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Symmetries & Cosmic History

Standard Model Universe
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Symmetries & Cosmic History

Standard Model Universe
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Open Questions

What are the fundamental laws of nature and
how do they explain what we observe ?

« Was there unification of forces in the early Universe ?
« What is the origin of visible matter ?

* What are the dark matter and energy and what is the
structure of the dark Universe ?

« What is the origin of flavor and why are the flavor
structures of neutrinos & quarks so distinct ?

» Do scalar fields account for dynamics of the Universe
( Inflation, dark matter & energy, phase transitions &
visible matter, EWSB...)?



Symmetries & Cosmic History

EW Symmetry

Breaking: Higgs ?
New Forces ? Standard Model Universe
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Symmetries & Cosmic History

EW Symmetry

Breaking: Higgs ?
New Forces ? Standard Model Universe
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Three Frontiers

The search for the “New Standard Model” of
fundamental interactions lives at three frontiers

Energy Frontier

Astrophysics Frontier

Precision Frontier



This Talk

 Precision, energy, & astrophysical frontiers
provide complementary information

* QCD is challenging for both precision & energy
frontiers

» JLab experiments have a key role as part of
the overall nuclear physics BSM program



QOutline

Precision & energy frontiers

PVES: a diagnostic tool

» Semi-leptonic/leptonic complementarity:
Q-Weak & Moller

e QCD issues for Q-Weak

CLFV: a new opportunity

Probing the dark universe






Collider Challenges:
Superpartner Search

G— q+ X9
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4 Final state: 2j + &, 2j + [+




Collider Challenges:
QCD

Tevatron anomalies: W + jj & Pui Blos 11
. Funzi, blois

Updated W-jj with 7 3fo" B
@500__12"”&_?3'22“81 — CoFdaR T an - )
E — Gausslan 2.3% | %
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@ B W dets 72.1% o
21000 i 2
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100 2

00
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« BSM ? Leptophobic Z’, RPV SUSY,...
 SM/QCD: tops? Subtraction of W + (n>3) | ?



Collider Challenges:
Other BSM Searches

Drell-Yan production of KK quarks

q . -4 T —qg+v* UED
>muw<: ¢ —q¢+W*—q +L+V
d I Final state: 2j + &, 2j + [+
Drell-Yan production of squarks
q -G qi—q+x}
8 -7 ~ /| o+ I | =0
>muw< §—q+xT—~Ll+v+q+Xx37
d 4 Final state: 2j + &, 2j + [+ &

How to distinguish between scenarios ?



Collider Challenges:
Other BSM Searches

Drell-Yan production of KK quarks

q e -7 ¢ =g+ JED
. >’WW\ So Additional challenges:

« Determining spin v
e Determining SU(N) quantum
numbers

“LHC inverse problem”

< y—yYy T X ~TLTVrvTyYy TX]
q TS g

Final state: 2j + &, 2j + [+ &

What complementary info from precision studies ?



Rare Processes:

EDM Searches

e ’ Time e nucleon
- ' e atoms
QA V )> * leptons
CLFV Searches
* muze
« COMET

e EIC

Experiments

Ovp Searches

* EXO
e Majorana
« SNO +

Dark Matter & Exotic Searches




Precision Tests: Experiments

PV Electron Scattering
e « Q-Weak

and power supplies

e « 12 GeV Moller
:& {_E_'Lj’ creenies . PV DI S

Torsion Balances °g,2

e Equiv Prin Tests

* n decay correlations
* Non-grav forces

e nuclear $ decay
* pion decays « oscillations
e muon decays * 3 & (P decay







Weak Charge & PVES

Parity-Violating electron scattering

_Ny-Ny GO
N 4N, 4270

0, +F(Q.0)]



Weak Charge & PVES

Parity-Violating electron scattering
e_ >\'\f\(l’\<,p e_ >«wyw<,p
e e,p e e, p

N,-N,  G.0 ;
A = i) N _ _MF F 2,6
"N, N, 4\/2.7105 ©"0)

“Weak Charge” ~ 0.1 in SM /

Enhanced transparency to new CD effects (s- T
physics: need 102 precision %easured (I\/|(|§I'-q|;e?tresS).
Small QCD uncertainties Mainz, JLab); Zy box...

(Marciano & Sirlin; Erler & R-M)



Weak Charge & PVES
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“Weak Charge” ~ 0.1 in SM /

Enhanced transparency to new CD effects (s- T
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Small QCD uncertainties Mainz, JLab); Zy box...
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Effective PV e-qg interaction & Q,,




Effective PV e-q interaction & Q,,

Low energy effective PV eq interaction
PV — \/—E [ gyH Yseq\uq + Czqu eCIYyqu]

Weak Charge:

Ny Ciy+ Ny Cyy

Proton:

Q.= 2C,,+C,y=1-4sin26,,~ 0.1
Electron:

Qut =C,.=-1+4 sin%6,,~ - 0.1



Effective PV e-q interaction & Q,,

Low energy effective PV eq interaction
PV — \/—E [ gyH Yseq\uq + Czqu eCIYyqu]

SM:
C,q (SM): tree-level + radiative corrections

BSM:
AC,, : new contributions from loops

AC,,: new tree-level contributions

lllustrate with SUSY



Weak Mixing in the Standard Model
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Scale-dependence of Weak Mixing



Weak Mixing in the Standard Model
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Weak Mixing in the Standard Model

Parity-violating electron scattering
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Scale-dependence of Weak Mixing



Loops: SUSY Radiative Corrections
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Tree-level: SUSY w/ R Parity-Violation

%;> {<Zf ;;> <éZi

AL=1 AL=1

2
|)"1 2k |2 A/ L ‘)\f/zjl ‘
42G .M, V426, M

A12k =




PVES: Diagnostic Tool

RPV:  No x’ DM
Majorana v s
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Global fit: My, Kurylov, RM, Su
APV, CKM, 7, -



bo) QWP, SUSY / QWP, SM

PVES: Diagnostic Tool

12 GeV
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bo) QWP, SUSY / QWP, SM

PVES: Diagnostic Tool

12 GeV
|
0.15¢ MESA:
Theorist’'s
0.1 dream ?
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bo) QWe, SUSY / QWe, SM
Kurylov, RM, Su



bo) QWP, SUSY / QWP, SM

PVES: Diagnostic Tool
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SUSY or Something Else ?

SUSY
e o I , f
>WWO\MM< +
e X f

Radiative Corrections
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Scalars
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SUSY or Something Else ?

SUSY Z' Bosons L eptoquarks
¢ X ! e ’
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Radiative Correction Uncertainties
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Radiative Correction Uncertainties

— 2 Erler, Kurylov
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Radiative Correction Uncertainties

Ny =Ny, 0’
Apy = N, + N, 4\/5.%0{[
A

E-dependent: E = 1.165 GeV e p
Z
VW
Ref. [11]  |Ref. [15] Ref. [17] This work %% W).)N\
(3£3)1077 (4755 D107 (5.7 £ 0.9)107*| (5.4 £ 2.0)10~7 o p

[11] Gorchtein & Horowitz
[15] Sibirtsev et al
[17] Rislow & Carlson

**  Gorchtein, Horowitz, R-M
1102.3910 [nucl-th]



Radiative Correction Uncertainties

Ny =Ny, 0’
Apy = N, + N, 4\/5.%0{[
A

E-dependent: E = 1.165 GeV e p
V4
VYW
Ref. [11] |Ref. [15]  |Ref. [17] This work gk
(3£3)1073|(4.7151)1072|(5.7 £ 0.9)1077 | (5.4 £ 2.0)10° o p
[11] Gorchtein & Horowitz Equivalent to ~ 2.8%

uncertainty in Q
[15] Sibirtsev et al !

[17] Rislow & Carlson Includes estimate of

**  Gorchtein, Horowitz, R-M  * model uncertainty
1102.3910 [nucl-th]



Radiative Correction Uncertainties

A Ny =N, G0’ [ ]
N, +N,, " 4270

E-dependent: E = 1.165 GeV _\
e A )2

: Z
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14

Lower energy measurement o p

E = 180 MeV, Q2 =0

[1.32 +/- 0.05 (mod avg) +/- 0.27 (bkg)
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Radiative Correction Uncertainties

A Ny =N, G0’ [ ]
N, +N,, " 4270

E-dependent: E = 1.165 GeV _\
e A D
Z
Ref. [11]  |Ref. [15] Ref. [17] This work W
(3£3)1077 (4755 D107 (5.7 £ 0.9)107*| (5.4 £ 2.0)10~7
14
Additional measurements - D
E {g\g_“? o - J_Q,E'-"\' E
I \ﬁh& < Wi 1 . . .
of o 5 Dominant contributions;
s | oo 5 scarce data
HE o Measure A, in extrapolation
|2 ; ion: di 7z
g region: direct probe of F
ji= - RECGE 5 E




Radiative Correction Uncertainties

A Ny =N, G0’ [ ]
N, +N,, " 4270

E-dependent: E = 1.165 GeV _\
e A )2
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PVDIS: SOLID.... . D

1 7// ' PVDIS w/ 0.5% precision:

:oi | * Free from QCD RC uncertainties
] « Comparable BSM sensitivity
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Flavor Puzzles: Masses & Mixing

fermion masses
de s@ Dbe
|(large angle MSW) u-e Ce te
Vi—@ieV58V3 ee ue te
= ® = o -
2 <30 < @ = ® ®
= < < < < <

Neutrino Mixing versus Quark Mixing

Leptons

0.33 0.62 -0.72

0.85 -0.52 0.053
Up =
-0.40 -0.59 -0.70

0.976 0.22 0.003
Quarks ‘fq - -0.22 0.98 0.04

0.007 -0.04 1

Why so different???

Courtesy: R.D. McKeown



Flavor Puzzles: FCNCs AWOL

 GIM mechanism suppresses FCNC in the SM,
but not necessarily in BSM scenarios

e Neutrinos oscillate: flavor not conserved

 Why is flavor conserved by charged leptons
(so far) ?



CLFV: Experiments
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CLFV: u—ey Status

Laboratory

Collaboration

Year

Published

Upper Limit
(90%c.1)
o

Cosmic rays E. P. Hincks & B. Pontecorveo 1947 0 o=
Columbia S. Lokanathan & J. Steinberger 1955 2107
Columbia D. Berley et al. 1959 2-10°
CERN J. Ashkin et al. 1959 (1.2+1.5)-10°
LRL Berkeley |S5. Frankel et al. 1960 1.2:10°
Columbia D. Bartlett et al. 1962 6-107
LRL Berkeley |S. Frankel et al. 1962 1.9-107
LRL Berkeley |S5. Frankel et al. 1963 4.3.107
Chicago S. Parker et al. 1964 2.2:107
TRIUME P. Depommier et al. 1977 1.6:10”
SIN A. van der Schaaf et al. 1977 1.1-107
LAMPF J. D. Bowman et al. 1979 1.9-107"
SIN A. van der Schaaf et al. 1980 1.0-107
LAMPF W. W. Kinnison et al. 1982 1.7-10
TRIUME G. Azuelos et al 1983 1.0-107
LAMPF R. D. Bolton et al. 1986 4.9-10°"
LAMPF R. D. Bolton et al. 1988 4.9-10™
LAMPE \{ [ Beooks otal 1999 *
PSI MEG Collaboration 2009 2.8-10
MEG PSI MEG Collaboration 2012 o 107

P-R Kettle, PSI 2010
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—— And Muon-E_Iectron v A
Conversion

muZ2e tan (3 = 10
Neutrino-Matrix Like (PMNS) Minimal Flavor Violation(CKM)

gi—= e in T st tan o = 1D
0D -

. i i Dot
BR(“ . E) % 1012 L ?— - ---E--- S — .--.-.In-.r'.'!ziLT.---..-

———t———-=i Current
Y ,.' —-ir ——————— l'le .
*_-L—Jconversion

measurement =
can distinguish —=_;

between PMNS  —~FErme— Muze
and MFV e
Project X reach M /> (GeV)

L Calibbi, &. Faccia, &. Masioro, 5. Vempall, hep-pha05605139

complementarity between Lepton Flavor Violation
(LFV) and LHC experiments

R. Bernstein, FNAL 11 MuZ2e PSI 2010



A New Opportunity: CLFV at an EIC
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T CLFV w/ Leptoquarks: EIC & HERA

HERA & EIC
e L(} T e : ﬁﬁ
-—-—- : L)
Ja s ﬁs/}\r—
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Rare Decays
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| > i

Gonderinger, R-M JHEP 1006:045

General Classification

L=hiutRE+n¥qirseRY+T,d ¢ RE+ gtqCir (ST
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1074
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0.01 0.02 0.05 0.10 0.20 0.50 1.00

L HERA
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T CLFV w/ Leptoquarks: EIC & HERA

HERA & EIC
e LQ T e : E&
o | LQ
Ja s ﬁs/}\r—
s-channel u-channel

Rare Decays

Gonderinger, R-M JHEP 1006:045

General Classification

L=hiutRE+n¥qirseRY+T,d ¢ RE+ gtqCir (ST

+ oRuce SR+ 9. d%e S8+ 0, T, 7 S+ Mgy UL

Extend HERA reach & compete with
super B factories w/ 10 to 100 fb

100F™ T - T 7
o} RL I/.
. / .
g oll— — = — %
0"0: / il . T— €Yy
10} : \s =90 GeV |

0.01 0.02 0.05 0.10 0.20 0.50 1.00

2= (2 IM2) [ (A2 I M2 ), s







Dark Forces

New interactions in the dark sector ?




Dark Forces: Long Range ?

New interactions in the dark sector ?

T Long-range, non-grav dark force ?
Baryo [ Violation of weak equiv principle (WEP)

Galactic tidal streams & CMB




Dark Forces: Long Range ?

New interactions in the dark sector ?

T Long-range, non-grav dark force
Baryo [ Violation of weak equiv principle (WEP)

Galactic tidal streams & CMB

Non-sterile DM & terrestrial WEP tests

Carroll, Mantry, RM, Stubbs
Bovy & Farrar



Long Range Dark Forces: Probes

New interactions in the dark sector ?

Ny Long-range, non-grav dark force
Baryo [ Violation of weak equiv principle (WEP)

Galactic tidal streams & CMB

Eot-Wash

Park Energy

Non-sterile DM & terrestrial WEP tests

g,/m,
(Gev) \
-16 | DA
10 i
A
107 | S N
A
I d‘\f} v
A Qr _}r"'
A &S
SR Aallowed L M,
0%/ regin } ,
Carroll, Mantry, RM, Stubbs £ — — — g, mpl
) - 10 (GeV ™

Bovy & Farrar 10 10



Long Range Dark Forces: Probes

New interactions in the dark sector ?

Ny Long-range, non-grav dark force
Baryo [ Violation of weak equiv principle (WEP)

Galactic tidal streams & CMB

Eot-Wash

Park Energy

Non-sterile DM & terrestrial WEP tests

DM

Kesden &
Kamionkowski

SN

— Yow

g./m

Carroll, Mantry, RM, Stubbs :
107 (GeV)

Bovy & Farrar

& Wl Y~

Microscope



Dark Forces: Long Range ?

New interactions in the dark sector ?

Ny Long-range, non-grav dark force ?
sarvo iR “Sommerfeld enhancement” : e*e" & y

Search with electron scattering

Park Energy

=
Ll
T

PAMELA

02fF

oA

fraction ¢(e”) / (b(e)+ dle )

Positron

=
=
=]

* PAMELA See also Fermi, AMS...
L 1 L L L 11 I L L L L L L1l I
1 10 100

Energy (GeV)




Dark Forces: Long Range ?

New interactions in the dark sector ?

Dark Matter

Long-range, non-grav dark force ?

D' “Sommerfeld enhancement” : e*e" & y
Search with electron scattering

© e

! at f ok
4 i/

Park Energy

a'la
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Fifty years
of PV In
nuclear
physics

The Precision Frontier

High precision tests of the weak
and strong interaction have played
an essential role in developing and
testing the Standard Model of
elementary particle physics

Z factories at
CERN & SLAC



Fifty years
of PV In
nuclear
physics

The Precision Frontier

During the coming decade,
precision studies at low and high
energies will be a vital complement
to the LHC in searching for the
“new” Standard Model

Z factories at
CERN & SLAC

ANL, JLAB,
ILL, PSI, + ....







Defining Weak Charge

Parity-Violating electron scattering
e_ >M5\0M<e’p e_ >«wyw<e,p
e e,p e e, p

N, -N,, G.0
A = t t _ F F 2,E
"N, N, 4w/2mx @)

r PV
oL —0_ Grt WPV p o W
- Qly = lim 7
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Weak Mixing in the Standard Model

Parity-violating electron scattering

SLAC Moller T I]lIIII| T IIIIIIll T IIIIIIII T T TTTTIT T Ill-g
0.240E i } E-158
v-DIS
= 1 JLab Future
0.238 -
- $ APV
0236 | | / %
> =1
@30-234; /$12 GeV Moller EIC PVDIS ?
iz :
% o0s| EIC Moller ?  coea §
Z-pole
#+  current |
0.230 F
0228: J IIIOIIAI(|)011 1 IIIIOIIAlo‘1 1 lllIIBl.-I 1 Illlll!1 1 lIlII‘;IO 1 ZO pole tension

Q [GeV]

Scale-dependence of Weak Mixing



Weak Mixing in the Standard Model

Sda Adi‘z_bg 3 sz A% A
S dr—adr—;af +;ﬂ.’l&af+'
1A &(F'J 7 A
sin“fy () = —— sin“6y, (u)
ﬂ-’(#n)
NS v.0.T. -
_I_Zt 1}’IQI I _I_ _ H()u‘)

D N:FFJ’EQ% [

a(po)

|

Erler & R-M

Full SU(2), x U(1), RGE

Relate running of sin26,,
to running of a



Weak Mixing in the Standard Model

Erler & R-M
2d _ d¥ by szj 224 4 Full SU(2), x U(1), RGE
dt dt — 7
. 24 _alp) . 55
sin” Oy () = almg) " Ow (o) Relate running of sin24,,
¢ 5 to running of a
N¢v.0.T:
Py ‘?"Q‘,,‘[l B fr(#) }
2.iNiviQ; &(po)

1. Run o & sin?6,, to u~m,

2. Bound s-quark contribution to
a(m, ) -- relative to u and d
contributions -- using heavy
quark and SU(3); limits



Weak Mixing in the SM: Uncertainties

Sin20y () = ;&J) sin20y (1to)
+ZENF'T5Q5T5[1 B ff(#)}
SNy Q| aluo)

Erler & R-M

Full SU(2), x U(1), RGE

Relate running of sin26,,
to running of a

1. Run o & sin?6,, to u~m,

2. Bound s-quark contribution to
a(m, ) -- relative to u and d
contributions -- using heavy
quark and SU(3); limits

Uncertainties: sin26,, (0)
+/- 3 x 107 : Aa ®)(m,)

+/- 5 x 10 Aa @(my)

+/- 3 x 10->: OZI

+/- 1.5 x 104 : sin%6,, (M)




Probing Sfermion Mass Scale

SUSY Loops: Kurylov, SU, MR-M
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ATLAS Exclusion:
simplified model

arXiv: 1102.5290
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Unpacking SUSY Radiative Corrections

K f 200
/

vertex

O =(Ory\215 —40fiK,y) sin” 6,,)




C,, and Radiative Corrections
eq __ GP‘ — = - U =
Lpy = EE [Clqu Yseqvuq + Coqgey €CIYpY5q}
q

Flavor-dependent

N
le = :(T)Pv(ZIg — 4QfKPV»iin2 HW ) + )Lf

Normalization Scale-dependent effective
weak mixing

Radiative Corrections

Flavor-independent



C,, and Radiative Corrections
eq __ GP‘ — = - U =
Lpy = EE [Clqu Yseqvuq + Coqgey €CIYpY5q}
q

Flavor-dependent

N
le = :(T)Pv(ZIg — 4QfKPV»iin2 HW ) + )Lf

Constrained by Z-pole Scale-dependent effective
precision observables weak mixing

Radiative Corrections

Flavor-independent



C,, and Radiative Corrections
eq __ GP‘ — = - U =
Lpy = EE {Clqu Yseqvuq + Coqgey BQYyYscI]
q

Flavor-dependent

N
le = ICT)PV (215 — 4QfKPv\SiIl2 HW ) + )‘-f

Large logs in k :

Radiative Corrections

Constrained by Z-pole _
precision observables Sum to all orders with
_ running sin%6,, & RGE
Flavor-indeper



Radiative Correction Uncertainties

A Ny =N, G0’ [ ]
N, +N,, " 4270

E-dependent: E = 1.165 GeV _\
e A )2

: Z

Ref. [11]  |Ref. [15] Ref. [17] This work
VWY
(3£3)1077 (4755 D107 (5.7 £ 0.9)107*| (5.4 £ 2.0)10~7
14

Lower energy measurement o p

Pir [ 2 - Aveg. (Whochel 1,15y

Fs[lz=a(Clz)

APV isotope ratios: E ~ 180 MeV, Q? ~

QW(E\’T") - QW(*‘V) ~ —N' + N+ (JTV; - *M)AQg
= (N=N') [1 - AQ)]

N+N

Qw(N)+Quw(N)~ —(N+N')+ (N + N’)AQQ{ + QZAQQZ
' 24
15 2 25 3 — T J _ N _ r
Elab (GeV) - _(A' + N’) {l AQW ( ) AQW




PVDIS & QCD

Low energy effective PV eq interaction
eq Gpt — — — U=
Lpy, = —E [Clqu YseqYuqg + Cogey eCIYyqu]
V24

PV DIS eD asymmetry: leading twist

Higher Twist (J Lab)
+ CSV({JLab, EIC)
d/u (J Lab, EIC)

4D 3G,0°
PV 2\/_noc

2C1y —Ci1a+Y(2Cy, — C2d)]

L 4 - - . ul
L f L £ L £
f 7 7
L L N S -

INERElE




Bjorken & Wolfenstein ‘78

Isolates 49 HT operator: PVDIS a unigue probe

LS 2 . - (8 s
1 f 1 £ 3
1_1 ‘ L ¢ L1 ¢

|

y-independent term: C,,

AL (VWeaplen) - € 4ple,d)]+ 3 (SSH (o) + €4y (e,d)]
% | (VVy+1(S8)

Differences in VV and SS:
((V=S)(V+8)yecl,, f (D|@ (%)r* u(x)d (0)y*d (0) | DY efe* dtx

C,, terms are “contaminated” only by 4q, double handbag 7 = 4 effects



PVDIS: CSV & HT

3G,0°% |2C1, — C1y+ Y (2Cy, — Cay)

A - u’(x)=d"(x)?
PV 2/ 2n0 5

dP(x)=u"(x)?

*Direct observation of parton-level CSV would be very exciting!
eImportant implications for high energy collider pdfs
*Could explain significant portion of the NuTeV anomaly

R . HT & CSVin C,, term
ook ——— Ry(CsV) ]
L k=-08
oorr Q% =6 GeV? _
: l— — HT:MIT BM
000. ]
Ry(HT)
001F
~00 %= 0.65 RL(CSV) Mantry, R-M, Sacco
N N arXiv:1004.3307 [hep-ph]
03 04 05 0.6 07 08



PVDIS & CSV

e 3G, 0% |2C1,—C1a+ Y (2C — Coy) u’(x)=d"(x)?
PV = 5
2/ 210 d” (x) = u"(x)?

*Direct observation of parton-level CSV would be very exciting!
eImportant implications for high energy collider pdfs
*Could explain significant portion of the NuTeV anomaly

ou(x) = u”(x)-d"(x) —> OV _ 0A,, (X) _ 028 ou(x) — od(x)

8d(x) = d”(x) - u (x) Apy (X))  u(x)+d(x)

RSV from MRST global fit function

Few percent 6A/A

RSV x 100

Londergan & Murdock =~
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