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Radiative Corrections for Exclusive Processes

@ Photon emission is a part of any electron scattering process:
accelerated charges radiate;

@ Exclusive electron scattering processes such as p(e,e’hy)h; are
actually inclusive p(e,e’hi)hs n7y, where an infinite number of
low-energy photons can be generated

@ Low-energy photons do not affect polarization observables, thanks
to Low theorem
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QED Corrections for Electroproduction of Pions

Afanasev, Akushevich, Burkert, Joo, Phys.Rev.D66, 074004 (2002)

@ Conventional RC, precise treatment of phase space, no peaking
approximation, no dependence on hard/soft photon separation;
extension to DVMP is straightforward;

@ Can be used for any exclusive electroproduction of 2 hadrons, e.g.,
d(e,e'p)n (EXCLURAD code)

elky e(ky) _STK)
Pu
a) b) <) d) e)

p(p)

@ Fortran code EXCLURAD is available at www.jlab.org/RC
@ Used for data analysis at JLab, COMPASS, MAMI, ... WASHINGTON
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QED Corrections for Electroproduction of Pions
Sample results from EXCLURAD
@ QED corrections to unpolarized cross sections reach tens of per cent

@ Corrections are dependent on both polar and azimuthal angles of
outgoing hadron (pion), which affects extraction of resonance
parameters in the resonance region and GPDs in the deep-virtual

region
AFANASEV et al. PHYSICAL REVIEW D 66, 074004 (2002)
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FIG. 3. W dependence of RC to the cross section of neutral pion FIG. 5. RC 1o the cross section as a function of cos 6.
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@ QED corrections due to real-photon emission are smaller for asHeToN
polarization asymmetries WASHINGTON, DC
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Two-photon Exchange Corrections for Inclusive and Exclusive Processes

@ Ge/Gm polarization vs Rosenbluth discrepancy is agreed to be
partly due to two-photon exchange (resulting from about 5 per cent
missing systematic correction at high momentum transfers (see for
review A Afanasev, PG Blunden, D Hasell, BA Raue, Prog. Part.
Nucl. Phys., 2017

@ JLab experiment Katich et al., Phys.Rev.Lett. 113 (2014)022502
reveals about 5 per cent polarization asymmetries in DIS on 3He
that are zero in one-photon exchange approximation

@ Proposed positron beamline at JLab will provide a direct probe for
two-photon effects via measurements of electron-positron
asymmetries
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Two-Photon Exchange Corrections for Electroproduction of Pions
Afanasev, Aleksejevs, Barkanova, Phys.Rev. D88: 053008, 2013

@ Calculated previously neglected QED corrections from two-photon

exchange

@ Used a soft-photon approximation, results expressed in terms of

Passarino-Veltman integrals

(a) (b)
e e e

@ Computed corrections result in about 5 per cent variation of cross

section from backward to forward scattering angles

@ Conclusion: Important for the analysis of angular dependences,
cos(¢) moments in particular
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Two-Photon Exchange Corrections for Electroproduction of Pions

Afanasev, Aleksejevs, Barkanova, Phys.Rev. D88: 053008, 2013

@ Angular dependencies of two-photon corrections affect o /ot
extraction

AFANASEV, ALEKSEJEVS, AND BARKANOVA

PHYSICAL REVIEW D 88, 053008 (2013)
ot Bror

FIG. 5 (color online). 7 electroproduction two-photon box correction (for detected proton) dependencies on virtual photon degree
of polarization parameter € for momentum transfers 0? = 3.0 GeV? (left plot), 0* = 7.0 GeV? (middle plot), and Q* = 0.4 GeV?
(right plot). All plots are given for ¢4 = 90° and 6, = 90° and W = 1.232 GeV. Dot-dashed curve, SPT; dotted curve, SPT with a7
subtracted; dashed curve, SPMT; solid curve, FM approach.

@ These effects can be directly measured with proposed positron
beamline at JLab

@ Two-photon correction times two = electron-positron scattering

asymmetry
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Theory Challenges

Both soft and hard photons are present
Soft photons do not resolve the quark/parton structure

Soft/hard scale separation is necessary in the loop integral

We used Grammer-Yennie procedure for soft/hard separation - as in
AV Afanasev, SJ Brodsky, CE Carlson, YC Chen, M Vanderhaeghen,
PRD72, 013008 (2005)

@ The results become dependent on soft-hard separation scheme,
QED and QCD have to be consistently combined

@ Not all of the contributions are factorizable in terms of GPDs
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Next class of processes: SIDIS

Semi-Inclusive electroproduction and TMD studies

do x-section for eN->e’hX assuming one-photon exchange

dx dy dog d= déy, dPZ |

= o? y” {i,¢ r+eFuun + v 2e(1+£) cosgy Fi[: 9" + ecos(2¢y) Fii;

Ty QI 2(1—2)
+ A V2e(l —e) sing, FI™ + 8 I:\.v' 2e(1+ e) singy, Fiip ™ +esin(2ay) Fiip

+ 5L A [\/1 — 22 Frr ++/2¢e(1 —¢) cos¢n F} ]

+Sr {sin(@'p. — &3) (F

+ & sin(3én — &s) Fl r b= 22(1 + <) sings F, )

(1 + 2) sin(2¢y, — ds) Fyr

2e(1 —g) cosdg Fip % + /22(1 — €) cos(2¢y, — d5) F} " v :| }

SIDIS phenomenology based on several assumptions?, including:

@ One-photon exchange dominates;

@ Transverse photon cross section dominates, and FbU can be ignor,

lBacchetta et al. 1703.10157 [1]

R J} + S7A. [m cos(dy, — dg) Frg e

from Bacchetia ef al, 1703.10157
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Motivation & Introduction

TMDs in SIDIS
Assuming the one-photon exchange and dominance of the transverse
photon. SIDIS phenomenology for last decades was extracting the
underlying transverse momentum dependent (TMD) distribution and
fragmentation functions from multiplicities and single spin asymmetries in
SIDIS.
Analysis of multiplicities was done based on factorization of the x-section
from transverse part.

TMD Parton Distribution Functions ~ TMD Parton Fragmentation Functions

FUU,T(E:Z:PPZITJQZ) \
d*k, d*P | f2(z,k%;p%) DI (2, PY; p?) 8(zkL — Prr + PL)

—

+YUU’T(Q2 Pir) +0(M*/Q%)
hard scattering from Bggghetta et al, 1703.10157

Several JLab proposals focused on extraction of the longitudinal photon

contributions. THE GEORGE
No measurement so far available for evaluation of systematics from  \/asHiRaToN
two-photon exchange. WASHINGTON, DC
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SIDIS cross section: separating Fyy 1

from Avakian et al., Eur. Phys. J. A (2016) 52: 150 ratio of longitudinal and
/ transverse photon flux

dao o? yQ 1 '}2 7 ﬂ ( ) peing

T andeadr gz ——— 1+ —|{. € +Ae/26(1 =€) singy Fy ™"

dz dy di dz dgp dP? | QR 21— % UU,'I'H.IH: egfiu v bn Frp
E12-23-014

Semi-Inclusive:

_ . Hall-B E12-16-010C |
+5) [V2e(1 +¢) singp Foph 4+ Esin(?a‘)h)Fz:EZé"} +8Ae V1 — £2 Fpp,

Separation of contributions from longitudinal and transverse photons critical for interpretation

Expected E12-06-104 assume R=F,/Fyy 1 Wide s-coverage needed!l!

o evs. @, x[0.30, 0.32]
e 4 4 I
of [ v s s
O C
e z [ wesmrassan
o2t | s el
I /I « osf
| 2
! & et ‘ : SE
- Rsipis = Rois e e 1-y—37%"
Bl 0 ¢ ¢ “F CLAS12 v
AT IR o : 3 : -
Pyt iGeVied o
So far the Pr-dependence is neglected (DIS=SIDIS)!!
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Motivation & Introduction

Fyu,1 studies at Hall-B

do — . . .  Measurements In a given
drdC2dzdp, ~ K@) Fevr + cFuue) %(0.3-0.32) and Q?(2.4-2.6 GeV?)
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For evaluation of the longitudinal part, measurementd®
at different beam energies are needed to fit the x-
sections as a function of epsilon and extract the

Fyu(or the ratio R)

Understanding the systematics from two-photon
exchange, in particular at large P is critical for
evaluation of systematics of TMD extractions

red->large RC region
y>0.75

JLab12 coverage
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Background

Considering the correction 5TPE.

dotor _ TPE
dedzdQ@ Py = 971t = d0ep/(1+077)
FuuL cos (2¢)
~ (1 =6TPEYK()[(1 + e=—"5) 4+ /2¢(1 + €) cos 2p—Y——
Fuu, T Fuu, T
Cos ¢
—i—ecosgb w_n
Fuu,m
(1)

with x is Bjorken-x, transverse momentum of the detected meson
Pr, Q? relates to the momentum transfer of the virtual photon.
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Background

Kly)=1—y+y?/2+7%y*/4 (2)
1y —3y?

=KD G)

v =2Mx/Q (4)
v=Ep,— E (5)

Q2

x= 2Mv (6)
y=v/E (7)
z=Ep/v (8)
PT = 'Dh sin(ﬁhﬁ) (9)

where Ej,, and E’ are the energies of the incoming electron bearfjie Georae
WASHINGTON

and the scattered electron, respectively. UNIVERSITY
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Assumptions & Calculations
e(k1) + N(k2) — e(ks) + q'(ka) + S(ks),

e(k1) e(ks)

For quark-diquark model, g’ represents quark and S represents diquark.
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Assumptions & Calculations

e(ky) el(ks)

' (ks)

Born-level one photon models, which equals to the sum of the "quark graph” and the " proton pole graph”. g’ and

S stand for quark and diquark.?

2Afanasev and Carlson Phys. Rev. D 74.114027[2].
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Assumptions & Calculations

Using soft-photon approximation (SPT 3) by neglecting the
momentum for one of the photon while calculating the amplitude,

such that
M2 =M . Z[— > (2ki - k)
iJ

0({kiami}v{:|: ki, mj})
2 Z MY M, ; boxs (11)

I=N,q’,s i=a,b,c

(10)

where the Passarino-Veltman three-point scalar integral

Co({ki, mi}, {kj, m;})

gl 11 @
N CEr e A R
The correction THE GEORGE
2Re[ MY M™] UNIVERSITY
5box = W = 2Re[z M/J’box]. (1\/&)\NGTON,DC
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Assumptions & Calculations

Regularization of the infrared divergent integrals.

4

One of the possibilities for the Bremsstrahlung process .

4Afanasev et al. Phys. Rev. D 88, 053008 [3]
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Assumptions & Calculations

The IR-divergence cancellation approximation of the photon in the
numerator, the correction is

1~ 3 Gyt ) i ). (14)

where i,j =1,2,3,4 correspond to the momenta from the
Feynman diagram, and kg is the momentum of the virtual photon
in Bremsstrahlung process.

d3ko
I(ki, ki) = 15
( J) /k0 —|—A2 k kO k kO) ( )
Therefore,
(5TPE — 61;,:5(E —|—67 (16)
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Assumptions & Calculations

Fuu.l cos (2¢)
dotor ~ (1=0TPE)K(y)[(1+ez5)+/2¢(1 + ) cos 29—
Fuu,t Fuu,T
,_-cosd)
—I—ecosgb%]}

(17)

The moments of cos(ng) ,

(cos (nd)) ~ / doopdd(l— 6TPE)cos(ne)  (18)

The cos (n¢) moments with the corrected terms only,

TPE THE GEORGE
<5 Ccos (n¢)> ~ / dO‘expdgb(S cos (n(b) (]t%;lCLNRGSTgc
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Results

Elab =10.6 GeV;

Q? ~ 2.5 GeV?;

y < 0.75 to avoid the region most susceptible to radiative
effects and lepton-pair symmetric background,;

x = 0.31 (the invariant mass W ~ 2.7 GeV);

e z=20.5

@ The polar angle of the detected meson is cosf = 0.8
(Pt =~ 0.35) for Pt independent figures;

@ The azimuthal angle of the detected meson is defined as
¢ = /6 for the figures that are ¢ independent;

(*] FUU L/FUU T~ 0.2'
o Fi2?/Fyu,r ~ —0.05;
(] FECEJS(Z@/FUU,T ~ 0.1.

THE GEORGE
WASHINGTON
UNIVERSITY

WASHINGTON, DC

22



Results

Ers
& oo
o
am
.08
¥ w
3 £
oo B, oo
o ©
02| N
2020
-om| 002

Qz ~ 2.5 GeV2, x = 0.31, z = 0.5, Pt = 0.35 for Pt independent figures, and the azimuthal angle of the
detected meson is defined as ¢ = 7 /6 for the figures that are ¢ independent. The masses for the incoming
particles (me, M) are the mass of electron and neutron, respectively. The mass of quark (mgyar = 0.14 GeV)
the mass of spectator my = 2 GeV. Using data from JLab E12-06-104 [5].
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Results

Pr=0.4 Pr=0.8 Pr=1.2
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Q2 ~ 2.5 GeV?, x = 0.31, z = 0.5, and the azimuthal angle of the detected meson is defined as ¢ = 7 /6 for the
figures that are ¢ independent. The masses for the incoming particles (me, M) are the mass of electron and
neutron, respectively. The mass of quark (mq,,a,k = 0.14 GeV), and the mass of spectator my = 2 GeV.
THE GEORGE
WASHINGTON
UNIVERSITY

WASHINGTON, DC

24



Results
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The cosine moments in terms of y. 02 ~ 2.5 GeVz, x = 0.31, z = 0.5, Pr = 0.35, and the azimuthal angle of
the detected meson is defined as ¢ = 7 /6. The masses for the incoming particles (me, M) are the mass of
electron and neutron, respectively. The mass of quark (mgax = 0.14 GeV), and the mass of spectator my = 2

GeV. Using data from JLab E12-06-104 [5]. e
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Results
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The cosine moments in terms of transverse momentum of the detected meson. 02 ~ 2.5 GeVz, x = 0.31,

z = 0.5, and the azimuthal angle of the detected meson is defined as ¢ = 7 /6 for the figures that are ¢
independent. The masses for the incoming particles (me, M) are the mass of electron and neutron, respectively.
The mass of quark (mgyark = 0.14 GeV), and the mass of spectator my = 2 GeV. Using data from JLab

E12-06-104 [5]. THE GEORGE
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Results
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The cosine moments in terms of polarization factor e. Q2 ~ 2.5 GeV2, x =0.31, z= 0.5, P = 0.35, and the
azimuthal angle of the detected meson is defined as ¢ = 7 /6 for the figures that are ¢ independent. The masses
for the incoming particles (me, M) are the mass of electron and neutron, respectively. The mass of quark
(Mquark = 0.14 GeV), and the mass of spectator my = 2 GeV. Using data from JLab E12-06-104 [5]. .
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Conclusion

| 2

>

Two-photon effects alter angular dependence of cross sections
in DVMP and SIDIS

Their measurement is necessary for validation of the
phenomenology to extract GPDs, 3D PDFs and FFs;

For SIDIS, TPE corrections of the two-photon exchange are in
the interval of —4(—8) ~ 5% for y, € & Pt dependents;

The corrections can affect the moments of cos(¢) by nearly
0.5 ~ 1% and 0.3% for (cos(2¢));

The experiments of multiparticle final-state observables in a
multidimensional space in x, Q?, z, Pt with the electron beam
energies of 6.5,7.5,8.5,10.5 GeV have been measured at
JLab;

importance of calculating the cosine moments, (cos(n¢)):

It is crucial for probing the transverse momentum distribution
of partons;
L. . . THE GEORGE
- WASHINGTON
Cons.,tralnlng quark and gluon pc.)larlzat|on, o WASHINGTON
Testing quantum chromodynamics (QCD) factorization WASHINGTON, DC
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Supporting

Supporting Slides
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Supporting

2w,

Attempts to understand Q2-dependence of HT

CLASt2(prlminary) |
A{ns s COMPASS N 018<x<026  026<x<035 035<x<05
vu COMPASS preliminary ASln ¢ : RN, WO YL -y Lol Wems
i o . 4 o .
= N b 0t bind 2 "
o i [ ﬂ LY T AL e
+ T T
EA W . . e ‘wf”-ﬂﬁ‘w‘
. w:.(m. [y e e E E
= L ! ‘ bin§ . -
-0ng| * L) $ o . = Tt o it
f i : ER RN -
| o n o1 " o I N ¥ ot inavl N o ieavt
07 GVl 07 Geviel? 0 (GeVie)® LA L L Durmed s
+  We always measure ratio to ; - p
FUU.T + Eij_L " o R

The moments defined as a ratio to ¢-independent x-section(to F 1), are not decreasing with Q!!!
The HT observables, don't look much like HT observables, something missing in understanding
Understanding of these behavior can be a key to understanding of other inconsistencies

Checking the Q? and Pr-dependences of the Fy,;; may provide crucial input for validation
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Supporting

Longitudinal photon contributions in SIDIS

“SIDIS Fr"

"SIDIS FL”

“Cahn"- f
“Boer-Mulders”

e, ¢* and friends
“Kotzinian-Mulders*
“SIDIS g,

“Sivers®

“Colins"
“Pretzelosity”
frand friends

“Worm gear”
“SIDIS 1," - g7

do

low high
Pr

twist

There are several possibilities:

7 #— o Twist 2 TMD matching twist 2 PDF

oTwist 3 TMD matching twist 2 PDF

*Twist 2 TMD matching twist 3 PDF

s Expected mismatch

¢Twist 4 TMD matching twist 2 PDF?

03|

A. Bacchetta
— GFd.Gov?
x=03 2=05 uss |
— =760
@56

— et

-> Contributes everywhere,
- we know nothing!!!

dody dzdP?, zyQ®2(1—¢)

do

dra® y?

dedyds  zyQ?2(l-¢)

{FUUT(E, z, Qg) +eFyu,p(z, 2, QE)}

ZWFL-'L'.T(:E) Z, P}gj_: Qz) +e 27rFUU.L(E= 2y P}%J_a Qz)

Fyu,L

R=
Fyur

THE GEORGE
WASHINGTON
UNIVERSITY

WASHINGTON, DC

31



Supporting
4.

SIDIS at JLab12
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Supporting

TMDs in Semi-Inclusive DIS

TMD Parton Distribution Functions TMD Parton Fragmentation Functions

<

k) &P f2(z, k% u%) DY (2, P u?) 0(zkL — Par + PL)

Fyur(z,z, Pip, @)

q
+ Your (@2 Pig) + O(M?/Q%)
Major advance in theory in last years

ke eibrkL

Fitmbhipsn) = ,/( 2r)? R fim R ) perturbative Sudakov form
factor
N i ‘/ Kreanm +95
Fole g, ) = 1€ © il ga,) o % brrommn 52) (%)/ frve(e, B (o)
colinear PDF Collins-Soper kernel b2
ins- rturbative part ; P
tchi Hicient (perturbative and ;?-?E:Dur ative pa gr(b%) = —g3 =
matching coefficients nanperturbative)

(perturbative)
- 3 . . . . . CS-kernel->independent
08 kernel discribes the interaction of out-going parton with the confining potential o, any other variables

Provides nonperturbative part of evolution for TMDs
THE GEORGE
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Supporting
Possible sources of large P+ behavior

1.

Perturbative contributions and Pr-dependence of unpolarized FFs
(so far unlikely...);

Significantly wider in kt distributions of u-quarks with spin opposite
to proton spin (possible sign flips in asymmetries related to
polarization of partons);

Significantly wider in k7 distributions of d-quarks (possible sign flips
in asymmetries related to polarization of partons);

Significantly wider in kr sea quark distributions (study contributions
dominated by sea, K—,..);

Increasing fraction of hadrons due to FbU (needed for proper
interpretation—separation of FLLJU from total);

Significant contributions from VMs to low Pt pion multiplicities,
with direct pions showing up at large Pt (needed for proper

interpretation—much wider in k7 original parton distributions);
THE GEORGE

Radiative corrections (need the full x-section, typically applied to }jASHINGTON

pions, while may be needed for underlying VMs,...). WASHINGTON, DC
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Supporting

Kinematical regions in SIDIS

fast moving hadron %

L e
Current Fragmentation
Collinear factorization arXiv:1904.12882
Target Region Current Fragmentation
Fracture functions Soft Region TMD factorization
basd
IF

xg— fractional momentum in
the CM frame

1) Theory works well for ¢/Q<0.25,

3) Theoretical separation of kinematic reglonrequnressome assumptions (no
decays,...)

4) Multi-dimensional measurements critical, requiring high lumi
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Supporting

What we learned: missing parts of the mosaic

+ SIDIS, with hadrons detected in the final state, from experimental point of view, is a
measurement of observables in 5D space (x,Q2,z,P+,¢), 6D for transverse target, +¢g
Collinear SIDIS, is just the proper integration, over Py,,bs

» SIDIS observations relevant for interpretations of experimental
results:

1.

2.

0N O

Understanding the kinematic domain where non-perturbative effects of interest are
significant (ex. x,Py-range)

Understanding of Pr-dependences of observables in the full range of P; dominated by
non-perturbative physics is important

Understanding of phase space effects is important (additional correlations)
Understanding the role of vector mesons is important

Understanding of evolution properties and longitudinal photon contributions
Understanding of radiative effects may be important for interpretation
Overlap of modulations (acceptance, RC,...) is important in separation of SFs

Multidimensional measurements with high statistics, critical for separation of different
ingredients

» QCD calculations may be more applicable at lower energies when 1)-7) clarified
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