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Fundamental Symmetries & Neutrinos:
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Compelling arguments for "New Dynamics” in the Early Universe
A comprehensive search to understand the origin of matter requires:

The Large Hadron Collider, astrophysical observations as well as Lower Energy: Q?<< M,?

Nuclear/Atomic systems address several topics; unique & complementary;

« Neutrino mass and mixing Ovpf decay, 0,5 P decay, long baseline neutrino expts...

e Rare or Forbidden Processes EDMs, charged LFV, Ovpf3 decay...
« Dark Matter Searches direct detection, dark photon searches...
e Precision Electroweak Measurements: (g-2),, charged & neutral current amplitudes

Experimental Facilities/Initiatives/Programs
» Neutrons: Lifetime, Asymmetries (LANSCE, NIST, SNS...)

» Underground Detectors: Dark Matter, Double-Beta Decay
o Nuclei: Precision Weak Decays, Atomic Parity Violation, EDMs (MSU, ANL, TAMU, Tabletop...)

C Muons, Kaons, Pions: Lifetime, Branching ratios, Michel parameters, g-2 , EDMs (BNL, PSI, TRIUMF, FNAL, J-PARC...)
« Electron Beams: Weak neutral current couplings, precision weak mixing angle, dark photons (JLab, Mainz)
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Compelling arguments for "New Dynamics” in the Early Universe
A comprehensive search to understand the origin of matter requires:

The Large Hadron Collider, astrophysical observations as well as Lower Energy: Q?<< M,?

Nuclear/Atomic systems address several topics; unique & complementary;

« Neutrino mass and mixing Ovpf decay, 0,5 P decay, long baseline neutrino expts...

e Rare or Forbidden Processes EDMs, charged LFV, Ovpf3 decay...
« Dark Matter Searches direct detection, dark photon searches...
e Precision Electroweak Measurements: (g-2),, charged & neutral current amplitudes

Experimental Facilities/Initiatives/Programs
» Neutrons: Lifetime, Asymmetries (LANSCE, NIST, SNS...)

» Underground Detectors: Dark Matter, Double-Beta Decay
o Nuclei: Precision Weak Decays, Atomic Parity Violation, EDMs (MSU, ANL, TAMU, Tabletop...)

C Muons, Kaons, Pions: Lifetime, Branching ratios, Michel parameters, g-2 , EDMs (BNL, PSI, TRIUMF, FNAL, J-PARC...)
« Electron Beams: Weak neutral current couplings, precision weak mixing angle, dark photons (JLab, Mainz)

What about the EIC?
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4 Low Q2 Weak Neutral Currents
* Global Search for Physics Beyond the Standard Model

% The Weak Mixing Angle at 1-Loop
* The Three Best Measurements at Q? << Mz?
* The ongoing program and initiatives in the next decade

4 Electroweak Physics at the EIC

% Neutral Current Structure Functions
 The Weak Mixing Angle
% Polarized Quark Distributions

4 Charged Lepton Flavor Violation

% Tau to Electron Conversion at the EIC

4 Summary and Outlook
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The Role of Low ¥/
Weak Neutral Current
Measurements
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Low Energy Frontier of the Standard Model

Indirect Clues for New Physics
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courtesy High Energy DynamiCS

V. Cirigliano,

1

1
H. Maruyama, x E == ESM —|— K£5 —|— A2 £6 —|— TIPS
| M. Pospelov

A (~TeV) higher dimensional operators
can be systematically classified
M j

(100 GeV)

E >< (— X Dark Sector
T ——

i (coupling)!

Heavy Z’s, light (dark) Z’s, L-R models, compositeness, extra dimensions, SUSY...
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Low Energy Frontier of the Standard Model

Indirect Clues for New Physics

Interplay between electroweak and hadron dynamics
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courtesy High Energy Dynamics 1 1
Sl e L= Lom plarraiiaemes
M. Pospelov

A (~TeV) higher dimensional operators

can be systematically classified

!
Mo l |

(100 GeV)

E >< (— X Dark Sector
—————eeee )

i (coupling)!
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Indirect Clues for New Physics

Interplay between electroweak and hadron dynamics
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e High Energy Dynamics il 1
B L= Lomt 5 L5+ Lot
|§ M. Pospelov
A (~TeV) higher dimensional operators
can be systematically classified

Mo l

(100 GeV)

E >< (— x Dark Sector
—————————

i (coupling)!

———

Heavy Z’s, light (dark) Z’s, L-R models, compositeness, extra dimensions, SUSY...
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i 1 = Search for new flavor diagonal neutral currents ><
z’ Tiny yet measurable deviations from
5 5 SM processes with precise predictions 1 r
5 ~6
must reach beyond A ~10 TeV A
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Prediction for

125 GeV Higgs
0.23071 = 0.00053

\ e*e colliders
LEP and SLC
AO,I

fb

A(P) 0.23131 + 0.00041

A(SLD) 0.23070 = 0.00026
|

Ay —»—  0.23193 = 0.00029

0231 0.232
sur?OW(MZ)HS

0.23

B B B b B b B R B B b b B b B B B B b B b b B B B b b B b R R R B b b B B L R e b Bl B B B R L B b B b R R R L

Measurements of sin?0w

All Neutral Current Amplitudes are functions of the weak mixing angle

YMM.J\AAP Y
parameters
Z @ Y

Stringent constraints
Z @7  on large classes of
new physics models

Wy @ W
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Prediction for
125 GeV Higgs

\ e*e colliders
LEP and SLC

Measurements of sin‘Ow

All Neutral Current Amplitudes are functions of the weak mixing angle |
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Ay 0.23071 + 0.00053
A(P) 0.23131 = 0.00041
A(SLD) 0.23070 = 0.00026
A’ 0.23193 + 0.00029
023 0231 0232
sirF(\N(MZ)ns
~

(' Flavor Diagonal Contact Interactions

Consider flj?l — fz]_cz or fif, = i),
4 - -
Lf1f2 = E _2nz'jfliyuflif2jyuf2j
i,j=L,R Aij
New heavy physics that does not
q couple directly to SM gauge bosons

Anew

f}></fz
hy b

-————

S,T,U

parameters
Z e Y

Stringent constraints
Z @7  on large classes of
new physics models

- —

Wrvn@rr W
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Measurements of sin‘Ow

All Neutral Current Amplitudes are functions of the weak mixing angle
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\ e*e colliders Prediction for Y""’W.-'V\N"Y S T U
LEP and SLC 125 GeV Higgs il
A 0.23071 + 0.00053 parameters
Z v Y
A(P) 0.23131 = 0.00041
A(SLD) 3550+ 0 Banse Stringent constraints
. Z v @rZ  on large classes of

Ay 0.23193 + 0.00029

new physics models

023 0231 0232

S0, (M) W@ W

(' Flavor Diagonal Contact Interactions )

. _ _ f} fI on resonance: Az is imaginary
Consider f.f, = ffo or fify = fif; ><,
47 - 2 Aty
Lf1f2 - E Tnljﬂiyuﬂif2jyuf2j f2 Anew 2 ‘Az + Anew 1+ < )
i,j=L.R Aij Az

— A%
New heavy physics that does not no interferencel!
u couple directly to SM gauge bosons
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Unique role for Low Energy Weak Neutral Current Measurements

Measurements of sin‘Ow

All Neutral Current Amplitudes are functions of the weak mixing angle |

QQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQ

\ e*e colliders Prediction for Y @ Y S T U
LEP and SLC 125 GeV nggs 32
A 0.23071 + 0.00053 parameters
Z oG Y
APP) 0.23131 = 0.00041
A(SLD) 053070 = 000026 Stringent constraints
| - Z @ Z  on large classes of |

Ay 0.23193 + 0.00029

new physics models

-

...............

023 0231 0232

SiF0,(M,)__ W@ W

(' Flavor Diagonal Contact Interactions )

| | _ _ fp Jq on resonance: Az is imaginary
Consider f,f, = fofs or fifs= fif: ><]
L= 3 En bty T2 | An s A - a3fre (Be)
fi.fs g LRA2 nlj lzyu li 2])/ 2] Anew Z new Z AZ
New heavy physics that does not no interferencel!
u couple directly to SM gauge bosons

‘New flavor diagonal interactions mediated by QZ &< MZ
. anew light boson such as the “dark Z2”

TES o T Krishna Kumar. September 9 201H
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Comparing with theory requires full treatment of 1-loop electroweak corrections
Czarnecki and Marciano (1995 P P— -
K
q::‘é 0235 | lOW(CS)
4 Atomic Parity Violation T
* i 0230 | SLD
future measurements and theory challenging | MS-Bar curve from P0G |
4 Neutrino Deep Inelastic Scattering Erler and Ramsey-Musolf (2004)
4 future measurements and theory challenging T
u(GeV)
4 PV Moller Scattering
4 E158 at SLAC (total uncertainty 17 ppb) o . - .
4 statistics limited, theory robust . e
gz 0.235 [ APV (Cs)
_ 1-loop calculation
st (zarnecki and Marclano
0.0001 0.01 0 (Gev) 100 10,000
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0.244

Comparing with theory requires full treatment of 1-loop electroweak corrections

Status of low Q% Experiments

-————

0.242

0.24

E158

APV(C))

0.23

llllllllllllllllllIlllllllllll

™

PVDIS ¢

Qweak(first)

SoLID

v-DIS

s —

0.2285—————%

Ongoing and Future Measurements
6 GeV PVDIS at JLab: first non-zero
determination of axial-vector quark couplings

Qweak at JLab: should produce precision
measurement soon

Under Design: MOLLER and SolID at JLab
and P2 at Mainz MESA

sin26,(Q)

0.240

o
N
w
v}

0.230

0.225

Log1 i Q [GeV]

Total

APV (Cs)l

Bosons

1-loop calculation
Czarnecki and Marciano

0.0001

0.01

1 100 " 10,000
Q(GeV)
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The core physics topics of the EIC have driven designs that reach
a new regime of extraordinarily high polarized luminosity, state-of-
the-art collider detector technology and precision polarimetry

Electroweak and BSM
Physics at the EIC




High luminosity: precision measurements of PV observables
Elect k Structure Functi
! e—— >—> <« >—'H,’H,He
1 g _ Dup ~ Ji, Vogelsang, Bliimlein, ... - pI'OtOIl
2—VVz = 2B BT 4 P2 F3 Anselmino, Efremov & Leader, ¢y = (Au+ Ad + As + Ac)
My My my(p-q) Phys. Rep. 261 (1995) T | =
€wvap [P0 gV = (A + Ad + As + AE)
+ {2 [ Fi +2q%SP g¢ — 4xp©SP gg} Gt
2(p-q) gV’ = (Az - Ad — As + A?P)
| — p“i” i S“p” gt + S q2 PuPy Js + —— 54 9 9t gV = (-Au+ Ad + A5 — Ac) |
| (p-q) (p-q) similar expressions for neutron: u <> d |
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High luminosity: precision measurements of PV observables |
Elect k Structure Functi ’
i e-—C:>—> <—C:>—1H, ’H,He |
1 4o . p.p, . JiVogelsang,Blimlein,.. proton
Z—W% = 2B BT 4 P2 F3 Anselmino, Efremov & Leader, ¢y = (Au+ Ad + As + Ac)
My My my (P - q) Phys. Rep. 261 (1995) =2 | | -
. pgP . g;, = (Au+ Ad+ As+ Ac)
4 pvel [ Fi +2q%SP g¢ — 4xp©SP g%} ot
2(p - q) gV = (Ad — Ad — As + A?)
Sy, + S - S - S - =g - e
| . p/"' 21/ p,py g:'lé + q2 pp,plj g4 4+ — q g,uv g5 (]! — ( A’ll + A(] -+ AS A(') |
: (p-q) (p-q) P-q similar expressions for neutron: u <> d I
0 |
= roia AX;
o(pr) — o(pL) CC / Full analysis of charged current events
o(pr) + o(pL) W including radiative corrections 2
// Aschenauer et al, PRD 88, 114025 (2013) 4
05 ,/‘-
./"/f/ 5
e 20 X 250 GeV, Q2> 1 GeV2 o
T 0.1 <y<0.9,10 fb!
s (Could begin the [ peesewps
: . program with 5x250 GeV Ak
7+ <
— L , 1.e “Stage 1”° of the EIC) 6F
1031 102 101 = 100 ar
7 Weararid |V A e o e 1 2048 2
e e e e e
O 0.26 024 -022 0.2, -0.18 06 062 064, 066
neW Sum I'Ules IM(\Q ) dx ISu(xQ ) dx
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focus for the moment on Q2 range where yZ interference dominates

Neutral Current Analysis
e—— > <« >—'H,’H,He

QQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQ

polarized electron, unpolarized hadron

2 > = proton deuteron
GrQ Fy fly) F 7
Apy = 94— - vZ F? =
PV = e AT TV g Er | I xutd+ts BEELE
F)%  2u, + d, FY% oy + dy,
unpolarized electron, polarized hadron V7
GrQ? ng g'yZ g?Z oc AU Ad N5 v 01 oA e s
_ TF IS5 EO

ATPV — 2\/57_‘_04 [gV qu/ -+ gAf(y) Fl’Y ] ggz X QAUU = Adv ggZ X A’Um S5 Adv

~—— -§o-—--.~‘—-1-

o — . sy —
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focus for the moment on Q2 range where yZ interference dominates

Neutral Current Analy51s
_4:>_> <—|:(>—1H ’H,3He

@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@

polarized electron unpolarlzed hadron pI‘OtOn deuteron

GrQ? [ F}7 f(?/) Fj“ 7
Apv_zfm[g T Ff} F'% ocu+ di s Fy ;X“JVCHQS
F)%  2u, + d, FY% oy + dy,
unpolarized electron polarized hadron V7
GrQ? o gVZ gYZocAu%—Ad—I—AS I Eent® S U = A NG e 25
F 5 1
Arpy = o { +9af (V) Fy ] ggZ x 2Au, + Ad, ggZ CSTAY S AN

DJANGOH generator simulates DIS processes including QED and QCD effects at NLO

v Developed by Hubert Spiesberger and used at BNL for the EIC Charged Current study

Electron Beam asymmetry Apy (R-L) and Hadron Beam asymmetry Arpy (R-L):

v Doing y dependent fit to the asymmetry in order to extract projections on F1¥? and F3¥? (G1Y? and GsY%)

sin?Bw projections are from electron beam asymmetries in e-D collisions

Highlights of the projections: Y. Zhao (SBU)
v Include radiative corrections
v Unfolding of kinematical migration due to radiation A. Deshpande (SBU)
v Cuts: J. Huang (BNL)
O0Q2>1 GeV?, W, >2 GeV, y>0.1 for structure function studies K. Kumar (SBU)
0Q2<6400 GeV? and x>0.2 in addition for sin?0w projections S. Riordan (SBU)

v Lumi: 100 fb™! (per nucleon for e-D collisions) nominal
v'Beam or target polarization: 80%
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3
|
|
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] Beam Asymmetry for 10 GeV x 100 GeV
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olarized electron; unp
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Fraction Statistical Errors on
| Structure Functions |
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S YZ
i e e e I Al
Relative error of F1gz Relative error of F3gz
v ep 10x100 GeV, after unfolding - v ep 10x100 GeV, after unfolding
| ¥ ep 10x250 GeV, after unfolding v ep 10x250 GeV, after unfolding i
‘ ¥ ep 20x250 GeV, after unfolding v ep 20x250 GeV, after unfolding ‘
v ep 20x325 GeV, after unfolding v ep 20x325 GeV, after unfolding
: : : : 5 : v : :

1 g Wi
::::::::::::::&:'::::::::::::::;::::::::::::::::;:::::::::::::::;;:::::::::::::: 1 02 _ """""""""""" 'V """"""" ’ """""""
ZIIZIIIIIIIIﬁZIZZIIIIIIIIIZE&IIZIIIIIIIZIIIIIZIIIIIIZIIIiZIIIIIZZIZIIZI - ' Ty

o~ v E . i i : é §
RSt s v 37 A St e 1 O EE—— E it S X X S— & oo
'1 —t bR LLLE LT Sessssnsnnnnnnndonn ! ........................ ; .............. E ; i
10 EEEESEEEEEEESEiEEEEEEESEEEEE%EEEEEEESEiESiEEEEE&EEEEEEEEEEEEEEE‘;‘EEEE g wvy
e s ssssssssssssshstcccscsnnnnne 4: ------------ } ............... : -------------- : :
s | JSSE S M 2 S — ([ e IR SRR, . 1 e
s ssssnsnnnnnns M easssssnnnnnnnn { --------------- ,'" -------- v u---E\ ------- ! ----- E ',' § ' v
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Fraction Statistical Errors on
Structure Functions |
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Relative error of F1gz Relative error of F3gz

v ep 10x100 GeV, after unfolding v ep 10x100 GeV, after unfolding
v ep 10x250 GeV, after unfolding v ep 10x250 GeV, after unfolding {
- = i
v ep 20x250 GeV, after unfolding ¥ ep 20x250 GeV, after unfolding
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| for a deuteron, structure functions cancel:
assuming charge symmetry and neglecting strange quarks |
5 Weak Mixing Angle
S S
~~~~~~~ Z PR 0 5 V0 V00 VN VO 00 0 0 7 70 V0 V0. V0. P00 0 0 7 7 V. V. V0 P00 0 0V VNV V0 P00 0 0 70 VNV V0 P00 0 0% 0 VR0 10 5 4 V08 :
Y 20
Ehi ] e W d i)
JA > 9429y — gy) (— sin” Oy — 1)
1 3
| 0.244-
| = 100 fb-1 per nucleon
| 0.242— S 80% electron polarization |
i - E158 - |
| 0.24— —— EIC 10 GeV x 100 GeV |
s 0.238':— —=— EIC 10 GeV x 250 GeV
g R APV(C) —— EIC 20 GeV x 250 GeV
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Next Steps for F174, F314 analysis

M B B b B B B R B B b b B b B R B B b B B b B b B B B b B b L R R B B e B b L R R B b b B b B B B e b B Bl B L R R L B b

What will be the electroweak

0.244

Iandscape in 20257 0.242

Has LHC discovered new physics? et
<. 0.238

Presumably, the red projections %0236
below have been successful... E 5234

It has been pointed out that there are rather weak limits on “dark” 0-232
Z bosons (dark photons with small mixing with the Z° boson) 0.23

" ,): D-avc-)udiaél, Leé aﬁd Ma}ciénc; """""""""""
0.242 - arxiv:1507.00352v2 [hep-ph]

0.228

v—DIS .
0.240 Myuk 7z = 15 GeV

~0.0010 < &5 < -0.0003 -

~ 0.238F 6’| > 0.0008 (light color)-,
S .
= (0.236! t

[ WV(C: . _

c?:_ B Rinkion PVDIS + _
'3 0234F | !
. 2! : |

0.232} APV(Ra*) Moller _

! P2 SOLID ‘

’ Qweak } |

0.230 "Anticipated sensitivities"” SLAC ‘
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e-D collisions

[80% polarization

ol Qweak|first)

o vDIS
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Do measurements help
constrain u, d, s pdfs?

e Conversely, are u, d, s pdfs
known well enough from other
measurements SO one can use
electron-proton data at EIC to
better constrain sin’Qw?

— e —
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Arpv Fractional Error

100 fb-!
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Fraction Statistical Errors on
Structure Functions |
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Fraction Statistical Errors on

Structure Functions
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g5 x 2Au, + Ad,

Relative error of G5gz
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Next Steps

-Generate pseudo data for polarized pdf constraints at various integrated luminosities
‘Look at complementarity of proton, deuteron, helium-3 and charged current data
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Charged Lepton Flavor
Violation at the EIC




* Therefore Lepton Flavor Violation occurs in Charged Leptons too

- ——

Lepton Flavor Conservation

Is it exact? No! Neutrino Oscillations!

OOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOO

e v’'s have mass! individual lepton flavors are not conserved

- s —
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Lepton Flavor Conservation

Is it exact? No! Neutrino Oscillations!
e v’'s have mass! individual lepton flavors are not conserved W K
e Therefore Lepton Flavor Violation occurs in Charged Leptons too *
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Lepton Flavor Conservation

Is it exact? No! Neutrino Oscillations!
e v’'s have mass! individual lepton flavors are not conserved W K
* Therefore Lepton Flavor Violation occurs in Charged Leptons too #

tiny standard model branching fraction
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Lepton Flavor Conservation

Is It exact? No! __ Neufrino Oscillations!
e v’s have mass! individual lepton flavors are not conserved W v
e Therefore Lepton Flavor Violation occurs in Charged Leptons too *
[ ] [ ] T f}/

Slepton mixing T~

: 7 e

in SUSY R S

B R =S e (e tiny standard model branching fraction
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Lepton Flavor Conservation

Is it exact? No! Neutrino Oscillations!

OOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOO

e v’'s have mass! individual lepton flavors are not conserved W v

* Therefore Lepton Flavor Violation occurs in Charged Leptons too #
Slepton mixing v !
ESEISYE =~ Qi

BR(p — ey) ~ 1071 tiny standard model branching
Sir
A2

fraction

Major experimental searches are ongoing; mass @

reach depends on flux and sensitivity of technique off = Lsm +

er,o*P up®F, 5

—— —

ectroweak and Bevond Standard Model Phvsics at an E1C 71 - Krishna Kumar. September 9 201H



—————

Lepton Flavor Conservation

Is it exact? No! Neutrino Oscillations!
e v’'s have mass! individual lepton flavors are not conserved W K
e Therefore Lepton Flavor Violation occurs in Charged Leptonstoo * |

Slepton mixing v !

|n SUSY o ',7,,?17,. ’é

BR(p — ey) ~ 1071

Major experimental searches are ongoing; mass @
reach depends on flux and sensitivity of technique

uworz— ey, e‘ee, KLoue, ...

Need very high fluxes for required statistical reach

New high intensity kaon & muon beams and high
luminosity e+e- colliders all over the world

Tau Decays at e+e- colliders

— — e —
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Even a decade from now, the EIC can compete in the first-to-third generation searches

e-t Conversion Search

| e +p—717 +X
nucl. frag.

~lf

e LA B B B B Bl Bl R B B B b e B bl Bl Bl B e b B b b L R R B B b B b B B R B B b B Bl L R B B B b B B Bl B b R B B b B Bl L R B R B b

Topology: neutral current DIS
event; except that the electron
| is replaced by tau lepton

—— —
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Even a decade from now, the EIC can compete in the first-to-third generation searches

- ——

nucl. frag.

~lf

If mixed in with hadron remnants, the tau would be boosted
If forward in the incident electron direction, the tau would be isolated
Potential for clean identification with high efficiency:

Topology: neutral current DIS ~ look for single pion, three pions in a narrow cone, single muon: should

event; except that the electron be able to devise several good triggers

is replaced by tau lepton - tau vertex displaced 200 to 3000 microns: would greatly help
| background rejection and maintain high efficiency if vertex detector is
included in EIC detector design

- —
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Even a decade from now, the EIC can compete in the first-to-third generation searches

e-t Conversion Search

e LA B B B B bl B R R B i b b Bl b Bl Bl B b B B b L R B B b Bl Bl B R B B B b B Bl R B B B e B B Bl B b R B B b L Bl L R B R B e b

nucl. frag.

‘ 0 If mixed ir. wansphla la a dlicaiea vatmace acalda II.I.- bAaes sarvasslal laa laaaaldadd |
- If forward € ¢ € € ed
- Potential 1 Aeq,
- look fi ; LQ - : should
Topology: neutral current DIS ~ '°% 1" 5 . A, Atg, i —s LQ A ley
event; except that the electron 5 G 5
. = q
is replaced by tau lepton Tau ve | | i ’ _§
backgt % % 4 4 letector is
= Lepto-Quark: ¢ G =>T G include . Gonderinger _a_pd_Fjg_rL\_s:.ey-Musolf, arXiv: 1006.5063
e Lepbo Quirie e 0
10 F | 1 2 i EIC- Smallest ratio can explore A ||
HERA - Upper exclusion limits ]
MEQ 2 ~ r
1r 1 ]
5 =
£ % | o m .
Ny 01 A‘ E ]
LA A A "g ‘
:’. 001 §_ 01 F x *
g <
¢ g » <
i A * ¢ %r assume 0.1 fb- ‘;
- cross-section w
00001 | 1 0.001 | e R
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challenge for measurement: 10 to 30% efficiency with zero background |

MC Generator Studies ‘

+S.Teneja (post doc, now a research faculty in Canada)
A. Deshpande (SBU) |

Standard model backgrounds generated: Neutral &
Charged current DIS, photo-production, lepton-pair production
& W production.... Compare event topologies with the LQ
events

- —

e PP SAD S A

. — e — o — ——

t has a clean signature: Analyses similar to those performed
for such analyses in H1 and ZEUS analyses at HERA:
Indicates that reliable identification of Tau is certainly
possible both for

Leptonic Decays of t

Hadronic Decays: Narrow “pencil” like jets with 1-3 pions

S ———— A —— . —————— . . S ——————— — ——

S S EE—— ————

Very clear differences in topologies of SM and LQ events
established. GEANT detector simulations now underway.
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et = (3 Pea)? + (3 By)?

C. Faroughy (UG Researcher now at U. Maryland),

OOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOO

+S.Teneja (post doc, now a research faculty in Canada)
A. Deshpande (SBU)

Acoplanarity: A¢miss=Tiet

Py 8t 10x250 GeV. LO Electronic Channel I

Py at 10x250 GeV. LO Hadronic Channed l
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Based on sirﬁilar studies at HERA:
H1 Collaboration, F. D. Aaron et al., Phys. Lett. B 701 20 (2011)
ZEUS Collaboration, S. Chekanov et al., Eur. Phys. J. C44 463 (2005)
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o 1 e g e SR ==}
achieve 10% efficiency with very good signal-to-background ratio

Next Steps 1in e-Tau Study

t decay jet Normal hadronic jet in DIS
Jets width studies to “re-begin”
- Collider CM Energy variation
- Need of PID/Tracking on hadronic final states and hence jets
- Study Vertex Detector Discrimination
- Carry out a likelihood analysis to maximize discrimination
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Summary

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

4 Fundamental Symmetries and Neutrinos
% Central to our quest to understand the origin of matter

4 Parity-Violating Electron Scattering in the next decade
% Technical progress has enabled unprecedented precision

% flagship experiments at electron accelerators

y Fundamental Nuclear/Nucleon Physics

* Neutron RMS radii of heavy nuclei
* valence quark structure of protons and neutrons

v Fundamental Electroweak Physics

* Search for new dynamics at the multi-TeV scale
* precision measurement of the weak mixing angle

4 EIC enables access to novel EW observables
% Novel spin-independent and spin-dependent structure functions

% Precision Weak Mixing Angle at an interesting Q% range
% Highly complementary sensitivity to charged lepton flavor violation

Serious detector-level studies of these latter topics are now beginning....

- —
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|Parity-Violating Electron Scattering

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

Weak Neutral Current (WNC) Interactions at Q? << M?

Longitudinally Polarized e
Electron Scattering off longitudinally

Unpolarized Targets polarized €_
2
c ol A/ + A\\‘czlkl
O,- O A . G ‘QZ T T
-A L= A, ) =_’_l ~ weak _YF (gAegV +I3 gVegA )
LR Py 0f+ G’ A{ Tno

gy and g, are function of sin’0y, @ A, ~ 10°-0* to 107 - Q?

Specific choices of kinematics and target nuclei probes different physics:

e In mid 70s, goal was to show sin?0,, was the same as in neutrino scattering

e Since early 90’s: target couplings probe novel aspects of hadron structure
(strange quark form factors, neutron RMS radius of nuclei)

e Future: precision measurements with carefully chosen kinematics can probe
physics at the multi-TeV scale, and novel aspects of nucleon structure

—— —
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The Three Best Measurements

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

4 Atomic Parity Violation
sin® Oy (mz )z = 0.2283(20)

% The 6S - 78 transition in 123Cs atom (Q) =~ 2.4 MeV

4 Neutrino Deep Inelastic Scattering

sin® Oy (M2 )aig = 0.2356(16)
(Q) ~ 5 GeV

4 Parity-Violating Meoller Scattering

S = =
* The E158 Experiment °' bw (mz)ys = 0.2329(13)
(Q) ~ 160 MeV

% The NuTeV Experiment

- —
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0(Qw)

QuwlZ, N)=Z(1 — 4sin’fy,) — N

; fBrl )
......

F=4 mr
polarizes
m= the atoms )
. » F,m=tF> L5095 Hecior
681/2 919 Gz m=-3 | Y/ / / Re-excitation of the
J— 4 ﬁV depleted HF level
epletes | dye laser I
F=3 m=+ one HF by
level eam I fluo

~ 0.6%

o o o QW o
Atomic Parity Violation

SRR
— (§1112 w) ~ 0.9%
sin“ Oy

kpnc
Atomic Theory

Partial Level Structure of Cesium ‘Boulder Experiment
F=4 m=+4 Noecker et. al (1988) Power build-up cavity
G - A oosea L ( F=100 000 )
=-4 F — ) 1
TS12— 1 218GHz =3 Hyy = ﬁ Qwysp(T) : ) pumping _ :.\: Miror
F=3 m=+3 [ : " A 4. '
Dye Laser
(540 nm)

0.9065(36) x 10~ *eaq

1999

0.8906(26) x 10~ *eay

APV signal: odd in

=3
*6S — 7S transition in 133Cs is forbidden within QED E &0 B By 5

2010

eParity Violation intfroduces small opposite parity admixtures

®5 sign reversals to isolate APV signal and suppress systematics
eSignal is ~ 6 ppm, measured to ~ 20 ppb

Mps/B Epnc

e/nduce an E1 Stark transition, measure E1-PV interference 0.8977(40) x 10~ eaq

2012

Qu = (Elzzel2) () sin” QW(mz)l\f—.S — 0.2283(20)

5 o low
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NuleV

‘ Target / Calorimeter

Drift Chamber

* /4 s -

Toroidal Spectrometer

Drft Chambers

n

\

Steel Toroids

L B B 2

DIS neutrino and anti-neutrino charged and neutral current cross-sections
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Most precise
measurement of
neutrino-quark
coupling

Subtle partfon B

physics effects can

affect the result
& >

2" Steel -i‘\;'inlil];:lt,\r
generated great
NC NC : -
- Oy —0, 1 . interest in both
R =———-=p|--sin" 0,
O —0, 2 nuclear and
in @) " = 0.2277 £ 0.0013(stat.) dard Model nred paEa
sin~ 0" " =0, T 0. stat. tandard M rediction i
i Standa 0 c. p.c ction 1s 0.2227 phenomenology
+0.0009(syst.) (3 deviation)
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Goal: error small enough to probe TeV scale physics

SLAC E158 1997-2004

~ 10 ppb statistical error at highest E,,,, ~ 0.5% error on weak mixing angle

. . . . =

collimator primary & scattered collimator detectors
liquid ¥ beam ep's
polari hydrogen v photons I-“F[:' /”E T
17 I T - .
beam "= -ta-rg—et_*-—-_*% B H- - -; =L i"—-IHE Mollers e 017 m
dipoles quadrupoles
= 60 m ~|
A large number of
45/IN —e—ri -147 + 27
[
technical challenges
‘ 45/0UT —e—o -129%28
48/IN —— -119% 26
48/0UT b -137 = 26
half-wave
it iy circularly  plate Run 1-111 & i
¢~ polarized R L
. m lllllllllllllll lllllllllllll

W00 =250 _ -200 -150 -100  -50
Moller Asymmetry (ppb

(-131 £ 14 £ 10) x 10°

Phys. Rev. Lett. 95 081601 (2005)

"L light

ectroweak and Hevondﬁtandara Model Phvsics at an“lﬂb 0%, Ktrishna Kumar. Sentember 9 201H
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72 S ST ) et TETEEE DR =)
Apy In elastic e-p scattering:

The Weak Charge of the Proton

ep.s) e’ |

Mt L B b B B L R B B B b e B b B R R B B b B B b B B R B e b B b B b B B B B b B B B R B e e b B b L R R B B b B L R R R Ll b !

7*Sv  For alH target, nucleon structure contribution well-constrained from measurements

N A’ —=0) = 4;;[ [Q* 00 +Q'B(2°)] 02, =2C,, + €,y x1-4sin’ B,

weak

P(ks) P(k's’
Qweak at JLab  Quartz Bar Detectors =) ¢ This EXPe“ment Data Rotated to the Forward Angle L|m|t
Production Mode: 8-fold symmetry 0.4l : g:;';'i;
180 A, Integrating . .0idal <) A PVA4
N ® GO [
Spectrometer Q 0.3 > _SM (predicton) .f
> Qweak 71 7 =T { |
Q }’ | 957
+ 0.2 T4
a =
35 cm LH, target C”} ® 018 : : ) :
e- beam 0.1 1 Inner Ellipses - 68% CL
/ <\E% 5 017| Outer Ellipses - 95% CL <%
=1.16 GeV
1 180 pA < 0.0 . APV + PVES
_ Qg0 _defini ; : . Combined Result
P =88% Acceptancg defining High-density concrete 0.0 5 0.1 (2) 2 0.16
Pb collimator shielding wall _ Q (GGV/ C) i

C1u + C1d
o
o

Run O Results (1/25% of total dataset) — published in PRL 111, 141803 (2013)

0.14
A, =-279 +35(stat) = 31(syst) ppb  at <Q2> =0.0250 (GeV /c)’

0.13

only 4% of Qweak data

O, (PVES) =0.064 +0.012 0,,(SM)=0.0710 = 0.0007
0.12

First determination of proton’s weak charge in good agreement with Standard Model -0.70 -0.65 -0.60 -0.55 -0.50 -0.45 -0.4C

Ciu= Cug

ectroweak and Bevond Standard Model Phvsics at an EIC 0 5 G

— Krishna Kumar. September 9 201 EJ)



PV Deep Inelastic Scattering

off the simplest isoscalar nucleus and at high Bjorken x

Krishna S. Kumar

Low Energy Stand

2 vZ V4 &
Apy = QG\}%Q [QA ];17 2 gvf(Qy) F]:?’W } A = Lpjorken
A ! . y=1-E’/E
02>> 1 GeV? ,W2>> 4 GeV? | — (1 — 1/-)2
2 Y = 2 — 2
APV o GFQ [a(X) ¥ f(y)b(x)] |+ (l — .I/,)- - .1/"1?[—_:_1
’\/EJTOC R(a (22):0”/0' ~ (.2
P o' — o" Athighx, A, becomes independent of pdfs, x & W,
. p— . ) . . e 2
is0 T with well-defined SM prediction for Q* and y
_ 3(1'/.‘(_22 2C1-u — Cl(l (1 + Rs) +Y (2C2u — C‘Zd) Rv
Ta2v/2 5+ R,
: Interplay with QCD
R.(z) = — 25() Large * = Parton distributions (u, d, s, c)
U(z) + D(x) = Charge Symmetry Violation (CSV)
Rl‘(.] ) _ u i(l) -+ ({,.(.17) Large .r) 1 s ngher Twist (HT)
Ulz) + D(x) = Nuclear Effects (EMC)

ard Model Tests with Parity-Violating Electron Scattering

34
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Dark Z to Invisible Particles

Davoudiasl,

e - ——— - -.---o——m——-—l-

Lee, Marciano

QQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQ

1>< 10—4: ‘\ : "ﬂ"?""""?ﬂ"‘.‘.""""@ ~~~~~
[ \
1x1077F
5105 .
NCQ | P
- MES AAPEE( T'est MAMI
1% 10-6" , ’APV C()-I.ﬁglned
-78 |
5% 10 7 , 14
’ [For 6*=10"°
-7 A . T e el YT —
LKl ol 50 100 500
mzq [MGV]

K=2nZ = n+”missing energy”
& and O effects could partially cancel!

Suppression by ~1/6 allows Z;~100MeV
Combined with muon g-2 = observable dark PV Band

| |Beyond kinetic mixing;

Dark Photons:

i
introduce mass mixing

with the Z°

+ Potentially Observable Effects (for 5210-3)
APV & Polarized Electron Scattering at low <Q>

mz,
M 7

0

o — . sy —

BR(KD1Z,) =~ 4x10452 BR(BKZ,) =0.152
&2 roughly probed to10°
0242 |
. \\ Mayy 7 = 50 MeV
0.240 Pe— M.+ 7 = 100 MeV l
’ Q\‘cak (first) My 7z = 200 MeV
0.238 (no suppression factor)
"3; (dilution factor = 2)
= 0.236 (QCD corrccnon =1/
g (6 < 107? is used

0234
0.232 s ‘
0230 Anticipated sensitivitics SLAC
2 -1 0 1 2 3
Log,, Q [GeV]

ectroweak and bevond dtandard Model Phvsics at an E1G
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http://arxiv.org/find/hep-ph/1/au:+Davoudiasl_H/0/1/0/all/0/1
http://arxiv.org/find/hep-ph/1/au:+Lee_H/0/1/0/all/0/1
http://arxiv.org/find/hep-ph/1/au:+Marciano_W/0/1/0/all/0/1
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An ultra-precise measurement of the weak mixing angle using Moller scattering

e MOLLER at JLab

Measurement Of Lepton Lepton Electroweak Reaction

e 0 TR0 T 0 0 P R VN VO VRN VRO N O O VO V0NV VRO T N O O 0 TR O VN O TN 0 N 0 V0N VO VN VO TR0 TN N V0N TR VO VN T TR N N D TR O TN O TR T O T O TR OV LT R

spectrometer {(/

28 m
Apv = 35.6 ppb

Luminosity: 3x103° cm?/s
75 uA 80% polarized
0(Apv) = 0.73 parts pe
0(0°w) =+ 2.1 % (st

ectroweak and bevond dtandard Model Phvsics at an E1IG 30 Krishna Kumar. deptembper Y §U I 5
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An ultra-precise measurement of the weak mixing angle using Mgller scattering |

|
|zewmsr MOLLER at JLab

Measurement Of Lepton Lepton Electroweak Reaction
p

.<(‘*
D

2
28 m %éwueiéﬂ“ej
Apv = 35.6 ppb
Luminosity: 3x10%° cm?/s = 7.5 TeV}i
\/ ‘g%{R 0 g%L‘

75 pA 80% polarized
o0(Apv) = 0.73 parts per billion

L 0(Q¢w) =+ 2.1 % (stat.) = 1.0 % (syst.)
o and Berend S Endard Mo del PIRsics at an EIC e T IPRE TS
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r =
| An ultra-precise measurement of the weak mixing angle using Mgller scattering
| 11 GeV Mgiller
{ scattering MOLLER at Lab
| Measurement Of Lepton Lepton Electroweak Reaction

y d(sin?0w) = + 0.00026 (stat.) = 0.00012 (syst.) > ~0.1%

Matches best collider (Z-pole) measurements!

i
!

best contact interaction reach for leptons at low OR high energy

To do better for a 4-lepton contact interaction would require:
Giga-Z factory, linear collider, neutrino factory or muon collider

S
spectrometer {{>

Apv = 35.6 ppb of =
Luminosity: 3x10%° cm?/s ﬁ = — = 7.5 TeV
75 uA 80% polarized | Vierr ~ 8Ll

O(Apv) = 0.73 parts per billion ® ~ 20M$ MIE funding required|

® 3-4 years construction
0(0¢w) =+ 2.1 % (stat.) = 1.0 % (syst.) e 2.3 years running

ectroweak and Bevond Standard Model Phvsics at an EIC 0 O i e N\ TS TTTI ARSI AT Séﬁ't’é’hiﬁéi’gﬁm
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Physics Examples:

ot g

bt B e Bl bl B R B B b b b B b L R L B B b B b b B R R B B b B bl L R B B b B b L

e*e colliders Prediction for
0Il,EP and SLC 125 GeV Higgs! Allowed region: R-Parity-
A 0.23071 = 0.00033 yjolating Supersymmetry
A(P) 0.23131 = 0.00041
A(SLD) —h— 0.23070 = 0.00026 p oy Musolf and Su,
Phys. Rep. 456 (2008
E ACP —v— 0231932000029 "5 Kep- 436 (2008)
| 053 0231 0232 E")’("T ‘;’;‘(’) f ‘5"5 =
i arAtly. C
smqu(Mz)m
MOLLER —|— + 0.00029
Qweak (Mainz) —|—  proposed = 0.00037
SO e . + 0.00060
Qweak (JLab) ongoing + 0.00072
i c
s Aoy published = 0.0014
E158 o + 0.0014

Doubly-
Charged

Scalars
Significant reach beyond LEP-200

Z resonance measurements: little sensitivity to new contact interactions

~

Beyond LHC

OOOOOOOO

OOOOOOOOOOOOOOO

R-Parity-conserving
Supersymmetry

ep ep
6 (9av)susy Gavism

. —— e, —

—0.02} .
Future constraints:

oodl constrai JLab MOLLER &
' | | Mainz P2
-0.04 -002 .0 Qo2  0.04
% ((9av)susy'(9av)sm
i
Leptophobic 2’
e q

% Hk

q
SOLID can improve seqnsitivity:
100-200 GeV range

ectroweak and bevond dtandard Model Phvsics at an E1G %5

— e —

T Krishna Kumar. September 9 201H



—————

fluctuations

detectors

techniques

Director’s Review chaired by C. Prescott: strong, positive endorsement

Technical Challenges - ~ 100 authors, ~ 30 institutions
e ~ 150 GHz scattered electron rate - Expertise from SAMPLE, A4, HAPPEX,
- Design to flip Pockels cell ~ 2 kHz 60, PREX, Qweak, E158

- 80 ppm pulse-to-pulse statistical

e 1 nm control of beam centroid on target
- Improved methods of "slow helicity reversal”
e > 10 gm/ecm? liquid hydrogen target
I -15m:~5kwW @ 85 pA
o Full Azimuthal acceptance with 0, ~ 9 mrad
- novel two-toroid spectrometer
- radiation hard, highly segmented integrating

o Robust and Redundant 04% beam polarimetry ® 20M$ proposal to DoE NP
- Pursue both Compton and Atomic Hydrogen © 2-3 years construction

MOLLER Status

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

e MOLLER Collaboration

- 4th generation JLab parity experiment

e 2-3 years running

ectroweak and Bevond Standard Model Phvsics at an E1C 20
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Elastic and deep-inelastic electron-nucleon scattering

Semi-Leptonic Interactions

N A e i G e T =
g e 7[67“756(Cluwyuu Clady,d)

+ev*e(CoyTyuysu + Caady,ysd))]

C); = 28285/ C, = ng,gi

Ciu = —3+3sin°fy =~ —0.19 new physics ’Cflf? s |
Cia = L1-2sin0y ~ 0.5 A2/ (= 2

Ch = —1i2sin?0y ~ —0.04 = ><! > Az J el V2
Coa = %—2 sin“ Oy~ 0.04 -E:u 7 1,Jj=L,R *J

eq \2 eq \2 eq \2 eq \2 PV elastic e-p scattering,
Clg X (gRR) * (gRL) oY (gLR) = (gLL) —p- Atomic parity violation

Cogq X (g%qR)2 = (g%qL)2 55 (gz(%)z 5 (ngL)2 [ > PV deep inelastic scattering

ectroweak and Bevond Standard Model Phvsics at an EIC P — Krishna Kumar. September 9 2071 EJ)



g e e e e . P R e R sy
Eoo o (g;qR)Q 2 (g%qL)Q = (92%2)2 = (92‘2)2 [—. > PV deep inelastic scattering |
o o
Deep Inelastic Scattering on LD>
[ epdinecepineaslicio sealic T S |
GROSr—E e
Apy = [ } 2ss | 2 W2 2
PV o ga 7 s i 2> F7 02>> 1 GeV? , W2 >> 4 GeV
|
E |
| |
ectroweak and Bevond Standard Model Phvsics at an LIC i T rome i~ A — Krishna Kumﬁf’Sé'b’té’ﬁiB’éFg—QUTfj)'
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| Deep Inelastic Scattering on LD>

s s e e s S e
Cyy X (g;qR)Q = (g%qL)2 5 (92‘%)2 = (92‘2)2 [— > PV deep inelastic scattering

Apy in deep inelastic e-D scattering:

QQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQ

Gr@Q’ [gAFfZ+g f() F??Z]
e DR s

0?>> 1 GeV2 ,W2>> 4 GeV?
a(x): function of C1;’s

G,0O’
Apy = \/Efa [a(x) + f(y ] b(x): function of C»i’s

Apy =

ectroweak and Bevond Standard Model Phvsics at an EIC 20 R A Y= — Krishna Kumar. September 9 201 EJ)
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Deep Inelastic Scattering on LD>

Apy in deep inelastic e-D scattering:

E C,0.f:(x)

a(x) = -4

EQ?f,(x)
o

a(x) = E[(ZCM - Cld)] ) =

b(

E C,,0.f,(x)
S e
=
10

)2 Yz § i
Apy = rd [gAl—W +gvf(y) 37 ] 02>> 1 GeV? , W?2>> 4 GeV?
2V2ma I e & p
G Q2 a(x): function of C1;’s
F :
Apy = 5 e [a(x) + £ (V)b(x)] b(x): function of C2;’s

For’H, assuming charge symmetry,
structure functions cancel in the ratio:

u,(x)+d (x)
u(x)+d(x)

[(ZCZM—CM) + o

S
Cyy X (g;qR)Q = (g;)qu)2 5 (92‘%)2 = (92‘2)2 [— > PV deep inelastic scattering

ectroweak and Bevond Standard Model Phvsics at an EIC

— Krishna Kumar. September 9 2071 EJ)
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Cyy X (g;qR)Q = (g;)qu)2 == (92‘%)2 — (g3%)* == PV deep inelastic scattering

Deep Inelastic Scattering on LD>

Apy in deep inelastic e-D scattering:

QQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQ

A e ae fly) F3*

AP = o Jama A FT }

0?>> 1 GeV2 ,W2>> 4 GeV?
a(x): function of C1;’s
GO :
Apy = g la(x) + f (¥ ] b(x): function of Cs’s
E CliQifi (x) E CziQifi (x)

oo , For2H, assuming charge symmetry,
a(x) = ; Rl a—— : . :
2 O/ f.(x) E Q’f.(x)  Structure functions cancel in the ratio:

= [(2 = CZd)uv(x)+ d (x)
10 u(x)+d(x)

a(x) = %[(ZCM - Cld)] ) =

4 .-

6 GeV run results
Q2 ~ 1.1 GeV?

APBYS (ppm) —91.10

(stat.) +3.11

(syst.) +2.97

(total) +4.30

Q2 ~ 1.9 GeV2 Asymmetry

APYYS (ppm) —160.80
(stat.) 1+6.39
(syst.) +3.12
(total) +7.12

—— — e g ——— - ---o-c—-—.—-—-A.-—,——-T

ectroweak and Bevond Standard Model Phvsics at an EIC 20
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CQq X (g;qR)Q £

EcliQi.fi(x)
= >0 ()
= ;

a(x) = E[(ZCM -C, d)] +

p(x) =
= pYTe

b(x) = [(ZCZM C,,)

6 GeV run results
Q2 ~ 1.1 GeV?

(Q%QL)Q - (92%2)2 =

GrQ-
A —
I Q\fmy [9

G,0O’
A 3 [a(x) + f(y ] b(x): function of Cs;’s

P \2na

E C,,0.f,(x)

APYS (ppm) —91.10

(stat.) +3.11

(syst.) +2.97

(total) +4.30

Q2 ~ 1.9 GeV2 Asymmetry

APYYS (ppm) —160.80
(stat.) +6.39
(syst.) +3.12
(total) +7.12

( gZ‘i)Q > PV deep Inelastic scattering

Deep Inelastic Scatterlng on LD»

Apy in deep inelastic e-D scattering:

QQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQ

f o

FW

s A7

For’H, assuming charge symmetry,
structure functions cancel in the ratio:

u,(x)+d (x) 3

e e i — - — - —_— — R -‘.---”M‘.‘TI

0?>> 1 GeV2 ,W2>> 4 GeV?
a(x): function of C1;’s

s —

—o—,

0.2

Wang et al., Nature 506, no. 7486, 67 (2014);

u(x) + d(x)

0.1

03 —

0.4

09 0.8 -0.7 0.6 0.5

2C,,C.y

ectroweak and bevond Standard Model Phvsics at an E1G
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CQq X (g;qR)Q £

EcliQi.fi(x)
= >0 ()
= ;

a(x) = E[(ZCM -C, d)] +

p(x) =
= pYTe

b(x) = [(ZCZM C,,)

6 GeV run results
Q2 ~ 1.1 GeV?

(Q%QL)Q - (92%2)2 =

GrQ-
A —
I Q\fmy [9

G,0O’
A 3 [a(x) + f(y ] b(x): function of Cs;’s

P \2na

E C,,0.f,(x)

APYS (ppm) —91.10

(stat.) +3.11

(syst.) +2.97

(total) +4.30

Q2 ~ 1.9 GeV2 Asymmetry

APYYS (ppm) —160.80
(stat.) +6.39
(syst.) +3.12
(total) +7.12

( gZ‘i)Q > PV deep Inelastic scattering

Deep Inelastic Scatterlng on LD»

Apy in deep inelastic e-D scattering:

QQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQ

f o

FW

s A7

For’H, assuming charge symmetry,
structure functions cancel in the ratio:

u,(x)+d (x) 3

e e i — - — - —_— — R -‘.---”M‘.‘TI

0?>> 1 GeV2 ,W2>> 4 GeV?
a(x): function of C1;’s

s —

—o—,

0.2

Wang et al., Nature 506, no. 7486, 67 (2014);

u(x) + d(x)

0.1

03 —

0.4

09 0.8 -0.7 0.6 0.5

2C,,C.y

ectroweak and bevond Standard Model Phvsics at an E1G
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| C2q % (95R)° —

Deep Inelastic Scattering on LD>

e
(9550 + (95%)°% — (g5%)? => PV deep inelastic scattering

Apy in deep inelastic e-D scattering:

QQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQ

5
GrQ

F
= 917+ Quarks are not . e
article in Nature
i OU [a(x)+ ,2ambidextrous

\ £TT By separately scattering right - and left- handed electrons off quarks ina

|
| deuteri , researchers have i ed, by about a factor of five,
E E CliQifi(x ) E Czin‘fi(x ) For? H, assumlng cle:;;f: ;?u:?ﬁ‘:limazéﬁet&eggg:g fmxrigs yl::az:'s::lgo.r SEE'E:ng: P67 E
! s E O’ f.(x) 2Cs IE O f.( x) structure functions cancel in the ratio:
o u (x)+d. (x)
a(x)==[(2C,, - C,)]+ b(x) = (2C2u C,,)~ Al
10 u(x) + d(x)
6 GeV run results :
Q2 ~ 1.1 GeV? L
APBYS (ppm) —91.10 q, 0
(stat.) +3.11 &
(syst.) +2.97 02
(total) +4.30 ’
Q2~1.9 GeV2  Asymmetry -
APYYS (ppm) —160.80 o)
(stat.) +6.39 |
(syst.) +3.12 Wang et al., Nature 506, no. 7486, 67 (2014);
(total) +7.19 09 08 0.7 06 05
2C,,C.y
ectroweak and Bevond Standard Model Phvsics at an EIC 1) st i~ e — Krishna Kumar. S'é'b'té'ﬁib'éi"m




——— . ——— —— v—
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Cyy X (g;qR)Q = (g%qL)2 == (92‘%)2 = (92‘2)2 — > PV deep inelastic scattering

Deep Inelastic Scatterlng on LD»

Apy in deep inelastic e-D scattering:

QQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQ

GFQQ

F
2V3ra 017>+ Quarks are not .
ambidextrous """

Apy =

Apy = FQ [a(x) £

Q2 ~ 1.1 GeV? of ﬁ
APYS (ppm) —91.10 q, 0
(stat.) +3.11 s °r &
(syst.) 1+92.97 3 | 02 |-
(total) +4.30 §°f
Q2 ~ 1.9 GeV?2 Asymmetrys s v
AP (ppm) ~160.80 o b
(stat.) +6.39 o} — |
(syst.) 43.12 Wcmg e‘r al. Na‘rure 506, no. 7486, 67 (2014):
(total) +7.19 " 1‘5\ - : : : - 15 09 08 0.7 06 05
A(l2C,,~C\ylg .0 ) [TeV) 2C,,Cyy
ectroweak and Bevond Standard Model Phvsics at an LIC i T rome i~ A — Krishna Kumﬁf’Sé'b’té’ﬁiB’éFg—QUTfj)'

\ £TT By separately scattering right - and left-handed electrons off quarks ina
E C ( ) deuterium target, researchers have improved, by about a factor of five, ona
1iQ'f 30 E CziQ'f (x) classic result of mirror-symmetry breaking from 35 years ago. SEE LETTER P67 ||
i

e e For2H, assuming _
E O’ f.(x) 5 E Q’f.(x) Structure functions cancelin 1 the ratio:

a(x)=%[(2clu_cld)]+... e [(2(:2” CZd)uv(x)+dv(x) 3

15

—o—,

6 GeV run results
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Requirements
¢ High Luminosity with E> 10 GeV 4

+ Large scattering angles (for high x & y)

¢ Better than 1% errors for small bins
? x-range 0.25-0.75

¢ W2 >4 GeV?

¢ Q2 range a factor of 2 for each x

— (Except at very high x)

¢ Moderate running times

Ikequires 12 GeV upgrade of JLab and a large superconducting solenoid]

The SOLID Experiment

- statistical error bar o,/A (%)

1
(=20

~_shown at center ofibins charge
in Q?, x P61 § P63 symmetry
r .58 ; i
standard model test 4).53‘p o | retz
@52 r e " {4 months at 11 GeV
[ o5 “) Sl higher twist |
r 059 416
L sea 5 @65
quarks 1o 048 o52}?
[ 960-“0' 2 months at 6.6 GeV
- ,*a.ef‘
1 "'l"— 1 1 l 1 1 l 1 1 1 l 1 '
0.2 0.4 0.6 0.8

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

A=A|l+ [y, +ﬁcwx2

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

xb]

ectroweak and bevond dtandard Model Phvsics at an E1G
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SOLID Sensitivity

[2g =91, Courtesy: J. Erler

SLAC-E122
JLab-Hall A
SoLID

Final Qweak result + projected SOLID

eu ed
29 =9 ]y,

Qweak and SOLID will expand sensitivity
that will match high luminosity LHC
reach with complementary chiral and
flavor combinations

Efé‘ét’fﬁv&é"ék"éirﬁ“B'éﬁ)"ﬁHSfﬁﬁaiﬁ Model Phvsics at an E1C L B e e~ T
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Does Supersymmetry provide
a candidate for dark matter?

‘B and/or L need not be
conserved: neutralino decay

Depending on size and sign
of deviation: could lose appeal
as a dark matter candidate

MOLLER

Ramsey-Musolf & Su
15 10 5
e
(QW)SUSY/(QW)SM

20 0 5
(%)

10

5 e
Leptophobic 2’
oVirtually all GUT models predict new Z’s arXiv:1203.1102v1
o HC reach ~ 5 TeV, but.... Buckley and Ramsey-Musolf
eLittle sensitivity if 7’ doesnt couple to leptons
eLeptophobic Z’ as light as 120 GeV could have escaped detection

q
Since electron vertex must be vector, the Z’ cannot

couple to the Ciq’s if there is no electron coupling:
can only affect Czq4’s

€ q
SOLID can improve sensitivity

100-200 GeV range

— e —
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Inclusive and Semi-inclusive deep 1nelast1c scattering

Broad Program with SOLID

QQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQ

2H Parity Violation Experiment
Search for nucleon charge symmetry violation (CSV at the partonic level)
Could be partial explanation of NuTeV anomaly

Search for a very special category of higher twist dynamics
PVDIS off 2H isolates quark-quark correlations

PV-DIS with Other Targets

PVDIS off 'TH
Totally clean (free of nuclear dynawmics) measurement of d/v as Bjroken x — 1
PVDIS off 48Ca (New proposal submitted)
Search for novel manifestation of isovector-dependent medium modification (EMC effect)

Double- Polarlze 5

PR12-11-108: Single and Double Spin Asymmetries on
Transverse Proton (received full approval last week)

emi-Inclusive DIS on *He & H at 11 GeV

E12-10-006: Transverse Single Spin Asymmetry 3He (90 days),

E12-11-007: Single and Double Spin Asymmetry 3He (35 days,

Parity Violation and Svmmetries: Gonnections to the EIC 4.4

{
!
'
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Longstanding issue in proton structure
o
d/u at high x
PV-DIS off the proton (hydrogen target
| = proton (hyadrogentargell . cye): du~1s2
G0 Valence Quark: d/u~0
Apy =2 [a(x)+ fF()b()] °Q
\27a Perturbative QCD: d/u~1/5
P (x) u(x)+0.91d(x)
a \(X)=
u(x)+0.25d (x)
| Projected 12 GeV d/u Extractions @ Three JLab 12 GeV
1 " . QCD Fit, Botje I experiments:
\ CTEQ6.6M 1
o - A giffg«f;g/;ms DIS I o CLAS12 BoNuS -
0'8- \ -4 4 i 0 CLAS12 BoNuS, relaxed cuts H spectator tagging
B s 4 ® SoLID PVDIS . )
g " _ N e BigBite - DIS
% hiaagg . SU®) 3H/*He Ratio
0.4 = e SoLID - PVDIS ep
] T~ _ DSE .
o ¢ ST = @ The SoLID extraction
21— o - ' - -
] BoNusS sys. uncert. ® e T -] pQCD of d/U IS made dlreCtly
of ——————————————— DBiokeni) from ep DIS:
o 01 02 08 04 0> 00 07 08 08 no nuclear corrections
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xg'%, EIC 20 GeV x 325 GeV (E_ x E.), Lxt =100 fb™
1 e P

Including quark and anti-quark polarizations

Help 6-Flavor Separation

xg'%, EIC 20 GeV x 325 GeV (E_ x E,), Lxt =100 fb™
5 e P

0.05¢ UZF
= Y Z - 7
0.04— [ ’7
E g1 OC Au+ Ad + As ot g7 o 2Au, + Ad,
- ' 0.1F ;
0.02— ¥ I = ; v
— 1 n .
0.01F M 0.05: f Y
- - — 1
" of S AT T o of EREEEEE
2 OEV y I I 1 M 2 OE"' I l | l !
-0.01F 0.055 |
0.02F; E ?
0.03F 01E
0.04F -0.15H]
0.05 L ool ool L Ll
10 10 . 10 0.2 107 102 10"
xAs, EIC 20 GeV x 325 GeV (E_ x Ep), Lxt = 500 fb"! X
0.06{ : -
: :I; A S A cross-check showing unambiguously
0.04 o . .
; non-zero delta-s in an inclusive measurement?
0.02- '
» I l l I { I o o °
gof || l | { br P Semi-inclusive measurements
0021 | | lose statistical power at x ~ 0.1,
-0.04f}- and have significant theoretical
oo - interpretation issues
10° 10 10"
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