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TPE corrections
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TPE at large-Q%: problems

B Tsai 1961, Mo, Tsi 1969

both diagrams calculated using only nucleon intermediate state
and using qi=0 or q2=0 in both numerator and denominator of the integral
reducing it fo a vertex integral. This yields correct IR-divergent terms (soft

approximation).
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' MT contribution includes the region where all lines are highly virtual and
therefore can not be applied at large values of energy s

- separation of the short and large distances must be done consistently
in order to avoid a double counting
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TPE corrections in hadronic approach qi = e

N, Aj

B Maximon, Tjon 2000 same as above but making above approximations

only in the numerator (calc. with 4-point function) and using on-shell form factors
in the loop integrals

B Kondratyuk, Blunden, Melnitchouk, Tjon 2003, 2005, 2007;
further improvement by keeping the full numerator + higher resonance states

B Borisyuk, Kobushkin 2006, 2007, 2008, 2012, 2014 dispersion relations
elastic & A, N+, results are in agreement (qualitatively)

B Tomalak, Vanderhaeghen 2014 dispersion relations, only the elastic term

B Zhou, Yang 2014 hadronic (recalculation): elastic & A

B Bystritsky, Kuraev, Tomasi-Gustafsson 2006 hadronic + assumption
about that dominant region: qi*q2~q/2(?), TPE effect is very small



TPE corrections in hadronic approach

TPE can resolve the discrepancy at small and infermediate values
of the momentum transfer Q2 < 2.5GeV?

VEPP-3 Rachek et al, 2015
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TPE corrections in hadronic approach

TPE can resolve the discrepancy at small and infermediate values
of the momentum transfer Q2 < 2.5GeV?

Class: Rimal et all, 2016 hep-ex 1603.00315
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TPE corrections in hadronic approach =

works well at low to moderate(?) values of Q2 A

ambiguities: on-shell FFs, models for excited states FFs

—> more and more paramefers,
less and less reliable at high Q2

B The region with the highly virtual photons
involves short distance interactions and therefore
must be described in terms of
QCD degrees of freedom: quarks and gluons

—>  systematic description can be developed using
factorization approach



TPE at large-Q%: hard spectator approach

Borisyuk, Kobushkin, 2008 both photons are highly virtual

NK, Vanderhaeghen, 2009 2
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TPE at large-Q%: hard spectator approach

m- such conftribution is complementary to the
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Reduced cross section: MT + hard TPE correction
NK, Vanderhaeghen, 2009
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TPE at large-Q%: soft spectator contribution
Duncan, Mueller 1980

em form factor F; Chernyak, Zhitnitsky 1977
Brodsky, Lepage 1979

hard- ] é : . soft-
spectator ,_O 8 J}_ 0y spectator
scattering \J—6 .\ Q* scattering

m QCD factorization: soft spectator contribution is important at accessible values of Q°

m Soft spectator scattering is especially important in processes with baryons

® (Qualitatively agrees with observations of the large soft-overlap contribution
in many phenomenological calculations:

GPD (handbag)-model
QCD sum rules (handbag)-mode

LC wave functions | Radyushkin 1998
Isqur, Smith 1984 Nesterenko, Radyushkin 1983 Kroll et al, 1998.2002,004.05
Braun et al, 2002, 2006 WA production/annihilation
| — ———

’y'yHNN, Nm .,




TPE at large-Q%: partonic approach

Partonic or GPD model (similar to Afanasey, Brodsky, Chen, Carlson,
“handbag” approach in WACS) Vanderhaeghen (2004, 2005)

Hard partonic scattering
>
e

gives about 507% of the difference

large-1t GPD

/e~ Separation of the hard and soft photon contributions

e Separation of hard and soft spectator contributions

Is it possible to formulate a more systematic approach
in the framework of QCD inspired effective theory?



Soft spectator scattering in the SCET framework

description of the soft spectator contribution involves 3 different scales

. Factorisation of hard modes: p; ~ Q% > A* (hard subprocess)

QCD — SCET-I FOQ%, QA A% ~ H(Q?) * f(QA,A?)
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£ only after this we get a complete Q? behavior



Duncan, Mueller 1980
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Soft specator scattering at large Q° : SCET factorization

NK, Vanderhaeghen PRD, 2010 BRI S
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QCD factorization at moderate values of Q2

m- moderate values of Q2: QA ~ m3%  hard-collinear scale is not large

Q? =9 — 25GeV?

= QA ~0.9-—15GeV’
A ~ 0.3GeV

the actual region for the planned experiments Q< > QA < m3,

one can factorise in a systematic framework only the hard modes

the interactions of hard-collinear particles with soft spectators must
be considered as nonperturbative

Advantages of the SCET framework
SCET matrix elements are defined by operators in EFT and universal

the hard spectator contributions are natural part of the total picture

if necessary the large logarithms can be resummed using RG evolution



Soft spectator scattering at large Q?

m- moderate values of Q2: QA ~ m3%  hard-collinear scale is not large

Q? =9 — 25GeV?

= QA ~0.9-—15GeV’
A ~ 0.3GeV

@ ON

NK, Vanderhaeghen PRD,2010




TPE factorization within the SCET framework

Basic idea is to construct expansion with respect to large scale 1/Q
in the large-angle scattering domain s~ —t ~ —u > A2

large values of €
NK, Vanderhaeghen 2012

e hard spectat
soft spectator con’rrlbu’nons b

term
2 photons one hard photon &
are hard one soft photon Vs ¢N 37@
N i nucleon
Sllpeiirbative two SCET matrix elements distribution

input
i amplitude



TPE factorization at large Q% the hard photon configuration

leading order QCD , next-fo-leading order QED: 2-hard photon configuration

—— > =
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SCET FF  (@'|Xn(0)7Lx5(0) — X (0)YLxn(0)|P)scmr = N(p)vL N (p)Fi(t)
quark momenta p =~ Qg e Qg = (1,0, 1) =
; (n) 1
quark Sets”  xa0) = Pexp{ig [ dsn- A (sn) |11 0)

How we can estimate SCET FF F1 ?



How we can estimate SCET Ff F 2

m- use universality and if possible constrain it from other process

= Wide Angle Compton Scattering s~ —u ~ —t > A?

® Existing JLab data indicate that the soft spectator scattering
strongly dominates over hard spectator contribution

® Factorization with the same SCET FF  NK, Vanderhaeghen 2012

RN S o

Leading order contribution

.

T; ~ Ci(s,t)Fi(t)




Wide Angle Compton Scattering in SCET

LO resu“- R i T2(Syt) Y T4(87t) ~ TG(Syt) ~ Fl (t) -I-he hard_spec-l-a-l-or

Ca(s,t)  Cals,t)  Ce(s,t) corrections are
neglected

do 2T O? S s+t N
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TPE factorization at large Q% the hard photon configuration

leading order QCD , next-fo-leading order QED: 2-hard photon configuration
— > —
d1 q2 — G = G \;@{
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TPE at large-Q2%: soft-hard configuration
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Hadronic models for the SCET amplitudes

Hierarchy of the soft scales:

— g1 < A ultrasoft photon interacts with the point-like
proton

g1 ~ A resolution is related to the hard-collinear scale

assume that the dominant contribution arises from the ultrasoft region

G (Q7) 1
q R D
iié& 5 1 h g @’ /d l[lz — A2][=2(Ik)][2(Ip)]

minimalistic model: elastic contribution only
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contributions of higher resonances are suppressed by 1/Q



QCD factorization of TPE amplitudes: summary

hard spectator
contributions

T -X IK g

0Gum(e, Q) = Chr(e, o) Fi(t) + g1(e, Q, po) + ¥y x Hyy x Ty

vV
m2

soft spectator contributions

Fg(é‘, Qz) —= Cg(€)fl(t) + Wy x Hy x Wy

SCET FF  Fi(t) estimated using WACS data —t = 2.5 — 6.5 GeV?

e Q \? S — m?\,
minimalistic model 91(&, Q) ~¥ —Gm(Q)In — In > 1o ~ 0.350 — 600MeV
T iz W —
Nucleon DA on(x;) =120 fyrizoxs{l +r_(x1 — x2) + 72 (1 — 323)}

Braun Lenz Wittmann 2006 fn = (5.0+£0.5) x 1073GeVv? r— =137 ry ~0.35
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: 1 M'T
Reduced cross section o)™ =5 (1 + 02y — 655T)
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: 1~v,MT 1
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Reduced cross section o)™ =5 (1 + 02y — 655T)

g ~ Vo~ 1
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Reduced cross section: JLAB data

NK, Vanderhaeghen
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Data: JLab, Qattan et al, 2005
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Non-linear behavior of the ogr(c,Q) at large fixed Q ?

Or the calculations of h-s underestimate this contribution?



TPE amplitudes Guttman et all, 2011

Phenomenological analysis with linear behavior
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Hadronic models for the SCET amplitudes

Hierarchy of the soft scales:

— g1 < A ultrasoft photon interacts with the point-like

0 0 proton

g1 ~ A resolution is related to the hard-collinear scale

=

assume that the dominant contribution arises from the ultrasoft region

minimalistic model: elastic contribution only

2
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contribution of higher resonances are suppressed by 1/Q



Conclusions

® We suggest QCD factorization approach for the kinematical region
s~ —u~—t>A? (relatively large € )

® Hard and soft spectator contributions are included

@® Contributions with 2 hard and hard-soft photons are taken into
account consistently

@ Data for WACS allows one fo fix the contribution with hard photons &
soft spectator scattering using the universality of SCET FFs

® Simple models used for SCET amplitudes describing the configuration
when one of the photons is soft

® Obtained results give can not provide the full description of the
discrepancy between Rosenbluth and polarised data

@® The largest ambiguity is due to SCET amplitudes describing the
configuration when one of the photons is soft. This contribution is model
dependent






