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Goal or question

= With Detector | at IP6 as the default, what are the physics
opportunities for Detector |l at IP8?

IR12

Polarimeters 41 GeV Arc

Possible Detector

Source: Pre-Conceptional Design Report, 2019




References

Shamelessly use figures/plots from these references

€ )

SCIENCE REQUIREMENTS
AND DETECTOR
CONCEPTS FOR THE
ELECTRON-ION COLLIDER

EIC Yellow Report

Precision Studies of QCD in the Low Energy
Domain of the EIC

A. Afanasev,! C. Alexandrou? H. Avagyan? J. Arrington,! J.C. Bernauer,"® V.D. Burkert,* D Byers,”

M. Constantinon,* M. Contalbrigo, W. Cosyn, %11 C. Cocuzza,* A. Courtoy,? A. Deshpande,? C. Dilks,” R.
Dupré,*® L. Elouadrhiri,* A. Freese,' B.R. Gamage,® H. Gao,” F.X. Girod,® D.I Glazier,"® Y. Hatta,'® O.
Hen,'” C. Hyde,'® G. M. Huber,"® B. Jacak,* A. Jentsch,'® X. Ji,?"?' S, Joosten,?? Z. Kang,* 2% S, Klein,* B,
Kriosten,”" K. Kumericki,2® W. Li,”” K.F. Liu® S. Liuti,2> M. McEncaney,” R. McKeown,? Z.E. Meziani 2
R. Milner,'” V. Morozov,® H. Moutarde,* C. Munos,?? P. Nadel-Turonski,2* Y. Oh,3%3¢ C. Pecar,” A.
Pilloni,** # A. Prokudin,*": J-W. Qiu,® D. Richards,® F. Ringer,*® F. Sabatié*! N. Sato,? T. Satogata,®
B. Schmookler,® R. Seidl,**-¢ K. Shiells?" A. Signori,*!: 2% H. Spiesberger,** A. Szczepaniak,*? J. Terry,2:24

A. Vladimirov,*> A. Vossen,”? E. Voutier,!* D. Wilson,* D. Winney,# F. Yuan, L. Zahed,” Y. Zhang, and more...

The George Washington University, Washington, DC 20052
’Ummxey f Cuprus, Depariment o Physics, CY-1678 Nicosia Tie Cyprus Ittt OY-1645 Niosin
omas Jefferson National Accelerator mey, Newport News, Virginia 23606, USA
“Lawrence Berkeley National Laboratory, Berkeley, CA 94720, USA
SStony Brook Universty, Stom, Brook, NY 11704, US:
CRIKEN BNI, Rescarch Center, Brookhaven National Laboratory, Upton, New York 11973-5000, USA
"Duke University, Durham, NC 27708, USA
® Temple Ummsw Phiadciphis, Pennsyianic xmz UsA
INFN Ferrara, 44122 Ferrara, Ital
*0Florida International Uniersity, Depariment of Physics, Mmm!, FL 33199, USA
1 Ghent University, Department of Physics and Astronomy, B9000 Ghent, Belgium
“Instituto de Fisica, Universidad Nacional Autdnoma de Mesico, Apartado Postal 0-56/,
1000 Ciudad de Meézico,
*Liaboratoire de Physique Joliot-Curic, CNRS- mepy Université Paris-Saclay
4 University of Washington, Department of Physics BAG4, Seattle, USA
epartment of Physics, Brookhaven National Laboratory, Upton, NY 11973, USA
“SUPA Sch.aal of Physics and Astronomy, Umvzrmty a] Glasgow, Glasgou, G12 8QQ UK.
fassachusetts Tnstitute of Technology, Massachusetts 02139, USA
50l Domivion University, Department of P;wms, 600 Erorn e, Nosfil, VA; 3529
1 University of Regina, Regina, SK S4S 042 Can
University of Maryland, College Park, MD 20742
* Center for. Nuclear Pemiography, 1201 New York Avene, Washingtor DC 20005
rgonne National Laboratory, Lemont, Tilinois 60439, USA
 Department af Physics and Astronomy, University of California, Los Angeles, USA
Mani L. Bhaumik Institute for Theoretical Physics, University of California, Los Angeles, USA
“ Center for Frontiers in Nuclear Science, Stony Brook University, Stony Brook, USA
i Zagreb, Devision of Theoretical Physics, Croatia
¥ The College of William and Mary, Williomsbury, Virginia 23185, USA

*IRFU CEA-Saclay, 91191 Gif sur Yvette, France
2 Université Paris-Sud 11, Orsay, Fro
% Department of Physics, Kyungpook National Uriversity Dacg 41506, Korea
*Asia Pacific Center for Theoretical Physics, Pohang, Gycongbuk 37675, Korea
INEN Scaione di Cutani, L5183 Catanio, Tily
di Scienze Mo Seieae Fsiche ¢ Sckue della Terra,
Universta’ deghs Studs di Measina, LISIES Mestins,
# Science Division, Penn State Universily Berks, Reading, Pmnsyhmnm 19610, USA
S8C.N. Yang Institute for Theorctical Physics, Stony Brook University, Stony Brack, NV 11734, USA
* University of California, Riverside, Department of Physics and Astro
“RIKEN Nishina Center for Accelerator-Based Science, Wako, Saitama 351- 0198, Japan
qun:m:nh di Fisica, Universita di Pavia, Pam, Ttaly
'N, Sezione di Pavia, Pavia, I
“Institut fiir Physik, Institut s Kmphynk Johannes- ammwumumm D-55099 Mainz, Germany
na_University, Bloomington, Indiar
® Institut fiir Thmmuchz iy, Universiit Regonshug, D- ymp Regensbury, Germany
DAMTP, University of Cambridge,

arXiv:2203.13199v1 [hep-ph] 24 Mar 2022

FERMILAB-PUB-22-125-QIS-SCD-T

Snowmass 2021 White Paper:
Electron Ion Collider for High Energy Physics

R. Abdul Khalek,' U. D'Alesio,* Miguel Arratia,*>* A. Bacchetta,® M. Battaglieri,”' M. Begel.* M. Boglione,®
R. Boughezal,° Renaud Boussarie,™:* G. Bozzi,'>* S. V. Chekanov, " F. G. Celiberto," %1% G. Chirilli,'®
T. Cridge,” R. Cruz-Torres,"® R. Corliss, 2" C. Cotton,' H. Davoudiasl,® A. Deshpande,* Xin
Dong,!*:* A. Emmert,2' S, Fazio,* S. Forte,? Yulia Furletova,!* Ciprian Gal.2%20-* Claire Gwenlan,2¢:*
V. Guzey® L. A. Harland-Lang** L. Helenius,*"-?* M. Hentschinski,* Timothy J. Hobbs,**%!:* S. Hache,*
T.-J. Hou,* Y. Ji,"® X. Jing,* M. Kelsey,* ' M. Klasen,*® Zhong-Bo Kang,*"-3*2* Y. V. Kovchegov,**
K.S. Kumar,” Tuomas Lappi,”"?* * K. Lee,"!:#? Yen-Jie Lee,*% 4. * H.T. Li,* %47 X. Li * H-W. Lin,*
H. Lin,* Z. L. Lin® S. Liuti, ! C. Lorcé,” E. Lunghi,* R. Marcarelli* S. Magill,** Y. Makris *

S. Mantry,% W. Melnitchouk,! C. Mezrag 7 S. Moch,® H. Moutarde,5” Swagato Mukherjee,$: ! F. Murgia,®
B. Nachman,** % P. M. Nadolsky,® J.D. Nam,® D. Neill®* E.T. Neill,* E. Nocera,** M. Nycz,?*

F. Olness,”* F. Petriello, 7 D. Pitonyak,% S. Plitzer,% Stefan Prestel,%” * Alexei Prokudin,®**:* J. Qin,!

M. Radici® S. Radhakrishnan,*'* A. Sadofyev,™ J. Rojo,”" F. Ringer,™ ' Farid Salazar 7,35 74 7%, =
N. Sato,! Bjorn Schenke,* * Séren Schlichting,™ * P. Schweitzer,” S. J. Sekula,™ * D. Y. Shao,™
N. Sherrill # E. Sichtermann,!* A. Signori® K. $imsek,*! A. Simonelli? P. Sznajder.*? K. Tezgin

R. S. Thomne,'” A. Tricoli,* R. Venugopalan,® A. Vladimirov,** Alessandro Vicini,?* Ivan Vitev,*-*
D. Wiegand,* C.-P. Wong,** K. Xie,"” M. Zaccheddu,>* Y. Zhao,* J. Zhang,** X. Zheng,*' and P. Zurita®
* Thomas Jefferson National Accelerator Facility, Newport News, VA 23606, USA
2 Dipartimento di Fisica, Universita di Cagliari, Cittadella Universitaria, 1-09042 Mmtmllo (CA), Italy
SINEN, Sesione di Cagliari, Cittadella Universitaria, 1-09042 Monserrato (CA), It
“Department of Physics and Astronomy, University of California, Riverside, California, mn UsA
Thomas Jefferson National Accelerator Facility, Newport Neus, Virginia 23606, USA
“Dipartimento di Fisica, Uriversia di Pavia, INFN-Sesione Pavia, 1-27100 Pavia, Italy
7INEN, Sezione di Genova, 16146 Genova, Italy
®Physics Department, Brookhaven National Laboratory, Upton, Ntw York 11973, USA
" Dipartimento di Fisica, Universita di Torino, INFN-Secione Torino, ltaly
*°High Energy Physics Division, Argonne National Argonne, 1L 60439, USA
5 CPHT, CNRS, Ecols Polylechnigue, sttt Polytechnigue de ‘Port, 91138 Palatses, France
" Dipartimento di Fisica, Universit'a di Cagliari,
Cittadella. Universitaria, 1-09042 Monserrato (CA), Ita
 Buropean Centre for Theoretical Stuies in Nuclcar Physics and Related Areas (Ecm, v Jm.v Villazzano, Trento, Italy
tazione Bruno Kessler (FBK), 1-35125 Povo, Trento, It
U INEN-TIFPA Trento Institute of Fundamental Physics and Applications, 1-35123 Pove, Trento, ltaly
n.hLulg for Theorticn Phyics, Unveriy of Regensbur,
iversititsstrasse 31, D-93040 Regensbury, Germany
¥ Department, %4 Physics and Astronamy, Univesity Gollege London, London, WOLE 68T, UK
aurence ey Netinal Lafortar, Berele, CA $47E8, USA
% Department of I’huam and Alenmy, Stony Brook University, Stony Brook, New York 11794, USA
*Center for Frontiers in Nuclear Science, Stony Brook Universiy, Stomy Brook, New Yook 179, USA
" Univaraity of Virginia, Charlotesvlle, Viginia 8290,
*Dipartimento di Fiigs, Univerid degk Stads s Milno and INFY, Secone i Mins 180199 Milano, lly
ississippi State. University, Mississippi State, MS 39762, USA
“ Ocford llmutr.nly Oxford, OX1 3PU, UK

*Rudolf Peigrls Centre, Beccroft Building, Parks Road, Osford, OX1 3PU
University of Jyvaskyla, Department of Physics,
P o Boz 35, FI-40014 University of Jyvaskyla, Finland
* Helsinks Institute  of Physics P.O. Bos ), FLO0OI, Univerity of Heluins, Filond
epartamento de Actuaria, Fisica y Maty
Univeridad de los Amérios Pucble T acieni Sota Cotria M /N, San s Chlale 72820 Puchs, Mesico
i National Accelerator Laboratory, Batavia, L 60510,
“Departmzvu o Phaois, Minois Togkhua of Doiiology, Chinage, I sam, UsA
rmi National Accelerator Laboratory, Batavia, llinois 60510, USA
% Department of Physics, College of Sciences, Northeastern University, Shenykang 110819, China

A Department of Physics, Southern Methodist. University, Dallas, TX 75275-0175, U.S.A.

S Wayne State University, Detroit, MI 48202, USA




EIC Scientific Pillars

% Quantum Imaging of protons and nuclei
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% A new form of matter - color glass condensate

Low Energy High Energy

parton
man new
Proton Ier ons Proton
(%0, Q) are produced (x, Q2)

“Color Glass Condensate”

s Particle propagation in cold nuclear matter




Kinematics coverage

= Examine the science requiring high luminosity at low to medium
center of mass energies (20 to 60 GeV)

= Complimentary to high CM energy (140 GeV): constraints at high x and
relatively smaller Q

= Such a region is also essential for EIC scientific goals
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10*E  Current polarized DIS data:
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current polarized BNL-RHIC pp data:
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Quantum imaging

= Wigner distributions: a quantum version of phase-space distribution

Wi(x,b; ky)
Wigner Distributions
b, <—>A £=0
3D flx,ky) fleby) Y H(x 0,f)) == H(KSE)
transverse momentum impact parameter --&° generalized parton
distributions (TMDs) distributions distributions (GPDs)
semi-inclusive processes exclusive processes
d’k d’ dx dxx™
f(x) | E(t) Ao (1) +4EA, () +....
parton densities form factors generalized form
inclusive and semi-inclusive processes elastic scattering factors

lattice calculations
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FIG. 8. Compton form factors ImH and ReH extracted at local xp values from simulated DVCS events at different CM beam
energies, /s = 28 GeV (LOW) and /s = 140 GeV (HIGH). The dark shaded bands represent the reach and the uncertainties
at the lower CM-energy. The lighter shaded bands represent the higher CM-energy. The xp regions labeled LOW can only be
covered at the low CM-energy with reasonable uncertainties. The xp region labeled HIGH can only be reached with the high
CM-energy. The widths of the bands indicate the estimated uncertainties due to overall reconstruction effects, statistics and
systematic uncertainties. For each of the two CM-energies a combined integrated luminosity of 200 fb~* equally split between
longitudinally polarized and transversely polarized proton runs is assumed. At xp > 0.1 smaller uncertainties can be achieved
at the low CM-energy, which provides overlapping zp kinematics with the JLab 12 GeV experiments (not shown). The region
zp < 2 x 1072 can only be reached at the high CM-energy.




TMDs: Collins effect

https://arxiv.org/abs/2101.06200
ImpaCt Of EIC (from YR) Gamberg, Kang, Pitonyak, Prokudin, NS, Seidl
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significant constraints :



TMDs: Sivers effect
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FIG. 22. Comparison of relative uncertainty bands for unpolarized u-quark TMD PDFs at different values of b as a function
of z. Lighter blue band is the impact of 18 x 275 data, light brown band is the impact of 5 x 41 EIC pseudo data. The dataset
used for these projections is the same as used for the Yellow Report [8]. In particular all energy options use the same integrated
luminosity.




TMD evolution

= Just like collinear PDFs, TMDs also depend on the scale of the

probe = evolution

Collinear PDFs

F(z,Q)
v" DGLAP evolution

v’ Resum [053 ln(QQ/ILLQ)] .

v' Kernel: purely perturbative

TMDs
F(ZE, kJ_? Q)

v' Collins-Soper/rapidity
evolution equation

v" Resum [Ozs 1H2(Q2/ki)] .

v' Kernel: can be non-
perturbative when k1 ~ Agcp

F(.’E, kJ_a Q’L)
RTMD(ZU7 kJ_a Qia Qf)

F(CE, kJ_a Qf)




TMD evolution: low vs high Q

= On one hand, we need large enough Q to make sure TMD
factorization work, need both small Q and large Q data to better
constrain the TMD evolution

How smaller polarized asymmetries at IR1 vs. IR2
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A. Vladimirov, 2021




Another example

= Lambda polarization in SIDIS
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Color Glass Condensate

RHIC
x ~ 1 LHC r <1

/
= A dilute system = A dense system
= Probes interact = Probes interact

iIndependently coherently
4.0
CTEQ 6.5 parton
~— 3.5} distribution functions

Q? =10 GeV?

.

8

— 2.5[Gluons dominate the soft constituents o
“’g -2 [But density must saturate...

n distribution




Rapid recent progress in the field

Uplifting saturation physics to NLO

Recent developments

Hadron production in A
DIS structure functions P PP (PA)
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Many recent developments pushing saturations physics to NLO

Diffractive structure functions Dijet production in DIS Caucal, FS, Venugopalan (2021)
Massive structure functions Jet production in pA Liu, Xie, Kang, Liu (2022)
Exclusive vector meson production in DIS Dijet production in photo-production Taels et al (2022)

Jyviskyld group (Lappi et al, 2020-2022) Dihadron production in DIS  Bergabo, Jalilian-Marian(2022)




Key questions

= Where and how does the transition from a dilute parton system to
a saturated gluon-dominated state occur?

= What are the properties of such a dense gluon regime?

1
Y=In—
x

In Q?




Different physics at different regions??

= Enhancement at large x and suppression at small x?

Nuclear modification of charged
particle production

: L

7<Q2 <10 GeV/c?

0:
10° 107 10®* 102 102 107

X exp

Enhancement (backward region)
vs suppression (forward region)

LHCb Collaboration.
Phys. Rev. Lett. 128, 142004




Current theory

= Connection among them? How to unified the formalisms?

CGC/shock-wave formalism

High-twist
formalism

Collinear
factorization

In Q?




Transition

e
In the CGC the differential cross-section is a convolution of a
e perturbative factor and correlators of products of Wilson lines
q p 4 k4 LN N
j——— i + jgbg- i = i
q E
X

Aa Aa Aa Aa

} X Wilson line resums multiple scatterings
P
Vij(z) = Pexp {ig/dz_A:;’a(m,m_)t“}

= Understand how physics evolves

o AN e AN <

N
nucleon/nucleus [—

= Multiple scattering expansion formalism for incoherent interaction

2 2\ \ 2

~

attering + double scattering +...



A unified framework for dilute-dense dynamics

Matching between high-twist and CGC formalism: open up shock-wave
+ ..
+..
leading twist high-twist
CGC missing diagram > Can be recovered by
to match to high-twist keeping “sub-eikonal” phase
in preparation (2208.XXXX) with Yu Fu,
12 Zhongbo Kang, Xin-Nian Wang, Hongxi Xing




Come back: the main point

= |n order to unambiguously identify the gluon saturation region,
one needs both low x (dense) and high x (transition) regions

= Detector Il would perfectly serve such a purpose

CGC/shock-wave formalism

High-twist
formalism

Collinear
factorization

In Q?




Hadron propagation in nuclel

= Nuclear TMD PDFs and TMD FFs
= Similar to nuclear collinear PDFs idea (EKS98, EPPS16, etc)

=  Use the same TMD factorization for hadron production in e+A, except replacing
with nuclear TMDs [via broadening parameters]
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Alrashed, Anderle, Kang, Terry, Xin




Nuclear modification is larger at smaller Q

= Predictions at different Q and x

0.9

T T T I T T T
[ Il EIC, Q% =100 GeV?, z =0.05, A = Au
-l EIC, Q?>=4GeV?, z=0.05 A= Au
0.8 [ M JLab, Q> =2.5GeV?, 2 =04, A=Pb

Phl (GCV)

FIG. 4. Prediction for SIDIS 7" production at the future EIC
and JLab at z = 0.4. The light and dark bands are the same
as in Fig. 2.




EW/BSM physics

= Weak mixing angle

= Data point of different CM energies can be combined, or the Q2-dependence of
the EW parameter can be explored

0-25_"|""|""|""|""|""|""|" 0-25_"|""|""|"'~|""|""|""|"
| ——— ep:5GeVx 100 GeV 368 o N D: 5 GeV/ x 100 GeViu 36.8 b

L —a— ep: 1oc.vuooe.vu.av§'" EIC/ECCE Projection g o ® oD:10 GoV x 100 GoVi 44.8 1" EIC/ECCE Projection -
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b 0.24— } S| b 0.24— { 7
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FIG. 3. From [4]: Projected results for sin®6@yw using ep (left, solid magenta markers) and eD (right, solid cyan markers)
collision data and the nominal annual luminosity given in Table 10.1 of the Yellow Report [3], along with existing world data
(red solid circles). Data points for Tevatron and LHC are shifted horizontally for clarity. Result from combining 100 fb~!
ep 18 x 275 GeV and 10 fb~' eD 18 x 137 GeV is also shown and is called the " YR reference point” (blue diamond). The
PDF uncertainty is from CT18NLO. The electron beam polarization is assumed to be 80% with a relative 1% uncertainty.
The inner error bars show the combined uncertainty from statistical and 1% uncorrelated background effect; the median error
bars show the experimental uncertainty that includes statistical, 1% uncorrelated background, and 1% electron polarimetry.
The outer-most error bars (which almost coincide with the median error bars) include all the above and the PDF uncertainty
evaluated using the CT18NLO sets. Results evaluated with the MMHT2014 and NNPDF31NLO sets are similar. Also shown
are the expected precision from P2 [11], MOLLER ([12] and SoLID [13] PVDIS [14, 15], respectively. The script used to produce
this plot was inherited from [16], and the scale dependence of the weak mixing angle expected in the SM (blue curve) is defined
in the modified minimal subtraction scheme (MS scheme) [17].




Dark matter at EIC

= Dark matter exist (observed via gravity)

ENERGY DISTRIBUTION
OF THE UNIVERSE

DARK

DARK
MATTER

NORMAL MATTER

= How to look for dark matter 1608.08632

Dark sectors typically include one or more mediator particles coupled to the SM via a
portal. The portal relevant for dark sector-SM interactions depends on the mediator spin
and parity: it can be a scalar ¢, a pseudoscalar a, a fermion NV, or a vector A’. The gauge and
Lorentz symmetries of the SM greatly restrict the ways in which the mediator can couple to
the SM. The dominant interactions between the SM and these mediators are therefore the
following SM gauge singlet operators:

'—ﬁ B, F'", vector portal Dark photon

w

LD ¢ (np + \p*)H'H | Higgs portal (1)
ynLHN | neutrino portal
\ j%aF,wF*“’ , axion portal.




Dark photon search

= Dark photon at EIC

Dark Photon Exclusions from Visible Decay
102

103

1074
Smeared MC 100fb—!

20x250 beay ?

10—6

! L T SR N N

10°

FIG. 10. Dark photon mass and coupling strength for a benchmark ep — epA’ — epee™ search. The solid red line reflects the
curve above which a dark photon could be excluded at 20 with 100 fb~! of data. Performance is shown without cuts to enhance
signal, and without hadronic background contributions. Effects due to structures in the branching ratio are not represented,
but will follow similar structures in existing measurements. The solid gray area represents the region excluded by BABAR’s
existing search, while the thin gray lines represent projections for Belle II (leptonic, left) and LHCb (hadronic, right) regions
excluded through existing leptonic searches. Further details are in the text.




Conclusions

There is absolutely no doubt that a second detector can offer
additional/complimentary physics opportunities [along three
major EIC science thrusts + also EW/BSM physics]

= Quantum imaging
=  (Color Glass Condensate

=  (Cold nuclear matter effect
= EW/BSM physics
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