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What is matter?

" Matter made up of atoms...
" Atoms are made up of protons, neutrons and electrons...
" ... and protons are just 2 up quarks and a down quark?
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What is matter?

" Matter made up of atoms...
" Atoms are made up of protons, neutrons and electrons...
" ... and protons are just 2 up quarks and a down quark?

" No - they have rich structure and dynamics that are partially understood through
years of theoretical and experimental effort!
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What is matter?

. ; gluons

carriers of the strong
interaction

3 valence (net) quarks
2 up (charge +2/3e)
1 down (charge -1/3e)

~=

transient
quark-antiquark pairs

The observed properties of nucleons/nuclei such as mass and spin, emerge out of a
complicated system of quarks and gluons




Some details are missing...

" How do the nucleonic properties suchas ® How are sea quarks and gluons, and their

mass and spin emerge from partons and spins, distributed in position and momentum
their underlying interactions? space inside the nucleon?
A e+p—e+p+Jiy
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Luminosity (cm™®s™)

Electron ring added to existing RHIC complex

Filling in the gaps — build an EIC

The Electron lon Collider (EIC) will be the world’s first:
High luminosity ep collider: = 10%* cm?s™

Blectron
Storage
Ring

Polarised target collider: ~70% (leptons and light nuclei)
eA collider: protons/deuterons up to Uranium el

and spans large c.0.m. range 28 < Vs < 140 GeV for ep
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Deep Inelastic Scattering (DIS)

" Inclusive DIS — No constraints on hadronic final state (HFS) * Exclusive/Diffractive — all final state

* Probes longitudinal structure of protons/nuclei particles measured (proton intact)
* Requires: large acceptance, high quality elD, high quality =~ * 3D structure of nucleons (tomography)
reconstruction * Requires: proton tagging at far
" Semi-Inclusive DIS —tag 1 or more hadrons in HFS forward angles, high luminosity

* Quark flavour separation, access to transverse structure
* Also requires: PID, heavy flavour from vertexing

Inclusive Semi-Inclusive Exclusive/Diffractive

S0




2.0

i Hadrons 5 q Electrons
1.5 2% £
The ePIC Detector K
. 1.0 Eﬂ;m::::r ég W
" Asymmetric, compact central detector (|n|<4) S == Sy
" Extensive beamline instrumentation Al
* Roman pots, Off momentum detectors, Zero Degree Calorimeters il i
* Electron tagger, luminosity monitor ~0.5-
_ . —40 -20 | ((')m) 20 40
*  New 1.7 T SC solenoid, 2.8 m bore diameter
Tracking
*  SiVertex Tracker MAPS wafer-level stitched
sensors (ALICE ITS3)
*  SiTracker MAPS barrel and disks
* Gaseous tracker: MPGDs (LRWELL, MMG)
cylindrical and planar
high performance DIRC (hpDIRC)
dual RICH (aerogel + gas) (forward)
= proximity focussing RICH (backward)
ToF using AC-LGAD (barrel+forward)
EM Calorimetry)|
imaging EMCal (barrel)
W-powder/SciFi (forward) ©0
*  PbWO, crystals (backward)

Hadron calorimetry

FeSc (barrel, re-used from sPHENIX) |
Steel/Scint — W/Scint (backward/forward) Pmton/lon beam Electron beam
Fave AVl




Physics Derived Tracking Requirements

" High precision primary vertexing .
" Secondary vertex separation e
" Low material budget 3

" Good momentum resolution

- Dedicated physics studies performed to set limits on resolutions (YR 2020)

Low p_ tracking

Large Acceptance
Well Integrated

Tracking requirements from PWGs
Momentum res. Material budget Minimum pT Transverse pointing res.
n

-3.5t0-3.0 ror o 100-150 MeV/c
3.0t0-25 Backward op/p ~ 0.1%xp © 0.5% 100-150 MeVic | dca(xy) ~ 30/pT pm @ 40 pm
-2.5t0-2.0 Detector 100-150 MeV/c
-2.0t0o-1.5 op/p ~ 0.05%xp & 0.5% 100-150 MeV/c dca(xy) ~ 30/pT pm & 20 um
-1.5t0-1.0 100-150 MeV/c
-1.0t0-0.5

05100 Central - 0 o - -

01005 Detector Barrel ap/p ~ 0.05%xp @ 0.5% 5% X0 or less 100-150 MeV/c dca(xy) ~ 20/pT pm @ 5 pm
0.5t0 1.0

1.0t01.5 100-150 MeV/c

1.5t02.0 Forward op/p ~ 0.05%x*p & 1% 100-150 MeV/c dca(xy) ~ 30/pT pm & 20 ym
2.0t025 Detector 100-150 MeV/c

25t03.0 00/o ~ 0.1%XD ® 2% 100-150 MeV/c dca(xy) ~ 30/pT um @ 40 um
301035 pip = L. 17A%p © 2% 100-150 MeV/ic | dca(xy) ~ 30/pT um & 60 pm

EIC YR Table 11.2

s
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https://doi.org/10.1016/j.nuclphysa.2022.122447

Tracking System

" Silicon tracker occupies a volume of r~43 cm and -105 <z <135 cm
" MPGD+AC-LGAD detectors fill remaining tracking volume: r~80 cm and -120 <z < 174 cm

Barrel
BRWELL

Barrel
PMEGAS

Electron
Endcap
(EE)

EE pRWELL
Outer Barrel (OB)

FITL

Hadrons
Electrons

Inner Barrel (IB)

HE pRWELL

Hadron
Endcap

(HE)

SVT

3 Inner Barrel layers

- stitched wafer-scale

sensors

- 0.05% XIX, per layer (sim)
NN L]

2 Outer Barrel layers ==

- stitched but not wafer-scale

- 0.25% + 0.55% XIX (sim)

5 Disks per side
- stitched but not wafer-scale
- 0.25% XIX, per disk (sim)

NW WLJ]_OI*




Silicon Sensor Technology - MAPS

" Monolithic Active Pixel Sensors (MAPS) chosen for the Silicon Vertex Tracker (SVT)
* “Monolithic” — Sensor and electronic contained in same silicon substrate
* Small pixel pitch (< 30pm) - needed for vertexing
* Low power consumption - low mass

° Moderate Radlathn Hard ness Table 2.1: ITS3 general parameters.
Beampipe inner/outer radius (mm) 16.0/16.5
IB Layer parameters Layer 0 Layer 1 Layer 2
" ALICE ITS3 project aims at developing el ';g:ig;f;vgmaj;{l) () 100 2 no
an extremely low mass MAPS sensor oo xapicity sovernge” 125 423 420
for HL-LHC Pixel sensors dimensions (mm?) 266 x 58.7 266 x 78.3 266 x 97.8
Number of pixel sensors / layer 2
* Detector specifications and timeline e e e o
are very compatible with the EIC e e e W fe) 020 22:5)
NIEL (1 MeV neq cm™2) 1013
- Sensor being developed through D) 6 10
- * The pseudorapidity coverage of the detector layers refers to tracks originating from a
partnerSh I p Of ITS3 and ePI C-SVT g rou ps collision at the nominal interaction point (z = 0).




Stitched MAPS

" Normal fabrication — light shone through mask with
size ~3x3cm (reticle) to pattern circuits on wafer

* Limited to size of mask

" In “stitching” the mask is subdivided and different
sections are repeated across the wafer

* Can achieve devices larger than the mask - up
to wafer-scale

* Only need connections at extreme ends




Silicon Tracker Barrel

" Barrel uses stitched MAPS
* 65nm CMOS imaging process
* Low power
* High precision ~20um pitch

" Inner Barrel

* Directly use ITS3 wafer-scale sensor

" Outer Barrel
* “Traditional” stave design

* Use EIC Large Area Sensor (EIC-LAS)

LO
L1
L2

L3
L4

36 270 4
48 270 4
120 270 8
270 540 0.25
420 840 0.55
u pd /////"_\\\\\m
/ / Ay L3 b

_ Stitched but not wafer-scale modification of ITS3 sensor

S0

13




Silicon Tracker Disks

Disks uses stitched MAPS
* 65nm CMOS imaging process
* Low power
* High precision ~20um pitch

Tiled EIC-LAS
* Front and back of disk

Disk Technology z (mm) Tin (Mm) Tout (MIN)
EDO MAPS -250 36.76 230
ED1 MAPS -450 36.76 430
ED2 MAPS -650 36.76 430
ED3 MAPS -850 40.06 430
ED4 MAPS -1050 46.35 430
Bwd MPGD 1 pRWELL -1100 46.53 500
Bwd MPGD 2 pRWELL -1200 46.35 500
Disk Technology z (mm) Tin (mm) Tout (MIN)
HDO MAPS 250 36.76 230
HD1 MAPS 450 36.76 430
HD2 MAPS 700 38.42 430
HD3 MAPS 1000 54.43 430
HD4 MAPS 1350 70.14 430
Fwd MPGD 1 pRWELL 1480 70.14 500
Fwd MPGD 2 puRWELL 1610 70.14 500
FTTL AC-LGAD 1740 80.00 500
5 RSU EIC-LAS
400 -
200 1
=
£ o
>
—200 T @ e
—400 4
—=400 =200 0 200 400 14

x [mm]



Gaseous Tracker Technology - MPGDs
" Two types of MPGD used: MRWELL and Micromegas

" Barrel Micromegas: CyMBalL
* Cylindrical Micromegas technology developed for CLAS12 BMT
« Material ~0.5% X/X in active areas

* Spatial resolution ~150um _ CLAS12 BMT
* Timing resolution ~10ns

5

CyMBaL

=
e
- xb
&
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Gaseous Tracker Technology - MPGDs
" Two types of MPGD used: MRWELL and Micromegas

" Barrel PRWELL: yRWELL-BOT (Barrel Outer Tracker)
* Provides seed point for DIRC
« Material <2% X/X, in active area

* Spatial Resolution ~150um
* Timing resolution ~10ns

" Endcap JRWELLs: yNRWELL-ECT
* Comparable to above




A brief history...

NNJ)\ﬁ\
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Proposal Silicon Vertex Tracker

" From the call for proposals came a new baseline
detector:

* Barrel: 5 Si MAPS layers with 3.3 <r <22.68 cm
complemented by 3 yNRWELL layers atr = 33, 51, 77 cm

* Endcaps: 4 Si MAPS Disks in electron going direction
with -106 < z < -25 cm and 5 Si MAPS Disks in hadron
going direction with 25 <z < 125 cm

Tracker from
Reference
Detector

Talks describing this geometry in more detail can be o0
found here https://indico.bnl.gov/event/15489/

18



https://indico.bnl.gov/event/15489/

Ap /p [%]

Proposal Silicon Vertex Tracker

- Update outer barrel material estimate to include
support and services

—» PWG momentum resolution requirement no
longer met

- Reconfigure barrel layout

2 L L L L D L
18 ;_ ----PWG requirement _; ----PWG requirement
L6E + 0.55% XIX, barrel, 0 < 1 <0.5 E 2C + 0.55% X/X, barrel, 0.5 < 1 <1
L4E - 0.08% XIX, barrel 1 _ [ 0.05%XX,barrel
12 4 £ 15 ]
1= L ! 4 & L v
e 1 = L oo T J
0.3 Eoy < 1 N v ]
0.6 ST - - IR - L, o 8 o o 8O
0.4F = ] .
02F - L ]
0 N T S S S i 0 I B R BT SR N
0 2 4 6 8 10 0 2 4 6 8 10
p[GeV/c] p [GeV/c]

Tracker from
Reference
Detector

S0
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Barrel reconfiguration — Vertex layers

" Radii of vertex layers determined by

* Size of reticule

* Beampipe bakeout requirements (5mm clearance)

" Opt for 2 sensors per layer:

* Would need to modify
stitching plan

* r=36/42/48 mm

42
48

e

|

@&

©

4

48

60

Alternatively opt for
4 sensors per layer

* r=36/48/60 mm

S0
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Vertex performance comparlsons

70 T T "~ T3] Vg T T T T T3
60 ;:‘ -~~~ PWG requirement _E 80 %é -~ PWG requirement _z
Simulations for 4 vertex S0 Ipionnniia R I TSt
Conﬂguratlons é 405—"'-._ * 15T, Vertex 36-48mm 3 é 50 %_ o 1.5T, Vertex 36-48mm 3
< y I:I. 1.5T, Vertex 36-60mm 3 411_ 40 E_ 1.5T, Vertex 36-60mm _:
* Realistic reticule, 2 half layerg *fF @ 18 b E
20 e - Eo 3
* r=36/42/48 mm B 1 wf s E
: 3 NN ST OO U S (1] S N YOO
* Active length = 24cm N S . . L N A
0 2 4 8 10 0 2 4 10

p. [GeVic] P, [GeV/c]

Proposal config:

Some difference in DCA,

- depends distance betweenr andr,

- (r,—r,) is an important parameter

r = 33/43.5/54 mm

Proposal config moved at 5 mm
from beam pipe

r = 36/46.5/57 mm




Barrel Reconfiguration

Is the YR mid-rapidity performance recoverable in 1.4T?

"I Key points:

. . . . . . Following the previous steps, consider: * Keep first 2 vertex layers
e | at 36,48mm

* Drive out radius of 3"

* Quter barrel layer at r = 420 mm,

ooy 1 " ~45 degree cone, vertex layer to 12cm to
- R e 70008 + Single sagitta layer with r <= 270 mm, X/Xg ~ 0.25% contribute to Sagitta
E s00f : ? 1
% Jm rm ra r? o 3 rm Fm rs + Outer (third) Veﬂgx barrel Ia)_;er with increased radius measurement
::; e r __GBL[ 10400 to r = 120 mm while preserving its length, * Drive out Si outer |a_yers
e from r~20cm to
Notes: r=27,42cm for larger

-500

lever arm of high

The lengths assume reticle lengths of 30 mm. o .
precision, low material

1000 - 1 Services and service routing will need further MAPS Iayers
500 000 00 o 00 000 1500 attention; it is not for today, but | have concerns over
Z-axis [mm] the “double-cone” and otherwise consider a single

projection angle determined by the DIRC length
impractically shallow. Not for today.

Slide from E. Sichtermann https://indico.bnl.gov/event/16261/



https://indico.bnl.gov/event/16261/

Ap/p[%]

DCA, [um]

Craterlake Barrel Performance

275_' LI T T L T LI LI
E ---- PWG requirement E
2 — —
r ¥ ePIC Brycecanyon 23.06.1,0 < 1 <0.5 ]
15 C 1 ePIC Craterlake-Service ]
- v ]
- -0 .
1+ 15 -
- '-. - -
n X = i
0.5 pam E
[} AP PSP PP PPN IPIPIPIL (PPN IPPIPN PP T T B
0 2 4 6 8 10 12 14 16 18 20
p [GeV/c]
60_1...|..,...,...,...,...|...|...|......,.._
:I? ---- PWG requirement n
50 ) 3
o ¥ ePIC Brycecanyon 23.06.1,0 < 1 < 0.5 1
40 :' [ ePIC Craterlake-Service =
30 =
- T ]
20 3
C > ]
0 ™. 3
- S L. v ]
[} AR S 1 1 | | P EFRETIN EPATET ITAPAT A
0 2 4 6 14 16 18 20

Ap/p[%]

DCA, [um]

BARREL rfmm] | I[mm] X/X0 %

LO 36 270 0.05

L1 48 270 0.05

L2 120 270 0.05

L3 270 540 0.25

L4 420 840 0.55
Cyl.Micromegas layer 550 2300 0.5
AC-LGAD layer 640 2400 1.0
MRWELL behind DIRC 730 3420 ~1.0%

275_ T 1 T T LI T T ]
E ---- PWG requirement E
2 — —
r ¥ ePIC Brycecanyon 23.06.1,0.5 < n <1 ]
15 C ] ePIC Craterlake-Service ]
L vy ]
- .- -
1F r. .
- 8. B .
vy v [ ]
0.5 F Deeeeememem” -
1)) S I I 1 I PR B B
0 2 4 6 8 10 12 14 16 18 20
p [GeV/c]
80::... L LI BLEL i LI B
70 _E ---- PWG requirement -
60 ;— ¥ ePIC Brycecanyon 23.06.1,0.5 < n <1 —f
50 f_. [J ePIC Craterlake-Service _f
b E
30 =
20F & -
E e E
10 o e ] ./ . . I
ok P I 1 P ISR B E BE R ]
0 2 4 8 10 12 14 16
P, [GeV/c]

Barrel performance
recovered!




Disks Optimisation

Disks spread over largest lever arm available
# of Disks is compromise between
resolution and redundancy

Many studies performed throughout yellow
report and call for proposals

More disks increase material, giving worse
resolution, but increasing redundancy
Larger lever arm between 1° and 2™ disk
improves DCA_ resolution

<5 disks gives insufficient n coverage

Relative Momentum Resolution [%]

Transverse Pointing Resolution im]

0.5
1 | 1 1 1 1 | 1 1 1 1 ‘ 1 1 1 1 l 1 1 1 1 I 1 1 1 1 I 1
OD 5 10 15 20 25 30
Momentum [GeVi/c]
100

90

80

70F

50

40

30

20

10

Old studies (not ePIC)

—l— 5disks, 1-5 equally spaced, -3.52 n < -2.5

—@— Tdisks, -35=n< 25

PWG requirement

5 digks, 2-5 equally spaced, -3.5< 1< -2.5

Illlll\l\l|1llllfll‘l\ll]l

60

[lI\llII\lIIIIlIIH|III\

| 5 disks, 1-5 equally spaced, -3.52n<-2.5

5 disks, 2-5 equally spaced, -3.5sn<-25

—— 7disks, -3.5<n<-25

1 1 1 1 1 1 1 1 1 1 1 | 1 1 1 1 1 1 1 1 1 1
5 10 15 20 25 30
Transverse Momentum [GeV/c]

S0
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Craterlake Disks Performance

5 Disks per side

Occupy full available lever arm

Challenging requirements in backwards

region with 1.7T field

DISKS

E/HDO
E/HD1
E/HD2

E/HD3
E/HD4

+Z [mm)]
250
450
700
1000
1350

-Z [mm]
-250
-450
-650
-900
-1150

X/IX0 %
0.24
0.24
0.24
0.24
0.24

Ap /p [%]

e T B L A B
600 F& =
-! PWG requirement .
500 ¥ ePIC Brycecanyon 23.06.1, -3 < n <-2.5 —
- ]
400 :_. ePIC Craterlake-Service _:
300 - =
L. ™ .
200 =
C v ]
100 = -
C T S O P
O C L l L ] A ' L l 1 I A I '} n

0 0.5 1 1.5 2 2.5

P, [GeV/c]

[ I T [ I T T I I I i
10 [ PWG requirement .
B ¥ ePIC Brycecanyon 23.06.1,-3 <1 <-2.5 ]
8 —]
i ePIC Craterlake-Service ]
6 _
4 __ M O v A\ __
- \ 4 = .
o= —
iy — [ L l I ] ] 1 1 I Lo

S0
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Now the current version

Wﬁ\
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Tracking Performance — Momentum Resolution

region
" Backward requirement still challenging to meet

* High resolution electromagnetic calorimetry in this region — may provide better

Requirements on relative momentum resolution met in central and most of forward

momentum [GeV]

reconstruction
Reguirement
-3
Momentum res. E -3.5<n<-2.5 ) -2.5<n<-1 -- PWG Requirements
n g4 . e ePIC 24.08
¢
ilee
3.510-3.0 Oplp ~0A%Xp® 2% |  2pemmmemmmee T
-3.0t0 2.5 Backward -
2510 2.0 Detector A U e
-20to-1.5 op/p~0.05%xp e 1% i
-1 5 tO -1 0 0 5 fb 15 26 0 L 10 ]‘5 20
-1.0t0-0.5
5
-(?tgtgso Eg-:’a?;gt?)lr Barrel op/p ~ 0.05%xp © 0.5% . == 1<n<25 2.5<n<3.5
0.5t0 1.0 .
1.0t0 1.5 ’ o e 20
—~ 0, oz | L — 0 |
1.5t02.0 Forward op/p ~ 0.05%*p @ 1% 2 .
201025 - e ne——
551030 Detector 1 e
- - - 0 0, -3 e A
30035 op/p ~ 0.1%xp & 2% = . | ‘ . ‘ . ‘ | . .
] 5 10 15 20 0 - 10 15 20 0 - 10 15 20 27



Tracking Performance — Transverse Pointing Resolution

" Performance consistent with requirement
line for all but largest pseudorapidities

* Next step for ePIC - Understand how

this impacts the physics

Requirement
Transverse pointing res.
mn
-3.5t0-3.0
-3.0to-25 Backward dca(xy) ~ 30/pT um @ 40 um
2.510-2.0 Detector
-20to-15 dca(xy) ~ 30/pT pm & 20 um
-1.5t0-1.0
-1.0to -0.5
-05t00 Central
01005 Detector Barrel dca(xy) ~ 20/pT pm @ 5 ym
051t01.0
1.0t01.5
1510 2.0 Forward dca(xy) ~ 30/pT um @ 20 um
201025 Detector
251t03.0 dca(xy) ~ 30/pT pm & 40 um
3.0t03.5 dca(xy) ~ 30/pT pm @ 60 um

DCA, [um]

DCA, [pm]

DCA; [um]

10°

10

3

10

10°

10

5
bR [GeV/c]

- PWG requirement

L +-0.5 = =0 a
a -1 <n <-0.5 E

I 1 1
0 5 10 15 20
R [GeV/c]

F T T T T

= ---- PWG requirement

= v =15 =1 =-1 3
E, . 2=y =15 3
Fe o =25 <4 =-2

“."

B Tre I _:

1— | 1 PR | 1 L

0 2 4 6 8 10

p, [GeVic]

T T L L
L - PWG requirement

lin +-3 = =25 _
E =356 = =3 E

T [ B \

0 0.5 1 L. 2 2.5

DCA, [um]

DCA, [yun]

DCA, [um]

10°

10

3

10

107

10

T

- PWG requirement
+0 = =0.5
=05 =n =1

20

AL o = Sl
"
]

---- PWG requirement
*1=n =15
= 15 = =2
e 2 = =25

[ =

10

T

--PWG requirement
+25 =n =3
=3 =n =3.5

0



Particle Rates

" EIC bunch crossing frequency: 98.5 MHz (roughly every 10ns)

" Interaction frequency is orders of magnitude lower:
* Physics (DIS) events up to 500 kHz

* Also background processes: interactions of beams with residual gas in the beampipe
-~ Vacuum improves with run time, beam-gas rate decreases

* Synchrotron radiation reduced by 5um gold coating applied to beampipe - negligible
impact

Rate (kHz) 5 x 41 5x 100 10 x 100 10 x 275 18 x 275 Vacuum

DIS ep 12.5 129 184 500 83 -
p beam-gas 12.2 22.0 31.9 32.6 22.5 10000 A h
p beam-gas 131.1 236.4 342.8 350.3 241.8 100 A h

e beam-gas 2181.97 2826.38  3177.25 3177.25 316.94 10000 A h




R (cm)

Radiation levels

" Example study:

* Assume 10 years of running at top luminosity
— 100% run time for 6 months per year running

* 10 GeV e on 275 GeV p DIS events
* 10 GeV e and 275 GeV p beam-gas interactions

Dose [rads]

Total Dose and Fluence over SVT Envelope
" Total lonising Dose below 1Mrad

* Maximal in the beampipe
— 10-100krad or lower in tracking layers

R (cm)

10"
" Fluence = 5x10* n_Jcm?

1 MeV Equiv. Neutron Fluence [cm""]

1 ulﬂ

* Also maximal in the beampipe
- typically <10'*-10*? in tracking layers

Z (cm)

Within current ITS3 specifications




Hit Rates in the SVT

Example study:

* 10 GeV e on 100 GeV p DIS events

* 10 GeV e and 100 GeV p beam-gas interactions
* SR from 10 GeV e

Background events dominate hit rates in SVT
* 3-5MHz in IB and disks
* <1 MHz in OB

For 2us frame rate and 20.8x22.8um? pixels - maximum

hit occupancy ~107 per pixel per frame

* Not a challenge for sensor + readout electronics

Hits/pixel/frame Hits/pixel/frame Hits/pixel/frame
LO 7.00E-08|EDO 1.96E-08(HDO 2.11E-08
L1 5.65E-08|ED1 7.07E-09|HD1 7.87E-09
L2 6.56E-09(ED2 6.81E-09|HD2 7.68E-09
L3 8.85E-10|ED3 6.40E-09|HD3 6.59E-09
L4 3.80E-10|ED4 5.76E-09|HD4 5.62E-09

10x100 GeV? DIS + beam-gas + SR

- 10x100 GeV? DIS Only

Number of Hits |g

s
o
o
=]

3000

2000

1000

LO L1 L2 L3 L4
Layer
w x10°
@a 2
£ 6000 - 10x100 GeV? DIS Only
k] - 10x100 GeV? DIS + beam-gas + SR
@
2
£
=]
-

4000

wm

(=]

(=]

o
[lllllll[l]l‘l[

3000

2000

1000

0
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250

SVT Acceptance at large |n| i -
%00 v min []
100 \
r low
50 - ‘;’EQ
" Disk inner openings are not circular % ﬁ%)])
* Constructed from tiles of rectangular sensors o I
— inner opening is square-ish o %
* Beams collide with 25mrad crossing angle ;Zz: = =
— Inner opening shifted to accommodate : A

. . _2§3:lll_|llll_lllll_Jl[||_|||[ il lRnnr el
 Offset is larger for disks further from the IP 202007150 7100 500 S0 100 150 200 250
= Disks provide full acceptance forr>r,__

= Partial acceptance forr . <r<r,__

" No acceptance forr<r_

in




SVT Acceptance at large |n|

Acceptance

Require 3 or more hits to reconstruct a track
* Simulate single e (n<0) and 1T (n>0)
* “Reconstructed” if >2 hits

Only 3 Si disks for |n|>3.3
- Efficiency becomes important

— Maximise active area around opening

Number of events with 3 or more hits

Acceptance =

95% efficient disks -
100% efficient disks

Total number of events

Acceptance

;_ 95% efficient disks -
~ 100% efficient disks N

2.6 2.8 3 32 34 3.6 3.8 4

S0
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Brief Interlude — DIS Kinematics

e

" Ininclusive scattering no constraints are

placed on the hadronic final state
" Events described using three related

kinematic variables:

A good reconstruction of these
quantities is essential for EIC physics!

Z=sexey.
“Virtuality” Inelasticity
Q*=-¢?
CoM Bjorken x
energy
f Q’ P q
0% = —(q-¢ T = y=1i 1
’=-lq-q9 a wa VT

S0
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SVT Acceptance vs x-Q)?

" Inclusive kinematics can be fully calculated from the energy and angle of the scattered
electron

* Generate DIS events (Pythia8 18x275 GeV?, 1<Q%<10 GeV?)
* Mapping between electron scattering angle and acceptance vs n
" Evaluate disk acceptance in x-Q? bins - see where it impacts measurement plane

—Acceptance on z-axis __ —Acceptance on z-axis _

T 10° T 10 E
> F —09 > : 3 =09
O T o _ 108 © T o _ 1 =08
oy 107 3 95% efficient disks EIS (A 107 3 100% efficient disks 3 07
i 0.6 - 1 Ho.6
10 - =05 10 £ 0.5
- 104 : 0.4
g 18503 i 0.3
e El P a3 0.2
- 0.1 i 0.1

107 107 1072 10 1 107 107 1072 10 1




. . o« € Energy
Increasing Realism...

" Full detector is involved in reconstructing DIS = 3 GeV

electrons
Track reconstruction has to be able to reconstruct

the track -~ some events lost along the way
Typical requirement to find electron is a matched
cluster in the electromagnetic calorimeter

P_(GeV)

10 GeV

Simulate single electrons in full detector
* Require: reconstructed track, 1+ ECAL clusters

Isolines are drawn for y=0.01, 0.99 (blue) and
Q?=0.01, 0.1, 1, 10 GeV? (red)

Acceptance losses at:
* Low n (edge of disk acceptance)
* Low plp. (track reconstruction fails or
electron doesn’t reach ECAL)

P_(GeV)




Summary of Tracking Studies

" The Tracking System for ePIC is required to be low mass and high precision
* Achieved using a hybrid tracking system of MAPS complemented by MPGDs

" Tracking performance (momentum and pointing resolution) is within reach of
Yellow Report targets for most of the range

* Dedicated physics studies required to evaluate if these requirements are sufficient

" The EIC will be subject to beam related backgrounds of Synchrotron Radiation and
beam-gas interactions

* Average pixel hit rate in the SVT layers: 107 per pixel per frame — does not pose a
challenge for the sensor + readout electronics

« Radiation load is manageable: Dose ~100krad and Fluence ~10*? neq/cm2 In tracker

" Large acceptance for DIS electrons across kinematic plane




Inclusive DIS at the EIC

Inclusive DIS provides access to collinear parton

density functions

* Even for unpolarised ep, the EIC will have a

huge impact!

2
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UL B ELLY B R ALLL B AL B AR |

v vl vl
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PRI T

|FEETTTTT MR . 7 IRARRTT My Wi

R T

o
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e
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. X
2
0.9
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X
.I
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1 .
| ::
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X

HERA data have limited
high x sensitivity due to
kinematic correlation
between x and Q% and
1/Q* factor in
cross section

0.5

Q?=1.9 GeV?
%4 HERAPDF2.0 NNLO
> HERA + EIC
.
2
2
3
A X
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! X
X
RRRRX
Q
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Inclusive DIS at the EIC

" The EIC provides a unique environment for the study
of nucleons/nuclei with an Inclusive Physics
programme:

* High luminosity ep collider
* Polarised proton/light nucleus collider
* eA collider

For unpolarised p/A—measure F,, F
o = B, Q) = o= Fu(2.Q?)
For polarised p/*He — extract g,
2,51 2 51t 2
¥ =3 [~ g = e
" Vary c.o.m. energyl/polarisation -~ measure Cross
section vs x-Q?

High precision x-Q? reconstruction required!

Phys. Rev. D 100, 114027

XAg(x.p*=10 GeV?) |

DSSV14 &=

and 68% C_L. contours

-0.2 MC-replicas
MC-average =
-0.3 NNPDFpoll.l == 4
and 1-G contours
-0.4 a ! : : . .
0.001 0.003 0.01 0.03 0.1 03 05 1

X
Aschenauer et al. PRD 96, 114005 (2017)

10* E
; Measurements with A = 56 (Fe):
- e eA/pADIS (E-139, E-665, EMC, NMC)
| JLAB-12
10% == = VA DIS (CCFR, CDHSW, CHORUS, NuTeV)
E © DY(E772, E866)
C DY (E906)
& 102 o
S 10 3
[} E
S E
N -
g 10
1 B perturbative
0.1
1075




Reconstructing Inclusive Kinematics

" Inclusive DIS kinematics can be reconstructed from two measured quantities
- D= {Ee’ ee’ 6h’ pt,h}

* Where §, is E — p, sum of all particles in the Hadronic Final State: Z E(1 - cos 6)

- P, Is the transverse momentum of the HFS

" Resolution of conventional reconstruction methods depend on:

* Event x-Q?

* Detector acceptance and resolution effects

* Size of radiative processes

Electron method
Q* =2E.E' (1 + cosb,)

/

E
e 1 _ o
oL, (1 —coséb.)

y=1-

JB method
Y5
2
2 pt,h
Q= -

2~ method Double Angle method
On ap, Oc/n

= — — t
yz 5h + 56 yDA o, + a, ae/h an 2
QQ . p%,e 2 — 4E§ ®

21— (> bA ae(0e + ap)
: ANV
P T o a0
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Reconstructing Inclusive Kinematics with QED radiation

Presence of QED radiation changes event
kinematics - Errors in reconstruction when only
using two measured quantities

FSR not too problematic: typically collinear to
scattered electron — measured together in ECAL

ISR more difficult to account for: reduces
electron beam energy, radiated photon typically
disappears down beampipe

ISR

FSR

S0
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Kinematic Reconstruction for EIC — A Brief History

10%

" Detailed simulations performed, reconstruction
methods chosen to optimise resolutions throughout
phase space

18 GeV e on 275 GeV p

103 | Best Reconstruction Method for y
Electron Method
I Method

@ - | - Resolution throughout phase space allowing 5
rg P (log) bins per decade in x and Q?
0 % " Coverage driven by acceptance:

* 0.01<y<0.95 Q?>1GeV?

" Lowery accessible — however it's easier to rely on

i * overlap between data at different Vs
No single method wins everywhere!

What if we use all available information?

" Best reconstruction should be possible using all measured quantities simultaneously
* Some have proposed using Neural Networks https://arxiv.org/abs/2110.05505
* Can alternatively perform a kinematic fit of measured quantities.



https://arxiv.org/abs/2110.05505

Kinematic Fit (KF) Reconstruction

" Kinematic fit of all 4 measured quantities:
« Extract DIS kinematics, and energy of a possible ISR photon: X = {x, y, Ey}

SN 1 (Be—B2? 4 (0e—62)2 1 _ Gr—op)? 1 _M
1. Likelihood P A e % e 202 -~ o %, ___- . 27Pron
( | ) V2mog \/%crg \%Jgh \/QWJPTJL
_ S 1+ (1—y)?2[1+(1—E,/A)?] Sroten 52 % vl -t PP
2. Prlor PO( A) — fY _ mmmm  smallest 99.8% interval(s)
x3y? E.,/A 5 orf
_ - - = ek
3. Posterior P(X|D) o P(D|X)Py(X). "
0.5
" Posterior extracted using Metropolis-Hastings 3
algorithm: E
* - Fitted values of x, y, E taken from global mode o
of the posterior N A
E, [GeV]

Marginalised E, posterior distribution for
a single DIS event

S0
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Ec,reco [Gev]

Shmo [GeV]

20
18
16
14
12
10

(= A -

S

=]

eared EIC pseudodata

GE,I‘ECO [rad]

[GeV]

ph

t,reco

3

25

2

L5

1

0.5

0....

o

L5

6

e true

[rad]

10°

10*

10°

10%

10

10*

10°

10°

10

" EIC DIS events
generated with Djangoh

* 18x275, Q%>1 GeV?

" Smear by estimated
resolutions

a(6,) = 0.1mrad

o(E,) / E=11% /sqrt(E) &
2%

0(d,) /0, =25%

o(p;,) / Py, = 25%




Smeared EIC pseudodata (No ISR)

0.01<y<0.05

0.05<y<0.1

0.2<y<0.5 0.1<y<02

05<y=<08

¥ method JB method DA method e method KF method = Smearing reSO|uti0nS used as input for KF
— 1 (E, — EM? 1 (6, — 6})?
i 05 0 0.5 i -05 0 05 1 05 0 0.5 i 05 0O 0.5 i -05 0 0.5 P(B| )\) _\/%O-E exp_ 20_'2E >< v ZWUB exp_ 205 ><
1 (8, — 07)? 1 (pl — pi)?
exp — exp——m— —m.
mgfgh P 20§h 27T0'p? P 203?
T 05 0 05 T 05 0 05 T 05 0 05 T“-;:f-ﬁr\:?\ T 05 0 05 - Prior as before:
S —— P(?) 1+ (1—y)*1+(1—E,/E)?
" Compare y resolutions:
J’\ * KF method meets or exceeds conventional
©0

1 —t{]S-‘{hlIl 0.5 1 —mﬁ 1 05 CII 05 1 -D5 Elh 0.5 1 -05 CII 0.5
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Smeared EIC pseudodata (W/ ISR)

6
Vg1 13 = Compare true and measured ISR energy
8 10°} — TrueE, ] distributions
> — Fitted E, - Distribution well reproduced for higher E,
E + Ratio within 30% for E > 3 GeV
1 » Within 10% for E, >4 GeV
' " Reasonable energy resolution
] ] ] ] I ] ] ] ] I ] ] ] ] I ] ] ] I 1 0‘45 I I ' IE l =I5(;evl GI=I11;°AJI l I l l I I I -
o) L . L R A L L B B R B 0.35F E. oo = 10 GeV, G = 5.0% =
. — - ] E ———— E, e =15 GeV, o = 1.5% ]
= 2F ; 03F E
& sl 1 ot :
| o P R B PRI S S — . o1sE E
0.5 _ ....... * ............................................................................... _ 0_15_ _
0 : I_.'I 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I : 0.052_ 'J] _z @e
0 S 10 15 20 Y o8 1 12 14

EY [GeV] Eﬁ{,ﬁtted/Ey,true 46




Ap /p [%]

A [mrad]

= —_ [ (S}
L= V. T S B T U5 B U T =

200
180

N OB XS DA O
oS5 S SE53SS3SS

Fully Simulated ePIC pseudodata (No ISR)

C | l R
; =0<n<05 é
: ----PWG requirement ]
3 -- Fit: A=0.055, B = 0.45 E
;_ Fit Function: Ap ® B —;
E.:.--’I’: ------- o ” - _z
r , L PR R S S S T SR T | 3
0 5 10 15 20

p [GeV/c]
- ! R
* =0<n<05 E
3 -~-Fitt A=72,B=28 3
3 Fit Function: A/p, ®B 3
T E
- . .I """""""""""" ol e i il alial il | .E
0 5 10 15 20

p.. [GeV/c]

Events

Events

30000

25000

20000

15000

10000

5000

0

30000

25000

20000

15000

10000

5000

0

NIIII|IIII|IIII|IIII|IIII|IIII

]

/3

T T T T T T T T T T T

h,reco’ ~'h,true

NIIII|IIII|IIII|IIII|IIII|IIII

]

/p

ph

1t reco

1 trie

g =0.055-p®0.45 in GeV
og = T2/p, ® 2.8 in mrad
a5, = 0.25 - 0p in GeV
oppr =0.25- pl in GeV.

Parametrised ePIC full
sim resolutions

Pythia8 NCDIS
Craterlake 23.12.0
Q%> 100 GeV?
Ele from tracking




0.2<y<05 0.1<y<02 0.05<y<0.1 0.01 <y < 0.05

05<y<08

Fully Simulated ePIC pseudodata (No ISR)

X method JB method DA method e method KF method
Ayly Ayly ayly Ayly Ayly

1 -05 0 05 1 -05 0 05 1 05 0 05 05 0 05 1 -05 0 05

T—05 0 05 T—05 0 05 T™05 0 05 05 0 05 T~705 0 05

—

=

1 -05 0 05

1 -05 0 05

-05 0 05

-05 0 05

-05 0 D5

-

F=-

r"_-=-

1 -05 0 05

1 -05 0 05

-05 0 05

-05 0 05

-05 0 05

A

A

—

i 05 0 05 1 1 -05 0 05 1

1

-05 0 D5

05 0 05 1

-05 0 D5 1

KF gives comparable y resolution to electron

method at high'y
Loses at low y to DA method
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HFS Correlations

1 T T R, T
.. =% .

B e ) e S
-1 -08-06-04-02 0 02 04 06 08 1
( h.,reco h,true)lsh,true

20000
18000
16000
14000
12000
10000
8000
6000
4000
2000

— Fit:6 =0.08

O 1 1 nilrE BPE R IR ]
-1 -0.8-0.6-04-02 0 (2].2 h0.4 0.6 08
Aﬁhlﬁh_tme—Ap /p

t " ttrue

—

10°

102

10

«— Correlation width o

Correlations in HFS variables mostly due to energy fluctuations

in calorimeters

* Introduce extra term that reduces likelihood if p, is

overestimated and & underestimated or vice versa;

P(BIX)eors = P(DIX)

o 6h,reco - 5h,tru6

1
uncorr —~
27{-060?“?“

—
6h,true

corr

. eXp_

(c—c*)?

202

corr

h h
pt,reco o pt,t?"ue

h
pt,true

~8%




0.2<y<05 01<y=<02 005<y=<041 0.01<y<0.05

05<y<08

Fully Simulated ePIC pseudodata (No ISR) — HFS Correlation

Z method JB method DA method e method KF method
Ayly Ayly ayly ayly ¥y

T 05 0 05 05 0 05 05 0 05 T 05 0 05 i 05 0 05

T 05 0 05 =5 0 05 BE 0 03 T 05 0 0% T 0s 0 05

T 05 0 05 05 0 05 D5 0 05 T 05 0 05 105 0 05

T 05 0 05 05 0 Ob o5 0 05 T 05 0 06 T o5 0 05

T 05 0 05 05 0 05 D5 0 05 T 05 0.5 T 05 0 05

Performance of KF recovered at low y!

* Not perfect here — but performance comparable to
DA method achieved at low y, while maintaining
electron method performance at high y

Further improvements in likelihood possible
— HFS resolutions and correlation parametrisations

S0
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What about ISR?

ISR energy can be determined due to energy/momentum conservation

* If electron beam is -z and hadron beam is +z then sum of the E-p_ value of all particles

inthe event - X . =2E

total e,beam

* If the energy of the electron beam is reduced by the emission of an ISR photon then

E=E - %22

e,beam total
Ys
* This relation is used implicitly in the >-method,
where 2E_, . Is replaced by (56,+9,) Q2

Oh
= o, + 0. d, is E-p, sum of all
particles in the HFS
o p?,e o is E - p, of electron
~1-ys

The resolution on reconstructed Z
ISR that which could be caused by a resolution effect
 Prior for E, in Kinematic Fit helps avoid this

Is poor — need to be careful not to attribute to

S0
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Kinematic Fitting at H1

Simulations are one thing but...
* Need full simulations with ISR?
* Will method work with real data?

Previous ep collider: HERA (@ DESY)
* H1 was one of 2 general purpose detectors

Perform kinematic fit reconstruction on
H1 e*p 2003/2004 MC+Data

Use a standard H1 high Q?event selection
« E, > 11 GeV in LAr Calorimeter

* (E-p,), cuts removed so still have ISR
« For plotting, require 0.01 <y_ < 0.6 and Q* > 200 GeV?

S0
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ISR from Kinematic Fitting at H1

Estimate from X constraint vs
ISR Energy from KF vs True Energy True Energy

10°

25

Ey.fmed [GeV]

o5

Ey.es‘timated [GEV]

20
10°

— 10°

15

10

| | | | | 1 | -l m | | | | | | | 1
0 5 10 15 20 25
E, e [GeV]

Note logarithmic z scale
E, resolution similar for both approaches at high E

y,true

KF misses some ISR events but gives clear picture, 2 __ approach doesn’t miss events
but drastically overestimates amount ISR
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ISR from Kinematic Fitting at H1

6 B LI B | I LI I | I LI I B | I L I | LU I I | I L | | w 6 B LI | I LI I B | | LI I B | I LI B B ) I L I LI
107 ¢ True E, <10 — TrueE,
i —— E, from &,

—— Fitted E, ] o

10° k| e 10°}

]02r ’_‘ \I—‘_l_‘_'q _. ]02_
P BTN R B ] L

Kinematic Fit

Ratio
o (98]

Ratio
(\o] (e}

> constraint

total

[a—
[S—y

B f*'*‘“ﬁffffffﬁ*"““**fffﬁffﬁ:ﬁffff‘%%%ié%ﬁfﬁfff: E;iéffffEfffffffffffiffff???f‘““*fffffffEEEM:fﬁffﬁf:ﬁiﬁ:ii%%%%%%ﬁfifii?fifi?
L I I Ll 1 1 | Ll L 1 I Ll Ll | Ll I R E L1 1 I L1 1 1 | L1 1 1 I L 1 1 I L1 I ;

5 10 15 20 I25 10 15 20 I25I B
E, [GeV] E, [GeV]

= Amount of ISR predicted by KF matches quite well forE > ~4 GeV

= A W
LAl AR RAMAY RARAN RARAS ML

S
W — DN o h B
t

o
o

S
N

" 2, constraint approach overestimates until E > ~8 GeV

total
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Comparison to Data

6
10”E=—= pjangon

PE” 3
O + Data ]
> 10°F 3
Sal: 5
10°F y
10°F

10%F
" Good agreement between number of 11 T \‘:‘::_';L.,.,u ]

events predicted by KF for data+MC!

Ratio
L

-----------------------------------------------------------------------

0 5 10 15 20 25
Ey,ﬁtted [GE‘:V]
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Why identify ISR?

ISR lowers the electron beam energy
* Scattered electrons in low Q? events don’t enter main detector

- lower energy electrons scattered at larger angles -~ may be within the detector acceptance

- kinematic reach extended

#events vs x _-Q? with data

107 E T UL UL g
, | = NoISR A
10" B E, fyea > 7 GeV === - - 7H
10° -omEm@m@m@ e . -
F SO EE @ D e -

B 'EEEEEE m m = e

10 e
10 3
l_ 1 TR | 1 L g gl 1 L ool | T
10 107 102 107! 1
Xfitted

#events vs x __-Q? with Djangoh

true
10° T UL T T |
, [ = NoISR A
0 ECIE>7Gev IR
10° e e
s O DN EODEHEHEDEEX @ @ -E
OO0 Do EoEa@E o -
'EEEEEMENT._
102 cEET I I I I Il
10 +
l | A | ...._
107 107 102 107! 1
Xtrue

Note x-Q?binning here is arbitrary (not an official H1 binning)»——
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Summary of Kinematic Reconstruction

Wealth of opportunities for inclusive physics at the EIC

Methods using HFS information can improve resolution depending on conditions
* Can achieve good resolutions if best method is chosen for each x-Q?bin

Kinematic fitting method explored:
* The DA method may outperform the basic (uncorrelated) KF at low y

* Extending KF method to account for correlations in the HFS recovers this performance - deliversy
resolution comparable to best method for each y bin

* ISR reconstruction improved on in KF method compared to Z-like methods
* KF method works for realistic detector conditions

S0
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Summary

" The EIC will greatly improve our understanding of nucleon/nuclear structure

" The EIC Physics Programme sets stringent requirements on the design and
performance of the tracking detector

* The chosen technologies should be able to deliver the physics, and operate well in the
conditions of the EIC

" Inclusive DIS measurements require an accurate reconstruction of the kinematics
* This can be achieved through the optimal use of the measured quantities

* An event-by-event kinematic fit may provide a single method that gives an optimal
reconstruction and extends the accessible phase space




Backup




o(y)ly [%e]

o(Q*)/Q* [%]

Smeared EIC pseudodata (

100 —————ry —————
90 E v Electron method V¥ Electron with ISR on —f
E Double Angle method o DA with ISR on 3

80 E e-Z method e-= with ISR on =
70 i 4+ Kinematic Fit 4 KFwith ISR on _E
60 F- E
S0F ' E
30E ” T =
F g __———— 3
20 e t— =
10 =y
0 o 1 . M st
40 1 ——
F v Electron method v Electron with ISR on =

35 r e Double Angle method © DA with ISR on .
30 E e-Z method e-Z with ISR on =
F s Kinematic Fit A KF with ISR on 3
25E E
20 f— :9:%
15F =
- —_——— 7]

10 -]
5 = — — 3
05==$EE. ——— — ]

107!

_
o [
h

W/ ISR)

Compare resolutions: no ISR to with ISR on
« “Realistic” Z__ cut of 31 GeV applied to remove high

energy ISR

Some, but not big, difference between observed

resolutions
Even for the electron method!
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*Note different x scale

H1 Resolution on y
No Correlations HFS Correlations

Z method JB method DA method e method KF method T method JB method DA method e _method KF method
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H1 Resolution on Q2
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H1 Resolution on x
No Correlations HFS Correlations
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H1 ISR reconstruction
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H1 Data and MC (ISR On)

" KF reconstruction is applied with a likelihood
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Truth Smearing correlations
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Kinematic Reconstruction for EIC — A Brief History

Assessment of relative performance of reconstruction I
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