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Effects of NSI on neutrinos

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

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




Non-standard neutral current

Interaction
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Neutrino propagation: 63;3 = Eég _|_ Egﬁ







90% CL

Param best-fit LMA LMA ¢ LMA-D
g, —e4, | +0.298 | [4+0.00,+0.51] & [—1.19, —0.81]
g¥ —et, | +0.001 | [—0.01,+0.03] [—0.03, +0.03]
e¥, —0.021 | [—0.09, +0.04] [—0.09, +0.10]
g¥_ +0.021 | [—0.14, +0.14] [—0.15, +0.14]
gu —0.001 | [—0.01, +0.01] —0.01, +0.01]
ey —0.140 | [—0.24, —0.01] & [+0.40, +0.58
g%, —0.030 | [—0.14, +0.13] [—0.15, +0.13]
ed, — e, | +0.310 | [+0.02,+0.51] b [—1.17, —1.03]
ed —ef | +0.001 | [—0.01,+0.03] —0.01, +0.03]
ed, —0.023 | [—0.09, 4+0.04] [—0.09, +0.08]
ed_ +0.023 | [—0.13, +0.14] —0.13, +0.14
gl —0.001 | [—0.01, 4+0.01] —0.01, +0.01]
4, —0.145 | [—0.25, —0.02] & [+0.49, +0.57]
g4, —0.036 | [—0.14, +0.12] [—0.14, +0.12]

Maltoni and Gonzalez-Garcia, JHEP 2013




LMA-Dark solution

» Miranda, Tortola and Valle, JHEP 2006; Escrinuela et al., PRD 2009
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LMA-Dark solution

» | MA-Dark solution provides even a better fit. (suppression of low energy
upturn)

— 140 <€l —e€!, < —0.68 and —1.44 <el, —€ < —0.87 at 30 C.L.

912 >7T/4




Total flux measurement at SNO

» Neutral current

Deuteron dissociation

v+D —v+p+n

» Gamow-Tellertransition
» Sensitive only to axial-vectorinteraction

» _ L R
No effect from Ef f _|_€f




Scattering experiments

Lnsi = =2V 2Grel (vay" Lvg)(f1u 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




Scattering experiments

Lnst = =2V 2Grel [ (vay" Lvg) (f1u P f)

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

But not in the model that we shall present




Underlying theory ¢

Lnsr = =2V 2Gpel; (ay" Lvg) (fru, P f)

fo_ fL__ IR
€ap = €ap T Cap

~140 <€, —er, < —0.68 and — 144 <el, —€l < —0.87 at 30 C.L.




Underlying theory

Lnsr = =2V 2Gpel 5 (7o Lvg) (fyu.P [)

f — _fL JR
€as = €an _l_eozﬁ

Various model with heavy intermediate particle
For areview see:

T. Ohlsson, “Status of non-standard neutrino interactions,” Rept. Prog. Phys. 76 (2013)
14201 [arXiv: 1200 27 \




Too small NSl

Lnsr = =2V 2Gpel 5 (7o Lvg) (fyuP [)
eéﬁ = eég -+ eég

~140< ¢l — €, <—068 and —144<el, —€l < —087 at 30 C.L.

my > 100 GeV > e < 1




ATLAS /s =8 TeV bound

Aad et al., PRD0 (2014) 52005

my = > 2900 GeV

!

e < 107°




Suggestion

= whatit My ~ 10 MeV

YF, A model for large non-standard interactions leading to LMA-Dark solution,

Phys. Letft. B748 (2015) 311-315;

YF and Shoemaker, Lepton flavor violating non-standard interactions, JHEP 1607 (2016) 033.
YF and Heeck, Neutrinophilic non-standard interactions, 1607.07616




Suggestion

gy ~107* —=107°

®» Bounds can be avoided not because mass of the intermediate state is high

But because couplingis smalll




Suggestion

gy ~107* —=107°

®» Bounds can be avoided not because mass of the intermediate state is high

But because couplingis smalll
Lnst = =2V 2G el (7o Lvg) (fru, P f)

For forward scattering we can still use the effective Lagrangian.




Model for LMA-Dark with — €u = érr ~ 1

(YL > Lav"La+Yq,Q10"Q +nlumﬂug+Yd1dm“dR) Zie L

ae{u7}

Z L ﬂ'u YQl Ql f,(le -+ YuluR WU R -+ Yd1 dR .',u,dR)

m
2z L’EE{,LL_T}

YF PLB 748 (2015) 311




— g | YL Z Lo Lo + Yo, Q" Qy + Yy apy'ug + Yo dpy'dr | Z), € L

ac{p. T}

NO coupling to the electron

9°Y o ~ _ 7
ENSI — n 9 ( Z Lce'ﬂ}’} La) (YQl er}’:,u,Ql + YmuRF}’:,uuR + Ydl dRP:'“:p,dR)







Why not to couple to electron

~140 <€l —€l, < —0.68 and — 144 <el —¢l <—087 at 30 C.L.




LMA-Dark solution

u U
Crr = Cup
u,d
- d d
E,‘_L,‘_L ~ 1 ETT p— ELLN, p—
g ~7x107"




Big Bang Nucleosynthesis

» Kamada and Yu, PRD 92 (20195)

Asm<025ev]
Borexino

mz > H MeV

ANeff < 0.7



Neutrino scattering experiments

q2 > mQZ,

Suppression factor mQZ,/(qz — mZ,)



Neutrino scattering experiments

¢ > my

10 MeV < my <K 1 GeV

Relaxing bounds from scattering experiments, NuTeV and CHARM




Gauging U(1)

u U g/2 YL<YQ1 _|_YU1)

TT pp m2Z’ 2\/§GF

a4 _ 9" V(Yo +Yy)
o Hi mzz/ 2\/§GF

w,d
i
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= € 1



Gauging vy

u U g/2 YL<YQ1 _|_YU1)

B mzz/ 2\/§GF

a4 _ 9" V(Yo +Yy)
o Hi mzz/ 2\/§GF

w,d
i

w,d
= € 1



U(1)

ﬁu—|—£T—|—Bl—CLBQ—(3—a)Bg

YQ1 — Y’U& — Yd1 — 1/3 ; YQQ — Y‘uz — de — —a_./3

YQ = Yug = ng = -1+ (1/3

3




U(1)

Eu—|—£7+81—&82—(3—d)83

}/E:YLE:O and }G_L:YT:YL”:YLTzl




MODEL FOR LMA-DARK

®» Desired sign and magnitude

~140< ¢l — €, <—068 and —144<el, —€l < —087 at 30 C.L.

YF, A model for large non-standard interactions leading to LMA-Dark solution,
Phys. Lett. B748 (2015) 311-315;




Effects of NSl in long baseline
experiments

» Renewed interestin NSI

» NS| can fake CP-violation and lead to wrong determination of fs3 octant

Masud and Mehta, PRD 94(2016); Forero and Huber, PLB 117 (2016); Liao,
Marfatia and Whistnant PRD 93 (2016); Agarwalla, Chatterjee and Palazzo,

1607.01745, ....




NOvA + T2K DUNE

NOvA + T2K DUNE
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» |iao Marfatia Whisnant, PRD93 (201 6)



MuOn decay MEdium baseline
NeuTrino beam (MOMENT)

MOMENT, Standard Osc. MOMENT, NSI
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Lepton flavor violating NSI

~

P= (L) Y icoonaf,
L

Charged lepton mass basis

Lo\  [(costp —sinbp) :
L (Lﬁ)_(sint% COSQL>L




Lepton flavor violating NSI

L,




Lepton flavor violating NSI

Yukawa coupling with SM Higgs

boRTHTE + bléTO'lHTi,




Charges of baryons under new U(1)’

m By + n2 By + 13 B3

Flavor structure of NSI

0 0 0
N2 1
ulL uR dL dR _ Cnl(g ) 0 —sin20; cos?20;

€ =€ =e=¢
2
my 2v/2Gy 0 cos26; sin26;




LFV rare decay
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bQRTHsz -+ bléTngsz,

_‘ _ - 2
Br(H — 7p1) > Br(H — 77) ( cos 20r ) |

2 1 4+ sin QQL

tan 26y = (—€,, + €-+)/(2€,7).




Neutrinophilic Non-Standard Interaction
YFand J Heeck, 1607.07616




Neutrinophilic Non-Standard Interaction

Benefits: We do not need to worry about the interactions of charged lepton.
- — — /
Especially ZQ — ZB + 7




Neutrinophilic Non-Standard Interaction

Q: How? A: Mixingwith a sterile Dirac fermion charged under new U(1)




Neutrinophilic Non-Standard Interaction

Q: How? A: Mixingwith a sterile Dirac fermion charged under new U(1)

W




New U(1)

= New Dirac fermion: U — vy
= New scalar elecfroweak doublet: H,e t?i'g‘I'CEH!
£=-N y.LHPU +lc. My 0y HDN
Z@:y . o E:%(ﬂC;\DE;\DR) 0 0 My ||U,] +he.
y(HYy My 0 )\
o= VD ST 0B = (H)/(HY), and v~ 246 CoV
T My V2l anp = , NG U = or
* | —
g\piiaHJBZMVO/}/ V3

= Standard Quarks: g — £/9BY/3



Non-standard Interaction

_od ng‘PR;Kﬁ

Cap — Eap = 6\/§G'Fﬂ*f§f : |5a5| — \/Eofozgﬁﬁ'

Schwartz inequality:

gur*r’ — Zjvgxpjﬁfpj’fgj |5a5| S \/50404556




Some bounds

tanJ = (H)/(H'), and v ~ 246 GeV.

Contribution fo gauge boson mass
' M ) (0.1)

< 4 10—4(
cos f < 4 X 10 MeV

g

~ Ya(H')  yavcosf
My VM

P
u d . 9BYwh hp

E a=£&c o= \
SN OVOTE Vi W

Ra

‘ y i Mz 0.2\ /0.03
Mg < few GeV (10 Me\/) ( ) ()

gy K
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Violation of the unitarity of the PMNS
Martrix

Muon decay and tests of lepton flavor universality

Ke|? < 2.5 x 1072, |k, |* < 4.4 x 107%, and |k,|* < 5.6 x 1077 at 20.

Fernandez-Martinez, Hernandez-Garcia and Lopex-Pavon, JHEP 1608 (2016)

kkel <1077 ) |kuks| < 1.6 x 1077, and |kekr| < 3.7 x 1077

Bounds from [, =+ l3y and [, — Z'l; are weaker.




UV completion

» Anomaly cancelation

» One example: Two generation of colorless fermions with opposite chiralities
and U(1)' charges Bl and Bz?

By — By = -3 Duerr et al., PRL 110 (2013); PRD 91 (2015)

__—" Electroweak singlet giving mass to new fermions

Mz given by gp(Sp)

Mo,
Taki > 1T <104 z
aking (Sg) 2 1TeV g < 10 TNt




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

e [ =19.5fb7 ! and /s = 8 TeV
MH— > 275 GeV

CMS Khachatryan et al., Eur Phys J C74 (2014) no 9, 3036

Br(H™ = (0)  |al? o
Br(H= — (V) |yg|* es5

U —>vZ 7' —up




®» Observational consequences




Emission in Supernova

» Similarto EH — ﬁT

Kamada and Yu, PRD 92 (2015)

¢ty ~ 107%km(g' /7 x 107)7*(T'/10 MeV)(10 MeV /my)?

®» Reduced mean free path for neutrinos

prolong the diffusion time




High energy cosmic neutrino

» Kamada and Yu, PRD 92 (2015) L, — L;

/
vy — /0 —= v

Background neutrino af rest

400 TeV to PeV




Dip or gap in ICECUBE spectrum

Results of Contained Vertex Event Search (4.30)

' ' ' L | - - ' ' ' L L |
80 MceCube Preliminary Showers r—e— -
60 |- | ]

40 % = —

o I R b da -
s .
60 | f Fx:%% % % f* i

Declination (degrees)

107 10°
Deposited EM-Equivalent Energy in Detector (TeV)

28 events (7 with visible muons, 21 without) on background of
10.6753 (12.1 + 3.4 with reference charm model)

N. Whitehorn. UW Madison




» Theorefical prediction of dip in 400 TeV to PeV is robust!

» Testing model




Meson decay

/ —3
g < 10 Lessa and Peres, PRD 75 (2007)




Meson decay

my ~ 10 MeV and g ~7x107°

g, < 10_3 Lessa and Peres, PRD 75 (2007)




Summary

1)
2)
3)
4)

Viable models for sizeable neutral current NSI based on U(l)’

A

Ja, a5 ~ T x 107°
Jv9B ~ 10 MeV

Rich phenomenology: Prospect of testing via

SN neutrino

Dip below PeV in the spectrum of cosmic neutrinos

Rare meson decay

Interaction rate of solar neutrinos at dark matter direct detection experiments



Backup slides




Present 90% C.L. COLOMA, JHEP 03 (2016)

e, +e2,] <0.12, g% +e% | <0.18, ey + €5p] < 0.018
0.11 <ef, +el, —cr, —ef, <060, and —0.04<el +el, —ct —ef <0.037

DUNE 90 % C.L.

8 +ed | <0024, |t 42l <008, et +ed | <0012,

0.017 < el +el —ct —ct <043, and —0.027 <&l +e0, —cr —ed <0.025.
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Gauging U(1)

oo u gﬁ YL(YQl—l_Y;H)

v 2
“up = CrT

d _ d _ g% Y (Yo, + Ya)
mz,  2/2Gp

B—L L, — L,




Flavor physics in quark sector
= Diagonal in flavor basis ”. .
= Non Universal Mixing in mass basis

= Universal coupling of first and second generations

Avoiding large confribution to K—f or D—E mixing’




Quark mixing

Ll’ -1 LT + Bl — (IBQ — (3 — (I)B;‘{‘

a= —1

Mixing between first and second generations

No mixing between third generation and the rest

HITGQQU.LQ (ESHITQI,Q




Flavor physics in quark sector
= Diagonal in flavor basis ”. .
= Non Universal Mixing in mass basis

= Universal coupling of first and second generations

Avoiding large confribution to K—f or D—E mixing’




» Crivellini, D’Amrosio and Heeck, PRD 91 (2015) 075006

0ff = T (5303 6],
Ot = ZEM (51 Prb] [£y,,0]

CHH ~ g~ 7 1 aE_(i)(STEV)Z?
Y V2m%, apm Gr 1/3) \mz /g’

_|_ —
Global fit R(K)and B — K*uTp~ RK)= i:i;g_ — 07457099 +0.036 .

— 0.60 (—0.95) > C¥* > (=1.65) — 2.00.



1072 —

Sm,<0.25 [eV] ]
Borexino _,+=1

Kamada and Yu, 1504.00711




Determining

» Shedding light on LMA-Dark solar neutrino solution by medium baseline
reactor experiments: JUNO and RENO-50

YF and Bakhti, JHEP 2014

_ — i 12 ro12 A 2 iAg |2 | 2 2 2 2 iAo 2 iAg |2
P(L"e — L”E’,) — | [/T31| —+ [/T32| e =2 —+ |U63| e =3 ! — |L12L13 =+ S12€C13€ -+ S513€ | =

Aoy . .
cd (1 — sin? 26019 sin? —=2) + 53, + 2522, [cos Agi (2, + 52, cos Agp) + 52, sin Asy sin Aoy
13 5 13 1313 12 12 12




Medium Baseline reactor experiments

» DAYA BAY in CHINA ‘ JUNO
» RENO in South Korea RENO-50

Ready for data taking in 2020.

= Baseline ~ 50 km
Amz, L 0.4 Ami, L 3 MeV

2F, “10-5 V250 km B,

» Main goal determination of sgn(Am3,)




RENO 50 In Sou’rh Koreo

Far Detector B



Daya Bay and Juno

« Previous site
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Quark mixing

Ll’ -1 LT + Bl — (IBQ — (3 — (I)B;‘{‘

a= —1

Mixing between first and second generations

No mixing between third generation and the rest

HITGQQU.LQ (ESHITQI,Q




Flavor violation

HITG@a’uLQ 0?3HITQ112

mp > 100 GeV

(H") S mEw




Small VEV

— mg|S|F + Xs|S|* + msyp SH'H' + m3, HTH'

) < m% < -mi” and m%w < miw

(5) = ( ) ) = g EAS)

2\ g 2m3,




Small VEV

— mg|S|F + Xs|S|* + msyp SH'H' + m3, HTH'

0 < m% <K mi” and m%w < m%f

m%\ '/ (H)(S)
S p— 5 . ! - — !
() (%) - (H') = —mspn T

mspp. (H) < my and (S) ~ (H)




Small VEV

— mg|S|F + Xs|S|* + msyp SH'H' + m3, HTH'

0 < m% <K m?{, and m%w < min

= (32 ) = g )

2\ g 2m
<

msgm - (H) < mg and (S) ~ (H)

~y

<HI> < Mg, T EW - <S>




Mass of new gauge boson

! r - 1 r 7 e f 1/2
mz =g (Y2 (S1)2+ Y2 (S9)? + YE(S)? + Y2 (H')2)"

myr ~ 10 MeV and ¢/ ~ 7 x 107

(S1) ~ (Ss) ~ 100 GeV




Proposal

n+A—-nu+A+2.72 —vv

muon beam with energy of 150 GeV

CERN SPS

Gninenko, Krasnikov and Matveev PRD 91 (2015)




» Gninenko, Krasnikov
And Matveeyv, PRD 91 (2015)

g ~T7x107°
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Muon magnetic dipole moment

Ag —2),/2 = ¢°/87°

(g—2),/2 ~5x 10711




Neutrino trident scattering

v+ A—o>v+A+puT+pu"

» CCFR collaboration:

scattering of ~ 160 GeV neutrino beam off an iron target

PRL66 (1991)
» CHARM Il collaboration

scattering of ~ 20 GeV neutrino beam off a glass target

PLB 245 (1990)



Neutrino trident scattering

Altmannshofer et al., PRL113 (2014)

v+A—-v+A+pt o B T e

my (GeV)




Yukawa coupling of nheutrinos

MN H cL, + MoNoH" cL, + \sNsH" cL, + \yNoH' cL, + \sNsH' cL,,




Yukawa coupling of nheutrinos

MN HY L, + M NoH L, + \sNsH cL, + \yNoH" cL, + \sNsH' cL,, + H.c.

Basis change: A4 = 0 or A5 = 0

Mix: v, and vy

No mixing: L"E/%/lﬁﬂﬁ




Majorana masses

If there is no Majorana mass for right-handed neutrinos:

1) 'ﬁlﬁ-’i ~ TI,, (Aiweff)

2) Smallness of neutrino mass




Majorana masses

M NEeN, +
S 1 (AQ i\/T; ( Ng -+ A 3 i%rg ( Ng -+ AQ 3 iNT; ( i\/T‘g) +
SQ(BQNIT cNy + Bng cN3) + H.c.




