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Opening New Doors
ν ν

§  Neutral	current	process,	first	predicted	by	Freedman	(1974),	s:ll	not	observed	yet	
§  Flavor	insensi:ve	(!)	

§  “Coherence”:	
q:	momentum	transfer	
R:	nucleus	size	
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Coherent	elas:c	neutrino		
nucleus	sca0ering	

qR . 1

PHYSICAL REVIE% D VOLUME 9, NUMBER 5

Coherent effects of a weak neutral current
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If there is a weak neutral current, then the elastic scattering process &+A &+A should
have a sharp coherent forward peak just as e+A -e+A does. Experiments to observe this
peak can give important information on the isospin structure of the neutral current. The
experiments are very difficult, although the estimated cross sections (about 10 38 cm2 on
carbon) are favorable. The coherent cross sections (in contrast to incoherent) are almost
energy-independent. Therefore, energies as low as 100 MeV may be suitable. Quasi-
coherent nuclear excitation processes v+A v+ A*provide possible tests of the conservation of
the weak neutral current. Because of strong coherent effects at very low energies, the
nuclear elastic scattering process may be important in inhibiting cooling by neutrino
emission in stellar collapse and neutron stars.

There is recent experimental evidence' from
CERN and NAL which suggests the presence of a
neutral current in neutrino-induced interactions.
A primary goal of future neutrino experiments is
to confirm the present findings and to investigate
the properties of the weak neutral current, for
example, the space inversion and internal sym-
metry structure.
Our purpose here is to suggest a class of ex-

periments which can yield information on the iso-
spin structure of the neutral current not obtainable
elsewhere. The idea is very simple: If there is
a weak neutral current, elastic neutrino-nucleus
scattering should exhibit a sharp coherent forward
peak characteristic of the size of the target just
as electron-nucleus elastic scattering does. In a
sense we are talking about measurements of the
nuclear form factors of the weak neutral current
analogous to the measurements of the nuclear
form factors of the electromagnetic neutral cur-
rent in elastic electron scattering experiments. '
In fact, for the same nucleus, these form factors
should have the same q' dependence. Therefore,
the size of the cross section or its extrapolated
forward value gi-res information on the structure
of the weak current itself. In the simplest case
(S= 0, Z= N nuclei such as He~ or C") the strength
of the polar-vector isoscalar component of the
weak neutral current is measured directly.
Our suggestion may be an act of hubris, because

the inevitable constraints of interaction rate, res-
olution, and background pose grave experimental
difficulties for elastic neutrino-nucleus scattering.
We will discuss these problems at the end of this
note, but first we wish to present the theoretical
ideas relevant to the experiment:s.
Although the weak neutral current finds a natural

place in the beautiful unified gauge theories, ' it is

important to interpret experimental results in a
very broad theoretical framework. 4 We assume
a general current-current effective Lagrangian

which is consistent with the early findings' but far
from established. An intermediate neutral vector
boson could be included here without affecting the
analysis of the low-momentum-transfer processes
we are interested in.
The currents will first be written in their fund-

amental form as they would occur, for example,
in particular unified gauge models of the weak,
electromagnetic, and strong interactions. We will
then write an expression which is essentially
model-independent and sufficiently general to
parameter ize realistic experiments.
To begin with, we write the neutrino current as

Ip="'Yp(l ou'Y5)& g

where V —A. coupling is not assumed. The had-
ronic current is assumed to be a sum of com-
ponents, each corresponding to a symmetry of
strong interactions. For example, in a model
with the Glashow-Iliopoulos-Maiani (GIM) mech-
anism, ' one would have

g ~1 = b(Zq + os A~) +y(Jq + urAq) + c(Jq + a,Aq)
+ t (J1=1,lg=0+ ~I=1,Is= oAI=LI~=0) . (~)

that is one would have a linear combination of
baryon number, hyperehange, charm, and third
component of isospin. We assume that the polar-
vector currents are conserved and normalized
(at zero momentum transfer) to the corresponding
quantum number s.
Realistic experiments are done with the left-
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Figure 1: Nuclear level Feynmandiagrams for (a) SM!-exchange neutral-current ]-nucleus reactions, (b) nonstandard!-exchange ]-nucleus
reactions, and (c)!-exchange and photon-exchange "− → $− in the presence of a nucleus (muon-to-electron conversion).The nonstandard
(cLFV or LFV) physics enters in the complicated vertex denoted by the bullet ∙ [53].
nonstandard terms are considered (i) flavour preserving non-
SM terms that are proportional to &"#$$ (known as nonuniver-
sal, NU interactions) and (ii) flavour changing (FC) terms
proportional to &"#$% , ' ̸= ).These couplings are defined with
respect to the strength of the Fermi coupling constant *&
[52, 73]. In the present work, we examine spin-zero nuclei;
thus, the polar-vector couplings defined as &"'$% = &"($% + &")$%
are mainly of interest. For the axial-vector couplings it holds&"*$% = &"($% − &")$% .

Following [79, 80], the nuclear physics aspects of the
neutrino-matter NSI can be explored by transforming the
quark-level Lagrangian (3) eventually to the nuclear level
where the hadronic current is written in terms of NC nucleon
form factors that are functions of the four-momentum
transfer. Generally, for inelastic ]-nucleus scattering, the
magnitude of the three-momentum transfer, , = | ⃗,|, is a
function of the scattering angle of the outgoing neutrino .
(in laboratory frame) and the initial, /+, and final, /", nuclear
energies, as well as the excitation energy of the target nucleus,0, and takes the form ,2 = 02 +2/+/"(1− cos .) [81, 85]. Our
analysis in the present paper concentrates on the dominant
coherent (elastic) channel where only 12 → 12 transitions
occur (0 = 0, /+ = /") and the momentum transfer in
terms of the incoming neutrino energy, /], becomes ,2 =2/2](1 − cos .) or equivalently , = 2/] sin(./2).

The NSI coherent differential cross section of neutrinos
scattering off a spin-zero nucleus, with respect to the scatter-
ing angle ., reads [53]34NSI,]!3 cos . = *2&25/2] (1 + cos .) 66666⟨126666 66666*NSI',]! (,)66666 666612⟩ 666662 , (4)

where ' = $, ", ; denotes the flavour of incident neutrinos
and |12⟩ represents the nuclear ground state (for even-even
nuclei assumed here, |12⟩ = |=,⟩ ≡ |0+⟩).The nuclear matrix
element, which enters the cross section of (4), is written as
[53]66666MNSI',]! 666662≡ 66666⟨126666 66666*NSI',]! (,)66666 666612⟩ 666662

= [(2&-'$$ + &.'$$ )!B/ (,2) + (&-'$$ + 2&.'$$ )CB0 (,2)]2+∑% ̸=$ [(2&-'$% + &.'$% )!B/ (,2) + (&-'$% + 2&.'$% )CB0 (,2)]2
(5)() = $, ", ;) where B/(0) denote the nuclear (electromag-

netic) form factors for protons (neutrons). We stress the fact
that, in the adopted NSI model, the coherent NC ]-nucleus
cross section is not flavour blind as in the SM case. Obviously,
by incorporating the nuclear structure details, in (4) and (5),
the cross sections becomemore realistic and accurate [9].The
structure of the Lagrangian (2) implies that in the right-hand
side of (5) the first term is the NUmatrix element,MNU',]! , and
the summation is the FC matrix element, MNU',]! ; hence we
write 66666MNSI',]! 666662 = 66666MNU',]! 666662 + 66666MFC',]! 666662 . (6)

From experimental physics perspectives, it is rather
crucial to express the differential cross section with respect
to the recoil energy of the nuclear target, F0. In recent
years, it became feasible for terrestrial neutrino detectors to
detect neutrino events by measuring nuclear recoil [16, 17].
Therefore, it is important to compute also the differential
cross sections 34/3F0. In the coherent process, the nucleus
recoils (intrinsically it remains unchanged) with energy
which, in the approximation F0 ≪ /], takes the maximum
value Fmax0 = 2/2]/(H + 2/]), withH denoting the nuclear
mass [36, 37]. Then, to a good approximation, the square of
the three-momentum transfer is equal to ,2 = 2HF0, and
the coherent NSI differential cross section with respect to F0
can be cast in the form34NSI,]!3F0 = *2&H5 (1 − HF02/2] ) 66666⟨126666 66666*NSI',]! (,)66666 666612⟩ 666662 .

(7)

We note that, compared to previous studies [60, 72], we have
also taken into consideration the interaction ]-K quark (see
(5)), in addition to themomentumdependence of the nuclear
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Non-Coherent 
Interactions

In this case, the probe momentum is such that it singles out a single 
neutron or proton.

Nucleon Size (<< 1 fm)

Protons Neutrons

Incoming 
Neutrino

ν

Outgoing 
Neutrino

ν

Neutrons	Protons	

qR � 1qR . 1

Aluminium:	1/R	≈	60	MeV	
Lead:	1/R	≈	30	MeV	

Ma0hieu	Vivier	-	GdR	Neutrino	2017	
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Cross Section - simplified
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CNNS – scales as N2

Solar-v detection
in Borexino

CNNS

X 10 000 !

CEνNS	cross-sec:on	

CEνNS	on	Ar	

Solar	ν	detec:on	
in	Borexino…	

X	104	!	

§  Coherent	sca0ering	mostly	caused	by	neutrons:	

�(E⌫) '
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FN
2

4⇡
E2
⌫ ' 0.42⇥ 10�44 N2(E/1MeV)2cm2

Ma0hieu	Vivier	-	GdR	Neutrino	2017	
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CEνNS	kinema:cs	
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§  Extremely	low	recoil	energies:	hence	very	challenging	to	see…	

§  Reactor	νs	(≈	3	MeV)	typically	produce	on	average	10-100	eV	nucleus	recoils,	which	can	go	up	to	a	
few	keV,	depending	on	target	mass.	

§  Accelerator	νs	with	E	≈	10-50	MeV	produce	recoils	generally	above	1-10	keV.	
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Astropar:cle	physics	mo:va:ons	

CEνNS	is	a	relevant	process	for	
supernova	dynamics…	

Solar/Atmospheric/DSNB	CEνNS	could	
be	soon	an	irreducible	background	for	

direct	DM	search	experiments		
[see	talk	by	M.	Fairbairn	this	morning]	

T.)Lasserre)2 24/04/2017 11

Some Astroparticle’s Motivations

CNNS is a relevant
process for Supernova
dynamics.

Solar / Atmospheric / DSNB CNNS
could soon become the ultimate Wimp
search backgrounds

" Would benefit from the measurement of UCNNS
T.)Lasserre)2 24/04/2017 11

Some Astroparticle’s Motivations

CNNS is a relevant
process for Supernova
dynamics.

Solar / Atmospheric / DSNB CNNS
could soon become the ultimate Wimp
search backgrounds

" Would benefit from the measurement of UCNNS
Would	benefit	from	the	measurement	of	σCEνNS…	

Billard	et	al.	(2013)	

Ma0hieu	Vivier	-	GdR	Neutrino	2017	
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Par:cle	physics	mo:va:ons	

§  Test	of	standard	model	–	search	for	BSM	physics	
o  Measurement	of	Weinberg	angle	at	low	q	
o  Possibility	to	explore	the	light	sterile	neutrino	sector	
o  Search	for	NSI	interac:ons	
o  Search	for	ν	magne:c	moment	
o  …	

Barranco	et	al.	(2005)	

T.)Lasserre)2 24/04/2017 12

Some Particle Physics Motivations

CNNS is flavor blind
Possibility to explore the
light sterile neutrino sector,
« à la SNO »

Absolute CNNS rate is scales as:

: − <%(1 − 4 sinJ 8V) J

" Test of the Standard Model – Search for Non Standard Interaction
Ma0hieu	Vivier	-	GdR	Neutrino	2017	
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Relevant	sources	for	CEνNS	detec:on	

Neutrino Sources
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Reactors:
MIT reactorH5 MWL
Advanced Test
reactor H110 MWL
San Onofre
reactor H3.4 GWL

EC Sources:
37Ar H5 MCiL

• The variety of sources trade off flux, energy and 
knowledge of spectrum.

§  The	variety	of	sources	trade	off	flux,	energy	and	knowledge	of	spectrum	

Reactors	

SNS		

Electron	capture	source	

Ma0hieu	Vivier	-	GdR	Neutrino	2017	
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CEνNS	detec:on	strategies	

§  Using	accelerators	neutrinos:	larger	Eν è	larger	recoils	è	“easier”	detec:on	

Ma0hieu	Vivier	-	GdR	Neutrino	2017	
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CEνNS	detec:on	strategies	

Target	 Technology	 Mass	
[kg]	

Distance	
[m]	

Recoil	threshold	
[keVnr]	

Data-taking	start	date/
CEnNS	detec/on	goal	

CsI[Na]	 Scin:llator	 14	 20	 6.5	 Sept.	2015;	3σ	in	2	yr	

Ge	 HPGe	PPC	 10	 22	 5	 Early	2017	

LAr	 Single	phase	 35	 29	 20	 Dec.	2016	

NaI[Tl]	 Scin:llator	 185	 28	 13	 Summer	2016	

COHERENT at the SNS 
(“Neutrino Alley”)

• Background measurements began in 
2013 to determine lowest background 
feasible location at SNS for 
COHERENT

• Location in SNS target building 
basement (“Neutrino Alley”)

• 20-29 m from source

4

LAr NaI Ge CsI

SNS n corridor

Nubes

CsI	LAr	 NaI	 Ge	

§  Mul:ple	detectors	placed	20-30	m	away	from	neutrino	source		
							(107	cm-2	s-1	@	20	m)	

§  Up	to	≈	100	events/yr	expected	

§  Neutrons	most	dangerous	source	of	backgrounds:	from	SNS	itself	&	
neutrinos	induced	neutrons	on	PB	and	Fe	

§  10-4	neutron	discrimina:on	factor	thanks	to	pulsed	structure	of	
beam	

§  Using	accelerators	neutrinos:	larger	Eν è	larger	recoils	è	“easier”	detec:on	

Ma0hieu	Vivier	-	GdR	Neutrino	2017	
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CEνNS	detec:on	strategies	

§  Using	reactors	neutrinos:	smaller	Eν è	smaller	recoils	è	“harder”	detec:on	

Ma0hieu	Vivier	-	GdR	Neutrino	2017	
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CEνNS	detec:on	strategies	

§  Using	reactors	neutrinos:	smaller	Eν è	smaller	recoils	è	“harder”	detec:on.	

§  Smaller	recoils	è	lower	thresholds	èbolometry	technique	!	

Ma0hieu	Vivier	-	GdR	Neutrino	2017	
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§  Using	reactors	neutrinos:	smaller	Eν è	smaller	recoils	è	“harder”	detec:on.	
	
§  Performances	achieved	by	bolometer	detectors	in	direct	DM	and	0νββ	experiments	steadily	

improved	over	the	past	decades.	

§  Idea:	repurposing	DM	detectors… Need	to	achieve	recoil	thresholds	below	100	eV	and	low	
background	rates	to	see	the	onset	of	reactor	neutrinos	from	CEνNS.	

Repurposing	DM	detectors…	

The goal is to reach recoil thresholds below 100 eV so as to see the onset of reactor 
neutrinos from CEvNS reactions. 

Why use one technology, when you can use three?

What Kind of Detectors 
to Use?

CaWO4  
Crystals 

(CRESST)

Germanium  
Detectors 

(EDELWEISS)

Superconducting  
Metals 
(MIT)

The goal is to reach recoil thresholds below 100 eV so as to see the onset of reactor 
neutrinos from CEvNS reactions. 

Why use one technology, when you can use three?

What Kind of Detectors 
to Use?

CaWO4  
Crystals 

(CRESST)

Germanium  
Detectors 

(EDELWEISS)

Superconducting  
Metals 
(MIT)

The goal is to reach recoil thresholds below 100 eV so as to see the onset of reactor 
neutrinos from CEvNS reactions. 

Why use one technology, when you can use three?

What Kind of Detectors 
to Use?

CaWO4  
Crystals 

(CRESST)

Germanium  
Detectors 

(EDELWEISS)

Superconducting  
Metals 
(MIT)

CRESST	CaWO4	(TUM)	 EDELWEISS	Ge	(CSNSM/IPNL/CEA)	 Zn	(MIT)	

«	ν-cleus	»	

Ma0hieu	Vivier	-	GdR	Neutrino	2017	
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The goal is to reach recoil thresholds below 100 eV so as to see the onset of reactor 
neutrinos from CEvNS reactions. 

Why use one technology, when you can use three?

What Kind of Detectors 
to Use?

CaWO4  
Crystals 

(CRESST)

Germanium  
Detectors 

(EDELWEISS)

Superconducting  
Metals 
(MIT)

The goal is to reach recoil thresholds below 100 eV so as to see the onset of reactor 
neutrinos from CEvNS reactions. 

Why use one technology, when you can use three?

What Kind of Detectors 
to Use?

CaWO4  
Crystals 

(CRESST)

Germanium  
Detectors 

(EDELWEISS)

Superconducting  
Metals 
(MIT)

The goal is to reach recoil thresholds below 100 eV so as to see the onset of reactor 
neutrinos from CEvNS reactions. 

Why use one technology, when you can use three?

What Kind of Detectors 
to Use?

CaWO4  
Crystals 

(CRESST)

Germanium  
Detectors 

(EDELWEISS)

Superconducting  
Metals 
(MIT)

CRESST	CaWO4	(TUM)	 EDELWEISS	Ge	(CSNSM/IPNL/CEA)	 Zn	(MIT)	

Repurposing	DM	detectors…	

Strategy:	reducing	size	of	absorbers…	

	
§  Heat	and	scin:lla:on	signals	

§  New	24	g	detectors	reached	
50-100	eV	thresholds	

§  Low	internal	background:	
								<	3.5	events/keV/kg/day	

§  Heat	and	ioniza:on	signals	

§  New	25	gram-scale	detectors	projected	to	
reach	50-100	eV	thresholds	

§  Internal	background	contamina:on	reduced	
down	to	≈	1	events/keV/kg/day	

	
§  High	Debye	temperature,	low	thermal	

capacitance	

§  Phonons	and	quasi-par:cles	(breaking		
									of	cooper	pairs)	signals	

§  Poten:al	separa:on	of	nuclear	recoils	
from	electromagne:c	recoils	using	
:ming	signatures	of	phonons	vs	
QQs…	

Ma0hieu	Vivier	-	GdR	Neutrino	2017	
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Further	reducing	the	absorber	mass…	

ν-cleus	concept	(Strauss	et	al.,	arXiv:1704.04320)	
	

§  Array	of	gram-scale	(5x5x5)	mm3	Al2O3/CaWO4	crystal	cubes	

§  Purposes:	
o  Low	thresholds	
o  Encapsula:on	
o  Operability	above	ground	

Gram-scale	cryogenic	calorimeters	

We	found	a	simple	scaling	law:													

	

	

	

	

(5x5x5)mm3	crystal	cubes	

•  CaWO4:		0.8	g	

•  Al2O3: 	0.5	g	

à  Threshold:	1-10eV	regime	

Goals:	

1.  Low	threshold	
2.  EncapsulaKon	
	

à	„Fiducial-volume“	cryogenic	detector	

inner	cryogenic	veto	against	
surface	backgrounds	

outer	cryogenic	veto	against	
external	backgrounds	

Result	on	Threshold	

Energy	threshold:	Eth	=	(19.7	+-	0.1)	eV	
	

„First	try“	

First	results	of	a	Al2O3	0.5	g	
crystal	operated	above	ground	Eth	=	19	±	0.1	eV	

0.5g	Sapphire	Prototype	

TransiKon-edge-sensor	

Sapphire	crystal	0.5g	

5mm	

Picture:	M.	Mancuso	

Ma0hieu	Vivier	-	GdR	Neutrino	2017	
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CEνNs	at	DC	near	laboratory	

§  Double	Chooz	
o  Will	end	opera:on	by	the	end	of	2017,	and	be	dismantled	by	2018/2019	
o  Full	infrastructure	at	the	near	laboratory	could	be	reused	

400	m	–	120	m.w.e	–	Flat	overburden	 1050	m	–	300	m.w.e	–	Hill	overburden	

Data	Taking	since	December	2014	 Data	Taking	since	December	2010	

≈300	neutrinos/day	 ≈50	neutrinos/day	Ma0hieu	Vivier	-	GdR	Neutrino	2017	
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νe	flux	isocontours	in	units	of	s-1	cm-2	(log	scale)	

Both	reactor	cores	at	full	
power	(4.25	GWth)	

Near	lab	

≈	7	x	1010	νe	s-1	cm-2	@	near	lab	

Near	lab	at	Chooz	power	plant	

Ma0hieu	Vivier	-	GdR	Neutrino	2017	
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Integral	count	rates	at	near	lab	

NCE⌫NS(T � Tth) =
t
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-  Fission	rate	
-  Isotope	natural	abundance	
-  Reactor	ν	spectrum	
-  CEνNS	recoil	spectrum	

Tth	 Zn	 Ge	 CaWO4	

10	eV	 0.87	 1.03	 3.79	

20	eV	 0.78	 0.92	 3.19	

50	eV	 0.60	 0.68	 2.16	

100	eV	 0.41	 0.46	 1.38	

200	eV	 0.22	 0.23	 0.80	

Rates	[kg-1	d-1]	above	energy	threshold	with	B1,2	opera:ng	at	full	power	

Need	a	few	kilograms	of	material	to	get	a	couple	of	events	per	day	
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Recoil	spectra	@	Chooz	near	lab	
§  A	simple	(but	unrealis:c)	baseline	scenario:	

o  Single	detector	with	mass	1	kg	
o  Region	of	interest	for	signal	detec:on:	recoil	events	from	Tth	up	to	1	keV	
o  Two	kinds	of	background	“modeling”	in	the	RoI:	flat	or	exponen/al		
	

	

Differen/al	recoil	spectra	[kg-1	d-1	keV-1]	@	Chooz	near	lab	
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B(x) = A + Bexp(��x)

Flat	bck		
RBck[RoI]=	10	kg-1	d-1	

Terra	incognita…	 Terra	incognita…	

Exponen/al	bck		
RBck[RoI]=	10	kg-1	d-1	
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Simplis:c	sensi:vity	projec:ons	
@	Chooz	near	lab	

§  Combining	three	envisaged	technologies:	
o  Total	payload	mass:	1	kg	(Ge	+	Zn	+	CaWO4)	
o  Region	of	interest	for	signal	detec:on:	recoil	events	from	Tth=	50	eV	up	to	2	keV	
o  Two	kinds	of	background	“modeling”	in	the	RoI:	flat	or	exponen/al	
o  Background	rate	is	assigned	a	20%	uncertainty	
o  Detec:on	efficiency	is	assigned	a	5%	uncertainty	
o  Reactor	and	νe	spectra	uncertainty	embedded	in	an	addi:onal	5%	signal	normaliza:on	uncertainty	
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Rate	+	shape	significance	

1	x	Ge	+	1	x	Zn	+	1	x	CaWO4	
3	x	Ge	+	3	x	Zn	+	3	x	CaWO4	
6	x	Ge	+	6	x	Zn	+	6	x	CaWO4	

RBck[RoI]=	10	kg-1	d-1	

Exponen/al	background	modeling	

Flat	background	modeling	
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A	possible	detector	configura:on…	
84
00
	

91
0	

17
15
	

2700	

§  No	reactor	induced	backgrounds	

§  120	mwe	è	strong	reduc:on	of	
cosmogenic	induced	backgrounds	

§  1	m	ultra	pure	copper	pit	for	an	
easier	cryostat/detector	handling	

§  3.5	m	of	water	shielding	to	reduced	
external	background	

§  Possibility	to	install	ac:ve	shielding	
(muon	veto,	etc…)	

Low	CEνNS	rate	@	near	lab	but…	

Ma0hieu	Vivier	-	GdR	Neutrino	2017	
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Ricochet	@	Chooz	(J.	Billard	et	al.)	

Combina:on	of	Ge/Zn	detectors	–	10	kg	
	
Edelweiss	backgrounds	
	
Recoil	thresholds	=	100	eV	

4

Discovery potential: significance
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systematics

keep in mind 20% syst. on betas

Threshold = 200 eVnr

median value and 95% contours

T.)Lasserre)2 24/04/2017 27

Ricochet @CHOOZ (J. Billard et al.)

Germanium detector – 10 kg

Edelweiss’s backgrounds

Recoil threshold Tth = 100 eV

Ma0hieu	Vivier	-	GdR	Neutrino	2017	
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160	m	

CEνNS	at	a	very	near	site	(<	100m)	

Half-way	bewteen	B1	and	B2	
Flux	>	1012	cm-2	s-1	

Near	lab	

Ma0hieu	Vivier	-	GdR	Neutrino	2017	
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Integral	count	rates	at	a	very	near	site	
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-  Fission	rate	
-  Isotope	natural	abundance	
-  Reactor	ν	spectrum	
-  CEνNS	recoil	spectrum	

Tth	 Zn	 Ge	 CaWO4	

10	eV	 20.68	 24.46	 89.67	

20	eV	 18.50	 21.68	 75.42	

50	eV	 14.12	 16.18	 51.05	

100	eV	 9.72	 10.80	 32.66	

200	eV	 5.19	 5.49	 18.86	

Rates	[kg-1	d-1]	above	energy	threshold	at	80	m	from	B1,2	opera:ng	at	full	power	

Rates	x	30	with	respect	to	Double	Chooz	near	lab	
Need	a	few	10	to	100	grams	of	material	to	get	a	couple	of	events	per	day	
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Sensi:vity	at	a	very	near	site	
§  A	simple	(but	unrealis:c)	baseline	scenario:	

o  Single	detector	with	mass	0.1	kg	
o  Region	of	interest	for	signal	detec:on:	recoil	events	from	Tth=	50	eV	up	to	2	keV	
o  Two	kinds	of	background	“modeling”	in	the	RoI:	flat	or	exponen/al	
o  Background	rate	is	assigned	a	20%	uncertainty	
o  Detec:on	efficiency	is	assigned	a	5%	uncertainty	
o  Reactor	and	νe	spectra	uncertainty	embedded	in	an	addi:onal	5%	signal	normaliza:on	uncertainty	
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Detectors	placed	80	m	
from	the	cores	

RBck[RoI]=	500	kg-1	d-1	

Can	relax	background	
specifica/ons	by	a	factor	50…	
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Looking	for	a	very	near	site…	
§  Contact	established	with	Chooz	engineers	
§  An	‘EDF	coordinator’	has	been	associated	to	our	project	
§  Two	poten:al	sites	have	been	iden:fied	by	EDF	engineers.	They	are	located	in	the	basement	of	the	

administra:ve	buildings	between	the	two	reactors.	

Two	poten/al	very	near	sites:		
flux	x	50-100	with	respect	to	

Chooz	near	lab!	

Ma0hieu	Vivier	-	GdR	Neutrino	2017	
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§  Discussions	on:	

o  Loca:ons	

o  Overburden	

o  Other	possible	backgrounds		
												(spent	nuclear	fuel	pools,	…)	

o  						Ac:ve/passive	shieldings	

o  Casemate	Size	

o  Integra:on	constraints	

o  Access	(restricted)	

o  Ven:la:on	

o  Water	line?	

o  Electrical	Power?	
	

Casemate:	contact	with	CNPE	@	Chooz	

?	

Ma0hieu	Vivier	-	GdR	Neutrino	2017	
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A	growing	interest…	

Massachuse5s	Ins/tute	of	technology	
Rachel	Carr		Joseph	Formaggio		Joseph	Johnson	
Alexander	Leder		Valerian	Sibille		
Sarah	Townbridge	Lindley	Winslow	
	
University	of	Wisconsin,	Madison	
Kimberly	Palladino	
	
Northwestern	University	
Enectali	Figueroa-Feliciano		Hong	Ziqing	

IPNL	Lyon	
Corinne	Augier		Julien	Billard		Jules	Gascon	
Maryvonne	de	Jesus		Alexandre	Julliard		
Romain	Maisonobe	
	
CEA-Saclay,	DRF/Irfu	
Thierry	Lasserre		Claudia	Nones			
Guillaume	Men:on		Ma0hieu	Vivier	
	
CSNSM,	Orsay	
Louis	Dumoulin		Stefanos	Marnieros	
Emiliano	Olivieri	
	
APC,	Paris	
Jaime	Dawson	

Technical	University	of	Munich	
Xavier	Defay		Alex	Langenkaemper	
Elizabeth	Mondragon	Lothar	Oberauer	
Stefan	Schoenert		Michael	Willers	
	
MPI,	Munich	
Michele	Mancuso		Frederica	Petricca			
Raimund	Strauss	
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Conclusions	
§  CEνNS	soon	to	be	measured,	thanks	to	improvements	in	DM	direct	detec:on	experiments	achieved	

over	the	past	decades	

§  A0rac:ve	process:	offers	a	wide	variety	of	science	applica:ons	(test	of	standard	model,	search	for	
BSM,	astropar:cle	physics	implica:ons)	

§  Two	basic	approaches:	either	using	accelerator	neutrinos	(Eν	<	50	MeV,	low	flux)	or	reactor	
neutrinos	(Eν	<	10	MeV,	higher	flux)	

§  Concept	presented	here	aims	at	repurposing	bolometric	DM	detectors	for	detec:ng	CEνNS	at	the	
Chooz	power	plant	

§  Three	envisaged	bolometric	technologies:	
o  Ge		[EDELWEISS	style]	
o  CaWO4	[CRESST	style]	
o  Superconduc:ng	metal	(Zn)	

§  First	sensi:vity	studies	showed	that:	
o  At	least	1	kg	of	material	with	a	recoil	threshold	less	than	100	eV	is	necessary	for	a	5	σ	detec:on	@	Chooz	

near	lab	(400m)	in	less	than	a	year,	with	Rbck	<	10	kg-1	d-1	
o  10-100	g	of	material	with	Eth	<	50	eV	are	enough	to	detect	CEνNS	in	a	few	weeks	at	a	very	near	site	(<	100	

m	from	B1	and	B2	cores)	

Ma0hieu	Vivier	-	GdR	Neutrino	2017	
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Future	
§  The	idea	of	installing	low	threshold	bolometer	devices	at	Chooz	shows	a	growing	interest:	

collabora:ve	work	between	American,	French	&	German	groups	is	on-going	

§  Dedicated	background	simula:ons	are	on-going	at	DC	near	hall	and	at	a	low	overburden	very	near	
site	
o  Es:mate	cosmogenic	and	radiogenic	neutron	backgrounds	
o  Es:mate	γ/β	backgrounds	
o  Op:mize	shielding	configura:on	

§  A	realis:c	scenario	is	being	worked	out	to	install	a	cryostat	in	the	Double	Chooz	near	detector	pit	

§  A	le0er	of	intent	is	in	prepara:on…	

Global Geometry Visualization

First	mee/ng	at	Chooz,	January	2017	Ma0hieu	Vivier	-	GdR	Neutrino	2017	
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Repurposing	DM	detectors…	

EDELWEISS Detectors: 

Separation of recoil from electromagnetic events using light 
and charge signatures. 

New 25 gram-scale detectors projected to reach 50-100 
eV threshold. 

Radioactivity levels reduced down to ~ 1 event/keV/kg//day

Repurposing DM 
Detectors
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Figure 5: Ionisation yield (ratio of ionisation to phonons normalised to this ratio for electron recoils) versus recoil energy
for simulated nuclear recoils in EDELWEISS-II from neutrons originated in the uranium decay chain from contamination
in the steel support structure around the main copper vessels. Blue curves show the average and the edges of the band
which contains 90% of nuclear recoils in one of the crystals as calculated from the experimental resolutions, that were
also included in the simulations [1]. Green curves show the band which contains 90% of electron recoils. They appear on
the plot because of neutron inelastic scattering and capture resulting in gamma-ray production. The pink curve shows
the 3 keV software threshold for ionisation, applied as in real data. Statistics corresponds to about 4.5 × 104 years of
live time for the uranium decay rate of 5 mBq/kg.

pb. Materials and components which could contribute significantly to the gamma-ray or neutron
background rate in EDELWEISS-II are being replaced by their counterparts with better radiopurity,
for instance the cryostat screens 7 to 11 and other copper parts at 10 mK (disks supporting the Ge
detectors, vertical bars and 10 mK chamber) are made of ultra radiopure NOSV copper [20].

Radioactivity measurements of most new components were done at LSM using low-background gamma-
ray spectrometry. Extensive simulations of gamma-rays and neutrons were carried out for a geometry
of EDELWEISS-III with additional neutron shielding and the results were normalised to the measured
concentrations of radioactive isotopes. The results of the measurements and simulations are shown in
Table 4. For some components, such as cables and connectors, various parts were screened separately
using a HPGe detector. We present in Table 4 the data for the parts which contribute the most
to the background rate. The uncertainties in the radioactivity levels are given at 90% C. L.. Some
measurements gave only upper limits leading to large uncertainties in the expected background rates.
Neutron event rates were calculated assuming secular equilibrium in the U/Th decay chains except for
210Pb sub-chain. The neutron rate is also affected by a large uncertainty in the chemical composition
of the component or its part which may contribute to the background. Since a significant fraction of
neutrons may come from (α,n) reactions, exact knowledge of the chemical composition of the material
is crucial in the estimate of the neutron event rate. However, in some cases, for instance electronics
parts, it is not known precisely which particular part is contaminated the most and hence, it is difficult
to predict the expected rate of events with high accuracy. We emphasise that we try to avoid placing
materials containing elements with high cross-section of (α,n) reactions (low energy threshold), for
example fluorine, close to the crystals. As can be seen from Table 4, a large contamination of printed
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ray spectrometry. Extensive simulations of gamma-rays and neutrons were carried out for a geometry
of EDELWEISS-III with additional neutron shielding and the results were normalised to the measured
concentrations of radioactive isotopes. The results of the measurements and simulations are shown in
Table 4. For some components, such as cables and connectors, various parts were screened separately
using a HPGe detector. We present in Table 4 the data for the parts which contribute the most
to the background rate. The uncertainties in the radioactivity levels are given at 90% C. L.. Some
measurements gave only upper limits leading to large uncertainties in the expected background rates.
Neutron event rates were calculated assuming secular equilibrium in the U/Th decay chains except for
210Pb sub-chain. The neutron rate is also affected by a large uncertainty in the chemical composition
of the component or its part which may contribute to the background. Since a significant fraction of
neutrons may come from (α,n) reactions, exact knowledge of the chemical composition of the material
is crucial in the estimate of the neutron event rate. However, in some cases, for instance electronics
parts, it is not known precisely which particular part is contaminated the most and hence, it is difficult
to predict the expected rate of events with high accuracy. We emphasise that we try to avoid placing
materials containing elements with high cross-section of (α,n) reactions (low energy threshold), for
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EDELWEISS	detectors	
	

§  Separa:on	of	nuclear	recoils	from	e-	
recoils	using	heat	and	ioniza:on	signals	

§  New	25	gram-scale	detectors	projected	to	
reach	50-100	eV	thresholds	(Ricochet	
project)	

§  Internal	background	contamina:on	
reduced	down	to	≈	1	events/keV/kg/day	

Ma0hieu	Vivier	-	GdR	Neutrino	2017	



Radiopurity	of	CaWO4	Crystals	

Average	rate:	
~3.5	counts	/				
[kg	keV	day]	
	
Dominated	by	
internal	
contaminaKon!	
	

	
	

•  CaWO4-crystal	producNon	at	TU	Munich	

raw	ingot	of	m≈1kg	

12	

commercial	crystal	

TUM-40	

179Ta	L1(EC)	

227Ac	 210Pb	
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Repurposing	DM	detectors…	

light	
phonon	

e-/γ	

neutrons	

Phonon-Light	Technique	

Reduced	light	output	for	highly-ionizing	parKcles																	Quenching 	
		

phon
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Raimund	Strauss,	MPI	Munich	 11	

CRESST (Type 3) Detectors: 

CaWO4 crystals with TES readout. 

Separation of recoil from electromagnetic events using 
light and heat signatures. 

New 24 gram detectors reach ~50 eV threshold. 

Low radioactivity / impurities.

CRESST-III	Detector	Prototype	

Raimund	Strauss,	MPI	Munich	 18	

block-shaped target crystal
(with TES) 

reflective and 
scintillating housing
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(with holding clamps)
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CRESST (Type 3) Detectors: 

CaWO4 crystals with TES readout. 

Separation of recoil from electromagnetic events using 
light and heat signatures. 

New 24 gram detectors reach ~50 eV threshold. 

Low radioactivity / impurities.
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Repurposing DM 
Detectors

CRESST	(type	3)	detectors	
	

§  CaWO4	crystals	with	TES	readout	

§  Separa:on	of	nuclear	recoils	from	e-	
recoils	using	heat	and	scin:lla:on	signals	

§  New	24	g	detectors	reached	50-100	eV	
thresholds	

§  Low	internal	background	contamina:on	(<	
3.5	events/keV/kg/day)	

Ma0hieu	Vivier	-	GdR	Neutrino	2017	
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Using	superconduc:ng	metals…	

§  R&D	strategy	pursued	by	MIT	group	of	J.	Formaggio	(Ricochet	project)	

§  Metallic	Zn	absorber	coupled	to	TES	

§  High	Debye	temperature,	low	thermal	capacitance	

§  In	a	superconduc:ng	state,	compe::on	between		
						produc:on	of	phonons	and	quasi-par:cles	(breaking		
						of	cooper	pairs)	

§  Recombina:on	:me	for	QQs	extremely	long	at	low	temperatures,	
						while	(a)thermal	phonons	operates	at	much	faster	:me	scales:	separa:on	of	nuclear	recoils	from	
						electromagne:c	recoils	might	be	possible	using	:ming	signatures	of	phonons	vs	QQs…	

IV. THE EXCESS QUASIPARTICLE STATE

A. Theory

Figure 3!a" shows the density of states at 0 K of a BCS
superconductor. Light having a photon energy h!"2#0 is
absorbed and breaks a Cooper pair, producing two QPs
above the Fermi energy. In our experiments the photon en-
ergy is much higher than the superconducting gap and thus
the QPs are created far above the Fermi level with an energy
#h! /2. Very quickly !in subpicosecond times" these high-
energy QPs relax via electron-electron and, eventually,
electron-phonon scattering. These relaxation processes break
more pairs, and the QPs quickly settle to energies close to #.
In such a cascading process, each QP initially created by the
laser pulse will generate #h! /2# QPs close to the Fermi
level.

A similar branching process occurs in the phonon sector.
Phonons of energy higher than 2# can break pairs, relaxing

to 2# whereas phonons of energy less than 2# do not par-
ticipate in the pair breaking process. Therefore, the system
eventually reaches the state depicted in Fig. 3!b". This state
is characterized by an excess !with respect to thermodynamic
equilibrium" of unpaired QPs of energy # and, as shown by
Owen and Scalapino,14 by a reduced energy gap.

The effective relaxation process must take into account a
phonon bottleneck effect, shown schematically in Fig. 3!c".
Two QPs having energy # take a time $R to recombine into a
Cooper pair. At recombination, a 2# phonon is emitted to
carry the excitation energy of the QPs. The phonons with
energy 2# can break a Cooper pair, in characteristic time $B,
creating two QPs at the gap edge. A steady-state dynamic
balance is established between the phonons and QPs. Even-
tually, however, the 2# phonons become depleted; either
they relax anharmonically to lower energies or they leave the
film. !The phonons can escape into the substrate or into their
surrounding environment, such as the helium bath." The pho-
non escape time is denoted $%.

The Rothwarf and Taylor !RT" equations5 describing non-
equilibrium superconductivity at any density of excess qua-
siparticles can be written as

dNQP
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2NQP
2
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!4"
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= − $N&
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I0 is the density of QPs injected in the system, NQP is the
number of excess QPs at energy # and N& is the number of
non-equilibrium phonons with energy 2#. We are interested
in the case with without injection of QPs !I0=0" in a system
in the low-fluence limit, i.e., the number of QPs created by
the laser light is much smaller than the thermally broken
pairs. In this case, the RT equations can be linearized
giving10
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TABLE I. Parameters for Mattis-Bardeen fits of the far infrared superconducting to normal transmission
ratio Ts /Tn. In all cases we used the dirty limit !1/$→'" approximation. The time ratio obtained from the
nonequilibrium fits, the laser fluences !filling the 5 mm sample aperture" utilized and the excess QP fraction
NQP/NT are also shown. For the latter the number in parenthesis is the lowest sample temperature reached.

Material R!!&" Tc!K" 2#0!cm−1" 2#0 /kBTc (S!&−1cm−2" $R
0 /$B

0 I!nJ/pulse" NQP/NT

Pb 70 7.2 22.5 4.5 −0.5 2.53 0.5 0.03 !3.7 K"
Pb0.75Bi0.25 110 8.0 28 4.9 −0.7 2.2 0.5 0.24 !3.0 K"
Nb 61 5.4 14 3.7 0 13.3 2 0.03 !3.5 K"
Nb0.5Ti0.5N 110 9.8 26.5 3.9 −0.2 6 2 5 !2.0 K"
NbN 70 13.5 35.0 3.7 0 1.53 2 14 !2.2 K"

FIG. 3. !Color online." Ratio of the superconducting !NS" and
normal !NN" densities of states at 0 K for a BCS superconductor !a"
in equilibrium and !b" after photoexcitation and initial cascading
effects but before QP recombination. The broken pairs in the pho-
toexcited state produce the empty states below EF and occupied
states above. Consequently, the superconducting gap is depleted.
Panel !c" illustrates the relaxation process with competition between
QPs and phonons.
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Metallic Superconductors as Detectors: 

However, quasi-particles and phonons do not evolve in the same way.  

Recombination times for quasi-particles become extremely long at low temperatures (~ 
seconds), while (a)thermal phonons operate at much different (faster) time scales. 

Separation of recoil from electromagnetic events using quasi-particle versus athermal 
phonon timing signatures.

Why 
Superconducting 
Metals?

The solution for this set of coupled differential equations
is a linear combination of two exponential relaxations with
characteristic decay times given by

1
!± =

2!R
−1 + !B

−1 + !"
−1

2
!1 ±"1 −

8!"
−1!R

−1

#2!R
−1 + !B

−1 + !"
−1$2% .

#8$

!± represent the two time scales expected in the QP and
phonon populations. As discussed previously, just after
pumping with the laser the system has mostly excited QPs
but not nonequilibrium phonons. These phonons are created
by the cascading of high energy QPs to the gap edge. Even-
tully, excess QP and phonon populations equilibrate into a
steady state dynamic balance #dNQP/dt&dN# /dt$. A second
process then follows as the system fully relaxes to the state
without excess QPs and phonons. In order to assign the two
characteristic times in Eq. #8$ to the two processes above, it
is useful to look at the limiting situation where !"→$. With-
out phonon escape, the system the system should reach the
steady state dynamic balance between QP and phonon popu-
lations but should not relax to the fundamental state. In this
case, one obtains 1/!+=2/!R+1/!B and 1/!−=0. Hence !+ is
the time for excess QPs and phonons to reach the steady state
dynamic balance. The solution with the negative sign is the
one of interest for our work and represents the effective time
#!eff=!−$ for the system to fully relax.

Figure 4#a$ shows that for temperatures above '0.4Tc but
not very close to Tc the phonon escape time !" is much larger
than !R or !B. Hence !eff can be approximated by

!eff = !"(1 +
!R

2!B
) . #9$

In our numerical analysis we utilized the full expression for
!eff given by the negative root in Eq. #8$. However, the tem-
perature range where Eq. #9$ is valid corresponds to the re-

gion covered by most of our experiments and we will use
this expression for some qualitative analysis.

The phonon escape time depends on several factors such
as the sample quality, the film thickness, acoustic mismatch
between film and substrate, and the presence or absence of
liquid helium surrounding the film.45 There is no detailed
calculation for the temperature dependence of !". However,
at temperatures much smaller than the Debye temperature,
the Kapitza resistance in a material interface behaves as T3.46

As a higher Kaptiza resistance makes it harder for phonons
to leave the material, in a first approximation we can assume
that !"=!"

0 +aT3. Several scattering rates for metallic super-
conductors were calculated by Kaplan et al.47 In particular,
!R and !B can be obtained from intrinsic materials parameters
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Here, !R
0 =)Z1#0$ /2*b#kbTc$3 and !B

0 =)N /4*2N#0$-+2.&0

are respectively the intrinsic pair recombination time close to
Tc /2 and the phonon pair-breaking time at 0 K. All energies
in Eqs. #10$ and #11$ are measured in units of &0. '=& /&0 is
the reduced gap, Z1#0$ is the QP renormalization factor, N#0$
is the electron single particle DOS at EF, N is the density of
ions, and -+.2 is the electron-phonon coupling +2F##$ func-
tion averaged over the whole phonon spectrum. In Eq. #10$
+2F##$ is approximated by b#2, but the correct function can
be used if it is known. % is the energy of QPs just before
recombination or the energy of phonons available for pair
breaking. n##$ and f##$ are the Bose and Fermi factors,
respectively.

Figure 4#a$ shows !R and !B calculated from Eqs. #10$ and
#11$, assuming a weak coupling BCS temperature depen-
dence for the gap, QPs with energy & and phonons with
energy 2.1&. We note that !R diverges at 0 K while !B re-
mains finite. Therefore, at low temperatures, all the photon
energy absorbed in the pair breaking process will appear as
excess QPs. At higher temperatures the photon energies will
end up distributed between QPs and phonons so that

NQP#0$&0 = NQP#T$&#T$ + N##T$2&#T$ . #12$

When the phonon and QP populations are in equilibrium,
NQP/!R&N# /!B and, thus,

NQP#T$
NQP#0$

=
&0

&#T$
1

1 + 2!B/!R
. #13$

With Eqs. #8$ +or #9$, and #13$ we can describe both the
excess number of QPs and the effective relaxation time as a
function of the temperature. Simulations of the effective re-
laxation time and number of excess QPs are shown in Fig. 4.

FIG. 4. #Color online.$ #a$ Effective relaxation time #!eff$ calcu-
lated from the intrinsic QP recombination time #!R$, the pair break-
ing time by phonons #!B$, and the phonon escape time #!"$ using
Eqs. #8$, #10$, and #11$ with !R

0 =!B
0 =100 ps. !"=300 ps is taken to

be temperature independent. #b$ Temperature dependence of the ex-
cess number of QPs from Eq. #13$. The dashed line was calculated
using the same parameters as those used in panel #a$. For the other
curves, the number next to each line indicates the ratio !R

0 /!B
0 uti-

lized. The error bars indicate the maximum uncertainty introduced
by a ±1 cm−1 variation in the gap value 2&.
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IV. THE EXCESS QUASIPARTICLE STATE

A. Theory

Figure 3!a" shows the density of states at 0 K of a BCS
superconductor. Light having a photon energy h!"2#0 is
absorbed and breaks a Cooper pair, producing two QPs
above the Fermi energy. In our experiments the photon en-
ergy is much higher than the superconducting gap and thus
the QPs are created far above the Fermi level with an energy
#h! /2. Very quickly !in subpicosecond times" these high-
energy QPs relax via electron-electron and, eventually,
electron-phonon scattering. These relaxation processes break
more pairs, and the QPs quickly settle to energies close to #.
In such a cascading process, each QP initially created by the
laser pulse will generate #h! /2# QPs close to the Fermi
level.

A similar branching process occurs in the phonon sector.
Phonons of energy higher than 2# can break pairs, relaxing

to 2# whereas phonons of energy less than 2# do not par-
ticipate in the pair breaking process. Therefore, the system
eventually reaches the state depicted in Fig. 3!b". This state
is characterized by an excess !with respect to thermodynamic
equilibrium" of unpaired QPs of energy # and, as shown by
Owen and Scalapino,14 by a reduced energy gap.

The effective relaxation process must take into account a
phonon bottleneck effect, shown schematically in Fig. 3!c".
Two QPs having energy # take a time $R to recombine into a
Cooper pair. At recombination, a 2# phonon is emitted to
carry the excitation energy of the QPs. The phonons with
energy 2# can break a Cooper pair, in characteristic time $B,
creating two QPs at the gap edge. A steady-state dynamic
balance is established between the phonons and QPs. Even-
tually, however, the 2# phonons become depleted; either
they relax anharmonically to lower energies or they leave the
film. !The phonons can escape into the substrate or into their
surrounding environment, such as the helium bath." The pho-
non escape time is denoted $%.

The Rothwarf and Taylor !RT" equations5 describing non-
equilibrium superconductivity at any density of excess qua-
siparticles can be written as
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= I0 −
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and
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I0 is the density of QPs injected in the system, NQP is the
number of excess QPs at energy # and N& is the number of
non-equilibrium phonons with energy 2#. We are interested
in the case with without injection of QPs !I0=0" in a system
in the low-fluence limit, i.e., the number of QPs created by
the laser light is much smaller than the thermally broken
pairs. In this case, the RT equations can be linearized
giving10
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TABLE I. Parameters for Mattis-Bardeen fits of the far infrared superconducting to normal transmission
ratio Ts /Tn. In all cases we used the dirty limit !1/$→'" approximation. The time ratio obtained from the
nonequilibrium fits, the laser fluences !filling the 5 mm sample aperture" utilized and the excess QP fraction
NQP/NT are also shown. For the latter the number in parenthesis is the lowest sample temperature reached.
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Nb 61 5.4 14 3.7 0 13.3 2 0.03 !3.5 K"
Nb0.5Ti0.5N 110 9.8 26.5 3.9 −0.2 6 2 5 !2.0 K"
NbN 70 13.5 35.0 3.7 0 1.53 2 14 !2.2 K"

FIG. 3. !Color online." Ratio of the superconducting !NS" and
normal !NN" densities of states at 0 K for a BCS superconductor !a"
in equilibrium and !b" after photoexcitation and initial cascading
effects but before QP recombination. The broken pairs in the pho-
toexcited state produce the empty states below EF and occupied
states above. Consequently, the superconducting gap is depleted.
Panel !c" illustrates the relaxation process with competition between
QPs and phonons.
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seconds), while (a)thermal phonons operate at much different (faster) time scales. 
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The solution for this set of coupled differential equations
is a linear combination of two exponential relaxations with
characteristic decay times given by
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!± represent the two time scales expected in the QP and
phonon populations. As discussed previously, just after
pumping with the laser the system has mostly excited QPs
but not nonequilibrium phonons. These phonons are created
by the cascading of high energy QPs to the gap edge. Even-
tully, excess QP and phonon populations equilibrate into a
steady state dynamic balance #dNQP/dt&dN# /dt$. A second
process then follows as the system fully relaxes to the state
without excess QPs and phonons. In order to assign the two
characteristic times in Eq. #8$ to the two processes above, it
is useful to look at the limiting situation where !"→$. With-
out phonon escape, the system the system should reach the
steady state dynamic balance between QP and phonon popu-
lations but should not relax to the fundamental state. In this
case, one obtains 1/!+=2/!R+1/!B and 1/!−=0. Hence !+ is
the time for excess QPs and phonons to reach the steady state
dynamic balance. The solution with the negative sign is the
one of interest for our work and represents the effective time
#!eff=!−$ for the system to fully relax.

Figure 4#a$ shows that for temperatures above '0.4Tc but
not very close to Tc the phonon escape time !" is much larger
than !R or !B. Hence !eff can be approximated by

!eff = !"(1 +
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2!B
) . #9$

In our numerical analysis we utilized the full expression for
!eff given by the negative root in Eq. #8$. However, the tem-
perature range where Eq. #9$ is valid corresponds to the re-

gion covered by most of our experiments and we will use
this expression for some qualitative analysis.

The phonon escape time depends on several factors such
as the sample quality, the film thickness, acoustic mismatch
between film and substrate, and the presence or absence of
liquid helium surrounding the film.45 There is no detailed
calculation for the temperature dependence of !". However,
at temperatures much smaller than the Debye temperature,
the Kapitza resistance in a material interface behaves as T3.46

As a higher Kaptiza resistance makes it harder for phonons
to leave the material, in a first approximation we can assume
that !"=!"

0 +aT3. Several scattering rates for metallic super-
conductors were calculated by Kaplan et al.47 In particular,
!R and !B can be obtained from intrinsic materials parameters
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are respectively the intrinsic pair recombination time close to
Tc /2 and the phonon pair-breaking time at 0 K. All energies
in Eqs. #10$ and #11$ are measured in units of &0. '=& /&0 is
the reduced gap, Z1#0$ is the QP renormalization factor, N#0$
is the electron single particle DOS at EF, N is the density of
ions, and -+.2 is the electron-phonon coupling +2F##$ func-
tion averaged over the whole phonon spectrum. In Eq. #10$
+2F##$ is approximated by b#2, but the correct function can
be used if it is known. % is the energy of QPs just before
recombination or the energy of phonons available for pair
breaking. n##$ and f##$ are the Bose and Fermi factors,
respectively.

Figure 4#a$ shows !R and !B calculated from Eqs. #10$ and
#11$, assuming a weak coupling BCS temperature depen-
dence for the gap, QPs with energy & and phonons with
energy 2.1&. We note that !R diverges at 0 K while !B re-
mains finite. Therefore, at low temperatures, all the photon
energy absorbed in the pair breaking process will appear as
excess QPs. At higher temperatures the photon energies will
end up distributed between QPs and phonons so that

NQP#0$&0 = NQP#T$&#T$ + N##T$2&#T$ . #12$

When the phonon and QP populations are in equilibrium,
NQP/!R&N# /!B and, thus,
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With Eqs. #8$ +or #9$, and #13$ we can describe both the
excess number of QPs and the effective relaxation time as a
function of the temperature. Simulations of the effective re-
laxation time and number of excess QPs are shown in Fig. 4.

FIG. 4. #Color online.$ #a$ Effective relaxation time #!eff$ calcu-
lated from the intrinsic QP recombination time #!R$, the pair break-
ing time by phonons #!B$, and the phonon escape time #!"$ using
Eqs. #8$, #10$, and #11$ with !R

0 =!B
0 =100 ps. !"=300 ps is taken to

be temperature independent. #b$ Temperature dependence of the ex-
cess number of QPs from Eq. #13$. The dashed line was calculated
using the same parameters as those used in panel #a$. For the other
curves, the number next to each line indicates the ratio !R

0 /!B
0 uti-

lized. The error bars indicate the maximum uncertainty introduced
by a ±1 cm−1 variation in the gap value 2&.
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37	

Sta:s:cal	method	

§  Compute	following	χ2	func:on	to	perform	hypothesis	tests	and	es:mate	signal	significance	versus	
:me:	

§  Model:	
o  H0:	no	signal	

o  H1:	signal	

§  χ2	func:ons	are	minimized	with	respect	to	the	(2Ndet+1)	parameters	(ak,	bk,	α)	to	compute	Δχ2	
between	H0	&	H1	hypothesis,	and	hence	es:mate	the	significance	of	a	CEνNS	signal	

	

�2(y|H0,1) =

NdetX

k=1

 NX

j=1

(ykj �Mk
j (H0,1))

2

Mk
j (H0,1)

+

✓
ak

�ak

◆2

+

✓
bk

�bk

◆2�
+

✓
↵

�↵

◆2

Uncorrelated	unc.	on	signal	normaliza/on	
(e.g.	detector	efficiencies)	

Unc.	on	bck	normaliza/on	

Correlated	unc.	on	signal	
	normaliza/on	(e.g.	reactor	unc.)	

Mk
j (H0) = (ak + ↵)NCE⌫NS

0,i (t) + (1 + bk) B0,i(t)

Mk
j (H1) = (1 + ak + ↵)NCE⌫NS

0,i (t) + (1 + bk) B0,i(t)
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