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What is EIC and why EIC is so
important (my personal view)?




Electron-lon Collider 4

Injector (RCS)

EIC = a machine that will unlock the secrets of
the strongest force in Nature

- the major US project in the field of nuclear physics
- the world’s first collider for polarized electron and

polarized proton (and light ions) and electron-nucleus
collisions

K EIC hosted at Brookhaven National Laboratory \
 80% polarized electrons from 5-18 GeV

e 70% polarized protons from 40-275 GeV

* lons from 40-110 GeV/u

* Polarized light ions 40 -184 GeV (He3)

* 100-1000 x HERA luminosities:1033-103* cm?s!

* CMS energies: Vs = 29-140 GeV

\' foreseen to start operation in early 2030’s /




Electron-lon Collider

Internal structure of nucleon and nucleus
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Why EIC is so important?

To understand QGP properties more precisely

Initial conditions and early dynamics
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Why EIC is so important?

Characterization of gluonic matter

unique matter composed of Gauge bosons

Anomalous viscosity in glasma?

Soft color fields generate anomalous

transport coefficients

Synergies with spin-glass?
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Why EIC is so important?

Origin of collectivity in small systems -> quantum fluctuations
(“eccentric” proton)
arXiv:2102.11189
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Why EIC is so important?

Why proton and nucleus has so high toughness?
What mechanisms keep mass and spin constant?

Mechanisms of emergence of effective degree of freedom
(localization)? -> Connection to condensed matter physics

Strongly correlated electrons, Heavy-fermions, superconductors, Mott-insulator
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High-Energy QCD Physics




11 Science Questions in 21 century

Spocial; New Learning Series on Genetics, page 70 1. What is dark matter?

e e LI T TR 2. What is dark energy?
lS Over 3. How were the heavy elements from Iron to
Uranium made?

4. Do neutrinos have a mass?

"" 5. Where do ultra-high energy particles come
from?

6. Is a new theory of light and matter needed
to explain what happens at very high
energies and tfemperatures?

nswered /. Are there new states of matter at ultra-high
lOnS temperatures and densities?

yS|CS 8. Are protons unstable?

9. What is gravity?

10.Are there additional dimensions?
11.How did the Universe begin?




11 Science Questions in 21 century

/. Are there new states of matter at ultra-high
temperatures and densities?

Very early universe (T > 100 Neutron stars ( p > 10%° g/cm3) Dense partonic structure
MeV, t < 10 usec) inside high energy proton/nuclei
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Quantum chromodynamics is
conceptually simple. Its realization
in nature, however, is usually

very complex. But not always. ]
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http://frankwilczek.com/Wilczek Easy Pieces/298 QCD Made Simple.pdf
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https://indico.rcnp.osaka-u.ac.jp/event/2286/
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http://frankwilczek.com/Wilczek_Easy_Pieces/298_QCD_Made_Simple.pdf
https://www.nature.com/nphys
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EIC workshop 22

entanglement

o EPWR : The Electron-lon Collider: the ultimate electron microscope Prof. Gordon Baym 09:00 The color entanglement in TMD-factorizatior ‘of. Christine Aidala
O = SEEN e o g
%S TEICTRERT B3R - THTFE R woo-onz
EIC Physics from Lattice QCD: The Nucleon Mass and Spin Decomposition (zoom) Raza Sufian
P8—30 May 2024 e Koshiba-hall, University of Tokyo 09:45 - 10:35 Koshiba-hall, University of Tokyo . 09:25 - 09:50
University of Tokyo iaalb sak ®FQCODRFHEICAIF T L a tt I C e QC Arata Yamamoto
/ 10:00 " “ -
e Koshiba-hall, University of Tokyo 10:35 - 10:55 Koshiba-hall, University of Tokyo ’ 09:50 - 10:15
1o RHCAEVHEORE S p i n Yuji Goto coffse biesk
ERED 2020 (T HONEKEKIRS [FRTF - BFEISAF—WEORA] £RFT, SEE. KEDRM Koshiba-hall Universiy of Tokyo 1085 - 11:20 goslash (versly ofloloe i)
Timetable ABIZHEEIC (Electron-lon Collier) ([C£RZEBEE, EICHSEROFRTIER LEFEMERZ(CEDL ePIC Experiment Overview e Introduction to TMD and higher twist frameworks and their expected role in EIC ninsuke Yoshida
— SRFLVERESESTHERBLENEBUNET. A tec h no I 0 | g mmus Koshiba-hall Univrsiy of Tokyo TMD  wos-ue
ion N . -~ o ” h g 11:00 Fragmentation functions for nucleon structure measurements Ralf Seidl
e — EICIZ P A U N EFRMEORBEHETHD . TIby INT SEITHRARICREE NS HRIOEE e R oot
L BT + FEBTRUORTZEERMNER T EICFHEGREP AU HIRILF—EHSSHERITHERE 12:00 : i4 - -
My Contributions ADHERESZ 5N, ROMNRREEA. T U T2032FEHORRETICHIF T, IHBCEATNE Initial and final state effects on QGP in relativistic heavy-ion collision QG P Shingo Sakai
Registration ER Koshiba-hall, University of Tokyo 11:25 - 11:50
- " o =
AIEEE S EICIES#10FRETRRT 3HERIS 45— LTER—DEDERDTHLEEHD. EFRmE T
ABEERFNENBHRALTHET S EZBRULEVERVET,
7 eic_workshop_2024@c SHMOARREFELTVET . MEOFEE. EICOMERBCHET BHERAT— IV ERBLET . 2- 1300 koshiba-hall, University of Tokyo 11:45 - 1315
3E|E(Z§§Eﬁ’&hb\_§_?a FHITWE, SIRIF—QCDYEE, J\ROME, Jﬁ?&%ﬂﬂ)ﬁ?—ih‘ Studies of exotic-hadron candidates in high-energy reactions =
5, EICCORLEEBRLET . F/=. EICICHTDINERBFIM. RN EEAERFTMOT—F I i ) i : .
dhein mpi e e e e e i e e Koshiba-hall, University of Tokyo Koshiba-hall, University of Tokyo 11:50 - 13:00
EPNBRITICHT ZHABTV. DHEBILHARROTREEHRLLVEBVET, H adron St ru Ct ure
Study of internal structure of baryons using hadron beam 0 cluster and SRC £2URFEYEOBMED ALY (TBD)
— _ Koshiba-hall, University of Tokyo e N u C I e a r C I u Ste r
O Y 5 14:00
“-“ o = Searching for Lepton Flavor Violation at EIC Kaori Fuyuto Koshiba-hall, University of Tokyo
Koshiba-hall, University of Tokyo B S M 14:05 - 14:35 hisskon spechoncowy fiom el o FIG T

Koshiba-hall, University of Tokyo

MotihopiphctclCatiselb ek oo Hadron structure studies with antiproton beam at J-PAR H a d ro n St r u Ct u re

Koshiba-hall, University of Tokyo 14:35 - 14:55
Koshiba-hall, University of Tokyo
15:00 Recent trend of timing silicon detectors and development plan for future colliders Koji Nakamura
. coffee break
Koshiba-hall, University of Tokyo 14:55 - 15:20
. Koshiba-hall, University of Tokyo J-14:50
MAPS (TBD) t e C h n O I O I e S Katsuro Nakamura
) _ kaon-nucleus bound systems aaron cliuster swm
Koshiba-hall, University of Tokyo 15:20 - 15:45 500
Koshiba-hall, University of Tokyo J-15:15
readout DAQ and ization by SPADI Alliance Prof. Shinsuke OTA
’ ) cSeaQuest®R + COMPASSER TN AN > e DD ? ~BFD T L—/\—& AL Vi~ Yoshiyuki Miyachi
16:00 Koshiba-hall, University of Tokyo 15:45 - 16:10
Koshiba-hall, University of Tokyo 15:15 - 15:40
coffee break
of i Parton Distributil i using lepton and hadron beam Natsuki Tomida
Koshiba-hall, University of Tokyo 16:10 - 16:30
Koshiba-hall, University of Tokyo . 15:40 - 16:05
ZIHWR : Status of Collinear PDFs and the impact of the EIC da Enrico Tassi 16:00
coffee break p I n )
P D F Koshiba-hall, University of Tokyo 16:05 - 16:25
17:00 His
Koshiba-hall, University of Tokyo 16:30 - 17:20
Measurement of Hadron Mass in nuclei Megumi Naruki
Koshiba-hall, University of Tokyo 16:25 - 17:05
Koshiba-hall, University of Tokyo 17:20 - 17:45 17:00
m a S S Closing Yuji Goto
NFOYORNBRET & HBIH Kazuhiro Tanaka
Koshiba-hall, University of Tokyo 17:05 - 17:15

18:00 Koshiba-hall, University of Tokyo 17:45 - 18:10
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DIS and Parton distribution




Deep inelastic scattering 25
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Reactions to be measured in DIS

Neutral-current Inclusive DIS: e + p/A — ¢ + X; e
for this process, it is essential to detect the scattered
electron, ¢’, with high precision. All other final state
particles (X) are ignored. The scattered electron is crit-
ical for all processes to determine the event kinematics. } X

Charged-current Inclusive DIS: e + p/A — v + X; ¥ e
at high enough momentum transfer Q?, the electron- \V
quark interaction is mediated by the exchange of a W=
gauge boson instead of the virtual photon. In this case

the event kinematic cannot be reconstructed from the } X
scattered electron, but needs to be reconstructed from  p

the final state particles.




Reactions to be measured in DIS

Semi-inclusive DIS: e+ p/A — ¢ +h™" + X, which e
requires measurement of at least one identified hadron
in coincidence with the scattered electron.

Y*
Many collimated h, cos
P ™ e’ Bdrons (jet)
y .
q p } X
gluon
p q s Jet
*
\

Exclusive DIS:e+ p/A —s ¢ +p' /A +v /WP / VM,
which require the measurement of all particles in the
event with high precision.




Reactions to be measured in DIS

e-/v/
Y meson
-
quark out quark back gluon out gluon back
of nudeon \ in nucleon of nucleon innudeon
proton - proton pRolon, proton
momentum transfer momentum transfer p p' n' AI T+ Z+b
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y* (Gw)
Cd i N (243 pirem)

o . (Bi€)

3 3 =" ): X (PewMa€as) .

g 2 ¢~ [k

¢ g - te ’"" (ﬁecoil:\/pricoil+mﬁ)
d P P He ) (Oma) |A ]
&= w PP A2 (uuto= it
t=(n'-d)"*-M,

Ps2 (Es, ﬁsz)



HERA @ DESY

Halle NORD (H1)
Hall NORTH (H1)

Halle OST (HERMES)
Hall EAST (HERMES)

Halle WEST (HERA-B)

Hall WEST (HERA-B) Elektronen / Positronen

Electrons / Positrons

- Protonen
Protons

@AW Synchrotronstrahlung

Synchrotron Radiation
Halle SUD (ZEUS) /

Hall SOUTH (ZEUS)

At Hamburg in Germany
* 6.3 km circumstance

"SPETRA '\
o TR

proton beam =920 GeV
electron beam = 27.5 GeV
Vs =318 GeV



HERA @ DESY

@b Q2 = 25030 GeV?, y =0.56; x=0.50
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HERA @ DESY

Many collimated
hadrons (jet)

Run 170677 Event 152772 Class: 2 4 8 9 15 16 17 18 20 22




HERA @ DESY

<1’  Run 85987 Bvent 99058 Class: 2 4 8 20 22 Run date C01/09/94

[C event Q**2 = 20000 GeV**Z y=0.49 x=0.44

Hadrons X

jet




Parton Distribution Function

The probability of a parton of type i having a fraction x of the proton energy

A valence A sea valence
quark quark quark




Kinematics of DIS

"(1 _y)k"

. q (Q? =-¢?)

Xp

//\\

proton

Kinematic relations:

Q° P- 2
X = Y= Q7 =xys
2p.q p.k

/s = c.o.m. energy

Q

» Q2 = photon virtuality < transverse
resolution at which it probes proton
structure

» x = longitudinal momentum fraction of
struck parton in proton

» y = momentum fraction lost by electron
(in proton rest frame)

y=0: small scattering angle limit
y=1: backscattering i.e. total momentum transfer to the hadronic system



Deep inelastic scattering (again)

/
E. ¢ B,
0 E / K — E! sin# cos ¢,
k = ¢ | E. sin€., sing.
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e
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= 0 » 2 nPzh
B P(p,)
(B¢, 6c)
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—— F | * Elastic peak at x=1 (Q2=2Mv)
5| o S [ i ; * |nelastic scattering at larger g2 : the peaks
S I 1 vj.ig;?fii?f}t?g._Hﬂ:;'r?" S S | correspond to “excited states” of the
e | ghplel b AR R e L ! ,
§ | ;-r‘f:“j-",f}lﬁqjif';ﬂl_r 1-;1@{4: ! T B proton, e.g. A*(1232), ...
g i ! [ : g
> ol _ Inelastic Seattering .1 * Deep Inelastic Scattering: proton breaks
| e " f up resulting in many particles final state
b Deep Inelastic Scattering , g
| i s (large W)
T 32 34 T T T T T Lﬁc W2=(P+q)?2: invariant mass of the hadronic final state
20 8 a 6 4 a i 7

- W, GeV

Scattering of 4.879 GeV electron from proton at rest
* Detector at 10 deg. w.r.t the beam, and measure the energy of the scattered electron

* Kinematics fully determined from the electron energy and the angle



elastic

38

* Elastic peak at high value of E’ (low value of Q2)

* The broader peak at larger g2 corresponds to quasi-
elastic scattering on single nucleons

* |f nucleons were free, we would have a single
narrow peak at v=Q?/(2My)

* Nucleons are in a potential wall of radiusR~ 1 fm,
so they have a Fermi momentum pg ~ 1/R ~ 200
MeV which broaden the elastic peak:

* Av/v=1=p/My~ 10%



Structure function

Write DIS X-section to zeroth order in a, (‘quark parton model’):

d?gem N dra® (14 (1 —y)?
dxdQ?  xQ* 2

peFg [structure function]

Fy(z) = 3 e fi(x)

2

0/

1 2\ 7 1\° _ 1\?
e-p scattering 5}7‘2619 — <§> (up+ﬂp) 4 (g) (dp+dp) + <§> (SP £ gp)
e-n scattering 1F€n — 2 2( o —n) L 1 ’ (dn o Jn) e 1 2( n —n)
(from e-d X 4 3 b b 3 3 S S ),

scattering)
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lFfp = (%)2 (uP +uP) + (%)2 (dP + dP) + (%)2 (s” + 57)

e-p scattering

I
2 2 2
e-n tteri 1 en 2 n —n 1 n m 1 n —n
e = (3) @ (5) @@ (5) 6o

scattering)
U =Uy + U =0 =d"
d:=d,+d; =d° =u".
ds

exchanging an up quark for a down turns basically
a proton into a neutron (iso-spin symmetry)

the three lightest quark flavors (u,d,s) occur with
equal probability in the sea:

1 1 4
ZFP = Z(du, +d,) + =8
o =gldu +do) + 3
1 1 4
1 9( +u)—|—3




Structure function

1 1 4
—F = _(4u, + d, iy
B 9( Uy + dy) + 2
1 1 4
e 9( -+u)+3

At small momentum fractions (x = 0) the structure
function is dominated by low- momentum qgq -pairs
constituting the “sea”.
Fen
2

€p
FQ
for x = 1 the valence quarks dominate
en
F2
ep
F2

— 1.

1
— —,
4

F

FgP

1.0

08

06

0.4

0.2

- | { - 1S -
* -#—— Sea dominates

W

| ¢ +’ 5 B
+9%
- ’*+*°0 B -
¢
¢“&+¢
- ¥h*é =
* \ **q_- u,, d.ominates
| { | i
02 0.4 0.6 0.8 1.0



Gluons

Summing the measured momenta of the partons give the proton momentum.
1
/da: r(u+u+d+d+s+35)=1—¢,
0

1

4 1
deF,’ = —g, + —¢4 = 0.18,
/ > 9o ew = 0.36
0 g =1—¢, — €4 = 0.46.
1 eq = 0.18,

1 4
dreFs" = —e, + —¢4 = 0.12.
0

Almost half of the proton momentum is carried by gluons



Structure functions at HERA

Contribution of sea quarks
Contribution increases as smaller-x

14

12

0.8

0.6

04

0.2

T ‘I] T T 1IIIIII T T IIIIII[ T T 00 108
Q° = 15 GeV? J
- m H196/97 =
® ZEUS 96/97
L \ NMC, BCDMS, E665
— CTEQ6D 1
- MRST (2001)
N B
llllill 1 1 lllllll 1 1 lllllll 1 1 ll?&:
- -2 -1
10 10 10 10 1

Momentum fraction x

U=

Sea quarks dynamically created at

high Q2
H1 and ZEUS
Q> =120 GeV>
16 - Q*=12GeV? e HERANCe'p 0.5
I Vs =318 GeV
14, , == HERAPDF2.0 NLO
L Q" =6.5GeV
12|
1 b
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0.4 -
02 [ Eur Phys.J. C75, 580 (2015)
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Dynamical picture of evolution

=1/Q?)
' , t;ut

Increased spatial resolution Q2 = Shorter interaction time T; (7;
Quantum fluctuations : Gluon splits into a pair of quark and anti-quark, and in turn recombines back to gluon later.
 With EM interaction (e-p scattering via y), gluon cannot be seen directly (gluons cannot directly interact with y)

l"'!n |‘~£

is indirectly seen as “increase of quarks with smaller x as Q2 gets higher
Dokshitzer-GribovLipatov-Altarelli-Parisi (DGLAP) evolution equation
2ny I 7 : g
0 (q,( ) g Z/ dz [( ; (15(1)) 1’) g(Z, ¢ ‘ s(l))) (qj(w t)
i (5 5(8))  Pry(Z,04(0)) ) \ (1)

e’
ot \ g(x
= lll (22 q sz 9z
s

)|

A
\
[—
|
o

e ¥
q |
- Pyq(2) s
q

Higher Q2 .
Fiq(2)
) =

4

S
<
9
AO
<@
g

*

You can
see gluons g
indirectl . '
g Fyy(2)

L g




Structure functions at HERA A5

HERA F, Small-x
~
2F Q=27GeV? [ 35GeV? [ 45GeV? [ 6.5 GeV? NaJ x=6.32E-5
. T GeV™ [ SGeV™ [ S GeV™ [ SG x=0.000102 - -
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e o

\
Charged current DIS ' w Di-jet process

gluon

V.ZODF, « > x(¢+7) Charge selective interaction
Sea + valence quark e :uquark e* dquark

H1 and ZEUS

&= xg 9 I UO n T ZEUS-JETS
L Q'=300GeV' | Q'=500GeV' | Q'=1000GeV | Q'=1500 GeV’

o L
10 E [ tot. uncert.

0, cc%Q%
(pb/GeV)
/

|

F2 HERAF, 15 F o F < 10° = . ZEUS incl. jet DIS 96-97 E
% = . e t = E Jet energy scale uncert. E
< X=632E-5 0 000102 A= F it

= x=0.000161 E=3 ZEUSNLO QCD fit 1 F = -
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PDF Parameterization for global fit

PDF Parameterization

u-valence (xu,) A x°uv (1-x)%uv (1+d, Xx)

d-valence (xd ) | A, x°dv (1-x)%dv (1+d, X)

Sea (xS)  |Ag xPS (1-x)°s FQ(.I’) — Z 622513 z(x)

gluon (xg) A, xP9 (1-x)° (1+d x) i

dbar-ubar (xA )|0.27 x°5 (1-x)cA

Constraints

* Momentum and number sum rule

* Equal behaviour of u, and d, at low x

« A : consistent with Gottfried sum rule and Drell Yan

11 free parameters

23
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Parton distribution function

H1 and ZEUS
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B exp. uncert.

model uncert.
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H1 and ZEUS HERA I+II Combined PDF Fit

0.6

xS (x0.05) \

xg (< 0.05)

Q% = 10000 GeV?
HERAPDFL.5 (prel.)

I exp. uncert.

model uncert.

] parametrization uncert.

HERAPDF1.0

>Q2

102

The most dramatic of these experimental consequences, that the protons viewed at
ever higher resolution would appear more and more as field energy (soft gluons) ,

was only clearly verified at HERA ... F. Wilczek [Nobel Prize 2004]

July 2010

HERA Structure Functions Working Group


http://www.slac.stanford.edu/spires/find/hep/www?rawcmd=FIND+EPRINT+arxiv:0911.0884

Polarized PDF

Unpolarized PDF
f(z) = fT(z) + fH(z)

q(x) = e—r + e—» g(z) = @—» + @ﬁ'

Polarized PDF
Af(z) = fT(z) — ()
a0 = @Y - @) 29 = S &

Unpolarized PDF
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Polarized PDF
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Asymmetry (DIS) 50

Inclusive DIS

sn  Op, —Opy quz ACl(Xan)
Al(xaQ ): ~ ) o~
Gy T O Z .Ca q(x,Q")

Semi-Inclusive DIS
Gh —Gh e2 Aq(X, Q2 )Dh (Za Qz)
Al(x,2,Q") =—— ~Z“ q q

L *oh 2.8 dxQ)D Q)

g T+ & K+
0.8:— - A1,p =2 A1,p
06 — 3
04 > 3
02 | — 3
/ 0
p / ¢ £ : -
-0'2 —_| pnl L1l 1 II_I-II
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Asymmetry (pp) 51

RHIC polarized p+p collisions

A = o (++)—0(+-) y _o(ThH-ea(T))
dijets promptp photon LL GFETFo) 1T C"'(TT )+0( Ti')

@ g8 o < N> E L=
Versus 1 [
Gs —>qg >_< P = 4-:‘.1

W+ Production " A — O'(,+A)—O'(,—A) A . c(T)-o()

O, / L o(+)+o(-) T = 6(M+rod)
charm/bottom )j""j"
A d W

—@=— v 2 .- »

hs

Boa w g versus :
—_— = = . r |
g3 —bb W- Production _ . »‘ ) 3 - " I
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Asymmetry measured at RHIC 52

A __ o(++)-o(+=-) A . GO
LL — L~ o(+)+o(-)

o(++)+0(+-) STAR, PRD RC 99 (2019), 051102
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STAR, Phys. Rev. D 103, L091103 (2021)
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Global Fit for Polarized PDF  axiv:1711.07916
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The most recent analyses of polarized PDFs are DSSV14[29] and NNPDFpol1.1[18].
Motivated by the interest in assessing the impact of RHIC proton-proton data, they
upgrade the corresponding previous analyses, DSSV08[[19], [222]] and NNPDFpol1.0[227
|, with data respectively on double-spin asymmetries for inclusive jet production[228]
and 7° production[229] (DSSV14°), and on double-spin asymmetries for high-py

-3

10

Overall, both the DSSV14 and NNPDFpol1.1 PDF determinations are state-of-the-art in the
inclusion of the available experimental information. The data sets in the two analyses
differ between each other only in fixed-target SIDIS and RHIC 7° production
measurements, included in DSSV14, but not in NNPDFpol1.1. The information brought in

by these data is complementary to that provided by RHIC W production and inclusive
inclusive jet production[[228], [230], [231]] and single-spin asymmetries for W= y P y P y P

production[232] (NNPDFpol1.1). The new data have been included in NNPDFpol1.1 by
means of Bayesian reweighting[233], and in DSSV14 by means of a full refit.

jet production data respectively, although fraught with larger theoretical uncertainties
related to fragmentation.



Nucleon spin

Constitute Quark model : spin is 100% from constituent quarks

IpT>=\/%(psx(Ms)+pr(MA))

P(My) =%[(ud+du)u—2uud]
P(M,) :%(ud—du)u

X(Ms):\l/_g(T Lt+ltt—=2111)

X(MA)=%(T Lt—111)

:%AE AY = AutAd+As

1
2
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Discovered by EMC experiment at CERN
(polarized muon + polarized proton) Confirmed by SMC, SLAC, HERMES:
Quark contribution is ~¥25% (“Spin Crisis”)
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Nucleon spin 54

Discovered by EMC experiment at CERN
(polarized muon + polarized proton) Confirmed by SMC, SLAC, HERMES:
Quark contribution is ~¥25% (“Spin Crisis”)
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Nucleon spin

Current picture of spin composition

BFREY

- — iAE AG (Lq Lg)

Gluon spin  Angular
momentum of all
quarks and gluons

RHIC spin program (polarized proton)




Measurement at RHIC

Longitudinal spin asymmetry : A

observation of non-zero A, associated with

non-zero AG (~0.3)
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Gluon contribution to spin

Longitudinal spin asymmetry : A
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PDF in nuclei (x>0.3)

Proton bound in the nucleus is different from a free proton?

Phys. Rev. D 49, 4348 (1994)
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Clusters in nuclei

Modern view of atomic nucleus
Conventional picture Modern picture

Uniform nuclei formed by independent Various clusters (d, t, 2He, q, ...)
neutrons and protons develop in all nuclei




Clusters in nuclei
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Two-nucleon correlations & momentum distributions

Mean Field

Region
(single-nucleon

C
Correlated tail
(2N-SRC behavior)

- . | SRC pairs
o 80% | 20%

80% X

20%

k

12C

Probability of finding two nucleons with relative and

total momenta q and Q.

q (fm™)
pp-pairs; np-pairs

Tensor correlations

lead to large differences in
the np versus pp
distributions.

These differences are
observed in A(e, e'np) and
A(e, e'pp) reactions.

Schiavilla Carlson Wiringa Pieper
PRL98(2007) & PRC89(2014)



Short range correlation

NN Short-range correlation

Realistic Nucleon-Nucleon Interactions:

V (Mev)

Two-Nucleon Interaction Potentials
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Central part

| <= =Repulsive cores hp—
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\ » i ’—g_-: N :
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H 25 3
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Tensor Force average distance of two nucleons

Large model dependence at short-distance / high-momentum

“He

— AV18+UX
........ AV4'+UIX,
— N2LO(1.0fm)

A --- N°LO(1.2fm)




n(k) (fm®}

nik) (tm’}

n< (fm®)
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NN Short-range correlation
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L. Lapiks, Nuclear Physics A 553, 297 (1993)

Nucleon Occupation probability

65% for naive shell model calculations. Fraction

reaches 80% in more modern calculations
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Short range correlation

NN Short-range correlation:

From 2-nucleons (2N-SRC) to 3-nucleons/4-nucleons(alpha?)-SRC

C. Ciofi degli Atti and S. Simula, Phys. Rev. C 53 (1996).
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PDF in nuclei (x<0.3)

Phys. Rev. Lett. 68 (1992) 3266
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Reduction of PDF in small-x (x<0.3)

called “shadowing”.

Ri(x,A)

= fV(x, A) 1 fNV(x)
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Gluon Saturation

67

We know that at small-x, gluons are dominated in proton and nuclei.

When the density of gluons becomes high, Recombination Emission
they start to interact with each other W = W‘Qﬁ
and gluons are saturated.

Saturation scale = Q (x, A) : Typical transverse momentum carried by gluons

Gluons fill the transverse area of hadron (ntR?)

|

\\\\~1/kT
5 o 2 -zG(z, Q%) = TR’ 5 |
Q Number of gluons ;2; v
Size of gluons - N E
1 ) R 5 b s
Qs (x,A) =Al3x™* | L
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In Q2

A

Phase diagram of proton and nucleus
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Phase diagram of proton and nucleus

Image credit: DOE
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Main Physics at the EIC




Science Goal of EIC

SPIN is one of the
fundamental properties of
matter.

All elementary particles, but
the Higgs carry spin.
Spin cannot be explained by
a static picture of the proton
It is the interplay between
the intrinsic properties and
interactions of quarks and

gluons

The EIC will unravel the
different contribution from
the quarks, gluons and
orbital angular momentum.

Does the mass of visible
matter emerge from quark-
gluon interactions?

Atom: Binding/Mass =

0.00000001
Nucleus: Binding/Mass =
0.01
Proton: Binding/Mass =
100

For the proton the EIC will

determine an important term

contributing to the proton
mass, the so-called “QCD
trace anomaly

How are the quarks and
gluon distributed in space
and momentum inside the

nucleon & nuclei?

How do the nucleon
properties emerge from
them and their
interactions?

How can we understand
their dynamical origin in
QCD?

What is the relation to
Confinement?

Is the structure of a
free and bound
nucleon the same?

How do quarks and
gluons, interact with a
nuclear medium?

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

How do the quark-
gluon interactions

create nuclear
binding?

How many gluons can fit
in a proton?

How does a dense nuclear
environment affect the
guarks and gluons, their
correlations, and their

interactions?

What happens to the
gluon density in nuclei?
Does it saturate at high

energy’?

gluon Z

splitting

2

B

gluon
recombination



Luminosity
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(x, Q%) coverage

Resolution, Q% (GeV?)
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Further understanding of PDF by EIC
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3D parton distribution 75

Generalized Parton Distributions (GPDs) Transverse Momentum Dependent

Transverse position & longitudinal Parton Distributions (TMDs)

momentum fraction of partons Transverse momentum & longitudinal
momentum fraction of partons
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Abstract

This handbook provides a comprehensive review of transverse-momentum-dependent
parton distribution functions and fragmentation functions, commonly referred to as transverse
momentum distributions (TMDs). TMDs describe the distribution of partons inside the proton
and other hadrons with respect to both their longitudinal and transverse momenta. They
provide unique insight into the internal momentum and spin structure of hadrons, and are a
key ingredient in the description of many collider physics cross sections. Understanding TMDs
requires a combination of theoretical techniques from quantum field theory, nonperturbative
calculations using lattice QCD, and phenomenological analysis of experimental data. The
handbook covers a wide range of topics, from theoretical foundations to experimental analyses,
as well as recent developments and future directions. It is intended to provide an essential
reference for researchers and graduate students interested in understanding the structure of
hadrons and the dynamics of partons in high energy collisions.
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A lot of TMDs ...
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Sivers effect and TSA

RHIC: Transverse Spin Asymmetry (A,)
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Sivers effect and TSA

RHIC: Transverse Spin Asymmetry (A,)

Direct photon A, sensitive to gluon angular momentum
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TMD at EIC through SI-DIS
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TMD at EIC through SI-DIS
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Momentum imaging
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Abstract

We give an overview of the theory for generalized parton distributions. Topics covered are their general
properties and physical interpretation, the possibility to explore the three-dimensional structure of hadrons
at parton level, their potential to unravel the spin structure of the nucleon, their role in small-x physics,
and efforts to model their dynamics. We review our understanding of the reactions where generalized parton
distributions occur, to leading power accuracy and beyond, and present strategies for phenomenological anal-
ysis. We emphasize the close connection between generalized parton distributions and generalized distribution
amplitudes, whose properties and physics we also present. We finally discuss the use of these quantities for
describing soft contributions to exclusive processes at large energy and momentum transfer.

(© 2003 Elsevier B.V. All rights reserved.

PACS: 13.60.—r; 13.88.+¢; 14.20.Dh

Keywords: Nucleon structure; Parton distributions; Hard exclusive processes

Contents

1. Introduction ... 44

2. In a nutshell . a5 46
3. Properties of GPDs and GDA: 50
3.1. Notation and conventions........... 50
3.2. Definition of GPDs . 52
3.3. Basic properties 55
3.3.1. Forward limit . 55

3.3.2. Symmetry properties .. 55

3.3.3. Sum rules and polynomiality . .. 57

3.4. Parton interpretation and the light-cone . 60
3.5. Helicity structure 64

E-mail address: markus.diehl@desy.de (M. Diehl).

0370-1573/$ - see front matter (© 2003 Elsevier B.V. All rights reserved.
doi:10.1016/j.physrep.2003.08.002

About 400 pages...

Available online at www.sciencedirect.com
.cl!NC!@DIR!CT'

ELSEVIER Physics Reports 418 (2005) 1-387

PHYSICS REPORTS

www.elsevier.com/locate/physrep

Unraveling hadron structure with generalized parton distributions

A.V. Belitsky®*, A.V. Radyushkin® ¢!

2Department of Physics and Astronomy, Arizona State University, Tempe, AZ 85287-1504,
bl’h_l'Sl(‘S Department, Old Dominion University, Norfolk, VA 23529, USA
CTheory Group, Jefferson Laboratory, Newport News, VA 23606, USA

Accepted 8 June 2005
editor: W. Weise

Dedicated to Anatoly V. Efremov on occasion of his 70th anniversary

Abstract

The generalized parton distributions, introduced nearly a decade ago, have emerged as a universal tool to describe
hadrons in terms of quark and gluonic degrees of freedom. They combine the features of form factors, parton den-
sities and distribution amplitudes—the functions used for a long time in studies of hadronic structure. Generalized
parton distributions are analogous to the phase-space Wigner quasi-probability function of nonrelativistic quantum
mechanics which encodes full information on a quantum-mechanical system. We give an extensive review of main
achievements in the development of this formalism. We discuss physical interpretation and basic properties of gener-
alized parton distributions, their modeling and QCD evolution in the leading and next-to-leading orders. We describe
how these functions enter a wide class of exclusive reactions, such as electro- and photo-production of photons,
lepton pairs, or mesons. The theory of these processes requires and implies full control over diverse corrections
and thus we outline the progress in handling higher-order and higher-twist effects. We catalogue corresponding
results and present diverse techniques for their derivations. Subsequently, we address observables that are sensitive
to different characteristics of the nucleon structure in terms of generalized parton distributions. The ultimate goal
of the GPD approach is to provide a three-dimensional spatial picture of the nucleon, direct measurement of the
quark orbital angular momentum, and various inter- and multi-parton correlations.
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Generalized Parton Distributions 85

The nucleon (spin-1/2) has four quark and gluon GPDs. Like usual PDFs, GPDs are non-

perturbative functions defined via the off-forward matrix elements of well-defined parton
RIRFEHEZ I OVIRE L IRBOXFEIDI A —DREFDITIESR

operators:
: 1 dz~ ;. p+,- O | 1
ge = §/ o ettt (p’|q(—§z)’y+q(§z)|p> z+=0,2=0
1 : ‘ IeTEA,
= — |HY(z, &t 1) u@ )y u(p) + E9(x, &, t, p?)u(p’ 2 5
p [t i)y ) + Bt ) Sl
(x+¢)-P (x-¢)-P
A=p —p
t=(p' —p)°
2 Pt =(p' + p)/2
F(x,&,t, 1) PRl .
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112 -- factorization scale
p p’
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Basic Properties of GPD

(X2 P/’\ \{/(X )- P Forward Limit
¢—>0, t—0 : 1D parton distribution (PDFs)
H%(x,0,0) =|¢(x) Unpolarized H%(x,0,0) =|Ag(x) Polarized

X Im k




Basic Properties of GPD

Connection to elastic Form Factors
(charge radius and magnetic radius)

1
/ dx H(z,&,t, u*) = Fi(t)
0

1
/ dx K&, E, f.,,u.z) = F_;I(f)
0

Connection to spin, mass, pressure
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Measurement of GPD

Deeply Virtual Compton Scattering and Deeply Virtual Merson Production

Deeply virtual (¢)  Deeply virtual
Compton scattering meson production
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3D tomography of nucleons (GPD)

Deeply Virtual Compton Scattering
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3D tomography of nucleons (GPD)

Deeply Virtual Compton Scattering
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3D tomography of nucleons (GPD) 9

Static Boosted Bag Model:
. . * Gluon field distribution is wider than the fast
S ke o 2 08 moving quarks.
o] | ©

e Gluon radius > Charge Radius

Constituent Quark Model:
B o * Gluons and sea quarks hide inside massive quarks.
* Gluon radius ~ Charge Radius

Lattice Gauge theory (with slow moving quarks),
e gluons more concentrated inside the quarks:
e Gluon radius < Charge Radius

- Need transverse images of the quarks and gluons in
protons




GPD at EIC

* DVCS in wider phase space = valence and sea quarks
* DVMP of heavy meson (J/,Y), light vector and pseudoscalar meson

= gluon @ low x, flavor separation

sea quark H
- e Comeeeme=d HERA, dip. fit
k) Lo HERA,exp. fit
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EIC Yellow Paper(2021)



Spin: A, and Polarized PDF at EIC

Polarized PDF from A, measurements at the EIC
SIDIS, charm
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Gluon Contribution to Proton Spin

Spin: A, and Polarized PDF at EIC 94

Polarized PDF from A,

measurements at the EIC

o
o

o

o
[y

1
—

I EIC: 5 GeV on 100 & 200 GeV
i EIC: 20 GeV on 250 GeV

current data
i (global analysis)

I Q¥ =10 GeV?

i All uncertainties forAy*=9
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Spin: A, and Polarized PDF at EIC

New: neutron spin structure from e+d and e+3He

Longitudinal spin asymmetry in taggcd DIS e+d— e + p +X
O E' L L 1

0’ = 13- 20GeV —_——

20-30 GeV '
0.0z F Flé'ee neutron 040Ge € pOl q
«——: 1 1 1] [ I l I
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IR ER RN :
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Energy Momentum Tensor

EMT is a key fundamental object.

Mass, spin, and pressure are all encoded in the ETM. 733

S
Energy o1l

density g
@ o1 72 7os

710 [l
7720
730

TH =

— Shear stress

Normal stress (pressure)



ETM and GPD (GFF)

Gravitational form factors (GFFs) encode information in the ETM

LV _ n pv AV A2 v {p I.O'U}a ” . W
<p,’T// ‘P> — U(p/) [A/(t) Pl\/llD F D/’(t) % =5 J/'(t) # o C,'(f) Mgﬁ } U(p)

o AJ0)+Ag(0) =1, J(t)=L[A(t)+ B(t)], By(0)+ Bs(0) =0, and &(t)+ &(t)=0

e Related to mass and angular momentum distributions, and pressure and shear forces

GFFs are related to GPDs (i = quark, gluons)

Forward limit:

{p| T | p) = 2 [Ai(0) p*p” + &i(0) M g**], (p|Ti#|p) =2M?[A;(0) +4E(0)], (p|T"| p)=2M>

e Any hadron mass decomposition should depend on at most two quantities




ETM from QCD

QCD’s Energy-Momentum Tensor (EMT)

L — 1 9
THY — 5 (,'/.D</[A,'I/) 0 - th g/u/ F2 _ /_—/1(1/_—(1‘/. THY — TVH

In the chiral limit (m = 0) classical EMT is traceless
QCD is scale invariant if EMT is traceless — scale-invariant theories can only have massless states

QCD has a trace anomaly, which breaks scale invariance and is therefore responsible
for hadron masses

.“‘-r

This trance anomaly gives trace decomposition (ex, Ji’s mass decomposion)

D [Rd (08 1FD )
Y= l()} — /\/[q == Mg’ - e
p p at rest et S

quark & gluon energies  quark mass  trace anomaly

My,=3(1—-a)M, My=bM, M,=



Proton mass decomposition

Mass Decomposition

/\4 q i ' M m
——

quark & gluon energies quark mass trace anomaly
C g g '

[X.D. Ji, Phys. Rev. Lett. 74, 1071 (1995); X. D. Ji, Phys. Rev. D 52, 271 (1995)]

B FDIRILF—DfF FEHOILRILFE—DR

Quark mass Tt quark energy
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26.8%
Dark Matter

68.3% . RN Ordinary
Dark Energy S Matter

DA -0 & )NUA>
II—A> -3 45—
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Proton mass decomposition

PRI o7 ) = 2[A0) 't + GO Mg, (p| Tkl p) =2M[A0) +45(0)]. (p|TE| p) =22

e Any hadron mass decomposition should depend on at most two quantities

(p a2 B0 x)'p)
= PI(X()P = -+ g T Mn + M,
P‘ P/ at rest = Dl et

quark & gluon energies  quark mass  trace anomaly

K. Tanaka@EIC workshop, A&

M=M+M, M, =(4,,0+C,,(0)M

9.8

04 06 06, 04 _0.2, 0.2 trace anomaly (20%) quark energy (29%)
- 5 5 3
M=(M,-M,)+M,+M, M, =([dxmpy)="2"2pm
03 O 1 06 O. 1 M decomposition
M=(M,-M,—AM )+ M, +(M,—AM_)+(AM,+AM ) wwocmmimo 4
q O 3 m q O 1m g04 g q 0 2 B gluon energy (34%)

S

AM  +AM —1<J.d3x(’82(g) F>+y, g)mz//l//j> :%(M -M,)

0.2 4 g


https://indico3.cns.s.u-tokyo.ac.jp/event/315/contributions/2724/attachments/945/1627/utokyo24_05_29_tanaka.pdf

Proton mass decomposition

Mg + M, 4+ M, + M,

~—~ 00 =

quark & gluon energies quark mass  trace anomaly

a = quark momentum fraction, b = QCD trace anomaly parameter
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Pressure

DVCS from JLab volume 557, pages396-399 (2018) p(r) = / ) dv/—t/—tJo(rv/—1)d(2).

DM =D (1-vm)* s

Repulsive
pressure
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https://www.nature.com/

Pressure

Phys. Rev. Lett. 122, 072003
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FIG. 14 2D display of the quark contribution to the distribution of forces in the proton as a function of the distance from the proton’s
center (Burkert et al., 2021b). The light gray shading and longer arrows indicate areas of stronger forces, the dark shading and shorter
arrows indicate areas of weaker forces. Left panel: Normal forces as a function of distance from the center. The arrows change magnitude
and point always radially outwards. Right panel: Tangential forces as a function of distance from the center. The forces change direction
and magnitude as indicated by the direction and lengths of the arrows. They change sign near 0.4 fm from the proton center.



EoS for neutron star
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Our main result is that the EoS
obtained from the EMT is dominated
by the gluon contribution, the quark
contribution being largely suppressed
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the EoS of dense matter in QCD can
be obtained from first principles,
using ab initio calculations for both
quark and gluon degrees of
freedom. Gluons, in particular,
dominate the EoS, and provide a
trend in the high density regime
which is consistent with the
constraint from LIGO

13


https://arxiv.org/pdf/1812.01479

Pion and Kaon structure
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Gluon Saturation 106

Measure back-to-back hadron(jet) - hadron or hadron(jet) - photon correlations
Suppression of away peak as indication for saturation

()_5()111'1111]lll[lll]lll]ll
[ pr &> 2 GeV mep
e’ [ o rsaines T oep smeared |
™ > T 2 l (, -\.
5 040 "r 7 ‘ eeAu 3
s (L2 2o o tee0t 04 oceAu smeared
2 q . ;
- e 030 ~ .
S V'V 5 =90 GeV
q . :]/ i
> jet-2 o 0.20
0.10
0.00

Other signatures: vector meson production in diffractive processes.



Energy loss in gluon matter

Particle propagation through matter and
transport properties of nuclei

Parton showers and energy loss in cold nuclear matter
g~ ~ 0.02 - 0.14 GeV%/fm
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Energy loss in gluon matter

Particle propagation through matter and
transport properties of nuclei

Parton showers and energy loss in cold nuclear matter
g~ ~ 0.02 - 0.14 GeV%/fm
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Hadronization

How Hadrons are Emerged from Quarks and Gluons?

lons as femtometer sized detectors Mass dependence of hadronization

3 -
i _ —— c—D°
s 1 020202memm u—>m
®e
Y 2
. ~“-
\\‘ ﬁ
E 1.5
1
'Y
o..é*é\é; 2 0.5:
ol

Well controlled hard-scattering kinematics and well known final state

Able to go from production inside medium (low-energy) to production outside of
medium (high energy)

Topics of momentum broadening and color transparency can also be explored
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1 systematic systematic
uncertainty { ﬂ] # uncertainty
|

0.01 <y<0.85,x>0.1,10 fo’
Higher energy : 25 GeVZ Q< 45 GeV: 140 GeV < v < 150 GeV
Lower energy : 8 GeV'< Q<12 GeV’, 32.5 GeV< V < 37.5 GeV

0.0 0.2 0.4 0.6 0.8 1.0
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Exotic hadrons

Weakly bound

>Mw.:

radius, samples large volume of nucleus

.,\

Tightly bound

>‘“”“' -@—. @

Weakly bound hadronic molecule has large Tightly bound compact tetraquark has small radius,
could more easily escape nucleus unscathed

Use eA collisions — nucleus as a filter to differentiate between

Nuclear target A

tightly bound (quark) and molecular states

s 120
$S - e+'%0 e+%2Cu e+'YAu
gg 1 E..‘. ....................................................................... e
$5 o8[
s B

0.6;~ @ °

0.4 @

. ® Compact X(3872)
0'2:_ ® Molecular X(3872)
% 20 40 60 80 100 120 140 160 180 200 220

110

TABLE II: Integrated cross sections (in units of pb) for [ + p — HM+all, where HM =

X(3872), Z.(3900)°/*, Z.(4020), and seven P, states. The listed quantum numbers for these
Constituents JFP(©) COMPASS EicC US-EIC
X (3872) DD* 1++ 19(78) 21(89) 216(904)
Z.(3900)° DD* 17 0.3 x10%(1.2 x 10%) 0.4 x 103(1.3 x 10%) 3.8 x 103(14 x 10%)
Z.(3900)*| D**D° 1t 0.2 x 103(0.9 x 10%) 0.3 x 103(1.0 x 10%) 2.7 x 10%(9.9 x 10%)
Z.(4020)° DED* 17 0.1 x10%(0.5 x 10%) 0.2 x 103(0.6 x 10%) 1.7 x 103(6.3 x 10%)
= 5 ke el i 8.3(29) 19(69) 253(901)
4y DUpE 1 6.2(22) 14(51) 192(679)
P.(4312) .D 3 0.8(4.1) 0.8(4.1) 15(73)
P.(4440) b3 2 g $- 0.6(4.3) 0.7(4.7) 11(79)
P.(4457) 3] o 3 0.5(2.0) 0.6(2.2) 9.9(36)
P.(4380) % 5, 3- 1.6(8.0) 1.6(8.4) 30(155)
P.(4524) XDt 5 0.8(3.6) 0.8(3.9) 14(67)
P,(4518) > D 3- 1.2(6.6) 1.2(6.9) 22(123)
P.(4498) D) B i 2 1.1(9.3) 1.2(9.8) 21(173)

+ Charm and bottom hypernuclei (arXiv:2211.15746) "Z(c.¢'D"){.Z

There will be around X(3872) 4 X 10° events produced per day at US-EIC.

The branching fractions B(X(3872) — J/¢mm) = (3.8 £ 1.2)%, BJ /¥ — 1 +1 —) = 12% and
assuming the detection efficiency to be 50%, then the reconstructed event numbers will be
about 1000 per day for US-EIC. arXiv:2107.12247
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ePIC experiment

Central Barrel

e
& 0°
p/A \
NN 4
'R e
\ -
Scattered electron \’
Particle associated with initial lon N
Particle associated with struck auark

EIC Physics demands ~100% acceptance for all final state
particles (including particles associated with initial ion)



ePIC experiment

K Hadrons B < Electrons

} hadronic calorimeters

ToF, DIRC, RICH detectors

\ MPG & MAPS trackers




ePIC experiment 114

INFTADRS A F&EYEICHESR)

ePIC Detector Concept

Backward 3,;/ é/ \( Forward




ePIC experiment 115

INFSADRF4 K& Y(EICHESR

ePIC Detector Concept
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Backward I S - Forward

Scattered electron
n < -2.5 (mostly)

Electron beam

e-going endcap
Focus on electron
measurement



ePIC experiment 116

INFTADRS A F&EYEICHESR)

eIC Detector Concept
' ' @ —(Q@ Forward

Produced particles
(incl. jets)
mid ~ forward n

Backward

Scattered electron
n < -2.5 (mostly)

e-going endcap
Focus on electron
measurement




ePIC experiment 117

INFSADRF4 K& Y(EICHER

ePIC Detector Concept
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Scattered electron
n < -2.5 (mostly)

e-going endcap
Focus on electron
measurement



Coverage of ePIC € BE

hadrons electrons
inclusive DIS: . semi-inclusive DIS
¢ () scattered lepton
E,/ incoming lepton
e(ku) ee
‘@) virtual photo PR
Y q j:' 6
1 - :—»no
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> X (p,/ S ia
P(pu) uud b u“\no
Detect only the scattered tanoel n”C'BO%mng' sl P,
lepton in the detector Detect the scattered lepton in

coincidence with identified
hadrons/jets

very low Q?
scattered lepton
Bethe-Heitler photons
for luminosity

particles from nuclear
— T Z breakup and
from diffractive reactions

exclusive DIS

Detect scattered lepton,

R identify produced r+§/
Luminosity Detector hadrons/jets and target

Low Q2-Tagger remnants i

Forward Tracking




DIS ¢ mom., 1 < Q%/GeV? < 10

100° 90°

110°

All kinematics for
e+p 18 GeV on 275 GeV

All yields for
JLdt =10 fb™
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Far-Forward/Backward

Zero Degree Calorimeter

Current Design

Main Function:
detection of forward scattered neutrons and y

CLSOEA
T (030630)

Main Function:

L Technology:
bunch-by-bunch |
[Effj;;eBe‘t’Eg_H o ef:focgg'"os'ty EMCAL: 2x2x20 cm® PbWO, or LYSO
HCAL: Steel-SiPM-on-Tile s

Technology:
Pair-spectrometer: each with
2 tracking layers of AC-LGAD
Calorimeter: Tungsten-powder + SciFi
SPACAL

sOoysal
(a0 aw)

Roman Pots and
Off-Momentum Detectors

Main Function:

detection of forward scattered protons and nuclei
Technology:

2 stations with 2 tracking layers each

AC-LGAD / EICROC ( 500x500 pm? pixel)

Main Function:

detection of forward scattered protons and and y
Technology:

# 4 tracking layers each

AC-LGAD / EICROC ( 500x500 pum? pixel)
Synergy with forward ToF

detection of scattered electrons EMCAL: 2x2x20 cm3 PbWO, calorimeter

Technology:

2 stations with 4 tracking layers each (16x18cm?)
Si / Timepix4

Calorimeter: Tungsten-powder + SciFi SPACAL




Far-Forward/Backward

Where do the particles go past the BO?

Ap_r

Transverse Momentum Resolution, -
i

« Off-momentum protons - smaller magnetic ¢
rigidity - greater bending in dipole fields. W7 e
. e N
« Important for any measurement with nuclear g‘:ﬁmm‘)‘;‘\,aed“
\\)
breakup! e’ e .
P (,3(\‘0:0((\3“90

ZDC SiPM-on-tile
Fe/Sc calorimeter
162 cm (8.0 A, 75 X0)

/— 2.8cm
service gap

ZDC LYSO ECAL
7.cm (0.3 A, 6 X0)

carbon-fiber frame
for LYSO crystals

LYSO crystal
(3x3x7 cm3) PCB board with APD sockets

for LYSO readout
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0.16
B & Detector + beam effects Detector Resolution Only
0.14 - o  BO Detector, p =100 GeV/c e B0 Detector, p = 100 GeV/c
TR o BO Detector, p =41 GeV/c m B0 Detector, p =41 GeV/c
N A Roman Pots, p=275GeV/c a  Roman Pots, p = 275 GeV/c
0.12— * v~ Roman Pots, p=100 GeV/c v  Roman Pots, p = 100 GeV/c
- x  OMD, X = 0.5 x OMD,x ~05
- -
01 I .v.’¥r
B o
= ,v,% A
0.08— 7 A
S
= s e
0.06 — 3 2,
B N, R
— A_A. .A.
- TUn A Ay e
0.04— Ml 000, D pABAS
B fn) 00000
- DDDD 00000000000_000
0.02— N W“’m‘w 255" 4 s
E Y-
0 1
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Transverse Momentum, P, [GeV/c]
Ep=100-275 GeV
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8 | -
2 300[- ]
o7
250}
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1oof
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Tracking 122

« MPGD
WRWELL-ECT URWELL-BOT CyMBaL WRWELL-ECT - BOT Length: 340 cm

\ \ « BOT Radius: 72.5 cm

— + AC-LGAD

» ToF: Part of PID

AC-LGAD Endcap

e\ W——
i P A———

SVT Endcaps SVT OB SVT IB SVT Endcaps AC-LGAD Barrel




Tracking : MAPS

300 mm wafers

7

1/14/2023

from reticle-size to wafer-size

nwell collection
NMOS PMOS olectrode 8 1.8
MOSS-4_W24B5_T6
7 1.7 Pitch: 22.5 um
Pixel pitch /V12 Type: 5 um gap
''''''''''''''''''''''''''''''''''''''''''''''''''' Ipias = 62 DAC
6 - . i i - 169 Ibiasn =100 DAC
€ e lreset = 10 DAC
= o Igp =50 DAC
S5 154 Vehirt = 192 DAC
] o Veasn = 64 DAC
%4 145 Vpsub =0V (via 0 Q)
a T Strobe length: 6 ps
= - = T=30°C
© ;R =B =
8 3 T Ht B 1.3 g
2 a-ET B @  —#— Spatial resolution
0 2 e P T L 1 2% -4-- Average cluster size
== :__E_=_mr_—-m' . .
5,‘—:%:':’:%'___@/’&] ALICE ITS3 beam test preliminary, Reg!on 9
1 & @ CERN PS September 2023, 11 —#— Region 1
10 GeV/c hadrons, : —#— Region 2
Plotted on 23 Nov 2023 Region 3
0- Association window radius: 150 um. Masked pixels per region: (1,0,0, 0,)' I ! 1.0 egion
0 5 10 15 20 25 30 35 40

Vcasb (DAC)



Calrimeter

Calorimetr

Backwards HCal
Steel/Sc Sandwich
tail catcher

External structure &
cooling

cooling plates

Cables

Layers of AstroPix

beam pipe

Internal structure &
cooling

read-out boards

PbWO, crystal &
internal support structure
universal support frame  p|r¢C bars

Backwards EMCal
PbWo04 crystals, SiPM
photosensor

August 4th, 2023

Barrel HCAL
(sPHENIX re-use)

sensors with
0.5 x 0.5 mm
pixel size

Layers of ScFi in Pb
with two-sided SiPM readout

{\

BM Tower
Composite
(Outer)

AM Tower
Composite
(Outer)

BM Tower
Composite
(nner)

4M Tower
Composite
(Inner)

WOF 3 |!

at epPIC’

High granularity
W/SciFi EMCal
Longitudinally separated
HCAL with high-n insert

AstroPix v3: Design and Fabrication

Pixel Matrix:

500um? Pixel Pitch, 300um? Pixel Size
35 x 35 pixels
first 3 cols PMOS amplifier others
NMOS
Pixel Comparator Outputs Row/
Column OR wired
Goal

o Pixel Dynamic Range 20keV

700keV
o Noise Floor 5 keV (2%@662keV)

AstroPix
wonas frst

at epIC’

Daniel Brandenburg | ePIC Co

Taporaton

21



Calrimeter 195

plots by N. Schmidt
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Particle identification 194
Pa rtiC|e | D Dual-Radiator RICH(dRICH)

Fused silica Fused silica
prism

High-Performance DIRC
. Quartz bar radiator (BaBAR bars)
. light detection with MCP-PMTs
N Fully focused =
L]

. 1/K 36 separation at 6 GeV/c
Proximity Focused ’

Photon sensor
(pfRICH) Rt
. Long proximity gap (~40 cm) FOCHISIE e world’s firs
3 Aerogel I
D Sensor: LAPPDs I / at epic
. up to 9 GeV/c 36 i/K sep. : - / Sensors S
— / | Mirrors
/
II . C,Fs Gas Volume and Aerogel
g /I . Sensors tiled on spheres (SiPMs)
i / . /K 3o sep. at 50 GeV/c
> . o=
{ E % <°
3; "&\’%1‘0 Foward TOF:
[ : e
e ‘ \ ""
+ ——— aerogel container I ,,,,,,,,
B — — —— acrylic filt \
———— i:;lrcct;niigl mirror AC'LGAD
———= HRPPD sensor plane TOF (~30pS)
\
—————— outer conical mirror \ s
77777777 vessel ([ )
\ /
worilasTirs
at epPlc orld
. Accurate space point for tracking

. forward disk and central barrel
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Particle identification

Particle IDentification needs

1.20

1.15

1.10

1.05

1.00

0.95

o Electrons from photons — 4mt coverage in tracking
o Electrons from charged hadrons — mostly provided by calorimetry
and tracking
e Charged pions, kaons and protons from each other on track level —
Cherenkov detectors
o  Cherenkov detectors, complemented by ToF

127

-3.5--1.0 7 GeV/c 18 GeV/c 100 MeV/c
-1.0-1.0 8-10 GeV/c 8 GeV/c 100 MeV/c
1.0-3.5 50 GeV/c 20 GeV/c 100 MeV/c

—— electron S N PYTHIA e (18) + p(275)
—— pion % L
b | B K 30
—— proton a )
- :f_::_;_: -ﬂ- _; S T
e ~ et e 1 1
L - ™=
e pho
- - -+. -
B . a
1 n
barrel layer N o
10° 10! 02 * - n

dRICH

10 GeV/c positive beam with no selection applied

y (mm)

(gas)

& 10

10

i [ I 111 | il il | | 111 \ 111 | L1l J 111 | 11l | 111 I 111 10—1
-80 -60 —-40 -20 0 20 40 60 80
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Particle identification : AC-LGAD 128

Strip type by BNL Pad type by HPK

_— n++ \ \ S (r
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[=— : i “; | Il
p+ gain layer \ B 8!
p bulk JTE 7 \ - I |
pH+ p bulk o Veam | &
/ : P 3x3 mm2 3x3 mm?
> I > Sensor size Sensor size
= he S = = 100um, 150 um, 200 um
E field Traditional Silicon detector Ultra Fast Silicon Detector E field
WE2 Simulati — 70 FNIAL120 |GeV protlon beanli [ BNILZOZO, 2[20V
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140 - BBA amplifier, CFD = 15%, G ~ 20, Cdet = 6 pF g 60:_ Single-channel timestamp 3
Ramo’s theorem 120 1 —WF2: Jitter+Landau é 505_ Multi-channel timestamp E
@ 100 4 WF2:ditter N
dz G § 80 - -=WF2: Landau = 405~ —_
G 0% 5 6] s e L 30 .
——— —— B o | T e c ]
dt =~ d § - g _;
x 20 | - 2 00 : :
’ 10F- =
0 T T T T T T B 3
e = te 150 20 250 300 7 o 0 o1 oz o3

Thickness [um] arXiv:1704.08666 Track x position [mm]



=  No External trigger

All collision data digitized but aggressively zero suppressed at FEB
Low / zero deadtime

Collision data flow is independent and unidirectional-> no global latency requirements
=  Avoiding hardware trigger avoids complex custom hardware and firmware
= Data volume is reduced as much as possible at each stage ensuring that biases are controlled
= Integrate Al/ML as close as possible to subdetectors > cognizant Detector

Streaming DAQ

Timing
System Dcecm;ﬁ;:r’gr FEB = Front End Electronics Board

RDO = Front End Aggregation & E/O I/F
DAM = Data Aggregation Module

@)

=— RDO . Fiber EBDC = Event Buffer / Data Compressor
I- T
I
= RDO ; W
i_ : EBDC
- ' , Buffer Box
PIC —=— RDO ! m —_— Online
e .
Detector _!- o DAL AL Buffer Box
i_ m EBDC
B
= RDO Network Online BuierBox
s Switch Data Filter 9
= RDO Buffer Box s n:e:gﬂ;{\e\.g
i_ m EBDC .progesgin
= _ Buffer Box srial)|
i- RDO EBDC Onlln.e
1N Data Filter Buffer Box
i_ m EBDC
= RDO —
EBPe Monitoring

Exp. Hall 1 Counting House

N

0(0.5 Tbps) > 0(0.1 Tbps) >

O(2 Pbps) > O(10 Tbps)



Streaming DAQ : ALICE case

130

Synchronous processing of TFData in EPN (250 EPNs, 2000 GPUs)

Asynchronous processin
~3.5TB/s ~0.5TB/s ~0.1 TB/s P “t Raw data decoding TPC Reconstruction Extraction of Calibration Data
. . Data Compression, CTF Creation
g : FLP EPN

""" = SRR i . ( TPC clustering, 2

_____ > S e et IBE2S ®»| tracking, compression
Detector| Ty 2w - i . L (GPU) ) / Input for calibration \

***** > Sl = g U e e S i e s e ) . ¥

1 ) N
----- - S o s ¥ 5 AT TS, MFT] [ Event N T
_____ > EURBRERC S ‘ ' e r clustering Selection | g matihing
_____ - . l

_____ . I FTTTR . . Matching

Detector | N P R @ @ ﬁ _____ _ ‘j _____ . : TRD | " toTRD
S X

___ = Tm—_E TR ) TOF | TOF digitization, " Matching

_____ o N A CTF - CTF, = compression il clustering \ to TOF

----- : ACDs (CFiTres ) ' I
Detector | . @ =« . , e oy v

_____ . . § T y { MCH }—b[ MCH Clustering Residuals for LHC Clock

_____ = s S e e ) SCD calibration phase

. B ( EMCAL }—»{ EMCALcells |- D
' . ‘ R i E e Je aeer e e ' [ BHOS [ O il TRD calibration | CCDB
First Level Event Processing Compressed Time CTFs and Analysis > \ verit, To, EXB
s : j—» cPV i
Processors Nodes Frames on Disk Buffer Object Data on (_cpPv (__CPV Clustering

15 detectors
Data Volume as predicted

Acquisition with 364
equivalent MI50 EPNs

HMPID }
MID digits }
ZDC digits

CTP

2023-10-06 19:21:39
2i6Y3Bq7ENV StfBuilder

& 747 cB

StfSender
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0 FVO PHS HMP MFT TOF CPV ITS
HFDD TPC
RUNNING

PHYSICS

TFBuilder

744 cp/s

DPL in

747 cp/s

Synchronous Processing

CTF Writer
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Japanese Institutes in ePIC

ePIC Institutions ePIC Countries ePIC World Region
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Japanese Institutes in ePIC
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Japanese Institutes in ePIC

133

Japanese team consists of the institutes with different research backgrounds

S NSHINA

Nucleon structure

(AUIERY
YAMAGATA UNIVERSITY

RIKEN Nishina Center for
Accelerator-Based Science

.,.Z7
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s
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e

W
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NIHON UNIVERSITY

N

(COMPASS/AMBER, RHIC, SeaQuest, SpinQuest)

\_

High-Energy particle physics
(ZEUS@HERA, ATLAS@LHC)

~ SHINSHU
)~ UNIVERSITY

%

Heavy-lon Physics
((s)PHENIX@RHIC, ALICE@LHC)

~

» Center for Nuclear Study

The University of Tokyo

psy University of Tsukuba

National Uni ty Co
‘ Tsukuba Umversny of Technology

ESRVAY =27 IN

Q/ mRLTKRF

Nara Women’s University
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Japanese contributions

3.5m n=0 5.0m

3.2m

1

Backwards HCAL
VOH41 piemiod

|
A

Far-Forward (h-going)

PbWO04
EMCAL

Si Tracking

Roman Pots

Off-Momentum Detectors

Focusing Quadrupoles

BOpf combined function magnet

Japanese contributions

e Barrel AC-LGAD TOF and ZDC R&D and construction
* Streaming DAQ and online data filter

AC' LGA D R& D Barrel T ,,,,__ i o R ‘ AMD Zynq 7000 SoC ZC706 evaluation kit |

DC contact

AC pad #1 AC pad #2 AC pad #3

resistive n* pt-gain

p-Si AC-LGAD

EICROCO
mezzanine board

Streaming DAQ
online data filter by
FPGA/GPU/CPU

EBDC Online Buffer Box

EBDC Data Filter B e,

Buffer Box

EBDC Online

i Data Filter
EBDC Switch Buffer Box

Buffer Box

EBDC Online

In collaboration with
Data Filter
SPADI-Alliance in Japan L —
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