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Neutrino Non-standard Interactions (NSI)

@ Unknown couplings involving neutrinos.
@ E.g. Yukawa, gauge, higher spin particles, higher-dimensional operators.
@ Many neutrino mass models naturally lead to NSI at some level.

@ Potentially observable effects in neutrino oscillation experiments.



Neutrino Non-standard Interactions (NSI)

@ Unknown couplings involving neutrinos.

@ E.g. Yukawa, gauge, higher spin particles, higher-dimensional operators.
@ Many neutrino mass models naturally lead to NSI at some level.

@ Potentially observable effects in neutrino oscillation experiments.

@ In principle, could exist in the neutrino production, propagation, and detection
processes.

@ Relevant for accelerator, reactor, atmospheric, solar and supernova neutrinos.

@ Search for NSl is complementary to the direct search for new physics at the LHC.

@ O(1000) papers/reviews on NSI effects. A representative sample: Ribeiro, Minakata,
Nunokawa, Uchinami, Zukanovich-Funchal '07; Antusch, Baumann, Fernandez-Martinez '08; Gavela, Hernandez, Ota,
Winter '08; Kopp, Machado, Parke '10; Ohlsson "12; Miranda, Nunokawa '15; Masud, Mehta ’16; Liao, Marfatia, Whisnant
’16; Agarwalla, Chatterjee, Palazzo '16; de Gouvea, Kelly '16; Coloma, Schwetz '16; Stapleford, Vaananen, Kneller,
McLaughlin, Shapiro '16; Farzan, Tortola '17; Salvado, Mena, Palomares-Ruiz, Rius '17; Gonzalez-Garcia, Maltoni,
Perez-Gonzalez, Zukanovich Funchal '18



Standard 3-flavor Case
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Standard 3-flavor Case

Ve Ue Uz  Ues 4
Vy = Um UHQ Uu,s V2
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——
weak eigenstates PMNS mixing matrix mass eigenstates

@ Time evolution governed by Schrdédinger equation:

Ve Ve Ve
.d MMt
Ia v, | = |:2E + V(t):| v | =H v, |,
Vr Vr Vs

where E is the neutrino energy, M = U diag(m;, mz, m3)U" is the neutrino mass
matrix and V = (A,0,0) with A = v/2Gr N, is the effective matter potential induced
by CC interaction with electrons.



Standard 3-flavor Case

Ve Uet U Ues 1
Vy = U/ 1 UHQ ) 13 V2
Vr U‘r1 U7'2 UTS V3
weak eigenstates PMNS mixing matrix mass eigenstates

@ Time evolution governed by Schrdédinger equation:

Ve Ve Ve

.d MMt

Ia v, | = |:2E + V(t):| v | =H v, |,
Vr Vr Vs

where E is the neutrino energy, M = U diag(m;, mz, m3)U" is the neutrino mass

matrix and V = (A,0,0) with A = v/2Gr N, is the effective matter potential induced
by CC interaction with electrons.

@ Probability of oscillation over a length L:

—l 2
P(va — vg) = |(vsle ™ va))|



Introducing NSI

@ In a model-independent set up, usually parametrized by a dimension-6,
four-fermion operator.

@ Two types: NC and CC.



Introducing NSI

@ In a model-independent set up, usually parametrized by a dimension-6,

four-fermion operator.

@ Two types: NC and CC.

@ NC NSI [Wolfenstein '78].

LNS| = —2V2Grels (Do Pivg ) (Fy, Pxf)

with X = L, R. Leads to extra matter effect in propagation:

—i(H+Vnsi)L 2
P(va — vg) = |(vsle™" 0t ug) "
Eee Eeu Eer
_.Vﬁ *
where Vs = V2GrNe | €5, €up €pr
€or Epr Err

Standard

Non-
standard
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[figure from T. Ohlsson]



Non-standard Oscillation
. d V(" _ ]- T O O rt ]- + frr erT V(
(o) = e (o wne Joea(t e 210

=

. o Am?2, L
Plv. -5 v,) = sin” 26, sin‘)< TE\‘I )

Am3, ’ _ (Amw? > Am? 2
<2EA> = <2E4C0526 (1+ € —e,r)> < SEA 51n20-|—26”>

Am?sin 20 + 4F Ae. .
AmM

sin26,; =



CC NSI

[:EI(SII = 72\/§GF5ZIBX(170/YM PLZ,(Z)(?['Y;L Px f) [Grossman ’95]

@ Flavor mixture states at source and detection.

Rk

P(ve — vg) = |<V%|e
@ Source NSI (in pion decay):
Wa) =lva) + Y chalvs), egmt =5 putre
B=e,u,T

@ Detection NSI (in neutrino-nucleon scattering):

d
(Wl = (val + > ehplvsl, egven=Hep

B=e,u,T

(Unr)si Ui | @HL, Gr

L/(Weﬁte [figure from T. Ohlsson]
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Interesting Near-Detector Physics
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’ Zero-distance effect ‘ [Langacker, London '88]

@ In the 2-flavor case,
Am2L
4F

— 0= P(r, = 1) = (2, — el )’



Interesting Near-Detector Physics

, (Am2)i L .
P(vy, > vg) = Z [U°Un],; €xp (l%) [Ud ] Iﬂ

i

’ Zero-distance effect ‘ [Langacker, London '88]

@ In the 2-flavor case,
Am2L
4F

@ 3-flavor case: [Meloni, Ohlsson, Winter, Zhang "09]

— 0= P(r, = 1) = (2, — el )’
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Current Constraints (Flavor Diagonal NC NSI)

[Farzan, Tortola *17]
90% C.L. range origin

NSI with quarks

edl [-0.3,0.3] CHARM

edlt [~0.6,0.5] CHARM

e [—0.042,0.042] atmospheric + accelerator
€y [—0.044, 0.044] atmospheric + accelerator
el [=0.072,0.057] atmospheric + accelerator
G}fﬁ [—0.094, 0.14] atmospheric + accelerator
544 [-0.075,0.33]  oscillation data + COHERENT
eV [-0.09,0.38]  oscillation data + COHERENT
1344 [—0.037,0.037] atmospheric

NSI with electrons

el [~0.021,0.052] solar + KamLAND

ek [~0.07,0.08] TEXONO

ek, e [-0.03,0.03] reactor + accelerator

ek [~0.12,0.06] solar + KamLAND

el [-0.98,0.23] solar + KamLAND and Borexino
[-0.25, 0.43] reactor + accelerator

eV [—0.11,0.11] atmospheric



Current Constraints (Flavor Changing NC NSI)

[Farzan, Tortola *17]
90% C.L. range origin

NSI with quarks

etl [—0.023,0.023] accelerator

elfl [—0.036,0.036] accelerator

ey [—0.073,0.044] oscillation data + COHERENT
edy [—0.07, 0.04] oscillation data + COHERENT
edl | el [~0.5,0.5] CHARM

ey [~0.15,0.13] oscillation data + COHERENT
eV [~0.13,0.12] oscillation data + COHERENT
ik [—0.023,0.023] accelerator

el [—0.036,0.036] accelerator

ely [~0.006,0.0054] IceCube

el [—0.039,0.039] atmospheric + accelerator

NSI with electrons

eZﬁ, erf” [—0.13,0.13] reactor + accelerator

ek [—0.33,0.33] reactor + accelerator

ek [-0.28, —0.05] & [0.05,0.28] reactor + accelerator
[-0.19, 0.19] TEXONO

efﬁ, ffff [-0.10,0.10] reactor + accelerator

ey [—0.018,0.016] IceCube




Current Constraints (CC NSI)

[Farzan, Tortola *17]

90% C.L. range origin

semileptonic NSI

eudr [—0.015,0.015] Daya Bay
Lt [—0.026, 0.026] NOMAD
L [—0.037,0.037] NOMAD
eudk [—0.087,0.087] NOMAD
eudk [~0.12,0.12] NOMAD
vl [-0.013,0.013] NOMAD
eudit [—0.018,0.018] NOMAD
purely leptonic NSI
ehelenelt 1_0.025,0.025] KARMEN

EZ;Lv Z‘;R [—0.030, 0.030] kinematic G




DUNE Sensitivity (with 300 kt. MW.yr exposur
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[Agarwalla, BD, Chatterjee (in prep.)]
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DUNE Sensitivity (with 850 kt. MW.yr exposure)
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[Agarwalla, BD, Chatterjee (in prep.)]
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DUNE Projected Limits (90% CL)

NSI Parameter 300 kt.MW.yr 850 kt.MW.yr
e —0.025 — 40.052 | —0.017 — +0.04
Cer —0.055 — +0.023 | —0.042 — +0.012
Epr —-0.015 — 4+0.013 | —0.01 — 40.01
Eee -0.185 —» +0.38 | —0.13 — 40.185
Epn —-0.29 — +0.39 —0.192 — +0.24
Err —-0.36 —+ +0.145 | —-0.12 — 4+0.095

[Agarwalla, BD, Chatterjee (in prep.)]



NSI Model Building

@ The dimension-6 operator

Lns1 = —2\@GF52(5(17@’7“PL1/5)(?%;,Pxf)

implies that | eag ~ % .

@ If new physics scale A ~ 1 (10) TeV, then e,5 ~ 1072 (1074).
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@ Non-renormalizable, not gauge-invariant. Breaks SU(2), gauge symmetry
explicitly.

@ In general, BSM theories must respect the SM gauge invariance, which implies
stringent constraints on NSI.



NSI Model Building

@ The dimension-6 operator

Lns1 = —2\@6[:52(5(ﬁn’y‘uPLl/,g)(?’y“Pxf)

implies that | eag ~ % .

@ If new physics scale A ~ 1 (10) TeV, then e,5 ~ 1072 (1074).

@ Non-renormalizable, not gauge-invariant. Breaks SU(2), gauge symmetry
explicitly.

@ In general, BSM theories must respect the SM gauge invariance, which implies
stringent constraints on NSI.

e Specifically, if there is an operator of the form 2 (7av" PLug) (€47, Pils), it must be
part of the more general form 7 (Lo~ Ls)(LyvuLs).

@ This involves four charged leptons and is severely constrained by rare LFV
processes like ;. — 3e.

@ BR(p — 3e) < 102 implies €55, < 107°.



A Concrete Example

At At
@ Type-ll seesaw: SM+ a scalar triplet A = V% A+ | [Schechter, Valle '80]
V2
La=Yus LY, Cioy A Lgp + Ny 6" ioa ATp + hec.,

— 1 —
Ly =Yy | A" VGvss = 500 (zgR Vap + 10, e@L> — AT, eaL} +he.



A Concrete Example

At At
@ Type-ll seesaw: SM+ a scalar triplet A = V% A+ | [Schechter, Valle '80]
V2

La=Yus LY, Cioy A Lgp + Ny 6" ioa ATp + hec.,

— 1 —
Ly =Yy | A" VGvss = 500 (zgR Vap + 10, e@L> — AT, eaL} +he.

@ Integrating out the triplet scalars (with mass Ma),

m Y, ¥e] g 7,72 — 1 —
L= (i) =

5 (Mw)as VR VAL,

W (EV}J V[J’L) (m’y“ fo'L)v

@ Leads to the NSI parameters

el = L S (my)p (m])
= T3 BG g M (o



Triplet Higgs Model

Vg )

‘ Vg Vo

vg ~ (15 [J Zp

(a) Light neutrino Majorana mass

term
fﬁ ga ¢ Y L7 (b
A+ AN A s
------ T e-m---<]
EO‘ gl’ ¢ -7 T (b
(¢c) Four-lepton NSI (d) SM Higgs self-coupling



DUNE Sensitivity

[Agarwalla, BD, Chatterjee (in prep.)]
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DUNE Sensitivity

[Agarwalla, BD, Chatterjee (in prep.)]

10° T T T 10° 100 Aaasanaasasases T
vy =001 eV B Model vy =001eV [ Model vy =001 eV =
\ Model
[l puNE DUNE \
=== 0.049(-90°) —== 0.05(-90") \ === 0.014(-90")
101 — == _90"(Model) | 101 — == -90"(Model) | -1k === -90"(Model)
\
_ N
85 N
= S
102 1072 S, El 1072 Se-a
~ S~
e ~d
~.
03 10-? 103
100 200 300 400 500 600 700 800 900 1000 100 200 300 400 500 600 700 800 900 1000 100 200 300 400 500 600 700 800 900 1000
M, [GeV] My [GeV] My [GeV]
Decay Constraint on| Bound
p e eter n 3.5x 1077
T e eter 1.4x 1074
T s p lelin 1.2x 1074
T~ e pte” 1.0 x 1074
T pmetu elie 1.0 x 1074
T e T 1.0 x 1074
T eTetpT he 9.9 % 107°
0o ey [Saedal |26 x107°
T ey IS aeinl |18 x 1072
T =Ty [Saehal  [20x 1071
phe™ — pet |efic 3.0 x 107%] [Huitu, Karkkainen, Maalampi, Vihonen '17] 4




Singlet Seesaw

@ SMs+singlet fermions. Includes type-l seesaw and variants, such as linear, inverse

and generalized seesaw.

@ Take the inverse seesaw example (which allows large active-sterile neutrino

mixing) with two sets of singlets vg and S. [Mohapatra, valle '86]

_ 1—
—L, =L Mpvr + SMgrug + 55/150 + H.c.

9%x9 v-mass matrix:

{ve,vg, S¢}
M,

0 Mp O
=| My 0 ML
0 Mr p

Light neutrino mass matrix:

LNV: tiny

m, ~ Mp

Mg!

w(ME) ' ME = FuFT




Non-unitarity and NSI

T 34n
L= }W* (Z S UL, vy P+ Z Vi N;;,WPM) +he.

l=e m=1 l=em'=

T 3+n
+ m ‘ (Z Z U[m Um™Y PL v+ Z Z Wm’ m”)/“PL Vi) +he

l=e m=1 l=e m'=

20



Non-unitarity and NSI

T 34n
L= }W* (Z S UL, vy P+ Z Vi N;;,WPM) +he.

l=e m=1 l=em'=
g T 3 T 3+n
+ mzﬂ (Z Z Ulm U v PL ve+ Z Z Vh”/ N;l/’)“PL W) he
v l=e m=1 l=e m'=4

@ Non-unitarity: U ~ (1 — §) Ubmns, Where = = FFT is the NSI parameter and

1/2
o type-I
F = MDM,;1 ~ (MR)1 ) (type-I) [BD, Mohapatra *09]
("L—”) / (inverse)

20



Non-unitarity and NSI

T 34n
—-L= \/g_VVJr Z z Up Vm" Prl + Z Z Vi NEA"PLL | + hec.
{=e m=1 l=e m'=
g T 3+n
o050 " AR D Vi Non P | e
l=e m=1 l=e m'=

@ Non-unitarity: U ~ (1 — §) Ubmns, Where = = FFT is the NSI parameter and

) v (type-I)

F=MpMg" ~ (
)1/ 2 (inverse)

[BD, Mohapatra *09]

=R §B

10! 10! 10!
— (t e y) present — (r7 " y) present
10°E (i) present 100 | == DUNE reach (90% C.L) jgof =" DUNE reach (90% C.L)
_ (u=ey) fure _ _
.z “<- DUNE reach (90% C.L]| .7 |£e;1=0.09 .7
& 107" e, =005 [T TR
; = Z
f IS4 N 1£,:1=0.014
=107 « Z 10 ~« = 1072F
g0tk [T} [T
$ ¢ <
1074 10 1074
1073 — 1075 = — 1075 —
1077 107! 10° 10! 10* 0% 10! 10 10! 10° 107° 10! 10° 10! 10*
My [GeV] My [GeV] My [GeV]

[Agarwalla, BD, Chatterjee (in prep.)]
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Zee-Babu Model

[Zee "85, '86; Babu '88]
L= Lo+ fapLi CioaLigh® + gapeSesk™ — ph™h™ k' 4+ hoe. + Vi,

- T - <
- I ~ ~ }7
h 7 L
« 1 *
/ \

’ i k= \
A 1 \
L ! o

T T
129 1 R €R 1 VL
1 1
| 1
(H) (H)
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Zee-Babu Model

[Zee "85, '86; Babu '88]
L= Lo+ fapLi CioaLigh® + gapeSesk™ — ph™h™ k' 4+ hoe. + Vi,

- T - <
P - ] ~ - -
- 2
s " ~
’ \
’ i k= \
I 1 \
r 1 e \
, ‘L N Lo
T T
129 1 R €R 1 VL
1 1
| 1
* X
(H) (H)
(/) Ea /ﬂ
ht
e — —
£, Vg Vy

(b)
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NSI in Zee-Babu Model

Log, ()

m

3

s
uT

ee __ feﬁf:a

e fll«efe*‘r

E, B =E,8= ~
aB aB \/§Gpmi

* 2 2
~ 4f€5fea Mmyy My
2 2 27
gw My, mp
* 2 2
c ~ 4fuefe7’ 7nW 7/nW
Te - 2 2 2
ﬂGFm% 9w My, my,
-2 T T T
p=1TeV
3k 1
E;: 4L 4
>
S
5L 1
6 L L 1
-6 5 -4 3 2
Logm(e:."p)

[Ohlsson, Schwetz, Zhang '09]
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NSI from Extra U(1)

@ Based on SU(Z)L X U(1 )y X U(1 )l. [Farzan, Shoemaker '15; Babu, Friedland, Machado, Mocioiu '17]

Eaf = ———"—
P 2V2Grm,

gauge coupling, g'

ff’

g1 Quavg (regardless of the Z' mass)

0.010
0.001:,
107
........ £,-=0.021 (DUNE reach)
sk - &,:=0.06 (present bound)
10” :
........ °—yZ!
————— Present Osc. data
-6 L L '
107 5 10 50 100

mediator mass, mz [MeV]
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Flavor Changing U(1)

10-2; %

Jeff

10  0.001  0.100 10
mz (GeV)

[Altmannshofer, Chen, BD, Soni '16; Agarwalla, BD, Chatterjee (in prep.)]
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Conclusion

@ NSI could be responsible for neutrino flavor transitions either at the
source/detector (CC) or during propagation through matter (NC).

@ Interesting near-detector physics.
@ NSis are inevitable in many neutrino mass models.

@ In a realistic model, difficult (but not impossible) to avoid the stringent LFV bounds
and simultaneously entertain observable NSI.

@ Search for NSI at DUNE will be complementary to the direct searches for new
physics at the LHC.
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Conclusion

@ NSI could be responsible for neutrino flavor transitions either at the
source/detector (CC) or during propagation through matter (NC).

@ Interesting near-detector physics.
@ NSis are inevitable in many neutrino mass models.

@ In a realistic model, difficult (but not impossible) to avoid the stringent LFV bounds
and simultaneously entertain observable NSI.

@ Search for NSI at DUNE will be complementary to the direct searches for new
physics at the LHC.

Thank You.
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