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Modello Standard... e Oltre?
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Why?
How?
1 1 EFT & NSlIs
Low=—7 Wi W" — 2B, B" +(D,0)'(D"0) + p*(610) — MoT0)® 11

NSIs @ DUNE

gauge sector Higgs sector

+ "Zf(f B f)—yiLiered — yi Qidird — yiQiujrd + h.c., i
N———

the research

matter sector Yukawa sector

Francesca Ferranti Neutrino NSI 9 Marzo 2019 3/13



Modello Standard... e Oltre?

I neutrini
Modello

L, = —éﬂ/_ W+€/_ _ ygﬁLej r®+h.c. Standard

ﬂ Sl bstere

Why?
. 5 How?
NO vg <+ NO termine di massa per v | errens
. NSlIs: P, 3
Solar Neutrino Problem NSis @ DUNE
Discrepanza fra il numero di v, prodotti dal Sole per
5 o o Broadenin
bruciamento nucleare e v, rivelati a terra. the research

3:1

Francesca Ferranti Neutrino NSI 9 Marzo 2019 3/13



Modello Standard... e Oltre?

I neutrini

Modello
Standard

Oscillazione

Leoks €he a Why?
webigo 05Cialion " Hour?

EFT & NSlIs

NSlIs: P, 3
NSIs @ DUNE

Broadenin
the research

Francesca Ferranti Neutrino NSI 9 Marzo 2019 3/13



Neutrino Oscillation Probability

Oscillation Probability in Vacuum e

o o . . ofD . e . Standard
Lagrangiana di corrente carica viene modificata dai termini di massa Oscillazione
cc i o . o
£°€ = —2v26r [(dvuPru) (7iUmns " Prer) + (EvuPrv) (PiUfwns7"Prej)] +hee. Why?
How?
Am2L EFT & NSlIs
Peer = [(vr (0) | ve()|? = 8ypr — sin?(20) sin® <?> [(ver (0) | ve(e))|?
. . . . NSils: FaufE)
— Emerge discrepanza fra autostati di sapore e di massa NSIs @ DUNE
Broadening

the research
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Neutrino Oscillation Probability

Oscillation Probability in Matter

| termini di corrente neutra modificano |'hamiltoniano

A = _ames [(ﬁe’YuPL(R)Ve) (E’y“PLe)} +he — H" = H® + (ﬁ%FNE g)

ma solo per ve:

Am? L
.2 .2 m
Pey, = sin® 260, sin
ep < )

— Si modifica I'evoluzione temporale degli autostati di massa
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Going Beyond the Standard Model: Why?

Esistono sia argomenti fenomenologici che e
a mettere in crisi il Modello Standard Srenderd
o Neutrino masses and mixing Why?
How?
EFT & NSlIs
NSls: P, g
. . . . NSIs @ DUNE
La scala di nuova fisica si pone a A > 1 TeV
Broadening

the research

Non Standard Neutrino Interactions

Interazioni sottodominanti, lepton flavor
violating, che modificano osservabili di interesse in
tutti gli esperimenti sui neutrini.
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Going Beyond the Standard Model: How?

I neutrini

Modello

Effetti indiretti di particelle su| 275 .
processi di bassa energia
Effective Field Theory Approac Hout?

EFT & NSIs
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1 _5)~6) , L (6) ~(6)
‘CefF:LSM—i_KC()Q()"FﬁZC, Ql +...

La base di operatori in d=6 produce deviazioni dallo SM
[1]Grzadkowski et al., 2010
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EFT approach to Neutrino Physics

Il set completo di operatori che modifica le interazioni dei neutrini ¥ : | neurin

O pu e ety o vpt+e —uvute o Py, Pur Zi;cri‘lilt;:ﬁone

o =S uT +U, o vaN — eg N O L. why?
Purely Leptonic Operators Semi-Leptonic Operators rransn
(Quilprst = @t )@t (@It = Gyl )(@rar)  wsiabine
(Qelpse = Tl )@ e) (@ e = (Ty'6) (@00

Broadening
the research
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[Qeedalprst = (Bre,)(dsct)
[QL) Jorst = (Brer)ei(Tue)
[Qgc);u]prst = (Z,UW er)ejk (6?0”” Ut)

— Usando le Equazioni del Gruppo di Rinormalizzazione si ottiene la L.,
per studiare effetti su processi di bassa energia (Operator Mixing)
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Modified Oscillation Probability

Source/Detector NSls | neuei

Standard
Le NSls di corrente carica modificano gli stati di sapore alla sorgente e al Oscillazione
detector:
e L _ L . Why?
Lys) = —2\/§GF (5QB + 6(“’-{) [(Z’y PLV) (V’YMPLG) + (l'y PLV) (u’yMPLd)] + h.c. M
EFT & NSlIs
p=s,d\ ., P s dy _ ~ 1 a=p NSls
lve >*Z(6°‘B+Eaﬁ)|uﬁ> - <V‘X|Vﬁ>7€a57{623+eiﬁ a#pB NSls: P, 5
B o
NSIs @ DUNE
Gli autostati di flavour non sono ortogonali!
Broadening

the research
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Modified Oscillation Probability

Matter NSls

Le NSls di corrente neutra modificano |'hamiltoniano di materia:

ﬁ”gl = 72\/§GFZ [e;% (DQ'VHPLVE) (f’y“PLf) + ei@ (Da’YuPLVB) (f’y“PRf):I + h.c.
f

_ m
yNSt _ View — Vur\ uh Vap = V2GENg(x) egig
m m + | v* V. where § m Ne(x) ¢ L R
s T €ap = 2f Ny (x) (eap +€ap)

L'evoluzione nel mezzo si modifica anche per v, e v;!

y
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Modified Oscillation Probability

I neutrini

Modello
La Survival Probability si modifica, rispetto al caso standard, Srenderd
come segue:
Y s Why?
Puu(L) =1 —sin"(20o) sin” x :;V-vr?& NSls
_ %sin2(290)sin(2x)[(6Z’H — ¢ ) cos(260) — 2R(</[, ) sin(200)] Vol NS
.2 NSIs @ DUNE
1 . sin® x m moy
+5 sin(46o) ” [2R(c,.) cos(260) + (€7, — €77 ) sin(260)] VgL
— sin(40) sin® xR(c;,, + €7,) — sin(260) sin(2x)S(e5,r — €5, ) rovaering,
_ AmPL
where x = =/F
P+ P.r #1 — Si perde |'unitarieta’! )
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Modified Oscillation Probability
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And that, in simple terms, is how neutring non
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Modified Oscillation Probability

Confrontando i set-up trovati nel mio studio e in letteratura,
valutiamo la discrepanza fra il caso standard e non-standard

Probability

Neutrino (left) and Antineutrino (right) P, with €[, =107 at IC

og(E/GeV)

Francesca Ferranti

Probability

log(E/GeV)

Neutrino NSI 9 Marzo 2019

I neutrini

Modello
Standard

Oscillazione

Why?
How?
EFT & NSlIs

NSls: Paf
NSIs @ DUNE

Broadening
the research

10 / 13



Modified Oscillation Probability

I neutrini

Confrontando i set-up trovati nel mio studio e in letteratura, Modello

Standard

valutiamo la discrepanza fra il caso standard e non-standard Oxcillazione

Probability

Why?
How?

Neutrino (left) and Antineutrino (right) P, with €[, = 1072 at IC EFT & Nsls

og(E/GeV)

Francesca Ferranti

NSls: Paf

1.0/ /\\ — NSIs @ DUNE
/ — PO

~_
/ \ / Broadening

/ / the research

Probability
o
2
e

log(E/GeV)

Neutrino NSI 9 Marzo 2019 10 / 13



The Deep Underground Neutrino Experiment

DUNE: esperimento di tipo
long baseline composto da
due detector, Near e Far.

Partira’ nel 2027 a Fermilab.
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The Deep Underground Neutrino Experiment

DUNE: esperimento di tipo
long baseline composto da
due detector, Near e Far.
Partira’ nel 2027 a Fermilab.

Il numero di eventi attesi si calcola usando [DUNE Collaboration, 2016]

E¢
N = time X #targets X efficiency x / dE, d¢(E ) o(E)
E

Nel range di energia E, = [0.25,8.25] GeV:
© 3 anni: tempo dell’operazione per fasci di v + v
o 1.1 x 10% protoni: numero di target

o 56%: efficienza

V.

Francesca Ferranti Neutrino NSI
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Prospettive di DUNE

Modified oscillation probability @OUNE Ig“d"d

Oscillazione

Near Detector + Far Detector Why?

How?
EFT & NSlIs

misure di precisione & misure di oscillazione NSls: P
NSIs @ DUNE

Broadening

¢ Migliore analisi di modifiche alla P, e sul problema della Broadening
degenerazione dei parametri [4]Fiores et al, 2018

¢ Studi sull'effetto del Profilo di Densita’ di Massa sulle NSls

[5]Chatterjee et al., 2018

¢ Possibile rivelazione del neutrino sterile

Attacco combinato a tutti problemi della fisica dei neutrini
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Prospettive di DUNE
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NSIs @ DUNE
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/
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Come si puo’ migliorare?

Alleggerire le assunzioni L,.“:;z‘.ﬂ,:‘
Standar

Le assunzioni fatte erano: Ossillazchs
5 5 Why?
L. invariante sotto Gsu How?

o . EFT & NSlis

L« deve includere tutti SM d.o.f.
Nessuna nuova particella sotto scala A NSls: P, 3
NSIs @ DUNE
o Broadenin,

the researc|
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0 o hy?
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Approccio Model Dependent

Si possono implementare i risultati nei modelli di Nuova Fisica,
perdendo in generalita’ ma risultando piu’ predittivi [7]Farzanetal 2017:
o Neutral Scalar Boson o Leptoquark o Z' light boson
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Le assunzioni diventano: Oscillazione

5 = hy?
L invariante sotto Gnew D Gsm el
. . EFT & NSls
L.« deve includere tutti SM d.o.f.
Nuovo contenuto particellare (e.g. vg) [6]Bischer et al., 2018 NSls: P,

NSIs @ DUNE

— Si generano ora nuovi operatori i.e. diverse NSls

Broadenin,
the researc|

Approccio Model Dependent

Si possono implementare i risultati nei modelli di Nuova Fisica,
perdendo in generalita’ ma risultando piu’ predittivi [7]Farzanetal 2017:
o Neutral Scalar Boson o Leptoquark o Z' light boson

— Possibili studi comparativi fra NSls e altre anomalie dello SM g
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Science is no religion

I neutrini

Modello
Standard

Oscillazione

>

WWWAAAAA,
Why?
o]
EFT & NSlIs
-
NSls: P

af
NSIs @ DUNE

=T
-

Broadenin,
the researc|
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|

Clans Gugprew 2ots

https://www.hep.physik.uni-siegen.de/grupen/
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EFT Approach : An important assumption

I neutrini

NP couples only to the third generations at A scale Modello,
Oscillazione
Theoretical Motivation: This assumption holds in many BSM flavor
models (e.g. U(1) and U(2) flavor models) B
EFT & NSIs

Phenomenological Motivation: In order to simultaneously explain .
20% NP in CC (RD) and NC (RK) in B phySiCS [Feruglio et al., 2016] NSIs @ DUNE

7/¢ LFUV in CC b — c transitions:

Broadening
) the research

B(B_ — DTD)GXP/B(? — Dt M 1.344+0.17 Bibliography
B(B — DID)en/B(B — DDy

Tl _
Rpy™ =

p/e LFUV in NC b — s transitions:

B(B = Kpfi)e
Rive = = " T _ ().745 4 0.036
K B(B — Keé).,,
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Description of A scale operators in L

I neutrini

In literature, Lns) contains only Qys and Qe — We considered the e
complete basis of 4-fermions operators inducing (V-A) lepton currents. Standard

Oscillazione

There is an asymmetry between leptonic and semi-leptonic operators: Why?

How?
EFT & NSlIs

& Qe contains both neutral and charged currents NSls: P 5
NSIs @ DUNE

o Scalar leptonic operator derives from Qe by Fierz transformation

v — - — Broadening
(Covulr)(@syHer) = 2(€p er)(Es 4y ), hS e

Bibliography
© Tensor leptonic operator is ruled out because of U(1)y
Pome)eu@o™e)  Yig=1.
— Changing particle content, produces different operators <
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Building the low energy EFT Lagrangian: tools
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Building the low energy EFT Lagrangian: tools

I neutrini

Modello
Standard
Oscillazione
We want a Lagrangian at the scale of v physics: ~ 2 GeV
Yz
How?
EFT & NSlIs
© Renormalization Group Equations allow to evolve the
Wilson coefficients: S
. d .
C = ,u@ Ci(p) = 7ijCi(p) Operator Mixing Broadening

Bibliography
o When crossing a mass scale, running from A to 2 GeV, we
have to integrate out the corresponding d.o.f. and match
the high-energy effective theory into the low-energy one.
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Building the low energy EFT Lagrangian: effect

I neutrini

Effect on the Lagrangian produced by running and matching: Modello

Standard
Oscillazione

Why?
0 L @) 3) How!
Ao L2g(N) = 35 (CelQeelssss + C1[Qy, 13333 + CG3[Qy, 13333 EFT & NSls
1 3
+Ce[Qrel333s + Cs[Qredgl33ss + Cs1[Q1(ge‘)Ju]3333 + Css[Q,({e(),u]3333)-

NSIs: P g
NSIs @ DUNE
Broadening

the research

Bibliography
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Building the low energy EFT Lagrangian: effect

Effect on the Lagrangian produced by running and matching:

A L24(N) = ,\% (CelQrelasss + C1[Qz)]3333 + Cz[Qg)]asss
+Ce[Qrel333s + Cs[Qredgl33ss + Cs1[Q2‘)w]3333 + Cs:s[Qz(),u]sns)-

SU(2); RGE and integration of W, Z, H and t 4+ matching

Mew - - L(mew) = LN + 572 M g S EQA).
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Building the low energy EFT Lagrangian: effect

Effect on the Lagrangian produced by running and matching:

Aceennn LN = 5 (CelQeelazas + C1[QZ)]3333 + Cz[Qg)]azss
+Ce[Qrel333s + Cs[Qredgl33ss + Cs1[Q2‘)w]3333 + Cs3[QZ(),u]3333)-

SU(2); RGE and integration of W, Z, H and t 4+ matching

Mew - - L(mew) = LN + 572 M g S EQA).

QED RGE and integration of b + matching

1 MEW -Q:
167272 In w 2 0&iQi-

2GeV - - + L(2GeV) = L(mgw) +
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Building the low energy EFT Lagrangian: effect

I neutrini

Effect on the Lagrangian produced by running and matching: Modello

Standard
Oscillazione

Why?
How?
EFT & NSlIs

NSls: P, g
NSIs @ DUNE

Broadening
the research

Bibliography

"

2GeV - - + L g(2GeV) = L(mgw) + ﬁ In TEW S~ 56,

— We can now parametrize observables of interest
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Renormalization Group Equation

Renormalization Group Equations (RGE) are a powerful tool
o Allows the cancellation of the dimensional regularization
scale
o In order to recollect the theory at different scales

The RGE for the Wilson coefficients reads

d
G = e Ci(p) =7 G(p)
1

Operator Mixing
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Renormalization Group Equation

Renormalization Group Equations (RGE) are a powerful tool B
. . . . . odello
o Allows the cancellation of the dimensional regularization %}ﬁld
scale
o In order to recollect the theory at different scales e
EFT & NSlIs
The RGE for the Wilson coefficients reads Nole. -
d NSIs@SuNE
G = e Gi(n) = 75 Gi(1)

Broadening
the research

l/ Bibliography

Operator Mixing

In the leading-log approximation, the solution reads

A
Gi(p) = G(A) + ;G In "
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Operator Mixing

Operator mixing in the RGE produces new operators

o 12X ¢ Operators: Their evolution depends on Qgc)lu and
they produce magnetic moment-type couplings

o 1?¢3 Operators: Their evolution depends on Qéic)w and
they modify the Yukawa coupling of leptons

o 12¢?D Operators: Their evolution depends on Qu, Qre,
ngf) and they modify gauge coupling to W and Z
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Operator Mixing

I neutrini

Operator mixing in the RGE produces new operators ity
Oscillazione
o 12X ¢ Operators: Their evolution depends on Qgc)lu and
they produce magnetic moment-type couplings s
EFT & NSlIs
o 1%¢3 Operators: Their evolution depends on Qéic)w and o
they modify the Yukawa coupling of leptons NSis @ DUNE
o 12¢?D Operators: Their evolution depends on Qu, Qpe, Broadening
the research
ngf) and they modify gauge coupling to W and Z I

— A source of LFV @tree level in C current is introduced

— A source of FV in N current for leptons (L and R current) and
quarks (L current) emerges.
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NSls at lceCube

I neutrini
. . . . . - odello
Neutrino (L) and Antineutrino (R) P,,,, parametrized with €]}, — €7, = 1072 Standard

Oscillazione

10 ) 10 — esi

Why?
How?
3 EFT & NSlIs

o2 o NSls: P, 3
NSIs @ DUNE

102
ogercev) ogfErGev)

Broadening
the research

Neutrino (L) and Antineutrino (R) Py, parametrized with €7, €3¢ = 102 Bibliography

10 ] 10 )
— —r

100 10t 100 10t
oglE/GeV) ogE/Gev)

Francesca Ferranti Neutrino NSI 9 Marzo 2019 13 /13



NSls at lceCube

Neutrino (L) and Antineutrino (R) P,,,, parametrized with €]}, — €7, = 1073

Neutrino (L) and Antineutrino (R) Py, parametrized with €7, €3¢ = 102

ogercev)

10 — st
—

loofEfGev)

10 )
—r

100

Francesca Ferranti

oglE/GeV)

100 10t
ogE/Gev)
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NSIs at DUNE: v scattering off electrons

I neutrini

The predicted number of events is N, = 1.69 x 10° J

Standard
Oscillazione

We considered as observable the following ratio

Why?
ion X7 How?
R, — 2Xi%ns T XiOns1 _ 1\ sp (211 211 2211 couples to et
‘ %07 e\€L R (Zur" L )&V PL ()
XiOgy T XiOgw wY PLyp) (&Y P (R)
i H . NSis: P 3
Given N, the constraint on R, can be translated in terms of A: NSls @ DUNE
2 Broadenin
- —q(1TeV he rererdt
—80x107*<—12x10"* % e
Bibliography

x [(C1 +3C3) + (0.13)(Ce — Cup)] < 8.0 x 107
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NSIs at DUNE: v scattering off electrons

I neutrini

The predicted number of events is N, = 1.69 x 10° J Modello

Standard
Oscillazione

We considered as observable the following ratio

Why?
v Vg7 How?
XiOnsi + XiOysi 2211 2211 ciTk) couples to EFT & NSls
Re=2—"F——= 1+5Re(51_ ) €ER ) (Puy" PLvw)(Evu P (rye)
XiOgy T XiOgw wYTPLYRRETREL(R)
NSlIs: P, 3

Given N, the constraint on R, can be translated in terms of A: NSis @ DUNE

00015

Broadening

00010
the research

00005 Bibliography
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NSIs at DUNE: v scattering off nuclei

The predicted number of events is N,y = 4.25 x 108 ] i
Standard
Oscillazione

We considered as observable the following ratio

Why?
Ry — XO-NC + )'(5-NC 6V,q is the correction given by the 7 decay Hov§7
N = xo€C + x5¢C ecc couples to (Do PLla)(dyH PLu) EFT & NSIs
_ pSM v el couples to Doy PLvg)(gyH P, q
= Ry" (14 6Rn (0Viugseccr ¢l (r))) L® Lq(PevuPrvp) @ PLea) Sl Pos
NSIs @ DUNE

Given N, p, the constraint on Ry can be translated in terms of A:

Broadening

1Tev> 2 y the research
A

Bibliography

—96x10°<—-145x107* (

X [(Cl + C3) + (0.01)(Ce + QCM)] <496 x107°
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NSIs at DUNE: v scattering off nuclei

The predicted number of events is N,y = 4.25 x 108 ] i

Standard
Oscillazione

We considered as observable the following ratio

Why?
Ry — XO-NC + )‘(5-NC 6V,q is the correction given by the 7 decay Hov{’
N = xo€C + x5¢C ecc couples to (Do PLla)(dyH PLu) EFT & NSIs
_ pSM v el couples to Doy PLvg)(gyH P, q
= Ry" (14 6Rn (0Viugseccr ¢l (r))) LA Lq(PevuPrvp) @ PLea) Sl Pos
NSIs @ DUNE

Given N, p, the constraint on Ry can be translated in terms of A:

Broadening
oot the research
Bibliography
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