Models for non-standard neutrino interactions
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Effects of NSI on neutrinos

Neutral current Non-Standard Interaction (NSI): propagation of neutrinos in matter

Lno_nst = —2V2G eig{ (Y Prvg) (fvuPx [)

Charged current Non-Standard Interaction (NSI): production and detection

Loc-nst = —2V2G Ef;gX (Do Prls) (f'vuPx f)
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Effects of NSI on neutrinos

Neutral current Non-Standard Interaction (NSI): propagation of neutrinos in matter

Lne-nst = —2V2Gp eﬁ? (o Prvg) (fruPx f) b

Focus of this talk
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Non-standard neutral current interaction

Lnc-NsT = —2V2G 653( (ZaY" Prg) (fv.Px f)

/

Projection

. Matter field
matrix

L R
Neutrino propagation: eiﬁ = eiﬁ + eiﬁ.




Hamiltonian of neutrinos

d Ve Ve
i% Vp, — HV Vp, HV — Hva,c + Hma,t and HI; - (HV&C - Hmat)*

U =

1 0 0 cos B3 0 sinf3e® cos 019 0
0 COS 923 sin 923 0 1 0 — sin 912 COS 912 0
0

—sinfoy cosboy | | —sinfze™ 0 cosfs 0 0 1

H,.. = U -Diag(mi/2E,.m3/2E,,m3/2E,) - U'
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Matter effects in presence of NSI

Ve Ve _
’L% v, | = HY Yy, H" = Hyoe + Hpay  and H" = (Hva.c — Hmat)*
Vs Vs
100 ele egﬁ el
Huat = V2GEN(r) [ 000 | +V2Gr Y~ Np(r) | i el <ir
000 f=eu.d Y i |

Eer Eur €77
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Effects of NSI in long baseline
experiments

Renewed interestin NSI

NSI can fake CP-violation and lead to wrong determinationof a3 octantand massordering

Masud and Mehta, PRD 94(2016); Forero and Huber, PLB 117 (2016); Liao, Marfatia and Whistnant PRD 93
(2016); JHEP 1701 (2017) 071; Agarwalla, Chatterjee and Palazzo, PLB 762 (2016); Verma and Bhardwaj,
1808.04263; Flore, Garces, Miranda, Phys Rev D98 (2018)35030;Wang and Zhou, 1801.05656; Deepath,
Goswami and Nath, 1711.04840; 1612.00784; Fukasawa, Ghosh, Yasuda, PRD 95 (2017);Forero and Huang,
JHEP 1703 (2017); Ge and Smirnov, JHEP 1610; A. de Gouvea and K Kelly, 1605.09376; Coloma, Schwetz,

PRD 94 (2016)
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Octant discovery potential of DUNE

SM SM + NSI SM + NSI
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Solving solar and KamLAND tension

0.7 s«  Super-K

i e SNO

*  Borexino (‘B)

¢ Borexino (pep)

R

—
B

Maltoni and Gonzalez-Garcia, JHEP 2013
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Fit to solar and KamLAND data

Miranda, Tortola and Valle, JHEP 2006; Escrihuela et al., PRD 2009

1 1 N | I I I | I [ I | I I I | ]
- M = +45° -
— 10 \
S - . el = ¢!
() - N
o 90 =
o B i
= 8 —
[aV I aN| - _
g 7 - B Esteban, Gonzalez-Garcia, M. Maltoni, Martinez-Soler and J Salvado,
B 7 JHEP 1808 (2018) 180, arXiv:1805.04530
6 —
| | | | | | | | | | | | |
0.2 0.4 0.6 0.8 Solar+KamLAND

sin? 013 = 0.022
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LMA-Dark solution

LMA-Dark solution provides even a better fit. (suppression of lowenergy upturn)
— £, [—1.192, —0.802]

B0 > ﬂ'/4.
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Scattering experiments

Lyst = =2V 2G el (7" Lig) ([P [)

NuTeV and CHARM rule out a large part (but not all) of parameter space of LMA-Dark solution.

Davidson, Pena-Garay, Rius, SantaMaria, JHEP 2003
COHERENT experiment (a CEVNS setup) also rules out LMA-Dark solution.

P. Coloma, M.C. Gonzalez-Garcia, M. Maltoni and T. Schwetz, PRD 94 (2017) 115007,

P. Coloma, P. Denton, M.C. Gonzalez-Garcia, M. Maltoni and T. Schwetz, JHEP1704 (2017) 116
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Scattering experiments

Lysr = —=2V2Grel s (v L) ([P [)

NuTeV and CHARM rule out a large part (but not all) of parameter space of LMA-Dark solution.
Davidson, Pena-Garay, Rius, SantaMaria, JHEP 2003

COHERENT experiment (a CEVNS setup) also rules out LMA-Dark solution.

P. Coloma, M.C. Gonzalez-Garcia, M. Maltoni and T. Schwetz, PRD 94 (2017) 115007,

P. Coloma, P. Denton, M.C. Gonzalez-Garcia, M. Maltoni and T.Schwetz, JHEP1704 (2017) 116

But not in the model that we shall present
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Underlying theory for NSI

Lnc-nsT = —2V2G ei‘;{ (D" Prvg) (fyuPx f)

Integrating out a heavy intermediate state

Neutral U(1) gauge boson as mediator

Z:Lﬁa’)/“PLV/@ ZLJF"}/MPX]C

Charged scalar (a la Fierz transformation)

Forero and Huang, JHEP 1703 (2017); Bischer,

- _ - - 1— — Rodejohann and Xu, JHEP 1810 (2018) 096,
U1 Pripoths Pripy = Y1 ptor s an = —51017” Pripyrpsy, Pras arXiv:1807.08102
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Underlying theory for NSI

Lno-NsT = —2V2G Ei‘g (Zay"Prvg) (f1uPx f)

Integrating out a heavy intermediate state

Our Focus
Neutral U(1) gauge boson as mediator @

ZLI?a’)/“PLVﬁ ZLJF")/“PXf

Charged scalar (a la Fierz transformation) Forero and Huang, JHEP 1703 (2017); Bischer,

Rodejohann and Xu, JHEP 1810 (2018) 096,

— — — — 1— — Xiv:1807.08102
V1 Privos Priby = Y12 ¥3rPar = —§¢17”PR¢4¢3%,PL¢2 e
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Too small NSI

Lnc-ns1 = —2V2G Eﬁ‘g (Za" Prvg) (fy,Px f)

o IL
ﬁ—€ﬁ+€aﬁ

2
gz 1
€ ~ G
(mZ/) F

mz > 100 GeV : > e <1




Suggestion

What if mzr ~ 10 MeV

YF, “Amodel for large non-standard interactions leading to LMA-Dark solution,”
Phys. Lett. B748 (2015) 311-315; YF and J Heeck, “Neutrinophilic nonstandard interactions,”

PRD 94 (2016) 53010; YF and | Shoemaker, “lepton flavor violating NSl via light mediator,”
JHEP 1607 (2016) 33;

YF and M Tortola, “neutrino oscillations and non-standard interactions,” Frontiers in

Physics 6 (2018) 10; Y. Farzan, “A model for lepton flavor violating non-standard neutrino interactions,” PLB (2020
135349; P. Denton, Y.F. and | Shoemaker,

“Activating the fourth neutrino of the 3+1 scheme,” PRD 99 (2019) 035003
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Suggestion

whatift Mz ~ 10 MeV

€~ 1 :> gz ~ 1074 —107°

Bounds can be avoided not because the mass of the intermediate stateis high

But because couplingissmall!
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Neutral current Non-Standard
Interactions
NSI ENSI = —2\/§GF E'};g (I?a’)/MPLI//@)(]F’)/MPXf)

Y.F. and J. Heeck, PRD94 (2016); Y.F. and Shoemaker, JHEP 1607 (2016); YF, PLB 748 (2015)

(gu)aﬁpaf}/'uVBZ//L ng,Yqu;L

€y = Edﬁ _ 95(9v)as
" V2GRME,

YA

-5 d
Vougs ~ TR @ €ap = €ap ~ ]
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Atomic Physics

Atomic Physics
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10—14
B—L Gauge Boson ; E
10—16 Y o+ v ool v vl v vl ]l cnd ol ol
10724 10721 1018 101> 10712 1077 10°° 1073

Gauge boson mass M4(GeV)

da. <3x 107
Harnik, Kopp and Machado, JCAP 1207 (2012) 026
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Effect in early universe

logio(gy)

Huang, Ohlsson, Zhou,
PRD 97 (2018) 075009
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5 ] 30
25
~ "4 —
5‘2 20
\'é :
%D 6 ] 15
-8 — 10 Yp = 0.2449 + 0.0040
99%
95% s D/H| = (2.53+0.04) x 1077
10 - 68.3% |
| | | | | 0

logy(m/MeV)
Huang, Ohlsson, Zhou, PRD 97 (2018) 075009



Coupling to quarks

Non-chiral couplings: No impact on total measurement at SNO

Flavor universal: Goingto mass basis G =7 qu’

0.1 4=

| ":-

}f T ]

0.01 = @
T =

> 1=

0.001

Y.F. and Heeck, Phys.Rev.D 94 (2016) 5, 053010




Bounds on Couplings of neutrinos

lo

71!
M
Vo
/
R = Br(M* — e + missing energy) M =t K

Br(M* — puT + missing energy)




0-020_ T T T T T T T T T T T T T T T T T T T T ]

0.015

B —ev/
k*->e*tvvv
B PIENU(Ry)
W PIENU(R;), Projected
B NA62(Rk)

0.010

505

0.005

P Bakhti and YF, PRD 95 (2017) 095008
0.000

mz(MeV)
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0.004-" " " 7

0.003

0.002

0.001 Artamonov et al.,
BNL-E949 collaboration,
PRD 79 (2009) 092004
N TS P Bakhti and YF, PRD 95 (2017) 095008

5 10 15 20 25 30
mz(MeV)
NKT — pTvir) < 2.4 x 107°T (KT — all) at 90% confidence level
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Neutrino scattering experiments

q > m%;

Lnst = =2V 2C ¢, (vay Lis) (F1, P f)

Suppression factor m2,/(q¢* —m%,)




Neutrino scattering experiments

¢ > my :

Lrst = =2V 20,57y L) (fruP f)

10 MeV < my < 1 GeV

Relaxing bounds from scattering experiments, NuTeV and CHARM
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New U(1) gauge symmetry

Direct couplingto neutrinos

Gauge symmetry:

aele +a,L, +aL; + B

Couplingto neutrinos through mixing with w: Ko

Gauge symmetry: awLw B
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New U(1) gauge symmetry

Direct couplingto neutrinos

Gauge symmetry:

el + auLu +a-L.+ B > Charged leptons couple to 7’

Couplingto neutrinos through mixing with w: Ko

Gauge symmetry: ayLy + B > Charged leptons do not couple
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Coupling to neutrinos

Direct couplingto neutrinos

Gauge symmetry:

aele+a,L,+a; L + B
2
U d g Oy
€. = = and €. =0},
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acle+a,L,+a.L;,+B

a, =0
Anomaly cancelation: ay = ar = —=3/2
myz € € 1/2
. . I -5 ! ee — Cup
Reproducing best fit g =4x10 10 MaV ( 03 )

€Cee — Cpup — 0.3 Best fit reconciling KamLAND and solar neutrino data Miranda, Tortola, Valle, JHEP 10 (2006) 8
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LFV NSI for neutrinos but not for charged

leptons

CLwLw + B

. : Vo + Ka ¥ Vg + Ky
Mixing with ’(p: e + —kgvg +

g’alI,Z:L (Z Ky koY Prvg — kU PLV — mall"y“PLya)
o,




Coupling of neutrinos through mixing

g’a\I,Z:L (Z Ky kpla Y PLvg — kLU PV — na‘ll'y“PLya)
o,

u _ d g"avk; kg culd) ul(d) _ |u(d)|2

“af = af T §v2Grm2, Caa €gg =

el <25 x107° |k, <4.4x107% |k, |* <56 x 1077 at 20

Fernandez-Martinez et al., JHEP 08 (2016) 033

9/10/20 YASAMAN FARZAN



Coupling of neutrinos through mixing

g'a@ZL (Z wo kala Y PrLvg — kava Y PLVU — malllﬁy“PLya)
o,

w _ d _ 9 avk Kpg d d
€ap = €ap — 612G Fm?, E“L)egg) — |E

u oo g g'ay\ kikg (10 MeV :
fap = a8 = 7075 ) 1 ) 1073\ g
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Flavor structure of NSI

Koy R

aLy+B o S =

€ € = € € .
af-Ba aa-f33 Y.F. and J. Heeck, “Neutrinophilic
f 2 f Nonstandard interactions,” PRD 94
f 2016) 053010

More than one w :> eaﬁ‘ < |€aa€5ﬁ| ( )
How can we obtain the opposite relation?

f f _f 1/2 Y.F., “Amodel for lepton flavor violating

|€a,8| > |6 aeﬂﬂl Non-standard neutrino interactions,”

PLB (2020) 135349

9/10/20 YASAMAN FARZAN



Hint from solar neutrinos

€ = eﬁ){ cos a3 — eg,,‘./ sin fo3
Solar, KamLAND Solar + KamLAND
0'5 I 1 T 1 1 I 1 T T U T T | T T 1 1 f
i f f 1/2
|€a,3| > |€aa€,8,[3|
E o
Palazzo, PRD 83 (2011)
-0.5 TR I TR R T T N N N R
0.2 0.3 0.4 0.2 0.3 0.4

sin“d,, sin’d,,
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NSI as solution to Nova and T2K
discrepancy

Chatterjee and Palazzo, 2008.014161

SM + NSI (&) SM + NSI (&)
e N7 T
m TXK m TK NO
m NOvA o NOv A
&1 055
‘=
o 0.50
IR RN TR T (T TR T T WO N TN TR SN S S TN W S 1 PR TR TS T (N N SN S S SN TN TN SN TN S S S S
0.5 1.0 1.5 20 0. 0.5 1.0 1.5 20
/ Ocp/m Ocp/m
68% \,
€en| = 0.15, Qe = 1.387 leer| = 0.275, per = 1.627,

90%
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What we need

gf(f’Y“f)Z;’L :> f gf(gu)aﬁ

€\g —
(gu)aﬁ(pa’)’ﬂyﬂ)ZL a # . 7 2\/§GFm2Z/

Y.F., “Amodel for lepton flavor violating
Non-standard neutrino interactions,”
PLB (2020) 135349
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Coupling to neutrinos

new gauge U’(1) 1 — ey and vy — e ¥y
_ N1+ Ny N — N,
"»bl = \/§ and ¢2 = \/5 )

gy (V17901 — Yo' 2)Z, = gy (N17* N2 + Nov N1)Z),.

Y.F., “Amodel for lepton flavor violating Non-standard neutrino
interactions,”PLB (2020) 135349
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Trick!

gy (V11 — Yo' 2) Z;, = gy (N1 Na+ Nov* N1)Z,,.

—

Mixed with V¢, Mixed with Vﬁ

@ sin o sin 3

(gv)aﬁ(pafyuyﬁ)z/: a# f.

(9v)aB = gy sinasin S.
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How to obtain the mixing?

U'(1), ¢ — €.

Zo symmetry

’(,L’l A sz, Z’ — —Z’ and (,75 — —(]5*

Even

Lo — Lo Lsg— —Lg /
1+ g

U1 =




PP1 — P*1y Z Fven

Ph1 + O o : Odd

YiNg1 (091 + ¢*1h2) + YaNga (¢t — ¢*1)o)

U

my, Nrpi N1 + mn, NraNo

mpy, = Y10y mpn, = YaUy
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YraNipH* cLy + YrgNogpH' cLg

N T

odd

even




YraNipH” cLo + YrgNogpH' cLg my, = Y104
0 0 Yra <H> Vo
_Vg; NlT Nch]c 0 0 mn, Ny <: Inverse seesaw
YRa <H> mn, 0 CNikR
1 —Ymel)
(H) o !
Yro(H) 1 _ 1 Yo (H
MmNy V2 V2 sino = — ra(H)
—YRO‘ <H> L L le
| Ny V2 V2
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YraNipH” cLo + YrgNogpH' cLg my, = Y104
0 0 YrolH)| [ va |
_Vg; NlT Nch]c 0 0 my, Ny <: Inverse seesaw
YRa<H> mn, 0 CNikR
1 —Ymel)
MmN,
Yro (H) 1 1 Similarly for Vo — V33,
my V2 V2 . Yrp(H
YRa<}_—r> 1 1 YRa — YRﬂa sin B = _—nf< )
|y, V2 V2 2

- my, — Mp,
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Flavor structure of NS

(9v)ap = gy sinasin 3.

(gv)aa =0 Caa —

(9v)ps =0 :> egg =0




Bounds on the mixing of N1 and /No with active neutrinos

l.e., Bounds on

sin « and sin 3
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PROSPECT I / ,
"»\[C +DC : s 7
\\ I\:IJ”/’CMS
1072 vk |
5 el
& ‘ f EWPD -
> L3 ‘4~ Higgs
_ = A
10 4 : - pELP_}y T
9 ESI > 257 ATLAS _
~ CMB
z 107%1 :
L8] - .
E . iCHARM P Bolton, F.
- Super—K 1 Deppisch, B Dey,
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o Soms ]
10—2 "4:4" 1
A g M- Higgs EWPD
10~ Pl { SDELPHI !
o~ o ATLAS -
E 10—6 PIE ]
E_ P Bolton, F.
Vi i TeV, | Deppisch, B Dev,
10~8 e | JHEP 2003
e ¢ (2020) 170,
e \T2K | arXiv”1912.03058
10—10 |
1 CMB +BAO +H, B - Seesaw -
10~° 107° 1073 1 10°
my [GeV]
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S A— lg2K
=== NOvA
SK, IC TDC NOM . B de.cays |
10721 N
MO N { EWPD
CHA - i "
4 : \ L_3 l'l
10 o NS DELPHI,"
~ | CMB\:“" \ \ESuper—K
=z 107° /oK _
>F ......... P Bolton, F.
— | | Deppisch, B Dev,
-8 | JHEP 2003
10 ! \ 1 (2020) 170,
‘ \ | arXiv”1912.03058
upernovae
10_10 X—ray \
10_12 ! | | | ‘ CM]I3 +BAO l‘f‘Ho | BBNISeesal“f | |
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my [GeV]
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le , mN2 > 500 MeV |:> No bound from supernova and BBN or Kaon decay

mpy, = Y10y mpy, = YaUy

Mz = gypVe/V2 > (gy/Y1.2)500 MeV

a _ 0.12 g,
b gy 1073
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Can we escape the bounds?

Most of the bounds come from searching the last charged leptons.

Electroweakinteractions: [N — lal_ﬁy

The dominant decay modein our model: N — Z’V Z’ — VU
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Lepton flavor violating process

Violation of unitarity:

(UITDMNS -UpMNS)aplasts lc><;§7

v, mixes with Vg

two-loop suppressed

Vg mixes with N

9/10/20 YASAMAN FARZAN



Violation of unitarity of the mixing matrix

/ — 1nvisibles

Deviation from SM is 2

0

Suppressed both by  sin? o or sin? £ and O (—2

W — [ 4 missing energy

my > Mg,

Kt (r%) = v

Kt (rt)— lgl/

sin o, sin 8 < 0.03

Ny

ULy
m

(9v)aplaxs < 10 gy




LFV charged lepton decay

N~
la><l,37 two-loop suppressed
N
la N lﬁ ZI One-loop effect
Ma @ o \ o md
A\ |m3y) 1672 SU(2) )

GIM suppression




LFV charged lepton decay

N~
Lo %lﬁ’}’ two-loop suppressed
N
la N l,B ZI One-loop effect
PDG: Br(t =+ eZ') <27x107% and Br(r — puZ') <5x107?
Heeck and Rodejohann, B’r(,u _ 62/) <1075

PLB776 (2018) 385 i

Close to the prediction for (gy,) e ~ 1073 and mz ~ 10 MeV
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muon to electron conversion

SINDRUM Il collaboration
Bertl et al., Eur Phys J C 47 (2006) 337

R<T7x10713

F(u+N — e+ N) (gu)ﬁpgﬁ( my )2=5x10_15( = )2( 5 )2( Go )4

" T(u+N— vy + N') - (1672)2 \ m2 + m7%, 10—3 10— 1 GeV

Mu2e, COMET R~5x10"17
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Smoking gun of the model

1) €, ~ 0.1

2) Muon to e conversion on nuclei but ,u_%fy

3)) um —e 7'

4) K*(n%) — I + missing energy




Summary

In the neutrino precision era, we should take possibility of NSI more serious.

New U(1): Light mediator,small coupling |:> large NSI

Mixing of neutrinos with fermions charged under new U(1) |:> LFV NSI for neutrinos
No LFV NSI for charged leptons

2 2
Models for arbitrary flavor structure: €aa€gg > |€a5| or €aa€Bp < ‘€a5|
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Backup slides




PDG

Higgs invisible decay mode

|

H — ﬂaNl

Yo /(47)

YraNipH* cLy + YrgNo RHTcLIf

H — DBNQ

YéBmH/(ZlW)

Br(H — invisibles) < 0.2 0 Yg, g(H) < 2 GeV

In our model:

Yra g(H) ~ 15 MeV



Lepton number violation

e
n lHCh: BT S wtu T u”
P - TR
>N
n p
e
Majorana mass Dirac mass
mNNTcN mNNN

M M
- e +vF evn) + Hee. = (N eNy = N eNa) + Hec.
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z' coupling to matter fields

1 Gauging a linear combination of Baryon number and lepton numbers
B — (a¢Le +ayL, + arLy) ae +a, +ar =3
9 = 9p/3 and g, = a,gp where a € {e, u, 7}

2 Kinetic mixing with hypercharge gauge boson

/ 1%
57!, B"

Photon component

\

Z component Coupling suppressed by (mQZ,/mQZ)(S sin Oy

gr = (Qre) cos Ow 6.
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z' coupling to matter fields

1 Gauging a linear combination of Baryon number and lepton numbers
B —(aeLe +auL, +arLy) ae +a, +ar =3
9 = 9p/3 and g, = a,gp where a € {e, u, 7}

2 Kinetic mixing with hypercharge gauge boson

Photon component

0Z,,,B"" g5 = (Qre) cos fw 0. )

NSl in CEVNS CONUS, COHERENT NO NSl in neutrino oscillation
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Gauging B — (aeLe + auLy + arLr)

ae = 0

130 MeV > mgz > 10 MeV

7" — v

gqNg'rNguNgv<10_3

(g,,)aﬁ = 10_3g¢ and mz: ~ 500 MeVg¢

q
€a

- 012 g4

g G 103




LMA-Dark after COHERENT data

.
2 I I o e
2| S
I ] -
I B
oo g
20 l' ! l s ]
o o !
[ l” :
S - P | : :
(Eeeaep,mfﬂ') — (35' 2,33,33) L *
15 | ' PN = Marginalized ||
l: ! :: :: l“ == 0
NX - 1 l D -1
D 3/2
10 o - 2 '
L B BBN + CMB
4. 1 .‘:.
Poasine:
- i F
5 LA |
wV _ dV _z 1 P
€Cee —Cee = 7 95 e s
4. 2 kil LMA-D at COHERENT
o 95% CL limit = 48 MeV
900 10! 10? 103

Mz (MeV)
My > 48 MeV at 95% C.L. (1 d.of) &
Denton, YF and Shoemaker, JHEP 1807 (2018) 037; arXiv:1804.03660.
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10~

1078

(Qu)ee-gq <0
95% (2 d.o.f.)

COHERENT
BBN + CMB

COHERENT
+10 yrs (SM)

CONUS Ge (SM)

LMA-Dark

VN 9v94]

(gy);.mgq = (Q'u)wgq >0
95% (2 d.o.f.)

COHERENT
BBN + CMB
COHERENT
+10 yrs (SM)
LMA-Dark

10
My [MeV]

102

Denton, YF and Shoemaker, JHEP 1807 (2018) 037; arXiv:1804.03660.

COherent NeUtrino Scattering experiment (CONUS)

My [MeV]

10?

Germanium detector with detection threshold of 0.1 keV located 17 m away from
a nuclear power plant 3.9 GW in Brokdorf, Germany




Solar neutrino interaction at DM direct
detection experiments

Y.F.and J. Heeck, PRD94 (2016);

Cerdeno et al,JHEP 05 (2016) 118

1073 1072 107" 1 1

SuperCDMS SNOLAB ~ LUX-ZEPLIN
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gg=10"", g4=0.05, cosp=10"*, My=1 G
10

10

s

10
My [MeV]

gs=10"* g4=0.05, cosp=10"", My=1 GeV, My-=400 GeV

10
Mz [MeV]

eV, My=400 GeV

gg=10"", gy=0.05, cosp=10"", My=1 GeV, My-=400 GeV
10

_3 11 1
10 1 10 102
My [MeV]
gs=10"*, gy=0.05, cosp=10"", My=1 GeV, My-=400 GeV
10

Yyl

Mz [MeV]

Y.F. and J. Heeck, PRD94 (2016)

Solar neutrino coherent
Interaction in future direct
dark matter search experiments
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