ECCE
Impact paper preparations

ECCE bi-weekly meeting
April 11, 2022

Ralf Seidl (RIKEN)
Theory/Pheno contributions:
Alexey Viadimirov

(Regensburgj

~



General plan

* Many of the notes that were developed for the ECCE proposal are
planned to be published

e Currently all will be part of the same NIM volume, but can be
published at different times, following interim publication policy,
yesterday also some talk to publish physics related topics in PRC
(Richard) or PRD

 All ECCE participants will be authors, choice of order for first authors
if developed by a few people, addition of other contributors
(theorists) possible
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Computing plan
Simulation note
Software tools

eA diffractive paper
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SIDIS kinematics
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David Lawrence &
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Spin

Tomog

Motivation: 3D Transverse spin and momentum structure
Nucei No  mass

Deliverables Observables What we learn stage [ Stage I1 o
Sivers & SIDIS with Quantum 3D Imaging of | 3D Imaging of
unpolarized Transverse Interference & quarks quarks & gluon;
TMD quarks polarization; Spin-Orbital valence+sea (Q? (Pyr) range
and gluon di-hadron (di-jet) correlations Q)CD dynamics
Chiral-odd SIDIS with 3" hasic quark | valence+sea | Q2 (Prr) range
functions: Transverse PDF: novel quarks for detailed
Transversity: polarization hadronization QCD dynamics
o oot et tor St sy Boer-Mulders effects

O HERMES  a™ K:Pyg<1GeV,02<z <07
® JLab HallA 2% F,; <0.45 GaV, 0.4 <2 <06

Planned:
N,-.. 102} BES Jlabi2

From EIC Yellow Report:

0 JAM20
*flT;u&p[QGeV} T JAM20 + EIC(ep) 0.50 4
: El AM20 + EIC(ep+e'He) — favored

1L ] \ P 0.50 0251
y =
- Kl 2 -1 2 9 A )
10 10 . 10 10 1 10 /é\ ()25 i u _{ . 00() N L I T
- T
5.1072 -E‘ 0.00 1= N_().25 -
20 8 unfavored
1. 0.1 —0.25 1 d —0.507
T T T T T
0 ] i ‘ ~ 05 0.00 0.25 0.50 0.75 1.00 0.2 0.4 0.6 0.8
" T 20 0:5 0.75 1.0 T z
1 kr[GeV]

Gamberq et al Phys.Lelt. B
816 (2021) 136255
4/11/2022
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https://arxiv.org/abs/2101.06200

Motivation

[
* Unpolarized TMD distribution and \/

Fragmentation functions are the b ) ®s

baseline for all polarized TMD

measurements ﬂ o,
* Relevant even to heavy boson P,

production (H, W, Z) at LHC

* Also relevant to low-x physics N\ /
e SIDIS sensitive to convolution of

* Scale dependence in TMD regime still intrinsic transverse momentua from
poorly known (as TMD evolution PDF and FF

contains non-perturpartive parts
s > parts) * Unlike jets (PDF only), detected SIDIS

* Understanding the regions of : /
applicability between TMD, collinear Eé%r;ist/i\lj?t?/ns/etc Providelavor

frameworks and target fragmentation,
etc

[
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Energy | Q% range | events | Luminosity (fb~!)
. / 18x275 | 1-100 | 38.7IM 0.044
ECCE simulation setu e | e
18x100 | 1-100 |14.92M 0.022
\ \ >100 | 3.72M 2.147
an d b INNIN 10x100 | 1-100 | 39.02M 0.067
g >100 | 1.89M 1.631
5x41 | 1-100 |39.18M 0.123
. . . . . 5
» pythiaeRHIC (Pythia 6) simulations for e+p >100 | 096M 4
COHISIOnS at 4 energles Slmllar to YR Kinematic variable Bin boundaries
* Generator output simulated through GEANT4 . 1.0x10-5, 1.59%10-5, 2.51x10-5. 3.98x10-5. 6.31x10-5
(prop4) 1.0x107%,1.59x10 74, 2.51x1074, 3.98x10 4, 6.31x10 74,
.. e 1.0x10-?, 1.59x103, 2.51x103, 3.98x103, 6.31x103,
* Analyzed via slightly modified EventEvaluator 1.0x10 2, 1.59x10 2, 25110 2, 3.98x10 2, 6.31x10 2,
TTrees 1.0x10771, 1.59x10 1,2.51:;13 1,3.98x1071, 6311077,
* Scattered lepton (|n|<3.5) DIS kinematic N B
reconstruction using reco track momenta . L OM10" 1780 10% 3 16x10% 5 on10h
(assuming perfect elD) 1.0x102, 1.78x10%, 3.16x102, 5.62x102,

1.0x10%, 1.0x10*

 DIS cuts: 0.01<y<0.95, Q%>1, W?>10GeV?

* SIDIS cuts: pions and kaons (|n|<3.5), using 0.,0.05,0.1, 015,02, 0.25, 0.3,
true PID (assuming successful unfolding) 0.4,05,06,07,08,09,1.0

* 25x13x12x12 kinematic bins (x,Q2,z,P-)

& ]

Pr 0,0.05,0.1,0.2,0.3,04, 0.5,
0.6,0.7,0.8,091.0,15,2.0,4.0
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Example figures

e Examplesin3xand Q2 ) 18.GeV x 275 G
bins: Multiplicities for
pions, kaons and 2\
protons vs P; RS - S T i
(integrated over z) ST G O LEES U

* Fits of double-
Gaussians for low/high
P; behavior also shown

4/11/2022 Ralf Seidl: ECCE Sivers/Collins impact paper 8 ' .
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All Multiplicities at highest energies

* Pion, kaon and proton e NNNRR NN,
multiplicities shown in all x-Q2 § - ™ceVx#ee WM\FM"‘M@
bins as a function of P; o0 e AAARAANRRN R,
(integrated over 2 0 e R RRRRNRRRRRT

: ANARAARR RN AR,
AAANAARARRRN
ol AMAANARANRRRN
: AMAANARRARRRA
AMAANARRAR ﬁ
AAAAAARRRRAN
LoOADMOMGRGRY
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z-dependence of multiplicities and widths

ar F 0.0003 < x < 0.0004 E 0.0063 < x < 0.0100 F 0.2512 < x < 0.3981
) 3<Q*/GeV’ <8 10 < @/ GeV: < 18 [ 316.2 < @/ GeV’ < 562.3

* Top: Explicit z dependence of
select pion multiplicities in 3 x-
Q? bins, including the double-
Gaussian fits

18 GeV x 275 GeV

beted

o ,
_ }ﬂﬁt 0, B\ N
N
TR B Ny ey o B TR B R Y- R S S ¥ S S

P; [GeVic] P; [GeV/c] P; [GeVic]

t
jz s
v

1072 %

* Bottom: behavior of the narrow
GaUSSian Widths VS Z for pions’ So8f 0.0003 < X < 0.0004 E 0.0063 < X < 0.0100 E 0.2512 < x < 0.3981

s _F 3< 0’/ GeV’<B E 10 <@’/ GeVZ < 18 E 316.2 < Q%/ GeV® < 562.3

kaons and protons te L l»

a}ow | ¢
E e

0.5} T K g :

. . . 0.4, ' 2 '— ]

* Small z discrepancies likely due N l% ceettit] haset i f }
to target fragmentation SR iy

co b Lo b D oo b Lol Luglfo, SRR T T NI TRN
0102030405060.708 0.9 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 0.1 020304050607 0809
z z
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Cross sections

* Example of P; dependent cross
sections for pions, separated
into high/low z for several x and

Q2 bins

4/11/2022
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e
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1.00e-01 < x < 1.582-01

1.58e-01 < x < 2.51e-01

*
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s :
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2.57e-01 < x < 3.98e-01
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6.31e-01 < X < 1.00e+00

1.00e-02 < x < 1.58e-02

1.58e-02 < x < 2.51e-02

2.51e-02 < x < 3.98e-02
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6.31e02 < x < 1.00e=01

b
1.00e-03 < x < 1.58¢-03

i

2.51e-03 < x < 3.98¢-03

3.98c-03 < x < 6.31¢-03

=

inl

6.31e-03 < x < 1.00c-02

= L & L

1.00e-04 = x < 1.58e-04

1.58e-04 < x < 2.510-04

2.51e-04 < x < 3.980-04

398004 < x < 6.31e-04

6.310-04 < x < 1.00e-03
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Combination of several collision energies

» Z-integrated PT dependent cross
sections for several x and Q2
bins and various collision

energies

4/11/2022
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Impact for unpolarized TMD functions

e Similar to YR impact studies
following the latest SV global fit — R
(https://arxiv.org/abs/1912.065: '

2) for the unpolarized TMDs

. . D.:T[Ge v{]].ﬁ 08
based on the existing SIDIS +DY .+ Ty S YRR rRS AR
ol \—\/
»< ———
Q I m p a Ct fi g U re Sti I I th at fro m Y R, 0:40. 0z 04 06 0.8 0. 0.2 0:; c V({.ﬁ 0.8 o—ﬁ:_’us\l

needs to be replaced (but little
differences expected)

4/11/2022 Ralf Seidl: ECCE Sivers/Collins impact paper
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https://arxiv.org/abs/1912.06532
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Motivation: 3D Transverse spin and momentum structure

Spin

Tomog
Low-x raphy

@
)
Nucleii \J Mass

Deliverables Observables What we learn Stage [ Stage 11 »
ther
Sivers & SIDIS with Quantum 3D Imaging of | 3D Imaging of
— . unpolarized Transverse Interference & quarks quarks & gluon:
TMD guarks polarization; Spin-Orhital valence4sea | (Q° (Pyr) range
and gluon di-hadron (di-jet) correlations QCD dynamics
- ‘ Chiral-odd SIDIS with 3 hasic quark | valencetsea | Q? (Pyr) range
functions: Transverse PDF: novel quarks for detailed
Transversity: polarization hadronization QCD dynamics
' . r Boer-Mulders effects . "
| Current data for Sivers asymmetry: o THp X
® COMPASS h* Py <16GeV, z>0.1 1 x=0.12
LA e st <13 O e
Planned: 2 ] hT — U,
E BEE Jab 12 z ’.;‘; L L L
F 1 10 E
s 20 25 30 35 40 N°LO
mq::’ 05 M .-_-.-: §§80
i | e —
— LO
From EIC Yellow Report: O e T
. JAM20
. n JAM20 + EIC(ep) 0.50 4
*flT-,u(—p [QGBV] T E JAM20 + EIC(ep+e*He) — favored
. 5100 0.50 1 3 0251
\ o E 0.25 4 - _{m'_ 0.00 F==ssassesnsssasssnrsnnnsnnees
& i | N_(.25 4
== 5.107* g b unfavored
20 ~0.25 4 d —0.50
L 01 000 025 050 075 1.00 0.2 0.4 0.6 0.8
0. T - 05 x
T Gamberg et al Phys.Lelt.B
-1t kr|[GeV . . 4 .
4/11/2022 rlGeV] Ralf Seidl: ECCE Sivers/Collins impact paper 816 (2021) 136255 15 O
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https://arxiv.org/abs/2101.06200

Sivers Function Collins Function (x Transversity)
| ! \”\_ Collins: Nucl.Phys.B 396 (1993) 161

[ £]
.II’..-.'.

' @,. = ‘
Sivers: Phys.Rev.D41(1990) 83 |

* Proton—spin — quark orbit (k;) correlation - * Quark spin — hadron transverse momentum
(relation to orbital angular momentum) | correlation (in fragmentation)

* Transverse momentum imbalance in - * Preferred direction of hadron creates
nucleon creates asymmetry asymmetry

e Suggested by Sivers (1990), initially ~« Analyzer for quark transversity (transverse
dismissed by Collins, resurrected by | quark spin) = access to tensor charge

Brodsky (2002), Collins =2 special process (Lattice, BSM?)

depghdente (sighiChange DYSHSIDIS) * A polarized (ie signed) fragmentation

function

u quark

Both effects measured
separately for quarks in

. . - , SIDIS, FFs in e*e p
4/11/2022 Ralf Seidl: ECCE Sivers/Collins impact paper 16 .
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https://arxiv.org/abs/hep-ph/9208213

Current knowledge on these
functions

* Only valence quark
Sivers and Transversity
functions known at this
time with substantial

PN

Transversity

—1il i

-2

TS|

uncertainties .y Sivers
: function
* Experimentally covered .
range 0.01 <x<0.3 00
* So far no sensitivity to -0 r{,— o e v | Gollins FF
sea quarks and gluons* SN

and lower x

Cammarota et al, PRD 102 (2020) 054002 p
@

4/11/2022 Ralf Seidl: ECCE Sivers/Collins impact paper 17
RIMEN


https://arxiv.org/abs/2002.08384

Experimental access to transversity and Sivers
function

* Both functions are accessible as l\/
different azimuthal modulations in
transversely polarized SIDIS of '
single hadrons

On
* Other TMD PDFs are similarly P, /)
accessible via different |
modulations and spin orientations
(though often higher twist effects Sn (7 D %s) Sz e20q(z, k) QHT (2,pt)
present) Ay (2,2, Pr) o< St Z;,a e2q(z,k:)®D1(z,pt)

* Gluon Sivers via di-jet/di-HF TSSAs

: 2 pl,q/ .
(only partially studied in ECCE so Asm(éh—‘?s)(x, 2, Pr) < Sr 2.4 €q)17" (%K) ®D1(2,p1)
far > needs to be addressed soon) 2q.3 €q1(@,kt)®D1(2,pt)

4/11/2022 Ralf Seidl: ECCE Sivers/Collins impact paper 18 ' .
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Energy | Q% range | events | Luminosity (fb~!)
. / 18x275 | 1-100 | 38.71M 0.044
ECCE simulation setup e | e
18x100 1-100 | 14.92M 0.022
\ \ ~100 | 3.72M 2.147
a n d b I n n | n g 10x100 1-100 | 39.02M 0.067
>100 | 1.89M 1.631
5x41 1-100 | 39.18M 0.123
* pythiaeRHIC (Pythia 6) simulations for e+p > 100 | 0.96M 0944
collisions at 4 energies similar to YR
/ Kinematic variable Bin boundaries
* Generator output simulated through GEANT4
(p rop 4) X 1.0x10 %, 2.154x10 %, 4.641x10 *,
1.0x1073, 2.154x1073, 4.641x1073,
* Analyzed via slightly modified EventEvaluator LOMI0, 215410 4410
TTrees P
* Scattered lepton (|n|<3.5) DIS kinematic
reconstruction using reco track momenta Q 10710, 3.162:10",
(assuming perfect elD) H0n10,, 316210,
* DIS cuts: 0.01<y<0.95, Q%>1, W?>10GeV? 10x107 51622107,
* SIDIS cuts: pions and kaons (|n|<3.5), using
true PID (assuming successful unfolding) . 0,0.0,0.1, 0.15,02, 03,
A 4 . . 2 04,0.5,06,0.7,08,0.9,61.0
* Initially 12x8x12x12 kinematic bins (x,Q2,z,P;)
and 16x16 azimuthal bins
Pr 0,0.05,0.1,0.2,0.3,0.5,
0.7,09,12,15,18,24 4.0 p
C
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Sivers/Collins measurements in SIDIS

* Reweight events according to true
parton flavor g, hadron h, x, z, Q?, /

P, ;, azimuthal angles and random l\j
spin orientiation
e epT > e’hX |

* A ; asymmetries (Unpolarized /) On
lepton beam, Transversely polarized P,
target)

e Different azimuthal modulations

related to Sivers effect (sin(¢-¢.)) Input structure functions (polarized

and Collins effect (sin(¢+¢.)) and unpolarized) from Torino global
fits (arXiv:0812.4366, arXiv:0805.2677)

e Fit simultaneously in the . . .
reconstructed evgnts afd calculate as In https://github.com/prokudin/tmd-
parametrizations/

asymmetries
' @
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https://github.com/prokudin/tmd-parametrizations/

Example figures

* Examplesin 3 x and Q2
bins: on top for the
Collins angular
combination for
charged pions true and
reconstructed in an
intermediate z bin

* Lower figures: same,
either projected vs z or

vs Pt
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Collins asymmetries at highest energies

ep 18 GeV x 275 GeV S92f 'éw
ol
-0.1p
-0.2¢
True ACol n° 0.0 < P, < 4.0 0 0.5 z a1

o 108
010

* Example of the level of

reconstruction and uncertainties o iy it ;;*-r}ﬁf

. . . . 103; ' g 3 'Y [
give the simulated statistics : - ueds b iperiiartih ] i}

: - o AL ELA

* Nonzero asymmetries well et it st it

reproduced at higher x
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* Opposite sign for ¥/ seen as 10

expected = EL.Q%:;...........................-.,.....;..uqm:."i..
. A B TTTT SYTH PP PP ST SETY ST
* High precision at lower (yet 1= ok . o o
hardly measured) x 10’ 10° 0% 10 x 1
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Sivers asymmetries at lowest energies

* Similar figure for the Sivers l: pesee
asymmetries : N
10° — .
* Positive asymmetries seen for g o B
n* at higher x wl SRR AR A
T asymmetries compatible with - “ ] et st
zero due to o | BrabfpestogerrTaes it
up/down/favored/disfavored - | L e E A SO M Ak 11
cancellation L ;.....,............................:;--:::ru;g%
| Ll L el L Ll
* High precision already with 10’ 10 10°* 10 x !

simulated statistics
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Projections to 10fb™

estimated from differences o e i

—+— RecoACola" 03<P, <12

Joz Y P - oz I TR
01 | ) vl .
. WA N 'R IR
* Systematic uncertainties I I N %
|+ -+ —a ] —— == [&] |-+ - "=+==

R s
t 8 E

ep 18 GeV x 275 GeV

between true and reconstructed of e L *

L N E A NER EN S N AR N ISR NI B
0.2 0.4 0.6 0.8 0.2 0.4 0.6 0.8 0.2 0.4 0.6 0.8

asymmetries = they are likely : : z

largely overestimated since most Sod  wmmoew | o [ owom
. ) . o 7
of the kinematic smearing would o e i & 7 , N ﬁ -_
be unfolded, but give a sense of oI 20 7 - i
where uncertainties still might i G P
be larger due to that unfolding Mg g b e g g
P, [GeV] P, [GeV] Pr [GeV]
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Full projections

. . / . %104 ? ep 18 GeV x 275 GeV <%l
* Projected uncertainties in all - | 2
(accessible) x-Q2 bins as a L o e
function of z (or Pt) integrated - ) PP PR U . 1
Over Pt (()rl Z) : —® RecoASva 12 <P <40 “ ‘ |
. 3333 A3 T 35% Bis
. B L e e o N S — T
* Currently shown in paper draft: = : \ E i
. N\ - reoe BIBREREEREREITIRTABARIIRINIEE
highest and lowest collision B u. T :
iﬁtiagassaﬁﬁssfiattiaaiﬁs%as%lgut%géqu; §

energies and both Sivers and 10
Collins asymmetries

1 el .
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Scale dependence (and interplay of collision
energies) <

* An example of the expected
uncertainties in x and Q? to study
the scale dependence of the
Sivers/Collins asymmetries (as TMD
evolution is not very well
known/contains other
nonperturbative pieces)

* Overlap of the different energies
shows how they increase the lever
arm

* Note: in future evolution analysis
likeely more Q? bins and maybe not
as fine x binning
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Impact for Sivers functions

_fllT;m—p [QGBV]

* Similar to YR impact studies L :@ |

following the latest BPV global fit e
(arXiv:2103.03270) for the Sivers ﬁ

function based on the existing o
SIDIS +DY data

* Uncertainties are shown for
current level of knowledge on _ |
up/down Sivers functions at N E—
various x vs kt and expected
impact from ECCE

flJ-T;d(—p[QGeV]
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ECCE Impact compared to YR handbook detector
(pseudo-data parametrized via eic-smear)

* The relative size of the up, down
and s quark Sivers function
uncertainties compared to the
expected uncertainties from the
YR studies

* Some minor differences but
essentially similar level as YR HB
detector (parametrized via eic-
smear)
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Tensor charge impact

e Similar to Gamberg et al
Phys.Lett.B 816 (2021) 136255

(for YR) use fitting code from

latest global fit Cammarota et al
arXiv:2002.08384 to extract
impact on Transversity, Collins
functions and tensor charges

* Together with projected JLAB12
data precision to compare with
Lattice results (and check for
possible discrepancies)
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https://arxiv.org/abs/2101.06200

summary

Unpolarized TMD SIDIS paper essentially ready

Sivers/Collins SIDIS paper essentially ready

Some reduction in introduction (removal of motivational figure 1 from note)

Follow up on these studies as ECCE detector evolves and consider studying the
proper unfolding of kinematic smearing as well as particle identification

Consider more explicit TMD evolution studies

Authorlist provided with paper template still leaves many institution names
empty -- theory contributors added by hand

Similar studies still needed for gluon Sivers channel
30 ' O
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