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Non-standard interactions: impact of NSl on oscillations

Non-standard interactions: scattering (nuclear and electron)

Non-Unitarity

Sterile neutrinos in oscillations



Why BSM?

Experimental evidence: Theoretical indications:
Dark matter Strong CP problem
Neutrino masses Hierarchy problem
Martter-antimatter asymmetry Flavor puzzle
Gravitational interaction Cosmological constant
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Why BSM in neutrinos?

_Experimentalevidence: \ Theoretical indications:
- Dark matter ‘; Strong CP problem
. Neutrino masses i I Hierarchy problem
. Matter-antimatter asymmetry i Flavor puzzle |
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“Gravitationalinteraction
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Neutrino masses
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Covered in S. Petcov's lectures
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Minkowski 77, Gell-Mann, Ramond, Slansky '79, Yanagida 79, Mohapatra, Senjanovic ‘80



Neutrino masses
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Neutrino Interactions: Fermi theory
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Non-Standard Interactions
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Non-Standard Interactions
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Charged-current-like:
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Non-Standard Interactions
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Non-Standard Interactions

....................

LI — Lo + Kacd 5 + F5£d=6§+

....................

In full generality, all possible Lorentz structures are allowed. For CC-like operators:

L7 D — 2\/§GFV3'1<:{[1 + € o (W " Prd®) (Lo, Prvg)

+ [has (@7 Prd®)(lavuPrLyg) }

Analogousto the
onesin the SM
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Non-Standard Interactions

....................

LI — Lo + Kacd 5 + F5£d=6§+

....................

In full generality, all possible Lorentz structures are allowed. For CC-like operators:

L7 D — 2\/§GFV3'1<:{[1 + € o (W " Prd®) (Lo, Prvg)

+ [6‘7R o (W y* Prd®) (Lo, PrLyg)
]. - gk i okN(7 )
i 9l€s la op (W d7) (Ca PLVg) Other Lorentz
Loy i k7 structures are
— Hlepla o (W y5d") (Lo PLyg) also possible
+ ie%k B(EJUMVPLdk)(EaUMVPLVQ) + h.C.} )
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Non-Standard Interactions

....................

LI — Lo + Kacd 5 + F5£d=6§+

....................

In full generality, all possible Lorentz structures are allowed. For CC-like operators:

2
,4( 7T+® / yk>o< PU,. (4w, Prvg,)

~

Pozﬁ = 5&[3 (in the SM)
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Non-Standard Interactions

....................

LI — Lo + Kacd 5 + F5£d=6§+

....................

In full generality, all possible Lorentz structures are allowed. For CC-like operators:

2
,4( 7T+® / yk>o< PU,. (4w, Prvg,)

—
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Non-Standard Interactions

1

eff _
L Loy + A

e ey L N

We can play the same game for NC-like operators:

6770 5 = 2v2Gp{ [1g] + € Jap (1" ) (Paru Prvs)

Analogousto the
+ (Lg% + ehlas (F1"7° F) (Pavu Prys) onesin the SM
g, =T} — 2Qy sin® 0, el =el + ¢,
g;];E—T})’ ef; Eei—eé
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Non-Standard Interactions

.....................

£l = Lo + Kacd 5 + F5£d=6§+

.....................

We can play the same game for NC-like operators:

6770 5 = 2v2Gp{ [1g] + € Jap (7" ) (Paru Prrs)

+ [1g% + € )as(FY"*Y° ) (Payu PLvg)

NSl aftecting
propagation/detection

Analogousto the
onesinthe SM

u,d, e u,d, e
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— Has anyone noticed that | am cheating
(a bit)?



Viable models for NSI at low energies
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Viable models for NSI at low energies

....................

1 .
Lellt = 1 spa=s 5 L=e
SM T+ A +§ A2 L i+
Qr,qR Qr,qrR
LL,a LL,B

See e.g. Antusch, Baumann, Fernandez-Martinez, 08071 ()()7[]%3 ph|
Gavela, H umndu Orta, Winter, 0809.3451 [hep 7h|
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Viable models for NSI at low energies

For example, let us suppose | am interested in NSI with electrons.
These can be generated, e.g. through

OrE], = (LPeR)(erLa)
After EWSB, this generates

Vi ERERVq — the operatorwe want  — [6%]04/3

Pilar Coloma- 1T Gavela, Hernandez, Ota, Winter, 0809.3451 [hep-ph]
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Viable models for NSI at low energies

For example, let us suppose | am interested in NSI with electrons.
These can be generated, e.g. through

Orpls = (LPer)(erLa)

After EWSB, this generates

e e
EL ERERVLq — the operatorwewant  — [6%]04/3
deRéRgLa — thisis dangerousle.g. BR(p — 3e) < 10712 vy, W
e e
v e

Pilar Coloma-IFT Gavela, Hernandez, Ota, Winter, 0809.3451 [hep-ph] 2!



Viable models for NSI at low energies

Possible ways out?
[) Generate NSl using higher-dimensional operators via Higgs insertions. For example:
86 _ 7 .
0L o)™ = (L2 L) (B, 2,) (' )

5 36 _, _ T Atd=8
[OLEHL)w = (L"v"TLa)(E°v,E)(H'TH)

Pilar Coloma-IFT 20
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Viable models for NSI at low energies

Possible ways out?

[) Generate NSl using higher-dimensional operators via Higgs insertions. For example:
86 _ 7 .

} (LBWPLa)(E5VPEV)(HTH)

65 - _ Atd=8
} (LBVPTLa) (E ’YpEv) (HTTH)

[OLEH
[OLEH

These operators also generate the NSl operator and the charged-lepton companion,
but through different combinations:

¢ oy
U \2 )

. 1 1 _8 o 5 :
0Zeqt V) (_icLE A2 573 Crpm + CLJ:,H)) (77" Prra) (€°7,PrE,)

54

ik

1 1 2 *r B
T ? <_§CLE + ﬁ(CEbH - CEEH)> (ﬁd"f’ﬂp Lfa) (fa’“r’pp Ji‘.f':.-) + h.c.
. - o1
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Viable models for NSI at low energies

Possible ways out?
[) Generate NSl using higher-dimensional operators via Higgs insertions. For example:
86 _ 7 .
[OLEH} (LBWPLa)(E(S%Ev)(HTH)

65 _ _ T Atd=8
[OLEH} (L VPTLa)(E ’YpEv)(H TH)

These operators also generate the NSl operator and the charged-lepton companion,
but through different combinations:

V2

vy
v

. 1 1 _8 o 5 :
0Zeqt V) (_icLE A2 573 Crpm + CLJ:,H)) (77" Prra) (€°7,PrE,)

34
1 1 ?"'12 1 3 v . ) ) )
T A2 _§CLE T ﬁ(CLEH —Cren) (1( VP LLy) (fi v,Prl,) + h.c.
. . E3é

- extra suppression with the scale of new physics = small effects expected
-a strong cancellationis needed in the charged lepton operator

Pilar Coloma- 1T Gavela, Hernandez, Ota, Winter, 0809.3451 [hep-ph] 24



Viable models for NSI at low energies

Possible ways out?
2) New Physics way below the electroweak scale — e.g., U(1) with light Z' (~ tens of MeV)

See e.g., Farzan 150506906, Farzan & Shoemaker, 1512.09147, Farzan & Heeck, 1607.07616, Babu et al, 1705.01822
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Viable models for NSI at low energies

Possible ways out?
2) New Physics way below the electroweak scale — e.g., U(1) with light Z' (~ tens of MeV)

See e.g., Farzan 150506906, Farzan & Shoemaker, 1512.09147, Farzan & Heeck, 1607.07616, Babu et al, 1705.01822

For example:
New Dirac fermion, plus a Yukawa term with a new Higgs and the active neutrinos:
LOYoLroH PrYR + Z),(9eLy" PLL + gg Uy* )
(H') (H')

o
.
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Viable models for NSI at low energies

Possible ways out?
2) New Physics way below the electroweak scale — e.g., U(1) with light Z' (~ tens of MeV)

See e.g., Farzan 150506906, Farzan & Shoemaker, 1512.09147, Farzan & Heeck, 1607.07616, Babu et al, 1705.01822

For example:
New Dirac fermion, plus a Yukawa term with a new Higgs and the active neutrinos:
LOYoLroH PrYR + Z),(9eLy" PLL + gg Uy* )

(H) (H')
L gw :

;o 9rgukakis
eaﬁ GFM2/

— In this example, cLFV observables suppressed
because they need the exchange of the new f 9 f
Higgs, which can be heavy
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Light vs heavy mediators

Z/

q2 — M%/

gf
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Light vs heavy mediators

9
Momentum Contact
transfer interaction (¢ 9f v
dominates 1 (mass M%,
| | dominates)
gr9
X IV

(@?)

Mass
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Light vs heavy mediators

u,d, e U,
Ve v
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Mass
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Model-independent bounds

The most relevant observables that give direct constraints at
low energies are:

Beta-decay
Leptonic pion/kaon decays
Hadronic tau decays

Neutrino scattering:
CHARM/NuTeV(vg—vq)
SNO(vd - vpn)
Elastic scattering on electrons
Coherent scattering on nuclei
Neutrino oscillations (impact on matter potential)
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Model-independent bounds

The most relevant observables that give direct constraints at
low energies are:

Beta-decay
Leptonic pion/kaon decays
Hadronic tau decays

Neutrino scattering:
CHARM/NuTeV(vg—vq)
SNO(vd - vpn)
Elastic scattering on electrons

e - ————— R M e R M M e M M M M R M M M M M e e M M e e M e e e e e

Coherent scattering on nuclei

) S 4

Neutrino oscillations (impact on matter potential)

Pilar Coloma-IFT
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Impact of NS| on oscillations
(vector operators)
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NSl in propagation

NSlin propagation will lead to a generalized matter potential affecting neutrino

oscillations:
J Ve i L+ €ce €ep
z% v, | = |[UHU" + V() €5, €011
Vr _ 6:7’ EZT

‘/cc(x) — 2\/§GFne (33)

Oscillations are only sensitive to vector NSlin the form:

_ N nsE) gp |
€ap() =) (2 o (f=ude; P=LR)
f.P e

Pilar Coloma-IFT

€Cer Ve
€pr Vy
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NSl in propagation

NSlin propagation will lead to a generalized matter potential affecting neutrino
oscillations:

d Ve L+ €ee €ep  €Cer Ve
z% v, | = UHoU' + Vee(x) €e €up Eur vy,
Vs I €or € €rr ) | Vs
Vie(2) = 2V2G e () l
1+ (€ce — €up)  €ep €or
€ept 0 €t
EZT GZT (67'7' R G,M,u)
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NSl in propagation

H = UHoU" + Ve + Vst

O N,

A 2 R
X % x Grne(z) o Grne(T)€as )

Reminder:
- Oscillations take place because the Hamiltonian is not diagonalin the flavor basis

- The oscillation pattern observed in atmospheric data and beam experiments has a characteristic dependence
with L/E

-In the Sun things are different: the matter potential dominates at high-energies, due to the high density of
electrons, while at low energies we get a constant transition probability (vacuum)

[f NSl are large enough, they can dominate the Hamiltonian and do weird things, e.g.:
-suppress the oscillations (if NSl potential is diagonal in flavor basis)
-lead to oscillations, but with a pattern that does not match the usual L/E behaviour (for off-diagonal NSI)
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LMA-Dark solution
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The LMA solution

For solar neutrinos in the adiabatic regime: (see Lisi's lectures)

1
Pee = 5 [1 + cos 26 cos ZQM] Parke ‘86

Effective mixing angle at neutrino production point inside the Sun (SM):

Am? cos20 — 2/2EG g N,
Am?2,

cos 20,,, =

— At high energies, we need Pe. < 0.5, 50 6 must be in the lower octant
(LMA solution)

Pilar Coloma-IFT

58



The LMA-dark solution

"

€ €

[0 ¢
Hyxst = V2G N, ( ,)

Effective mixing angle at neutrino production point inside the Sun (with NSI)

Am? cos 20 — 2/2EGr(N, — € Ny)
Ami (€)

cos 20y =

Miranda, Tortola, Valle, hep-ph/0406280

Pilar Coloma-IFT
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The LMA-dark solution

"

€ €

[0 ¢
Hyxst = V2G N, ( ,)

Effective mixing angle at neutrino production point inside the Sun (with NSI)

Am? cos 20 — 2/2EGr(N, — € Ny)
Ami (€)

cos 20y =

Bottom line: One can obtain Pee < 0.5 even for cos28 <0, aslongas €'is large
enough — solar mixing angle in the upper octant!

Miranda, Tortola, Valle, hep-ph/0406280
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The LMA-dark solution

For KamLAND), in the two-family approximation:  (see Lisi's lectures)

Am?2, L
P,. ~ 1 — sin® 26, sin® ( o1 )

1K

KamLAND results invariant under

(912 H?T/Q—(glg

Pilar Coloma- [FT Miranda, Tortola, Valle, hep-ph/0406280



The LMA-dark solution

Pilar Coloma-IFT

Solar data only

Solar data + KamLAND

L L1l
L LRLL

=3 g E <> > "B
- 1 F LMA-I LMA-D -
i |[ - :
1E
1 1 1 I | I | I | I | l 1 | I | | | I | | | I . | I | I | I | I . |
02 04 06 0.8 10 0.2 04 06 0.8
.2 ; D
sin GSOL sin GSOL

1

Miranda, Tortola, Valle, hep-ph/0406280



Generalized mass ordering degeneracy

Using U = 033013V12

The vacuum Hamiltonian can be rewritten as:

H®) 0
Hvac — 023013 ( 0 A31 B % ) 0{3053
@ _ Agy —cos2012  sin 205"
2 sin 29126_25 cos 26015
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Generalized mass ordering degeneracy

Using U = 033013V12

The vacuum Hamiltonian can be rewritten as:

A
0 Az — =

H®) 0
H e = 023013 ( ) 015033

@ _ %( — 082015  sin 205 )

2 sin 29126_i5 cos 26015

[nvariant under:

4 R o o* ~ (seee.g,Gonzalez-
2 2 2 —> — (Garcia, Maltoni, Salvado,
Am3z; — —Am3; + Amg, 1103.4365)
sin (912 <> COS (912
O —m—20
\_ Y
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Generalized mass ordering degeneracy

In the SM, the matter potential can break the sign degeneracy:

H = HO +Hmat

Pilar Coloma-IFT 45



Generalized mass ordering degeneracy

In the SM, the matter potential can break the sign degeneracy:
H = Hy + Huyat

However, in presence of NSI:

1+ (€ce — €pp)  Eep Eor
Hot = \/§GFN€(:U) €o 0 €7
627’ EZ’T (67'7' o EMM)
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Generalized mass ordering degeneracy

In the SM, the matter potential can break the sign degeneracy:
H = Hy + Huyat

However, in presence of NSI:

1+ (€ce — €pp)  Eep Eor
Ho.c = \/§GFN€(CU) €o 0 €7
GZT EZT (67'7' GMM)

The LMA-dark
solution reappears
here

(A3, —Amd + A3 ) H s

sin 912 <> COS 912

o—-mT—0
€opo — €, — —(€.. —€ — 2
ce TR (€ce — €up) PC and Schwetz, 1604.05772
€rr — €up — —(€rr — €up) Bakhti and Farzan, 1403.0744

€ap = —€ng  (aF# P) j .




Bounds from oscillations

11

10

L o9
[(}]
o

NEN 8
<]

7

6
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T 1 | T 1T T 1 | T 1 T | 1 1 T I T 1 1 | 1T T 1 | T

| - | | I | | | . | | L1 | | I 1 L1 | | 11 1 1 | |

I|III1|IIII|It|||\f|||\i|||\lll|\

02 03 04 05 06 0.7 0.8
sin2912

[10° eV

Am

!I|\II|ItIIII\|III‘

0.3 04

0.5

o
sin 923

0.6

0.7

Figure from Esteban, Gonzalez-Garcia, Maltoni, Martinez-Soler and Salvado, 1805.04530
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NSl ef fects on
coherent scattering on nuclei
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Coherent neutrino-nucleus scattering

[n the SM:
14 14
do, NG%Q?X};Q 207 (o ME,
B, = 2 4 Twld) T R?
Qo = Zg;/ + N gX (same for all flavors)

Freedman, PRD 9 (1974)

Pilar Coloma-IFT
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Coherent neutrino-nucleus scattering

[n the SM:
5 5 14 14
de, — 2 4 W E?2
Qn =2 g;/ + N gX (same for all flavors)
Freedman, PRD 9 (1974)
gt =1/2 — 2sin* 6, ~ 0.04 5
g = —1/2 0 o N

Pilar Coloma-IFT
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Coherent neutrino-nucleus scattering

Cross-section (10 cm?)

[n the SM:
el — '%Cs CEVNS v, "7l CC — Pb v, NIN total
w 127 CEVNS —IBD -=== Pb v, NIN 1n
- "'Ge CEVNS Vg€ wn P v NIN 2n
10 . “Ar CEVNS N2
- BnacEWNs O X
1
107 |
1072
1073
104 £
10° e
I‘IIIIIII|IIIJ|EIIIIIIIIIIIIII|IIII|IIII|IIII|IIII
5 10 15 20 25 30 35 40 45 50 55

Neutrino Energy (MeV)

Figure from
Scholberg,
180105546
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Coherent neutrino-nucleus scattering
[n the SM:

—h,
<

2

Cross section (10 cm?)

10

llJJLJlLlLIilJJl-IIJllllJIJLllillLlleJl
0 10 20 30 40 50 60 70 80 90

. . L Neutron number
Figure from Scholberg, 1801.05546
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Coherent neutrino-nucleus scattering
[n the SM:

do, G%Q?X 5 , o ME,
dE, ~ 2r 4 wle )M | 2= =

v

Qn =2 g;/ + N gX (same for all flavors)

Freedman, PRD 9 (1974)

— Then, whyisit so challenging to observe?

1
LLoss of coherence expected for momentum transfers: ¢ ~ —

Pilar Coloma-IFT
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Coherent neutrino-nucleus scattering
[n the SM:

| Small nuclei

1 (~3fm)

: Large nucle; !
_ (~5 fm) f\
10—2 P | BT | L L

0 0.04 0.08 0.12 0.16 0.20
lq| [GeV]
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Coherent neutrino-nucleus scattering

Hence, we need:

— very low recoil energies, O(keV),since ¢ ~ 2M E,.

Pilar Coloma-IFT
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Coherent neutrino-nucleus scattering

Hence, we need:

UV 1%
— very low recoil energies, O(keV),since ¢ ~ 2M E,.

2

: : _ 2 E

- very low neutrino energies (< 50MeV) E,. = ( z ) ke V]
See e.g., Drukier & Stodolsky, PRD 30 (1984) 34 \ MeV

Pilar Coloma-IFT
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Coherent neutrino-nucleus scattering

Hence, we need:

UV 1%
— very low recoil energies, O(keV),since ¢ ~ 2M E,.

2

: : _ 2 E

- very low neutrino energies (< 50MeV) E,. = ( z ) ke V]
See e.g., Drukier & Stodolsky, PRD 30 (1984) 34 \ MeV

— very intense sources

Pilar Coloma-IFT
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Coherent neutrino-nucleus scattering

Hence, we need:

UV 1%
— very low recoil energies, O(keV),since ¢ ~ 2M E,.

2

: : _ 2 E

- very low neutrino energies (< 50MeV) E,. = ( z ) ke V]
See e.g., Drukier & Stodolsky, PRD 30 (1984) 3A \ MeV

— very intense sources

This boils down to:

-detectors very similar to those in direct detection
experiments, but O(gr - kg) size

-lab neutrinos from reactors, spallation sources are ideal

-detectors very close to the source (~ tens of meters), can
be hosted onsurface

Pilar Coloma-IFT
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Spallation sources: COHERENT

| ____PROTON BEAM

NEUTRINO SOURCE

COHERENT coll., 1509.08702

Pilar Coloma-IFT

= (a.u.)

dg
dE,

""" Ve o |.
—is R |
I - ~ 1
r S .
v, |
!
7 !
3 |
g I
2 s H
, o !

s 7
A 1
¥ \
7 X |
V. \ -
e ‘1 |
i \
,’/ '\\ l
s S
-~ e [
e y
- A L " 28

10 20 30 40 50
E, (MeV)
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CEvVNS searches at reactors

The much lower energy guarantees coherence condition is satisfied:

| 1 I ! | | | ! ! | ! | ] ! | ! ] 1 ] | ! | | I I | |

1 ,.--"‘"""--.,.. iy |
= P | A o &
= 0.8 .a‘f ™o "‘1. I_-
D ‘p“! '—’f "’t, l :
= 0.6 o > — Reactor Vs I
E : ;*,4" f-"' """ S{Ilﬂl‘-sB Ve .‘i | ]
\__;. 0-4 ‘.-. 'k‘.'.r‘ ;ff T— DAR'TC V.” ;;. |_:
& 021 ‘f.-t; 2 g === DAR-TV, |
i ol % | — DAR-nV, Y

0 | L% | | | l 1 | | | 1 1 | | .I 1 |

10 20 30 40 50
E, (MeV)

Figure from TEXONO coll,,
2010.06810
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CEvVNS searches at reactors

Primary Outside
containment  building

biological - g5 ol
shield NCC-1701 VGeN h(_: &vus/

10.39m 11.835m 17.1m

8.8m e 19.0m 72/102m

‘? RICQEHET- ™
i ‘n\ 5

Mll’ler R:}: é%n '-.\ n UJC'.eUS

e __,,,/ EXPERIMENT

<:%eactor—related backgrounds
Slide from J. Hakenmiiller’s talk at NDM22 symposium
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Coherent neutrino-nucleus scattering

In presence of vector NSI, neglecting oscillations:

fou _ G3 10"
dE, 27 4

E2

(6487 MET'
Fa (@®)M (2 -~ )

[Q]Za — (Qaa)2 + Z |Q065|2
EEaleY

Qus(&) = Z(gy Sap + €05 ) + N(gy 6ap + €05 )

Take-home message:
« Inpresence of NSI, different charges allowed for different neutrino flavors

 The coherence condition = low g* = CEVNS fallsin the contact interaction regime for a wide set of
models with light mediators

« CEvNSissensitive to the diagonal couplings separately — high complementarity with oscillation data

Pilar Coloma-IFT 63




Spallation sources: COHERENT

NE, =N =2 [R+ewV]" +2[R+e%)]” = 3R?

gV
~92Z/N +1

"7 N N N B B B R | =T R
H b

||||||||| oy

"1 08 06 —04 02 0 02 04 06 08

&’

Coloma, Gonzalez-Garcia, Maltoni and Schwetz, [708.02899
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Coherent neutrino-nucleus scattering

In presence of vector NSI, neglecting oscillations:

%
dog G% [QQ]aa 2 /2 M E,
B, " an 2 Twl@)M{2-

[Q]Za — (Qaa)2 + Z |Q065|2
EEaleY

N
4

Blind spot: for a given target, in full generality it is always possible to cancel
the effect of NSIbetween protons and neutrons

————————
e e e - - - —

— Can be alleviated combining different data on different target materials

————————————————————————————————————————————————————————

Pilar Coloma-IFT
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End of lecture |l
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