PVDIS at 11 GeV with SoLID



Primary Goals for SoLID PVDIS

Measurements of Parity Violation in Deep
Inelastic Scattering over a broad
kinematic range contain a wealth of
information about:

— The Standard Model

— Charge Symmetry (CSV)

— Higher Twist (HT)

For the complete picture—to unravel the
full richness of the physics reach of this
process a dedicated—a large-acceptance
spectrometer is needed.
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Searching for New Physics

= New Physics can be directly observed
A (<TeV) )< at high energies of through precision
1 measurements at low energies
|\/IW,Z

(100 GeV) ><
Heavy Z’ s and neutrinos, technicolor, r\\?

compositeness, extra dimensions, SUSY... )
Consider f1.f, = f1./2 or f f, — f.f,

ng

At low energies, new physics appears
as new contact interactions ‘Cflfz — E

t,j=L,R
>‘<A2£6

must reach A ~ several TeV

f1z7uflzf2g ’Yuf2g



Neutral Currents at Low Energy

Colliders AND Fixed Target

One goal of neutral current measurements at low energy AND colliders:

Access A > 10 TeV for as many different flavor & L,R combinations as
possible

Colliders access scales A’s > 10 TeV - L,R combinations accessed are
mostly parity-conserving
LHC, Tevatron, LEP, SLC, LEP200, HERA
Apew \?
o ( Az ) ]

ho interferencel!

Z boson production accessed some
parity-violating combinations but...

2 2
—>AZ

ONn resonance: |AZ + Apew
Az imaginary

Low Energy: New Physics/ Weak-Electromagnetic Interference

® opposite parity transitions in heavy atoms
® Spin-dependent electron scattering

AZ Anew
vea(3) ()|

Electromagnetic amplitude
interferes with Z-exchange as
well as any new physics

2

Aﬂ,‘ + AZ + Anew . Af




e-q coupling constants

4 phenomenological couplings: V, A & u, d combinations

\_ C, = nggv C, = 2ngA y

Chu = —3+3sin°fy ~ —0.19
Cilg = %—% sin“fy ~  0.35
Cy, = —3+2sin°0y ~ —0.04
Cog = %—2 sinfy ~  0.04

G
LPV =22 e vse(Crutyuu + Cldd’)’# )
J_

+ev e(Couryuysu + C2dd’)’#’)’5d)]

new physics

NG/ ‘Cflfz =
T f p Z gw flz'?’uflzf%’)’ufzg

i,j=L,R

eq \2 eq \2 eq \2 eq \2 PV elastic e-p scattering,

Coq X (g;qR)z

- (QEqL)2 + (92%2)2 — (921)2 [— > PV deep inelastic scattering

Ca2q s involve axial hadronic currents:
large theoretical uncertainties when accessed via elastic scattering .



PV Deep

Inelastic Scattering

off the simplest isoscalar nucleus and at high Bjorken x

; GrQ? [ FY? fly) Fy? —

X
VX APV

GQZ>>21 GeV? ,W?>> 4 GeV? o 1—(1— y)2
- — )2 — 2R
= ZL La@) + F(b0)] S
\ 2o R(z,Q%) =0'/o" ~ 0.2

l r At high x, Ap becomes independent of pdfs, x & W,

o — 0
A = I —  with well-defined SM prediction for Q2 and y
ol + o7
o 3(1'/.‘(22> 2C1u - Cl(l (]. + Rs) + }/ (26211_ o CQ([) R,,
T2/ 2 5+ R,
Interplay with QCD
R(z) = — 25(x) Large z_ = Parton distributions (u, d, s, c)
U(z) + D(x) = Charge Symmetry Violation (CSV)
Rl‘(m) _ "([,;(.I-') - (Z,.(.'F) Large .l‘> 1 - ngher Twist (HT)
Uz) + D(x) = Nuclear Effects (EMC)




Recent Jlab Results at 6 GeV

2C, -C,, =-0.145+0.068
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Projected SoLID PVDIS Data
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Projected Compositeness Limits
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Particle Data Group Summary

SCALE LIMITS for Contact Interactions: A(eeqq)

Limits are for AT only. For other cases, see each reference.

LL
Afp(TeV)  Ap(Tev)  CL% DOCUMENT ID TECN  COMMENT
>95 >121 95 1 AAD 13e ATLS (eeqq)
>101 >9.4 95 2 AAD 12AB ATLS (eeqq)
> 8.4 >102 95 3 ABDALLAH 09 DLPH (eebb)
> 94 >5.6 95 4 SCHAEL 07A ALEP (eecc)
>94 >49 95 3 SCHAEL 07A ALEP (eebb)
>233 >125 95 5 CHEUNG 018 RVUE (eeuu)
( )

>11.1  >26.4 95 5 CHEUNG 018 RVUE



Best Limits: 2001?

TABLE IV. The best estimate on 775 and 77, for each set of data as shown. The corresponding 95% C.L. lower limits on
the compositeness scale A are also shown.

HERA NC Drell-yan LEP ohaq APV 4+eN+vN+4+CC |
n(TeV-2) A, /A_ (TeV) 7 AL /A n A /A 7 AL /A
MLt —1.18 2056 5.3/2.4 0197031 5.1/49| —022 %008 12.3/5.9| —0.028+0.023 20.6/13.7
ned 1.53 1158 1.6/2.9 0.88 07  2.7/2.7| 026000  5.6/11.4| 0.054+0.022 11.7/244
net =g || —475 1S 4.7/14 —0.19 1031 3.4/48| —0.69 016 3.0/3.7| 0.017+0.018  16.0/22.0
nes, —0.30 +0.13 10.3/4.9 —0.054 To11 6.7/7.4| —0.11 Tooar  17.5/8.4 - -
ned, —0.47 *0s 4.1/32 034773 37/30| o0207%00m  6.5/24 . _
eu —ped || _0.38 To1s 10.5/4.5 —0.060 T017  5.0/7.2| —0.19*o0e: 3.3/66| —00537037  58/1.9

K. Cheung, 2001




Limits form HERA: Many Models

H1 Search for General Compositeness
nd, = el 4w /A2
Model [ €LL, €Lr, €RL, €rr] AT [TeV] A~ [TeV]

LL [ £1. 0. 0. 0] 4.2 4.0
LR [ 0. £1. 0. 0] 4.8 3.7
RL [ 0. 0, %1l 0] 4.8 3.8
RR [ 0. 0. 0. #1] 44 3.9
74% [ £1. +1, +1. +1] 5.6 7.2
AA [ 1. F1, F1, +1] 4.4 5.1
—_—> VA [ £1. F1, =1, F1] 3.8 3.6
LL+RR [ 1. 0. 0. 1] 5.3 5.1
LR+RL [ 0. +1, 1. 0] 5.4 4.8

Table 2: Lower limits at 95% CL on the compositeness scale A. The A limits correspond
to the upper signs and the A~ limits correspond to the lower signs of the chiral coefficients

q q q q
l€Lr: €LR: €RL: €RR]-

F. D. Aaron, PL B 705, 52-58 (2011)



New Physics and ¢,’s

Leptophobic Z’

*Virtually all GUT models predict new Z’s

] HC reach ~ 5 TeV, but....

eLittle sensitivity if Z’ doesnt couple to leptons

] eptophobic Z~ as light as 120 GeV could have escaped detection

Since electron vertex must be vector, the Z' cannot
couple to the Ciq4 s if there is no electron coupling:

can only affect C2q’s
e q

SOLID can improve sensitivity:
100-200 GeV range

arXiv:1203.1102v1
Buckley and Ramsey-Musolf
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Complementarity of Measurements

SUSY Loops
GUT Z’
Leptophobic Z’
RPV SUSY
Leptoquarks

Lepton Number Violation

Qw® and QwP::same absolute shift, smaller for others
High for Quw(Cs), Qw®(relative), smaller for others
axial-quark couplings (C2’s) only

Different for all four in sign and magnitude

semi-leptonic only; different sensitivities

Qw® only



Weak angle shift for Low Q° due to Dark Z'
[Davoudiasl, Lee, Marciano (2014 )]

g Mdukz =100 MeV ]
Ve i
Qweak (first) Myark z = 200 MeV

1 Invisibly-decaying Dark Z.

7 Colored regions are predictions
1 for the Weak angle due to the

| g-2 Aay shift.

1

| APV(Cs)

0.232 Mollel\r/IES 0 ] 5 my 1
6weak . LD 3 1A sin eW (Qz) ~ —0.42¢d ] QZ/ 5
0.230 "Anticipated sensitivities" SLAC ] mz. 1+ mz.
—3‘ . ‘—2‘ . ‘—1‘ . ‘O‘ . ‘1‘ . ‘2‘ . ‘3
| Log,, Q [GeV] Slide adapted from Lee, PAVI-14

Deviations from the SM prediction (due to Dark 2Z)
can appear “only” in the Low-E experiments.

For the Low-Q? Parity Test (measuring Weak angle), we can use
(i) Atomic Parity Violation (Cs, ...)
(i) Low-Q? PVES (E158, Qweak, MESA P2, Moller, SoLID...)
independent of Z’ decay BR (good for both visibly/invisibly decaying Z’).




New Models Extend Q? Range

Low Q? Weak Mixing Angle Measurements and Rare Higgs Decays

Hooman Davoudiasl,! Hye-Sung Lee,2 and William J. Marciano®

! Department of Physics, Brookhaven National Laboratory, Upton, New York 11973, USA
2CERN, Theory Division, CH-1211 Geneva 23, Switzerland 3

v-DIS

Maaz = 15 GeV ]

-0.0010 < £6' < —0.0003 ]

~ 0238 &8 > 00008 (lightcolor)§ _—~ 0238 || >0.0008 (light color)
S 1 ~
q-? 0.236 C APV(Cs) % 0.236 APV(Cs)
= [ &
@ 02347 7 0234}
- f i { LD it 1
0232 - APV(Ra®) Moller - soLm 7 0232} apvirat) Moller - oD
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~0.0016 < &' < —0.0005 ]

FIG. 3. Effective weak mixing angle running as a function of Q? shift (the blue band) due to an intermediate mass Z, for (a)
mz, = 15 GeV and (b) mz, = 25 GeV for 1 sigma fit to €6’ in Eq. (12). The lightly shaded area in each band corresponds to
choice of parameters that is in some tension with precision constraints (see text for more details).



PVIDS with the Proton

u(x)+0.91d(x)
u(x)+0.25d(x)

G,Q .
Ao = 2 (a0 FOMD] 0" (x)

= Phys. Rev. D 87 CJ12 - PDF + nucl uncert. ||

(2013) 094012 A BigBite *H/ *He DIS 1

m  CLAS12 BoNuS i

PVDIS is complementary 0.8 i O  CLAS12 BoNuS, relaxed cutd |
to the rest of the JLAb L ® SolLIDPVDIS

d/u program: no nuclear (g

effects =2 [ _Su(e)
© L _
0.4— —
i |DSE
0.2— S I
i BoNusS sys. uncert. :pQCD
o Broken SU(6)

llllllllllllllllllllllllllllllllllll?l\ 11




sin°8,,,(0)

What about NuTeV?
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Charge Symmetry Violation

We already know CSV exists:

= u-d mass difference  dm =mg-m, = 4 MeV
6M = M,-M,= 1.3 MeV

= electromagnetic effects

* Direct sensitivity to parton-level CSV

* Important implications for PDF s

* Could be partial explanation of the
NuTeV anomaly

u?(z) — d"(z) =
dP(x) =" () =

RCSV s 41)" zO

-
-
———
- ——
el T
—
-
NI,
 —

————

— . —— -
- -
———

-
——
———— P
————
———
-

BAG Model + QED Splitting
-0.0 w e QED Splitting in MRST
U~ 7 7] Uncertainty band. this proposal

A A l 'S A A
0.2 0.4 0.6 0.8

ou(x)= uP(x) — d"(x)
od(z)=dP(x) — u"(x)

(Sflp\'

85‘(1,(_;1’:) — od(x)
u(x) + d(x)
For Apy in electron-°H DIS

Sensitivity will be enhanced if u+d falls off
more rapidly than du-6dasx > 1

0.01

-bag model (solid) Radionov et al.
"QED splitting (dashed) Glueck et al.

0.008
0.006
0.004
0.002

0

-0.002
-0.004
-0.006

-0.008

_||||I|I|||1|III|III|III|III||[|

ool Lo b b b b bna Lo bau g
01 02 03 04 05 06 07 08 O.y 1

S
o
o

Significant effects are predicted at highx



Recent Predictions

M. Traini1 / Physics Letters B 707 (2012) 523-528

Progress in resolving charge symmetry violation in nucleon
structure

Shape at large x
R. D. Young*, P. E. Shanahan and A. W. Thomas . .
R is very different

=== Xéu szv i aamus 1 uyos L
0.005+ — xéd 1
0-01 T T T T
>
s 0000 0.008} 1
\ -
0.006} 1
—0.005} S o -
. ~ 0.004} 1
o~
. . . . <] P T
0.0 02 04 0.6 08 10 %_ 0,002} et AT J
x © L hA TGl
" O N =

Fig. 3. Charge symmetry violating momentum fraction using simple phenomenological R

parameterisation q(z) = kz—1/2(1 —z)4(z — 1/11) with normalisation determined from -0.002 1
the lattice moment. 11
-0.004} b
~0-0085 02 0.4 0.6 0.8 1
X

Fig. 2. Isospin symmetry violations from radiative QED effects (from Egs. (11) at
Q? = 10 GeV?) and mass effects (from the model (9) at Q7). xduv(x,Q?) (con-
tinuous lines, the tiny line does not include strange sea at the static point Qg =
0.149 Gevz) and xodv(x, Q:) (dashed lines, the tiny line does not include strange
sea at the static point Qg). x0d and x&d are represented by the dot-dashed and
dotted lines respectively, they are calculated including strange sea at the static
point. The effects due to the u — d mass difference (mg — my = 4 MeV according to
Ref. [34]), are shown by line-circles (xady (x, Qg )) and by line-pluses (xouy (x, Qg)).



Isovector EMC Effect (New Proposal)

Additional contribution
to NuTeV anomaly?

11

1.05

09

a, from CBT, “8Ca x/X,=12%, 60 days, 80uA

—
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.......
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A Special HT Effect

The observation of Higher Twist in PV-DIS would be exciting direct evidence for diquarks

following the approach of _ @Y ~ _ GY -~ )
Bjorken, PRD 18, 3239 (78), V,=Vyu-dy,d )k::> S, =Wy u+dyd
Wolfenstein, NPB146, 477 (78)

(V) =1, [(DIV* (7" (0)| D) dx

Isospin decomposition
before using PDF’ s

VA
_ GFQ2 5 — (VV) — <SS> Fiy B
A = [a(x) + £ (y)b(x)] (VV) + (SS) a(x) P x1—0.30
Higher-Twist valence quark-quark correlation Zero in quark-parton model

(V) =(SS)=((V =)V +8)) o< L, [ (D [u(ey*u(x)d (O)y"* d(0))e*dl*x

Y

. (c) type diagram is the only operator
! ‘ {E that can contribute to a(x) higher
(a) (b) twist: theoretically very interesting!

{ oL contributions cancel

() Castorina & Muiders, ‘84 Use v data for small b(x) term.
22



SoLID CLEO PVDIS

GEM

Scattered
electron

——

CoillandjYoke

Figure 24: The experimental layout of SoLID PVDIS based on the CLEO magnet. The arrow shows .
a scattered electron.
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Program of Measurements

Requires 12 GeV upgrade of JLab and a large superconducting solenoid

Requirements © [ statistical error bar g,/A (%)
: . . - shown at center of bins ,
e High Luminosity with E > 10 GeV 10-in Q2. x
e large scattering angles (for high x & y) | ’ .58 “ v
e Better than 1% errors for small bins - ‘,;52‘9'53 o5 *™ 4 months at 11 Gdv
e x-range 0.25-0.75 i = J;u.m‘"”
e W2 >4 GeV? i e
* Q? range a factor of 2 for each x 5__ P58 e e
— (Except at very high x) | - aa
.. o61% 2 months at 6.6 GeV
e Moderate running times , a68%
02 T 0a - 06 08

ij

Strateqy: sub-1% precision over broad kinematic range: sensitive Standard Model test and
detailed study of hadronic structure contributions

1
A= A’I + Bur (1—x)3Q2 + :b’csyx2

If no CSV, HT, quark sea or nuclear effects, ALL Q?, x bins
should give the same answer within statistics modulo kinematic factorsl;



Coherent Program of PVDIS Study

Strategy: requires precise kinematics and broad range

Kinematic dependence of physics topics

X Y Q?
New Physics none yes | small
CSV yes | small | small
Higher Twist large? | no | large

= Measure A, in narrow bins of x, Q% with 0.5% precision

= Cover broad Q? range for x in [0.3,0.6] to constrain HT

= Search for CSV with x dependence of A, at high x

= Use x > 0.4, high Q° to measure a combination of the C’s

L | BHT | 2
Fit data to: AMG&S' o ASM 14 (1 —513)3 Q2 I 5CSV$ i




Error Budget (%) and Running time
ol los

Polarimetry 0.4
Q2 0.2
Radiative Corrections 0.2
Event reconstruction 0.2
Statistics 0.3

Energy(GeV) [4.4 |6.6 | 11 | Test
Days(LD2) |18 |60 120 | 27
Days(LH2) | 9 |- 90 |14

180 Days are Approved



Measurements of Parity Violation in Deep
Inelastic Scattering contain a wealth of

Summary

information about:

For the complete picture—to unravel the
full richness of the physics reach of this
process a dedicated—a large-acceptance
spectrometer is needed.

SoLID will also provide critical nuclear
structure test (NuTeV sin?0,,)

Large additional program of SI-DIS
planned for SoLID spectrometer

The Standard Model
Charge Symmetry (CSV)
Higher Twist (HT)

Precision Data

Magnet Steel

e
Fixed Supports —

0
IS
+0.01
0.02F
Il I 1 1 L l L 1 l :l‘ 1 ///
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d/u: Jlab 12 GeV + World Data

World data:
Phys. Rev. D 87
(2013) 094012

d/u

0.8

0.6

0.4

0.2

B CJ12 - PDF + nucl uncert. ]

4  BigBite *H/°He DIS !

m  CLAS12 BoNuS ]
_ i O CLAS12 BoNuS, relaxed cuts]
} L »  SolLIDPVDIS ]
B . i i /]
| . i i _
i . i i - SU(6)
n - i —_——
- | ; ; —
B i I —
i " |DSE
- by 1
i BoNusS sys. uncert. :pQCD
- = Broken SU(6)

I 1 \Ix ||




Events

Data/Expected

/.’ versus Compositeness

PVDIS determines g2/A%: LHC sensitiv

107 — ‘ : » 107
¢ Data 2012 g
108 A'TLAS DZ/Y* U>J 106
Z—ee Wl Top quark s
10° j Ldt=203fb" []Dijet & WaJets 10
[piboson

ot fs=8TeV 12 SSM (1.5 Tev) 10*
10° 0z ssM (2.5 TeV) 10°
102 10?
10 10
1 - 1

- : _1

10" = 10
T — > 14
s ] o 1 21
1 -
58 I £ 08
05 = (=) 0.6
4
ee [T€V]

0.08 0.1 02 03 0405 / 1 5 3
m

Signal dominates

ity to g?/\? depends on A.

ATLAS l Data 2012
, gz
ee: | Ldt=20.3fb" [@prhoton-induced
W Top quarks

Vs=8TeV [Multi-Jet & W-+Jets
[]piboson
— A =14TeV
-~ Af =14 TeV
—M, =4.0 TeV (GRW)

i

L

/
1 ]

0.1 02 0304 7 1 2 3 4
Mg [TeV]

Noise dominates
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d/u

Projected 12 GeV d/u Extractions

1T— " _ —— QCD Fit, Bote i
N - --- CTEQ6.6M I
K . A  BigBite *H/°He DIS l
0.8 m A B CLAS12BoNuS U
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0.6— - _
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0.2} o ~o |
i I TR, JpQCD
- BoNuS sys.uncert. @ T = TTe--- <
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6 GeV Result; SOLID Goal

Measure Apv for e-*H DIS to 0.6% fractiona

(stat + syst + theory) at high x, y

’ o
s largely unconstrained

0.1
SAMPLE
3, O
&
U -
-0.1 -
0014|_||||||||l[| u
-0.53 -0.52 -0.51 -0.
Clu_Cld C2u_C2d

Red ellipses are PDG fits This box matches th!scale of the Ciq plot

Green bands are the proposed measurement of SOLID unique TeV-scale sensitivity
32




a, Term and Neutrino's

These hadronic corrections can be

1-(1-y)°

1-y-y°/2(1+R)

0.05
0.04
0,03 "

0.02
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-0.02 F
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0.01 |
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...l‘.“...l....l....l....l..n.l....l....l...;
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X

0.06 |
0.04 |
0,02 |

-0.02 [\

0.2
01 E

-0.1 F
-0.2 f
=03 [
-04 [
-0.5
-0.6 &

obtained from charged-current
neutrino scattering data

--------
Lor® on” o,

RN
b,

S
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— 5/18H}

Lo o

aaadaaa e daaaa laaaa daaaa b aa b o las sl
01 02 03 04 05 06 07 08
X

FIGURE 2. Left figure: the 1¢ error bands for the high-twist terms in the isospin-symmetric combina-
tions of different structure functions (solid lines: %, dashes: Fr, dots: [1) for charged leptons. Right figure:
corresponding 1 ¢ bands for neutrino scattering off an isoscalar target (upper panel: F,, lower panel: x/3).
The predictions for ; from charged leptons rescaled by the corresponding leading twist terms are also
shown for comparison.
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High Precision PV Electron Scattering

Continuous interplay between probing hadron structure and electroweak

physics
' O~ O A Gr O2
A g = Apy 57, o (84°8v +P 8v847)

gy is a function of sin’Oy A, ~107-0% to 107 Q?

longitudinally
polarized ¢

Parity-violating electron scattering has become a precision tool

2 ® Physics beyond Standard Model
‘ ® Strange quark form factors
B pistiAGeY) ® Neutron skin of a heavy nucleus

® QCD structure of the nucleon in PV DIS

e part per billion systematic control
107 -Que MII-Bates * <1% normalization control
o Mainz

10°k JLab * photocathodes, polarimetry, high power cryotargets,
= Moller(12GeV)

nanometer beam stability, precision beam diagnostics,

| 1 vl vl

L a— ”ﬁ,eA 105 10¢ _ 10°°low noise electronics, radiation hard detectors 34
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Mass Limits for Composite Theories
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a, Term and Neutrino's

) o’ —g” These hadronic corrections can be
1=d-y) a,(Q*,v) x — obtained from charged-current

1-y-y*/2(1+R) o +0’ neutrino scattering data

Higher Twist contribution
to xF; from
fits to neutrino data
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The Weak Mixing Angle

Running of Ow : Bookkeeping to check consistency of various measurements

0.25 AL B B B ALLL L B
> 22 — SM
I -qgsin”0 0248 | . current
/ \ 0.246 | » proposed
WO VWOV 0244
W » W Y = v Y n Z :
0.242 (<]
. . = 133%cs ISLAC E158  [NuTev 3
*y-y loop is the running of aem 3 }QW(APV) Q) v-DIS K3
. . . o . (]
*W-W loop provides indirect m: £ Z::: , &
. _ ° ° ° 2 =
v-Z loop is the running of sin“Ow el W
Mainz 5 “>N\LEP 1
0232 | Q,(p) éﬁg) 4 Tevatron
. 0.23 JLab r
Published Measurements eDIS  SLC
0.228 SOLID
SLAC E158 0.0001 0.001 0.01 0.1 1 10 100 1000 1000
. . : : G
133Cs Atomic Parity Violation (APV) [GeV]

NuTeV result requires careful consideration of nuclear corrections
Current/Future PV Electron Scattering Measurements at JLab

e-q measurements: QWeak (elastic e-p) and SOLID (DIS)

Improve on E158 by a factor of 5 (MOLLER)
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PV Electron Scattering

Continuous interplay between probing hadron structure and electroweak

physics )
e

o0, 4 2
-AR= Apy = (5:+G* "’A—;Veak ~5FQ (84°8v" +P &v'84")
@ T O

gy is a function of sin’Oy A, ~107-0% to 107 Q?

longitudinally
polarized ¢

Parity-violating electron scattering has become a precision tool for
measuring both weak couplings (g¢, g") and hadronic structure (g7).

10
2 ® Physics beyond Standard Model
10° ® Strange quark form factors
« PY-DIS .
0oL " pisazcey) ® Neutron skin of a heavy nucleus
_ ® QCD structure of the nucleon in PVDIS
=
< 107F
o
e - part per billion systematic control: small A
10°k e MIT-Bates part per billion systematic control: small A,
- Mainz * <1% normalization control: small A, /Apy
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