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Electron-lon Collider (EIC) program via:

* Predision QCD « Electroweak/neutrino phenomenology
* Monte Carlo Event Generators « BSM physics searches
- Lattice QCD * Machine learning & computation




the quest to understand the structure of matter has been a series of lurches
to successively smaller length scales

molecular theory, gold nucleus, neutron,
atomic hypothesis, < 10™*m <10 %m ~75% 10" m ~ 10~ 15 m
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this history of advances has led to (an incomplete!) understanding of visible
matter; many more “known unknowns” must exist.

—> a vast enterprise now in motion to identify
dark matter (or test the Standard Model [SM]):

“direct detection,” e.g., CDMS
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it's 2019, and the Standard Model has been phenomenally successful
(frustratingly??)

Standard Model Production Cross Section Measurements  staws:July 2017 [Ldt
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the view from particle physics: the big data era has arrived.
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= with the completion
of Run-2, LHC has
accumulated
copious data
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coming!
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= this data is an opportunity, but also a challenge
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...we now imbibe from the HEP data “firehose,” and all the more so soon...



drinking from a firehose is both an art and a science

)

“the bad way” ‘a better way, but...

» 35 accumulated HEP data sets approach O(1 ab™), more sophisticated
inputs/approaches will be required to leverage all the data

a holistic
combination
of approaches
Is preferred

— machine learning techniques, advanced statistics

— experimental benchmarks (e.g., EIC - this talk) >

— opportunities in qguantum computing...



...and having complementary approaches avoids pitfalls

— Google Images identifies a small Maltese dog in two pictures:

Tulu Khatiwada-Hobbs

N - "B lesson: machine learning %
| P 4 alone will not resolve all
L/ -l ambiguities in interpreting
Ly HEP data

—> similarly, more of
the same data does not
always help!




how do we make sense of high-energy data anyway?

— a complex interplay of measurement, analysis, and theoretical calculation

computing a typical process at the LHC requires perturbative matrix elements
and nonperturbative parton distribution functions (PDFs)

O(AB — W/Z—I—X) — Z O‘?(M%{) Z/dﬂ?adxb for EW boson pp production
n a,b

2\ ~(n) A2 2 2
(see talk, Campbell.) X fa/A(zEaa K ) Oab—)W/Z—I—X (Sa K :LLR) fb/B (ajba K )
: :
pQCD matrix elements unpolarized nucleon PDFs
faya(za) NOTE! Any process involving
identified hadrons depends on
nonperturbative information -
A B either PDFs or analogous functions
Ty Ly
a __ Dby
b fo(x) Th = 5
] B

W/ Z probability to find parton (quark/gluon) b
carrying long. momentum x_ of hadron B ¢



why does this work? the remarkable properties of QCD!

the B-function of QCD is negative-definite,

)

> =—(bpaz+...) <0

quark-gluon interactions become weak at
David J. Gross H. David Politzer Frank Wilczek high energies (asymptotic freedom),
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021 interactions are strong, and
dynamics are inherently
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Q [GeV]

fundamental question: how does QCD, which so successfully describes high-energy
processes, give rise to the emergent properties of low-energy bound states?

— the chief motivation for the Electron-lon Collider (EIC) 10



QCD analyses operationalize this physics into global fits

= PDFs (& analogous distributions) are nonpertubative hadronic matrix elements,

Funlei®) = [ e [0y U 0)000) |
+

challenging to compute from

|
QCD! there are lattice QCD
developments
(see talks, Liu & Kronfeld.)

Amy: Maybe you could make your
new field of study the
calculation of nuclear matrix
elements.

Sheldon: Oh, please!

‘The Big Bang Theory’

philosophy: lacking a first-principles calculation, fit a flexible parametrization at a
suitable boundary condition for QCD evolution:

fq/p(ajv :LLQ — Qg) — aquaql (1 - x)an P[wv {a’qn—3}]

— perturbatively-calculable evolution then specifies dependence on ,u2 > Q%

— fit the world’s data from a diverse range of scales and processes 11



BUT standard-candle measurements are limited by PDF uncertainties

— this extends to, e.g., o, sin? Ow, mw, ...

— the PDF uncertainties are NOT another ‘theory uncertainty’

ATLAS, 1701.07240 for example:

Channel | mwy+ —my- | Stat. Muon Elec. Recoill Bckg. QCD EW | PDF | Total
[MeV ] Unc. Unc. Unc. Unc. Unc. Unc. Unc. | Unc. | Unc.

W — ev —-29.7 17.5 0.0 49 0.9 5.4 0.5 0.0 | 24.1 | 30.7
W — uv —28.6 16.3 11.7 0.0 1.1 5.0 0.4 0.0 | 26.0 | 33.2
Combined —-29.2 12.8 3.3 41 1.0 4.5 0.4 0.0 | 23.9 | 28.0

— rather, they are fundamental gaps in empirical knowledge

— frontier efforts at the HL-LHC, LBNF aim for (sub)percent precision

— this CANNOT be achieved without systematically dealing
with these uncertainties.

— this must be a primary objective of US-HEP 19



CT18 parton distributions .

PDF analyses are challenging! (theoretically, computationally, statistically, ... )

Four PDF ensembles: CT18 (default), A, X, and Z
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= 2 primary activity of the CTEQ collaborations (above, CT) is the
determination of the proton and nuclear PDFs needed for HEP analyses

— impacts on SM predictions are a central concern
13



Higgs, g(x) a typical example: o,, and PDF, o, uncertainties

e there remains considerable dependence (as large as ~13%) upon PDF
paramatrization and running coupling

— the situation is such that precision in Higgs phenom. is
significantly PDF-limited

Accardi et al., EPJC76, 471 (2016).

PDF sets o (H)NNEO - (pb) o (H)NNLO - (pb) o (H)NNLO  (pb)
nominal o (Mz) ug(Mz)=0.115 wg(Mz) =0.118
ABMI12 [2] /7~ 39.80 £0.84 41.62 + 0.46 44.70 + 0.50
CJ15 [1]° 4245101 39,4801 4245708
CT14 [3]° 42.33+143 39.417 ]3¢ (40.10) 4233776
+0.35 +0.32 +0.35
HERAPDF2.0 [4]¢ 42627033 39.6810 35 (40.88) 42,6270
JR14 (dyn) [5] 38.01 + 0.34 39.34 +0.22 42.25+0.24
+0.56 +0.53 +0.56
MMHTI14 [6] 42.36% ¢ 39.437)33 (40.48) 42.3670 3¢
NNPDF3.0 [7] 42.59 + 0.80 39.65 + 0.74 42.59 +0.80
(40.74 + 0.88)
PDF4LHC15 [8] \o 42.42 +0.78 39.49 + 0.73 4242 +0.78

og at NNLO and /s = 13TeV; up = ugp = mpy

— enhancing the discovery potential in the Higgs sector will require
improving these uncertainties!

14



PDF Ratio to CTI4HERA2NNLO
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CT14 — CT18 modestly shifts Higgs cross sections and i
slightly reduces PDF uncertainties ol > >
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PDF induced errors (at 90% CL) are reduced by
about 5% as compared to CT14 predictions.

—» can we disentangle elements of the global analysis responsible for
these improvements? 15



LHC Run-1 gluon PDF impact in CT14 — CT18(Z)
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= while LHC Run-1 data drive important PDF improvements, including for the
gluon at high-, low-z, the effect is relatively incremental

16
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B.-T. Wang, TJH, S. Doyle, J. Gao, T.-J.
Hou, P. M. Nadolsky, F. I. Olness

Phys.Rev. D98 (2018) 094030
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ttbar production, but
smaller numbers of
highly-sensitive points



the compatability of data sets is a crucial issue

— within a given QCD fit, data can pull in competing directions

Lagrange Multiplier scan this is a serious impediment to higher

O C,TTBZ NNLO | . precision in PDF/SM predictions
——Total
30}
NMC rat.
= 0 /]
8 : _E866pp
B \ '+ CCFRF3 ¢ CCFR
= 10k, 1 /LHCbBWZ DD:>
1 . ~_LHCb7ZWrap ® E866
] ~ZyCDF2
-1 BcDMs d ¢ NMC
0 = |\ E866 rat Total
“HERAI+!
T ATLTZW ——
1020 125 130 - 5
Uyal(2=0.03,u=85 GeV) Uval(2=0.03,4=85 GeV)

examine the change in x? as a PDF is continuously
varied away from its fitted central value

Can repeat for s2w, My,...

15 — computing these x?* growth profiles is VERY computationally costly



Ay? (L2 sensitivity)

19

Estimated y“ pulls from experiments
(L, sensitivity, arXiv:1904.00222, v. 2)

CT18 NNLO, g(x, 100 GeV)
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...appearing shortly in Phys. Rev. D

CT18 NNLO, gluon at Q=100 GeV

A stronger

_ - | (anti-)
| Most sensitive experiments .
correlation
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Experiments with large Ay? > 0 [Ay? < 0]
pull g(x, Q) in the negative [positive]
direction at the shown x

Estimated using CT18 Hessian PDFs
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Estimated y“ pulls from experiments
(L, sensitivity, arXiv:1904.00222, v. 2)

CT18 NNLO,

a(x, 100 GeV)
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precise data from EIC sensitive
to the gluon PDF Higgs region
needed to help unravel the
systematic tensions evident here

| Most sensitive experiments
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THIS IS FINE,




we require a high-precision experimental arbiter

— given the landscape of experiments with variable compatibility:
clean, high-statistics DIS collider data from the EIC would
serve as an empirical anchor-point to negotiate tensions

among data

— a historical antecedent exists for this: HERA - the only

previous DIS collider

electron

electron
‘\
Va3
- TS,
*— - i
4
electron = L
- ‘ ---------- i
-+
L ]
YA
neutrino

the need to
describe a wide
reach of DIS
data provides a
kinematical
lever arm’ on
QCD evolution
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the view from hadronic physics: era of tomography

= the present moment is in many ways reminiscent of the situation in atomic
structure theory in the early 20" Century:

Jeong et al.,, PRB93, 165140 (2016). Accardi et al., EPJA52 (2016) no.9, 268.

u quark

o
o

O
O

Momentum along y axis (GeV)
o

Sr STEM simulated image -0.5 0 0.5
Momentum along x axis (GeV)

= much as a synthesis of quantum mechanics, electromagnetism, and microscopy
deliver modern mapping of atomic structure, a union of high-level theory,
QCD, and "femtoscopy" promises multidimensional imaging of hadron
structure

... thisis enshrined in the 2015 Nuclear Science Advisory Committee LRP

21 —» AND motivation for JLab12, RHIC program, and EIC



EIC Is the essential future tool for hadron tomography and QCD

following an expansive community effort

, SCIENCES
teims | monesne: THE NATIONAL ACADEMIES PRESS
This PDF Is avallable at http://nap.edu/25171 SHARE

Summer 2018

An Assessment of U.S.-Based Electron-lon Collider Science

‘In summary, the committee finds a compelling scientific case for such a facility. The science
questions that an EIC will answer are central to completing an understanding of atoms as well as being
integral to the agenda of nuclear physics today.”

“Top-level” physics objectives — connecting the bulk properties of hadrons to a
parton-level description:

— the origin of nucleon mass and spin in partonic degrees of free%om
— understanding gluonic systems in the high-density limit XP/’\E °

99 — imaging the nucleon’s multi-dimensional structure



a full understanding of QCD bound states is still forthcoming

— e.g., the Higgs mechanism accounts for very little of the mass of the visible
universe

| Higgs mechanism \ Dynamics of gluons

M Gluon Energy 55%
m Quark Energy 44%
Quark Mass 1%

@ \
Quarks &

Mass =1.78x1026 g

Proton
% Mass =168x1026 g
\

—~ )
~ 1% of proton mass . 99% of proton mass

Fig. 2.1 NAS Report

QCD has a gap equation through which the dynamics of chiral
symmetry breaking generate large masses, e.g., of the bound quark

—al
_1 1 lan Cloét
() > — > + O

— the full mass decomposition involves multiple contributions,
M, = Eq+ Eg + Xm, + 1

23 ...direct measurement can resolve contribution from quark-gluon motion

Y. Nambu



an array of other fundamental QCD issues must be tested; e.g.:

—> can we come up with the spin of the proton from quarks/gluons??

1 1
quark  gluon orbital angular
(see talk, Boughezal.) spin spin momentum

— how do nucleons deform once embedded inside a nucleus (medium effects)?
(see talks, Zurek, Li, Loizides.)

answering these (and other) questions requires knowing
how quarks/gluons are distributed in more than 1D

(see talk, Bozzi.) o0

/I,/"r T

L || H‘““ fq(a:,kT)_&_ﬂ

l.e., related to the PDFs

) transverse momentum dependence!



the EIC will be a very high-luminosity DIS collider

Jefferson Lab concept, JLEIC

"-ﬁ

’ N
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l' \ JLEIC ElC
I . Collider
Collider Rings
‘\ Rings
AN N
\." — S
,l
Electron Injector
Hall D

12 GeV CEBAF

Halls A, B, C

— add lon source, collider
rings to existing electron

accelerator (CEBAF)

25

FFAG Recirculating Electron Rings

Brookhaven concept, eRHIC

(see talks, Deshpande, Aschenauer.)

ERL Cryomodules

1.3-6.6 GeV

7.9-21.2 GeV

SO

Beam Dump

/Cohereni

Electron Cooler

Energy Recovery Linac,

L ki d Polarized

Electron Source

Detector |

hadrons
Detector

100 meters

From AGS

— add electron source, storage
ring to existing heavy-ion
collider complex (RHIC)

these designs share many essential features



EIC: the vital design aspects

= EICis a very high luminosity “femtoscope” — larger compared to
HERA luminosities by a factor of 10% — 10°

= reachin center-of-mass energy. 10 < 4/s < 100 GeV
= = S\

— upgradeable to /s < 140 GeV

= beam polarization of at least ~70% for e, p, light A

= 3s a generic scenario, we consider here the simulated impact of a

machine with: 10 GeVeTon250GeVp (v/s = 100GeV)

. £ =100~ e~ pseudodata
~year of data-taking NC/CC
L =10 et pseudodata

— EIC will map the few GeV quark-hadron transition region

— 3 la HERA, the combination of precision & kinematic
coverage provide constraining ‘lever arm’ on QCD evolution

— QCD evolution: (highz,low Q) < (low z, high Q) 26



the EIC tomography program will deliver high-precision DIS

= by measuring the nucleon’s multi-dimensional wave function with high

27

precision, the EIC will hugely constrain proton collinear structure

Accardi et al, EPJAS2 (2016) no.9, 268. | St | for d/u(x, p), CT14 .., NNLO
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MEASUREMENTS i

= DIS cross sections from EIC will supercede the bulk of fixed-target information in
contemporary QCD fits; provide an ‘anchor-point’ to resolve systematic PDF tensions



| S¢ | for g(x, ) CT14 HERA2 NNLO

3 (see talk, Zhongbo Kang.) * an EIC will provide
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B : ! 0GeVe™ x 250GeVp - to the gluon
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|S¢|forog, 14 TeV CT14,_,,, NNLO strong predicted impact

HERA2 .
103¢ , , RETIT Co - 0N the Higgs sector
: i . 10GeVeT x 250GeVp
T
s | | - * the impact of an
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™. .. as a sensitive window to BSM physics

= . IS sensitive to the gauge couplings and masses of heavy SM degrees
of freedom, which enter a correction term, Ar

iy (1-2) = 2y WO

\/iGu T b

higher-order corrections

" extended theories also generate contributions to Ar through BSM insertions

Hobbs and Rosner, PRD82, 013001 (2010).
I | | | | | I

= strategy: careful comparison of - N o
precise measurements with i 7T
theoretical SM predictions could 02 - \I:/IW_
reveal presence of BSM physics -

— constrain New Physics Qy(Cs) , I

with a global fit of the My (GeV/c?) ool —

electroweak sector: g7 (vNC) - A

| Y gr(vNC)
— My, is a crucial limitation I',,(Z) (MeV) [ i
Sinzﬁeff —0.2 _.,’/ m/' |

— Important interplay m, - bt ]

between pp, v expts o(v,)e S N N U BRRTE: e

-0.2 0.0 0.2



strategy for experimentally extracting m,,

Measurements of distributions sensitive to my: ‘g oggi—lﬁﬂﬁé 'Sirﬁiﬂégi)h' o Eenma —
= Decay lepton p;(I), W transverse mass my, missing transverse g oorE ST _zmm:?;:;t
. energy pr (“neutrino pT”) as cross check 2 gggé E
emplate-Fit approach: ; o8 E
= 1) vary my, in MCand predict the p(l), my, p;™' distributions E
= 2) mydetermination by x2 minimization to data =
Imperfect QCD modelling distorts templates: significant T €
uncertainty on my, measurement § 0_9;; s e :
= 30 32 34 36 38 40 42 44 46 48 50

W mass is measured in mt and p+(l) distributions in electron and muon channels for W*, W-in

Decay channel W = ev
Kinematic distributions pfr, mr
Charge categories W+, w-
[n¢] categories [0,0.6], [0.6,1.2], [1.8,2.4] [0,0.

Transfer of experimental calibration and QCD mode

= Large and pure Z sample for detector calib., and well mﬁ\\

= Predictions are fit to Z data to improve modeling and tl

Alessandro Tricoli, ATLAS

31 (see talks, Das & Durham.)



EIC and an era of (higher) precision electroweak physics

= theory predictions for the production of gauge bosons are quite sensitive

to the nucleon PDFs: e.g., d(x) at £ ~ 1, which is poorly constrained
(see talk, Sanghwa Park.) M

1,2 = —=¢€

do 217G Vs

Gy p = WX = 2 i (cos O {d(x) () + @z )d(22)}

. 92 _ _
d-type quark distributions are +sin” o s(z1)u(@2) + U($1)S(ZE2)}>
especially problematic

0 Dulat et al., PRD93, 033006(2016).

Brady et al., JHEPO6 (2012) 019. 90% c.l. regions at LHC 13 TeV, :
T | T | T | | /, ’.r
---- CT10 NNLO A
L LHC F— 880 T CT14NNLO /) /
% _ I// "!,’:
3 2 860} St
L e Se— c {
(o) o\ = 8.40 g
‘T \_ b / Il’ .
S 0oF YT Ty
| e CJ (max nuclear) - 8.20
------- CJ (min nuclear) i -
0.8 . L. '
800+~ . .
0 1 2 3 4 105 110 115 120 125
32 Yw

ow+ (in nb)



historically, extractions of d(x), + — 1have depended on nuclear
ta rgets (and corrections!)

= In principle. a neutron target would allow the flavor separation needed

to access d(x, Q?) o8 CJ15, Accardi et al,, PRD93, 114017 (2016).

_ L ——  AVIS
Fy "~ a(dd +u) /9 1.06| --- CDBomn
--------- WICl
US Em 1.04F == WJC2
Fy P~ z(4u+d)/9 >~ 1l
D;‘C\l

0 02 04 06 08 1

= BUT: in the absence of a free neutron target, scattering from
nuclei (e.g., the deuteron) is necessary

p) o(p)

- nuclear corrections (Fermi motion) are sizable,

- especially for large x
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| S¢ | for d(x, j1) CT14 HERA2 NNLO o
L T i e— n el
B : 10GeVe >< 25OGeVp | Rl
--Npt = 295----- - R 100 ~
i I I I I ; 1 sof
E i i i i 0 02 04 5 o i )10'3
B ! ! ! ! | Quark transverse momentum (Ge
hlghllghted range: S|
2| . . A T f
10 - ‘Sf‘.> 0.25 . ! ! ! * an EIC affords
N ! ! ! ! ! *:. % 1.2 strong
s [T T 1T yTTTTT Tt A 1.0 sensitivities
S L R 0.8  without a nuclear
. : | | s 0.6 target; here, at
I A SN 04  both very high and
1 TR JRPN 02 verylowx
10 froTT Immmmomo H il Poosomo--- ".' Aty it ) 0
- e N R for & — 1
- A CCetp | i Ly v 2
! bt 0o o0 oo ; R & p—. — + Yy +
- B CC e_p E ° :n»nnu:un E O-i,CpC_TWQ :I:?ZEW _?WL
- ¢ NC e—l—p ! o> 00 o0 00 00 o0 o0 o4 oo ! 5
: : : . . ~ [1 —y]"z(d + s)
1 | | ||||||l | | ||||||l | | ||||||l | | ||||||l | | ||||||l | L L LIl
107° 107° 107* 1073 1072 107" 1

34 X In the LO quark-parton model



34

EIC Whitepaper:1206.2913

| S¢ | for d(x, i) CT14 HERA2 NNLO

: i "~ 10GeVeT x 250GeVyp | 7
:-Npt :|295----1:--—-——-——:r --------- S ﬁ //10:
| | | | . _ »__J/_:o-2
: . . . : D?C_J V)
highlighted range: | e P
020 ISp1>025 AP W s
s S i\
"""""" E"'"""J"' S)C(a\(\ \(QC\S\ (\% .«1€S
| . \ (/O d Q . 65 \ _.«nout a nuclear
\]\]\\ (\k.e \(\)(\ v  target; here, at
E\C/ ede 6‘()(,3 04  both very high and
(@C \)(\C -, 02 yerylow
10"+ \)“(\Q ‘ % e '“""'.'..._' """ : 0 very
i . e\]\(\ oo :
- (N eS| Lot for  — 1
- A (C a‘(C/ i........e'....» D Y, Y_ y2
] C\Sef . ..é..........i.... iai,cpczngrqE?xW;—?Wf
RN A N ~ (1 - yPa(d + 5)
MNINETIT BRI RTT R Lol o ol
0®  10°  10¢  10° 102 10 1 I

X In the LO quark-parton model



1/A do/(dcos8,, dT,) (10 cm?/Gev)

35

this message transfers directly to neutrino efforts

— ability to predict neutrino-
nucleus cross section limited by e ot
many uncertainties e \

Facility -

=
o]

(see talks, Betancourt & Hill.)

— the VA cross section is determined by
an interplay of quasi-elastic*, DIS™, and
resonance contributions (“this talk)

[ A T ¥ T R &) B o ) I o o B (o]
—

control over single-nucleon inputs
essential:

(especially For ~(sub)percent
precision targeted by DUNE)

=
o

o P N W A~ 00 O N 0w
- —

3 Quasi-elastic - G A(Q2)

s N
_ ¢ > T
R I L g)j
0 2 :-H?Geﬁ\'l)lﬂ 120 DIS > f(x’ IU/)



this message transfers directly to neutrino efforts

— ability to predict neutrino-
nucleus cross section limited by
many uncertainties

zd

{ Qv e S

A0, O e W pne™ L
| 9\(\6 ’i\(\\% \\“\O 6*06 fffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffff

=
o

)C( \(\ ..crol over single-nucleon inputs
(( (\6 essential:

i (especially For ~(sub)percent
2p2h —— - : ~ precision targeted by DUNE)

1/A do/(dcos8,, dT,) (10 cm?/Gev)

S B N W b~ U N WO
L B B B L LR I B I T

Quasi-elastic - A(Q2)
N
¢H 5o
0 2 4 6 8 10120 2 4 6 0
35 T, (Gev) T, (GeV) DIS > f(a:,,u)



example: the neutrino cross section requires control over GA(QQ)

Au—Ad=GA(Q°=0)=ga

Xilin Zhang, TJH, Jerry Miller (in prog.)

= the quasi-elastic contributions to the (anti-)neutrino cross sections depend
crucially on form factors

dg? @) G4 cos?® 0. M? A-psi—U s—u)’
Q2 ~  SrE?2 { FB 3 O\ }

((1 —|—7')sz4 — (1 — T)F12v —|—4TF1UF2U

+(1 —7)7F5, —I—)

..similar expressions for B, C ...

— historically, dipole 2y 1+ 2 i thi ?
.. ansatz used: Ga(Q7) =ga ( + 2) _..but is this adequate:




the behavior of the axial form factor has a large impact in
nuclear cross sections!

..NO

- input (better) model calculations into GIBUU transport code for v(7) — Ay

S
o0
o
n

T 08 T 05t brellirlnilnalry.' :

> : > : ]
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0.6 By — Al 5 I N
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37 ~5-10% deviation from naive 1-parameter dipole ansatz!



neutrino-nucleon total cross section

these effects propagate to the total cross section

1205'

1.15_ ,’// 115:
& 105, __--7 S 1.05;
100} —=-.. . 1.00 |
095t . ITiutees 0.95E
0.1 05 1 5 10
(@] kmd f
g\lm of a
these are significant effects! the EIC will simultaneously
* Blg deal constrain many form factors and distributions...
38



Definition of GPDs Jianwei Qiu

d Quark “form factor”: r—¢
1 [dz . ‘,ﬁdt\
po— L / G2 el |g(—L )yt g

2 27: ++—0.2-0 r P’
2P+ (P )y “(P)@;C\’w’&t‘(\%% C/a(\
C\QE\ A - \(\\

with &= (P —P)-n/2 ~ ,(\\)

auge lin N \Oﬂ 6\ ‘(

Gauge link: (\)Q (\\)Ce ,\(\k‘e{(e%\c 0 y
I(ﬁe‘( C.) a( d\O# )(,\(\ . quarks: A (2,6, t.Q), Eq(:;:,g, t,Q)

e e with 7' n — v-nv;s
6\6«\ Q\Q\)i
O Forward . \OQ @* +on to collinear PDFs:
Hi(x,0,v)=gq(x), Hx,0,0)= Ag(x) for x >0
[ Connection to Dirac and Pauli form factors: axial FF:

I ' -
f dx H(x, &, 1) = F(1), / dx E(x, &,1) = Fi(1) f dx H(x,&,t) = g5(1)|
39 J-1 — —1




(see talks, Olness & Kusina.)

CT18 NNLO, s(x, 100 GeV)
EIC will have powerful vDIS implications

10: neutrino-DIS data are used in
I jes-sas single-nucleon fits
- e a5 — — VA data play a vital role
- A bl |1 flavor-separation in
ot m’;ﬁg s contemporary global fits; e.g.,
515 un 135 - : for nucleon strangeness
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the electroweak sector and New Physics searches at EIC

= if measured to sufficient precision, the quark-level electroweak couplings may
be sensitive to an extended EW sector, e.g., Z°

G _ _
LhV = —\/g ey vse (Crpayu + Crady,d) + evte (Coutyuysu + Coady,ysd) |
1 4
Ciy = —3 + §81n2 O

9 = 3 unique strength of an EIC is its combination of very high
precision and beam polarization, which allows the
observation of parity-violating helicity asymmetries:

q Z’' couples to quarks;
electron couplings ~ 0

orpr — 0O
APV = ZE 7L (R/L : e beam helicities)
OR T+ 0L
selects Y-Z interference diagrams!
TJH and Melnitchouk, PRD77, 114023 (2008).

G 2
APV = — (4\;%30) (Y1 a1 + Y3 a3)

a4 — Qquq Clq (Q"‘(j)
41 1 2,65 (@+7q)

B 2z:qeq C2q (q_Q)
.2 q+9

as



the electroweak sector and New Physics searches at EIC

= if measured to sufficient precision, the quark-level electroweak couplings may
be sensitive to an extended EW sector, e.g., Z°

G _ _
LhV = —\/g ey vse (Crpayu + Crady,d) + evte (Coutyuysu + Coady,ysd) |
1 4
Ciy = —3 + §81n2 O

- Wwith sufficient precision, an EIC (which will be statistics-limited in these
measurements) can extract Sin2 9W

= this measurement is potentially sensitive to the TeV-scale in a
complementary fashion to energy-frontier searches!

TJH and Melnitchouk, PRD77, 114023 (2008). N.B.: extractions are

GrQ? dependent upon knowledge of
APV = — <4\/§ (Y1 a1 + Ysas)  the PDFs
T

a4 — Qquq Clq (Q"‘(j)
41 1 2,65 (@+7q)

B 2Zq€q CQq (q_Q)
.2 q+9

as



the electroweak sector and New Physics searches at EIC

= if measured to sufficient precision, the quark-level electroweak couplings may
be sensitive to an extended EW sector, e.g., Z°

G 7 T
LV = 71; [67“756 (Cluﬂ*yuu + C’1dd’yﬂd) + eyte (Cguﬂ’v.»"' vufyg)d)]

__p Wwith sufficient preci= . e\ 0 \
measure rv“;a Qa\N a;i\eac_)\)‘({%a\ Se(\g VE N\a““\l
-\
)Q\(\Q v \\& O& Q)&e(\ _Kvggeto the TeV-scale in a
Qa - ANE Q 4y-frontier searches!
TJH and Melnitch * e : :
SN ot oo wlecge o
AV = — %\/Zwo—z (Y1 a1 + Y3 a3) the PDFs

a4 — Qquq Clq (Q"‘(j)
41 1 2,65 (@+7q)

B Qquq C2q (q_Q)
.2 q+9

as



an EIC will probe EW parameters Accardi et al., EPJA52, 268 (2016).

0.242
- i E158 ]
and New Physics!
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i E E E : E 0.2305— SLIAC
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key points... ...and the future.

* numerous observables central to the LHC/LBNF discovery programs are
limited by uncertainties associated with nucleon structure

— for the unpolarized PDFs, systematic tensions among modern
world data are an impediment to higher precision for o, M, ...

r’

— an EIC will be ideally suited to perform
measurements with the ability to unravel such
systematic issues

the EIC impact upon high-energy pheno will be pivotal

— controlling PDFs/SM backgrounds; neutrino pheno; BSM searches; event generators;
(see talks, Hoeche & Diefenthaler.)

* confronting systematic PDF issues and exploring the LHC implications of the
EIC require community efforts, esp. to optimize the output of the eventual
program and its utility to HEP

many areas on both sides of the medium-, . ?
high-energy divide in which input is needed.

43 WE WANT YOU!




again, please join in-person or on Indico

LPC Workshop on Physics Connections between the LHC and EIC

13-15 November 2019
Fermilab, Wilson Hall

America/Chicago timezone

Overview

Call for Abstracts
Timetable
Registration
Contribution List

Participant List

44

Search... 0O

This 3-day workshop seeks to bring together members of the LHC and EIC communities under the
auspices of the Fermilab LPC to explore possible synergies between the EIC program and LHC
phenomenology. The areas of overlap to be discussed fall broadly along the lines of precision QCD,
Monte Carlo event generators, lattice QCD and advanced computation, and opportunities in the
electroweak sector, including potential improvements to neutrino phenomenology and BSM searches.
The goal of this workshop is to identify and develop common working areas for which EIC science
objectives can both inform and benefit from energy-frontier efforts at the LHC.

CMS Experiment 32 00C, CERN

Sunrise,
WH11NE

https:/indico.cern.ch/e/LHCEICPhysics
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interactions with multiple partons at EIC: nuclear case

= consider jet production in electron-nucleus vs. electron-nucleon DIS
X. Guo, PRD58, 114033 (1998).

T> = <p’_%“>eA — <pf21“>ep
do

do

(p7) = / dprp7 -

Accardi et al., EPJA52, 268 (2016).

dQ?dpz | dxpdQ? )

—8- EIC PREDICTION: Raufeisen+Mueller effect, W~25 GeV

| —e— CLAS preliminary-W ~3GeV, 04 <z<0.5

—— HERMES -W ~6GeV,02<z<1.0,<z>=0.41
— Raufeisen model - W ~ 25 GeV, scaled to z= 0.41
Raufeisen - W ~ 10 GeV, scaled to z = 0.41

2 2.5 3 3.5 4 4.5 5 5.5

Nuclear size (fm)

* multi-parton interactions in nuclear
scattering:

- multiple scatterings of
produced quark with nuclear
medium

— qualitatively different
dependence on nuclear size
predicted at EIC energies

— more phase space for
radiation, larger A (p3)



Transverse geometry in pp: Hard processes

Hard e Hard process from parton-parton collision

process

Pr

Local in transverse space p2 >> (transv. size) -
P Pr :

e Cross section as function of pp impact par

o12(b) = /d291 d*ps 5(b — p1 + p2)
X G(-TJI: Pl) G($27 ;02) Oparton

Thanks to Christian Weiss!

1.5

— precise GPDs furnished by EIC will be crucial!

" Jetwigger, y =0, pp=100GeV —— |
10GeV ——— | Calculable from known transverse distributions
Integral fdzb reproduces inclusive formula

] Normalized distribn Pjo(b) = o12(b) /[ [ o12]

T‘é |

=

"-'E! . . .

% e New information available
= 05 i

Model spectator interactions depending on b
Underlying event

Predict probability of multiple hard processes
Dynamical correlations? FSW04

Diffraction: Gap survival probability
20 Determined largely by transverse geometry FHSW 07



An EIC would drive lattice phenomenology  #37%+00022 [hep-pri

* A high-luminosity lepton-hadron collider will impose very tight constraints on many lattice
observables; below, the isovector first moment and gPDF; this is crucial for benchmarking!

* Many of the experiments most sensitive to PDF Mellin moments and gPDFs involve nuclear
targets — eA data from EIC would sharpen knowledge of nuclear corrections

n n ~ ~ r A op A?QCD M?
<ZC >q,g — dml‘ fQ,g(a?,/,L — QGQV) Q(xaPZMUJ) :/dyz(§7?7?>Q<yvu) + O P2 9 P2

z z z z
| S| for (x ), —q, CTT4AHERA2 | St | for [u—a](x 0.85, P,=1.5GeV), CT14HERA2
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) moment exp DIS | \ . ‘ . etp DIS |
108 - . 108 - .
- | | at VS 100 GeV 3 - | | at VS =100 GeV ]
| | | ! . 0.90 i - 0.90
= : ; : : : 0.75 i 0.75
3 107 A o Mo B 0% TS = M oeo
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(DX )exp.

we use the Higgs region g(x) to validate PDFSense

..for the gluon PDF in the Higgs region, ¢(0.01, m g )

CT18pre NNLO + 0.5% theory error

Global

I HERAI+I

] ATLASY jets

] CMS8 jets
/] CCFRF2

/1 D02 jets

HERACc

" 21 ATL8 ttb mtt

4+ CMS7 jets

-—1 CMS8 ttb pTtyi

800 820
g(0.01,125 GeV)

780

1 ATL8ZpT

E866pp

g(x=0.01, p=125 GeV)

PDFSENSE
CT14HERA?2 CT18pre

LM scan
CT18pre

HERAI+IT’'15 HERAI+IT'15
CMS8jets’17 CMSRjets’17

HERAI+II’15
CMS8jets’17

CMST7jets’14 CMSTjets’'14 | ATL8ZpT’ 16
ATLAST7jets'15 E866pp’03 E866pp 03
E866pp’03  ATLASTjets’15| ATLASTjets 15
BCDMSd’ 90 BCDMSd90 | CCFR-F2°01
CCFR-F3'97 BCDMSp’89 D02jets’08
D02jets’08 D02jets’08 HERAc'13
NMCrat’97 NMCrat’97 | NuTeV-nub’06
BCDMSp’®89 CDHSW-F2'91| CCFR-F3’97

 PDFSense identifies the most sensitive experiments with high confidence
and in accord with other methods such as the LM scans. It works the best

when the uncertainties are nearly Gaussian, and experimental constraints
agree among themselves [arXiv:1803.02777]




. 9 ...as a follow-on to Alesandro’s
sin” Oy (and, eventually, MW) FW-focused overview:

important PDF correlations for the ATLAS extraction of sin? O

Example: sin? 0,,.,, = s2w measured
by ATLAS 8 TeV

Correlation, sing,, (ATLAS 8 TeV CB) and f(x,Q) at Q=81.45 GeV

2018/11/11, PRELIMINARY, CT14 NNLO Strongest correlations of
B A — — ' A s2w with u,,,;, d,,q; at
g < p <
- S5 N 0.000 Sz 0.2
———du /- , ““"\..,
05 T 4/ \ > ‘ weak correlations with ii,
[} L —— . —
2 d,s, g
S
©
§ Upal» dpq; Changed
between CT10 and CT14
[1506.07433, Sec. 2B]
10}

It is instructive to explore the data

104 10°° 001 002 005 01 02 05 07
pulls on Uyals Ayal

X



« combined HERA1 DIS
[most sensitive]

PDF sensitivity of sin’ Oy, from 7 TeV ATLAS data CCFR vp DIS F3
. — e + BCDMS E"*

Sin2 HW

:N B 4021 . CT14NNLO « NMC ep, ed DIS
pt = 5 5 A AT + CDHSW vA DIS
103 oo P A Ll S « NuTeV vA - uuX
- | | i 1o o oy ew X gox 1
~_highlighted range: ! ____-_ .- sty o COFRWA -5 ppX
~Sp|>025 VOSSN g v EBG6pp o £70°X
| 5 . « ATLAS 7 TeV W/Z (35 pb)
; , E .4: "i‘ ....... .. ...:...:\:..... . 05
K eSS R G, i 04
s A A ewtmamat] MO
: : : i 0.2
] i 5 e 0.1
! Rk 0
L FE R X
1 | | IIIIII| | | IIIIII| | | IIIIII| | | IIIIII| | Ll

107° 107* 107 107 107! 1
X CTEQ-TEA sensitivities to sin? O



rather than the costly LM scans, we can examine a “cheaper”
measure which yields comparable information

the L2 sensitivity

L, sensitivity. Take X = f,(x;,Q;) or o(f); Y = 7 for experiment E.
Find AY (z,, x ) for the displacement |z, x| = 1 along the direction

VX/ ‘VTX (corresponding to Ax?, = 7% and X (7) = X (0) + AX):

Sp1y =AY (Znx) = VY - Zpx = VY - 2

= AY cos
or, ~ Corr[fa,x%] 7

...extent to which total x°_ of specific expts. correlates with x-dep. of PDFs
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CT18 NNLO, uy(x,Q)(x, 100 GeV)

Experiments with large Ay? > 0 [Ayx? < 0]
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CT18 NNLO, dy(x,Q)(x, 100 GeV)
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Ax? (L2 sensitivity)
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CT18 NNLO, s(x, 2 GeV)

X

125
s
126 |
125
b1 125 |
ki 504,407
s 201 109
\6-+26-126. 394 125 250 -"?_;HE"WB
o 16-460- 150 23, ’ o8 |
160-.126 , 260, ot 248
%,3 TSl 102 2&& 102 | gaa 642 iggsgg 250
545-545 . 545 m | C 542004 oo a0 Geg7. 108 204
125 20470 280 283 350 -
542 \jﬁﬁ.m,_ Ty 192‘»?92-&@' 2467
8- %a £42 542 l,- T E:-. :IE '4'.'- I’r-iep -4E,ﬂi.}tm-:§l§" "l 54:2 20“#"
-109--109- 109 Tonge., 102 ) m, s4gp 999 207
- Who04 i i m 3&5 201126 - s oo 2
- Vi Bef- 2017 18R q08 3%? 192N 126 0
40g--198"" ,'._3'.6[;4 / oxp, 109y 3 ~102 % Lo
HE 504. 5pq. 204 245_,« ! | e 2‘04_133&:"‘ 125 -
504504, 504504 S04 ' 176 . e
‘Bs0 125 204 328250 L\ sed
294 2.¢5 ' X 102 |\
i /250--250, FIR
245 L 3-%" 204, {1
[5-246- 246- 246 1‘25. 28 160 & \'%45
250 126 160 %
o N e 102 542
| 266 160-460 e
0. 0. 250-250
My corr.
1 1 | 1 | | 1 1 1 | 1 | |
107 10™ 0.010.02005 01 02 0.50.7

L, sensitivity,
strangeness:
CT18

| Most sensitive experiments

246 LHCb8Zeer 125 NuTvNbChXN
---250--- LHCb8WZ 126-— CcfrNUChXN
542 CMSTjtR7y6T 201 e605
545 CMSIIR7T 204— eB866ppxf

160 HERAIPplI 504 cdf2jtCor2
102 BedF2dCor

108 cdhswf2

--109--- cdhswf3

A tension trend between DIS

(HERA I+1l, CCFR, NuTeV) and
Drell-Yan (ATLAS 7 Z/W, LHCb
W/Z, E866 pp, ...) experiments



Ax? (L2 sensitivity)

CT18Z NNLO, s(x, 2 GeV)
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QCD at high energies: an EIC and control over the gluon

= the gluon is crucial to the mass of hadronic bound states, and gg — H is the
dominant channel in Higgs production

gm
O __________
BUT - H
el ioTeToth
= while under better control at intermediate a, the collinear gluon PDF is
poorly known toward the distribution endpoints, i.e.,  g(x, u) for x — 0, 1
Rojo et al., J. Phys. G42, 103103 (2015). can we begin to observe this transition?
NNLO, Q* = 100 GeV? A y
T : Q%(Y)
B NNPDF3.0 saturation . S
1.25 region g
- 55 CT14
1.2 || -
2 A2 MMHT14 I5
c\To“‘ 1.15 é 93’
X s |2
Ng 1.05 >”— §
o £ } BFKL
= 095 s v g DGLAP
o) _—
0.9 c
] b
I 1 111111l 1 | 1 I 1 1 2
0.85 i | | | | A2p In Q2

_ 4 -3 -2 -1
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the goal is to quantify the strength of the constraints placed on a particular set of
PDFs by both individual and aggregated measurements without direct fitting

 for single-particle hadroproduction of gauge bosons at, e.q., LHC, factorization
gives

oc(AB - W/Z+X) = Z o (uh) Z/dazad:pb
n a,b

X fa/A(xa,a :U“Q) a-c(LZ)—>W/Z—I—X (§7 ,LLQ, :LL%%) fb/B(be,,LLQ)

7 N

PDFs determined by fits to data; e.g., “CT14H2”" PQCD matrix elements — specified by
theoretical fFormalism in a given Fit

* jdea: study the statistical correlation between PDFs and the quality of the fit at a
measured data point(s); fit quality encoded in a (Theory) — (shifted Data) residual :

—

s; 1 uncorrelated uncert. a : PDF parameters



a brief statistical aside, i

 the CTEQ-TEA global analysis relies on the Hessian formalism For its error
treatment

Npi Ny
2(3) = 2(a N2 (7 nuisance parameters to handle
XE (a) Z hi (a) + Z Aa (a) - correlated errors
1 =1 a=1
— ]' — —
ri(@) = — (Ti(@) — Dy sn(@))
S; Ny
these result in systematic . . N — ). — Z N\ (7
shifts to data central values: DZ — DZ’Sh(a) DZ ‘ ﬁm)\a (a)
o=

* a 56-dimensional parametric ba5|s a is obtained by diagonalizing the He55|an
matrix H determined from X (Following a 28-parameter fit)

use this basis to compute 56- 0.8

~ component “normalized” residuals : :

. 0.6-
- 5” = (r;(a;") —ri(do)) /(ro)E
Fg _ Ny |

BRI ) = s e 1 - - 021
S 2 g S where (T0)E = 4| —— Z 7"@'2 (do) '
T, \ Npt i=1 o




a brief statistical aside, ii

* ... but how does the behavior of these residuals relate to the fitted PDFs
and their uncertainties?

for example, how does the PDF uncertainty (at specific x, p)

correlate with the residual associated with a theoretical
prediction at the same z, p?

examine the Pearson correlation over the 56-member PDF error
set between a PDF of given flavor and the residual

0.0 -0.4

[X,Y] are exactly (anti-)correlated at the far (right) left above.

 we may then evaluate correlations between arbitrary PDF-derived quantities
over the ensemble of error sets ([X,Y] may be PDFs, cross sections, residuals,... ):

1 _ _ 1
Corr[ X, Y] = =7+ Z(Xf—Xj (YT =Y]) AX = 2\ [ DX - X))

N N
g=1 j=1



...we may turn to the Pearson correlations between PDFs and 5i, but we first note

Correlation

Correlations carry useful, but limited information

. Correlation between oy, /o, and f(x,Q=85 GeV) CTEQG.G [ar)(iv:OBOZ.OOOT]:
| N — cos¢ > 0.7 shows that the
- g .
-~ ﬁ \ ————u ratio o, /o, atthe LHC must
05 \ - be sensitive to the strange
| : ’ PDF s(x, Q)

cos@ =~ +1 suggests that a
measurement of X may

_116-510-4 1077 0.010.02 005 041 0.2 0.5 0.7 . . _
x Impose tight constraints on Y

cosp ~ 1 cosp ~ 0 cosp ~ —1

5Y 5Y 5Y » But, Corr[X,Y] between
\ theory cross sections X and
Y does not tell us about

. JoX N 0X : o
_1./ \ experimental uncertainties

<
(1

- ol - - =




Correlation Cr and sensitivity S¢

The relation of data point i on the PDF
dependence of f can be estimated ‘7)7"1'

by: ~

g . . (ro)g
+ G =Corr[py(@)), f(@)] = cosg =
p; = ﬁr,;/ (ro)g -- gradient of r; normalized to
the r.m.s. average residual in expt E;

(Vr), = (@) — n(@x))/2 7t
N
1 _ _
COI’T[X, Y] — AANAXAY jz_l:(X]_J_ o X] )(Y;]_F o Y? )

Cr Is independent of the experimental and PDF uncertainties. In the
figures, take |C;| = 0.7 to indicate a large correlation.

g A L - . > o —
+ S; = |pilcosp = C; 0’;E -- projection of g;(@) on Vf

(7
S¢ Is proportional to cosg and the ratio of the PDF uncertainty to the

experimental uncertainty. We can sum [S¢|.
In the figures, take |S¢| > 0.25 to be significant.



2" aside: kinematical matchings

» residual-PDF correlations and sensitivities are evaluated at parton-level
kinematics determined according to leading-order matchings with physical
scales in measurements

Q

deeply-inelastic 1L

scattering: Q'“ ’ B‘Z

hadron-hadron
collisions:

AB — CX = Ql, T~ % exp(Eyc)

single-inclusive jet production: Q — 2ij> yc = Y;

tt pair production: @ = My, Yo = Y etc...

da/dp% measurements: & = \/(1?%)2 + (Mz)?, yo =yz



... to assess the impact of

Sensitivity ranking tables .
separate experiments

Rankings, CT14 HERA2 NNLO PDFs
No. Expt. Npt |32, 1871 (2, ISP [ISFT {ISZ 1 [ISa] (Sz ) [ISg| (1S4 1) [1S:'| {ISu)[ISa’| {ISa’)[IS5"] {IS5°])
1 | HERAI4+IP15  [1120.| 620.  0.0922 | B A 3 |A 3 |A 3 |B C
2 CCFR-F3'97 8 | 218. 0423 | C 1 | C 1 3 | B 1 |C 2
3 BCDMSp'89 | 337 | 184.  0.0908 C C B 3 |C
4 NMCrat'97 123 | 169. 0229 | C 2 C 2 | B 2
5 BCDMSd'90 | 250 | 141.  0.0939 | C c 3 |C 3 |C 3
6 | CDHSW-F3'91 | 96 | 115. 0199 | C 2 | C 2 3 |C 2 | C 3
7 E605'91 119 | 113. 0158 | C 2 | C 2 3
8 E866pp’03 184 | 103.  0.0935 3 | C 3 c 3
9 CCFR-F2'01 69 | 891  0.215 3 3 | C 2 3 2 3
10 | CMSS8jets’17 | 185 | 87.6  0.0789 C 3
11| CDHSW-F291 | 85 | 824  0.162 3 3 3 3 | C 3
12|  CMSTjets’13 133 | 638  0.0799 C 3
13|  NuTeV-nuw'06 38 | 589  0.259 3 3 3 3 |C 1
14| CMSTjets’14 | 158 | 57.5  0.0606 C 3
15| CCFR SInub0l | 38 | 494  0.217 3 3 3 3 |Cc 1
16 | ATLASTjets’15 | 140 | 48.2  0.0574 3
17| CCFRSInw0l | 40 | 48 0.2 3 3 3 3 | Cc 1

Experiments are listed in the descending order of the summed sensitivities to
d, 1, g,ud,s

For each flavor, A and 1 indicate the strongest total sensitivity and strongest
sensitivity per point

C and 3 indicate marginal sensitivities; low sensitivities are not shown



PDFSense predictions can be validated against actual fits

H [GeV]

| S¢ | for d/u(0.1,1.3), CT18pre NNLO

e I— A—

" __highlightédrange: | .l i T
St > 0.25 ' ; i

‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘

0.6
0.5
04
0.3
0.2
0.1

(A)(z )expt,

CT18 NNLO, + 0. 5% theory error

{—NMC rat.

HERAI+I

1~ Global

BCDMS p

.-}-BCDMS d
© -1 EB66 rat.

1 DO02Easy2

CMS7Masy2

| CDHSW F3

. CCFRF3
LHCb8WZ

] CMS8 jets

* PDFSense successfully predicts the highest impact data sets before fitting, as
shown in this illustration for the large x PDF ratio d/u

* Lagrange Multiplier scans provide an independent test of which datasets most
drive the global Fit in connection with specific PDFs

HERA and fixed-target (BCDMS, NMC) data are dominant!
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