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* Background & Motivation

e Summary of sin” 8, measurements
* Past, present, & future experiments

* Overview of sin® 8, impact study atthe EIC
* Summary and Outlook



Motivation: Weak Mixing Angle

DEUTERIUM TARGET

e sin® 8,: Fundamental parameter of the Standard Model

. 2,70 2,2 02 0?
sin“ Oy, =ey/gy =1 —my, /m,

* Accessed through different measurements & energies
e ¢ ¢ collisions
* Parity violation measurements
* Atomic measurement

* (Potential) tension :
« SLC and LEP1 16 |-

a/Q? (Ge\//«:)—2

2_) O o Q.16
\\ /\ -@\\
° NUTeV _|80 [ lo\js\ L |\LLO
* High precision measurements gs(mz;o;lrﬁ%ntﬁ; LeriS:Sltswith

 Beyond the Standard Model Physics searches 1. Weinberg-Salam (solid line)

2. Hybrid (dashed line ;
PARITY NON-CONSERVATION IN INELASTIC EI ECTRON SCATTERII




Running of the Weak Mixing Angle



https://journals.aps.org/prd/pdf/10.1103/PhysRevD.72.073003
https://journals.aps.org/prd/pdf/10.1103/PhysRevD.72.073003
https://journals.aps.org/prd/pdf/10.1103/PhysRevD.72.073003

Weak Mixing Angle Measurements
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Weak Mixing Angle Measurements
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Weak Mixing Angle Measurements
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Weak Mixing Angle Measurements
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Weak Mixing Angle Meas
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Weak Mixing Angle Measurements

Total uncertainty
0248 N Statistical uncertainty
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Weak Mixing Angle Measurements
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Weak Mixing Angle Measurements
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Weak Mixing Angle Measurements

SLAC-E158
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Future Measurements
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Future Measurements
The MOLLER Experiment

* Apy in Mgller scattering

* Purely leptonic

« “Ultra-precise measurement of sin?(6,,)”

!
e —P1 P1 e e —PI , € e e :
P1
Y Y Z Z
e 7 e e P2 e e e :
P2 P2 P2

€

€
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Future Measurements
The MOLLER Experiment

* Apy in Mgller scattering
* Purely leptonic
« “Ultra-precise measurement of sin?(6,)”

* & sin20,, = +0.00023(stat) = 0.00012(syst)
e ~0.1%

16



Future Measurements

The MOLLER Experiment The P2 Experiment
e A, in Mgller scattering * Apy inin elastic e-p scattering
* Purely leptonic * “Future high-precision measurement
« “Ultra-precise measurement of sin(6,,)” of the electroweak mixing angle”
* 4 sin%6,, = £0.00023(stat) + 0.00012(syst) N ) e )
c ~0.1% \/
14 | Z
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Future Measurements

The MOLLER Experiment The P2 Experiment |
* Apy inin elastic e-p scattering

* “Future high-precision measurement

* Apy in Mgller scattering

* Purely leptonic of the electroweak mixing angle”
 “Ultra-precise measurement of sin?(6,,)” * 2% in weak F;FOtOn charge

° 0 i
+ & sin20,, = +0.00023(stat) + 0.00012(syst) 0.15% sin“fy

* ~0.1%
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Future Measurements

The MOLLER Experiment The P2 Experiment |
* Apy inin elastic e-p scattering

* “Future high-precision measurement

* Apy in Mgller scattering

* Purely leptonic of the electroweak mixing angle”
 “Ultra-precise measurement of sin?(6,,)” * 2% in weak F;FOtOn charge
° 0 i
+ § sin?0,, = +0.00023(stat) + 0.00012(syst) 0.15% sin“6yw
* ~0.1%

Low energy electron-quark effective couplings

= g5 = 2959% = —5 +=sin? 6y

Parity-Violation DIS with SolLID

* Ap, ininDIS e-deuteron scattering
1. Independent of pdfs, x W
2. Well-defined SM prediction for O’ & y

3. PVDIS Asymmetry is sensitive to both g, and g},
4. PVES (elastic) Asymmetry only sensitive to gﬁ%

1 .
" gva = 29v94 = —; — 2sin® Oy
= 950 = 29598 ~ —5 +sin? 6y

1 .
" gvi = 29vg4 = — 2sin® Oy



Future Measurements
The P2 Experiment

The MOLLER Experiment - , ,
* Apy inin elastic e-p scattering

" Apy In Moller écatterlng * “Future high-precision measurement
* Purely leptonic of the electroweak mixing angle”

* “Ultra-precise measurement of sin%(6,)” * 2% in weak proton charge

° in2
+ § sin?0,, = +0.00023(stat) + 0.00012(syst) 0.15% sin“6yw
* ~0.1%

°
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Parity-Violation DIS with SolLID

* Ap, ininDIS e-deuteron scattering
1. Independent of pdfs, x W
2. Well-defined SM prediction for O’ & y

3. PVDIS Asymmetry is sensitive to both g, and g},
4. PVES (elastic) Asymmetry only sensitive to gfl?,
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Weak Mixing Angle Measurements

—e— Existing data

—— Future fixed target projections
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Weak Mixing Angle at the EIC

 PVDIS
* Impact Study

Neutral-current electroweak physics and SMEFT studies at the EIC

Radja Boughezal,1 Alexander Emmert ,2 Tyler Kutz ,3 Sonny Mantry ,4 Michael Nycz,2 Frank Petriello,l’5
Kagan Simsek ,’ Daniel Wiega.nd,5 and Xiaochao Zheng2
1Argonne National Laboratory, Lemont, Illinois 60439, USA
2University of Virginia, Charlottesville, Virginia 22904, USA
SMassachusetts Institute of Technology, Cambridge, Massachusetts 02139, USA
4University of North Georgia, Dahlonega, Georgia 30597, USA
SNorthwestern University, Evanston, Illinois 60208, USA

@ (Received 28 April 2022; accepted 27 June 2022; published 13 July 2022)
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Parity Violation DIS

Or — Op,

Apy =
PV
Or + 0y,

O - cross sections of right- and left-handed electrons
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Parity Violation DIS

Or — Op,

Apy =
PV
Or + 0y,

O - cross sections of right- and left-handed electrons

EM Interaction

Parity conserving
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Parity Violation DIS

Or — O] EM Interaction Weak Interaction

APV —_ Parit . . . .
op + 0y arity conserving Parity violating

O - cross sections of right- and left-handed electrons

Ap,is due to the interference between
electromagnetic and weak interaction




Parity Violation DIS

Or — O] EM Interaction Weak Interaction

APV —_ Parit . . . .
op + 0y arity conserving Parity violating

O - cross sections of right- and left-handed electrons

Ap,is due to the interference between
electromagnetic and weak interaction

2
or X |Mgy + ME|

2
g, & Mgy, +M§‘

R_ L
Aoy~ Az =Mz
PV M
EM




PVDIS Asymmetry at the EIC

Or — Oy, Polarized cross section
Apy = j

O-R‘l‘O-L

d?c, 4ma?

Xy
dxdy = xyQ? {xyZ[Fly - ggnyzFf’Z + (952 + 9512)7721:121 +(1 - Y)[Fzy - gsﬂyZFzyZ + (952 + gﬁz)nzFZZ] Y (2 — y)[gﬁnyZF3yZ — Zgﬁgfszﬂ}
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PVDIS Asymmetry at the EIC

Orp — O, d Polarized cross section
Unpolarized cross section

A
gz [

d?c, Ana®

Xy
dxdy _ xyQ2 {[g5my2F)” — 295952 FF) + (1 — | gényzE)” — 296 95n2FF] + = @ = lginzF” - ( 98" + 95 )nzFZ)

d’c, A4ma®

xy
dxdy ~ xyQ? {ey? (R = gimyzF” + (98" + 95 InzFE] + (U= D[E) = gbny 2B " + (98" + 95 In2FF] =5 @ = w)lgkny2F)” — 295.95m2F7]]
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PVDIS Asymmetry at the EIC

2 2  2M?*xy

1Aln, 2 [gAZyFy + QA( -z —

Xy % 02 )FYZ + gy (2 — }’)F3YZ]

RL —
2 2 2M% 2 2 2M%
2yF + (@ - X~ "o SV EY =y |2059F) + 05 (5 v " x 0 22V B + 52 - R
Where
(BB Ff] = x ) led, 2¢0 g5, (a8)" + (95)"1a + )
q
g5 Pand g5'@ are the : B B, Ff| = XZ[O' 2e49,4,29y941(q — Q)

axial and vector neutral
weak couplings of the
electron (quark)

+

S Q

1
ga=—3 g

N | =

g5=—§+23in29W gy =

-+

1 )
5 2e4sin“ 0y,

GrQ? M7
TI ==
v 2 \2ma Mz + Q2
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Weak Mixing Angle: Sensitivity of the EIC

0.005

-e- n=-325 n=025 0.0010 —e- n=-325 =025
Single event gun simulation oo/ DO e DS
h-1% e o228
* Detector fast smearing 0.003] , 7075 e n-275 00006, (e e
g. ‘\\ n=-0.25 -e- n =325 é:, n=-0.25 -e- =325
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e Statistical, experimental, and PDF uncertainties ;! e =325 n=02s
# -e- n=-275 n=075
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a o L
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- EIC/ECCE preliminary
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Weak Mixing Angle: Sensitivity of the EIC

Apv(e)

* Single event gun simulation :
* Detector fast smearing

10°

10°

* Proton & Deuteron targets
* DJANGOH event generator

* Pseudo-data generation
e Statistical, experimental, and PDF uncertaintj

>, E

dApv(e)/Apv(e) (unfolded)

* sin?(6,,) extraction from fit

Event selection 102;
" Q3.>1.0Gev2 '

" ydet>o1 &ydet <0.9
" Ndet >-3-5and nget <3.5

e+p (18x275) 3
Integrated Luminosity « 100 fb-t ™




Weak Mixing Angle: Sensitivity of the EIC

Apv(e)

* Single event gun simulation
* Detector fast smearing

[ J
o
(=]
I
|
—
(=1

Proton & Deuteron targets
* DJANGOH event generator

* Pseudo-data generation oo e
» Statistical, experimental, and PDF uncertaint; Trovierfpie) fameided

* sin?(6,,) extraction from fit

Event selection 102;
" Q3.>1.0Gev2 '

. ydet>o1 &ydet <0.9
" Ndet >-3-5and nget <3.5

e+p (18x275) 3
Integrated Luminosity « 100 fo-t ™ o




Weak Mixing Angle EIC: Choice of targets

Jlab PVDIS (6 GeV) & SoLID PVDIS: Deuteron target v

GrQ?
Apy = 4\/172—M la; (x) + az(x)Y]

For an Isoscalar Deuteron target, A, reduces to: Independent of pdfs, x W

3G-0%
— Agly,(d) = 10\/%7“( [(2951 gAV) T RVY(ZQ gVA)]
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Weak Mixing Angle EIC: Choice of targets

Jlab PVDIS (6 GeV) & SoLID PVDIS: Deuteron target v

GrQ?
Apy = 4\/172—M la; (x) + az(x)Y]

For an Isoscalar Deuteron target, A, reduces to: Independent of pdfs, x W

3G-0%
— Agll\;l,(d) = 10\/F—n [(29 gAV) T RVY(ZQ gVA)]

* Anticipation of precision data of EIC —improved PDFs
* Potentialto measure Apy of the proton as well: Hydrogen target v

34



Weak Mixing Angle: Sensitivity of the EIC

0.248

* Single event gun simulation
* Detector fast smearing

0.246

0.244

* Deuteron and hydrogen targets 0.242
* DJANGOH event generator < 024
. = 0.238
* Pseudo-data generation Z s
e Statistical, experimental, and PDF uncertai @ 0,234 ‘
* sin?(6,,) extraction from fit 029
* Deuteron and hydrogen targets 0.23
» Measure Apy in an unexplored region e
* 10 GeV <pu<70GeV P -1 0 1 2 3

Log 0 Q [GeV]
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Simulated Settings

Electron
Energy [GeV]

Proton Energy
[GeV]

Annual
Luminosity [fb1]

Electron
Energy [GeV]

Deuteron
Energy [GeV]

Annual
Luminosity
[fb]

5 100 36.8
10 100 44.8
10 137 100
18 137 154

5 100 36.8
10 100 44.8
10 275 100
18 275 154
18 275 100
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Pseudo-Data

1. Ineach bin (+/s, 0%, x)
theo

* Nominal PDF set used to calculate Apy,

* Pseudo-experimental asymmetry generated utilizing the statistical &
systematic uncertainties

2 2
. Tsys , Opol
(Apv)gseu 0= (APV)ng,\'/Ie,(I; + T'b O-Sztat + [(Apv)gii,le’ob ( A )b] +7r [(APV)E};/IB,% ( A )b]
\ N

\ ) )
Y !

Correlated .
1. Statistical: ogsqt 1. Beam polarization: gy,
2. Particle background: oy 37




Experimental Uncertainties

Experimental Uncertainty Matrix

2

0-1 ) O-lo-N
2 . . . .
ZO — 20
_O-No-l O-Nbin_

Diagonal Terms

o 2 Opol\ 1
9 = Ohaes + | Ap)¥i5s (Z2) | +|arhss (222) |

Off-Diagonal Terms

o
pol
Op = (Apv)ggf,%,b (APV)f?}It/Ie,?D ( )

A 7y
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Experimental Uncertainties

1. Statistical Uncertainty
1

* dAgtat = IN

2. Systematic Uncertainty
 Background: % = 1%
. = 1%

3. e beam polarization = 80%

Experimental Uncertainty Matrix

0'12 cee O'lo'N
2 — ° ° o
X5 = :
ONO1 ONpin|
Diagonal Terms

o 1\ 1°
0} = Osqep + [(APV)gIlVf,(()),b (_Sys) ] [(Apv)gllltf% ( j:lo ) b]

Off-Diagonal Terms

o
pol
7y = (Ap )i (Am) i (22)
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PDF Uncertainties

* Multiple standard PDF sets used in analysis
* CT18NLO, MMHT2014, NNPDF31

* PDF uncertainties were determined following the prescription of each PDF

set
* Hessian
N
< pdf/2 theo theo theo
(Z pdf )bb' _ Z (ASM 2mb SM,2m—1,b (ASM,Zm,b’
Of par
Soar =] ¢
Analysis accounted for both diagonal and off- pdf
ONO1

diagonal elements of the PDF uncertainty

theo
ASMZm 1b)

2

Gl,pdfGN,pdf]
ON bin,pdf
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Extraction of the Weak Mixing Angle

1AInyz [gAzyFy + 924 (xy ~x Qz

2
2 2 2Mxy)F2yz+

g6 - K]

A% =
2 2 2M2x

» Extraction of sin®8,, from minimization of the y?

2 2

Xy X

2M?xy
QZ

2 [ Apseudo—data _ Atheory]T(Zz)—l [ Apseudo—data _ Atheory]

« Atheory is a function of sin%6,, via the weak neutral
couplings
« Single parameter fit to extract > sin?8,,

Uncertainty Matrix

) E}* + g5 — y)E)*

(Z)pp = E8)pp + (Ezzvdf)

bb'
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Projected Results: Weak Mixing Angle

sin® 6,, (Q?)

ep Results eD Results
0_25: T | T T T T |' T T T T | T T T T | T T T T | T T T T '| T T T T T T 0_25: T T T T T |' T T T T | T T T T | T T T T | T T T ] T T T T T T
| ——— ep:5GeVx 100 GeV 3681’ | ———— eD:5GeV x 100 GeV/u36.8 fb'
| —i— ep: 10 GeV x 100 GeV 44.8 ﬂ:_r1 Projection . - e oD: 10 GeV x 100 GeViu 44.8 f” Projection -
0.245 - —— :E 12 2:::;;2 2:: 1221_1 EIC/ECCE Preliminary ] 0.245 | o oD 10 GeV x 137 GeViu 100 fb” EIC/ECCE Preliminary ]
[ ——— YRref: 100fb'ep+ 10" eD ] | —— eD: 18 GeV x 137 GeV/u 15.4 i’ ]
B SLAC-E158 i — B SLAC-E158 i
0.24— — o 0.24 —
B } APV Qweak FIe i q? B } APV Qweak Fie i
0.235 eors ¢ 4t o235 o \hl :
= . w ) = .
i LEP1 i i [J LEP1 i
u § LHC - u Hl § LHC -
0.23- I MOLLER SLC ; 0.23—- I MOLLER SLC -
| Ipo I SoLID Tevatron . | Ipo I SoLID Tevatron _
_I 1 | L 1 Il 1 | 1 1 L 1 | 1 L 1 L | L 1 L 1 | 1 L 1 L | 1 L 1 L | L I_ _I 1 | 1 L Il 1 | 1 1 L L | L 1 L 1 | L 1 L 1 | 1 L 1 L | 1 L 1 L | L I_
0.225 -3 -2 -1 0 1 2 3 0.225 -3 -2 -1 0 1 2 3
Logm Q [GeV] L-::ng10 Q [GeV]
1. Statistical and beam polarimetry uncertainties dominate;
2. Moderate precision in an unmeasured energy region
42

3. Combining ep + eD results, approach the sensitivity of Yellow Report: ~+0.00097



Projected Results: Weak Mixing Angle

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 44.8 100 15.4 (100 YR ref) Luminosity (fb~") 36.8 44.8 100 15.4 (10 YR ref)
(Q?) (GeV?) 154.4 308.1 687.3 1055.1 1055.1 (Q%) (GeV?) 160.0 316.9 403.5 687.2 687.2
(Apv) (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)stat 1.54% 0.98% 0.40% 0.80% (0.31%) (dA/A)star 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+bg 1.47% 0.95% 0.56% 1.07% (1.32%)
(dA/A)1%pol 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)rot 1.78% 1.38% 1.15% 1.46% (1.66%)
Experimental Experimental
d(sin® 0w )stat+syst(gy | 0.002032 | 0.001299 0.000597 0.001176 0.000516 d(sin® 0w )stat+be 0.002148 0.001359 0.000823 0.001591 0.001963
d(sin? Oy )aratpoyst+pol | 0.002342 | 0.001759 | 0.001297 | 0.001769 | 0.001244 d(sin® Bw )stat +bgtpol | 0.002515 0.001904 0.001544 0.002116 0.002414
with PDF with PDF
d(sin? 0w )or,cTienco | 0.002388 | 0.001807 | 0.001363 | 0.001823 | 0.001320 d(sin? 0w )tor,cT18 0.002558 0.001936 0.001566 0.002173 0.00247
d(sin® Ow)eot, mmuT2014| 0.002353 | 0.001771 0.001319 0.001781 0.001270 d(sin® Ow )or, MmuT2014 | 0.002527 0.001917 0.001562 0.002128 0.002424
d(sin? 0w )ioe,xnpprar | 0.002351 | 0.001789 | 0.001313 | 0.001801 | 0.001308 d(sin® 0w )tot,NnPDFa1 | 0.002526 0.001915 0.001560 0.002127 0.002423
1. Statistical and beam polarimetry uncertainties dominate;
2. Moderate precision in an unmeasured energy region
3. Combining ep + eD results, approach the sensitivity of Yellow Report: ~+0.00097 e




Summary and Outlook

* Several upcoming precision measurements of the

weak mixing angle 0.25~
¢ Moller, P2, SoLID 0.245:
* A detailed study was preformed to study the S o024f
potential impact atthe EIC g
« Accounted for statistical, systematic, and PDF 3 0%
uncertainties and their correlations 0.23

* Potential to measure Apy in an unexplored regior ozt

* Uncertainty larger than Yellow Report
* Moderate precision

* Should update utilizing the full simulation
* (Talk by Tyler K.)
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