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The Nucleon Structure

High Energy Probe Longitudinal momentum
Hard Scale k*=xP*

Photon Virtuality

QZ
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Parton Content & Lattice

Unpolarized moments
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Polarized (helicity) moments
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Good perturbative description
(hard gluon emission)

p:>5GeV  Q%>5 GeV?

Part in a p;<<Q TMD regime
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H1 [arXiv: 1611.03421]

B World average 2016
¢ H1 normalised jets HERA-II (NLO)

ZEUS inclusive jets in yp NLO]
+ ALEPH ya [NNLO] (Dissertori, et al)
+ JADE 4-jet rate [NLO+NLLA]
# OPAL Y, NNLO]
+ CMS inclusive jets 8TeV [NLO)
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L = _iFﬂ F/U/+

Dynamic Spin
- Parton polarization
- Orbital motion
- Form Factors

- Magnetic Moment

Hadronization

- Spin-orbit effects
- Parton energy loss
- Jet quenching

2

g=u,d,s.c,bt

qiv"(0, —igA,) —mylq

Parton Correlations
- dPDFs
- Short range
- MPI

Color charge density
- Nucleon tomography
- Diffractive physics
- Gluon saturation

- Color force




The 3D Nucleon Structure
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W(x,k,,b, \ Confinement Scale
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High Energy Probe Longitudinal momentum
Hard Scale k*=xP*

Spin

Photon Virtuality

Q2
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TMDs: Transverse Momentum Parton Distributions

Parton kinematics and flavor from observed hadron kinematics and type

Access to:

3D momentum and spin-orbit effect: d60-h o E ejq(x,kT) @ D;l (Z,pT)
q

Distribution and fragmentation convoluted:

w
A

- afm
S AR
/

Q NV




ky (GeV)

-1.0H}
-1.0

0.5)[GeV?]

(P2)(z

0.26
0.24]
0.22|
0.20}
0.18|
0.16|

0.14}

0.12]

1.0/,

0.5

0.0

ky (GeV)

-0.5

: -1.0
0.0

L

0.

-05 05 10 -10 -05 00
ky (GeV) ke (GeV)

A. Bacchetta++ [arXiv:1703.10157]

o (RL)=2(k)+(pr) :

N . .‘ o . * ]
i 02 03 04 05 06 07

(K2) (x=0.1)[GeV?]

05

ViU
mwy = 80370 + 7 (stat.)
+ 11 (exp. syst.) MeV
+ 14 (mod. syst.)
+9 / -6 (TMDs)
10
ATLAS++ [arXiv:1701.07240]
| | |
ATLAS ¢ my
= Stat. Uncertainty
— Full Uncertainty
LEP Comb. P 80376133 MeV
Tevatron Comb. Py 80387116 MeV
LEP+Tevatron PA 80385+15 MeV
ATLAS ——@-80370+19 MeV
——— &3 TMDs
Electroweak Fit 8035618 MeV
| | | |
80320 80340 80360 80380 80400 80420

my, [MeV]




_ SpinOrbitEffects:Sivers
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Spin-Orbit Effects: Collins
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Transversity & Tensor Charge

Distributions: Charges:
I A ‘ ‘ 6¢ = [ dz[Arq(z) — Arg(x)]

A. Bacchetta @ DIS219

At u

0.2
@ Helicity I
Alexandrou et al., arXiv:1703.08788 0.0_
Gupta et al., arXiv:1806.09006 _
Anselmino et al., arXiv:1303.3822 -0.2 !
Kang et al., arXiv:1505.05589 8
Lin et al., arXiv:1710.09858 04
Radici et al., arXiv:1802.05212
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Tensor Charge & BSM Physics

eT OT ~ M2 / Mesa2 EDM violates Pand T ;nd CP (if CPT holds)

u

A. Bychkov++ [arXiv:0804.1815] -

B. Pattie++ [arXiv:1309.2499] =

current most stringent constraints dﬁi P v

on BSM tensor coupling from - ,
1t = e*VeY and neutron B-decay is > T
T y i
|€rgr|=s 5% 10* '\_—9
v

Baessler++ @ this Conf.

Proton EDM:  d, = d, 6tu+ dard

0.015F ' ' ' ' 7
Low-energy experiments (mostly 07 — 0%,
T = evy); gs,f from guark model Neutron EDM:  d, = d,érd + dyb61u
0.010f / \ :
e S~ \ .
’/’,l‘ Low-energy\experiments, z 107 , ; : ; . —s
005} S from Lattice QCD ¢ 107 —=
0.005 S gsr qltt e Q 21" g <= S
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0.000 "' "' ¢ 10
' \\—-ﬁ' / 107 1) ___ Goal exp. at
| 10% susyY @“Eb <= COSY (10%*e cm)
0005} N T S 107
_/"LHC: o | Goal dedicated
S -8 TeV. 20 fb-! 10 —{ring (10™°e cm)
-0.003 -0.002 -0.001 0000 0.001 10 ) .

0002\ 0003 W -
e \ s J =
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LHC-Search for pp = e + v + other stuff 107 ctrgy ion B ety Prorg,
and pp — e + e + other stuff (Vor, o) Hg)
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Thomas Jefferson National Accelerator Facility, Newport News, VA, USA

Beam current 90 A
Beam polarization 85 %

6 2 12 GeV Beam




Large acceptance spectrometer. Operative since 02/18
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INSTITUTIONS

INFN (Italy) Bari, Ferrara, Genova, L.Frascati, Roma/ISS

Jefferson Lab (Newport News, USA)

Argonne National Lab (Argonne, USA)

Duquesne University (Pittsburgh, USA)

George Washington University (USA)

Glasgow University (Glasgow, UK)

Kyungpook National University, (Daegu, Korea)

University of Connecticut (Storrs, USA)

UTFSM (Valparaiso, Chile)

Goal kaon-pion separation up to 8 GeV/c (prototype results):
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Aeronautic technology for structure
to maximize lightness and stiffness. Trapezoid of composite

Carbon Fiber Mirrors (spherical)
to maximize lightness and stiffness. Consolidate technology
(HERMES, AMS, LHCb) but ~ 30 % material budget reduction




Large refractive index aerogel radiator
Tiles up to 20x20x3 cm? at n=1.05.

Glass-Skin Mirrors (planar)

Innovative technology never used in nuclear experiments.
1.5 mm outside, 0.7 mm inside acceptance

~ 1/5 cost for squared meter vs CFRP
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80 H8500 + 350 H12700 v/ 64 6x6 mm? pixels cost effective device
v/~ High sensitivity on VIS towards UV light
< 1 cm spatial resolution v/~ Mature and reliable technology
< 1 ns time resolution /" Large Area (5x5 cm?)
Compatible with the low torus fringe field v/ High packing density (89 %)
v/ Fast response
Average MA-PMT gain ~ 2.7 10°
Corresponds to SPE ~ 400 fC v/ Expensive technology
o Mean 2.69 10° - -
31401 | RMS 0.94 10° : s
o+ 160 ENENENENENENENEEEN
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Readout Electronics

Compact (matches sensor area)

Modular Front-End (Mechanical adapter, ASIC, FPGA)
Scalable fiber optic DAQ (TCP/IP or SSP)

Tessellated (common HV, LV and optical fiber)

ADAPTER BOARD

ASIC BOARD

FPGA BOARD

Tile power dissipation ~ 3.5 W

Spot 478 ©
Difference
Sp -Ref 28.0

SSP Fiber-Optic DAQ

$FLIR

Dist = 0.6 Trefl = 20.0 £ = 0.81




Analog: Charge (1 fC)
Digital: Time (1 ns)

Trigger latency (8 us)
Optical ethernet (2.5 Gbps)
Trigger: external

internal

self

On-board pulser

Test pulse

\.

,/ | Slow shaper
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TR
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Ml preamp GAIN SCAN 0 to 4 (1/16 step)

Linear response

Multiplexed readout
Limited holding time delays

Used for calibrations



Multiplexed readout up to 50 kHz
High resolution SPE spectrum
Viable for efficiency and gain monitors

In conjunction with timing, allows the
study of PMT discharge and cross-talk

ADC Calibration (Slow Shaper)
18 [ Red line:dN/ds = f,,,(s; parameters) y?NDF = 2.49 . 1000
Scale (channels per 1 ph.e.) = 157.99+ 0.26 - I~
16 | o (channels) = 1.451 + 0.002 ] B
p =0.0258 +0.0001 -
— v,= 21.89 + 046 800
w14 - o= 0.109 £ 0.001 ] B
'S v /v, = 0.227 % 0.003 -
1o | 0/(1-0,) = 0.211 + 0.005 | r
Q vglv, = 0578 + 0.004 __ 600
8 £ =11.05% 1.81 | o I
w 1 B = 0.002 + 0.000 ]| o
o v = 12.000 + 0.337 | g
% 08 |- Vaverage = 18.31 ] 6 400
3 1
06 [ 5
S ] 200
04 |- . L
02 | { 0_ ................ ............... ................................................. ............... ..............
| o : Iil\Ilillllillllil\IIiIIIIiI|IIiIII\illllillll
o LvwndV e S R S NI 100 200 300 400 500 600 700 800 900

0 100 200 300 400 500 600 Response [ADC]
s = Amplitude - Pedestal (channels ADC)
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Analog: Charge (1 fC)
Digital: Time (1 ns)

Trigger latency (8 us)
Optical ethernet (2.5 Gbps)
Trigger: external

internal

self

On-board pulser

Digital response
Working in saturated regime

64 parallel channel readout

8 us FIFO and delays
1 ns time resolution

Pl preamp GAIN SCAN © to 4 (1/16 step)

Start time Stop time




During Acceptance tests

Pedestal rms as seen by a test-point

tderms

2.5

1 DAC ~2.2 mV
<PE> ~ 800mV

4 mV
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During Internal Pulser Calibration

As seen by RICH readout
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Discrimination down to 20 fC, i.e. few % of SPE, allows sensor characterization

Hit Efficiency

avor Sensitive Instruments,
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Ingle Photon Discrimination

C Relative efficiency map Relative gain map
8
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ectronic Pedesta

PEDESTAL [DAC unit
[ ] Slot 3 Fiber 0 Asic 0 Channel 58 PMT 4 Pixel 54
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Online Equalization

After equalization: distributions narrower and less sensitive to the common threshold
saturate signals and cross-talk well separate

Before equalization After equalization
) :
Lﬂ-m_ 100, gain 0 450 —— thresho , gain 2
—— threshold 50, gain 0 threshold 50, gain 2
threshold 25, gain O 400 threshold 29, gain €
350

g 8

g

o TTT‘[TI’TT]’TTTTIYTTTII'TTTI'TYTT]'TTTYIYTY

g

g

lllllIIIFIIIIIIIIIIIIFITIII

o) 50
% 10 20 30 40 S0 6 70 80 90 o
black: high threshold red: intermediate threshold green: low threshold
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CLAS12 Reconstructed Time and Position:
Photons are traced using information
from other CLAS12 detectors

RICH Measured Time and Position:
Defined by the RICH DAQ

Good photons should match
in time and space

Time analysis allows to
separate spurious signals

time difference(det-rec)[ns]

N
o
|II|IIII|‘IEI

Mean x

= I Other bunch .

Std Dev x

Std Devy

W

10 20 30 40 50 60 70 80
duration[ns

dur_time_copy

Entries 1.123452e+07

56.62 O

2.164

10




<A T>(ns)

-20

-40

Offsets ordered according to
slot&fiber&channel number
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Time offset map
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Single Photon Time Resolution

Single-photon time resolution better than the 1 ns specification

- ht_pmt_52
- Entries 31491
- i E ‘ Mean 0.00106
x 5000 — | Std Dev 1.461
2 44 p(: 9.684 £0.1937 E PMT 52 : %21 ndf 201.1/6
- . P =0.1611: 0.003167 B T Constant 5223 = 43.3
10— 4000 O =0.66ns Mean -0.1757 = 0.0045
3 *3 B ; Sigma  0.6591 0.0044
8 B o
6 3000— ;|
4 E
- 2000[—
2 - a
oF Seseas 1000{—
14 L PO S S T T SN TN T TR [N SN SR T S [N U S TN TN N 1 -
35 40 45 50 55 60 65 -
wmm 0 C | 1 1 1 I 1 1 1 | 1 1 1 -_———

Ly b ) 2 4 6 8
detected-reconst time[ns]

— before time-walk correction

— after time-walk correction

Contalbrigo M. Flavor Sensitive Instruments, 24°4 October 2019, Bologna




Single Photon Time Resolution

1 Run 6288
: | TeanoRT 3 thw 30
4 Pra 200 : e e
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: x ! i
i i
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_—te el e
Posk e ) . ) _ hasmm) -
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! L [r. N Undertos 0
W Sl 20000 w Defe. [} Ovedos 9
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'?'i: W w
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erenkov Angle Reconstruction

Analytic solution for direct photons Ray traced solution for direct photons
“Exact” solution for the Cherenkov Angle Assume knowledge of aerogel ref index
Only direct photons Any photon

GOAL: get a Cherenkov angle estimate for each photon for detailed PID optimization

g I CLASP9.991D 3 E I CLASP836ID3 -
> RUN: 2467a > RUN: 2467a
EVE: 44 EVE: 106
50 50
# Hadron Hit # Hadron Hit
i D i
L @, L
L °.o L
o "% 0 -
L ¥ - i
- '
L 3 i
L R L |
- O Analytic - o Analytic
50 - @ Traced 50 @ Traced
- ® Reflected - @ Reflected
i i —_
| | | | ! I | | | | ! 1 | | | L 1 L | 1 1 L L | 1 1 1 1 | 1
50 100 150 50 100 150
-x (cm) -x (cm)
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Cherenkov Angle Reconstruction

< Electron p=5.87GeV/c = - Direct Reflected
> - = 5 -
- RUN: 5038 -
50 - o
- EVE: 13051 0 - li
25 = 5 o
: .10 : 1 1 1 | I 1 1 1 1 I 1 1 1 1
- o 5
o b
N § 6 -—l Direct
2 - o - Il Reflected
i a -
-50 — @ Direct _
- @ Reflected 2~
-75 i ) I— 1 0 N | 1 1 1 | | L 1
50 100 150 100 200
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erenkov Angle Resolution

RGA data, direct photons No alignment of internal components
Number of photons and single photon resolution close to TDR

@ mifwctad photons per secton ewert. Laye 0. The 12 Quadrat § # reflaciad photons per slecion swent, Lager 0. The 12, Oundeat 3 - Loy 0, The 12,
—
4000 = 2400
5 |Emn 4147 gw Entries 3464
seoog- 2000 TDR: ~ 18 Npe
3000 B~ 1800
1600
2500 - i
— all photona 14008
2000 - 1200
500 — direct photons ‘:‘
1000 §- —— reflected photons enn
wof
m -
200
oh..&;....;....;...._;...._[ 0 _L L
0 0 20 ES) © %0 w0 0 0 10 20 £ © 50 ® L)
2 photons £ photors

Raw RICH alignment (not for internal components)

w

- ' ' Enires 76579 - ' S Enies 83477
_ ¢ nd 2337/ 50 T 6000~ %2 ¢ ndf 4451/ 52
§ - thetaC(1pe)=306.4 Prob 0 & [thetaC(1pe)=307.4 Prob 0
sigma(1lpe)=6.3 mra Constant 4194+ 215 s fsigma(lpe)=5.3 mrad Constant 5394 £ 28.0
2500 Mean 0.3067 £ 0.0000 I Mean 0.3074 + 0.0000
Sigma 0.006434 + 0.000022 C Sigma  0.005302 + 0.000019
3000 2000 -
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o=~ 4.5 mrad
2000 -
1000 :
1000 p=—
e s
%.2 022 D24 026 0.28 0.3 0.32 034 038 038 04 %.2 022 024 026 o028 03 0.32 0.3 036 0.38 04
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Hadron Separation

Hadron separation, direct photon, RGA data, raw alignment

Electron Hadron (+)

0.325 —

L " . .

] -

I. . . . . —
0.275 : -
0.25 P
0.225 -

-1
0.2 1 I 1 1 1 1 I 1 1 1 1 I 1 1 10
25 5 7.5
P (GeV)
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J. Stevens @ DIRC19
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The ultimate machine fro QCD
Well Beyond HERA:

- x 1000 Lumi

- Variable CM energy
- Polarized Beams

- lon Beam

- Precision Detectors

CDO + Site Decision
Expected Soon

Beam
Dump

Polarized
Electron
Source

| Source /] L

Electron Collider Ring

Electron Source

100 meters




Specific requirements to move
beyond the longitudinal description

ky (GeV)

* Resolve partons in nucleons

=» high beam energies and luminosities
Q2 up to ~1000 GeV?

* Need to resolve quantities (k,, b,) of the
order a few hundred MeV in the proton
Correlated quantitites, multi-D analyses

=» High Granularity, wide dynamic range

* Need to detect all types of remnants
to seek for correlations:
- scattered electron
- particles associated with initial ion
—- particles associated with struck parton

=> Large acceptance, Forward particle
detection, Excellent PID
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_ Particleldentificaton @ EIC_

Flux-return Flux-return

Flux-return yoke
(muon chambers?)

Solenoid coil (1.5-3T)

Emcal (Sci-Fi)

‘ DIRC & TOF
38 | ¥ Vertex (Si pixel)

- | e —

M tracker—

Jipole with
field
exclusion
for e-beam

Space for additional
muon chambers

trackers

s 4
A 3 Qop view)
e
5m
hadron endcap

L 3.2m
electron endcap

\}

central barrel

e-endcap:

medium momentum (< 10 GeV/c)
aerogel modular Cherenkov

h-endcap:

medium and high momentum (3-50 GeV/c)
dual radiator Cherenkov

Sensors

Workign at 1 T magnetic field ?
Radiation Tolerant ?

Asymmetric detector
Compact solutions to contain the cost
New high-tech materials

New technologies with emerging markets
in medical imaging and homeland security

Activity linked to eRD14 EIC R&D consortium

10°
10x100 GeV = ._
Qz> 1 GeV? -
=10’
barrel -
Dual-radiator| ='
RICH =
,,,,,,,,, 10
. 1




ViVUUUICO

Smaller, but thinner ring improves PID performance and reduces length

lens Sensor plane

Lens-Based =

Aerogel

\;
o'
N

48

mRICH Design

“1 Incidentparticl

e e e R e o

11 cm

9 GeV/c pion beam
launched at the center of
xy plane in simulation

Smaller and thinner
ring image

9 GeV/c pion beam launched at the center of xy plane in simulation
Sensor plane

n4

Two-Layer
Proximity
Focusing Design
(BELLE-2 ARICH)

na

r

Incident particle

23cm

|
|
|
|
|
I
|
|
|
I
|
I
|
|
|
|
|
J
I
|

y (mm)
3

8 8 § 8 o B 8 3

EIC mRICH designed for
K/pi ID up to 10 GeV/c

BELLE-2 ARICH aims to
separate pion and kaon
up to 4 GeV/c




_ NextPID Solutions: Modular RICH

Compact / modular solution for few-GeV range

MRICH: An aerogel RICH with Fresnel lens .
focalization for compact and projective imaging g -

7t/K sepration up to ~ 10 GeV/c

Sensor plane

Proposed also for sPHENIX @ BNL

mRICH wall
e/n separation

mRICH wall in hadron-going
direction for hadron PID
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foam holder of aerogel

3.3cm thick aerogel

/

Aluminum box

6" focal length
Fresnellens

H13700 to reach the 3 mm spatial resolution
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25000
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20000
20

pixel ID

15000

10000

5000

15 20 25 30
pixel ID




Next PID Solutions: Dual Radiator RICH

Solution optimized for JLEIC

« Aerogel (n=1.02) & C,Fg gas
. Continuous coverage

« Outward reflecting mirrors
. Sensors away from the beam
« No scattering in aerogel

« Sector-based 3D focusing

. Reduced photosensor area
« LAPPDs or SiPMs

Isolines at 30 (the K/p(gas) curve is given at 60)

< 100c
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HERMES RICH Angular resolution LHCB RICH1 - Runl
Pixel 2.3
Chromatic 1.3
Point emiss. 0.7 Photon
Mirror 0.6 Magnetic Solloet
n spatial disp. 0.5 Shield o0 rrad
Forw. scatt. 0.4 Il- - 2 ‘S;)herical
Surface 0.4 Aerogel — N -7 Mirror
Total (calc.)/)pe 2.9 C4F10 Beam pipe
Total (exp.)/pe 3.3 £F — =
Particle_ exit window o, |
Aerogel
exposed to gas;
Plane “2\ B .
Mirror TN\ removed in
: Run2
Mirror
-
C,Fy, Npe aerogel (meas.) 4.3-5
| | | J
1 Npe aerogel (meas.) ~10 0 100 200 -
Aerogel Tiles




dRICH Prototype Design

Gas Exchange

Aerogel Conf.

Commercial vacuum technology for safety and cost effectiveness
Overlapping rings for parallel beam particles

EontalBrlgo |U| Havor gensmve |nstruments, 52!5 BctoBer !5!5, §o|ogna 4§




dRICH Prototype Performance

Montecarlo simulation

Cerenkov angle RMS Cerenkov angle RMS
0.003 L/ ndt 3.2450-08/ 11 0.6x10” 2/ ndl 2.7640-10/13
5 p0 0.0003026 = 2.078e-05 g ! po 8.8460-20 £ 1.3810-06
-3 pt 0.00421 = 4.647e-05 -3 p1 0.0007885 £ 6.392e-06
4 e |
%0002 Aerogel -2 il Gas

02—

Filters to study and M

control chromatic

§

— 1 | I | 1 I I 1 I 1 ) 1 !

dispersion 1 1 [ | | 1 | ‘
S 5 S B e - vyer TR AN SN G EEE Shm RS BN G
1 p.e. Error (mrad) Aerogel @EIC C,F, Gas @EIC
Chromatic error 32 (2.9) 0.51 (0.8)
Emission 0.5 (0.5) 0.5 (1.2)
Pixel 2.5 (0.5) 0.42 (0.5)
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Readout Independent element
for flexibility: supports various
detectors with integrated cooling

Reference:
MAROC + SSP/VSX

Dedicated:
SiREAD + SSP/ethernet

Sensors Reference B-field tolerant:
MA-PMTs MCP-PMTs (LAPPDs) SiPMs




_ Development:SPMs

Test of SiPM with RICH electronics

Pixel #

—50C

llll]lllllllllll

—140C

—30C

Pixel #

Peltier cell cooling
- Down to -30°in N,




T. Tsang et al. |. Balossino et al. Paolo Carniti
JINST 11 (2016) P12002 NIMA 876 (2017) 89 @ RICH 2018

= ) sle Single-photon capability after irradiation ?

L : ~ DCRatvarious total
T $12572 standard technology neutron fluence
B $13360 trench technology
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Log(Counts

Oliis
0 10 20 30 & 5 o0

Peak Amplitude (mV Peak Amplitude (mV

Photograph of the first generation of
256-anode 2" PMT readout for use with
mRICH prototype in the Fermilab beam

test facility.




, Optical bridge / PC Desktop SSP board / VSX crate
/-\ Few FPGA units ~ 500 channels 2 RICH sectors ~ 50 k channels

/

(
\\

A\

"N\

NN

Optical ethernet (2.5 Gbps)

// .

/ |

Small setups:
TCP/IP
Optical bridge / PC Desktop

Full experiment:
SSP protocol
SSP board / VSX crate

Next:
Ethernet Switches
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Electron lon Collider:
The Next QCD Frontier

Understanding the glue
that binds us all

The Next QCD Frontier

EIC (and JLab) is a unique opportunity
for a comprehensive QCD study
and possible breakthroughs

Potential impact on many
fields of investigation

EIC offers immediate opportunities
for supported R&D activities
on science and technology

PID is crucial to achieve
flavor separation

Seek for cost-effective
solutions with potential application
In other fields




Detailed characterization
Sensors: gain, efficiency, cross-talk, radiation tolerance
Electronics: gain, cross-talk, thresholds, time resolution

JLab

632 nm picosecond pulsed laser light

Light diffuser to illuminate the whole MAPMT surface
Standardized system with CLAS12 electronics

H8500 6x6 mm? pixel sensor so far

INFN

632 nm and 407 nm picosecond pulsed laser light
Light concentrator to scan the sensor surface
Flexible layout supporting various sensors and
Front-End electronics

-

/
Laser head + A
collimator




<>,
clasy

Polarized targets of solid HD in frozen spin mode.

Longitudinal and Transverse Polarizations: up to 60% H or 35% D.

Physics program rated as High-Impact by PAC41

E""‘“:"

RM1: dewars & cryostats [}
HD gas purity by Raman
distillation and analysis

e-_@iobﬁ

Advantages:
v Dilution factors ~ 1
v" Low holding magnetic fields

» Pl

AN

FE: frozen B field on a
bulk SC MgB, magnet
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