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We study the potential for precision electroweak (EW) measurements and beyond-the-Standard
Model (BSM) searches using cross-section asymmetries in neutral-current (NC) deep inelastic scat-
tering at the electron-ion collider (EIC). Our analysis uses a complete and realistic accounting of
systematic errors from both theory and experiment and considers the potential of both proton and
deuteron beams for a wide range of energies and luminosities. We also consider what can be learned
from a possible future positron beam and a potential ten-fold luminosity upgrade of the EIC beyond
its initial decade of running. We use the SM effective field theory (SMEFT) framework to param-
eterize BSM effects and focus on semi-leptonic four-fermion operators, whereas for our precision
EW study, we determine how well the EIC can measure the weak mixing angle. New features of
our study include the use of an up-to-date detector design of EIC Comprehensive Chromodynamics
Experiment (ECCE) and accurate running conditions of the EIC, the simultaneous fitting of beam
polarization uncertainties and Wilson coefficients to improve the sensitivity to SMEFT operators,
and the inclusion of the weak mixing angle running in our fit template. We find that the EIC
can probe BSM operators at scales competitive with and in many cases exceeding LHC Drell-Yan
bounds while simultaneously not suffering from degeneracies between Wilson coefficients.
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Weak Mixing Angle Measurement at EIC

* Main focus of EIC is on exploring fundamental QCD

* Can also have an impact on Electroweak and BSM physics
e Discussed in Yellow Report

* The EIC can provide constraints on sin“0y, over a wide Q* range
* Energy range between those achievable in fixed-target and collider experiments

* Proton target?

* PVDIS experiments extracting sin“6y, focus on the isoscalar deuteron due to
cancelation of structure function effects

* High precision data at EIC may make extraction of sin?8,,, from the proton*EIC
Yellow Report

* Both deuteron and proton beams used in the following study

* Analysis uses realistic uncertainties for both theoretical and experimental
systematics to determine impact of EIC on sin“ 8y,
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Parity Violating Asymmetry

* PVDIS asymmetry:
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Parity Violating Asymmetry
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Neutral Current Electroweak Physics Studies at the EIC

DIS cross sections: do = doy + P.do, + Pydoy + P.Pydo,.y
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Parity-Violating asymmetries:
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Double-spin asymmetries:
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DIS cross sections: do = doy + P.do, + Pydoy + P.Pydo,.y

—_

dog = —| do|y =11 g=+1 + 0|\, =1 ) y=—1 + dO[r, =1 )\ y=t1 + dO|5,=—1 ) y=—1 |
41 J
1 - -

doe = —| do|y,—s1pg=t1 T do|r =1 0y=—1 — dO| 5= 1ay=1t1 — Oy, =1 A y=—1 |
41 J
1 - -

doy = 7 Ao |y =4105=11 = A0|x =t 105=—1 T dO[r =1 0y=41 = dO]r = 1p5=21 |,
1 - -

ooy = < | Aoy =4125=11 = 0] =4125=—1 = O[5 =12 y=11 T dO[r =1 2y=1 |,
41 ]

Parity-Violating asymmetries:

do, doy

A(e) —

(H) _
PV — APV =

dO'O dO'O

Double-spin asymmetries:

Lepton-charge asymmetries:

et -
dO-O - dO-O

doé + do&

ALC,H

2
j;g; = ;l;rgg {(1 —y) [FJ — gvmnzF37 + (97" + giz)nzFQZ]
ray? |FY = gimzFY7 + (g5 + g5 ma FY |
—%(2 — ) [ginszQ 7 - 293927721732} } :
j;g; = ;L;ng {0 =) |damzF3” =200 ginsFE | + v | damzFY7 = 205 ghma FE
+%(2 —y) [gfxsz:?Z — (gv° + gZZ)nzFﬂ } ,
ZZZZ - ;l;rgz {(2 —y)zy [gfng’fz — 29v.9an297 }
—(1-y) [—gffngZZ + (957 + 95°)nz97 ]
—zy? [—gevnggz + (g% + 957 mz9? ] } ,
f;;; = Z?; {(2 —y)zy [9? — gimazal” + (957 + 95 nzgl ]

e VA e e e Z e e
—(1-1y) [9,4777291 — 2gvg,4nzgﬂ + 2y’ [9,4777293 — 29v.94m29% H :
4



Parity Violating Asymmetry
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Data sets simulated and processed

ep ed

Electron Proton Energy Annual Electron Deuteron Annual
Energy [GeV] [GeV] Luminosity [fb-1] Energy [GeV] Energy [GeV] Luminosity

[fb]

5 100 36.8 5 100 36.8
10 100 44.8 10 100 44.8
10 275 100 10 137 100
18 275 15.4 18 137 15.4

|—> 18 275 100

EIC Yellow Report Setting sin? 0y, extracted from each of the pseudo-data sets
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Simulation:
. July 2021 concept, Djangoh 4.6.16 0.06 ce- =325 n=025
combined with fast-smearing from single- - ! DA by
electron gun simulation . g by
. ) ) 0.041 n=-075 -e- n=275
. Modified user routine of Djangoh to < =025 -e n=325
. 0.031 __e
calculate counts and size of Apv © -
0.02
. Events unfolded to leptonic truth using R- o8-8
. . 0.01
matrix inversion method
0.00+ T . T . T . . : .
. Best way to treat the uncertainty 0 2 4 6 p8 (Glgwlcz) 14 16 18 20
. . . . T
of unfolding and bin migration? 0.0010 0.005
-e- n=-325 n=025 -e- n=-325 n=20.25
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. 20M events per energy/beam setting 0.0005. NTae o nTis| oooals e n—a2s o neios
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1 =-1. =2. =-1.25 =2.25
. _IncIugu_ve electrons detected apd 00006 N or e nle | ool e o
identified by EIC Comprehensive o n=-025 - n=325 | s n=-025 -e- =325
Chromodynamics Experiment detector ~ [0.00047 « 0.0021 {
concept (ECCE) tracking and Ecal \ I\
0.00021 0.0011 = \&
system \
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Simulation:
Fast-smearing performed on:

| -o- = -3.25 = 0.25

« Electron momentum, polar and 081, o n-275 o n-o7s
azimuthal angles (8,¢) 0.05 DO s e

« RMS of fast smearing spectra 04 v e 2

n=-0.25 -e- n =325

* Provides for reliable projections
« Limitation: selection of hadronic
state not implemented
» Could provide better identification

DIS events 6 8 10 12 14 16 18 20
pr (GeV/c)
0.0010 0.005
-e- n=-325 n=0}k -eo- n=-325 n=0.25
-e- n=-275 n=0.75 \ -e- n=-275 n=20.75
0.0008 - -e- n=-225 n=125 0.0041 ¢ -e- n=-225 n=125
n=-175 n=1.75 ] n=-175 n=1.75
n=-125 -e- n=225 n=-125 n=225
0.0006 n=-075 -e- n=275 0.003 1 * n=-075 -e- n=275
=-025 -e- n=325 - \ n=-025 -e- n=3.25
S ! 1 5
0.0004{ o 0.0021 %}
. X
&\L- \\0
0.0002{ 0.0011 < \&
[ A% \
0.0000 . . . T T y . T T 0.000 -~ : . T T T . . : .
0 2 4 6 8 10 12 14 16 18 20 0 2 4 6 8 10 12 14 16 18 20

pr (GeV/c) pr (GeV/c) ©



“unpolarized” PV “polarized” PV 18x275 ep 100 fb-"
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Pseudo-Data & Uncertainties



Pseudo-Data Generation

: 2
* In each bin (\/E’ Q ¢ X) sin®0y, = 0.231 used in generation
* Nominal PDF set used to calculate A0 of pseudo-data

* Remaining PDF sets used to determine PDF uncertainty

* Generate pseudo-experimental asymmetry utilizing the statistical and
systematic uncertainties

pseudo theo 2 theo (9sys 2 ' theo (Ppol 2
(Apv)}, = (Apy)smp + v [Odtar + |(Apv)syp (T)b +7r" ||(Apv)syp (T)b
N

\ }
\ Y } Y

* 1, and r': random number
drawn from Normal distribution Uncorrelated uncertainties
e 1’ common across all bins

Correlated uncertainties




Experimental Uncertainties

1
e Statistical: dA .= =75
* Systematics

. Background:% = 1%

. o
* Polarimetry: pTOI = 1%
(e beam polarization = 80%)

-

2

Op = Ostat,b

\

2

Diagonal Terms

sys Opol
+ [(Apv)glllv?% b ( ] l(APV)gllv(E%,b (T)b]

Off-Diagonal Terms
Opol
op = (Apy)SMD b (T)b /

Experimental Uncertainty Matrix
2 -

01 0103 010Ny,
2
O, 020Npin
2
u O-Nbin i

11




PDF Uncertainties

* PDF uncertainties were determined following the prescription of each

PDF set (CT18NLO, MMHT2014, NNPDF31)
* Hessian Npar,,

1
2 — theo _ ptheo theo __ gptheo
(Zpdf)bbr_z E (ASM,Zm.b ASM.Zm—l.b) (ASM,Zm,b’ ASM,Zm—l,b’)
m=1

* Replica

Npar
1
2 — theo __ jtheo theo __ ptheo
(Zpdf)bbr - dif z (ASM.m,b ASM.O,b) (ASM,m,b’ ASM,O,b’)
m=1

PDF Uncertainty Matrix

— 2 -

Accounted for both diagonal and

2 O,0N,..
Z de = O-er df 2 Nbl‘ll,pdf
p . :

off-diagonal elements of PDF
uncertainty

2
O-Nbin,pdf

12



Extraction of the Weak Mixing Angle

2 2 2MZ3x VA Z
_ Ay [gAZyFV +g,4( T 2V B + g2 - R
Az =
2 2 2M2x 2 2 2M32x

e Extraction of sin®@y, from minimization of the y?
)(2 — [Apseudo—data Atheory (22) 1 Apseudo —data Atheory

—

« Atheory is 3 function of sin?8,, via the weak neutral . 5 5
couplings: At (sin?0y,) E)pp = E5pp' + (Zpdf)
* Single parameter fit to extract = sin”8y,

Uncertainty Matrix

bb'




Fitting of weak mixing angle

Log10 Q [GeV]

0.25 rr[r 4,y T T 0,25 rr|rrrr|r 11 rrr 11 T T T TT
| —— ep:5GeV x 100 GeV 36.8 b o [ — eD: 5 GeV x 100 GeV/u 36.8 fbo' o
| ———— ep: 10 GeV x 100 GeV 44.8 fb"’ Projection - L ob: 10 GaV X 100 GaViu 4.6 8" Projection _
— —%— ep: 10 GeV x 275 GeV 100 fb’ imi . — ’ ’ o -
0.245 —— ep: 18 GeV x 275 GeV 15.4 fb™! EIC/ECCE Preliminary — 0.245 — eD: 10 GeV x 137 GeV/u 100 fb” EIC/ECCE Preliminary —
| —+— YRref: 100 fb"ep +10fb'eD : : — eD: 18 GeV x 137 GeV/u 15.4 fb™ :
— i SLAC-E158 i — _ SLAC-E158 i
o 0241 1 Q0 §
= - EIC ] = - EIC .
o~ - . N ~ -
£ 0.235( eis 1 - £ 0.2351 0 \I E
) L . ) = 1” .
5 LEP1 i _ l‘h\ LEP1 i
= § LHC - 0.23 . l § LHC 4
0.231— I MOLLER SLC ] d I MOLLER SLC ~
B 7 _l 1 | 1 1 ] 1 I 1 1 1 1 I | | 1 1 I 1 1 1 1 I 1 1 I 1 | 1 | I L |
-22 PRI N TR ST ST S NN NN TN TN T AT ST SN SO WA NN T T N A ' R R 0.225
0.225 =53 0 1 2 3 2 0 1 2 3

Log10 Q [GeV]

Take-way: ep better than eD; statistical and beam polarimetry uncertainties dominate; PDF uncertainty

not a big issue; moderate precision in an unmeasured energy region, multi-year run would help »




Summary of Results

ep Results eD Results
EIC Yellow Report Setting
Beam type and energy | ep 5 x 100 | ep 10 x 100 | ep 10 x 275 | ep 18 x 275 | ep 18 x 275 Beam type and energy | eD 5 x 100 | eD 10 x 100 | eD 10 x 137 | eD 18 x 137 | eD 18 x 137
Label P2 P3 P4 P5 P6 Label D2 D3 D4 D5 N/A
Luminosity (fb~?) 36.8 448 100 15.4 (100 YR ref) Luminosity (fb~") 36.8 44.8 100 15.4 (10 YR ref)
(Q2) (GeV?) 154.4 308.1 687.3 1055.1 1055.1 (@) (Gev?) 160.0 316.9 403.5 687.2 687.2
(Apy) (P. =0.8) —0.00854 | —0.01617 —0.03254 —0.04594 | —0.04594 (Apv) (P. =0.8) —0.01028 —0.01923 —0.02366 —0.03719 —0.03719
(dA/A)star 1.54% 0.98% 0.40% 0.80% (0.31%) (dA/A)stas 1.46% 0.93% 0.54% 1.05% (1.31%)
(dA/A)stat+syst(bg) 1.55% 1.00% 0.43% 0.81% (0.35%) (dA/A)stat+be 1.47% 0.95% 0.56% 1.07% (1.32%)
(dA/A)1%p01 1.0% 1.0% 1.0% 1.0% (1.0%) (dA/A)syst,1%pol 1.0% 1.0% 1.0% 1.0% (1.0%)
(dA/A)sor 1.84% 1.42% 1.09% 1.29% (1.06%) (dA/A)rtot 1.78% 1.38% 1.15% 1.46% (1.66%)
Experimental Experimental
d(sin® 0w )stattsyst(bg) | 0.002032 | 0.001299 0.000597 0.001176 0.000516 d(sin® 0w )stat+bg 0.002148 0.001359 0.000823 0.001591 0.001963
d(sin® Ow )stat+syst+pol | 0.002342 0.001759 0.001297 0.001769 0.001244 d(sin® Ow )stat+bg+pol | 0.002515 0.001904 0.001544 0.002116 0.002414
with PDF with PDF
d(sin? 6w )tot,cT1snno | 0.002388 | 0.001807 0.001363 0.001823 0.001320 d(sin® Ow ) tot,0T18 0.002558 0.001936 0.001566 0.002173 0.00247
d(sin? 0w ) ot MMET2014| 0.002353 | 0.001771 0.001319 0.001781 0.001270 d(sin® 0w )tot, MmET2014 |  0.002527 0.001917 0.001562 0.002128 0.002424
d(sin? 0w )sot,NnPDF31 | 0.002351 | 0.001789 0.001313 0.001801 0.001308 d(sin® 0w )sot,xnpDra1 | 0.002526 0.001915 0.001560 0.002127 0.002423

*Tables from: https://arxiv.org/pdf/2204.07557.pdf *

Take-way: ep better than eD; statistical and beam polarimetry uncertainties dominate; PDF uncertainty
not a big issue; moderate precision in an unmeasured energy region, multi-year run would help




Conclusion

* We preformed a detailed study of the extraction of sin“8,,, at the EIC
using the ECCE detector design for both the proton and deuteron

* Accounted for statistical, systematic, and PDF uncertainties and relevant
correlations (i.e. PDF)

* Overall uncertainties larger than those in Yellow Report
e Statistical and beam polarimetry uncertainties dominate

* The EIC can play an important role in Electroweak and BSM physics
covering energy scale between fixed target and collider experiments



Thank You



Data sets simulated and processed:

D1|5 GeV x 41 GeV eD, 4.4 tb~! P1|5 GeV x 41 GeV ep, 4.4 b1

D2[5 GeV x 100 GeV eD, 36.8 fb~! ||P2|5 GeV x 100 GeV ep, 36.8 fb~1

D310 GeV x 100 GeV eD, 44.8 tb~1||P3|10 GeV x 100 GeV ep, 44.8 fb~1

D410 GeV x 137 GeV eD, 100 fb~! ||P4|10 GeV x 275 GeV ep, 100 fb~1

D5|18 GeV x 137 GeV eD, 15.4 tb=1||P5|18 GeV x 275 GeV ep, 15.4 fb~1

P6|18 GeV x 275 GeV ep, 100 fb~!




