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In searchoof the,holy;graikreracks indhe/Sh

A Why search? SM has limitations:

I Too many parametenwhich are not predicted

I Does not account for thindike gravity, dark
matter/energy, matter/anttimatter asymmetry, etc.

i Lack o R Rparficfes foundso far thrudirect
searchesn the postHiggs era
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In searchoof the)holy grailreracks mdhe/Sh

A Why search? SM has limitations:
I Too many parameters which are not predicted

I Does not account for things like gravity, dark
matter/energy, matter/anttimatter asymmetry, etc.

i Lack of R Rparfirfes found so far thrdirect
searchesn the postHiggs era
A How? Useéndirect searchesitilizing precise
msrmntsof wellpredicted SM observables
I Compargrecisemsrmntswith SMpredictions
I Qu(p) a good testing groundiighly suppressem SM

A SMbkgis smallp easier to see new physics

I Has potential to reachieVmass/energyscales beyond
those directly accessible with higdmergy accelerators
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Exploiting /RarityViolation

A The wea
I Strengt
| Strengt

K Interaction Is a needle in the EM haystz:
h of EM interaction ~147Q%)?

n of weak interaction ~ 4G./(+/¢Q?)

i Ratio weak/EM strength isfG¥ (4~ R/¢) -2 pprhatourr g
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Exploiting /RarityViolation

A The weak interaction is a needle in the EM hayst:
i Strength of EM interaction ~ (47Q?2)?

i Strength of weak interaction ~ 4G./(V¢Q?)
i Ratio weak/EM strength isgG%(4~ A/¢) ~ 2 ppMatour

- mirror

A How to isolate weak interaction”
I EM Interaction conserves parity™ 0

i Weak interaction violateparity —,
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Exploiting /RarityViolation

A The weak interaction is a needle in the EM hayst:
i Strength of EM interaction ~ 147Q?)?
i Strength of weak interaction ~ 4G./(V¢Q?)
i Ratio weak/EM strength is.G%(4~ R/¢) ~ 2 ppMatour

A How to isolate weak interaction? =~ | 7
I EM Interaction conserves parity™
I Weak interaction violates pariy., :
i QCft AL S 06StI YQaA- ..

Awl GS 2F SQa a0l (0 SNS kg MR
Awl GS 2F SQa éélﬁaéNB'
Msr the beam spin asymmetiy, e , ) toisolate weak interaction‘
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The WeakiCharges s

Qu(p)istheneutral -weak anal og of the proto
The SM makes a firm prediction of 0 we can test Q,..iS Sensitive to thequark

[ [ Qe | Weak Vector Charge | ceteliC T
/s A o

uquark 2/3  -2C,=1-;sin%6, ~1/3 S~ : 3
d quark -1/3 -2C,4=-1+3sin?6, ~ —2/3

P (UUd) +1 1-4 Sin29w “ C,= 2g§gf, Cy = zg;gja/
~ Small scattering Large scattering
n(dd) O ~ -1 W o
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The WeakiCharges s

Qu(p)istheneutral -weak anal og of the proto
The SM makes a firm prediction of 0 we can test Q,..iS Sensitive to thequark

|-m Weak Vector Charge ‘ VeCtor CO“D“”QSF <>& F'
u quark 2/3 -2Cy, = 1——sm 0, ~1/3
d quark -1/3 -2C,3=-1 +§sm 0, ~—2/3

P (uud) +1 1 - 4 sin®6,, “ C, = 2gAgV C, = zgng/
~ Small scattering Large scattering
n (udd) O ~ -1 w Ta

A General:Q,(Z,N) =2{C ,(2Z + N) + (Z + 2N)}

I Ex:Q,(p) =-2(2G,+ Gy (his experimen)
A Uses higher ®PVES data to constraimdroniccorrections (about 20%)
I Ex:Q,(*33Cs) =2(188G, + 211C,) (APV),22% si tts (0rsyd

A Latest atomic correctionsom Dzubaet al, PRL 109, 203003 (2012)

A CombiningQ,(p) andQ,(Cs)A Cy, & G, Qu(N)
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DesignA2nncipalsdorihe Precisionokrontiel

To To Do Do Do o Do Do Do Do o

Maximize luminosity & acceptance
Azimuthal Symmetry : To reduce HCBAssrxverseg increase d

Optimize Q 2 higher G- largerA, lower G- larger d/dq, smallerS E (i Nib LJC
threshold & hadronic structureontributions

Use cutting edge tech o6dzi R2y Qi NBf& G222 YdzOK
NULL asymmetry msrmnts : to quantify absence of falsesymmetries

Blind the analysis
Yo Y0 j\/TF\NheIg’E‘E e  h, h Rt At rt:+ T+4) 1
Unprecedented precision brings inevitable surprises

I For us: HC halokgon beam coll.rescatteringbias inPbpreradiators
Redur]dancy: Ex: 2polarimeters many BCMs, BPMs, dumrbitgtgts, different ways
uz2z OKIFNJFOUSNRAIS |/ .1az ..2%2 Su0OdzZ asgds
Multiple run periods : To improve, & comparssltsunder differentconditions
Flexibility : Build in ancillary detectors & capabilities to handle unexpetiegs
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Experimentalitechniguerto dsolate/Measure/RVSignal

The entire accelerator complex is our apparatus

Multiple ways of reversing electron
JLab Hall C beam helicity are essential:

» Detectors

Beam Helicity Pattern ﬁFaSt reversal 0
____ R o B 1) Rapid pseudo-random reversal
lelicty | we (varying HV on Pockels cell)
Pk D A 960 Hz (tzz%)
v y
Position Modulation Laser + &
Electron Beam Magnets Pockels Cell

CEBAF

Wien Filter
/L
€ 7/ i_D_

Position Feedback
Magnets

New Hall

Upgrade arc
magnets

Jefferson Lab in Newport News, VA
20 cryomodules

Add 5 wSuperconducting RF accelerator
Frrometies wContinuous ebeam (499 MHz)
Enhanced capabilities w4 expe”mental ha”S

in existing Hallsreg Smith SPIN2018 wl?2 GeV upgradeom lete
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Experimentalitechniguerto dsolate/Measure/RVSignal

The entire accelerator complex is our apparatus

Multiple ways of reversing electron
JLab Hall C beam helicity are essential:

Detectors

Beam Helicity Pattern ﬁFaSt reversal 0

+--4+0r-++- GaAs

____ T . 1) Rapid pseudo-random reversal

Jelicity |\ we (varying HV on Pockels cell)
ool \2} A 960 Hz (Ezz%)
4
Position Modulation Laser + L > ~
TR e Pockels Cell nSlow reversalso
CEBAF 1) IHWP (insertable half-wave plate)

Position Feedback
Magnets

—— A ~8-hour intervals
< yyi \i D
Y4 <

2) ADoubl e Wieno spi
A monthly intervals
.3) g-2spin flip
A Ran at 2 pass (instead of
1 pass) for ~ 6 weeks

/

New Hall

Jefferson Lab in Newport News, VA
20 cryomodules

Add 5 wSuperconducting RF accelerator
Frrometies wContinuous ebeam (499 MHz)
Enhanced capabilities w4 eXperImentaI ha”S

in existing Hallsreg Smith SPIN2018 wl?2 GeV upgradeom lete

16




PrecisionPolarimetry o« ..
Qweak requirecht K t X M2 P,
Achieved 0.61%

Strateqy: use 2 independepblarimete

A use existing <1% Hall C |Mgller polarimeter : / \ =
Low beam currents, invasive K AN

A Known analyzing power provided by
polarized Fe foil in a 3.5 T field.

Magller Polarimeter
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Preg iﬁiﬂrP@A@:nimatry e
Qweak requireght K t XX M2 4 sbht@u/

Strateqy: use 2 mdependepblarlmeteps/

Achieved 0.61%

A Use existing <1% Hall C |Mgller polarimeter : \ g
Low beam currents, invasive ¢ e
A Known analyzing power provided by

Magller Polarimeter

polarized Fe foil in a 3.5 T field.

A Use new

Compton polarimeter [(1%/h)

A High | ..., NON-iNvasive
A Known analyzing power provided
by circularly -polarized laser

Narayan, et al., PRX6, 011013 (2016)jamond strip edet

Electron
\Wor

Scattered
Fabry-Perot Electron
Optical Cavity

FAVAVAVARAVAYRTAVAVAY =~ o>

ComptonPolarimeter

= 5.&5-1- :

Laser Table

Backscattered
Photons
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PrecisionPolarimetry

Qweak requiretht K t
Achieved 0.61%

Strateqy: use 2 independepblarimete

Ko M3

/ ( rs \ ik
’ .
/ -
' = .
p o = X
-~ h‘“
7 ' =~
1 -~ \‘
- L
/ - g
,4/ o i
B s "

A use existing <1% Hall C |Mgller polarimeter :

//-/./’{‘é'-?: v
¢ :— W

=
—
or 61€

Low beam currents, invasive

A Known analyzing power provided by

polarized Fe foil in a 3.5 T field.

A Use new Compton polarimeter [(1%/h)

A High | ..., NON-iNvasive
A Known analyzing power provided
by circularly -polarized laser

Magller Polarimeter

Polarization [%)]

o]
L

Compton (blue circle), Moller (red square)

i $
PO

4 1

gﬁ%

Narayan, et al., PRX6, 011013 (2016)jamond strip edet

Fabry-Perot
Optical Cavity

ComptonPolarimeter
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Target Rerformanee Worl dés highest
& lowest msrd noise (50 ppm)
Loorlt VN cryogenic target
LH2 Flow™e : S lgeam=180UA
55 L=34.4 cm (4% X
Pooam= 2.2 KW
Aspot =4 X4 mm
V(LH2) = 58 liters
T=20.00 K
P~ 22kPa
Mass flow 1.2 kg/s
Volume flow ~ 17 |/s

Electron Beam 13,
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Target Rerformanee

Electron Beam

0.0356
_—0.0354
<C 0.0352
0.035
< 0.0348
0.0346
0.0344
0.0342

0.034
0.0338 F

0.0356

0.0352

0.035
0.0348
0.0346

Main Detector Yield (\#

0.0344 F
0.0342 F
0.034 F

> B8

Designed using CFD

13.9°

Pump speed 28.5 H20 K

III\I|I/IIIIIIIIIIIIIIIIIIIIIIIIIIIIIII

130

QF
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0

0.0354 |-
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Pump speed 12 H(zzo K)
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I BT
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Wo r |

dos

cryogenic target

lgeam= 180UA
L=34.4 cm (4% X
Pocam= 2.2 KW
Aot =4 X 4 mm
V(LH2) = 58 liters
T =20.00 K
P~ 22kPa
Mass flow 1.2 kg/s
Volume flow ~ 17 |/s

hi ghest
& lowest msrd noise (50 ppm)

AAqﬂ; — \/(Gflxed) + (O-tgt) - 230 ppm

Greg Smith SPIN2018
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Parameters: Quartz Cherenkov
oo = 180>A detector bar
Luminosity = 1.7 x $®cnr?s?
Ecorm1.15 GeV

Beam Pol = 89% 0.6%
P12 fF BT
<@> =0.025 (GeVFE)
Integrated Rate ~ 7 GH
Target = 34.4 cm L,H
3 kW, 50 ppm

detector bar withPb
pre-radiator

Qweak Toroidal
Scattered Magnetic

electron Spectrometer _
acceptances smi SPIN2018 (QTOR) Collimators .




Asymmetry Contributions/& Uncertaintiesties

50 1 )

Asymmetry
Contributions (ppb)

un 1: A =-223.5 N15.0 (stagyN10.1 (syst) ppb
un 2: A=-227.2 N 8.3 (#fat) N 5.6 (syst) ppb

etry (ppb)
N N
s &

N

o

[ —

w

——

\

——

A _ Araw + Afalse f A £ -270 // ®Runl
ep ™ — 'back’back N #-Run2
’ Pbeam (‘%ﬁ : = Run 182 Corr Avg
_ ~ / -310 4 m Commissioning
= 1 2R%B3.ppb 330 | | .

) Data Cycle
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To jput this-226.5+ 9.3 ppbiinperspective:

If parity symmetry were violated for mountains, '
the Matterhorn (4478 m) & its mirreimage would differ by 1 mm,
& this difference would bensrdto £42>m pm

[ # Rt P T3 %
P

. s

y- R T o

| » L e T
i - e
BARARC L =y oy - 6
[ PARNHANS. S LIRS, =2 3 ik

Parity Mirror
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Wien (L or R) refers to ~monthly reversals of a

SlovwHelicity-Reversal Stability

IN or OUT refer to the state of thesertablehalf-

double'Wien filter in the injector which reverses the Wave plate at the electron source, changed ~8h,

spin direction (helicity) of the electron beam

Asymmetry (ppb)

which also reversed the spin direction (helicity) of

the electron beam_—__

s00 ¥2 / ndf x° / ndf 7.48/9 N ||a ouT,

— | Prob Prob N,

| p0 p0 226.85 + 10.
400— " OuT,

B T / ® N,

— + I + * i i o %_ : L
200— Wien Filter:

B ‘}‘ \ LorR

8 L SOURUSR NUROUS OSSR OOS NSO NSRS B IHWP:

B | IN or OUT
200— 1 | T 4 . T Statistical

— + : ’ _ Y errors only

B . g2fip (to highlight
400 Run 1 Run 2 | potential

[ E | L1 1 1 | L1 1 1 | L1 1 1 | L1 1 1 | | IEI | | L 11 1 | L1 1 1 | 1 1 1 1 | 111 1 | ] diSCrepanCies

1 2 3 4 5 6 7 8 9 10
Monthly Wien Setting
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SlovwHelicity-Reversal Stability

Wien (L or R) refers to ~monthly reversals of a

IN or OUT refer to the state of thesertablehalf-

double'Wien filter in the injector which reverses the Wave plate at the electron source, changed ~8h,

spin direction (helicity) of the electron beam

which also reversed the spin direction (helicity) of

the electron beam_—__
soo X%/ ndf x2 / ndf 7.48/9 N |l|aourt,
—| Prob Prob 0.587 IN,
—~ k| pO p0 226.85 £ 10.16
O 400— 5 ® OUT,
o — | |®IN,
£ r + ' / %_
> 200(— + {TA g — * ¢ || Wien Filter:
= - é IHWP:
g Of==eees Null asymmetry from w.en%”r :B MB ppb NG OUT
2 l | | I Statistical
b2 -zn@_—I + I T . A atistica
B " o | errors only
- . g2fip (to highlight
400 Run 1 Run 2 | potential
[ E | L1 1 1 | L1 1 1 | L1 1 1 | L1 1 1 | 1 1 1 1 | L 11 1 | L1 1 1 | 1 1 1 1 | 111 1 | EI discrepanCies
1 2 3 4 5 6 7 8 9 10
Monthly Wien Setting
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Extracting @,(p) from A,




09/11/2018

Determining Q,,(p)

[ ]e © bt P where, ®xa$O F2NJ S0a
e>w<p< Axial FF
=
free
\/— level
(p TOEH)O; O Op Aa GKS LINRG2YQA
g ~ J v J ——
V) EM FFs Strange FFs

Greg Smith SPIN2018
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Determining Q,,(p)
Ao [—] >M\< >ZO<< , where, @xaSO T2NJ SQa

Axial FF
A

= tree
A 0 [ \/—] level
i O (p TOE+)O;, Op O Aa GKS LINRG2YyQa
g J v J e

V) EM FFs Strange FFs

A2 AAPOD © [6 6\0(6 ﬁ%}]F\NhereE) —F

Y
hadronic structure (FFs)
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Determining Q,,(p)
Ao [—] >M\< >ZO<< , where, @xaSO T2NJ SQa

Axial FF
A

= tree
A 0 [ \/—] level
i O (P TOE+)O;, Op O Aada GKS LINRG2YyQa
g J v J e

V) EM FFs Strange FFs

A2 AAPPOD © [6 6\0(6 ﬁ%}]F\NhereE) —F

] Y
hadronic structure (FFs)
| Soinaplotod jo OO d | This Experiment
A |'f_ls the intercept (anchored by precise datum nea?:q)))<—'

AB (0 his theslope(determined from higher ®PVES data)
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'Oy, is calculated, 25%o0f A,, at Qweakkinematics AE | &QZZ c
AhadE (red), AhadM (blue), Ahad TOT (green) M,Strange, Axi

hadronic structure (FFs) minimal &

g
150 I '
100 Qweakkinematics

TheQweakdatum is here
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'Oy, is calculated, 25%o0f A,, at Qweakkinematics AE | &QZZ (
AhadE(red), AhadM(blue), AhadTOT(green) M ’StranQe,AXl

hadronic structure (FFs) minimal &
Qweakkinematics

Oy s fit, and~1%of A, at Qweakkinematics

AstrangeE(red), AstrangeM(blue), AstrangeTOT(green)

150 &°
100

TheQweakdatum is here

0.5
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'Oy, Is calculated, 25%0f A, at Qweakkinematics

AhadE(red), AhadM(blue), AhadTOT(green)

Eﬂh adippm)

Oy s fit, and~1%of A, at Qweakkinematics

AstrangeE(red), AstrangeM(blue), AstrangeTOT(green)
150 &°
100

0.5

Q2(GeV2) Greg Smith SPIN2018

AEI\/I,Strange,Axi&lez |

hadronic structure (FFs) minimal &
Qweakkinematics

O s fit, &~2%o0f A, at Qweakkinematics

Aaxial

_dﬁla:-:ial[ppm]
-G

TheQweakdatum is here
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Global PVES FHitdDetalls

A 5 free parametersiayoung, et al. PRL 99, 122003 (2007)

I-I1u+ Qd)'l

. 0, M. & isovector axial FF G4 Note: Q,0 LJO

« G} =p,Q%G, G =uG, & GZuseG,where
Gp = (1 +Q?/A?)2 withA =1 GeV/c

A Employs all PVES data upQ®d= 0.63(GeV/c}

A On p, d, &He targets, forward and baekngle data
A SAMPLE, HAPPEX, GO, PVA4 & this €xptaR:

p 27
d 6
He

2N 12

09/11/2018 Greg Smith SPIN2018
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Global PVES FHitdDetalls

A5 free parametersiaYoung, et al. PRL 99, 122003 (2007)

c 0, M. & isovector axial FF G4 Note: Q0 LIJO T} +GH

« G} =p,Q%G, G =uG, & GZuseG,where
Gp = (1 +Q?/A?)2 withA =1 GeV/c

A Employs all PVES data up #&=Q.63 GeVc)?

A On p, d, &He targets, forward and baekngle data| P 27
A SAMPLE, HAPPEX, GO, PVA4 & this @pta: d 6

A Uses constraints oisoscalamaxial FF 42He 2
A Zhu, et al., PRD 62, 033008 (2000) A 12

A Allepdata corrected for E & Qlependence of .,RC
A Hall et al., PRD88, 013011 (2013pé&rchteinet al., PRC84, 015502 (2011)

A Effects of varying Qd, & <studied, found to be small
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Extractingthe WeakChargeffronthe Asymmetny

A, =- 2265+ 7.3(stat) + 5.8(syst) ppb at <Q2> =0.0249 (GeV / ¢)?

Global fit of world PVES data up 18 0.63Ge¥ii 2 SEGNI Ol LINR

Aol =QR)+ 0?BQ%0), Ay [;fj%]

oy Data Projected to the Forward-Angle Limit
cﬁ 0.4 34 entries IPVES
@ database
g 0 3 L p ExtrEEEI%tion } | (e'p, e'd, e'4He)
o Y
9 ® Qweak 2017
a = 0.2 € Qweak 2013
@] m HAPPEX
I SAMPLE
< 0.1 /i/ A PVA4 ]
=~ N | GO [ : .
<% » SM (prediction) B (thIS result).
00 Sy | _ . 0.0719+ 0.0045
00 01 02 03 04 05 06 | %; (SM):
0?[GeV/c]® 0.0708+ 0.0003
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This global fit is our primary result for .

Now explore the sensitivity of this result to
variations in the experimental and theoretical
iInput used to determine It:
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Consistency

in slight tension with

Lattice strange FFs ar¢

the fitted strange FFs a

higher G
C 0.080 A
0.070
o _
< i
T o0.060
0.050 +
0 2 3 4 5 6 7
. Q,,(p) Extraction Method )

09/11/2018

Greg Smith SPIN2018

38



Multi-TeVMass Reach

(for coupling strength g)

09/11/2018 Greg Smith SPIN2018
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Sensiivity to/New P hysics 3V Secales

» % 7~ , 7 /
\ 7N .:555:! ! z Vi 7 x ;ﬁ ? e ~ e ?
/ A v T -- == <\ + - - << + LQ ' < + X
o '~_;§::_‘ RN g
/AN U e A i
RPC SUSY Generic Z' RPV SUSY Leptoquarks

A Let the quark flavor dependence of new physics be completely arbitrary:
i Ala(Young, et al. PRL99, 122003 (2007))

i Q Al-Oh'Q OEFh — OATW jO )=flavor mixing angle
A Let q represent the quark flavors u, d and 6 is the vector quark coupling

09/11/2018 Greg Smith SPIN2018 40



Sensiivity to/New P hysics 3V Secales

; , 7
>~————@\ + ---—\ + LQ:>< p+X

RPC SUSY Generic Z' RPV SUSY Leptoquarks

A Let the quark flavor dependence of new physics be completely arbitrary:
i Ala(Young, et al. PRL99, 122003 (2007))

i Q Al-Oh'Q OEFh — OATW jO )=flavor mixing angle
Let q represent the quark flavors u, d and 6 is the vector quark coupling

Parameterize new physics scenarios in a general way with a new contact
interaction in the Lagrangian characterized by mass scale s & coupling g:

I General Casal 0 0 Tr OB (76 —"Q)r']F N
E8 68 ) (6 W ) GQAl-© OEhH

\(D
/
>

T> T
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Sensiivity to/New P hysics 3V Secales

\ ) /ffﬁ 0 - /
N\ A ) 2 77 . T2 . ?
7N / X Y. . e N e !
/ A v T -- == <\ + - - << + LQ ' < + X
N \Y N\ :
e/ i WP =3 \\ P e %‘Q\P . p . P
RPC SUSY Generic Z' RPV SUSY Leptoquarks

A Let the quark flavor dependence of new physics be completely arbitrary:
i Ala(Young, et al. PRL99, 122003 (2007))

i Q Al-Oh'Q OEFh — OATW jO )=flavor mixing angle
Let q represent the quark flavors u, d and 6 is the vector quark coupling

Parameterize new physics scenarios in a general way with a new contact
interaction in the Lagrangian characterized by mass scale s & coupling g:

i General Casel 0 0 @ OB (76 —”Q) s
Esfs B ) (6 W ) GAI-© OEH
I But this is just the polar form of a circle in C,, space!
A with centerat (6 h5 ) and

T> T

N

A radius i v (_) This is a modehdependentresult

What do these circles look like?

For SL PV 4 point contact interactigns

09/11/2018 Greg Smith SPIN2018
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s /g Cirglesiince, Space Q.(Z,N)

A The Q,, results
on the proton
(this expt .) and
on cesium (AP
provide
Independe
constrai
(bands) on the
vector quark
couplings C,,,

A Together the H
& Cs constraints
form an
improved
(elliptical)
constraint.

09/11/2018

=2{C,(2Z + N) + QZ + 2N)}

s/g=7.4TeV |
Qweak band
@ d,(proton) [~

@95% CL

1

s/g=3.5TeV

1

\\

-0.20

Greg Smith SPIN2018

-0.19 -0.18

C1u

-0.17
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Sensitivity to/New R hysicSHCoupling to-the) Pnoto
AProtgenOAIT(pPi¢) c@J

) ‘ V- ARNS64, 26
I Then U\/| 3 v ( )l (2014)
x84 A0
84 A0
where: -
o U ('OVq) ' = 246 GeV = EW (Fermi) scale = vacuu

expectation value of the Higgs field, and
0 "O = Fermi couplingonstant = 1.166 x 10Ge\?
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Specific\Mass Reachd&Examples

We rule out new PV SL physics below these mass scales O,
using the coupling strength 0go6 as

i C2NJ GKS GSEGNBYSE O2yidt Of
CompositeneSS,Qg: 4 Y S = 26.3 TeV| (Eichten etal.PrL50, 811 (1983))
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Specific\MassReachd&xamples

We rule out new PV SL physics below these mass scales O,
using the coupling strength o0g

i C2NJ GKS GSEGNBYSE O2yidt Of
CompOSiteneSS,Qg: 4 Y S = 26.3 TeV| (Eichten etal.PrL50, 811 (1983))

I At the other extreme, the coupling usually assumed for
leptoquarksis =4 Y |s,=2.3 TeV.

Send Feedback

O-

a s

L QO s : heaRby (th
color -triplet bosons

Home Summary Tables | Reviews, Tables, Plots | Particle Listings p O StUI at e d |n SM

pdgLive Home > New Heavy Bosons(W’,Z',\epioquarks, efc.), Searches for > MASS LIMITS for Leptoquarks from Single . . .

Producton extensions like technicolor
2017 Review of Particle Physics. & GUTs. C arry both Iepton

C. Patrignani ef al. (Particle Data Group), Chin. Phys. C, 40, 100001 (2016) and 2017 update.

& baryon #s. Could be part
of why there are 3
generations of quarks &

INSPIRE search

MASS LIMITS for Leptoquarks from Sing

These limits depend on the ¢ — {-leptoguark coupling g o tis often assumed that fm [4m=11137. Lits shown are for a scalar,

weak isoscalar, charge —1/3 leptogquark.

2=4 hA g=
VALUE (GeV) CL% DOCUMENT ID TECN g g O ’ 3 Ie pto n S .
> 1755 95 1 KHACHATRYAN  2016AG CMS First generation
> 660 95 2 KHACHATRYAN ~ 2016AG CMS Second generation

ep -
—p > 304 9 3 ABRAMOWICZ ~ 2012A  ZEUS First generation .
éé&lll/ZOlﬁé 4 ABREU 1993) DLPH Seconcieggengagonsmlth SPIN2018 46



Q\Q\
=

\
Qv

oL
\

\

ogr oLv O

Il

¢ O

A Not directly predicted by SM, but by other

msrmnts
of SM quantities. EW theory predicts

A,, is a f(Q).
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Runningofithe\Weak/Mixing Anglesin,
0 m o

TOE+ (M)

P C )

: _ ] E x p tdiffer in sensitivity to
0.243 : Solid Curve (PDG2016): J. Erler, M. Ramsey-Musolf, PRD72, 073003 (2005) classes of new physics.
0241 E158 NuTeV Qweak sensitive to scalar
' K (ee) (vFe) lepto-quarks, E158 is not.
Qweak 0239 'E:
Decreasing - - -
0237 & Qweak Accidental suppression of
2 L APV (ep) Qu(p) in SM makes it
~~0235 I  (18Cs) " unusually sensitive to s2tw.
% PEQ;)I}S Example:
D 0.233 +
= 0931 | _ LEP 1
' I Tevatron'\gs| ¢ { LHC Precision| precision
Qweak X . . .. D R
increasing 0229 1 Projected Uncertainties of Future Expt.s APV:
[ 133 0.59% 0.81%
0227 {§ Ra} P2/Mesa £ soLID} e
' r MOLLER ¥ Qweakp  6.3% 0.46%
0.0001 0.01 1 100 10000
Q (GeV)
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Inrmjpchtiores dotr TDarh Baritfy GislatidinD a r K

| AnDar k p tpassibte partal for new force to communicate with SM? I

(DavoudiaslLee, Marciano, Phys. Re®9>095006 (2014), & Marmano (private communlcatlon)

A New source of low-energy PV through
Standard Model | | yiq), A’ ug),
mass mixing between Z, and Z, supmsuEU) VAKX
e . . Kinetic
A Sensitivity is at low Q, not Z-pole \ J|  mixing
. O(GeV) scale

A Complementary to direct searches for heavy dark photons

I observable even 1 f direct decay modes ar e

A New Q.. point rules out some of the allowed region

pr (2013) ] 0.242

Myay = 150 MeV
Moy = 100 MeV

Qu? (2013) m,,, = 300 MeV
Myarz = 900 MeV |

(6 = 2myq/my is used) ]

(e bound given by BaBar) §

0236 11 < 0236
IR :
0234 11 70234
0232 . 02321
] [ I
0.230 1 0230+ SLAC
—3II‘I—2IHI—lHIIO‘II‘lII‘I2IIII3 —3—‘2—‘1(‘)‘1é3
Log,, Q [GeV] Log,, Q [GeV]
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Future RVES«E L0 Q &

A QweakA P2 @ MESA/Maingmd ge—p O [t~
i Weak vector quark chargessired,, to + 0.00033
I s/gt0|13.8TeVInstalls 2021 2rxiv 1802.04759.
I A9 bBii@.56 ppb (1.4%(equires0.25ppb Sys)!)

Q2 0.0045 Ge¥ 155 MeV. 60 cm LH2 (3+ kW). 135!0

A E158A MOLLERD JLabgy® mpirg© =
i Weakcharge of electronassirfd,, to £0.00028
i /g to[7.5Te\installs 20232rxiv:1411.4088.
I Ay, ~b 000.84ppb (2.4%) (equires0.4 ppbsyst)
i d=0.3-1°. 11 GeV1.5 m LH2 (5 kW). 6A.

A PVDI®\, SOLIO® JLabg! DIS
I Weak axial quark chargessir/d,, to £ 0.00057
i [/gt0[6.2 TeV]Installs2028?arXiv:1409.7741.

A APV(CEA APV(Fr, Ra)[f=

09/11/2018 Greg Smith SPIN2018
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101 collaborators 26 grad students

Th@ m mwga@ n 11 post docs 27 institutions

Institutions:
L University of Zagreb
2 College of William and Mary
3 A. I. Alikhanyan National Science Laboratory
4 Massachusetts Institute of Technology
5 Thomas Jefferson National Accelerator
Facility
6 Ohio University
7 Christopher Newport University
8 University of Manitoba,

9 University of Virginia "N A SEARCH FOR
10 TRIUMF ' NEW PHYSICS
I Hampton University aweak

12 Mississippi State University

13 Virginia Polytechnic Institute & State ~ Univ

14 Southern University at New Orleans

15 |daho State University

16| ouisiana Tech University

17 University of Connecticut

18 University of Northern British Columbia

19 University of Winnipeg

20 George Washington University

21 University of New Hampshire

22 Hendrix College, Conway

23 University of Adelaide

24gyracuse University

25 Duguesne University

D. Androic, ! D.S. Armstrong, 2 A. Asaturyan, 2 T. Averett, 2 J. Balewski, 4 K. Bartlett, 2 J. Beaufait, ® R.S. Beminiwattha, ©J. Benesch, ®
F. Benmokhtar, 7:25 J. Birchall, 8 R.D. Carlini, >? G.D. Cates,® J.C. Cornejo, ? S. Covrig, ® M.M. Dalton, ° C.A. Davis, 1°© W. Deconinck, 2
J. Diefenbach, 11 J.F. Dowd, 2 J.A. Dunne, 12 D. Dutta, 12 W.S. Duvall, * M. Elaasar, * W.R. Falk*,8 J.M. Finn*, 2 T. Forest, 1516, C, Gal,®
D. Gaskell, ®* M.T.W. Gericke, 8 J. Grames, ® V.M. Gray,? K. Grimm, 16.2 F. Guo,* J.R. Hoskins, 2 K. Johnston, ¢ D. Jones, ¢ M. Jones, ®
R. Jones, 17 M. Kargiantoulakis, ° P.M. King, ¢ E. Korkmaz, 18 S. Kowalski, 4 J. Leacock, ' J. Leckey, # A.R. Lee,*® J.H. Lee,® 2 L. Lee, 10
S. MacEwan, 8 D. Mack,® J.A. Magee, 2 R. Mahurin, 8 J. Mammei, 13 J.W. Martin, 1 M.J. McHugh, ?° D. Meekins, ° J. Mei,*° R. Michaels, ®
A. Micherdzinska, 20 A. Mkrtchyan, 3 H. Mkrtchyan, 3 N. Morgan, 13 K.E. Myers, ?° A. Narayan, *? L.Z. Ndukum, 12 V. Nelyubin, °
H. Nuhait, 6 Nuruzzaman, ** > W.T.H van Oers, 18 A K. Opper, 2° S.A. Page,® J. Pan,® K.D. Paschke, ° S.K. Phillips, 2 M.L. Pitt, 3
M. Poelker, 5 J.F. Rajotte, 4 W.D. Ramsay, 1% 8 J. Roche, ¢ B. Sawatzky, ® T. Seva,! M.H. Shabestari, 12 R. Silwal, ® N. Simicevic, 16
G.R. Smith, ® P. Solvignon *,> D.T. Spayde, %> A. Subedi, *? R. Subedi, ?° R. Suleiman, ® V. Tadevosyan, 2 W.A. Tobias, ° V. Tvaskis, 18
B. Waidyawansa, ¢ P. Wang,® S.P. Wells, 18S.A. Wood, ° S. Yang,? R.D. Young, 22 P. Zang,?* and S. Zhamkochyan 3
r Office of : Spokespersons  Project Manager Grad Students *deceased
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Summany Q,...« €Xpt & precisionmsrmnt of PVzasymmetry
in elasticep scattefingY> bINEG 2oyk Qdrged S |

\J A=1226.5+9.3 ppb i
1\ [F= (this result) 0.0719% 0.0045 :
L L= (SM) 0.0708 + 0.0003 g
Implications: " P
.0 0.1 0.2 QQ[GOé:i//C]Z 0.4 0.5 0.6

A Msrd [= in good agreement with SM
Robust result to changes in method used to obtain it

Off

Ay U.5. DEPARTMENT OF |Ce Of
AF ENERGY scence E i -

§
]
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Summany Q,...« €Xpt & precisionmsrmnt of PVzasymmetry
in elasticep scattefingY> bINEG 2oyk Qdrged S |

3 A=T1226.5+9.3 ppb
1\ [~ (this result) 0.0719 + 0.0045 .
L L= (SM) 0.0708 + 0.0003
Implications: T it
A Msrd |=in good agreement with SM —
B o
" Robust result to changes in method used to obtain it . 1" &
A Sensitive msr of sin2d,, at low Q > e = o
0.231 ELHC

.Jrgf_f/e-—r%on Lab

‘

!:: ‘.;x' ':-:..- U.5. DEFPARTMENT OF Oﬁlce Of
AF ENERGY science E ‘:'j:\ )



Summary:Q,.ax €Xpt € precisionmsrmnt of PVasymmetry
in elasticep scattefingY> bINEG 2oyk Qdrged S |

e A =T1226.5+ 9.3 ppb
1\ [F= (this result) 0.0719 + 0.0045 .
o L= (sMm) 0.0708+ 0.0003| |2,
Implications: T —— 3 SR
A Msrd = in good agreement with SM rr—
" Robust result to changes in method used to obtain it o R
A Sensitive msr of sin2d,, at low Q > e = T
A Mass reach for new neutral-current semi- - N
leptonic PV physics ruled out at 95% CL for: L e e
" |s./ g JeVy(s A5 TeV for arbitrary flavor ratios) —_—

QC y . -0A7
Jefferfon Lab @ENerey SN &




Summany Q,...« €Xpt & precisionmsrmnt of PVzagymmetry
in elasticep scattefingY> bINEG 2oyk Qdrged S |

P A=1226.5+ 9.3 ppb
1\ |L (this result) 0.0719 + 0.0045 ,
o L= (SM) 0.0708 £ 0.0003 |
Implications: T — W B
A Msrd |}; in good agreement with SM =
" Robust result to changes in method used to obtain it o R

A, /A= Qy+Q°B(Q%0 = 0)

9 237 |

A Sensitive msr of sin2d,, at low Q > 57 .
A Mass reach for new neutral-current semi- N
leptonic PV physics ruled out at 95% CL for: e
' |§ I g <eV](s 345 TeV for arbitrary flavor ratios) E—
A Will play a role in future analyses of bounds (or “‘P/
discoveries) of a variety of new BSM physics

A Builds scientific & technical foundation for next wl
generation of measurements |

0.233 4

Cig o
g

03251 @gge, CL

. . .
-0.20 0.1 0.18 017
Ciy

J_)_gf_f;e;son Lab © ENERGY gﬁ'iicf &







SM Tests: Past & Future Precision Low Energy Parity Violation Measurements
L /9new physics @ 95% CL using formalism  of
Erler et.al.- arXiv:1401.6199v1Hep-ph] 23 Jan2014

Experiment % Precision | Dsin2q,, L /g [TeV] Status

(mass reach)
SLAC-E122 - 8.3 : 0.011 1.5 ‘published
SLAC-E122 110 0.44 0.25 published
APV (295T]) _ 3.2 A0 | 38 published
APV (133Cs) 0.58 0.0019 9.1 published
SLAC-E158 14 0.0013 4.8 published
Jlab-Hall A | 4.1 | 0.0051 )7, published
Jlab-Hall A 61 0.051 0.82 published
JLab-Qweak (p) 6.2 0.0011 7.4 2017
JLab-SoLID 0.6 0.00057 6.2 conceptual
JLab-MOLLER 2.3 s 0.00026 11.0 seeking funding
Mainz-P2 2.0 0.00036 13.8 funded (>2020)
APV (2%5Ra*) 0.5 0.0018 9.6
APV (23Ra* / 225Ra*) | 0.1 | 0.0037 | 45
PVES (12C) 0.3 0.0007 14
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Ancillary Measurements

Qweakmade several ancillary measurements to determine and
constrain background processes and corrections

many will result in physics publications

i PV asymmetry: i PC Transverse asymmetry:
o elastic *’Al > elastic ep
sN- D o elastic *’Al, Carbon
(E=1.16 GeV, 0.877 GeV) °N- D
s Near W = 2.5 GeV s MRller

(related to gZ box)

s> Pion photoproduction
(E =3.3 GeV)

o

Near W = 2.5 GeV

Pion photoproduction
(E =3.3GeV)

O«
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Main Umwmi&imﬂwm”mmﬁyﬂmﬂmdr

Ay (4%) =
Apv{fully =

All uncertainties in ppb Run 1 | Run 2 Combined
Charge Normalization: Agcy | 5.1 2.3

Beamline Background: Apgp 5.1 1.2

Beam Asymmetries: Apeam 4.7 1.2 Note:
Rescattering bias: Ap;as 3.4 3.4 correlations
Beam Polarization: P 2.2 (1.2) between
Al target windows: Ap; (1.9) 1.9 factors
Kinematics: Rp: (1.2) 1.3

Total of others < 5%, incl () | 3.4 2.5

Total systematic uncertainty 10.1 5.6

Total statistical uncertainty 15.0 8.3

Total combined uncertainty 18.0 | 10.0 (p = 86%)

eteg-$MithiSPIN2QY8

—279 + 31(syst) + 35(stat) ppb = —279 + 47 ppb

—_ a9



All Corrections ddhe Asymmetry

Amsr — Araw + AT + AL + ABCM
+ ABB + Abeam + Abias
Amsr/P — Zi: szz
Aep — Rtot S

1- Z:‘l:1 f@

fi: Al f,: beamline
f;: neutrals f,: inelastics

Riot = RrcRpet RACCRQQ

09/11/2018

Quantity Run 1 Run 2 Correlation
Avaw —192.7 £13.2 ppb |—170.7 &+ 7.3 ppb —
Ar 0+ 1.1 ppb 04 0.7 ppb 0
Ar 1.3 + 1.0 ppb 1.2+ 0.9 ppb 1
Apeum 0+ 4.4 ppb 0 £ 2.1 ppb 0.67
App 3.9 £4.5 ppb —2.44+ 1.1 ppb 0
Apeam 18.5 £ 4.1 ppb 0.0£ 1.1 ppb 0
Abjas 4.3 + 3.0 ppb 4.3 £+ 3.0 ppb 1
A —164.6 £ 15.5 ppb | —167.5 & 8.4 ppb —
P 87.66 + 1.05 % 88.71 4+ 0.55 % 0.19
fi 2.471 +0.056 % 2.516 +0.059 % 1
Ay 1.514 + 0.077 ppm [1.515 £ 0.077 ppm 1
f2 0.193 4+ 0.064 % 0.193 4+ 0.064 % 1
f3 0.12+0.20 % 0.06 £0.12 % 1
As —0.39 £ 0.16 ppm | —0.39 £ 0.16ppm 1
fa 0.018 £ 0.004 % 0.018 £ 0.004 % 1
Ay —3.0£ 1.0 ppm —3.0 £ 1.0ppm 1
Rrco 1.010 £ 0.005 1.010 £ 0.005 1
Rpet 0.9895 £ 0.0021 0.9895 + 0.0021 1
Race 0.977 + 0.002 0.977 + 0.002 1
Rg: 0.9928 + 0.0055 1.0 4 0.0055 1
Rt 0.9693 £ 0.0080 0.9764 =+ 0.0080 1
S fi 2.80£0.22 % 2.78 £ 0.15 % 1

Greg Smitih SPIN2018
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Effect of theProton:Radius.Puzzle

A The puzzle:
i ep global analysis: r;=0.875 +0.010 fm

A Zhan, et al., Phys. Lett. B 705, 59 (2011)

I I'p Lamb shift: r;=0.8409 £0.0004 fm

A Antognini, et al., Science 339, 417 (2013)
AButasQ2a 0,G.=27{18Q2<r2> | 6 + ¢£
I So Gz(ep) = 0.9178, and G¢(I'p) = 0.9241
ASo &G = 0.7%
i At our Q 2, G¢ contributes 26 ppb

A So a&A ~ (0.7%)(26 ppb) ~ 0.2 ppb out of 226 ppb msrd
AA &Qw(p) = @A, 4/A , =0.00008 (~2% of our error bar) |

A tiny effect.

09/11/2018 Greg Smith SPIN2018 61



Calculations-of th\ Ve @ E=1116 Ge\/f\ZE > 2 1

0P, = [onc + Ae][1 — 4sin? 0w (0) + AL] + Oww + Ozz H0O,7])
Gamma-Z Box Error:

The [, is the only A E_arly cglculations primarily AJM-1I: Hall et al. (2016
E & Q? dependent dlsApeEr)S|ton thef_ory type Value  Error
. ala can 1irm up error
EW correction. estimates! 0.0054 0.0004
9 Correct the A Qweak: inelastic asymmetry -0.0007 0.0002
PVES data for data taken at W ~ 2.3 GeV, 0.978 0.012
this E & Q2 A Lat Q? |: O-P?_GeVzd o (A+VJQ  0.00460 0.00044
dependence. ater calculations data-driven w() SM  0.07080 0.00030
2010 U dels for di cti
201 1 Gorchtein (2011 Ses models OI’ |sperS|on corrector)
Rislow/Carlson (2011 i C-er-]tral values
2012 similar, but
_ 2013 | AIJM-I: Hall et al (2013 uncertainties vary.
S 2014 A Theory community
canot agree
2015 | Gorchtein et al (201 result we should use.
2016 AJ\I\/AV-e”i:gmilclj (Ztvaél é?glfl quarlfha ron dual|t A But we can see what
2017 ’ i i
Weighted Averag % }Indefensmle. the |mp_act IS on our
2018 global fit.

- 0.0020 0.0040 0.0060 0.0080

Vector GammaZ Box E-dep Piece
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Calculations-of th\ Ve @ E=1116 Ge\//\ZE > 2 1

0P, = [onc + Ae][1 — 4sin? 0w (0) + AL] + Oww + Ozz H0O,7])
Gamma-Z Box Error:

The [, is the only A Early calculations primarily AJM-1I: Hall et al. (2016
E & Q? dependent dlsApeEr)S|ton thef_ory type Value  Error
: ata can firm up error
EW correction. estimates! V ,0.0054 0.0004
9 Correct the A Qweak: inelastic asymmetry -0.0007 0.0002
PVES data for data taken at W ~ 2.3 GeV, Q fact 0.978 0.012
this E & Q2 Q?=0.09 GeV? A+ 0.00460 0.00044
Slei el e A Later calculations data-driven ( Q
p : Qw 0.07080 0.00030
2010 /
2011 Gorchtein (2011 \ Uses models for dlspersmn correctlor °
Rislow/Carlson (2011 @
2012
. 2013 | AJM-I: Hall et al (2013 -
S 2014 Nc
2015 Gorchtein et al (201¢ ®
2016 | AIM-II: Hall et al (2016 quar+ha i duaht + dal g ®
2017 Weighted Avg of 2,4, i ®
018 Weighted Averag O } IndefenS|bIe| = @

- 0.0020 0.0040 0.0060 0.0080 065 0.070 0.075 0.080
Vector GammaZ Box E-dep Piece Qw(p)
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DetectorrQpticabimperfettions

P A Systematic

=@ ©> Longitudinal Polarization
& \% Transverse Polarization

Detector

D I Target I D = ’D\
Toroidal Spectrometer | \
'3 | Quartz

=
I e

Pb Pré-radiator

Primary Electron Beam

%

Ablas[ppb]
(6)
[T TrrTr[rrroprrrrr T
——
——
——

0
+ | [Ablas] (Correlated Systematic Errors Shown)
— Correction Central Value (A, =4.3 =3 ppb)
=5 I I I I I I I I
1 2 3 4 5 6 7 8

Detector Number

Saw a large, consistent asymmetry
Agr = (Ag- A)~290ppbinthe L& R
PMTs of each detector bar.

Qweak parity signal = (Ai +A)/2, so
R-L effect cancels to first order.

Effect: Transverse P picked up via g-2
precession thru mg
Pb pre-radiator just in front of bars A
L/R asymmetry across each bar.

Minor broken symmetries of as-built
apparatus lead to a 4 N3 ppb
rescattering bias correction A;..

Two approaches taken to model this
agreed to within 1 ppb:
1) Phenomenological method:
used msrd (or simulated) flux on
each bar, & light seen by each
PMT, scaled to msrd A .

2) GEANT4: modeled Mott MS
through the Pb, the flux on &
optical properties of each bar.




A_n(y) (ppm)

14 n
112 1 y=1028E05¢ - 3389E 17X + 1030E00 S 340
1.10 R4=9.998E:01 o
Los | £ I 8320
w1 7

.
R s
o g o ONC.pm==mTTT oo . T
= A(y) *scale~@ & 300 ppb*2m =600 nmy) ° 1z 5 iie e

O A adjustscale'till PMTDD¢ald = PMTDDasrd) < A(LY A(R)
* rom

measured
PMTRyY) & |

Flux(y) in
tracking runs

Form
asymmetries
at each end
of the bars

Ry xRy

Form the
guantities
of interest

A this is what hides in ou,

The Macroscopic model uses measured input
for the light, the flux, & the PMTDD. N

A (y) comes from PMTDD model, or from -100-82 -64 -‘Sa-rz"f 0-S9iﬁ(9m %Z:nﬁ 64 82 100
wags:but is scaled by the msrd: PMTDB:-01f : 55




Summarny,of Reésulis' Determimneddromo 1 Q eax Aep
Quantity Value Error Method
Precision of A, ||F5—r- 0.0719 0.0045
dominates sin g, (Q=0.025) 0.2382 0.0011 Qweak A,
determination re 0.20 0.11 +
of ”:Tr- m .0.19 0.14 PVES data base
G,4(=1) -0.64 0.30
Including F= 0.0718  0.0044
133Cs APV Cy, -0.1874 0.0022 Queak A
improves C,, , (Eld 0.3389 0.0025 PVES data base
Cry, & Qw(n) = -0.9808 0.0063 APVJ;% Ce
extraction C, correlation = -0.9318
LQCD constraint Qweak A
v v L +
~onGl& c.L;u_ .|ry 0.0685 0.0038 PVES data base
improves |F=&  sin?q,(Q=0.025) 0.2392  0.0009 ¥
sin 2q,, precision LQCD (strange)
k A
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other PV _ E.M.FFSZ Arrington & Sick, PREZ035201 (2007) +
MeUTERERtS Axial FF: LiMcKeown& Ramsrgy;/lﬂusolt_ PRg.G.\’. ’9’%158202 (2007) LQCD (strange) 56
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A Important to investigate
iImpact of LQCD on our
result

I LQCD results continue to
Improve; Green et al. (use:

reached a pion mas:
of 317 MeV. Since then,
the KY group reached the
physical pion mass for the
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