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PVDIS at SoLID

e PVDIS at SolLID:

High Luminosity (£ ~ 10%cm™2s71)

High data processing rate

Kinematics:

2GeV? < 0°<10GeV?, x> 0.2

Access to high-x region (x = 0.2), sea quark
effects suppressed

® Polarized electron beams (85 % polarization)
e Proton and Deuteron Targets (possibly “°Ca)

Deuteron is an isoscalar target, many
hadronic effects cancel

Extracted physics will be complementary to
other low energy experiments

(APV,Qweak,MOLLER, P2, etc), the EIC, and
the LHC

arXiv:2209.13357, SoLID White Paper

Taken from P. Souder talk
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Parity-Violating DIS (PVDIS) at SoLID

arXiv:2209.13357, SoLLID White Paper

* Precision physics
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® Probe BSM physics:

- BSM reach Agqy ~ 10-20TeV
- Leptophobic Z’

- Dark Photons

- Dark-Z R —_—

——— P2 (all data)

- SMEFT Analysis, lift flat directions L ————
- Charged Lepton Flavor Violation (CLFV)

® Charge Symmetry Violation (CSV)

® Higher Twist (HT) Effects

® d/u proton PDF ratio, free of nuclear effects
® strange quark PDFs




Contact Interactions
\S\A/é'/ \é’\‘//é'/ \é’\v/é‘/

P N e N N
C.=2g.8, Cu=2g8, Ci=29v94

* For Q2<<(Mgz)? limit, the effective Lagrangian relevant for PVES scattering is given by:

GF — — — — _ _
Z = 7 Z [CIQ ey'yse qy,q + Cy, er'e qy,rsq + Cy, ertyse %e]

V25

* Tree-level Standard Model values:

C, =288, G, =2gy8! Gy, = 2848y

1 4 |

= —5+§sin29W C,, = —E+28in29W

Clu 1
C,, = — —2sin*0
1 2 1 79 W

C,,=— ——sin%0 C,,=— —2sin*6
1d 2 3sm 1% 2d 2 S1N 1%



New Physics Effects

Es Z' Based Extensions RPV SUSY Extensions Leptoquarks

e e e e e e e u u e u e
/Q/V\g\ /g/A\g\ /%4\6-\ + Z’ ...... d ...... L Q
C,= 28;8111 C,i=28,84 Co= 29v92a e u e u e u

o In the 0% < M% limit, electron-quark interactions via the weak neutral current can be
parameterized by contact interactions:

GF — — — _ _ _
Z = 7 Z [Clq ey'yse qr,q + Gy, erte gy, ysq + Cy, eytyse %e]
q

* New physics contact interactions arise as a shift in the WNC couplings compared to the SM

prediction:

Ciq = Clq(SM) + ACiq

— ™~

SM contribution New Physics
contribution

* Deviations from the SM prediction of the WNC couplings will lead to corresponding
deviations in the extracted value of the weak mixing angle.



Accessing C.
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C,, via Parity-Violating Observables

-__

SoLID 500 ppm 3 ppm
MOLLER 0.035 ppm 0.0008 ppm 2.2

P2 0.020 ppm 0.0004 ppm 2.0
Taken from P. Souder talk

* SoLID, MOLLER, and P2 are all
expected to improve precision

* SoLID provides unique
opportunities while also being
complementary to the wide range

of other low energy experiments,
the EIC, and the LHC.



Parity-Violating e-D Asymmetry

/
e
* Parity-violating e-D asymmetry is a powerful probe of the e /
WNC couplings: g
v, Z
or—o0r _|Az|  GpQ® _
Apy = el ~ 1010’ D X

* Due to the isoscalar nature of the Deuteron target, the dependence of the asymmetry on
the structure functions largely cancels (Cahn-Gilman formula).

2
Aca = _2(753@ 190 [(1 ~ Y2 Ow) + (1 — 4sin® Oy )

9
. Cl be of
All hadronic effects cancel! > ea\r;vp,:fé;e 7

* e-D asymmetry allows a precision measurement of the weak mixing angle.

1—(1—y)2}
1+ (1—y)?




Corrections to Cahn-Gilman

® Hadronic effects appear as corrections to the Cahn-Gilman formula:

AR =

GrQ* 9 {~ i ﬁ_—(i_—y)Q}
a1 1 G2- ; >
22/ 27 10 1+ (1—y)

2
C~Lj = —§ (QCJ — de) [1 + Rj (HGW) + Rj (sea) + RJ(CSV) -+ Rj (TMC) -+ RJ(HT)}

1 ! 1 T
Charge symmetry Higher
violation twist

New physics

Sea quarks Target mass
* Hadronic effects must be well understood before any claim for evidence of new physics can

be made.
[Bjorken,Wolfenstein; Hobbs,Melnitchouk; SM, Ramsey-Musolf, Sacco; Belitsky, Mashanov, Schafer;

Seng,Ramsey-Musolf, ....]

*Most recent JAM analysis for SolLID:
[Whitehill, Dalton, Liu, Melnitchouk, Sato]



PVDIS Asymmetry

* Parity Violating DIS (E122, PVDIS-6, SOLID):
Sensitive to (), and C,,

Apv = 1/2(1 fgg/QMg)m {a’ﬁ 1 n 8:3;3} ,
. 7
0 2) ., eqclq(chi) ) v, Z
>, €3(q+q) 5
0y — 2 Zq eqC24(q — q)

>, €a(q+q)
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Status of C;, and C, Couplings
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PARTICLE PHYSICS

Quarks are not
ambidextrous

By separately scattering right- and left- handed electrons off quarks in a
deuterium target, researchers have improved, by about a factor of five, on a
classic result of mirror-symmetry breaking from 35 years ago. SEE LETTER P.67

WILLIAM J. MARCIANO

* The combination 2(C;, — C;, is severely constrained by Qweak and Atomic Parity violation.

* The combination 2C2u —C24 is known to within ~50% from the JLAB 6 GeV experiment:

205, —Cry = —0.145+0.068

e First unambiguous non-zero result observed for the C,, couplings!

e SoLID is expected significantly improve on this result for the extraction of the C,, couplings.



SoLID Projection Analysis sin” 6y, Extraction
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FIG. 11. Illustration of PVDIS asymmetry on a deuteron
target in ppm on the (z, Q%) plane. The data are divided into
evenly spaced grid with the bin number shown. The expected
statistical uncertainty is less than 1% in most of the bins.

arXiv:2209.13357, SoLID White Paper
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FIG. 12. Experimental determination of the weak mixing
angle sin? 8. Data points for Tevatron and LHC are shifted
horizontally for clarity.
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Strong Correlation between PDF effects sin” 0y,

Extraction
[Whitehill, Dalton, Liu, Melnitchouk, Sato]

x = 0.5 x = 0.7 Q? = 10 GeV?
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FIG. 10. Joint 68% confidence regions for sin? 6y with the st PDF at = 0.5 (left) and with
the d/u PDF ratio at x = 0.7 (right) at Q> = 4 GeV? from a combined fit of PDFs and sin? fy
using Jefferson Lab 11 GeV pseudodata (blue) and the combined 11 GeV and 22 GeV pseudodata
(red), compared with the baseline (black), which is a fit including data from the JAM26 analysis
and Apy data from the 6 GeV JLab [65] and SLAC [15, 16].



Combined fits of sin” @, and PDFs

[Whitehill, Dalton, Liu, Melnitchouk, Sato]

PDC
0.240F + JLabl1 SLAC E158
BN -+ JLabl1422 . L NuTev
0.238F
g Qweak
C? 0.2360 |,
- 5 APV JLab E08-011 ¢
i
0.234
0.232}
| | | | SLD
10~ 102 107 107 101

Q? [GeV]

FIG. 11. Running of sin?fw (in the MS scheme) with energy scale Q? compared with selected
experimental measurements. The value at the Z pole is provided by Ref. [14] through an average of
the LEP 1 and SLD measurements. The red bands show uncertainties for sin? @y from simultaneous
fits of sin? 6w and unpolarized PDFs to simulated SoLID pseudodata across the range of Q2

permitted by the pseudodata.



Extraction of the Weak Mixing Angle
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[Boughezal, Emmert, Kutz, SM, Nycz,Petriello, Simsek,Wiegand, Zheng]

* SoLID can extract the weak mixing angle with higher precision than the EIC.



BSM Scenarios



Leptophobic Z’
 Leptophobic Z’s are an interesting BSM scenario since they only shift
the C,, couplings in Apy

» Leptophobic Z's only affect the a;(x) term or the C,, coefficients in Apv.

Leptophobic Z’
contributes only to
the Cyq couplings!

[M.Alonso-Gonzalez, M.Ramsey-Musolf;
M.Buckley,M.Ramsey-Musolf]

ADIS _ GFQQ

a1+ Q2 /M)ra



Probing the Dark Sector

* Strong evidence for dark matter through
gravitational effects:

- Galactic Rotation Curves

- Gravitational Lensing

- Cosmic Microwave Background
- Large Scale Structure Surveys

* WIMP dark matter paradigm

- Mass ~ TeV
- Weak interaction strength couplings
- Gives the required relic abundance

e However, so far no direct evidence for WIMP dark matter

* Perhaps dark sector has a rich structure including different
species and gauge forces, just like the visible sector

ordinary matter
5%

dark métt':er)”_f
o 26%.

dark energy
69%




Dark Photon

e Dark U(1), gauge group

* Interacts with SM via kinetic mixing (and mass mixing)

1 m>2, €
LD —=F F'" 4 AL A AM
4 HY H 2 cos Oy,

* The mixing induces a coupling of the dark photon to the electromagnetic and

weak neutral currents.
—_ M /
L. = eanAﬂ

* Could help explain astrophysical data and anomalies
[Arkani-Hamed, Finkbeiner, Slatyer; Wiener, ...]

/ 1%
F,, B"

R b
DM o ¢+ e
g_ ;:(_210 5 AAA4$t¢ tftﬁi%
A’ €+ S _ "gE&%qu : A'
z M



Dark Photon Scenario

* Active experimental program to search for dark photons
[Bjorken, Essig, Schuster, Toro; Baten, Pospelov,

Ritz; Izaguirre Krnjaic, Schuster, Toro]

10—4.

107°

1078

10-1%
10712
10~
10-16¢
107"%
10~20L

Visibly Decaying 4’

(g-2), > S

'3—1). + o

BaBar, NA48/2, PHENIX

SHiP,
bremsstrahlung

10

102 10°
my (MeV)

S. Alekhin et al., arXiv:1504.04855 [hep-ph]

* Beam Dump Experiments:

Target
e Beam DM (Z_, Deca
4%-4 PM 2aDecay)
——
(Zd Production)

Shield (Earth)

1072

BABAR 2017

“1073

BABAR: ete™ — ~ 4 invisible

Y 4 a 4] TR T |
10° 1072

10~" 1 10
m,. (GeV)

[Bjorken, Essig, Schuster, Toro]

Detector

e
bm

(Z , Medaited DM Scattering)



Impact of PVES on Dark Photon

[ Thomas, Wang, Williams]

F’' BH
2cosby M

m?, ’

/ /
AL AT

1 / v
LD —ZFWF“ +

* Constraints on Dark Photon parameter space will be independent of the details
of the decay branching fractions of the dark photon

* For a light dark photon, the induced coupling to the weak neutral coupling is
suppressed (due to a cancellation between the kinetic and mass mixing induced
couplings). [Gopalakrishna, Jung, Wells; Davoudiasl, Lee, Marciano]

* Thus, we consider a heavier dark photon for a sizable coupling to the weak
neutral current and a correspondingly sizable effect in PVES. [Thomas, Wang, Williams]
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Dark Photon Scenario: Shift in €, (PREX)
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The correction factors Ri, and Riq at Q3

10 [ Thomas,Wang, Williams]

" 0P =-2[C,2Z+N)+ Cyy(Z+2N)]

=5

-10

©Cy, = Cf;”(l +R,)

0.00616 GeV?, appropriate to the PREX-II experiment. The
gap on the e — M plane is not accessible because of “eigenmass

repulsion” associated with the Z mass.

* Ry, ~ 4% can lead to smaller extracted value for neutron radius, enough to

eliminate tensions between the PREX measurements and theoretical model
predictions.



Impact of PVES on Dark Photon

[ Thomas, Wang, Williams]

€ /
U
F, B

m?,

/ /
AL AT

1
LD —-F F*
4 H¥ + 2 cos Oy

* Constraints on Dark Photon parameter space will be independent of the details
of the decay branching fractions of the dark photon

* The usual PVDIS asymmetry has the form:

DIS _ GrQ’
4201+ Q2 /M2 )Ta

* Including the effects of a dark photon, we get additional terms:
Q2 [a'yZ | 1 — (1 o y)Qa’yZ
2sin? 20y (Q2 + M2Z) L 1+ (1—y)2 7
SRR L B AT e Ut % 00
I 2 | y
Q2+MAD 1+ (1—-y)?

Apy =




Dark Photon Scenario: Shift in C;, (PVDIS, HERA)
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FIG. 2. The correction factors Ri, and Ri4 at Q2 = M%

Q% + Mj
Q>+ M3,

Ciqg=CE + CiiP = CP2(1+ Ryy)

, [Thomas, Wang, Williams]
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FIG. 3. The correction factors Ra, and Raq at Q% = M3.

Q* + Mj
Q* + M3,

Cog = CF, + Cﬁf = C3 (1 + Ray)

* PVDIS measurements provide independent probes of dark photons,
complementary to PREX and searches for invisible and visible dark photons.



Dark Photon Scenario: Shift in C;, (PVDIS)

Qualitatively different behavior in shifts to C;, for different Q*
Useful to explore dark-photon space over a wide range of Q?

Estimates for the sensitivity of PVDIS at SolLID
kinematics and luminosity should be made. Easy to
do with the already established formalism.



Light Dark-Z Parity Violation

[Davoudiasl, Lee, Marciano]

* An interesting scenario is that of a “light” Dark-Z. f .
E
* The standard kinetic mixing scenario:
1 1 ¢ 1 Y 7!
Loanse = —— B, B"Y + = B, ZY — =74, 725" _
sate 4" i 2 cos Oy T g ed f

* And additional mass mixing (for example, from extended Higgs
sector) to induce sizable dark-Z coupling to the weak neutral
current:

M2 = m? L 52 &7
O T \—ez my,/my

* Dark-Z couples to the electromagnetic and neutral current coupling:

_ em 9 NC !
Lint = (—ee:JM — 2c036W€ZJ“ ) Z



Light Dark-Z Parity Violation

[Davoudiasl, Lee, Marciano]

* Effective change in presence of dark-Z for

parity violating asymmetries:

GF — ,OdGF

sin? By — kg sin® Oy

2
_ 2 Zq
pa=1+0 0%t 2
Zgq
2
=1 3 520089W 7z,

Mdarkz = 15 GeV
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CLFV(1,2) in DIS

[Furletova, SM]

e’/e w/u*

e*+N—->u +X

N N

* One can also search for CLFV(1,2) in the DIS process, which can probe different CLFV
mechanisms and is complementary to the other low energy experiments.

e There are already CLFV(1,2) limits from the H'1 and ZEUS collaborations at HERA. For

example, the H1 collaboration made searches for the settings:
[S. Chekanov et.al (ZEUS), A.Atkas et.al (H1)]

Hl,ep: % =166pb~!
Vs =319 GeV
Hl,etp: &£ =245pb~!



CLFV(1,2) in DIS

e’/e w/u*

e*+N—->u +X

N N

* One can also set limits on CLFV(1,2) at |LAB:

\/E = 4.5 GeV JLAB : & =10 cm2 5!

e Even though the center of mass energy is very small compared to HERA, corresponding to a
much lower mass reach, the much larger luminosity could allow for improvement over HERA by
up to two orders of magnitude.



Preliminary Estimates of CLFV Limits at |LAB

[Furletova, SM]

. . Branching Branching
Type | J | F Q ep dominant process | Coupling 5 Type | J | F Q ep dominant process | Coupling .
ratio (g ratio (¢
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Sy 0 /3 | epur { > AL 1/2 Vo 0 | +2/3 | efdyg { s B 1/2 e l/‘ A’
SE 10| 2|-1/3|egur —  Lu AR 1 VE | 1|0 |+2/3 | efdp —  £%d AR 1 e+ la Ga
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st |o| 2| V3| uE { vd | =Mz 1/2 vi | 1|0 | T3 | eRdr = { Deu N 1/2 AMad>- - - - - AZﬂ 'LO
—4/3 | e;d;, — =d | —V/2\p 1 +5/3 | efur,  — {tu V2L 1 :
Vi, (1|2 |-4/3 | egdr — £7d AL 1 S || @ 5 fur  — u « U
o - _ = + o + - h q
vi, 1 2 1/3 | equr Cu | 1 sy 0| 0 +2/3 | cfds e+d AR 1 Ta a5 p A> 8
—4/3 | egdr,  — {—d AR 1 +5/3 | efur, — yaxn AR 1
Vi, 12|18 |egur = £ i 1 Sk, |00 |+2/3 | ehdp —  £*d AL i
* Limits based on running for 5 years with
. . . 38 -2 —1 0.010
instantaneous luminosity of £ ~ 10°° cm™“s™". For

an integrated luminosity a factor of 10 smaller, there is
still substantial room for improvement over HERA
limits.

* Thus, JLAB could improve on HERA limits by two or
three orders of magnitude: z ~ [0.005 — 0.03]

* This estimate will be modified after taking
into account acceptance and background
effects.

a(fb)
<

510

Li ~ 5 x 105 fh~!

10—8 1 (R 1 1 1 Lol 1 1 1 1 1 T
0.005 0.010 0.050 0.100 0.500 1

Fig. 5. The cross section for e N — u™ X with center of mass
energy /s = 4.5 GeV, via exchange of the F=0 scalar LQ,
SlL/Q, as a function of the ratio z defined in Eq. (9). The red,
black, magenta, and blue solid lines correspond to the choices
(a,B) = {11,12,21,22} in Eq. (6) with all other terms set to
zero. An integrated luminosity of £ ~ 5 x 10°fb™! will allow

sensitivity to cross sections as small as o ~ 0.2 x 10°° fb
(horizontal dashed line).



SMEFT Analysis



Standard Model Effective Theory (SMEFT)

Operator Basis

[Boughezal, Petriello, Wiegand]

* The SMEFT framework can be used to constrain new physics beyond the electroweak scale
in 2 model-independent manner:

L=Lgy +

1 . 1
FZCﬁOG’ﬁP

Y CPOs; +

* Relevant SMEFT operators for DIS processes at dim-6 and dim-8

Dimension 6

Dimension &

(1v"1) (@7.9)
(I"7'1) (@1.7'q)
(@y*e) (uy,u)
(ey"e) (dyud)

(1) ()
(17"1) (dv,d)

(@*q) (Evue)

DY (ny“l) D

DY (Z’}//’LTiZ) D, (gv,7q)

l”y“l)

(7
(Iv"1) D

D
D
DY
DY
D

v (@7,9)

v (eyte) D, (uy,u)

v (ev'e) D, (dv,d)

(uy,u)

(d’Yu d)

Y (G/YMQ> DV (éfYMe)




Lifting Flat Directions

[Boughezal, Petriello, Wiegand]

e PVES and Drell-Yan at the LHC are
sensitive to different combinations of the
SMEFT Wilson coefficients.

20— Cia

-0.08

-0.10F

* PVES can lift “flat directions” by probing
orthogonal directions in the SMEFT
parameter space compared to the LHC

-0.12} LHC (Drell-Yan)
SoLID
P2 (all data)

LHC + P2 + SolLID

-0.14F

-0.76 -0.74 -0.72 6 6
ZC1u - Cld



Lifting Flat Directions

[Boughezal, Petriello, Wiegand]

VW[ — LHC (Drell-Yan)
. all+SoLID+P2
0.04f ——— [HC+all+SoLID#P2

* An example of SOLID probing a unique
direction in parameter space. Neither the
LHC, Qweak, P2, or APV have sensitivity in

0.03 .-
this region

0.02.-
| * This requires that 2C;, — C,, is assumed
to be know from the P2 experiment so
that the SOLID then directly measures
2C2u — C2d

0.01f
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Disentangling Dim-6 and Dim-8 SMEFT Operators

[Boughezal, Petriello, Wiegand]
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* Another advantage of low energy PVES experiments:

The large energy of the LHC can make it difficult to disentangle the
effects of dim-6 or dim-8 (and dim-6 squared) operators.

Low energy PVES will only have sensitivity to dim-6 operators
providing valuable input to disentangle dim-6 vs dim-8.



Collision-Induced QED Radiation Effects

e Collision induced QED radiation can result
in a2 mismatch between the reconstructed and
true values of the momentum transfer
delivered.

* Can significantly affect theoretical
predictions and the interpretation of data. [Liu, Melnitchouk, Qiu, Sato;

Cammarato, Qiu, Watanabe, Zhang]

* Joint QCD+QED factorization approach treats QED
radiation of electrons and quarks on an equal footing
through the introduction of lepton distribution and
fragmentation functions:

1 ~ PR
do = %ZDe/](Cnu) ¢ fz/e(é-v:u) e fa/h(x7/’1/) Dz Hm_ﬂX(S’ ’u”u)

?”3761'

e QED radiation is treated as a contribution to the
cross section rather than effect that must be
subtracted.



Collision-Induced QED Radiation Effects

on Cross Section and Asymmetries

* Lepton distribution functions:

1 — LF1  f.0(& p? =1000 GeV?)
101 4 — LF2
i — LF3

100 E

1.0

[Liu, Melnitchouk, Qiu, Sato;
Cammarato, Qiu, Watanabe, Zhang]

* Impact on cross sections and PVDIS asymmetry:

—025 e o
. s 07(zg, Q%)

~0.30 7 L SoLID

£ ¢ Vs =4.7GeV
—0.35 1 ‘i,

EEEE — LF1
~0.40 -
~0.45 -
~0.50 -
1 1 1 1

0.2 0.3 0.4 0.5 0.6
IB

0.8

[SM, Qiu, Zhang]
dog = dog® (14 67)
A, = ATR (14 6%)

Q? = [2,10] GeV?
AQ2 = 0.5GeV?2

x1072
~0.75
-1.00 4°
—1.25 -
_1.50—. ¢ LF].
—1.75 1
§4(zp, Q?)
—2.00 -
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* Asymmetries are relatively more robust to the effects of QED radiation.



Collision-Induced QED Radiation Effects
on SMEFT Constraints

* Lepton distribution functions:

101 .
100 E
101 E

1072 3

1 — LF1  f.0(& p? =1000 GeV?)

= LF2

i — LF3

0.0

0.2 0.4 0.6 0.8 1.0
;
* Impact on extracted SMEFT Wilson Coefficients:
[SM, Qiu, Zhang]
R RCrpreR g
S —4. €
—2 {4 L=10"fb" =1 NR a?.—:
[ LF1
—4- 1 LF2
_6 - Cﬁﬂ 1 LF3
1 1 1 1
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Cross section

[Liu, Melnitchouk, Qiu, Sato;
Cammarato, Qiu, Watanabe, Zhang]
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* Asymmetries are more robust against the effects of QED radiation




Conclusions

* PVDIS with SoLID at |LAB can provide unique and complementary information to constrain
new physics

* Allows for precision extractions of the weak mixing angle

* It can provide input for the global SMEFT analysis by lifting flat directions and disentangling
dim-6 and dim-8 operators

* Can constrain the parameter space of Dark photons/Z and Leptophobic Z-primes

* Hadronic and QED radiation effects must be under control for a reliable interpretation of BSM
constraints.



Back-Up Slides



Ci» Gy via Parity-Violating Electron Scattering
(PVES)

e Parity-Violating asymmetry using longitudinally polarized electron beams, can probe C;, and C,,;:

App = ——
GR_I_GL



Elastic Electron-Proton Scattering Asymmetry

e Low Energy and forward (E — 0, Q% — 0), elastic electron-proton scattering asymmetry is
sensitive to the proton weak charge:

Agp = GrQ" [Qp F(E, Qz)]

dro/2 7 X

proton weak charge Proton structure
* At tree-level, the SM value of the proton weak charge is (receives radiative corrections + box
diagram corrections):

OF = —-2|2C,+ Cyy| = 1 —4sin* 0y,
0*(GeV?/c?) E O 5 sin” Oy,
Qweak 0.025 1.155 GeV ~ 4 9 ~ 03%

P2 (MESA) 0.006 155 MeV ~ 2 % ~ 0.15%




Moller Scattering Asymmetry

e Low Energy and forward (E — 0, Q% — 0), elastic electron-electron scattering asymmetry is
sensitive to the proton weak charge:

2
A - GrQ
RL —
N
electron weak charge

* At tree-level, the SM value of the proton weak charge is (receives radiative corrections + box
diagram corrections):

1 —y .
I+yt+ (1 —y)“]Q{V

Q;, = —2C,, = — 1 +4sin* 6y,

0*(GeV?/c?) E oQy 5 sin” Oy,

E158 0.026 50 GeV 4 0.3 %

MOLLER 0.0056 11 GeV ~2.4% 0.1%




Experimental Considerations

\ / \/E = 4.5 GeV

£ =10%" cm 257!
N \(

e*+N—-ut+X

* Required experimental capabilities:

-good muon detectors
-good charged particle tracking
-good vertex resolution



SoLID Experiment

Muon Detector - “
(large angle) gp calorimeter
Detector

angle)

. 1 i 1
i 1]

EM|Calorimeter] P ¢ —

’ Y IR o )

| — D, [—

= e~ |_v= M‘uon‘
i | rd angle)

(fogwa
eamlineg)

Fig. 3. The SoLID J/¥ configuration with muon detec-

+ E:
e + N //t + X tors [28]. Other sub-detectors are labeled.

e/e” w/u

Z =10 cm™2 57! —

N \(

* Polar angle SIDIS configuration : 6 = [8°,24°] Most of the.cross section is.in the |
forward region due to the kinematic

acceptance:
PVDIS configuration : 6 = [22°,35°] boost of a I | GeV lepton beam.

e Azimuthal angle
acceptance: full-27 acceptance



SoLID Experiment

Muon Detector - “
e-/e * M-/ u+ (large angle). g Calorimeter
Vs = 4.5GeV B
,L — VA — | p— (forwa‘?(:le:lcgtlz;
g —_— 1036_39 Cm_2 S_l irg't" - eamline)
X I [
I | = H
1m
+ N + ’( Fig. 3. The SoLID J/¥ configuration with muon detec-
e + 5 //t + tors [28]. Other sub-detectors are labeled.

e Muon Chambers:

The J/y and DDVCS configurations
will be equipped with muon chambers



Muon Backgrounds

* The dominant background to the CLFV signal muon will come from decays of
pions to muons:

nt = Py,

* This background will be suppressed due to the compact size of of the SoLID
detector, so that the typical pion decay length is much bigger than the distance to
the detector from their production vertex.

Pr
M C

P(L)=e¢ LD T =

CT.

* Pions will be typically produced with momenta in the range:

1GeV < p.<7GeV

"y

* Thus, the typical pion decay lengths will be in the range:

56mSAE<S390m > ~5m

(Pion decay length) (Overall detector dimensions, combined
with proximity to pion production vertex)

e Correspondingly, the pion survival probability at the detector is:

p, ~ 1GeV — 91 % survival probabilty
P, ~ 1GeV — 99 % survival probabilty



Muon Backgrounds

* Charged particle tracking spatial
resolution of 100 microns, allowing for
precise reconstruction of pion decay
vertices to further suppress backgrounds.

e Other backgrounds can arise from
charmed meson decays or J/y decays.
Once again tracking and vertex resolution
capabilities can help suppress such
backgrounds.

* Due to the small center of mass energy,

\/E ~ 4.5 GeV, there are no backgrounds
from B-meson decays.

Muon Detector - M

(large angle) gp calorimeter

EM|Calorimeter]
|

GE M=
t

| —
uon| Detector

(‘)r a‘rd angle)

| o
|

Fig. 3. The SoLID J/¥ configuration with muon detec-
tors [28]. Other sub-detectors are labeled.

More detailed simulation studies needed to estimate the impact of acceptance
and backgrounds on CLFV limits.



Hadronic Effects



Corrections to Cahn-Gilman

® Hadronic effects appear as corrections to the Cahn-Gilman formula:

-1 -1
—
-

T+ (

I — y)Q}

1 —y)?

2
C~Lj = —§ (QCJ — de) [1 + Rj (HGW) + Rj (sea) + RJ(CSV) -+ Rj (TMC) -+ RJ(HT)}

1

New physics

A

Sea quarks

I

1

Charge symmetry Higher
violation twist

Target mass

* Hadronic effects must be well understood before any claim for evidence of new physics can

be made.

[Bjorken, Wolfenstein; Hobbs,Melnitchouk;

SM, Ramsey-Musolf, Sacco;
Belitsky, Mashanoyv, Schafer;
Seng,Ramsey-Musolf, ....]



Some Definitions and Notation

* Asymmetry can be brought into the form:

GrQ* \| . 7 sk
App = —( e ) g9V + gL Y=

F) F}

* The Y, factor has the form:

<1+Rﬂ>1+(1yfyﬂlﬁVﬂ+fW@]ZmWUE
Y, =

L+ 1—|—(1—y)2—y2[1—r2/(1+RV)}—nyM/E
* The Y; factor has the form:

3 ( 2 ) 1 —(1—-1y)
1+ Ry 1_|_(1_y)2—y2{1—7°2/(1—|—R7)}_QxyM/E

* We have used the definitions:

O'L 9 Iy 1 9 1|4M2;132

RY(%) —
O;(VZ) ) Flv('yZ) ()2



Key features of the Asymmetry Terms

* Asymmetry can be brought into the form:

G Q2 ” skl
Arr, = — Y - gy Y:
RL oo gati fat Gy Yz—= o

- suppressed by small electron vector
coupling

- Can be kinematically distinguished
from second term(dependent on Yy)

- Can be sensitive to quark-quark
and quark-gluon correlations

- Multiple twist-4 matrix elements
determine correlations

- Can be extracted from neutrino
scattering data

- Dominant term in asymmetry

- Can in principle be
kinematically distinguished from
second term (independent of y)

- Can be sensitive to only quark-
quark correlations

- A single twist-4 matrix element
determines quark-quark
correlations.

[Bjorken, Wolfenstein;
SM, Ramsey-Musolf, Sacco]



Operator Product Expansion
| \E — Twist-2

! | E v Quark-gluon correlation (Twist-2 + Twist-4)
m Quark-quark correlation(Twist-4)




Form of twist-4 correction

[SM, Ramsey-Musolf, Sacco ]

0003 Twist-Four Contribution to the Asymmetry
I (MIT Bag Model Estimate)

0.002 |-
0.001 |

Ry(HT) 0000

0001
~0.002
~0.003
02 03 04 05 06 07 08
— L -
—4 Fau
fu(HT) = 5(1 — 2 sin® Ow) | up() + dp(x)

* Bag model estimate of quark-quark correlation is below the half-percent level.

* If the Bag Model estimate is accurate, then higher twist effect is small and becomes difficult to
extract.



Charge Symmetry Violation (CSV)

[Hobbs,Melnitchouk]
e Parameterization of CSV effects:

du
up:u—kj

od
dp:d—l——

) B 1 20111,"’01(1 3 ou — od
yo— g od > Rl(Csv)_[2 (201u—01d> 10]<u+d>
" 2

ou
dn—u—7

* Phenomenological model of CSV effects:

ou —od = 2kf(x)

f(z) = Y21 — 2)*(z — 0.0909)



CSV vs Higher Twist
[SM, Ramsey-Musolf, Sacco ]
0.03 — — e

0.02

0.01 - .

000f ol tivwe
: R1(HT) :
—-0.01 - |

-0.02 - k= 0.65 -
: R (CSV) -
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* These estimates indicate that HT effects may be small compared to CSV effects.



SoLID Projection Analysis sin” @y, Extraction
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FIG. 11. Illustration of PVDIS asymmetry on a deuteron
target in ppm on the (z, Q%) plane. The data are divided into
evenly spaced grid with the bin number shown. The expected
statistical uncertainty is less than 1% in most of the bins.

arXiv:2209.13357, SoLID White Paper
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FIG. 12. Experimental determination of the weak mixing
angle sin? 8. Data points for Tevatron and LHC are shifted
horizontally for clarity.
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AT = A%hé,(d) (1 + (1— 2)3Q2 + Bosve’



[Emmert, Nycz, Zheng]

Uncertainty Contributions to Apy

m Statistical uncertainty

1
stat
dAPV = — Ostat,b
Pe\/ Nnp

with P. = 0.8 and bin event count n, computed from rates for 120
days of run time

m Experimental systematic uncertainties

Source Relative Uncertainty dA/A
Beam polarization 0.4%
Q? determination 0.2%
Event reconstruction 0.2%
Radiative correction 0.2%

Completely correlated (ocorr/A = 0.45%)
Uncorrelated (o uncorr/A = 0.28%)



Extraction of the Weak Mixing Angle

0_25 T I I I I I | I I I I | I I I I | I I I I | I I I I I I I I I T
| ———— eD:5GeV x 100 GeV/u 36.8 fb™ o
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| —i— eD:18 GeV x 137 GeV/u 15.4 fb"! ]
— B SLAC-E158 i
g 0.24 . —
- EIC |
@; - } APV Qweak ]
(?'E 0.235 | eDIS ¢ ]
7 i ﬁjlj —
o Df LEP1 i
B l § LHC .
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L I po i SoLID Tevatron —
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[Boughezal, Emmert, Kutz, SM, Nycz,Petriello, Simsek,Wiegand, Zheng]

* SoLID can extract the weak mixing angle with higher precision than the EIC.



Extraction of d/u Ratio from PVDIS on

T T
¢ Solid Projection

* CLAS 12 BoNuS

0.8 ¢ MARATHON Projection -
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* PVDIS asymmetry with a proton target (ignoring sea quarks):
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dfu
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FIG. 14. Projected results on the PDF ratio d/u from the

S (1 S y) 2 PVDIS proton measurement (red points) compared with the

Y _ current world fits from a number of PDF groups and their un-
- 2 certainties. The error bars of the SoLLID projection indicate

1 —I— (1 — y) the uncertainty in the extracted d/u from statistical uncer-

tainties, while uncorrelated systematic uncertainties are neg-

ligible. The two horizontal shaded bands show the uncertainty

in d/u due to omitting sea quarks in Eq. (25) (model uncer-
tainty, orange-colored band), and from correlated systematic
uncertainties (dark grey band). Projections on MARATHON
and CLAS12 BoNuS are from their respective experimental
proposals [72, 73].

e Typically d/u is extracted from a comparison of fully inclusive DIS on proton vs deuteron
targets. However, nuclear effects in the deuteron need to be modeled well to extract d/u.

e The PVDIS asymmetry allows for an extraction of proton PDF ratio d/u in the valence quark
region, free of nuclear effects.

* Other complementary experiments (BoNuS, MARATHON) use different nuclear targets to
extract d/u.



