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Baryon Junction Motivation

« Baryon number is an empirically observed symmetry of nature, but
how it is carried and transported is not well understood

Quark Model: Traditionally, baryon
number is assigned to valence quarks
carrying 1/3 of the baryon number (-1/3
for anti-quarks)

B(x1,%2,23) = Eiij(xl)i Q(xz)jq(%)k

Gluon/Baryon Junction Model: Y-
shaped configuration of gluons
connecting valence quarks carries
baryon number, was proposed in the P(y, ) = P exp (,,;g f Ai)
1970’s as a way of constructing a
gauge invariant baryon state [1]

B($1,$2,$:3,$) = ¢k [P(Ilax) Q(Il)]i [P(l‘mﬂ?) Q($2)]j [P(J?%I) Q(lfza)]k

Local
Gauge Invariance

X2
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Baryon Junction Motivation

In relativistic heavy ion collisions baryon

asymmetries have been observed at mid-rapidity
(central region perpendicular to the collision
axis), appears to be inconsistent with a pure
valence quark model:

Au+Au colliding system here has net positive
baryon number which should be reflected in
final state as baryon number is conserved

Valence quarks carry a large momentum
fraction of colliding partons and then require
significant energy transfer to transport baryon
number to mid-rapidity. Furthermore, at high
energies valence quarks have less time to
interact due to longitudinal length
contractions

Gluon junctions carry a much lower
momentum fraction of colliding partons
and can help explain these observations if
they transport baryon number to the final
state

Nuclear stopping and rapidity loss in
Au + Au collisions at ,/syy = 62.4GeV
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BRAHMS Result Published in 2009:
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Baryon Junction Motivation

AGS E802

« Some interesting methods have 2 [, = RHIC STAR
been recently proposed by = Ty e REIC STAR B
STAR studying charge vs S MF ¢‘“1~..m —HeAE T
baryon stopping in heavy ion 3 L
collisions to search for baryon S oo | _GerkslhsAoolleons ) l ]
junction evidence [2] E L e

1 2 3 4 D 6 7 8 9

« Looking forward to EIC, we ¥=Yboum™Yom
should also be able to look for https://doi.org/10.1140/epjc/s10052-024-12834-2
baryon junction signatures in _
electron-ion collisions [3] \ e

- Deep-inelastic ep scattering, fo| N
as studied at HERA, can also @ |7
be used to look for junctions
[4,5]

https://doi.org/10.1016/j.physletb.2024.138680
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Baryon Junction Motivation

 Testing gluonic junctions in ep scattering
initially seems tricky due to the electron
coupling to charged quark constituents
rather than directly to the gluons

Signatures of baryon junctions in semi-
inclusive deep inelastic scattering

David Frenklakh ®® & &i | Dmitri E. Kharzeev ® ® ¢, Wenliang Li ®

https://doi.org/10.1016/j.physletb.2024.138680

» Basic idea is that the quark-antiquark
component of the virtual photon in the
ep scattering can interact with the
proposed gluon junction and pull it into
the hadronic final state to transfer
baryon number

At high energies, the purely gluonic
exchange (therefore uncorrelated in )
proton flavor when valence quarks do Q- ¥
not participate) is expected to dominate 4
due to the higher Regge intercept [4]

Purely gluonic
exchange




Baryon Junction Motivation

* David Frenklakh and Dmitri Kharzeev
gave us a quick calculation based on
their gluon junction framework in this
publication and estimate a baryon

Signatures of baryon junctions in semi-
inclusive deep inelastic scattering

asymmetry in DIS of 0.0310.02 Within David Frenklakh ®® & &i | Dmitri E. Kharzeev ® ® ¢, Wenliang Li ®
the accessible kinematic range at https://doi.org/10.1016/j.physletb.2024.138680
HERA

« Based on a 3->3 Forward scattering
in Regge Theory framework

* Regge intercept for purely gluonic
junction exchange cannot be
calculated from first principles, but

they estimated it from the Au-Au N AN B N ': f
RHIC Beam Energy Scan data, % mi M}
hence the large uncertainty ad(0) = - a(0) ~ 0 ad(0) ~ 3

» Not a precise estimate but gives us a Purely gluonic

ballpark expectation exchange




HERA

« The only high energy ep collider accelerator
ever operated

 Ran from 1992-2007 at DESY in Hamburg,
Germany with nominal electron/positron

energy of 27.6 GeV and proton energy of HERMES
920GeV (v/s = 319 GeV)

«  Serviced four experiments : ~—Electrons/Positrons
« Hermes: Fixed target with electron beam
- HERA-B: Fixed target with proton beam
« ZEUS: General purpose hermetic detector
 H1: General purpose hermetic detector

 Delivered ~1fb~! of total integrated
luminosity to H1/ZEUS, perfect starting
point to get a head start on what baryon Hadron-Electron Ring Accelerator
junction signatures in EIC may look like (HERA) complex, figure from [1]




Neutral Current Deep-Inelastic
Scattering at HERA

» Kinematics of ep collisions can be completely
described by four Lorentz scalars: Q?,x,y, s . k"

 All can be written in terms of highlighted
four momentums on the right y' g"

* (%is the negative four momentum of the )
virtual photon squared (negative sign . P

convention to keep quantity positive) \\

» x (also known as Bjorken- x) is the fractional
momentum of the struck quark with respect to

the proton’s momentum Q? = —¢"q = —¢° Q* — 4E,E (_052(% )

- y is the inelasticity (not to be confused g = P E .
with y as rapidity which is standard in TPk, =1- g 8inis)
heavy ion physics), can be interpreted as the o Q? Q2
fractional energy lost by the electron in the *= opg, T ys @ewrom2
scattering

- s is the center-of-mass energy of the colliding Q* = zys

system squared

W={/(g* + p*)? = /ys — Q% + m2
e W is the invariant mass of the hadronic final v
state (HFS) denoted X °




Baryon Junction Search at HERA

» In DIS ep scattering you have one
species providing baryon number,
asymmetric colliding system - No
forward/backward ambiguity

 Reduced complexity of observables
and variables compared to ion-ion
system

» Hermetic detectors (H1 and ZEUS)
with large acceptance, tracking well
understood within |n| < 1.3

« Baryon production can be analyzed
cleanly via A production

* ForA, ct ~ 7.8 cm, so /A produced at the
primary DIS vertex can be observed at a
resolvable secondary decay vertex,
background greatly reduced by rejecting
track primary vertex fitted tracks




Existing Measurements

Strangeness Production at low Q2

https://doi.org/10.1140/epjc/s10052-009-0995-1

in Deep-Inelastic ep Scattering at HERA

A — A Asymmetry
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HERA Running Summary

* Previous asymmetry measurement only uses 1999-2000 data

« HERA luminosity upgrade in 2000 - different scheme of beam
separation and focusing within the detector material

* Introduced many background issues with freshly installed components
from proton-gas interactions, largely sorted out by 2005 with higher
CJC gains and improved charged particle track reconstruction, ~6x
more data available in the 2005-2007 (/s = 319 GeV) data set
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H1 Experiment and DPHEP

H1 leading efforts within DPHEP (Data Preservation in High
Energy Physics) collaboration beginning in 2009, have
updated full analysis software to retain full potential of
experimental data (Level 4)

« Preserved full software stack and raw hit level data

ZEUS between level 3 and 4, similar available statistics as H1

« HERMES data still accessible but less advanced than H1 and ZEUS, HERA-B
not accessible

Table 1. Data preservation levels defined by the DPHEP study group

Level Preservation Model Use Case
1 Provide additional documentation Publication related info search
2 Preserve the data in a simplified format Outreach, simple training analyses
3 Preserve the analysis level software and Full scientific analyses,
data format based on the existing reconstruction
| Preserve the simulation and reconstruction Retain the full potential of the
software as well as basic level data experimental data

13
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H1 Analysis in Progress — Our Team

' A
Center for Frontiers
in Nuclear Science
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H1 Analysis in Progress

I * All results shown here are not yet official H1 Results

* H1 referees have been assigned for reviewing the
analysis, studies for improving systematic uncertainties
are in progress

* This work was used to complete my MA degree at Stony
Brook and what is presented is the state of the analysis
as of finishing my degree last December and is
documented in my thesis




H1 Experiment at HERA

* Focus on calorimetry and tracking

 PID from dE/dx in tracking
detectors

 Tracking System:

» Two central drift chambers (CJC1
and CJC2) for charged particle
trajectories

» Central Silicon Tracker (CST) —

silicon tracking for resolving
interaction vertices just outside

bea m pi pe @ Beam pipe and beam magnets Superconductiong coil
. @ Silicon tracking detector @ Muon chambers
b GOOd reSOI u tl O n fo r Ch a rg ed @ Central tracking detector Instrumented iron (streamer tube detectors)
: : @ Forward tracking detector @ Plug calorimeter
pa rtl Cl e traCkS Wlth pT > 0 " 1 2 Gev @ Spacal calorimeter (em and had) @ Forward muon detector

@ Liquid Argon calorimeter (em and had) @ Muon toroid magnet
@ Liquid Argon cryostat
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H1 Experiment at HERA

» SpaCal — calorimeter in backward
direction for precise detection of
scattered electron in lower Q*
events (5 < Q% [GeV?] < 120),
consisting of long, thin scintillating
fibers for precise position and
energy measurement

» Most statistics for baryon
production exist in low Q% event
range, limiting factor in how low we
go based on SpaCal, new
magnets for Luminosity upgrade
required removal of inner SpaCal
sections which causes issues
trying to look at events with Q% <5
GeV?

@ Beam pipe and beam magnets

@ Silicon tracking detector

@ Central tracking detector

@ Forward tracking detector

@ Spacal calorimeter (em and had)
Liquid Argon calorimeter (em and had)
@ Liquid Argon cryostat

@ Superconductiong coil

@ Muon chambers

Instrumented iron (streamer tube detectors)
@ Plug calorimeter

@ Forward muon detector

@ Muon toroid magnet

17



DIS Event Selections

5< 0% [GeV?] <100
01<y<0.6

'30 < ZVTX [Cm] < 30
35<(E—p,)|[GeV] <70
* Reject events with missing FS particles, missing electron, detector issues

s61 > 0 *Trigger that requires a track in the detector volume with a transverse
momentum above some threshold (a Hadronic Final State), and a SpaCal energy
deposit above some threshold (the DIS scattered electron)

*  pry>900 MeV
« SpaCal energy deposit > 9 GeV

SpaCal energy deposit > 11 GeV
Scattered Electron Cluster Radius in SpaCal (Ecra) < 3.5cm

18



N\ Particle Selections

A BARYONS A — pr~ (63.90 £ 0.5)%
(S =-1, 1= 0) cr = 7.845 cm
N0 = uds

Rough initial selections listed here, looking for secondary decay
vertices separate from primary DIS vertex that is reconstructed from
two oppositely charged tracks. The basic idea is combinatorial
background is reduced with PID and ensuring the secondary
vertex is well separated from the primary. Specifically, we require:

* pr(p)>=0.2GeV

« p7(m)>=0.1 GeV (We strengthen this cut later)

« Track Length (11) >= 10 cm

* Prr (daughters w.rt. A) <0.15 GeV

« x2(fit of daughter tracks to secondary vertex) < 5

« Radial Distance of Secondary vertex from primary >= 1.5 cm

19




HERA Il 2005-2007 e*p/ e p

A + A Cut Evolution

60000

A= pr (63.90 +0.5)%

50000

40000

30000

20000

10000

[II|IIII

P09 1.095 1.11 11 1115 1.12 1. 135

Mass [GeV]

Cut 0 — Black: Starting point after selections on
previous slide

Cut 1- Red: [n(A\)] < 1.3
Cut 2- Green: 0.5 < p;(A\)[GeV] < 3.5
Cut 3- Blue: Track Start Radius < 35cm

Cut 4- Orange: Reject Primary Vertex Fitted
Tracks

Cut 5- Black: Rejecting Tracks with Multiple
Secondary Vertex Hypotheses (Keep
Candidate with best Chi2 vertex fit)

Cut 6- Red: p; (11) > 0.12 GeV
Cut 7- Green: Lae(p) > 0.001
dx

Cut 8- Blue: Lag(11) > 0.001
dx

Cut 9- Magenta: |S;., (p)] > 0.2 -
Cut 10- Red: |S,., (1) > 0.2 Sdea = 3.
M(tT+1T) < 0.465 GeV ||
M(tr+1T) > 0.530 GeV
Cut 12- Black: M(e*+ e~) > 0.05 GeV

20



Count

Peak Extractions

Composite PDF 1: Two body phase space shape
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Cross Section Definitions

« Full normalized count of V° (particles identified in secondary decay vertex)
defined in terms of this cross section within the detector’s visible range:

5 < Q*[GeV?] < 100 0.1<y<06
0.5 < pr(V?)[GeV] < 3.5 -13<n(V’) <13

N C'G'BR'(1+(5QED)

Tvis(ep = €'V "X )

B N’A"‘(' ] » 5 B l\:’gﬁﬂ(v(l)rad ﬁmm—rud
€ = €rec - (Iri_q €rec Nq’\(l’{' QED J\f‘y(_n(vﬂ)rmn rad Lrad

- \- A Asymmetry defined as this ratio of cross sections, many factors cancel
out

A Ovis(ep = €AX) — 0pis(ep = €AX)  ceer ~ eer
§ ovis(ep = ¢/AX) + ovis(ep = ¢/AX) Na_ 4 Na
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Total Asymmetry Results

5 < Q*[GeV?] < 100 0.1<y<06
0.5 < pr(VY)[GeV] < 3.5 -13<9(V") <13

» The previous measurement considered a slightly different kinematic range, if
we integrate those results over the visible range above that we used the result

is: Ax = 0.0025 £ 0.016(stat.)

» Our result over this same kinematic range with the enhanced HERAII statistics
IS:

Apx = 0.0186 4 0.0035(stat.) + 0.0027(syst.)

New result is consistent with 0.03+0.02 estimate of
Frenklakh & Kharzeev and previous HERA results, but
with enhanced HERAII statistics inconsistent with zero.

23




Asymmetry Distributions
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Asymmetry Distributions Comparison
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Conclusion

« There appears to be a non-zero baryon asymmetry in DIS which suggests
transfer of baryon number from the proton target to particles visible in the
hadronic final state

 Asymmetry is on the order of a few percent which supports the idea of a
baryon junction, more precise theoretical estimates and measurements
(possibly at the EIC) needed to conclusively distinguish the valence quark
and baryon junction picture

« We are working with the H1 Collaboration to refine results and ensure the
small asymmetry on the order of a few percent is well understood with
respect to background
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Neutral Current Deep-Inelastic

Scattering at HERA

Two regimes of events can be defined:

1. Photoproduction (Q? = 0)

» Soft interaction, events more abundant, includes
larger fraction of diffractive events where proton
is not broken up in the interaction

« Worse resolution in event reconstruction, low Q2
means small scattered electron angle which can
sometimes escape nearly colinear with electron
beam down the beam pipe

2. Deep inelastic scattering (Q% > 1 [GeV?])

* We only consider neutral current DIS where

the virtual photon mediates, massive ZO,WJ—r
are highly suppressed unless Q2 is on the
order of their respective masses squared, so
~8000 GeV?

« Lower Q? events provide more statistics for
baryon production results
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Figure 3.5: Kinematic coverage comparison of previous/current experiments
and the proposed EIC (figures from [50]).

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.109.054019




Other Measurements

H1, ZEUS, and HERMES data is preserved and thanks to significant
investment from DESY, there are some promising directions for future
analyses that can give insight on baryon junction production:

* Proton/antiproton asymmetry measurement

« Strange baryons in diffractive DIS
* Use as a baseline for non-diffractive DIS measurements

* Proton energy scan data
» Reach smaller beam rapidities, but limited statistics
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Hadronic Final State Kinematics
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H1 Experiment at HERA

« Used electrons and positrons incident on proton (usually referred to
as just the “electron” unless distinction required)

« We are looking at low Q? events which are dominated by the virtual
photon mediation which couples identically to e* /e~

| Run Period | e p2005 | e p2006 | e'p2006/2007 |
Lepton Energy [GeV] 27.6
Proton Energy [GeV] 920
Center of Mass Energy [GeV] 319
Number of lepton bunches 142 180 180
Number of proton bunches 140 180 180
Average (maximum) lepton beam current [mA| 22 (42) 22 (62) 25 (45)
Average (maximum) proton beam current [mA] 78 (102) 79 (108) 89 (112)
Delivered integrated luminosity [pb"] 218 89.7 184
H1 maximum integrated run luminosity [nb~"| 260 153 164
Peak luminosity [pb~'/s] 48.0 46.2 40.8
H1 recorded integrated luminostiy [pb~!] 105.4 55.4 131.3
DST7 Data Run Ranges 399629-436893 | 444307-466997 | 468531-492541,
492559-500611

L = 2921 pb~"




Event Reconstruction

« Scattered electron and HFS each carry enough information to uniquely define DIS
kinematics (Q?, x, y), have a lot of freedom with this for event reconstruction

* Using |2 reconstruction method, no assumption of electron beam energy (E,)

Method name Observables y Q’ x-E,
Electron (e) [E,, E, 0] | - % E‘I~_in:0 f:n?‘-_.-_\m
tan % ] )
Double angle (DA) [6,7] [E,, 6, 1] —iy 4EZ co? $(1 - y) —
Hadron (h, JB) [4] (Ey Z, 7) = L &
ISlgma (IZ) [9] [E, 8, Z] ‘_f‘_ E*sin®@ E(l-::'ru\ﬂj
E*sin® @ E(l4cos@
IDA [7] [E, 8, 1] Ypa = %
EEZ [Ey, E, Z] i 4EE —4EX(1-y) &
E0% (E,, 6, %] " 4E2cot? 2(1 - y) &
0y [8] [0, Z, 7] oA i £
Double energy (A4) [7] [B: E, B - 4EgW(xE,) E+E,~Ey
: i @
EXT [E, Z, T) o - 35
2, -EsVET? : :
E,ET (E,, E, T) St A e
2E, l=y 4E,y
Sigma (%) [9] [E,, E, Z, 6] o Q?, e
eSigma (eX) [9] [Ey, E, Z, 6] ;\2—:-;“'7 2E,E(]1 +cosB) i‘.“";‘f‘"l...._‘ﬁ.’
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Overview

* Motivation for baryon asymmetry measurement in Deep-Inelastic ep
Scattering (DIS)

* Will focus on the baryon asymmetry measurement, strange particle
production results in the backup slides

* DIS kinematics

 HERA background and data selection
* DIS event selections

* Particle reconstruction

* Measurement description

* Results and conclusions

* Qutlook on potential research building off this work



Motivation

* Baryon number is an empirically observed symmetry of nature, but how it is carried and
transported is not well understood

Quark Model: Traditionally, baryon number is
assigned to valence quarks carrying 1/3 of the
baryon number (-1/3 for anti-quarks)
* In this model, the baryon state is viewed as three
valence quarks interacting via gluons in a triangular
structure B(;Cl7 3;2’3;3) — €

ijk

Local

Gluon Junction Model: Y-shaped configuration of Gauge Invariance

gluons connecting valence quarks was proposed in Pla,.2) = Pexp (iq["A drl,)
the 1970’s as a way of constructing a gauge invariant U e
baryon state [1]
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Motivation

* Neither of these models has been conclusively verified as the correct
picture, the quark and junction configuration is indistinguishable in
most processes

* In relativistic heavy ion-collisions baryon asymmetries have been
observed at mid-rapidity (central region perpendicular to the collision
axis), which appears to be inconsistent with the valence quark model

* Valence quarks carry a large momentum fraction of the colliding species,

and would need a significant energy transfer to stop them sufficiently to
allow transport of baryon number to mid-rapidity

* At high energies, the valence quarks also have less time to interact due to
longitudinal length contraction which suppresses baryon stopping

* STAR has recent publication proposing a method of analyzing charge
vs baryon stopping in heavy ion collisions as a way to search for
evidence of baryon junctions [2]

* But, Iooking forward to Electron-lon Collider (EIC), this should also be
able to be distinguished in e-Au [3]

* Deep-inelastic ep scattering collisions where only one species
provides baryon number should also be able to look for junctions [4,5]

Nuclear stopping and rapidity loss in
Au + Au collisions at ./syy = 62.4GeV

[(GeV/c)?H

d’N
2T P, dy de

zi T i
10 3 O p-bar 3

0 05 1 15 2 25 05
P, [GeV/c]

https://doi.org/10.1016/j.physletb.2009.05.049

1 (|P|+PL)
n=—In| ——
2 |P|—PL

m<|p|=E~|p|=n~y
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Motivation

Testing gluonic junctions in ep scattering initially seems
tricky due to the electron coupling to charged quark

constituents rather than directly to the gluons Signatures of baryon junctions in semi-
Basic idea is that the quark-antiquark component of inclusive deep inelastic scattering

the virtual photon in the ep scattering can interact

with the proposed gluon junction and pull it into the David Frenklakh ®® 2 &, Dmitri E. Kharzeev ° €, Wenliang Li ®

hadronic final state to transfer baryon number

At high energies, the purely gluonic exchange https://doi.org/10.1016/j.physletb.2024.138680

(therefore uncorrelated in proton flavor when valence
guarks do not participate) is expected to dominate due

to the higher Regge intercept [4]

David Frenklakh and Dmitri Kharzeev gave us a quick
calculation based on their gluon junction framework in
this publication and estimate a baryon asymmetry in
DIS of 0.03+0.02 within our kinematic range

* Based on a 3->3 Forward scattering in Regge Theory
framework

* Regge intercept for purely gluoniq junction exchange
cannot be calculated from first principles, but they

~I
Qe
—
\«l‘ Y
Ql
—
—_—

estimated it from the Au-Au RHIC Beam Energy Scan data, & ] .
hence the large errors M; Ml M)
Not a precise estimate but gives us a ballpark
: J 1 J J 1
expectation ;(0) ~ —3 a3(0) = 0 2 (0)~ 3
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HERA

At HERA (Hadron-Electron Ring Accelerator) we can study semi-inclusive deep
inelastic ep scattering and look for baryon asymmetries

Provided collisions at a primary running mode of E;,=920 GeV and E,=27.6
GeV 2+/s =319 GeV

Accelerator ran from 1992-2007 servicing two fixed target experiments
(ZHEILEJRSI)\/IES and HERA-B) and two general purpose hermetic detectors (H1 and

H1 collaboration leading efforts in DPHEP (Data Preservation in High Energy
Physics) and have updated full analysis software to retain full potential of
experimental data

Baryon production can be analyzed cleanly via strange particle production

* ForA, ct = 7.89 cm,so A produced at the primary DIS vertex can be observed at a
resolvable secondary decay vertex, background greatly reduced by rejecting track
primary vertex fitted tracks

Can trnand look for a A - A asymmetry since gluon junction mechanism is
flavor blind

HERMES

-a— Electrons/Positrons
-=— Protons

A BARYONS
(5=-11=0)
A0 = uds
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Strangeness Production at low Q2

P reVi O u S I\/l e a S u re m e nt in Deep-Inelastic ep Scattering at HERA

A — A Asymmetry

¢ Asymmetry measurement at HERA previously < FH +moma | < FHI 401 Duta
done by H1 (shown on right) and ZEUS, but did By — Wb e
not have enough statistics to resolve a non-zero o T+ NARE
asymmetry or to exclude the possibility of an s:fy | Y |
asymmetry on the order of a few percent ¢ @ ead X
. < . 2_ H1 +H1 Data < = E H1 +H1 Data
* These previous measurements only use 1999- .
2000 data, ~6x more data available now Uiz — b +++% =1
2 ] . ) “aka
g | e 575 GeV. D T SV S S Y T
B o] e, 460 GeV _E p, [GeV] n
R ’ HERAI HERA I E
-== 40 1 ®lowl E Figure 8: The asymmetry A, of the differential production cross sections of the A and A baryons
< 400 ¢ = in the laboratory frame as a function of the a) photon virtuality squared Q? , b) Bjorken scaling
"5‘:’ Sk ] - & :! variable z, ¢) lmnsvcw momentum pp ““,d d) pscudorapidilyy n. The nsymmclr}"is defined as
g ] 820GeV 920 GeV gg 3 Ay = [Ouis(ep — eAX) — Oyiu(ep — eAX)]/[0wia(ep — eAX) +0is(ep — eAX)]. The error
:; 100 g 2| bars show the statistical uncertainty.
£ s S / https://doi.org/10.1140/epjc/s10052-009-0995-1
150 HERA upgrade / :
E improvement S 3
160 Hetmhes Background —
50 —: H1 upgrades — v problems 3
(}11;92 ' 1919.-1_" T&Imsjl 1998 2000 2002 2000 2006 2008
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Neutral Current Deep-Inelastic ep Scattering ,
at HERA

Kinematics of DIS events can be completely described by
four Lorentz scalars: Q%, x,y, s

* All can be written in terms of highlighted four
momentums on the right p s

0%is the negative four momentum of the virtual photon
squared (negative sign convention to keep quantity
positive)

x (also known as Bjorken- x) is the fractional momentum
of the struck quark with respect to the proton’s = )
momentum Q* = —¢"q. = —¢ Q" =4E.E, cos (5)

y is the inelasticity (not to be confused with y as rapidity
which is standard in heavy ion physics), can be

interpreted as the fractional energy lost by the electron 5 _ |
in the scattering .= & Q? g

2ptq, - E N Q>+ W2 — mff)

Pq, . E, . 2(0,
Pk, 1y E. sin 5 )

s is the center-of-mass energy of the colliding system
squared

Sometimes useful but not used in our analysiss W is the
invariant mass of the hadronic final state (HFS) denoted X W=/@ P = s =2

Q* = zys
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Neutral Current Deep-Inelastic ep Scattering

at HERA

Two regimes of events can be defined:

1.  Photoproduction (Q% = 0)

* Soft interaction, events more abundant, includes
diffractive events where proton is not broken up in
the interaction

« Worse resolution in event reconstruction, low Q?
means small scattered electron angle which can
sometimes escape nearly colinear with electron
beam down the beam pipe

2. Deep inelastic scattering (Q? > 1 [GeV?])
* Proton completely broken up into a HFS

We only consider neutral current DIS where the virtual
photon mediates, massive Z% W= are highly suppressed

unless gz is on the ordgr of their respective masses
squared, so ~8000 GeV

« We only consider 5 < Q? [GeV?] < 100 so these
contributions are negligible

e

ph X
p »>
) . 2 5 |I 2 ()‘,
Q' =—¢"qu=—¢ Q" = 4L, cos’(3)
— I)J_‘qﬁ ‘L"" . 0'
V= y=1- g sin(3)
Q? : '
Tr= 2‘ T — 2‘2 — (22
2Py Cys Q@P+W2-m?

P

Q* = zys

W=/ (qg* +p*)? = \/y.s' — Q%+ m2
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H1 Detector

* Tracking System:

* Two central drift chambers (CJC1 and CJC2) for
charged particle trajectories

* Central Silicon Tracker (CST) — silicon tracking for
resolving interaction vertices just outside beam
pipe

* Tracking well understood in the |n| < 1.3 range

* Good resolution for charged particle tracks with
pr>0.12 GeV

e SpaCal — calorimeter in backward direction for
precise detectionzof sca;ctered electron in lower
Q% events (5 < q [GeV?] < 120), consisting of
long, thin scintillating fibers for precise position
and energy measurement

* Most statistics for baryon production exist in low
Q“ event range, limiting factor in how how we go (1) Boam pipe and beam magnets

@ Superconductiong coil
based on SpaCal’ e“|pt|ca| beamp|pe |nsta”ed (7) Silicon tracking detector (i) Muon chambers
p%st H E RAI I Iu m i nOSIty u pgrade Ca uses issues for @ Central tracking detector @ Instrumented won (streamer tube detectors)
Q < 5 GeVZ @ Forward tracking detector @ Plug calorimeter
@ Spacal calorimeter (em and had) @ Forward muon detector
@ Liquid Argon calonmeter (em and had) '@ Muon toroid magnet

@ Liquid Argon cryostat
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HERAII Running Years Used

Run Period [ e p2005 [ e p2006 [ e p2006/2007 |
. Lepton Energy [GeV 27.6
¢ Some baCkgrou nd ISSues were Prz);ou En(rr;i“:-' GeV :)IZ[(I
leftover from the HERAII Cente of M Energy [GY] . 0 _
H H H Number of lepton bunches 45
I uminos Ity u'pgrad S ! n 2004 Number of proton bunches 140 180 180
(p rOtO n-ga S |nte ra Ct| on S)’ SO Average (nmx'imum) lepton beam current [mA] ~.22 (-12) ;22 (62) 25 (-1"))
2005_2007 yea rs Safe Iy used Avori]i)g(‘?l.('II\IH:‘(IH‘IH:I?) ‘ptr:,]t({n l)-em],l-,:-j]r;‘l—lz [mA] 18‘(102) 79 ((1(18) 89 (1'12)
. elivered integrated luminosity [pb "] 218 89.7 184
afte r th IS wWas SO rted Out H1 maximum integrated run luminosity [nb~'] 260 153 164
. Peak luminosity [pb~"/s] 48.0 46.2 40.8
’ Used eIeCtronS and pOSItronS - I(“.‘)Igg'irjm[{)urmll{l mll?“mm”y i 399¢ 1())5;13(8” 444 i(;r;qf(( )97 | 468 ;];1;2 41
H H ST7 Data Run Ranges 399629-43689: 4307-4669¢ 468531-492541,
In % I d e né to n p rOtOtnt é]u S u a I Iy 492559-500611
rererred to as jJus e
“electron” unIJess distinction £ = 292.1 pb~!
. d ) - - p
require

* We are looking at low Q?
events which are dominated
by the virtual photon
mediation which couples
identically to et /e~
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Event Reconstruction

Scattered electron and HFS

each carry enough

information to uniquely

define DIS kinematics

(Q%, x,y), have a lot of

freedom with this for event

reconstruction

Using |12 reconstruction

method

* No assumption of

electron beam energy
(Ep), so minimal
reconstruction issues to
to Initial State Radiation
(ISR)

Electron Energy = 27.6GeV

Proton Energy = 920GeV

Vs =319GeV
X = o
o =-q T 2pg
_ P2q
2= (Ba=p:p), T= [ pen)?+ (O pya)
h h h
Method name Observables y Q° x-E,
Electron (e) [Ey, E, 6] L= ﬁ' "::!\f':‘ : e
tan Z 2
Double angle (DA) [6,7] [E,, 8, 7] —3 4E2cot? 2(1 - y) %
tan = +ian = o)
Hadron (h, JB) [4] [Ey, Z, 7] T = Z
ISigma (LX) [9] (E, 6, 3] — i Sl
. . Elsin’ @ E(l4cos8)
IDA [7] [E, 8, r] Yoa 5 ET
E,EX (5B, T Y 4E,E —4EX(1—-y) B
E0% [Ep, 6, 2] Y 4E] cot* 5(1- ) o
6zy [8] (e, z, r] Ypa .’— Q__
Double energy (A4) [7] (Ey, E, E,] L 4E ¥(xE,) E+E,-E,
EZT [E, Z, T] —— TT &
E+Ex\EX4T? I-y s
] 8 2E,-EsVE-T? T2 ¢
E,ET [Ey, E, T] ST Ty 6y
Sigma (ZX) [9] [Ey, E, Z, 8] Yis o}, fj_.
eSigma (eX) [9] [E,, E, Z, 6] HE 2E,E(1 +cos0) e

https://doi.org/10.1016/0168-9002%2895%2900173-5
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2005-2007 HERA Il e*p/ e~ p Data/MC Reconstructed Event
Selections (using |2 reconstruction)

5< Q2 [GeV?] < 100

0.1< y < 0.6 Final State Initial State
I =4 ~— —
'30 < ZVTX [Cm] < 30 A € *For a
B == - P )+ Z i~ Pzi) = E' = pz,t) = (Ep = p:.p) = 55GeV  perfect
35 < (E - pZ) [GeV] < 70 detector

* Reject events with missing FS particles, missing electron, detector issues

s61 >0 *Trigger requirements change between run, but requires transverse momentum above some

threshold, z vertex measurement within detector region, and a SpaCal energy deposit above some threshold
* p;>900 MeV | A WA, S mm———p
 SpaCal energy deposit > 9 GeV ' e -  § ‘ |

e SpaCal energy deposit > 11 GeV
* Scattered Electron Cluster Radius in SpaCal (Ecra) < 3.5cm
e SpaCal Cuts to eliminate dead trigger cells

49



HERA I1 2005-2007 e*p/ e p Jtrange channels

K’ — ntn™  (69.20 + 0.05)%

Looping over pODS particle candidates A= pr (63.90%0.5)%

H1 Analysis Framework provides initial rough selections, loops over
identified secondary decay vertices and combines tracks whose trajectories
can be reasonably fitted to the decay vertex position

* Displaced decay vertex with two oppositely charged daughters
* pr(p)>=0.2 GeV

* p;(m)>=0.1GeV (We strengthen this cut later)

* Track Length (1) >= 10 cm

 M(p+ m)<=1.5GeV (M(A)~1.1511)

* Pr. (daughters w.rt. A) <0.15 GeV

 x*(fit of daughter tracks to secondary vertex) < 5

* Radial Distance of Secondary vertex from primary >= 1.5 cm



HERA 11 2005-2007 e*p/ e™p
A + A\ Cut Evolution

60000

50000

40000

30000

IIII|IIII|IIII|IIIIIIII

20000

A—pr

(63.90 £+ 0.5)%

10000

L

0

1.09 1.095

1.1

et ) [0 [

1 105 1.11 1.115 112 1125 1 13 1.135
Mass [GeV]

Cut 0 — Black: Starting Point
(Raw Candidates After Event Selection + H1FindLambda.C)
Cut 1- Red: |n(A)] < 1.3
Cut 2- Green: 0.5 < p(A)[GeV] < 3.5
Cut 3- Blue: Track Start Radius < 35cm
Reject Primary Vertex Fitted Tracks

Cut 5- Black: Rejecting Tracks with Multiple Secondary Vertex
Hypotheses (Keep Candidate with best Chi2 vertex fit)

Cut 6- Red: p; () > 0.12 GeV (same as in 2009 Analysis)

Cut 7- Green: Lae(p) > 0.001
dx

Cut 8- Blue: Lar () > 0.001
dx
Cut 9- Magenta: |S;.4 ()| >0.2
Cut 10- Red: |Sgcq ()| > 0.2 Dy =
M(mt+m) < 0.465 GeV | |
M(mt+mt) > 0.530 GeV
Cut 12- Black: M(e*+e~) > 0.05 GeV

dca
5dca

Candidate Control Plots are in Backup Slides
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H E RA | | 2005-2007 e+ p/ e_ p Reject Primary Vertex Fitted Tracks

A I Cut 5- Black: Rejecting Tracks with Multiple Secondary Vertex
/\ t /\ CUt EVO l Utlo N Hypotheses (Keep Candidate with best Chi2 vertex fit)

Cut 6- Red: p; () >0.12 GeV (same as in 2009 Analysis)

14
000r A= pr (63.90 +0.5)% Cut 7- Green: Lag(p) > 0.001
B dx
12000 jt Cut 8- Blue: Laz(mt) > 0.001
: I dx
10000 :J::: Cut 9- Magenta: | S, (p)| > 0.2 } Siea = 6%;
E Il Cut 10- Red: |Sg.4 ()] > 0.2
8000 [ M(m+7t) < 0.465 GeV | |
i M(rmt+1t) > 0.530 GeV
6000 1 .
- I Cut 12- Black: M(e™+¢e™) > 0.05 GeV
4000/
2000}
0:- i | | 111 I - I 1111 |

1.09 1.095 11 1.105 1.11 1.115 1.12 1.125 1.13 1.135
Mass [GeV]
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Monte Carlo Generators

H1 Detector Configuration

Rad DJANGOH14

Rad Non-Rad DJANGOH14

Rad RAPGAP31

Non-Rad RAPGAP31

Rad PYTHIA62

8927-8929, 8709-8714

8686-8689, 8940-8941

Q*>2 g >2 Q*>2 P >2 0<Q* <4
2004/2005 ¢ p 8872-8891, 8732-8743 H5866-5873 8701-8708, 8930-8932 5887-5892 T274-7T283, 7T909-7T981,
7250-7261, 7940-7951
2006 e~ p 8892-8922, 8723-8731 58T74-5877 8696-8700, 8933-8935 5893-5894 T7284-7292, T973-T982,
7331, 7262-7273, 8004-8015
2006,/2007 ™ p 8923-8926, 8715-8722, H855-5862, 5863-5865 8690-8695, 8936-8939, | 5878-5883, 5884-5886 7307-7319, 7800-7812,
T237-7249, TI66-T778

I Lumi [nb~!]

4108957

3560233

5293265

3397124

l

14580680

* RAPGAP31 Event Generator
* Higher order QCD effects simulated with the Color Dipole Model (CDM)
* Used for primary detector efficiency calculation due to better described HFS distributions comparing Data and MC

* DJANGOH14 Event Generator
* Higher order QCD effects simulated with Parton Shower (MEPS)
* Alternate calculation of detector efficiencies used for systematic uncertainty associated with measurement’s Monter Carlo model dependence

* PYTHIAG62 Event Generator
+ Also uses Parton Shower methods, but this MC set is used for estimations of photoproduction background since this set was generated with Q% < 2 GeV?

. E}/fgh_tS simulate the DIS process, then products fed into GEANT3 simulation (expect for non-radiative sets) of the H1 detector to calculate detector
efficiencies

e Can use the same exact code for data reconstruction with simulated Monte Carlo Data

53



Student's ¢

Probability density function

Peak Extractions in RooFit

0.35}
0.30}
0.25}
* Log Likelihood fits in RooFit — very high signal to background ratio, X 0.20l
. N S . . . . . o Vv
minimal background data benefits from fit using Poisson statjstics in
this method as opposed to Guassian with standard binned x“in 0.15f
terms of fit convergence o.10}
* Composite fits using Student’s T-Distribution for the signal shape 0.05}
and two different choices of BG function: 0.00
i NG W, G i
Composite PDF 1: Two body phase space shape 2 a I e ),:»ZH - i i = mp)a{,(](al(mA,.m,,fm.p))
l Vvl v J | J
Y
Ccmpcaite PBF2:4ttborder PU:YIIUIII;G: used-fot DYDtCIIIGt;\. I-Distribution PGPDF1
uncertainty in the BG shape = mA—py2 , :
\/E'r_:jI")—’ (1+ %)— £ +k [bo + byma + b.zn.)f\ - b;;m‘?\ 4 b_.;m'}\] |
2
L - J Y
* Use the same process for extracting counts in data and ! T-Distribution BG PDF 2

econstructed MCfor calcutating detector efficiencies
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A\ Peak Extraction in PP 4 CE ) | s~ i — iy yogtostmn-me-mp)
Prlmary: TFIIF% v A 4 P
Dat P(4Y) | (maE)? . ‘
a a Alt: . Sl —= )="% + [bo + bymp + bym3 + bym + bym}]
% v ‘ ‘
E 5000 — Count: 63831.95 = 342.53 (sfal) g 500: .
3 E Percent Diff from Alt Fit: 0.29 Q - !
~ u: 1.115470 + 0.000011 o 450 —
- ) =
- o:0.002035 = 0.000013 o E2 I
4000 B ! v: 2.581220 + 0.095030 = T
| A—=pr (63.90£09)% ) a,: 1.157506 = 0.064747 350 — f b
= 4 9 a,: -16.202067 + 1.939407 E
3000 [ b,: -4.974155 + 0.001680 300 ==
- b,: 2.971581% 0.001559 250 =
L 4 b,: 3.066157 = 0.001445 -
2000 B b,: 1.227860 = 0.001339 200 -
B b,: -2.466009 = 0.001238 150 }
- —®— Data o
1000 - —— Primary Fit 100 —
K ~— AltFit 50 =
i w |
1% AN N oyl AN YO SNUN N (T UNHN U NN WU irun's AN W AN ST NSO OO
i 1 & 1‘_-%
S 13 | | = 13 |
s 1 n i | s 1 il bt
o 98¢ e ‘ S o ] o f
i I L a gg L AN 1R
-6 I L Il L1 L L L -6
na 7.09 (B T T2 {BE] iBL 715 16 05 7.09 7 11 112 713 114 115 T.16
Mass [GeV] Mass [GeV]
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D(4gh) | (masty?

— . 2 o -=3 . . ag (aj(mp—mz—my))
A Peak Extraction in Data Fim: verg't e e
(&) (BA=E)? oy 2 :

Alt: \/-_Jr'-’ (1+ ';/ )=% + [bo + bymyp + bym3 + bgm?} + bym}y]

- <= 500
S 4500— Count: 58199.72 = 316.85 (sial) 5 [
R A= pr! (63.90L£0.5)% Percent Diff from Alt Fit: 0.26 8 o E
4000 i u: 1.115657 = 0.000011 E
£ 0.002048 + 0.000013 =
i @ 400—
3500 v: 2.651060 = 0.088708 -
i a, 0.737214 £ 0.131635 350(—
3000 a,;-8.110978 = 3.670927 300 =
%05 i b,: -1.396950 + 0.002692 g
b,: 0.458119 = 0.002541 250 —
2000 b,: 0.856692 + 0.002402 200F—
b,: 1.185483 £ 0.002276 s
1500 b,: -1.162271 £ 0.002162 150 f—
1000 Data 100 E
Primary Fit -
500 Alt Fit 50 |
= 13 = 3
% 11 ||LMH|+|. Ih” TR it H L ‘L]IH Ly % 1
8 b — gt ! |
°:$.09 T T 12 1.'13+ 14 115 °:$.09 i8] 1.1 112 1.i3Jr 114 115
Mass [GeV] Mass [GeV]
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Cross Section Definitions

* Full normalized count of V? (particles identified in secondary decay
vertex) defined in terms of this cross section within the detector’s

VISI ble ra nge- 5 < Q*[GeV?] < 100 01<y<06
0.5 < pr(V?)[GeV] < 3.5 -1.3<9(V?) <13
N

O‘ms(f?p — (')'IVOX) - L-¢e-BR-(1+ 5QED)

= € . .‘;\’."..\r](.(' 146 ‘;\,r'q()”(vfl)rrul ﬁmmArud
rec * Clrig rec — NMO QED = 77 7770 ol e
i\' g}(‘ﬂ “,\. p— ( V )nun Tac £I ac

* A - A Asymmetry defined as this ratio of cross sections, many factors

cancel ou* . N Nj
A Ovis(ep = €'AX) — opis(ep = €AX)  Geer ~ Geoen

= Ovis(ep = ¢'AX) + ovis(ep — (”]\X) A 3 3

Cree, A Cree,A
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Detector Efficiencies

 Correction for bin migration effects and detector inefficiencies for
particle counts is done with this:

TMC
‘\ rec

NMC
‘\gr‘n

* Trigger efficiencies calculated via detector simulation (simulation
found to be accurate within 1% comparing with trigger efficiencies
calculated with independent monitor triggers in data in previous

analyses — more important for full normalized cross section
measurements)

Epac

* We extract the total number of particles we observe from MC in the
invariant mass peaks and compare to the true number of A or A
provided by the generator within our visible range that we could
potentially reconstruct, corrects data to truth level

* Important that GEANT3 has reasonable description of reconstructed

qguantities, especially with respect to variables we impose selections on
(Control Plots)



NMC.rec/ NMC,gen

NMC,rec/ NMC.gen

Detector Efficiencies
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Uncertainties

'\"'
vis\ € '—-"/'OX - : )
(}‘,((’P_>(J ) ﬁ.F.BR-(l-I-éQED)

dvis(ep — €AX) — ovis(ep — €'AX)

.’"1 = —
A ovis(ep — €A X) + opis(ep — €/AX) Source
For Asymmetry we have three primary sources of -
Ue

systematic uncertainty:

signal extraction

 Signal Extraction

model
* Model (RAPGAP vs DJANGOH) Ty
* MC Nuclear Interaction nnits
lii"]“Ehng: i-.qtio

Other systematics from cross sections cancel in the ratio
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Uncertainties

Statistical-

* The statistical uncertainty used is the yield uncertainties calculated in RooFit
which takes into account the propagated uncertainties of the RooFit
parameters combined with the \)ON statistical uncertainty (N total number of
observed counts in final invariant mass range)

Systematic- .
y ().41\ = |flA — —4:\.tfariatirm|

e Systematic uncertainties are taken as the full difference between the
nominal asymmetry value (using RAPGAP for detector efficiency) and the
asymmetry recalculated for the variation

e Ex: For the model uncertainty, the asymmetry is calculated once with RAPGAP
and once with DJANGOH and the uncertainty associated with this variation is the
absolute value of their difference, this way correlated effects are properly

accounted for



Systematic Uncertainty Variations

(51’1}\ — |f'1A i 4"'11\.-1.!(1riatz'on|

* Variation 1: 4t order Polynomial as BG Function
e Variation 2: Different Signal extraction range (6 FWHM —=> 8 FWHM)
* Variation 3: Only Fit BG and subtract raw signal

* Variation 4: Assume MC description of Nuclear Interactions is 100%
incorrect

e Variation 5: Calculate detector efficiencies with DJANGOH instead of
RAPGAP



MC Nuclear Interaction Estimations

For the expected asymmetry on the order of a few percent, we must make sure interactions with
detector material is well described in Monte Carlo

Monte Carlo has access to truth level information, so we can use those datasets to count how many A
or A that pass all of our selections come from interactions with the detector material in the GEANT
simulation

If the Monte Carlo perfectly described the real detector, these would be all accounted for in the
detector efficiency calculation

For this uncertainty we assume MC underestimates this background by a conservative 100% and
recalculate the asymmetry with this estimated excess of A (A is found to not contribute in the MC
study as expected)

H1 detector simulation in previous studies is known to have ~7% less material between the beam line
and CJC1 in MC compared to data and ~12% More material in MC between CJC1 and CJC2 by
investigating energy loss of pion tracks

* Should be well accounted for by our estimation of 100% inaccuracy



Total Asymmetry Results for 2005-2006 HERAII DST7

5 < Q*[GeV?] < 100 0.1 <y<06

0.5 < pr(V?)[GeV] < 3.5 -13<9(V") <13 . Then can fO||OW same

procedures and calculated
efficiencies within different
bins to see Asymmetry
distributions

Ap = 0.0186 + 0.0035(stat.) + 0.0027(syst.)

Individual Systematic Error Contributions:

Variation Method dAp
RAPGAP vs DJANGOH | 0.0016
Nuclear Interactions 0.0018
Alternate BG Fit 0.000013
Raw Signal Extraction | 0.000061
Signal Extraction Range | 0.000062
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Asymmetry Distributions

e < 003

0.03 | Statistical

|— Statistical

0.04

0.025

“|— Systematic | """" 002

O R = ) 13 (111121 {[oJ SR S——
0.03 -

0.02 0.015

0.01

0.01

[lllllIII]IHIIITlllTIIT

TTTT [III]IIIII]II[ IIIIWIII'IIII[]II]'I

20 40 60 80 100 10° 102

o [GGV2] X

01— : ‘ ; : i : - 0.1

2 Statistical
~|— Systematic [

0.08 ~|— Statistical 0.08

0.06

= Systematic | 0.08

0.04 I 0.04

0.02

-0.02

~0.02

WIIIIIII llllllllllllHl TTT

[IIIIIII TII[IIT'I]I'IIWIII

-0.04 -0.04

=] 05 o s T

65



Uncertainty 8A,

Uncertainty 8A,

Uncertainty Contributions in Distributions

Smoothed Uncertainty Contributions
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= i
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Guassian Smoothing of Systematic
Uncertainty Distributions

* Always some unphysical statistical fluctuations of uncertainties bin to bin

* So as not to overestimate or underestimate uncertainties a standard smoothing
procedure is implemented

* Taking a normalized Gaussian at each point in the systematic uncertainty
distribution with (sigma = twice the Bin Width of given point)

* Then re-calculate the systematic errors as a weighted average at the given
point where each bin may contribute some (mostly from neighboring points)
weighted by each values gaussian distribution bleeding into other bins

* If an uncertainty is re-calculated to be less than 85% of its originally value,
we just take the 85% value to not accidentally underestimate anything

* Done for all systematic error contributions

* Smoothed vs Unsmoothed Error Contributions in Backup Slides



Conclusion

b .| Statistical

— Systematic § ‘

0.02

0.015

o
@
HlHlI|THi]TITIlHTI]IIH]IHI]I

0.005

Ap = 0.0186 £ 0.0035(stat.) £ 0.0027(syst.)

* There does appear to be a non-zero baryon asymmetry in DIS which suggests
transfer of baryon number from the proton target to particles visible in the
hadronic final state

 Asymmetry is on the order of a few percent and at low-x which supports the
idea of a baryon junction, more precise theoretical estimates and
measurements (possibly at the EIC) needed to conclusively distinguish the
valence quark and baryon junction picture but this result provides good
indication of baryon junction and justifies further research in the area

* Working with H1 Collaboration to finalize a preliminary result to share at DIS
2026 and open results to broader audience



EIC Outlook

* EIC is expected to provide collisions up to
Vs = 141 GeV

e Therefore cannot reach as low in x as HERA at
\/s = 319 GeV, another reason why DPHEP
efforts from H1 are so important

e BUT still low enough in x to see baryon
junction signatures and the EIC is expected to
rovide up to 100x more integrated
uminosity thanks to advances in accelerator
science and will have the advantage of
advancements in detector design as well for
precise particle identification [6]

* Allows high precision tests of many
processes, and can also more accurately map
out baryon asymmetries in DIS
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Further Research

 Strange Particle production —
enhanced HERAII statistics and
update on previous 2009
publication which had a DST5 bug
present in the analysis

* Plots on the right from H1
Collaboration Meeting December 9,
2012 from researchers working on
K2 production in DIS at HERA ||

* Bad description of FRUNZ — Fraction
of unized z-hits on pion tracks in the
CJC, skewed results by ~¥12% in the
publication, has not been corrected

positive pion tracks

Strangeness Production at low Q?
in Deep-Inelastic ep Scattering at HERA

https://doi.org/10.1016/j.physletb.2024.138680

FRUNZ for pions from K’ on DST5

* Fraction of unused z hits on the pion tracks:

K" finder cuts at 0.4
MC :DST-5 Data distribution is cut off

DSTS data is not well described by
MC

MC has much lower tail than data

0.3
0.2

"
0.1 +, Data DST5, 2006, e'P

The KO0 efficiency was definitely
overstimated by MC = cross sectoin
was low

~,

cutat 0.4

0.2

Fraction of rejected z hits

e Lumi nor.
Fig -6

FRUNZ for pions from K’ on DST7

Fraction of unused z hits on pion tracks:

DST7 data is better described by MC

0
4
3
Fy MC : DST-7
H
Z
g

Lumi nor.

s, Data DST?, 2006, e'P
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Further Research

SIDIS data used in MAP Nanga-Parbat TMD fit

Semi-Inclusive Deep Inelastic Scattering (SIDIS) |
* Where some HFS particles are measured in DIS, can use 1 COMPASS |

JLab 12

strange particles ' bz

Used to extract transverse momentum dependent |
parton distribution functions (TMD PDFs) < |

Current measurements only use fixed target data, %!
these usually require multi-dimensional binning |
with respect to kinematic variables, so need a lot
of statistics = K2 SIDIS

? [Ge

H1 data can extend ?(hase space of previous
measurements and K¢ data can provide new
constraints on strange sea quark TMDs



Further Research

 ALICE A} /D° measurements
with p-p and p-pB colliding
systems show significant
enhancement with respect to
perturbative QCD and Monte
Carlo models using
fragmentation functions derived
from e+/e- collisions

* Interesting to see if
enhancement also exists in DIS

questions universality of
fragmentation functions
* Only photoproduction of

charmed particles has been
investigated previously =

Ac->Am
120

T T T
®  Richtige Ladungskombinationen
Faische Ladungskombinationen

80+

i
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A7 production in pp collisions at /s = 7 TeV and in
p-Pb collisions at /sy = 5.02 TeV

o
[

— 1.4

+ O
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0.2

0.0

— pp, Vs=7TeV p-Pb, |5, =5.02TeV ]

- lyl<05 -0.96 < y <0.04 1
—e— ALICE —a— ALICE -
| —— PYTHIA8 (Monash) - == Shao et al. il
- PYTHIAS (CR Mode0) with EPS09NLO nPDF |
---- DIPSY (ropes) P

- HERWIG7

AL Channels:

pKY  (1.59 +0.08)%
Azt (1.30 £ 0.07)%
pK-nt  (6.28 +£0.32)%

D° Channels:

K=t (3.93+0.04)%
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Rough Initial Charm Peaks

Af Channels:

pK"  (1.59 + 0.08)%
Art (130 +0.07)%
pK ot (6.28 +£0.32)%

D° Channels:

K~7* (3.93+0.04)%

* Using our sample of A and K2 combining with
tracks of appropriate charge coming from DIS
vertex (using analogous cuts as done for strange
particle tracks)

* Using MLP class (Multi Layer Perceptron) in
Root to model background, no assumptions of
functional form for quick count estimate

* Rough statistics as expected, but there is hope
for a calculation!

Count

Count
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Figure 5.14: Normalized pr distributions of A (top) and A (bottom) candi-
dates in the signal (left) and sideband (right) ranges for Data and MC. These
are the distributions following the DIS event selections and all selective cuts.
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DIS Control Plots

* Figures in the following slides taken from the draft of my thesis
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Figure 4.4: Normalized distributions of y in data and generated Q? > 2
MC simulation (left) and NC DIS cross sections in data and generated Q? <
4+photoproduction (right). Distributions are results of events in respective
data sets run through all of our event selections.
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data sets run through all of our event selections.
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4+photoproduction (right). Distributions are results of events in respective
data sets run through all of our event selections.
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MC simulation (left) and NC DIS cross sections in data and generated Q* <
4+photoproduction (right). Distributions are results of events in respective
data sets run through all of our event selections.
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Figure 5.6: Normalized invariant mass distributions of A (top) and A (bot-
tom) in the signal (left) and sideband (right) ranges for Data and MC. These
are the distributions following the DIS event selections and all selective cuts.
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candidates in the signal (left) and sideband (right) ranges for Data and MC.
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Figure 5.12: Normalized inelasticity (y) distributions of A (top) and A (bot-
tom) candidates in the signal (left) and sideband (right) ranges for Data and
MC. These are the distributions following the DIS event selections and all se-
lective cuts.
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Figure 5.13: Normalized Q2 distributions of A (top) and A (bottom) candi-
dates in the signal (left) and sideband (right) ranges for Data and MC. These
are the distributions following the DIS event selections and all selective cuts.
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Figure 5.15: Normalized psuedorapidity () distributions of A (top) and A
(bottom) candidates in the signal (left) and sideband (right) ranges for Data
and MC. These are the distributions following the DIS event selections and all
selective cuts.
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and MC. These are the distributions following the DIS event selections and all
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Figure 5.22: Normalized proton track length distributions of A (top) and A
(bottom) candidates in the signal (left) and sideband (right) ranges for Data
and MC. These are the distributions following the DIS event selections and all
selective cuts.
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Figure 5.23: Normalized pion track length distributions of A (top) and A
(bottom) candidates in the signal (left) and sideband (right) ranges for Data
and MC. These are the distributions following the DIS event selections and all
selective cuts.
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Figure 5.27: Normalized pion track radius end distributions of A (top) and A
(bottom) candidates in the signal (left) and sideband (right) ranges for Data
and MC. These are the distributions following the DIS event selections and all
selective cuts.
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Figure 5.29: Normalized pion track distance of closest approach distributions
of A (top) and A (bottom) candidates in the signal (left) and sideband (right)
ranges for Data and MC. These are the distributions following the DIS event
selections and all selective cuts.
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Figure 5.33: Normalized pion track dE/dx likelihood distributions of A (top)
and A (bottom) candidates in the signal (left) and sideband (right) ranges for
Data and MC. These are the distributions following the DIS event selections
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Figure 5.35: Normalized pion track fraction of rejected z hits (FRUNZ)
distributions of A (top) and A (bottom) candidates in the signal (left) and
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the DIS event selections and all selective cuts.
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Figure 5.36: Normalized z secondary decay vertex position distributions of
A (top) and A (bottom) candidates in the signal (left) and sideband (right)
ranges for Data and MC. These are the distributions following the DIS event
selections and all selective cuts.
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Figure 5.38: Normalized z secondary decay vertex position distributions of
A (top) and A (bottom) candidates in the signal (left) and sideband (right)
ranges for Data and MC. These are the distributions following the DIS event
selections and all selective cuts.
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Figure 5.40: Normalized invariant mass distributions of A + A (top) and
K? (bottom) candidates in the signal (left) and sideband (right) ranges for
Data and MC. These are the distributions following the DIS event selections
and all selective cuts. These invariant mass signal and sideband ranges are
representative of the ones used in the following control plots.
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Figure 5.41:  Normalized Bjorken-z distributions of A + A (top) and K°
(bottom) candidates in the signal (left) and sideband (right) ranges for Data
and MC. These are the distributions following the DIS event selections and all
selective cuts.
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Figure 5.42: Normalized inelasticity (y) distributions of A + A (top) and K?
(bottom) candidates in the signal (left) and sideband (right) ranges for Data
and MC. These are the distributions following the DIS event selections and all
selective cuts.
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Figure 5.43: Normalized Q* distributions of A + A (top) and K? (bottom)
candidates in the signal (left) and sideband (right) ranges for Data and MC.
These are the distributions following the DIS event selections and all selective
cuts.
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Figure 5.55: Normalized positive pion track start radius (top) and negative
pion track start radius (bottom) distributions of K? candidates in the signal
(left) and sideband (right) ranges for Data and MC. These are the distributions
following the DIS event selections and all selective cuts.
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Figure 5.57: Normalized positive pion track distance of closest approach (top)
and negative pion track distance of closest approach (bottom) distributions of
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MC. These are the distributions following the DIS event selections and all
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Figure 5.60: Normalized pion track dE/dx likelihood (top) and proton track
dE/dx likelihood (bottom) distributions of A+ A candidates in the signal (left)
and sideband (right) ranges for Data and MC. These are the distributions
following the DIS event selections and all selective cuts.
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Figure 5.61: Normalized positive pion track dE/dx likelihood (top) and neg-
ative pion track dE/dx likelihood (bottom) distributions of K? candidates in
the signal (left) and sideband (right) ranges for Data and MC. These are the
distributions following the DIS event selections and all selective cuts.
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Figure 5.62: Normalized pion track fraction of rejected z hits (top) and proton
track fraction of rejected z hits (bottom) distributions of A + A candidates in
the signal (left) and sideband (right) ranges for Data and MC. These are the
distributions following the DIS event selections and all selective cuts.
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Figure 5.63: Normalized positive pion track fraction of rejected z hits (top)
and negative pion track fraction of rejected z hits (bottom) distributions of K7
candidates in the signal (left) and sideband (right) ranges for Data and MC.

These are the distributions following the DIS event selections and all selective
cuts.
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Figure 5.64: Normalized = secondary decay vertex position distributions of
A + A (top) and K? (bottom) candidates in the signal (left) and sideband
(right) ranges for Data and MC. These are the distributions following the DIS
event selections and all selective cuts.
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Figure 5.65: Normalized y secondary decay vertex position distributions of
A + A (top) and K? (bottom) candidates in the signal (left) and sideband

(right) ranges for Data and MC. These are the distributions following the DIS
event selections and all selective cuts.
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Figure 5.66: Normalized z secondary decay vertex position distributions of
A + A (top) and K? (bottom) candidates in the signal (left) and sideband
(right) ranges for Data and MC. These are the distributions following the DIS
event selections and all selective cuts.
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Figure 5.67: Normalized distributions of the radial distance between the
primary DIS vertex and secondary decay vertex of A4+A (top) and K? (bottom)
candidates in the signal (left) and sideband (right) ranges for Data and MC.

These are the distributions following the DIS event selections and all selective
cuts.
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