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Quarks Through the Looking-Glass — New Measurement of Pari Violation in Electron-Quark
Scattering
(The Jefferson Lab Hall A Collaboration)
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Parity symmetry, or mirror-image symmetry, implies thapging left and right does not change the laws
of physics. Violation of parity symmetry in the subatomicakeforce was discovered in 1957, and parity
violation in electron scattering played a key role in essidhg, and now testing, the standard model of particle
physics. One particular set of the quantities accessibteigh measurements of parity-violating observables is
the electron-quark effective weak couplings, calléd’s, measured directly only once in the past 40 years. We
report here a precise measurement of a speCifjccoupling combination that is five times better than previous
data. These results are the first evidence at more than 95%ideoce level that th€s,’s are non-zero as



predicted by the electroweak theory of particle physics, laad to new constraints on interactions beyond the
standard model, particularly on those caused by flippingjtisek chirality.

Symmetry permeates nature and is fundamental to all lawkighly successful standard model of particle physics. PVES
of physics. One such example is the mirror symmetry, alsdias subsequently been used as a sensitive probe to study
called “parity symmetry”: a physical system or processid sa diverse physics ranging from physics beyond the Standard
to respect this symmetry if it behaves the same way when révlodel [8, 9] to the structure of both nuclei [10] and the nu-
flected in a mirror. Laws for electromagnetism, gravity andcleon [11].
the subatomic strong force respect parity symmetry. But the In so-called tree-level scattering where the electron ex-
subatomic weak force does not, as was first observed by C.8hanges only a single photon or a singleboson with the
Wu [1]. Historically, the observation of parity violatiotgyed  target, very simple expressions fer 3 in Eq. (2) emerge for
animportantrole in establishing the standard model ofgdart electron DIS from deuterium:
physics. We report here on a new measurement of the parity- 6 6
violating asymmetry in electron-quark scattering and amtr a =g 201y — C1a) ;a3 = E (202, — Caq) - 3
electron-quark weak couplings. Results presented here im-
prove the precision of the vector-electron aﬂa]-vecto&rd* The use of the deuterium target Slmpllfles interpretati(}n be
coupling combinatior2Cs,, — Cs4 by a factor of five, are in ~ cause it has equal numbers of up and down valence quarks.
agreement with theoretical predictions, and set condtraim  HereCi,14) andCsy,,24) are the effective weak couplings be-
new interactions beyond the standard model. In today’s paitween the electrons and the up (down) quark. The subscripts
ticle physics research led by colliders such as the LHC, out and2 refer to whether the coupling to the electron or quark
results provide specific chirality information on electeak IS vector or axial-vector in nature?y,q) is the axial-vector-
theory that is difficult to obtain at high energies. The mea-electron vector-quark (AV) coupling, i.e. it probes panty
surement is relatively free of ambiguity in its interpregat ~ ©lation caused by flipping of the electron chiralitys,,q) is
and opens the door to even more precise measurements in tH¢ vector-electron axial-vector-quark (VA) coupling ttfis

future. sensitive to parity violation due to flipping of the quarkhi
In parity-violating electron scattering (PVES) experirtsgn  ality. In the standard model th@, and theC’; couplings are
one measures an asymmetry that can be expressed as proportional to the quark vector and axial weak charges, re-

spectively. In testing the standard model, it is importarde-
, (1) termine all fourC',, 14,2.,24 @S accurately as possible, since
oy to- new interactions could manifest itself in either set of cou-

whereo, (o) are the cross sections for scattering longitudi-Plings. Experimentally, one could extract batiy, — Ciq

nally polarized electrons that are right-handed (leftde), and2C2. — C2q by measuring asymmetries at differént;
meaning their spins are parallel (antiparallel) to the teders values in the I_DIS_re_glme. However_, a precise determination
momentum. For deep inelastic scattering (DIS) from nucleaPf 2C2. — C2a is difficult because of its small value (-0.095),
targets (DIS is defined as scattering in which the electren in@S 0PPOsed t8C1, — Ciq = ~0.719, in the standard model.
teracts with a single quark, independent of the surroundin%1 The new measurement reported here was performed using

quarks and gluons), this asymmetry can be written in a largelthe €lectron beam at Thomas Jefferson National Accelerator
model-independent way as [2] Facility (JLab), in Virginia, USA. A100-uA, nearly 90%-

longitudinally-polarized electron beam was incident orDa 2
GrQ [a (2, Q*)Yi (.1, Q) cm-long liquid deuterium target held at a temperature of 22 K
427 1N 1Y, Scattered particles were detected in a pair of spectrometer
+ as(z, Q*)Ya(z, v, QQH : ) that_determin(_e the momentum and the c_iirection of the detecte
particles to high precisions [12]. To directly acce&ss, 24,
whereGr is the Fermi constanty is the fine structure con- the kinematics were chosen so that the bulk of the detected
stant,Q? = —q? with ¢ the four-momentum transferred from electrons emerged from the target after undergoing a DIS in-
the electron to the target; is the Bjorken scaling variable teraction. In contrast, all other PVES experiments aftehGL
and describes the fraction of momentum carried by the quark122 were performed outside the DIS regime, thus could not
struck by the electrory = (E — E’)/E is the fractional en-  provide clean information 06,.
ergy loss of the electron witl’(E’) the incident (scattered) The size of the asymmetry expected for this measurement
electron energyy; ; are kinematic factors, and the variablesis at the level ofl0~*. The major challenge comes from the
ay,3 are related to the subatomic structure of the target. (Seeombination of the high electron event rate, and the high pio
Methods section for a complete description.) The first exbbackground typical of DIS measurements. This was overcome
periment (SLAC E122) to detect parity violation in electron by the use of a custom electronic and data acquisition (DAQ)
scattering, led by C.Y. Prescott [3, 4], provided resulistth system with built-in pion rejection capability [13]. The QA
strongly favored a model attributed to Weinberg, Salam anduccessfully counted electrons, event-by-event, at 1gide
Glashow [5-7], establishing it as the keystone of the now600 kHz. The relative uncertainty in the measured asymme-

Oy —0—
Apy = ———

2

Apy =



3

tries due to pion background was beléwx< 10~4, and that  from our asymmetry results, evolved to the mass of Zhe

due to counting deadtime was belowt%. The leading sys- boson in the modified minimal subtractiohif) scheme, is

tematic effect comes from normalizing by the electron beans? = sin? HW(QLMQ MS) = 0.2299 + 0.0043. This can
=M2,

polarization, which had a relative uncertainty at the lesel pe compared to the latest standard-model fit to world data
(1.2 — 1.8)%. On the other hand, beam stability was not as2 — 0.23126 + 0.00005.

significant issue because of recent advances in the mawgtori  The result in Eq. (6) is to be compared with the standard
and feedback control of the beam, a direct outcome of somg,ggel prediction2Cy,, — Caglg2—o = —0.0949 as shown

of the earlier PVES studies [8-11]. in Fig. 1. Our results have greatly improved the uncertainty
The high intensity of the JLab beam allowed the completion

of the experiment in just under two months. A total of 35.4

million electrons were counted at two DIS kinematics. The

asymmetry measured & = 6.067 GeV, () = 0.241,Y; = 0.2

1.0, Y3 = 0.44 and(Q?) = 1.085 (GeV/)? is

SLAC/E122

JLab elastic eN+Cs

Aexp = [-91.1 + 3.1(stat.) & 3.0(syst.)] x 1075, (4) 0.1

where (z) and (Q?) are averaged over the spectrome-
ter acceptance. This is to be compared with the stan- 0
dard model (SM) expectation oflgy; = —87.74 x 1076,
To allow an extraction ofCy,,14 and Cay 24, it iS nec-
essary to express the asymmetry in terms of these cou-

[

\ This measurement

p201 — Standard Model

Stoal
plings. This was calculated using the MSTW2008 leading- oa i
order parametrization [14] of parton distribution functio N - "
(PDF). For the kinematics above, it givésy = (1.156 x 02k This measurement
107%) [(2C14 — C14) + 0.348(2C5, — Ca4)].  The second i . +SLAC/EL22
DIS kinematic point wastl = 6.067 GeV, (x) = 0.295, L +3Lab elastic eN+Cs
Y: = 1.0, Y3 = 0.69, (Q?) = 1.901 (GeVl)?, and the re- P
sult is Tt

Aexp = [~160.8 + 6.4(stat.) + 3.1(syst.)] x 107%.  (5) oul SLAC/E122

The standard model expectation &y = —158.90 x +ILab elastic eN+Cs
10~%, with the coupling sensitivityAsyy = (2.022 x L | | |
10_4) [(2C14 — C14) + 0.594(2C5, — Ca4)]. Details of the '0"':30.9I — _0.8I — _0.7I — _0.6I — -O.é — 0.4

standard model calculation and the uncertainty due to PDF
fits are given in the Methods section.
Using the most recent world data for the coupling

Chu14 [15], obtained from PVES and cesium atomic parity FIG. 1: Results for(2C1. — Cia)lg2—=¢ and (2C2u — C2d)|q2-0
Violéltion experiments [16—19], a simultaneous fit2dt;,, — obtained from this experiment alone (blue horizontal-lieeched el-

_ . lipse) compared with SLAC E122 (yellow ellipse) [3, 4]. Tladst
fCld and2Cs, — Caq 10 Ollfr reSl:ths.alrgjq to the asymmetries onC1 [15] (obtained from PVES and Atomic Cs [16-19]) is
rom SLAC E122 was performed, yielding shown as the magenta vertical-line-hatched band. The gtaeted-

line-hatched ellipse shows the combined result of SLAC E42@

(2C2y — Caq) |Q2:0 = —0.145£0.066(total),  (6) the latestC;, while the red diamond-line-hatched ellipse shows the
) ) ~ combined result of SLAC E122, this experiment, and the taigs

where the total uncertainty includes those from PDF fitSThe standard model value is shown as the black dot. Note fiat t
and higher-order radiative corrections. The z&€%bvalues same scale is used for the two axes to illustrate the signtfitiéfer-

eu,ed

Cou,2d]g2—0 are calledy;,* (and similarlyC,, 14|g2—o are  ence in our knowledge of the, andC’; couplings.

eu,ed

gav ) in Ref. [20], where certain electroweak radiative cor-
rections have been applied such that the values in Eq. (8)n the effective vector-electron axial-quark weak cougdin
can be compared directly to results from other precision ex€s,, 2q and are in good agreement with the standard model
periments using different kinds of processes. The values foprediction. This is also the first direct measurement of the
Cou,2d|g2—0 differ from the non-zera? values accessed in coupling combinatioRCy,, — Cs, that shows a deviation from
this experiment by 0.002-0.003 for both the up and the dowrzero. We note that evidence for nonzero values ofthgaq,
quark, at both kinematics. perhaps a different combination from what we measured, may
In the standard model, th€’ , are related to the weak have also been observed in experiments measuring the nu-
mixing angledy,, an important ingredient of the Weinberg- cleon axial form factors [21]. However, extraction@$,, 24
Salam-Glashow theory. The weak mixing angle extractedrom the nucleon axial form factor is model-dependent, &hil
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in DIS the electron probes quarks unambiguously. The diinteraction. We note that mass limits on the electron-quark
rectness of our approach is an important feature that makesdontact interactions have been published by ZEUS [24] and
possible to reach significantly higher accuracy in the fttur  H1 [25] at HERA. They findA™ = 3.3 TeV andA~ =

A comparison of the present result with the standard modes.2 TeV [24], AT = 3.8 TeV andA~ = 3.6 TeV [25]
predictions can be used to set mass limitselow which new  on the vector-electron axial-vector-quark term. Similar-|
interactions are unlikely to occur. For the case of electrorits have been published by ATLAS [26] at LHC in the left-
and quark compositeness and contact interactions, we uséeft isoscalar model, which ar&* = 9.5 TeV andA~ =
the convention of Ref. [22] and the procedure in Ref. [23].12.1 TeV [27]. The HERA and the LHC measurements
The limit for the constructive (destructive) interferersmn-  are sensitive to several different vector and axial-vectw-

tribution to the standard model is: pling combinations, thus their limits were obtained witke th
1/2 assumption that besides the particular chirality comimat
(MF = v 8V/5m ] @) used in the model, all other contact interactions are zee T

|(2Cy — C24)g2—0|™ ’ assumption is unnecessary for the extraction of mass limits

from our results.
where|(2C2, — Caa)q2=o|* is the difference between the | summary, we have measured to a high precision the
standard model value and the upper (lower) confidence bounghyity-violating asymmetry of electron-deuteron deepase
extracted from the data, = \/v/2/(2Gr) = 246.22 GeV is  tic scattering and improved our knowledge of the effective
the Higgs vacuum expectation value setting the electroweaglectron-quark weak coupling combinatid@'z, — C24 by @
scale, and the/5 is a normalization factor taking into account factor of five. The results provide the first direct and unam-

the coefficients of th€, o4 in the denominator. For a 95% biguous evidence tha, — Cy, differs from zero at more
confidence level, we extracted than the 95% confidence level. They significantly improve

the limits on certain types of new interactions in which it is
At =58TeV and A~ =4.6TeV, (8)  the chirality of the quarks that is responsible for the obser

for constructive and destructive beyond-the-standardeho parity violation.

physics. Figure 2 illustrates these limits. The limits sgt b
C1y,14 are determined mostly by previous PVES and cesium
atomic-parity-violation results, but this experiment besrly
improved the limits set b¢’s,, 24.

METHODS SUMMARY

The experiment was carried out at the Thomas Jefferson
National Accelerator Facility (JLab). A longitudinally |zo-

>
e v ized electron beam scattered from an unpolarized deuterium
s target. Scattered particles were detected by the high reso-
2, 10 lution spectrometer pair equipped with a custom electronic
= and data acquisition system which separated electrons from
<) 5 background particles [13]. From the detected couritand
‘g the beam intensity integrated over periods of stable beam
o) helicity, we computed a ratic = % that is proportional
g o to the scattering probability, and from these ratios we com-
= puted the parity-violating asymmetr,,, between right- and
5 left-handed electrons. Two kinds of corrections were then
made to the asymmetries: an overall normalization factdr an
a possible systematic shift due to false asymmetries grisin
10 from backgrounds or helicity correlations in the beam param
eters. The normalization factors include the beam poltoza
15 (measured by a Mgller and a Compton polarimeter), mea-

surements of scattered-electron kinematics, electrogtagn
A[(2C14 — C1a)|g2—o] (TeV) radiative corrections, and effects from two-photon exgean
between the electron and target. The false-asymmetry cor-
FIG. 2: Mass exclusion limits on the electron and quark casitpe  rections were all very small compared to our statisticabrerr
ness and contact interactions Obta'”fd from the Z¥foalues of a4 included an evaluation of helicity correlations in beam
|201“ — Cha @nd2C3, — Csq at the 95% confidence level. The yel- current, position, and energy and backgrounds such as,pions
ow contour shows the limit obtained from SLAC E122 asymmetr . . . .
results [3, 4] combined with the beSt values [15]. The red contour §Ca}tterlng from the target aluminum windows, or resc;atgen
shows the limit with our new results added. inside the spectrometers. A summary of all corrections and
the asymmetry results are presented in Table | of Supplemen-
The strength of our results reported here is that they isotary Information.
late a well-defined combination of the electron-quark cointa  To calculate the standard model expectation of the mea-




5

sured asymmetry and its sensitivity26';,, — C14 and2Cs,, — [16] Wood, C.S., Bennett, S.C., Cho, D., Masterson, B.PheRis,
C.q, We used parton distribution functions (PDFs) to calculate  J.L., Tanner, C.E. and Wieman, C.E., Measurement of parity
the structure functions im; 3. Three PDF fits were used. Re- nonconservation and an anapole moment in cesium, Science

- - 275, 1759 (1997).
sults of the calculation are shown in Table Il of Supplementa [17] Bennett, S.C. and Wieman, C.E., Measurement of e

Information. The variation among all thre(? f|ts- is belodr S transition polarizability in atomic cesium and an improved
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