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Outline

1 Overview of EIC goals and jet / HF probes

1 Select Jet and HF measurements (Yellow Report)
d Implications for MCEGs

d Pythia8 for DIS ‘min-bias’ generation

d Incorporating beam effects into simulation

J Summary



Biases and Caveats

[ There is of course much | need to leave out
> Saturation
> Diffraction

[ The results shown and discussion revolve mostly around PYTHIA as this is the MCEG that has been
most heavily used in the YR / Proposals / ePIC work so far. We of course need to make an effort to
incorporate other general purpose MCEGs and hopefully this can begin once the EPIC core software
stabilizes and analyses for the pre-TDR have begun.

O As always, any mistakes or misrepresentations are on me



The EIC Physics Pillars

How are the sea quarks and gluons, and their spins, distributed in
space and momentum inside the nucleon?

How do the nucleon properties emerge from them and their

interactions?
Higgs mechanism

Mass =178x1026 g

N

V. .
Dynamics of gluons

Proton
\  Mass =16Bx10%% g

N - 0,
~ 1% of proton mass . 99% of proton mass

How do color-charged quarks and gluons, and colorless jets, interact
with a nuclear medium?

How do the confined hadronic states emerge from these quarks and
gluons?

How do the quark-gluon interactions create nuclear binding?

How does a dense nuclear environment affect the quarks and gluons,
their correlations, and their interactions?

What happens to the gluon density in nuclei? Does it saturate at high
energy, giving rise to a gluonic matter with universal properties in all
nuclei, even the proton?




Why Look at Jets / Heavy Flavor?

L Jets are comprised of the same particles used in traditional SIDIS (or /
diffractive) analyses — what benefits arise from forming a jet? — Why
explicitly reconstruct HF?

Q Jets represent the kinematics of the underlying parton better than single
particle observables v

L Jet showers probe QCD from hard interaction to hadronization scale within
the same event — can explore dynamics at different time (angular) scales
and trace evolution of shower. Precision tools exist to probe shower =
evolution

 Heavy flavor arises predominantly from a single subprocess (PGF) which is
complimentary to (semi) inclusive DIS

O Larger mass scale will affect hadronization and propagation of heavy
qguarks in the nuclear medium




Jet Energy

Jet Energy

Jet Kinematics
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L Jet energy will be highly dependent
on pseudorapidity with largest
energies coming in the forward
(hadron beam going) region

 Jet energy increases again at
negative (electron going)
pseudorapidities, taking the e-
beam energy for highy

L Jets will be quite broad and have
relatively low charged particle
multiplicity

O Must ensure theory and MC can
make robust predictions for low
energy jets and hadronization
models can handle low multiplicity
jets



Heavy Flavor Kinematics

L Products from heavy flavor (in this case
DO) decays largely follow the same
pattern as jets in terms of energy vs
pseudorapidity

0 The dependence on angle and event
kinematics is not as pronounced as for
the jets since the DO decay products do
not track the struck parton kinematics as
well as jets
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Jets and HF in the Yellow Report

The EIC Measurements and Studies

1 Global properties and parton structure of
hadrons

» Unpolarized parton structure of the proton
and neutron

» Spin structure of the proton and neutron

» Inclusive and hard diffraction

» Global event shapes and the strong coupling
constant

O Multi-dimensional imaging of nucleons, nuclei
and mesons
» Imaging of quarks and gluons in momentum
space
» Wigner functions

1 The nucleus: a laboratory for QCD
» High parton densities and saturation
» Particle propagation in matter and transport
properties
» Special opportunities with jets and heavy
quarks

1 Understanding hadronization

> Hadronization in the vacuum
> Hadronization in the nuclear environment

Nuc. Phys. A, vol 1026, Oct 2022, 122447



Longitudinal Spin Structure with Jets / HF
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(Polarized) Photon Structure

Phys.Rev.D 96 (2017) 7, 074035
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Charm Jet Tagging for Strangeness
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Global Event Shapes
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TMDs With Jets
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O Jets are complementary to standard
SIDIS extractions of TMDs and provide
better surrogates for parton kinematics
while allowing cleaner separation of
target and current fragmentation
regions

O Jet measurements allow independent
constraints on TMD PDFs and FFs from

a single measurement

O Azimuthal correlation between jet and
lepton sensitive to TMD PDFs (Sivers)

Arratia, Kang, Prokudin, Ringer 20 14



TMDs With Jets

It

Arratia, Kang, Prokudin, Ringer *

O Measurement of hadrons within jet give access to TMD FFs

[ Relevant variables are j; — transverse momentum of the hadron with
respect to the jet and z — fraction of jet momentum carried by hadron

O Collins asymmetry correlates proton spin vector with j;

O Identified hadrons allow for flavor separation of Collins FF
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Nuclear PDFs

Phys. Rev. D96, 114005 (2017) and YR

EPP516* O With its large kinematic coverage and ability
B EPPS16* + Ogc

to run a variety of nuclear beams, the EIC
EPPS16* + Ogic+ charm

o will vastly improve our knowledge of nuclear
PDFs

O Fully inclusive data will improve nPDFs for
valence and sea distributions, along with
gluons for much of the relevant x-range

O Adding charm data will greatly reduce

uncertainties for the gluon nPDF in the high-
X region

16



Jets in the Medium
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Many opportunities to study the
properties of cold nuclear matter with
jets

Simple comparisons of jet yields in ep vs
eA will be informative — double ratio
Rea(R)/Rea(R = 1.0) will reduce impact
from nPDFs and enhance final state
effects

Lepton — Jet correlations in Born level DIS
can be thought of as analogous to boson
— Jet measurements with the lepton as
the tag and the jet as the probe of the
medium

Dijets and gamma-dijet correlations also
expected to be powerful probes of
saturation / small-x dynamics
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Hadronization with Jets and HF
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O Both jets and HF observables are well suited to the study of
hadronization, both in vacuum and the nuclear medium

O Jet substructure will allow measurements of the flow of energy
within a shower and shower evolution

O Nuclear modification (R_,) of heavy mesons will be particularly
sensitive to details of energy loss / hadronization
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Implications for MCEGs

O EIC measurements will cover both the
photoproduction and electroproduction
regions

O Many different subprocesses (DIS, H.O.,
diffractive) will be relevant for different
measurements in different kinematic
regions

O Nearly every measurement at the EIC will
require precise knowledge of event
kinematics (x, Q?, etc)

O This is especially true of measurements to
constrain PDFs

General purpose MCEGs need to be able to
‘smoothly’” move between photoproduction
and electroproduction regimes with
consistent subprocess cross section behavior.
A ‘min-bias’ setting that automatically
incorporates all subprocesses in a given Q?
range in the appropriate ratios would be very
useful.

General purpose MCEGs should incorporate
precise QED radiative corrections so impacts
on kinematics can be determined and
correction / mitigation strategies developed

19



Implications for MCEGs

General purpose MCEGs should incorporate
polarization into all stages of simulation: initial
state, hard-scattering, and shower /
hadronization to reduce biases and systematic
effects in measurements

L Exploration of spin structure of the nucleon
will be a primary focus of the EIC

» Helicity PDFs
» TMDs

Including transverse momentum dependence
into initial and final states will also help
reduce biases in those measurements

20



Implications for MCEGs

L The study of the properties of cold nuclear
matter and how energetic color charges
interact with that matter will be another
pillar of the EIC physics program

1 The detailed study of the hadronization
process is another key aspect of the EIC
program

1 Study hadronization in vacuum and medium
with a variety of probes including HF and
very differential jet observables
(substructure)

It would be useful to have eA capability with
tunable energy loss and transport properties
as well as nuclear breakup effects. (Aware of
course of BeAGLE, JETSCAPE, Angantyr, etc.)
Modeling of collective effects and transition to
a saturated regime will also be important.

Different hadronization models should be
available which describe both vacuum and
medium hadronization, can handle HF
propagation, and describe the structure of low
multiplicity jets.




X [cm]

MCEG ‘Utilitarian’ Needs

Q1 In addition to physics analysis driven needs, MCEGs
play a critical role in detector and interaction region
design

(J Need to understand detector occupancies for DAQ and
FEE design

(J Need to understand backgrounds to scattered electron
measurement

O Need to understand backgrounds coming from beam
sources for rad hardness requirements
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Log Q2

DIS Generation in Pythia8: Default Settings

] Generation of events with 1 < Q2 < 10 show obvious
pathologies

Log Q2 Vs Log x
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_5 1111 | I | I | I | | L 111 | L 111 | I | | L 111 | L1011 | L 111 1
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Log x

PhaseSpace:mHatMin = 4 GeV
PhaseSpace:pTHatMin = 0 GeV
PhaseSpace:pTHatMinDiverge = 1 GeV
PhaseSpace:Q2Min =1 GeV2

L Impacts very important region for detector design
(subsystems tasked with IDing scattered electron)
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Log Q2

DIS Generation in Pythia8: Loosened Settings

1 Reduce mHatMin to 1 GeV and force pTHatMinDiverge to
Log Q2 Vs Log x 0.01 GeV
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DIS Generation in Pythia8: Sanity Check

L In the above, x and Q2 are calculated via the incoming

Q2 t_Hat Difference Ratio and scattered electron beam kinematics
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[ See that even for the default settings there are tails 10
indicatingmiS‘matCh -I_III|III|III|II||IIIIII|III|III|III|III
. . -1 -08 -06 -04 -0.2 0 0.2 0.4 0.6 0.8 1
[ The mis-match for 1 < Q2 < 10 becomes worse with the (Q2 - t_Hat)/t_Hat

looser settings — are we generating sensible events? J5



Log Q2

DIS Generation in Pythia8: Lower Q27

Log Q2 Vs Log x

M= : s s : :

s mHatMin=1 ____________________ ___________ ' ___________________ = 10°
oL PTHatMinDiv=0.01 4 [ :
E_ ______________________________________________________ — 10°

102

10
_5 :I L1 1 | I | I | I | | L 111 | L 111 | I | | L 111 | L1011 | L 111 1
-9 -8 -7 -6 -5 —4 -3 -2 -1 0 1
Log x

O Try lowering mHatMin from 1 down to 0

1 Phasespace is now covered, but see a large ‘tail’ of events
with reconstructed Q2 less than the specified limit of 0.1

O What happens when we push Q2Min below unity, say to
0.1?

L Previous settings again do not fully cover the available
phasespace with low Q2 — low x region missing

Log Q2 Vs Log x

o 4 : : : : _ _ _ _ _ .

] r : : : : : )
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10
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Log x
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DIS Generation in Pythia8: Lower Q27

L We again see large disagreement between Q2 calculated

Q2 t_Hat Difference Ratio from the beam electrons and the reported generated
10° = t_hat
o7 MHatMin =1 —— Q2<001 O We can fill the phase space, but do we trust the result?
= pTHatMinDiv = 0.01 0.01<Q2<0.1 . .
105 L 01<Q2<10 Q2 t_Hat Difference Ratio
= 8
- —— 1.0<Q2<10.0 10°E
5L -
O — Q2>100 ;oo MHatMin =0 —— Q2 < 0.01
ot L = pTHatMinDiv = 0.01 0.01<Q2<0.1
- 10° = —— 0.1<Q2<1.0
10° &= - —— 1.0<Q2<10.0
- e — Q2
F = >10.0
10° = —
- 104 =
10 = =
= 10° =
AI _I L 1 | L1 1 | 11 1 | | | 1 1 11 1 | L1 | | 1 1 | | 1 1 | | L1 1 E
-1 -08 -06 -04 -0.2 0 0.2 0.4 0.6 0.8 1 o[
(Q2 - t Hat)/t Hat 10 =
10
: 11 1 | L1 | | 1 1 | | 1 1 | | L1 1

0.2 0.4 0.6 0.8 1
(Q2 - t_Hat)/t_Hat
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Simulating Beam Effects
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O Both interaction regions at the EIC will feature
significant beam crossing angles (25 mRad for IP6
and 35 mRad for IP8)

O Presence of crossing angle will affect acceptance
and detector design in the proton-going endcap

O Other beam properties like angular divergence
and crab cavity kicks can have large impacts in
far-forward region

O A summary of beam effects and methods for
simulating these can be found in the technical
note here:
https://zenodo.org/record/6514605#.ZETilOzM)J
AY

1 Beam effects included either natively in Pythia8
using the BeamShape functionality or via a
dedicated ‘afterburner’

28


https://zenodo.org/record/6514605#.ZETiIOzMJAY
https://zenodo.org/record/6514605#.ZETiIOzMJAY

Beam Crossing, Crabbing, and Vertex Structure

O Crossing angle between beams and crabbing have non-trivial
impacts on vertex distributions

/o,
/;
\ e )b(, ‘0‘33(0 A /
AR " e N
/ y <
\\,' "

Bunch

L
- Peross = 25 mrad

’ \ o =y ’,’ o, -

crabbing
Vertex x Vertex y
10
_— 100—
[ [— 18x275: 25 mRad
5000 I | —— 18x275: 35 mRad
8 | __ 5x41; 25 mRad
4000| I 5x41; 35 mRad
&0
3000 { L
¥ -
pry .
2000 F
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1000| L
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-1 08 06 04 -02 ] 02 04 06 08 &2 -0.15 -0.1 ~0.05 ] 0.05 0.1 0.15 0.2
{mm) {mm)
Vertex z Time

L Crabbing refers to the rotating of bunches to increase overlap and

preserve luminosity with crossed beams
[ Crossing and crabbing give rise to novel vertex structure —
bunches traverse x direction (plane of crossing angle) as they

interact

O Simultaneous determination of x and z vertex provide interaction

time with resolution of ~20 ps
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Final State Particle Distributions

Final State Particle Phi Vs Eta: 18x275 25mRad . Final State Particle Eta
& 3 00§18 Roman Pots
E - [—— 18x275; 25 mRad
- 600— | —— 18x275; 35 mRad
2 C 5x41; 25 mRad
L C 5x41; 35 mRad
C 500— 18x275; Nominal Lepton Beam Hadron Beam
i— = 5x41; Nominal
C C Detector
o 400—
o &
: 300~ . . .
) - L Detector solenoid must align with
C 200— . . .
r - electron beam to minimize synchrotron
2f - .
- 0of radiation: “lab frame” -> electron beam =
B of g z-axis
Eta
Final State Particle Phi O When measuring in lab frame
x10° . . .
- 0 B coordinates — see a hot spot in eta/phi
- 900 x275; 25 mRa . . .
3 w0k | T e e corresponding to the beam direction
E o 5x41; 35 mRad
- 700 18x275; Nominal
fonee - 5x41; Nominal .« .
: 600 L More pronounced for more relativistic
= 500 beams
E 400;—
? 3005— ..
: ook 0 How do we mitigate these features?
g 100?‘7"”7 o
B R S I B 30
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Head-On (Minimum Boost) Frame

O Can boost and rotate into a frame in which the beams are
collinear (no crossing angle) and energies are very close to the
original (minimum boost)

O This should give an undistorted distribution of particles at high
and low eta simultaneously

Initial Configuration in the Lab Frame includes a relative angle
between the beams

Boost by sum of beam 4-momenta to get to CM Frame

Rotate about y-axis to eliminate x-component of momentum

Boost back along z to (nearly) restore original beam energies

1

Proton
Boost Vector

NO

P
<

Electron

v
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Head-On Frame Particle Distributions

Lab Frame Distribution

oIllllIlllllllll'lllllllllllllll

O Transformation to the head-on frame removes all features in the
final state particle distribution for forward and backward regions
simultaneously

O Resulting distribution matches that from default simulation with
no crossing angle introduced

Phi
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Entrigs 1.7223462+07
Mean x 2687
Mean y -0.001373
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.. sEtaCM
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Mean x 2685
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Std Dev y 1.813

'

1000




Summary

 The EIC will be an incredibly powerful tool for the exploration of strongly interacting matter and it will
take close coordination between all stakeholders (experiment, theory, phenomenology, data science,
etc) to ensure the EIC reaches its full potential

 Jet and HF measurements will provide critical input on many of the major topics the EIC is being
designed to address

[ The EIC science program will place strong demands on MCEGs, include things like a consistent treatment
across Q2, inclusion of polarization and TMD effects, support for nuclear effects (medium effects,
breakup, saturation, etc), and multiple hadronization models

[ Simulation plays a large role even now, long before data will be taken to inform many aspects of detector
and interaction region design



Backup
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Explore measurements needed for new and existing physics
topics and quantify implications for detector requirements
(Physics Group)

{T), EIC YELLOW REPORT
! : Yalume II: Physics

Study detector concepts based on requirements defined by
the Physics Group and quantify impacts on physics
measurements (Detector Group)

Physics Working Group:

Inclusive Reactions

Semi-Inclusive Reactions
. AR Jets, Heavy Quarks
Exclusive Reactions

Diffractive Reactions & Tagging

The EIC Users Group: EICUG.ORG
Report: https://arxiv.org/abs/2103.05419 35



Phys. Rev. D 98, 034011 (2018)

\l 5

O Modulations of the angle between the proton spin vector and the
sum of the di-parton system provide access to gluon sivers function

O Use of dijets has several advantages over di-hadrons including lower
dilution of asymmetry and better separation between models of
gluon sivers effect

O Jets don’t suffer from uncertainties arising due to fragmentation
(although hadronization still a concern)

Di-Hadrons 008 Dijets
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"2 - - & - ® 59 — 5% pos 3
g - = ®5%pos ——5%pos 3 E E 0.025 — pos parton level =
< Bo.025 parton level = @ C 4 SIDIS1 -
< F 4 SIDIST o . £ < ok 1GeV %< Q<20 GeV? E
E q Dl'l]y 5110-5{xa<9110-2 - = SX10 "=Xp=9%1 —— -
0.015 F = o018 f“\\ E
0.01F l_\ _f 0.01 ;— —t— \é
L N T 0.005 =444 %%"—F E
- —] - ——
of—4 —— = 0 §=§=,=§=|:Fl:33—é~ _ .—n—u_U:;
~0.005 |- = —0.005 =
- 2l L il . C 1 Lol ] Ll 1 Lo 1
10" 10° 102 10" 104 107° 102 10" 36
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* Techniques such as soft drop declustering / grooming will allow us to trace
the ‘history’ of parton fragmentation

* Comparing ep and eA will tease out differences in fragmentation and
hadronization in vacuum vs the nuclear medium — groomed heavy quark
jets for mass dependence

_ min(pr.1.p72)

=T Tpritere e Given low number of particles in jets at the EIC, no guarantee grooming will
Ry = AR(pr1.p72) work — initial studies are promising
g 0.5

N"0.45
0.4
0.35
0.3
0.25
0.2
0.15

0417015 02 025 0.3 035 04 045 05
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Angularity is sensitive to
hadronization effects via a
convolution with the non-
perturbative shape function Q1

Values are seen to be much less
than at LHC

Look at changes between ep and eA
4k 2k
F.(lk) === )exp | ——

Aschenauer, Lee, Page, Ringer 20

Jet angularity are a family of one-parameter substructure observables
correlating momentum and radial distance of particles in a jet

Different choices of ‘@’ parameter interpolate between familiar
substructure observables such as mass and broadening

Comparison with alternative definition allows quantification of
significance of sub-leading power corrections
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T

Pythia massive m? ;’p%
Pythia 7a

L 5 =141 GeV, —2 <map < 4
E pr > 10 GeV, anti-kr
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= L x |
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Renewed interest in jet charge as a method for v
disentangling light quark flavors in a number of settings dij = [(ﬂfﬂ-j)2 + infj(l — CoS ﬂ%j)] /R?

New longitudinally invariant asymmetric clustering Asymmetric measure is necessary
algorithm for jet finding in the Breit frame s 20 pt E
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Low Q2 Cross Section and PDFs

O While Pythiab seems to populate the low-Q2 phase
space as one would expect care needs to be taken in
PDF set choice

O It was observed that the low-Q2 cross section returned
with CTEQ6 PDF sets were abnormally high — factor of 3
greater than found with CTEQ5S

O Issue traced to the way newer PDF sets truncate low-x

extrapolations
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E > 20 MeV Neutron Flux — CTEQS5 (nominal)

X [cm]
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E> 20 MeV Neutron Flux — CTEQB

10x275GeV e+p @ 500.0 kHz — -1.50 <y < 1.50 cm (1 bin)
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Proton/neutron distributions — CTEQ5 (nominal)
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Diffractive proton events — protons
have ~ beam momentum, go very far-
forward through magnets and can
interact with Roman pots and
magnets/beam pipe to create
hadronic showers.



Proton/neutron distributions — CTEQ6
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DIS Generation in Pythia8: Lower Q27

O What happens when we push Q2Min below unity, say to

Scattered Electron Energy Vs Pseudorapidity 0.1?
102 = - — & . . . .
v TE 319 [ Previous settings again do not fully cover the available
- . ] phasespace with low Q2 — low x region missing
— 10° . g
1D§_ ....................................... ........................................ ; Scaﬁered Electron Energyvs Pseudorapldlty
i e w0 = 10°
P N N 3 - g
E 103 10 by e e s _E 105
10—1 = _q ......... - ‘- ................................... E n 104
- 2 B IE
I~ 10 1 E_ ...................... -
10—2 E_ S T SO SN 10 E 103
E 10—1 E_ ........
10—3 1111 | 1111 | 1111 | 1111 | [ [ | | | 1111 | | | 1111 1 E 102
6 5 4 3 2 - 0 1 2 3 4 B
Eta
10—2 S H e e FO N O SRR SO
- 10
O Try lowering mHatMin from 1 down to 0 - _
10—3_6I 1 1 1 |5I 1 | I_LI 1 1 I_iSI 1 1 1 |2I 1 1 | :1I 1 1 I[i]l 1 11 .|| 1 1 1 I2il 1 11 | | | 1
. . = -, — 4
1 Phasespace is now covered, but see a large ‘tail’ of events ] Eta

with reconstructed Q2 less than the specified limit of 0.1 45



DIS Generation in Pythiab

Scattered Electron P Vs Eta: 1 < Q2 < 10
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Scattered Electron P Vs Eta: 0.1 < Q2 <1
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Adding X-Vertex Information: 18x275

Interaction Time Vs Z-vertex

projY_z3
- Entries 206482
18001— Mean 23.78
- SidDev  8.916
1400 0 34.6 6.14
1200[—
- 1 29.5 5.4
1000
800 2 27.0 5.36
600—
- 24.5 5.39
400—
200 4 22.0 544
o
w20 -0 0 m 5 19.5 5.38
6 14.1 6.24

[ Choose the Z-vertex bin at -25 mm and look at TO

distributions for various X-vertex bins
 Basically, X-Vertex position is telling where within the

[ X and Z binned TO distributions have much better electron bunch the colliding particle comes
resolution than Z binned alone (~18 vs ~30 ps) .



Coordinates W.R.T. Hadron Beam

O ”“Physics” in the forward region should be consistent around
the hadron beam regardless of where the beam is pointing

O In some sense, the features seen above are simply artifacts of
measuring about the "wrong” axis -> instead, define eta and
phi with respect to the hadron beam direction (Eta*, Phi*)

Phi Counts in Eta Slices

High 30000 testPhiHBeamEta7

Eta

Entries 2377455
Mean 0.0008541
Std Dev 1.815

25000

T e e ] e T e L T e e e L

20000 T e b T e e T T

15000

10000

5000 ——m——————

LOW ] T Y Y S
Eta

Final State Particle Phi Vs Eta WRT Hadron Beam

10°

10°

10
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1 When defined w.r.t. the hadron beam, the
concentrations in eta and phi disappear

1 However, because there is no common beam axis, the
particle distribution along the electron-going direction
becomes distorted

O Can avoid these distortions by boosting to a frame in
which the beams are collinear 48



Detector Acceptance Considerations —
= 0%, = -90°
L . e — 1
O The head-on frame distributions shown previously assumed infinite | ... o = 60
. . . W 090 = ©°
acceptance — what effect will finite detector acceptance have? Gen =120
& ol
O Displacement between beams means that acceptance cuts in the lab
frame (w.r.t. the electron beam) will introduce phi-dependent i
i - Crossing Angle = 25 mRad
acceptance features in head-on frame EL oG foghe s 28 s
| " 1 " |
O Try defining acceptance cuts w.r.t. the hadron beam instead -5 n0 5
gen
Particle Phi Vs Eta: True Transform (|Lab Eta| < 4)
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Figure by Barak Schmookler

arXiv:2208.05472



Defining Acceptance Cuts

O The beam line shape in the endcap region is complicated, but
mostly follows the hadron beam direction

O The z-axis in the head-on frame corresponds to the direction of the

lab frame proton beam -> defining detector acceptance w.r.t. the
hadron beam should eliminate the phi-dependent artifact

O Both plots on the right show

the phi vs eta distribution

—
where these quantities are i E§o§§0
defined in the head-on frame "';91 Mg -
> Top plot applies a cut for cﬁ il
|eta| < 4 where eta is .
defined relative to the =
electron beam 8{;::srlzgtl::/r:grec;a2ric'reRad
» Bottom plot applies a ' ' !

0 5
cut for |eta| < 4 where Ngen

eta is defined relative to
the hadron beam
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