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A Tale of Two Fields

Computational Experimental

on: :JPsiMeson(d stdDev, lowerBound, double upperBound, do CSR) {
distribution = TF1("mesonDistribution”, "gaus(@)", lowerBound, upperBound);
distribution->Se s(1 / (stdDev * Tl < i())), 3.8969, stdDev);
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EGammaMax
TMin Storage Ring

TMax =
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PhiMax
ThMin lon Collider Ring

ThMax
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PhisMa
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crossSectionRatio = CSR;

cdfTable. 11(cdfTablePath);
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- Understand structure of nucleon 1n n
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- Modern description in terms of
Generalized Parton Distributions (GPDs)
- Describes correlation between longitudinal
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momenta and transverse distribution <ource: Marc Vanderhacghen
- Focus on hard exclusive heavy quarkonia production
- Direct access to gluon GPDs
- Specific focus on vector mesons
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Purpose

T¥(q)
hard
Py

- Two domains: low energy, high energy - ¥
- Low energy (JLab): polarized J/W N

- Near threshold, dominated by 3-gluon interaction?

- Factorization is unclear for handbag model
- Lots of great research going on here

- See Sylvester's and Erik's talks tomorrow

- We will focus more on high energy
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Purpose

T¥(q)
hard
Py

-  Two domains: low energy, high energy o )
- High energy (EIC, EICC): %

- Measure bothJ/W and Y

- Factorization has been demonstrated (Collins, 2004)

- Focus on photoproduction & electroproduction into e*e”, u*y-

pairs

- Brings its own questions

- How do we handle different production modes?

- How best to avoid background?



Goals at VT

T¥(q)
hard

soft x+E x-E

Core focus: GPD physics "o e
- Factorization limits N
- Higher twist (experimental studies)
Find CFFs fits from multiple exclusive VM + Compton like reactions
Extrapolate to zero-skewness case using mass evolution at fixed Q?
- Use mass as lever arm in propagator CFF
For details: see Brannon, Jocelyn, Melinda, Erik




DEEPGen and DEEPSIm

Flexible event generators designed for
exclusive reactions
DEEPGen: designed for Jefferson Lab T

1.5)

- Fixed target, low energies E

osf /

- Projections used for experiments in Halls A, C, D
DEEPSim: extension for modern high energy colliders
- Discussed in EIC/ECCE exclusive working group

- Still undergoing cross-checks
Developed by Marie Boer & VT group
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Supported reactions

DEEPGen:

- Hard exclusive processes:
- DVCS
- TCS
- DDVCS
- Other processes:
- VCS
- Elastic scattering
- DIS
- Lowenergy pion
- Lowenergy kaon

DEEPSim (in progress):

- Hard exclusive processes:
- DVCS
- TCS
- DDVCS
- HEMP
- P
- JW¥
- Y
- More coming soon!



Generic Event Generation (HEMP)

¥ N L i N e
o >
L Rand.o.mize ir.1iti.al 2. Boost to proton frame 3. Boostto CM frame & generate
conditions within &emit virtual photon outgoing photon (or meson, or...)

user-defined ranges

e

i ROOT file |

6. Save all relevant values 5. Apply kinematic cuts & 4. Boosttodecayframe &
to ROOT/HEP file weight by cross-section generate lepton pair



Quarkonia Production

- User provides ratio between two-gluon A

Flexible framework for meson production \\\\

Hard exclusive J/W production /

(b)

and three-gluon cross-sections

1l eV

- Two-gluon dominates at EIC et al, three-gluon near threshold
- Three-gluon gives more flexible momentum transfer

Hard exclusive Y production
- Currently using similar model to J/W
- Plan to compare w/ numerical BKFL xsecC: rux.c.0
- Handles 1S, 2S, 3S resonances

Currently extending to other vector mesons

t2 v?
= PRE /dl/ ESYIE e

X2 18°(QL) Y (Qu),
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GPD parameterizations

- Easy to swap GPDs in and out by design
- Using generic model for EIC projections
(GPD = PDF * t-dependent dipole)
- Includes both quark & gluon GPDs
- Current reference: CTEQ 2018 data for PDFs
- tdependence experimentally set
to 1-13t (Brodsky et. al, 2000)
- May require tuning for high energies
at EIC (fits from HERA, etc.)
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Production modes

J/¥Y: Both photoproduction (JLab) & electroproduction (EIC et. al)
handled by same cross-sections (varying 2-3 gluon ratio)
Beam:
- Quasi-photoproduction & electroproduction for EIC: scale by flux factor
(HERA collab. 7)
- JLab: not factorized for electroproduction, using quasi-real photon flux +
Bremsstrahlung (dep. on target) for quasi-photoproduction
- Real photoproduction possible at JLab
Spin:
- Polarization handled at JLab (weighting still a work in progress)
- Would like to expand to EIC energies

Measuring both J/%¥ and Y through lepton decay modes (e*e”, u"u")
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Generator Internals

DEEPGen and DEEPSim are weighted generators
- Avoid peaks & spikes in regions that are less physically interesting
Multi-weighting system
- 2 gluon only, BH only, meson+BH interference only,..
- Allow tuning at analysis level
- Saves significant CPU time
DEEPSim only: Crossing angle corrections (optional)
DEEPGen (DEEPSim TBA):
- Radiative corrections and polarization vectors
- Polarized cross sections

13



Adding Mesons in 5 Minutes

Step 1: Add meson object with mass distribution & kinematic ranges

uble upperBound) {

masses[3]
distribution
(int a

distribution->S: eter(4 a, scalars[al);

distribution->Se L *a+ 1, 1. / (stdDevs[a] * TMath::Sqrt(2 * TMath:

distribution->Se a masses[al);

distribution->SetParameter(4 * a + 3, stdDevs[a]);

EGammaMin = 9;
EGammaMax = 100
TMin =

TMax =

PhiMin =
PhiMax =

ThMin =

ThMax =
PhisMin
PhisMax
PsisMin

PsisMax

cdfTable. ctll(cdfTablePath);
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Adding Mesons in 5 Minutes

Step 2: Implement cross-section and GPDs

Upsilonl xsecPhotonUnpol(do

uble firstSummand = ((4 * p pow(n_colors, 2) - 1, 2))) *

secondSummand = @;

3; f++) {

secondSummand += exp(1.13

tau = -t / Qp2;

ble C = sgrt(3 * electronDecayWidth * pow(sqrt(Qp2), 3) / alphaEM);
Igq = 1 / n_colors;

firstFactor = (4 * pow(tau, 2)) / (1 - pow(tau, 2));
secondFactor = log(pow(1l + tau, 2) / (4 * tau));

e phaseSpaceFactor = PI / (4 * pow(t, 4));

phaseSpaceFactor * pow(abs(C * (Iqq, 2) * firstFactor * secondFactor), 2);

ecElectronUnpol(

@ Q2,
1 fluxFactor(y, Q2) * hotonUnpol(x, Q, t, Qp2);

n(@, x, Q);
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Adding Mesons In 5 Minutes

Step 3: There is no step 3.

:.




Projections (J/W, near threshold)

J/psi mass distribution (3 gluon) J/psi mass distribution (2 gluon)
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(photoproduction, 10% smearing) At low energy, 3-gluon dominates in our model



Projections (J/W¥, high energy)

I
J/psi mass distribution (3 gluon) J/psi mass distribution (2 gluon)
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Projections (Y)

cross section (pb)

Upsilon mass distribution (photoproduction)
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Upsilon mass distribution (electroproduction)
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What's possible?

- DEEPSim generator can guide experiments
to probe gluon GPDs, but there are constraints.
- Must ensure decay leptons live in different phase space
than beam leptons (if two electrons)
- Tools at generator level to perform kinematic
and physics studies:
- Must cut out Bethe-Heitler peaks
- Prefer to detect outgoing proton

20



Leptoproduction of lepton pairs

- JLab and EIC have electron beam
- If final leptons are electrons, we have 2 identical
leptons!
- Need antisymmetrization of wavefunction
(hard to extract GPDs)
- Headache to experimentally define the kinematics
- AtEIC, beam electrons can be backwards
- For very specific kinematics, we assume small interference
- ldeally, assumption can be checked with e+e- vs. mu+mu-
- Solutions: large rapidity gap (EIC), photoproduction (JLab+EIC w/ hard
scale provided by meson mass), and/or muon detectors
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Interference with Bethe-Heitler

Y (@)

e(k)
e'(k)

Bethe-Heitler: competing process for J/W
(and all dilepton processes)
- Produces lepton pair via photon
exchange with proton (no GPDs) Shotoproduction
Cut is not trivial — function of £+t , Q'2 (also interferes with TCS)
One outgoing lepton tends to be = e °® e
collinear with beam
- Dynamic cuts for integration range in
- Don't want detectors too close to beam
How important is this for J/W?

: Y, @ W

Electroproduction Electroproduction
(similar behavior to BH in DVCS) (similar behavior to BH in TCS)
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Other Backgrounds

- Prefer to detect outgoing proton as well as leptons,
or there's too much background:
- Soft pion emission
- Other associated production
- pi+pi- pairs (seen as leptons)
- Semi-inclusive background (dominant for EIC)

- For electroproduction, must cut at 1172 ~ 2 GeV
- Resonance of proton with delta particles
- Stops us from seeing GPDs
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Results of kinematic cuts

Beam electron rapidity vs. transverse momentum
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Results of kinematic cuts

Beam electron rapidity vs

.transverse momentum
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hh_jpe_etaPTel[2]

Decay electron rapidity vs. transverse momentum
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Results of kinematic cuts

Beam electron rapidity vs

.transverse momentum
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Results of kinematic cuts

Decay electron rapidity vs. decay positron rapidity Proton rapidity vs. transverse momentum
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Results of kinematic cuts

Decay electron rapidity vs. decay positron rapidity Proton rapidity vs. transverse momentum

hh_jpe_etaplusetamin[2]

hh_jpe_etaPTP[2]
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Results of kinematic cuts

Proton rapidity vs. transverse momentum

Decay electron rapidity vs. decay positron rapidity
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Conclusions

- Electroproduction into e™e” has
limited kinematic access
- Two possible solutions:
- Measure GPDs via photoproduction into e*e
- Hard scale: mass of meson
- Validity check: Py*->P'e’e vs.Py*->P' u*ur
- Install muon detectors & measure muon decay mode
- Allows access to all of phase space (up to acceptance)
- Doing studies for J/¥ and Y (various energies)
- Preliminary results: phase space severely diminished
if e"eis only option!
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Results of kinematic cuts

Beam electron rapidity vs. transverse momentum Decay electron rapidity vs. transverse momentum

» 10 hh_jpe_etaPTel[2] hh_jpe_etaPTmin[2]
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Mean x 0.008239 Mean X 1.186

Mean y 5.266

With muon detectors, nearly all of this phase space
is accessible (up to acceptance). T
6
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Results of kinematic cuts

Decay electron rapidity vs. decay positron rapidity

hh_jpe_etaplusetamin[2]

Proton rapidity vs. transverse momentum
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32



Summary

Upsilon mass distribution (electroproduction)
= . [Mass (GeV)]
Sl ] T
. . g ‘ 14} 'IT '|' 5 Dav 06
- DEEPGen & DEEPSim: Powerful, flexible generators ~ §..0 ||
for fixed target & collider production 4 |
- Source released when completed ot || 5
- Very easy to extend HEMP (new models welcome!) **¢ [ | [} =
- Many more reactions on the horizon oo Moo S d
mass (GeV)

- Current research
- High energy quarkonia production (Marie/Tyler)
- Polarized J/W studies at JLab (Erik Wrightson)
- Modelling both electro- and photoproduction
- Installing muon detector at JLab, EIC, et. al would greatly benefit
studies of HEMP & other dilepton decay reactions.
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