Electroweak Physics

Lecture |V:

Weak Neutral Current Interactions
(cont’d)



Review

Progress beyond low energy electroweak theory
requires:

- Exploring the 1 TeV frontier

- Exploring rare processes at lower energy

Weak Neutral Current experiments play a central role
In testing the electroweak theory

SLAC E158 is the most sensitive test to date: what
can we do next?

Lower energy implies understanding of atoms, nuclei
and nucleons



Future Possibilities (Leptonic)
SLAC E158

Vi e e in reactor :> eParasitic to a neutrino oscillation search
\ 4‘ ecan test neutrino coupling: sin?4,, to + 0.002
e” 0

7z’ Te
Mgller at 11 GeV at Jlab sin2@,, to + 0.00025!
Higher luminosity and acceptance : Ay~ 25 TeV reach!

Z pole asymmetries Final

Ay —e— 0.23099 + 0.00053

Longstanding discrepancy between A(P) —— 0.23159 + 0.00041

hadronic and leptonic Z Q:Ed " 02324 + 0.0012
asymmetries:

Preliminary

F g —v— 0.23212 + 0.00029

A * 0.23223 + 0.00081

Average 1+ 0.23150 £ 0.00016

T y°/d.of:105/5
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Apy =40 ppb
4000 hours

s

O(Apy)=0.58 ppb

(E158 Run 111: 3 ppb)
 Focus alleviates backgrounds:

ep —=ep(y), ep = eX(»)
 Radiation-hard integrating detector

31 « Normalization requirements similar

to other planned experiments

 Cryogenics, density fluctuations
and electronics will push the state-
of-the-art



New Physics Reach

JLab Mgller
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Does Supersymmetry (SUSY) provide a
candidate for dark matter?

‘Lightest SUSY particle (neutralino)
is stable if baryon (B) and lepton (L)
numbers are conserved

2 LEP200
Ay, ~ 15 TeV

‘However, B and L need not be
conserved in SUSY, leading to
neutralino decay (RPV)

Complementary; 1-2 TeV reach

Kurylov, Ramsey-Musolf, Su
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Ultrahigh Precision at an LC

Measure contribution from scalars to oblique corrections

L H New
W\A: Ra%% -7 AU :Nv\
o Z physics

om,

mH o o
Compare with masses of “bumps” at new colliders: Critical crosscheck

Ar and M, at future colliders:

~10% for §sin® @, ~0.00004 (world average ~0.00016)

E158 LC
Systematics extremely challenging!

4 Y 9'"g Energy (GeV) 48 250-500
Energy scale to 104, polarimetry to 0.15% | Infensity/pulse 4.5 x 10" 14 x 101

Pulse Rate (Hz) 120 120

Moller scattering at the ILC Pe 85% 20%
Time (s) 5 x 106 2 x 107

* Fixed target has advantages for systematics A (ppm) 0.15 1-2

 Could work with ILC “exhaust”beam 5A (ppm) 0015 0.008
3sin?(6,,) 0.001 0.00008




Future Possiblities (Semileptonic)

NuTeV v, Qweak at Jlab A, In elastic e-p scattering
Y. €« measure sin24,, to + 0.0007
e~ ¢ *nail down fundamental low energy lepton-quark WNC couplings
N 04 |
&
e-d WNC Lagrangian has 4 terms AN "?
0.375 N
5
gq 0.35 Bates
e NI A e Al
Ci =29,0, C,i=20,0,
Cru=—73+ %Sin2 (Ow )~—0.19 0325 |-
Cla= % — %SiHQ (Ow) ~ 0.35
Cou=—73 + 2sin” (fy ) ~—0.04 |
CQd — % — 9 51112 (QW) ~ 0.04. 0'3-0.25 0.225 D2 Clu -0.175

» C,;’s small & poorly known: difficult to measure in elastic scattering
* PV Deep inelastic scattering experiment with high luminosity 11 GeV beam

-0.15



Qweak Spectrometer

Secondary Shielding

Hall C at JLab Collimator

Elastic ep

Ring of Integrating
Quartz Cherenkov
detectors

Precision
Collimator

—_—

L

35 cm Liquid
Hydrogen Target

] .o B
] e eam
Luminosity
Toroidal Magnet Monitor

Ready ~ 2008-9

' “Tron Beam

35 cm LHZ Tal"ge'r
& Scattering Chamber



PV DIS at 11 GeV with an LD, target

G, Q> ch.Q.f.(x) C.iQ fi(%)
2 Apy = éﬂa [a(x) + f (Y)b(x)] a(x) =

ZQ. ORI

y=1-E'/E For an isoscalar target like °H,
structure functions largely cancel in the ratio:

0.1

a(x)=% (2C,, ~Ci)]+

0.05

_3/, 0, () + 4, ()
B0X) = 151 @Ca = Can) L 3o }

-0.05

C2d

-0.1

(Q2>>1 GeV?2, W2>> 4 GeV?, x ~ 0.2 - 0.4)

-0.15

0.2 8(2C,,-C,4)=0.012 d(sin?6,,)=0.0009

-0.25 11 GeV PV-DIS w/

APV, QWeak Complementary to LHC direct searches

0.3

-0.25 -0.2 -0.15 -0.1 O(E 0 005 0| 0|5
2u °
Examples: 1 TeV extra gauge bosons (model dependent)

*TeV scale leptoquarks with specific chiral couplings



Electron Scattering off Nucleons & Nuclel

Elastic scattering Measure oas a function of Q2 proton

€ & : . . p(r) nucleus
Neglecting recoil and spin: 4nridr
v Obtain Fourier transform of \ \

N N charge distribution S
QED: precise predictions Nuclear charge dlstrlbutlon
Nucleon charge and magnetization distributions:
Ge(Q2), Gy(Q?) GeP(0) =1 G\P(0) = +2.79 = p,

electric and magnetic form factors ~ G_"(0) =0 Gy"(0) = -1.91 =4

0

25 VE a3 AR :m }. charge distribution:

i +ve core,-ve fringe,
v char'ge r'adlus

0,08




Dynamics of Low Energy QCD

Quantum Chromodynamics is intractable at low Q% (0.2 fm)

bare quark .

valence quark: bare quark "dressed"

the sea with quark-antiquark pairs and gluons

Why don't sea quarks destroy Quark Model predictions? I

three flavors dominate: u, d, s

Strangeness Flavor:
- relatively light <
- no valence contribution R
- flavor separation now possible '

Are proton properties modified?

Profound qualitative and quantitative implications!



Strangeness in Nucleons

spin dependent deep inelastic scattering

AS ~ <N‘§7/ﬂ7/5s‘N>

- O
S=2 =2 AS+AG+AL A = On~ O _
> Oy + Oy, Breaking of SU(3)
Froton opin flavor symmetry
g . + Hyperon decay I
® oo E, e
= AS ~-0.17
neutron charge distribution proton flavor distribution

(N[s7,sN)#0? o _)Oo

—Ge

neutron "pion cloud" proton "kaon cloud"
SU2)XU(1) 0
| h Y~ gauge Kaplan & Manohar (1988)
cnarge
neutron proton proton

GPZ ~ (1 - 4sin’0y,) G] -G -G,

) G(Q), G




PV Electron Scattering to Measure Weak NC

Amplitudes
Tp.s) T e—(p,s;\./e-{p:s'.
MEI\/I 47Z-aQEM g,uJEM MNC [gvglu_l_gAg,uS:I[‘J NC
Q2 2J_
Parity Violating Amplitude
dominated by NC terms: M N — [gA HSINC 4 g, 143

NC vector current probes o _
same hadronic flavor 3. =2 Qq<N ‘Uqhuq‘ N)
aq

structure, with different e _
couplings: 30 =2 0% (N |07 ,ug N
q



Flavor Decomposed Form Factors

N

_ _ i g
92" < 30, e W) < 0|, 2
q

commonly used Sachs FF: Ge =F"+d, Gy =F +F/

Decompose by Quark Flavor: o 0 0
e -1 —1+4sin‘9y  +1
u +2/3  1-8/3sin0y -1
. 2
2 1 .4 1 ds -1/3 —1+4/3sin%0y -1
CTY :§GIL—ZJ/M _gGE/M —gGE,M

G\, :(1—%sin29\,v ng,M —(1—%sinzew jGS,M —(1—%sinzew )GE,M



Charge Symmetry

Charge symmetry: neglecting trivial breaking due
to Coulomb force, one expects the neutron to be
an isospin rotation of the proton

GE/M _GE/M’ GE/I\/I _GE/M’ GE/l\/l _GE/M
2 1 1

Gé’/?\n :gGll—:J/M _gGg/M _gGé/M T
—GLy ZEGS/M _%GILEJ/M _%GE/M
Gy’pE,M _ GUE,M GpE,M
Gy e | Glew —2En L Gy
GZPg i GSey | well

Measured

<N| sy*s |N>




HOW Blg alre c-;'E c';'[B'{lsperslon Theory

_ _ *Quark models
approaches: L attice Gauge theory
*Skyrme models

ns =Gy (Q% =0) %

Theoretical predictions for strange magnetic moment

1.0 I I I I I I I I I I I I I I I
A L]
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05 | % | :
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x 00 -—-@--- . ...‘&.E. Ramsey-Musolf 0 F -
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2 Elastic Electroweak Scattering

O "\\ 5 *Ap, measurements ranging 0.1 < Q<1
z' " «forward and backward angles
;ba‘ \®® ___:ég 2HeHydrogen, Deuterium and Helium targets

«Statistical and systematic errors < 10%
Rough guide: Gg"(Q%=0.2) ~ 0.05, u,~ -0.6

1.0 =<

0.15

6 + A(Q?) 6,

0.1

0.05

-—‘—u

— —t

i «Cancellations?
o °F ‘ *Q? dependence?
|7 -0.05— ° p)
2 : | 4 MAMIA4, published Accuracy:
ZARBSIEN 01| ¥  MAMIA4, 2004
5§ ;3§:§:§:;,§ <N - | ® HAPPEX-I, published
N D NN T
-2 =1 1 7
6,(T=1)
. = = 2= 2
HAPPEX: Second Generation  £=3 6eV, 6=6 deg, Q*=0.1 (6eV/c)
1H: Ao,=-1.4 ppm, goal + 0.08 (stat.) 4He: Ap,=+7.6 ppm, goal + 0.18 (stat.)

—)  &(G5.+0.08Gs,,) = 0.010 —> &(Gs:)=0.014



HAPPEX at JLab

Hall A Proton Parity EXperiment

polarized
HAPPEX | ( CEBAF )

|| 1998-99: Q2=05 GeV?2, 1H
2004-05: Q%=0.1 GeV?, 1H, “He

Compton
detector. _

Moller
detector

|
Molleﬂ| /
target | /"
|

hydrogen |
/
o/

target

The HAPPEX Collaboration

spectrometers d
- e California State University, Los Angeles -
e acquisition S uni it
% confril yracuse university -
DSM/DAPNIA/SPhN CEA Saclay -

Thomas Jefferson National Accelerator Facility-
; INFN, Rome - INFN, Bari -

iy P e | Massachusetts Institute of Technology -

' [ Steering Coils : . . . -

"B Position Monitors | Harvard University — Temple University —

| — Intensity Monitors ' Smith C_olleg_e - University of Virginia -
""""""""""""" University of Massachusetts —

College of William and Mary




Dispersive axis (mm)

L

-

Spectrometers & Detectors

Cherenkov

Zone active du détecteur
100x600 mm

12 m dispersion
sweeps away
inelastic events

Bending magné’r
Quadrupole magnets

hagnets

Transverse axls (mim)



“He Asymmetry Result

June 8-22, 2004

A, correction < 0.2 ppm
Q2% = 0.091 (GeV/c)?

= 5.63 ppm £ 0.71 ppm (stat)

Helicity Window Pair Asymmetry

Entries 2950037 Entries 3693959
105; RMS 2016 | 10°¢ RMS 1731
10%: 10°
3; |
107 10°:
2| .
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C | | | | |
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5 6
Data Set Number

Theory
A(6%=0) = +7.51 + 0.08 ppm

Data: (after all corrections)
= 6.7210.84,,,y10.21, ) ppm

PRL in preparation



'H Asymmetry Result

June 24-July 25, 2004

A... correction ~ 0.06 ppm

Q2% = 0.099 (6eV/c)?
A.., = -0.95 ppm + 0.20 ppm (stat)

Asymmetry (ppm)

Helicity Window Pair Asymmetry

Entries 9374158 Entries 9811483

RMS 907.4 F RMS 858.8

-6000-4000-2000 0 2000 4000 6000 -6000-4000-2000 0 2000 4000 6000 A
Left Arm Asymmetry (ppm) Right Arm Asymmetry (ppm) Pv

half-wave
circularly plate
polarized R L
T a® e e - o e S ]
light
4 —
3
zE Al2-plate
- ouT
1 %I I I 1 1 I
o '} A N R | |
_ 1 L ] 1 1 1 1 1
_1 :_ | I I — 1
- M2-plate
2 IN
- * Left Arm
S = Right Ar
40
(] 5 10 15 20 25 30 35 40 45 50 55

Data Set Number

Theory

A(6%=0) = -1.44 ppm = 0.11 ppm

Data: (after all corrections)
- - 1 . 14i0 . 24(51.01.)i0 . 06(51-01-)me

PRL in preparation




Summary of *H and “He Results

G5 = -0.039 + 0.041,,, + 0.010,, + 0.004,
Gse + 0.08 65 = 0.032 = 0.026,,,)+ 0.007,,) + 0.011 ¢y

0.

0.1-




015

After 2005 run:
Anticipated results
(centered at zero)

Rl R R 15

Current Status and Prospects

sEach experiment consistent with G=0
«Some indication of positive G,,*
*More data forthcoming!
«Cancellations might play a role

0.15_
0.1
- Gt + N(Q?) 6,8
0.05:— l
| RS R
- T T I I I
-0.05—
B ‘ A MAMI Ad, published I
' ﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂ
0.15
1.5 . G - S
01—
G M
1=
0.05—
} '
o rL L X s LIT I I
- T T = - 0.05
) @G0, expe cted ] G0, expe cted
-0.5H 044
HAPPEXI, ex pectad O HAPPEXI, ex pectad
L 3 HA 004 + Ad + SAMPLE + G, Theo L 3 HAP {1]}] + SAM Theo
0 0:2 0:4 D.IG D.IE 1 01 50 0;2 0:4 D.IG D.IE 1
Q2 [GeV]] Q* [GeV’]




PVA4 at Mainz

Forward angle, Hydrogen, Q? = 0.23, 0.1 GeV? Calorimeter:

Calorimeter distinguishes elastic via energy 1022 PbF; crystal
resolution |

Specialized fast counting electronics self-
trigger and histogram energy distributions ...
in overlapping 3x3 modules

Integrate “elastic region” in histograms for
each helicity window

Elastic rate: 10 MHz, total rate 100 MHz

—
20 pA, 80%
polarized
1800 . beam

E arndd il Delta : :Elastﬁc 0. = 35°
eo0/ 9N T
A . . T Significant density flucuation in target,

Eneroy ADC urie) normalized to luminosity monitor.




GO A
TINAF, 2004 Forward angle H

Duty factor of 499 MHz CEBAF beam
reduced to 31 MHz

Recoil protons detected in scintillators,........5 %
segmentation defines Q2 point

T.0.F on path through torroidal
spectrometer, Time histogram from
specialized electronics

Simultaneous Q% = [0.16,1] GeV?

magnet

- T TR

P'°”5 background elas’rlc protons 2 i

7 2:
4 ,"u
. . X
inelastic pro‘rons >
\ target beam




GO Backward Angle

Electron detection
FPD #16 . CED Turn magnet/detector package around
cerenkoy g Add Cryostat Exit Detectors ("CEDs")
to define electron trajectory
Add aerogel Cerenkovs to reject pions

elastic e

inelastic e
or photo -

FPD #1 CED

#1

Begin Backward Angle installation in 2005

beam

target

Planned measurements of H, ?H Q.E.

Combine with forward angle to
separate G5, G5, G, at 3 Q? points




GO Electronics

- M Elastic protons Time of Flight measurement
" [l Inelastic protons

3: I:I N?UTF‘GI ' Mean
107 n Front . Timer

Time histogramming

PMT Left

Mean
Timer

Back

Time resolution
250 ps / 1ns

PMT Right

"

Beam structure: 32 ns between pulses

0 15 20 .25 30

nhanoseconds

FR octants: flash TDCs (0.25 ns over 32 ns range)

NA octants: Latching Time Digitizer (500 MHZz)
— scalers (1 ns over 24 ns range)

Time histogramming read out at 30 Hz (polar. reversal)



Crust of a Neutron Star:
Neutron Skin of a Spinless Nucleus

Neutron Star Lead Nucleus

A

Neutron star has solid crust
over liquid core.

Heavy spinless nucleus has
neutron skin. crust

Rp ~55fm Both neutron skin and neutron star crust are made
- ~ out of neutron rich matter at similar densities.
R,-R, ~0.1to 0.3 fm?

*A neutron skin is expected: how thick is it?
*The extent of the skin constrains the transition density from solid

crust to liquid core in a neutron star
*The density dependence of the symmetry energy constrains the
composition of the neutron star core: important implications for rate

of neutron star cooling

An experimentally clean measurement of skin is now viable:



PRFX at JLab

Donnelly, Dubach & Sick (1988)

or B
L C. Horowitz | QpEM ~1 QnEM ~0

0.08

QPy ~1-4sin2g, Q",~1

~ 30
Y 70\ 0 HAApy) ~ 3% @
20§Pb AR,-R,) ~ 1%

- Q?~0.01GeV? > Ap,~0.5ppm

10

o
[
3

Density (fm™)
:

—— E+M charge
—— Weak charge
——————— Proton

------- Neutron

0 ' 2 4 r(fm} 6
A technically demanding measurement:

‘Rate ~ 2 GHz

Separate excited state at 2.6 MeV Data collection at JLab
Stat. Error ~ 15 ppb Hall A within 2 years
-Syst. Error ~ 1 to 2 %



Summary

 Weak Neutral Current experiments with fixed
targets will continue to play a role in the
search for new physics at TeV scales

 The tools developed allow us to focus on
other important issues
- strangeness in nucleons
- neutron skin of a heavy nucleus

* |n the final lecture, we will survey electroweak
experiments at other laboratories
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