 7¥ is suppressed compared to 7+

The 70 /7t —ratio is rapidly increasing with Q2

o

The O(my) corrections can be added
© ChPT allows to treat O(m2) terms if Q ~ mx
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Intro Summary

Chiral Perturbation Theory

Bernard, Kaiser, Meissner; PRL69 (1992)1877
Nambu, Lurié, Shrauner

2 2 2 ;

_ 1 q 12
E D (me=0,¢%) = —4 1442, 1 (n+—>+ (1f—>
ot (ma ) 87 fr 6 4 amZ " 2/ 1282 72

2 7> 5
Ga(g®) = ga 1+€7‘A+---
Experiment:  r4 = 0.65 + 0.03 (elastic ep); ra = 0.59+40.04 £ 0.05 (pion el.prod)
180 P
!
15[ g bl / ]
/
/
. 100 - d 4
S-wave cross section )/
,y*p — 7.‘.(]p 075 J 1

W =1074,e = 0.58
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Intro Summary

Low-Energy Theorems — continued (I1)

2 ma
e expected to fail for Q*~ X
Mmx

since 7 cannot have small momentum w.r.t. the initial and final state protons simultaneously

P’ P-k P P’ P
E /I 1 I
/,/’ —_ ,’/%L
q ok ///k d
at threshold
m
my —(P—k)? = — [Q2+2mﬂ

my

= phenomenological Lagrangians to take into account nucleon resonances
=> or go over to quark-gluon description
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Intro Summary

QCD Factorization

basic idea: decouple “hard” and “soft” momenta
M(QY, @3, .. 3k, KS,...) = H(QL, Q3,..;p°) @ S(u*s ki, k3, ...)
f i

factorization scale

e H: hard function can be calculated in pQCD

e S: soft function can be simplified using LET (ChPT)
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Intro Summary

Q? ~ m3, /my: Light-Cone Sum Rules

[Braun:2006td], [Braun:2007pz]

¢s() ba(2)

1) = 5 Purdiu —upudy = drupur) + 5 fupuy dy — drugug)
oy _ (@ o _ Sal®)
lpt=°) = N |6updyup + upuy dy + dpug up) 2\/§fw\“¢ L — dpugup)
lntat) = %zi|2u¢d¢“¢—3“¢uid¢_3d¢“w¢>— %(:)\wwh—dfruwﬂ

Pobylitsa, Polyakov, Strikman, PRL87(2001)022001:
¢ Chirally rotated nucleon DAs
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Intro Summary

Deviation from LET (LO): [Braun:2007pz]
1
1.4
1.2
1
0.8
0.6
o.af  (GT°")qep
TP
0.2 (GFP) g1
0 2 Z 6 8 10
Q? Gev? Q2 Gev?
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Intro Summary

Summary and Outlook

e Axial FF in a few GeV range can be accessed through threshold pion production

— Need PWA with emphasize on the threshold region

— Need theory for O(m, ()/m) corrections to LET

— expect 30% corrections

— LCSRs, hadron models, 7 n vs. 7~ p, etc.

e A new chapter in hard exclusive reactions: use a pion to “rotate” the nucleon WF
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