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Pion and Kaon Structure measurements at a DIS collider 
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Λ

K

DIS on pion
DIS on kaon

Need to measure these, so “Tagged DIS” (t is small)



HERA Collider  
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protons

ZEUSH1 HERMES

HERA-b

2 collider experiments
 ZEUS and H1

2 fixed target experiments
 HERMES and HERA-b

HERA Data taking 1991-2007

DESY laboratory in Hamburg, Germany

Mission: Explore QCD at highest 
scale (Q2). Search for new 
phenomena.



HERA Pion Structure Papers

• H1 “Exclusive rho0 Meson Photoproduction with a Leading Neutron at HERA” Eur.Phys.J.C77 
(2017) 4, 215

• H1 ✔ “Measurement of Leading Neutron Production in Deep-Inelastic Scattering at HERA” 
Eur.Phys.J.C68 (2010) 381 

• H1 “Measurement of Dijet Cross Sections in ep Interactions with a Leading Neutron at HERA” 
Eur.Phys.J.C41 (2005) 273-286 

• ZEUS: ✔ “Study of pion trajectory in the photoptoduction of leading neutrons at HERA” Phys. 
Lett. B 610 (2005) 199-211

• ZEUS: “Photoproduction of D*^\pm Mesons Associated with a Leading Neutron”Phys. Lett. B 
590 (2004) 143-160

• ZEUS: ✔“Leading Neutron production in e+p Collisions at HERA” 
Nucl. Phys. B 637 (2002) 3-56

• ZEUS: “Measurement of dijet cross sections for events with a leading neutron in photoproduction 
at HERA “ 
Nucl. Phys. B 596 (2001) 3-29

• H1: “Measurement of Leading Proton and Neutron Production in Deep Inelastic Scattering at 
HERA” Eur.Phys.J.C6 (1999) 587-602 

• ZEUS: “Observation of Events with an Energetic Forward Neutron in Deep Inelastic Scattering at 
HERA” 
Phys. Lett. B 384 (1996) 388-400
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http://authors.elsevier.com/sd/article/S037026930500208X
http://www.sciencedirect.com/science/article/pii/S037026930400560X
http://dx.doi.org/10.1016/S0550-3213(02)00439-X
http://www.sciencedirect.com/science/article/pii/S055032130000612X
http://www.sciencedirect.com/science/article/pii/0370269396006880


ZEUS Forward Neutron Detector (FNC) & Tracker

Meson PDF and DIS 6

• Lead-Scintillator (compensating) calorimeter
• 7 interaction-length
• Had resolution of 65%/√E
• “Forward Neutron Tracker” was installed later 
(Width ~1.5 cm)

500 GeV Neutron  3% Energy Resolution

~110m from ZEUS central detector



Conditional (or Tagged) Structure Function in DIS (neutron case) 
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ep DIS Cross-Section 

DIS Cross-Section with a leading neutron

Conditional (or Tagged) Proton Structure Function 

Now with a leading neutron

Proton PDF 

So far no model dependence
Nucl. Phys. B 637 (2002) 3-56

Quark Parton Model

FROM

http://dx.doi.org/10.1016/S0550-3213(02)00439-X


Tagged neutron DIS measurements at HERA 
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Looks just like protons at low x (scaled down)



Pion Structure Function from Tagged Proton Structure Function 
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Pion Flux Factor

Taken from One Pion Exchange Model for CX Hadroproduction

ISR and Fermilab experiments from the 70s well described
Also looks consistent with CX photoproduction data from ZEUS

“Bishari” flux (F=1)

Note factor 2
difference

Something is not right with this flux
(at least normalization)

“takes care of” all other effects incl. off-shellness



Pion flux factor for DIS leading neutron 
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“Bishari” flux (F=1)

The Bishari flux can be fit to HERA data with a background linear in (1-xL)

What about the pion trajectory?

Phys. Lett. B 610 (2005) 199-211

HERA xL and t dependences are consistent with one pion exchange shape 

http://authors.elsevier.com/sd/article/S037026930500208X


Not done yet!  Absorptive Effects
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r = (Neutron Tagged “DIS”)/ (Total “DIS”)

Photoproduction

DISPhotoproduction = real photon (hadronic size)
DIS = virtual photon (more point-like)

HERA data consistent with absorptive
effects (i.e. interaction of hadronic part of
the photon)

Less than 10% effect at high Q2? :  D’Alessio and Pirner Eur. Phys. J. A7 (2000) 109



Pion Structure measurements at a DIS collider 
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So now just using the “effective flux” (Bishari) and ignoring
our normalization problems…

Looks like a scaled down proton F2

Doesn’t match expectation from DY data at higher x 
(“GRV”) as expected from the normalization issues.



Pion Structure measurements at a DIS collider 
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Eur.Phys.J.C68 (2010) 381 

Similar conclusion from H1

Light Cone Flux

Hope of further data from DIS, maybe at high x?
What about CEBAF 12 GeV?
Difficult at fixed target but….



Tagged DIS at 12 GeV CEBAF for Pion Structure Measurements?
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detect scattered electron –
large acceptance a plus

DIS event – reconstruct x, Q2, 
W2, also MX of undetected 
recoiling hadronic system

want charged pion target 
(undetected)

need fluctuating nucleon 
to be a neutron……. …..for detected nucleon to be a 

protonp

p detected spectator proton 
tags neutron target (BONUS 
experiment technique)

detecting two protons with common vertex 
in coincidence tags “pion” target!
Note: only need one p for hydrogen target

Incoming electron – Signal is 
orders of magnitude smaller 
than inclusive DIS – need high 
luminosity

Detected protons need to 
be low momentum
- Tag target hadron
- Extrapolate to pole
- Barely off-shell neutron

neutron in 
deuteron 
target

14



Tagging the target: BONUS Experiment at Jefferson Lab  
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Use low mass radial TPC detector / target in magnetic field to 
TAG “spectator” proton at (very) low momenta (~65 MeV/c) and 
large angles (> 90o in lab) ….difficult but doable

Phys.Rev. C92 (2015) no.1, 015211
Phys.Rev. C91 (2015) no.5, 055206
Phys. Rev. C89 (2014) 045206 
Phys. Rev. Lett. 108 (2012) 199902 
Nucl. Instrum. Meth. A592 (2008) 273-286 



Pion and Kaon Structure measurement at 12 GeV CEBAF (cond. approved)
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Hall A with Super Bigbite:
High luminosity, 

50 mAmp, L = 3 x 1036/cm2 s
Large acceptance

Super Bigbite ~70 msr, hadron spectrometer
Need to…

Add BONUS-type RTPC, requires solenoidal field
Modify SBS for electron detection

proton tag detection in 
BONUS-type RTPC at pivot

Scattered electron detection in Super 
Bigbite Spectrometer (SBS) – base 
equipment construction complete 

e- beam

16

Superconducting solenoid



Measuring pion and kaon structure at Jefferson Lab
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- Large x structure of the pion is of 
particular recent interest, verify 
resummed Drell-Yan results
- Q2 range will check evolution
- Large x, low Q also complementary 
to HERA low x, high Q via evolution

Projected data in xp

Low t extrapolation to the pion pole 17

J. R. McKenney, et al., Phys. Rev. 
D93 (2016), 054011
T. J. Hobbs et al, Few Body Syst. 56 
(2015) no.6-9



Nuclear Physics Long-Range Planning
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We recommend a high-energy high-luminosity polarized

Electron Ion Collider as the highest priority for new facility

construction following the completion of FRIB*.

2015

Every 5-7 years the US Nuclear 

Science community produces a 

Long-Range Planning (LRP) 

Document

*Facility for Rare Isotope Beams (MSU)



Electron-Ion Collider
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World’s first

Polarized electron-proton/light ion 

and electron-Nucleus collider

Two proposals for realization of the science case -

both designs use DOE’s significant investments in 

infrastructure

For e-A collisions at the EIC:

 Wide range in nuclei

 Luminosity per nucleon same as e-p

 Variable center of mass energy 

For e-N collisions at the EIC:

 Polarized beams: e, p, d/3He

 e beam 3-10(20) GeV

 Luminosity Lep ~ 1033-34 cm-2sec-1 100-1000 times HERA

 20-~100 (~140) GeV Variable CoM

1212.1701.v3
A. Accardi et al



US Based Realization Proposals
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JLEIC
Brookhaven Lab

Long Island, NY

Jefferson Lab

Newport News, VA



Brookhaven and Jefferson Labs working together
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Accelerator R&D going on with strong cooperation between BNL an JLAB under DOE NP guidance

From F. Willike (BNL)



National Academy of Sciences
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NAS is currently assessing

• Science case for EIC

• Benefit to US

Report expected early 2018



EIC Users Group and International Interest 
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Formed 2016, currently: 717 members

165 institutions, 29 countries



EIC Realization Imagined 

With a formal NSAC/LRP recommendation, what can we speculate about any EIC timeline?

• A National Academy of Sciences study has been initiated and the committee is now formed.  
Charge: “assess the scientific justification for a U.S. domestic electron ion collider facility,“  
(Wider Science Community)  Likely to take ~12 months.  Our next challenge.

• DOE project “CD0” (Establish Mission Need) will be after the NAS study: i.e end 2017, early 
2018. 

• EIC construction has to start after FRIB completion, with FRIB construction

• Anticipated to start ramping down near or in FY20. 

Most optimistic scenario would have EIC construction start (CD3) in FY20, perhaps more 
realistic FY22-23 timeframe

Best guess for EIC completion assuming formal NSAC/LRP recommendation  would be 2025-
2030 timeframe

Electron-Ion Collider 24



Parton Kinematics for HERA and EIC
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Events at HERA

HERA did not plan on doing forward physics:  
FNC came as an after-thought (poor acceptance, limited space)

HERA had difficulty reaching higher-x 
- Luminosity was relatively low
- Detectors were not designed for high-x measurements at lower Q2

Can we do better at the EIC?



Detector and IR Layout: Integration of far-forward detection
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Extended detector: 80+ m

eRHIC 

JLEIC

EIC detectors must be extremely well integrated with the accelerator



Forward Hadron Detection (JLEIC)
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• 50 mr crossing-angle
• No parasitic collisions, fast beam separation. Room for dipoles and detectors in the forward 

direction; 1m separation of beams at ~+30m
• Two forward charged hadron detector regions:

• Region 1: Small dipole covering scattering angle from 0.5 up to a few degrees. (Before final focus 
magnets)

• Region 2: Far forward, up to one degree, for particles passing through large aperture final focus 
magnets.  Use second dipole for precision measurements.  

~+70m 



Forward Neutron Acceptance and FFQ field strength
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6 T max 9 T max 12 T max

 electron beam

• Neutrons uniformly distributed within 1 horizontal & vertical angles around proton beam

• Each quad aperture = B max / (field gradient @ 100 GeV/c)



JLEIC ZDC acceptance compared to ZEUS FNC
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t

PT

XL

Doubles kinematic acceptance 
5-10 times geometrical acceptance.



Kaon PDF feasibility initial study (JLEIC)
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Charged Particles in the forward direction (JLEIC)
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Extended detector: 80+ m

• A large dispersion at the detection point 
separates scattered (off-momentum) 
particles from the beam.

• A second focus and small emittance
(cooling) allows moving detectors closer to 
the beam

2nd focus on

Roman pots



Acceptance for Forward Protons at JLEIC
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Acceptance in diffractive peak (XL>~.98)

ZEUS: ~2%

JLEIC: ~100%

ZEUS 

Leading Proton Spectrometer

Region 2 (Hi. Res)

Region 1

t

XL

1

Pt

0.2

0.994 1 XL

(GeV)

(GeV2)

0
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Forward Ion Acceptance and Resolution (JLEIC)
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• Protons with p/p spread launched at different angles to nominal trajectory
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±10 @ 60 GeV/c

|p/p| > 0.005 @ x,y = 0

For ZEUS LPS: resolution in XL was about 0.5% and Pt resolution was 5 MeV 



Forward Hadron Detection (eRHIC)
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Richard Petti Spin 2016



Range of measurements in EIC
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To reach higher x at a DIS collider, need measurements
of the energy of the struck quark!
Present detector concepts are not optimized for this.

EEIC = EHERA/10, so now pions are ~50 GeV



Resolution of ZDC in EIC
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EEIC = EHERA/10, so now neutrons are ~50 GeV

65%/√E 9% resolution (ZEUS FNC)

ZEUS Uranium-Scintillator Calorimeter was  35%/√E so 5% resolution.

Is this good enough?  Do we need something better?  What is the position 
resolution we need?

What about  Λ -> n pi ?  36% br.    Is it possible?  Better acceptance than p pi?
Can we reconstruct this?

500 GeV Neutron  3% Energy Resolution for ZEUS FNC 

Challenging Instrumentation
for meson structure measurements
at EIC

Meson PDF is so far not “a thing” in
the EIC whitepaper…yet



Working towards a meson structure measurement at EIC
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First workshop on pion and kaon structure at EIC
June, 2017 at Argonne.

We are planning a follow-up.

Electron-Ion Collider community plans updates to the EIC physic towards the end of next year.  A main 
focal point of this activity will be:

Institute for Nuclear Theory (INT), Seattle WA, USA  Program INT-18-3
Oct. 1-Nov. 16, 2018
Probing Nucleons and Nuclei in High Energy Collisions

http://www.phy.anl.gov/theory/pieic2017/index.html


Summary

• HERA collider experiments H1 and ZEUS extracted pion structure function from DIS 
events with leading neutrons.

• These measurements are at low-x (< 0.1) and have no overlap with DY data.

• Normalization of the measurements are uncertain by a factor of 2 due to the 
inconsistency in the “flux factor”.

• 12 GeV CEBAF plans measurements of pion and kaon structure at high-x at relatively 
low Q2.

• Electron-Ion Collider is becoming a reality in the US.

• EIC is an opportunity to measure meson structure in DIS from high to low-x and 
establish overlap with both HERA and DY/CEBAF experiments.

• Meson structure measurements at EIC is a significant experimental challenge and we 
need to start planning now.
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