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Neutral Currents in Nuclear Physics:
History and Overview
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Introduction

Rather remarkable that the neutral current of
the standard model was not uncovered
earlier than the 1970s

- 1930: Pauli’s suggests a “neutrino”
accompanies the electron in 3 decay

- 1932: Chadwick’s discovery of the “neutron’

- 1934: Fermi’s incorporation of both in his
“effective theory” of 3 decay

Nbound — Pbound +e + 1,
- 1937: Majorana notes that the neutrino

may or may not carry a additive
charge v, =1,




Fermi’s treatment of

beta decay was electromagnetic
based on an analogy analog
with the neutral - — = - < >

. f‘}/ charge-charge
electromagnetic but no counterpart
iInteraction between to electric field
static charges, modified ,
to yield a point-like p € rermi b
interaction

1933 7th Solvay Conference: Pauli’s first public
presentation of the neutrino

Russian authorities yielded to Gamow’s insistence that
his physicist wife Lyubov Vokmintseva also be granted
a visa for the meeting

Unknown to the authorities, the couple had twice
previously tried to escape Russia (via kayak!)

Did not return: Curie Institute — Univ. London —
@ Instityts Intemationaux de Physique Univ. Michigan — George Washington University to
join Teller




We can look at this from a modern isospin context r= ( (1) ) n= ( (1) )

SO e-neutron or e-proton interaction vs. weak interaction

e] L 1+7s N e] 0(7) 1
e] — e e] 7 $\/§e7'i
E&M: pS + pVO) weak pVE

makes sense: Fermi used the “missing” components of isovector charge —

but did not consider using the electromagnetic
neutral current itself in the weak interaction



Fermi later recognized that Lorentz invariance meant that this relation
must extend to currents (moving charges), , — j* = (p, ) = e(1, 5/Mn)

V' (0) -Weak _

I =5, + I

Weak current a space-spin vector and an isospin isovector:
E&M and the weak interaction made use of all three isospin components of
the vector hadronic current: basic idea of CVC
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Fermi recognized that Lorentz invariance meant that this relation
must extend to currents (moving charges), £ — j" = (p,J) =e(1,p/Mn)

V' (0) -Weak _

I =5, + I

Weak current a space-spin vector and an isospin isovector:
E&M and the weak interaction made use of all three isospin components of
the vector hadronic current: a step toward unification!
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Fermi’s 3-decay < electromagnetism analogy < vector weak current =

p=0|p=123

) VGV
i T T
Fermi’s
relativistic
correction, noted
M by Gand T

= selection rules for “allowed” decays of
AdJ=0 Amn=0, e.g.,, 0+— 0+ decays

with relativistic corrections
Ad =0, 1 (butno0—0) Amn=1, e.g.,, 1-— 0+ decays"
suppressed by (v/c)? in transition probabilities



GT added an axial contribution to Fermi’s interaction

u="~0 uw=1,2,3
, o L VsVy ordinary vector
Ju % = Ju T4 T4
~T XD
AV carries opposite parity
) T+ T+ pseudo- or axial-vector

So that one could obtain in lowest order (allowed)

Fermi: AJ=0 An=0, e.g., 0+— 0+decays and
Gamow-Teller: AJ =0, +1 (butno0—0) Amn=0, eg. 1+— 0+

“Either the matrix element M or the matrix element Mz or finally a

linear combination of M1 and M2 will have to be used to calculate the
probabilities of the B-disintegrations. If the third possibility is the correct

one, and the two coefficients in the linear combination have the same order of
magnitude, then all transitions [satisfying the selection rules] would now

[be strong allowed ones]”



* They had deduced the correct rate for beta decay
w~ [(DF + ga[(5)]7

- They obtained this result by generalizing Fermi’s interaction into a sum
of four-fermion interactions

-le ‘F nucl V; -le -nucl V; lep -nucl Aj;*+
VRN T gler VT T gl T

- But failed to comment on a second possible generalization

GF (j/lfp ;qi_j/lfp ;ZF) (]Zucl -+ _]ZUCZ ;:I:)

H weak ™ \/i

This alternative gives the same [3-decay formula, but implies parity violation,
which presumably was so outlandish to GT that it was not worth a comment



Fermi’s construction has already introduced the idea implicitly of using all
components of an isovector

E&M j,u ;S _I_jM;V(O) AN Weak _ ViV ()

] J 0

Had GT considered their current from the same perspective of efficiency,
they would have encountered a puzzle

j;l;V(O) AN jWeak _ jliX;V(:I:)

Where is the neutral axial current - the third component of the isovector?

20 years before PNC, 35 years before the SM & neutral weak currents



Neutral Currents

1958 the V-A theory was formulated:

Feynman and Gell-Mann “Theory of the Fermi Interaction”
Sudarshan and Marshak “Chiral Noninvariance and the Universal Fermi Interaction”

In which only charged currents appeared

1967 Weinberg published his electroweak unification paper in which a
neutral partner Z to the W was introduced, so that both charged and neutral

currents appeared
Citation record: 0 (1967), 0 (1968), 0 (1969), 1 (1970), 4 (1971), 64 (1972), 162 (1973), ...

By the end of 1971 both the Higgs mechanism, to generate massive
iIntermediate bosons, and the theory’s renormalizability (veltman and 't Hooft)
had been established

In 1960s neutrino experiments — to isolate the weak interaction from others —
were begun at both BNL and CERN

Included the construction of a large bubble chamber at CERN, by a French
collaboration led by Andre Lagarrigue: Gargamelle



Gargamelle’s target region consisted
of 18 tons of freon

Construction was completed in 1971
and the first neutrino exposures in the
CERN PS neutrino beam line were
carried out in 1972

The experimentalist expected charged
current events producing a muon:
Gargamelle’s class A events

Background events consisting of a
charged hadron were class B events
— arising from interactions in the
target of neutrons produced upstream

In December 1972 an isolated
electron track was found in the
antineutrino class B data

Gargamelle’s first neutral current event



V-exposure V- exposure

4 NC 102 64

# CC 428 148

The flat distribution of the NC events followed that of the CC events, and
thus was “neutrino-like” The spatial distribution of the NC/CC event ratios
showed no anomalies

Yet there was concern that neutrons might be mimicking an NC signal
- neutrino flux radial distribution extended well beyond the fiducial
volume, so associated neutrons could enter from the sides
- the neutrons could cascade: number of background neutrons were
not governed by an interaction length, but by a longer, energy-
dependent cascade length

A neutron background characterization was carried out, ending in mid 1973.
The conclusion: few background events contaminated the NC signal.
The claim for NC discovery was published in Phys Lett in July



Alternating NCs: In 1972 the NAL (FermilLab) started operation, at 10 times
CERN'’s energy. The Harvard/Penn/Wisconsin neutrino experiment was
mounted, using relatively coarse-grained tracking. Initially the detector
made hardware and electronic cuts to record only muon events

Revised to trigger on hadrons: allowed detection of muons with charged
hadrons, in sum constituting a NC event: “escaping muons” a concern.

Monte Carlos suggested such events were not able to account for the
HPW NC signal: news communicated to CERN, reinforced Gargamelle
decision to publish. HPW also submitted a NC-discovery paper.

HPW mid-1973 data set showed a smaller NC signal; froze their paper in
refereeing stage, re-configured their detector to record a large fraction of
the muons, and found a very much smaller signal than Gargamelle,
consistent with zero. A new, no-NC paper was drafted.

But the detector modifications reduced the shielding, potential increasing
the possibility that neutrons could punch through, mimicking muons, and
thus driving the NC/CC ratio to zero by enhancing the CC rate



By mid-1974 estimates of the punch-through neutron flux had doubled,
yielding a NC/CC ratio that agreed with Gargamelle

Initial paper and two others published

In fact it was subsequently recognized that NC events were apparent in
CERN bubble chamber experiments as early as 1967: a anomalous

number of muon-less hadron events had been recorded

Musset and Vialle, “Neutrino Physics with Gargamelle”
Barish, “Experimental Aspects of High Energy Astrophysics"

The trigger for the searches at CERN and NAL/FermiLab came from the

theory community in 1971, with the Veltman/t Hooft completion of the SM

CERN theorists lobbied Gargamelle to look for NC then
Weinberg helped convince HPW of the need to trigger on hadrons, too



Nuclear weak current: This and subsequent work tested and verified the
first-generation currents governing low-energy nuclear weak interactions.
In addition to the charged hadronic current

Ji = cosfc Uy, (1 —ys)d+sinfc wy, (1 —vs)s
we have the neutral contribution
Jg = Uy, (1 —v5)u — cﬁu(l —v5)d — 4 sin? OwJ,™
which includes contributions 1
isoscalar vector ~ —4sin? Oy 5

. . ’7_
isovector vector ~ (2 — 4sin” Oyy) 53

) . T
isovector axial-vector ~ —2 33

Consequently there is a low-energy coherent vector charge contribution
' Z+ N Z — N
proportional to + n (2  Ain? HW) :

.2
~ —4sin” Oy

~ —N 4+ (1 —4sin* 0y )Z ~ —N



Astrophysics

In the 1960s (as today!) the mechanism responsible for core-collapse
supernovae was under debate

A star proceeds through its burning stages, forming an onion-like shell
structure, with the last stage of explosive Si burning rapidly forming
an iron core, supported by electron degeneracy pressure

As the core reaches the Chandrasekhar mass of about 1.4, the electron
gas EoS can no longer support the core, leading to rapid collapse and
compression and heating of the core by the gravitational work

Every volume element of the star is initially bound, so the fundamental
iIssue is that mechanism by which energy is preferentially transported from the
core to the mantle, allowing ejection of the latter

In 1966 Colgate and White proposed that the thermonuclear SNII mechanism
proposed by BBFH was much too weak to power an explosion

Instead proposed a hydrodynamic explosion: core bounce and a shock
wave that is driven by neutrino diffusion and neutrino energy deposition



This deposition occurred through inverse beta decay on free neutrons,
governed by a luminosity connected with the diffusion rate

The discovery of coherent neutrino scattering had a significant effect on this
prompt neutrino-driven mechanism

J. R. Wilson, 1976
Freedman, Schramm, and Tubbs, “The Weak NC and its Effects in Stellar Collapse” (1977)

The coherent scattering off nuclei and off density fluctuations lengthens the
diffusion time

As the energy in neutrinos is fixed (3 10%3 ergs) and the Eddington luminosity
for neutrinos to mechanically drive material off the star is 1054 ergs/s, the
necessary diffusion time require for the Colgate and White prompt

neutrino mechanism is known

Concluded that with NCs, missed by a factor of 3 the needed luminosity



A large number of other stellar observables were shown altered by the
discovery of neutral currents

— pair processes that control stellar cooling:
one celebrated case is the plasmon — vV rate that controls the core
temperature and thus the time of He ignition in a red giant

— NCs contribute to many of the neutrino scattering processes that
control the temperature hierarchy of the supernova flavors (which we
hope to exploit in the next galactic supernova)

— NCs dominate most of the important neutrino process
channels in SN, such as the production of F from Ne or or 1B from C



Nuclear physics: where we stand today

Hadronic and semileptonic NC weak interactions:

G
Hadronic weak interaction: L = 7; (JIJEVJW + J;Jz) + h.c.

JAI:LAS:O;u—nl JAI:1/2,AS:1;u—>S
%% %%

Jw = cos ¢ + sin O

The neutral current is diagonal in strangeness — indeed the ¢ quark was
introduced to avoid a current construction in which AS # 0 currents arose —
and as noted contains Al = 0 and Al = 1 components

AT=0,AS5=0

JZAI=1,AS:O
Symmetric products of AI =1 currents carry Al = 0,2 while symmetric
products of Al =1/2 carry AT = 1. Consequently

LASZO _

(0082 OO TL0 4 sin? O gl BT gAY ) 00 500 4 gp o Lo g3 10 500 J;O’OJ;"))
AT = 0,2 Al =1 Al=0 AI=02 Al=1
Cabibbo suppressed

Gr
V2



We can measure the NC in hadronic interactions by exploiting parity violation
and by isolating the A7 = 1 interaction

containsW,Z & @— — — — — O & strong vertex

The AI =1 corresponds to long-range pion exchange

It has been known since the early 1980s that this interaction is weaker
than one would expect based on the underlying quark-level currents:
upper bound established in 18F

Major effort underway at SNS to measure hl: 7W+p—d+ v
Lattice QCD estimate has been made

But we have yet to isolate this current
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Semi-leptonic: electron-nucleus electroweak interference

Bill Donnelly will address electron scattering PNC in the next talk
Atomic PNC complements these measurements with ones at very low g

State-of-the-art measurement . )
remains the JILA 1999 measurement ° v e\ gz fuld)
of Woods, Weiman, et al. o » )
e u(d)
Dominant interaction is
mPy 0| Hy |65
A(e) ) V(N) ‘651/2>NC’ _ ‘651/2> 4 Z ’mP1/2>< 1/2‘ W‘ 1/2>

E6S T EmP1/2

G
Hy = Qw 71;%,%(7“)

PNC w.f. admixtures are ~ 10-11

resulting energy shift measured to
0.3%



0.94 =
~ Paris’86 + -1 B . e g 1Y
ut polarizability “tail
6% 0. Factor of two reduction in theoretical error + shift of the central value contributions evaluated
L 092 NoTosbind 89 il by Dzuba et al in 2012
& — Notre Dame’90
& - 45 - have moved the latest
091+ )
| i ° | World averagers _ number back to the 05
E average
e 090 - L - I Thiswork
0.89 M s ekt I- ""“:
0.88

S. G. Porsev, K. Beloy and A. Derevianko, Phys. Rev. Lett. 102, 181601 (2009)
S. G. Porsev, K. Beloy and A. Derevianko, Phys. Rev. D 82, 036008 (2010)

Now 15+ years since this measurement was reported. Successors?

- Purdue effort on Cs
- Berkeley effort on Dy
- TRIUMF efforts on Fr
- KVIon Rat



Semi-leptonic: neutrino-nucleus scattering - our main workshop topic

Interest has been driven in part by stopped pion neutrino sources like that
of the SNS, which operates at 1.4 MW and could be upgraded to 3.0

Pulses delivered at 60 Hz, with a width of 695 ns: decays are prompt

™ - ut+v, 7T=26ns followed by

pt et + U, v T=22 pus

With these parameters, a detector buried under 25m of standard rock would
have background rates comparable to a “continuous beam” detector that
has an overburden of 2.0 (v.s) to 2.8 (7.s) km w.e.

0.03 -

Vergados et al. 2013




FAQ Elastic scattering form factor
1.0y as a function of recoil energy
* Ta
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Large investments being made in DM detectors capable of measuring nuclear
recoils in this range

SM particles
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WIMP—nucleon cross section [cm?]
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NOBLE GASS!

Single-phase detectors

—
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(SCINTILLATION LIGHT)

e Challenge: ultra-low absolute backgrounds

e LAr: pulse shape discrimination, factor 10°-10° for gammas/betas

XMASS-RFB at Kamioka:

835 kg LXe (100 kg fiducial),
single-phase, 642 PMTs
unexpected background found
detector refurbished (RFB)
new run this fall -> 2013

CLEAN at SNOLab:

500 kg LAr (150 kg fiducial)
single-phase open volume
under construction

to run in 2014

DEAP at SNOLab:

3600 kg LAr (1t fiducial)
single-phase detector
under construction

to run in 2014



(SCINTILLATION &

Time projection chambers

[ONIZATION)

XENON100 at
LNGS:

161 kg LXe
(~50 kg fiducial)

242 1-inch PMTs
taking new science
data

LUX at SURF:

350 kg LXe
(100 kg fiducial)

122 2-inch PMTs
physics run since
spring 2013

PandaX at CJPL:

125 kg LXe
(25 kg fiducial)

143 1-inch PMTs
37 3-inch PMTs
started in 2013

ArDM at Canfranc:

850 kg LAr
(100 kg fiducial)

28 3-inch PMTs
in commissioning
to run 2014
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DarkSide at LNGS

50 kg LAr (dep in 3%Ar)
(33 kg fiducial)

38 3-inch PMTs

in commissioning
since May 2013

to run in fall 2013
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So perhaps there is a v opportunity, too

Interest in hearing, over the next two days, what ideas the
participants have for moving forward



