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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 β decay

•  1932:  Chadwick’s discovery of the “neutron”

•  1934:  Fermi’s incorporation of both in his
             “effective theory” of β decay

•  1937:  Majorana notes that the neutrino
               may or may not carry a additive
               charge
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Fermi’s treatment of 
beta decay was 
based on an analogy 
with the neutral 
electromagnetic 
interaction between 
static charges, modified
to yield a point-like 
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 →
Univ. Michigan → George Washington University to
join Teller
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We can look at this from a modern isospin context

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

                     E&M:  ρS + ρV(0)                           weak ρV(±)

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

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

[e]
1

r


e
1 + ⌧3

2

�
, [e]

�(~r)

M2


⌥ 1p

2
e⌧±

�



Fermi later recognized that Lorentz invariance meant that this relation
must extend to currents (moving charges), 

                                       

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

Then:

⇢ ! jµ = (⇢,~j) = e(1, ~p/MN )

jE&M = jV ;S
µ + jV ;V (0)

µ , jWeak = jV ;V (±)
µ



Fermi recognized that Lorentz invariance meant that this relation
must extend to currents (moving charges), 

                                       

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!

Then:

⇢ ! jµ = (⇢,~j) = e(1, ~p/MN )

jE&M = jV ;S
µ + jV ;V (0)

µ , jWeak = jV ;V (±)
µ



Fermi’s β-decay ↔ electromagnetism analogy ↔  vector weak current ⇒

⇒ selection rules for “allowed”  decays of
              ΔJ = 0   Δπ = 0,  e.g., 0+→ 0+ decays
    
    with relativistic corrections 
              ΔJ = 0, ±1 (but no 0→0)   Δπ = 1,  e.g., 1−→ 0+ decays:
              suppressed by (v/c)2 in transition probabilities
 

Fermi’s 
relativistic 

correction, noted 
by G and T

µ = 0 µ = 1, 2, 3

jweak
µ = jV ;V±

µ 1 ⌧± ~p/mN ⌧±



GT added an axial contribution to Fermi’s interaction

So that one could obtain in lowest order (allowed)
    
     Fermi:                ΔJ = 0   Δπ = 0,  e.g., 0+→ 0+ decays      and
     Gamow-Teller:    ΔJ = 0, ±1 (but no 0→0)   Δπ = 0,  e.g., 1+→ 0+

“Either the matrix element M1 or the matrix element M2 or finally a 
linear combination of M1 and M2 will have to be used to calculate the
probabilities of the β-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]”

µ = 0 µ = 1, 2, 3

jweak
µ = jV ;V±

µ 1 ⌧± ~p/mN ⌧±

+jA;V±
µ ~� · ~p/mN ⌧± ~� ⌧±

ordinary vector

carries opposite parity
pseudo- or axial-vector

⇠ ~r ⇥ ~p



•  They had deduced the correct rate for beta decay

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

 •  But failed to comment on a second possible generalization

   
   
This alternative gives the same β-decay formula, but implies parity violation,
which presumably was so outlandish to GT that it was not worth a comment
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Fermi’s construction has already introduced the idea implicitly of using all
components of an isovector

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

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

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

jE&M = jV ;S
µ + jV ;V (0)

µ , jWeak = jV ;V (±)
µ

jA;V (0)
µ , jWeak = jA;V (±)

µ



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 
intermediate 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
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1 Prolog

It is a great honour for me to speak about the discovery

of Weak Neutral Currents, the outstanding achievement,

which has carried a high yield and assured CERN a place

in the front row. The worldwide boost following the dis-

covery is well known. What is perhaps less well known,

are the difficulties this new effect had to overcome, before

it got accepted by the community. In the 30 minutes allo-

cated to me I will try to elucidate some of the occurrences.

Shortly after the Siena Conference 1963 Lagarrigue,

Rousset and Musset worked out a proposal for a ν-detector

aiming at an increase in event rate by an order of magni-

tude. They had in mind a large heavy liquid bubble cham-

ber and a large collaboration. When Leprince-Ringuet got

to see the plans, he called the huge chamber Gargamelle

invoking the mother’s name of the giant Gargantua to pay

homage to Rabelais (see fig. 1). Lagarrigue formed gradu-

ally a strong and large collaboration built on two groups,

Fig. 1. The bubble chamber Gargamelle at the moment of

installation into the magnet coils.

one consisting of members from Orsay and the Ecole Poly-

technique, the other consisting of members from the just

finishing ν experiments with the NPA 1m bubble cham-

ber. At the end the collaboration consisted of 7 European

laboratories including guests from Japan, Russia and the
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The first example of a single-electron neutral

current. An incoming antineutrino knocks an

electron forwards (towards the left), creating a

characteristic electronic shower with electron–

positron pairs (Image: Gargamelle/CERN)

Forty years of neutral currents | CERN http://home.web.cern.ch/about/updates/2013/07/forty-years-neut...
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Gargamelle’s first neutral current event
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ν-exposure ν-exposure

# NC 102 64

# CC 428 148

Table 1. The NC and CC events samples in the ν and ν films.

comparison the same criteria were applied to the hadron

final state of both the charged current and neutral current

candidates, which got dubbed CC and NC. A stringent

cut in the total deposited hadron energy, Ehad > 1 GeV,

was applied to keep the otherwise abundant number of

n∗’s small. The surprising result was the large number

of NC candidates in comparison to the number of CC

candidates, as seen in table 1. Their spatial distributions

are shown in fig. 4. Both the event numbers and the spa-

tial distributions were extensively discussed in the meet-

ing mid March at CERN. There was no doubt that the

only serious background to neutral currents consisted in

neutron induced stars. Since their interaction length λi in

the chamber liquid CF3Br is about 70 cm, which is small

compared to the longitudinal extention of the chamber,

it seemed straightforward to check their presence by look-

ing for an exponential fall-off in the vertex X-distribution.

No such behaviour was visible in fig. 4. On the contrary,

the X-distribution of NC candidates was rather flat and

looked ν-like, as the CC candidates did. This was put

in evidence by forming the NC/CC ratios of the spatial

distributions, which in the years to come played such an

important rôle. Evidently, it was well compatible with be-

ing flat both for the data in the ν and ν films. Both ar-

guments were corroborated by a Monte Carlo simulation

Fig. 4. Spatial distributions of the neutral and charged cur-

rent candidates. X is the longitudinal vertex position of the

events, R the radial position. Note: the CC numbers refer to

the analysis of about a quarter of the available material.

of the ORSAY group based on the simplifying assump-

tion that upstream ν-induced neutrons enter directly the

chamber along the ν direction. The excitement was there-

fore quite high and a discovery seemed at hand.

Yet, Fry and Haidt argued that the reaoning was not

compelling. They brought up two strong arguments, which

damped the euphoria.

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 (FermiLab) 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

we have the neutral contribution

which includes contributions
              isoscalar vector

              isovector vector         

     isovector axial-vector

Consequently there is a low-energy coherent vector charge contribution 
proportional to
             

J+
µ = cos ✓C ū�µ(1� �5)d+ sin ✓C ū�µ(1� �5)s

J0
µ = ū�µ(1� �5)u� d̄�µ(1� �5)d� 4 sin2 ✓WJem

µ

⇠ �4 sin2 ✓W
1

2

⇠
�
2� 4 sin2 ✓W

� ⌧3
2

⇠ �2
⌧3
2

⇠ �4 sin2 ✓W
Z +N

2
+
�
2� 4 sin2 ✓W

� Z �N

2

⇠ �N + (1� 4 sin2 ✓W )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 
issue 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 1053 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 →       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 11B from C

⌫⌫̄



Nuclear physics: where we stand today

Hadronic and semileptonic NC weak interactions:

Hadronic weak interaction:

The neutral current is diagonal in strangeness — indeed the c quark was
introduced to avoid a current construction in which              currents arose —
and as noted contains                                 components

Symmetric products of              currents carry                 while symmetric 
products of                  carry            .  Consequently

  

L =
GFp
2

⇣
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WJW + J†

ZJZ
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But the only accessible laboratories for studying flavor-conserving weak 
interactions are the NN system and nuclei

��but such systems have much larger strong and electromagnetic 
    interactions: must use PNC (parity nonconservation) to filter out
    these nonweak but parity-conserving interactions

��interaction often modeled as a series of one-boson exchanges

strong vertexcontains W, Z  ⇔⇔
π
±

, ρ, ω

The              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

Lattice QCD estimate has been made  

But we have yet to isolate this current   

�I = 1

h1
⇡ : ~n+ p ! d+ �

We can measure the NC in hadronic interactions by exploiting parity violation
and by isolating the              interaction  �I = 1
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π± exchange 



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 q

State-of-the-art measurement
remains the JILA 1999 measurement
of Woods, Weiman, et al.

Dominant interaction is
    A(e) - V(N)   
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Atomic Parity Violation and the Nuclear Anapole Moment
Science 21 March 1997:
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Cesium atoms interacting with lasers

for measurement of parity nonconservation and the nuclear anapole moment. The atoms are prepared by sending them
through two red laser beams. The intense green laser beam exites the atoms to a higher energy level, and this excitation rate
is detected with another red laser. The applied magnetic and electric fields can be reversed to create a mirror-reversed
environment for the atoms, causing a tiny but measurable change in the excitation rate. [Figure drawn by T. Andrews,
University of Colorado]
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Atomic parity violation (APV) 
Parity transformation: i i→ −r r

[Hatomic, P]=0 =>  Atomic stationary states are eigenstates of Parity 

Z-boson exchange spoils parity conservation 

Electromagnetic Electroweak 

What is the strength of electroweak coupling of quarks and electrons? 

Andrei Derevianko 

|6S1/2iNC = |6S1/2i+
X

m

|mP1/2i
hmP1/2|HW |6S1/2i

E6S � EmP1/2

HW = QW
GFp
8
�5⇢n(r)

PNC w.f. admixtures are ∼ 10-11

resulting energy shift measured to 
0.3%



Theoretical progress 

27 

Factor of two reduction in theoretical error + shift of the central value 

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) 

But polarizability “tail”
contributions evaluated
by Dzuba et al in 2012
have moved the latest
number back to the 05 
average

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

- Purdue effort on Cs
- Berkeley effort on Dy
- TRIUMF efforts on Fr
- KVI on Ra+



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

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 (     ) to 2.8 (     ) km w.e. 

                                                                     

⌫µs ⌫̄µs

2

forts, the cost of the resulting machines, and the
cost of decommissioning the target stations at the
end of the experiment are di�cult to predict. De-
scriptions of the experiment have envisioned up to
10 such cyclotrons being deployed, with seven of
these at the far position [4].

• To enable e�cient detection of ⌫̄

e

s, the proposal
requires the DUSEL detector to be doped with
gadolinium, to provide an energetic (n, �) signal.
The Super-Kamiokande collaboration is exploring
doping for relic supernova neutrino studies, and
has mounted a 200-ton test facility to determine
whether this can be done without a↵ecting detec-
tor components, light attenuation, or purification
systems. Thus the viability of this strategy may be
clear soon. In addition, to enable detection of the
low-energy signal from (n, �), phototube coverage
will have to be increased relative to that required
for long-baseline physics alone, e.g., from ⇠ 15-20%
to ⇠ 30%. While it can be argued that the dop-
ing and higher phototube coverage will make the
detector more e↵ective for other ancillary uses, the
added cost is significant.

• It is not clear how to integrate DAEdALUS into
current long-baseline planning, given that the R&D
issues described above may remain unresolved for
some time.

Here we explore another possibility. An extraordinary
source of stopped-pion ⌫s is already available in the U.S.,
the pulsed proton beam of the SNS. The SNS is cur-
rently completing its commissioning for baseline opera-
tions, which is defined as 1.4 mA of 1.0 GeV protons de-
livered to a Hg target, for a power of 1.4 MW. The facil-
ity passed the 1.0 MW mark in mid-2009. The SNS was
designed for operations significantly beyond this level,
however. In the first upgrade stage, scheduled for 2014,
the beam energy will be increased to 1.3 GeV and the
current to 2.3 mA, for 3.0 MW operations. The SNS
is believed to be capable of reaching 5.0 MW. We ex-
plore here whether a intermediate-baseline search for �

CP

could be performed at the SNS, with near-surface detec-
tors and at reasonable cost, in the time window between
2014 and the commissioning of DUSEL/Project X. We
also explore whether the physics one might learn – both
intrinsic to the experiment and in guiding the design of
future long-baseline experiments in matter – might jus-
tify the additional cost of such an accelerated ⌫ program.

The beam’s energy and time structure are nearly ideal
as a stopped-⇡ neutrino source. The protons are deliv-
ered in short pulses, 695 ns in width at 60 Hz. The decays

⇡

+ ! µ

+ + ⌫

µ

⌧ = 26 ns followed by
µ

+ ! e

+ + ⌫̄

µ

+ ⌫

e

⌧ = 2.2 µs (1)

thus lead to e↵ective duty cycles for delivering ⌫

µ

s and
⌫̄

µ

s (or ⌫

e

s) of ⇠ 0.004% and ⇠ 0.02%, respectively. As-
suming that the massive detector to be used at the SNS

includes a lid (necessary for removing the hadronic com-
ponent of cosmic rays) equivalent to ⇠ 25 meters of stan-
dard rock, then these duty-cycle factors provide an addi-
tional e↵ective suppression of the continuous µ flux that
is equivalent to shielding depths of ⇠ 2.8 and 2.0 kmwe
(kilometers of water equivalent), respectively – that is,
the beam-on µ background would be similar to that ex-
perienced by experiments measuring continuous ⌫ sources
at familiar underground laboratories (e.g., Boulby (2.81
kmwe) and Kamioka (2.05 kmwe)). The beam spectra
are precisely known: the ⌫

µ

s are mono-energetic (E
⌫

µ

= 29.8 MeV) while the ⌫̄

µ

s and ⌫

e

s each have a Michel
spectrum with an endpoint energy of 52.8 MeV. Finally,
because ⇡

�s and µ

�s are quickly captured in the Hg tar-
get, the beam purity is high: a ⌫̄

e

/⌫̄

µ

ratio of ⇠ 0.13%
results from an estimated 0.23% of pions decaying in
flight. These properties motivate our study of how well
appearance signals important to CP-violation tests can
be isolated in a near-surface experiment with low count-
ing rates, through a combination of timing cuts, energy
cuts, beam-o↵ background measurements, and distinc-
tive coincidence signals in a capable detector.

Rather thorough studies of proposed SNS ⌫ exper-
iments have been made, focused on short baselines
relevant to new massive neutrinos and detectors ⇠< 1
kton. Here we envision an experiment comparable to
DAEdELUS, with detector masses ⇠ 100 kton class and
a far-detector baseline of up to 20 km.

The best detector for the physics we envision would
be liquid scintillator, constructed in modules similar to
LENA, the 50 kton detector under discussion in Europe
for solar, supernova, and geo ⌫ studies. LENA has an
upright cylindrical design, 100m in length and 30m in di-
ameter, in which the scintillator occupies the inner 26m
of the cylinder and is separated from the outer detector
by a nylon barrier. A 2m bu↵er region of non-scintillating
organic liquid occupies the space between this barrier and
the outer wall of the tank, envisioned as concrete or steel.
The LENA design calls for 30% phototube coverage, cor-
responding to ⇠ 30,000 10-inch-diameter photomultipli-
ers mounted to the internal walls of the detector, out-
fitted with conic mirrors to enhance the light collection.
The favored solvent is LAB (linear alkylbenzene), a non-
hazardous liquid characterized by attenuation lengths of
10 to 20m at 430 nm and by photoelectron yields in ex-
cess of 200/MeV, for a scintillator mixture containing
2g/l PPO and 20 mg/l bisMSB as wavelength shifters.

Surface excavation of LENA-like detector cavities
could be done with a vertical shaft-sinking machine
(VSM), which integrates excavation, concrete shaft lin-
ing, and sinking. VSMs can handle a wide variety of
rock/soil and groundwater conditions, are available for
shaft diameters up to 33 m, and have been used in ex-
cavations to ⇠ 100m, as required for the present appli-
cation. We envision a design the provides access to the
top of the detector at road level, reachable via tunnel en-
trances through a “lid” that is constructed as a berm of
excavated rock. The excavated rock is su�cient to pro-

At a typical distance of 50 m we find:

Φ(νe, r) = Φ(ν̄µ, r) = Φ(νµ, r) = 1.95 × 106cm−2s−1 (2)

The normalized neutrino spectra can be described very well by the shapes exhibited in Fig. 1

f ν
(E

ν
)
→

10 20 30 40 50

0.01

0.02

0.03

Eν → MeV

FIG. 1: The neutrino spectrum from stopped pions. The normalized dashed and solid curves correspond to
νe and ν̃µ respectively. Also shown is the discreet νµ spectrum (thick vertical line).

ELASTIC NEUTRINO NUCLEON SCATTERING

The cross section for elastic neutrino nucleon scattering has extensively been studied. It has been
shown that at low energies it can be simplified and be cast in the form: [6],[7]:

(

dσ

dTN

)

weak

=
G2

F mN

2π
[(gV + gA)2 (3)

+ (gV − gA)2[1 −
TN

Eν
]2 + (g2

A − g2
V )

mNTN

E2
ν

]

where mN is the nucleon mass, TN its energy and gV , gA are the weak coupling constants. Neglecting
their dependence on the momentum transfer to the nucleon they take the form:

gV = −2 sin2 θW + 1/2 ≈ 0.04 , gA =
1.27

2
, (ν, p) (4)

gV = −1/2 , gA = −
1.27

2
, (ν, n) (5)

In the above expressions for the axial current the renormalization in going from the quark to the
nucleon level was taken into account. For antineutrinos gA → −gA. To set the scale we write:

G2
F mN

2π
= 5.14 × 10−41 cm2

MeV
(6)

The nucleon energy depends on the neutrino energy and the scattering angle, the angle between the
direction of the recoiling particle and that of the incident neutrino. In the laboratory frame it is
given by:

TN =
2 mN (Eν cos θ)2

(mN + Eν)2 − (Eν cos θ)2
, 0 ≤ θ ≤ π/2 (7)

⌫̄µ
⌫µ

⌫e

Vergados et al. 2013



for 0+ ⇒ 0+ transitions. Anyway, it is negligible in the case of coherent scattering on neutrons.
Thus Eq. (12) is reduced to:

(

dσ

dTA

)

weak

=
G2

F AmN

2π
(N2/4)Fcoh(TA, Eν), (13)

with

Fcoh(TA, Eν) = F 2(q2)

(

1 + (1 −
TA

Eν
)2 −

AmNTA

E2
ν

)

(14)

where N is the neutron number and F (q2) = F (T 2
A + 2AmNTA) is the nuclear form factor. The

effect of the nuclear form factor depends on the target, since the maximum recoil energy depends
on the target (see Fig. 2).
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FIG. 2: The square of the nuclear form factor, F 2(TA), as a function of the recoil energy for A=131 (top)
and A=40 (bottom). Note that the maximum recoil energy is different for each target.

QUENCHING FACTORS AND ENERGY THRESHOLDS

. The above results refer to an ideal detector operating down to zero energy threshold. For a real
detector, however, as we have already mentioned, the nuclear recoil events are quenched, especially

Elastic scattering form factor
as a function of recoil energy 
TA

A=131

A=40

d�

dTA

���
0+!0+

⇠ G2
F

2⇡
AmN

N4

4
F 2(TA, E⌫)



Large investments being made in DM detectors capable of measuring nuclear
recoils in this range

                                                                     

SM particlesWIMPS

Aaron Manalaysay INPAC-2014

Dark Matter Direct Detection with Noble Liquids

WHY USE NOBLE LIQUIDS?
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• Scalar WIMP-nucleus 
interactions lead to an A2 
enhancement in the 
differential rate relative to 
other commonly used 
detection media. 

• Natural xenon contains 
~50% odd isotopes, giving 
high sensitivity to spin-
dependent interactions.

Large signal

A ~ 130
A ~ 70
A ~ 40



Aaron Manalaysay INPAC-2014

Dark Matter Direct Detection with Noble Liquids

WIMP LANDSCAPE—PAST AND 
FUTURE

30

Physics reach: WIMP space

DARWIN can probe the experimentally available parameter space for WIMPs (m > 10 GeV/c2)

Patrick Decowski - Nikhef/UvA

Ultimate limits
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Atmospheric and DSNB Neutrinos

CDMS II Ge  (2009)

Xenon100 (2012)

CRESST

CoGeNT
(2012)

CDMS Si
(2013)

EDELWEISS (2011)

DAMA SIMPLE (2012)

ZEPLIN-III (2012)COUPP (2012)

SuperCDMS Soudan Low Threshold
SuperCDMS Soudan CDMS-lite

XENON 10 S2 (2013)
CDMS-II Ge Low Threshold (2011)

SuperCDMS Soudan

Xenon1T

LZ

LUX

DarkSide G2

DarkSide 50

DEAP3600

PICO250-CF3I

PICO
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SNOLAB

SuperCDMS

7Be
Neutrinos
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Single-phase detectors

• Challenge: ultra-low absolute backgrounds

• LAr: pulse shape discrimination, factor 109-1010 for gammas/betas

DEAP at SNOLab:

3600 kg LAr (1t fiducial)
single-phase detector
under construction 
to run in 2014

CLEAN at SNOLab:

500 kg LAr (150 kg fiducial)
single-phase open volume
under construction 
to run in 2014

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

Nigel&J.T.&Smith&& & & & & &&&&&&&&&&&ICRC&2013&5&Rio&de&Janeiro&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&8th&July,&2013

MiniCLEAN Construction

Outer vessel 
constructed in 
water shield

MiniCLEAN inner vessel 
under construction with 
light guide inserts•  Will resume data taking in this autumn.�

H. Sekiya 20�

Almost finished�

SUSY2013  8/29/2013 

Noble Gasses

(scintillation light)



Time projection chambers

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
first result by the 
end of this year

Lukas Epprecht June 11th 2011

LAr-TPCs: Scale up

33

3l Setup 
@ CERN

(R&D charge 
readout)

P32 @ JParc

(~0.4 t LAr; 
Pi-K test 
beam)

3l Setup @ CERN
(R&D charge readout)

ArDM @ CERN 
--> LSC

(~1t LAr; 
Greinacher HV-

Devise, large 
area readout, 

purification, ...)

ArgonTube 
@ Bern

(long drift up 
to 5 m,

HV-system, 
purity)

6m3 @ CERN

(R&D toward non 
evacuated vessels, 
charged particle 

test beam exposure 
in 2012)

1 kton @ CERN

(full engineering 
demonstrator 

towards very large 
LAr-detectors with 
stand alone short 
baseline physics 

program)

ArDM at Canfranc:

850 kg LAr 
(100 kg fiducial)

28 3-inch PMTs
in commissioning
to run 2014

DarkSide at LNGS

50 kg LAr (dep in 39Ar)
(33 kg fiducial)

38 3-inch PMTs
in commissioning 
since May 2013
to run in fall 2013

PandaX at CJPL: 

125 kg LXe 
(25 kg fiducial)

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

Current Status - Stage Ia

PandaX Stage Ia:
Currently undergoing
commissioning:

Major components at
CJPL

Clean room environment:
TPC assembled

Slow control in place

Cryogenic system
operating

Xenon on site

Small xenon fill and
liquefaction so far

DAQ installed

Personnel on site daily

Scott Stephenson PANDA-X February 2, 2013 17

Introduction Rate modulation Bolometers Noble gases Others

Next LAr detectors

Dark Side-50 at LNGS in Italy
Two phase TPC: 50 kg active mass (33 kg FV)
Depleted argon to reduce 39Ar background
Currently commissioning the LAr detector
! first light and charge signals observed
Physics run expected for fall 2013

DEAP - Dark matter Experiment with Argon
and Pulse shape discrimination

3 600 kg LAr in single phase at SNOlab
Aim to use depleted argon
Status: in construction

* Also CLEAN detector (LAr or LNe) at SNOLab

(scintillation & 
Ionization)



Crystals, Bubble Chambers, ...

DAMA/LIBRA NaI                    CDMS Si, Ge                    Coup CF3I 
               CoGENT Ge



So perhaps there is a ν opportunity, too

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


