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a few plesantries

Phys 1~ BND24 250



most important: these lectures are low-key; questions are great

| am literally here to tell you what | know

Phys 1~ BND24 350



apologies and disclaimers

Lectures are '"'Summer School" style
@ More material/slides than allowed by time
o Some S|ideS W||| be Sklpped (kept for completeness)

(] NOT an hiStOI’ica| SUMMary (see vExpt lectures by de Roeck)

R. Ruiz (IFJ PAN) /Phys 1 — BND24 4 /59



apologies and disclaimers

Lectures are ""Summer School" style
@ More material/slides than allowed by time
@ Some slides will be skipped (kept for completeness)

o NOT an hiStorlcal Summary (see vExpt lectures by de Roeck)

Goal: fill in some gaps between courses and research
@ Explain what goes into plots often shown in seminars & conferences
o Healthy miXtUre Of math and pIOtS (v physics is rigorous physics)

@ Personally, | have never seen some of the following in a lecture

(sorry also for the typos!)

Phys 1~ BND24 4759



Lecture Plan (one-day show!)

Lecture I:
e Ptl: The Standard Model (SM) neutrino

@ Pt2: The neutrino that nature gave us: intro to » oscillations

Coffee break at 10:30ish

Lecture IlI:

e Ptl. Consequences of neutrino masses (theory perspective)
e Pt2. Neutrino mass models (highlights)

Lunch at 12:30ish

Phys 1~ BND24 550



Ptl. the Standard Model neutrino



Particle Physics: Then and Now

Throughout the 20th century, a chief goal of particle physics was to
establish the particle spectrum, their , and their properties

possible with many tools, e.g., production at colliders, tabletop measurements of fundamental symm., and rare decays

credit: 1. Bigaran



Particle Physics: Then and Now

Throughout the 20th century, a chief goal of particle physics was to
establish the particle spectrum, their

The Standard Model (SM)

of particle physics

— position indicates quantum
numbers/ charges

(just like in chemistry!)

—e.g., spin, flavor, color,
, weak hyper
charge
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possible with many tools, e.g., production at colliders, tabletop measurements of fundamental symm., and rare decays
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Position makes quantum numbers, e.g., gauge charges, manifest

T}
——

o () ()
() ()
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Position makes quantum numbers, e.g., gauge charges, manifest

T}
—

(i) (45)
() ()

Qf:TEer%Yf = Yp, =+1/3
Qr=Th+1Yy = VY, =-1
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Position makes quantum numbers, e.g., gauge charges, manifest

T?
— c;_mﬂﬁslrk\' ON
— )

o0 m

() j

Qf:TEer%Yf = Yp, =+1/3
Q=TH+3Yy = Y, =-1

LEPTONS

Sanity: (Qupper _ Qlower) — (Tilpper _ Tiower) =41
Sanity: (2Nc)-Yg, +2Y;, =0
Exercise: show that N¢- Y, + No- Yy, + Ye, =0

Phys 1~ BND24 8/ 50




Position makes quantum numbers, e.g., gauge charges, manifest

Ry
CENLARTION
—

Species Symbol SU(3)c x SU(2), x U(l)y Rep. | U(1)gar Charge [Units of e > 0]

Quark | Qp = (”L) (3,2,+%) (+2/3)
dr, : -1/3 m
Quark uR (3,1,+%) +2/3
Quark dr (3,1,-2) -1/3
Lepton | Lp, = (1,2,-1) d
er -1
Lepton er (1,2, -2) —1
'/) v
technical note: here, fermions are states in the g e
gauge/interaction basis (# mass basis) [~
Q
. . Wy
— not consistent to aSSIgn MaSSES need to rotate into mass basis! < e

Phys 1~ BND24 950



question: how do we know that » carries weak charges?

Phys 1 - BND24 10/ 59



a few steps back



Nuclear 7 decay is governed by Fermi Theory

N P
= Q<:V_€

Lrermi = GF [NA*PLP] - [7evuPre]

Fermi('31)

Phys 1 - BND24 12 /59



|nvel’ting Ve |eg — inverse [J decay (“elastic” v-nucleus scattering)

N P

—iM(veN = e P)~ Ge [u(kp)y"Pru(ky)]-[u(ke)yuPru(k,.)] ~ Gr EB

Phys 1 - BND24 13 /59



|nvel’ting Ve |eg — inverse [J decay (“elastic” v-nucleus scattering)

N P

—iM(veN = e P)~ Ge [u(kp)y"Pru(ky)]-[u(ke)yuPru(k,.)] ~ Gr EB

= (v N >e P)~ m ¥4or (Phase space) x |IM[? ~ GFTI’EE

Phys 1 - BND24 13/
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|nvel’ting Ve |eg — inverse [J decay (“elastic” v-nucleus scattering)

N P

—iM(veN = e P)~ Ge [u(kp)y"Pru(ky)]-[u(ke)yuPru(k,.)] ~ Gr E3

_ E4
= (VN = e P)~ m Yy (Phase space) x |M[? ~ GEW,:ZI%

— scatt. rate (o) grows with scatt. energy without bound
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|nverting Ve |eg — inverse [J decay (“elastic” v-nucleus scattering)

N P

—iM(veN = e P)~ Ge [u(kp)y"Pru(ky)]-[u(ke)yuPru(k,.)] ~ Gr E3

. E}
= (v N >e P)~ m Yy (Phase space) x |M[? ~ GEW,:ZI%

— scatt. rate (o) grows with scatt. energy without bound

— violation of unitarity in scattering theory, i.e., > (prob)< 1

R. Ruiz (IFJ PAN) Phys 1 — BND24 13 / 59



Inverse 7 decay is a charged-current interaction!

Fermi thry is the low-energy manifestation of the electroweak thry

g _ 9u9v 5 >
(gW )2 Sy lg*|< M, _g\%v 2\/§G
== X - = -
V2 P—M2,+iT w My 2M2, F

Phys 1 - BND24 14 /59



Inverse 7 decay is a charged-current interaction!

Fermi thry is the low-energy manifestation of the electroweak thry
qudqu
2 8= p || <M2, _j2
gw W Sw _ _
(ﬁ) 8 (qz—MavwrWMw) o, = ~2V26r

4
= o(vN > e P)~ %% « high-E behavior is regulated
(finite at large E,)

Phys 1 - BND24 14 /59



question: how do we know that » carries weak charges?

Phys 1 - BND24 15 /59
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I/V(T VV(;

Wy Wy

—iM(e e, N WeWy) ~ \/E\/E(Qe)-E%-(gsin OwE)-E? = Qg?sin® Oy E?
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I/V(T VI/(;

Wy Wy

—iM(e e, N WeWy) ~ \/E\/E(Qe)-%-(gsin OwE)-E? = Qg?sin® Oy E?

—iM(e ey EN WeWy) ~ \/E\/E(g(czzgfvf‘)) . % (gcosOwE) - E?
= TEengZ— Qg?sin? Oy E?
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Wi Wi
) \Z/\fi
W W

~iM(e; e, 5 Wi Wy ) ~ VEVE(Qe)2-(gsinOwE)-E2 ~ Qg?sin® Oy E?

. Z _ e _ €
—iM(e e S Wy Wy ) ~ VEVE (B4R L (g cos Oy E) - E2
~ TL3 g2E? — Qg?sin? Ay E?

e

— scatt. amplitude (M.,,7 ~ E?) grows without w/o bound!

R. Ruiz (IFJ PAN) Phys 1 — BND24 17 / 59



Wi Wi
) \Z/\fi
W W

~iM(e; e, 5 Wi Wy ) ~ VEVE(Qe)2-(gsinOwE)-E2 ~ Qg?sin® Oy E?

. Z _ e _ €
—iM(e e S Wy Wy ) ~ VEVE (B4R L (g cos Oy E) - E2
~ TL3 g2E? - Qg®sin? Ay E?

e

— scatt. amplitude (M.,,7 ~ E?) grows without w/o bound!

== violation of unitarity!

R Rz (R pany e Phys 1 - BND24 =T



Wy Wy
/7

Wy Wy

R Rz (R pany e Phys 1 BND24 18 /50



Wy W
/7

Wy Wy

~iM(e e 2 W) Ti.8°E?

—iM(e, e, > Wi W) ~VEVE - (%) £ B2~ 1 1g2F?
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I/V[; 1/1/07
/7

Wy Wy

“//

—iM(e e —> WG We) ~ TE.g%E?

v 2
~iM(e ef, — WsWy) ~VEVE- (%) £ 2 1lg2FE?

= (T, +1/2)=00r T} =+1/2since T}, =-T}..
Delicate (structural) cancellations when all particles are included!

R. Ruiz (IFJ PAN) /Phys 1 — BND24 18 / 59



Position makes quantum numbers, e.g., gauge charges, manifest

FRST
CENERATION
—
Species Symbol SU(3)e x SU(2)L x U(L)y Rep. | U(1)gar Charge [Units of e > 0] LA,
2/3
Quark | Qr = s (3.2.+%) +2/
dr, -1/3
Quark uR (3.1.+§) +2/3
Quark dr (3,1,-2) —1/3
vy 0
Lepton | Lp, ( ) (1,2,-1) ( )
er -1
Lepton en (1,2,-2) —1

LEPTONS

Phys 1 - BND24 19 /59



how many » are there?

Phys 1 - BND24 2/ 50



In the SM (and natwre)y m, <« My = Z — 1,17; possible for all ¢
= [, =[(Z->vee)=T(Z—>v,1,)=T(Z > v:7) = inSMand “~" in nature

R. Ruiz (IFJ PAN) Phys 1 — BND24 21 /59



In the SM (and natwre)y m, <« My = Z — 1,17; possible for all ¢
— rl, = r(Z —> Z/GZ) = r(Z e I/ I//,) I_(Z - I/rl/r) “=""in SM and “~" in nature

@ Paramertize total width of Z as
rgot. — rM + rHad. + N;/\(itl\'(i % ry

o Number of light, active v (N/<1V)
can be determined from
e'e - Z - had. line shape

108 T T T T 3
e‘e" —qq E
— 4z ]
4 b -
oEL g e QED 3
4 10 g 3
© E 3
102 £ E
10E O
E | I

0 100 200

Vs/GeV
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In the SM (and natwre)y m, <« My = Z — 1,17; possible for all ¢
= [, =[(Z->vee)=T(Z—>v,1,)=T(Z > v:7) = inSMand “~" in nature

. . , 17
e Paramertize total width of Z as AY) !
rgot. — rM + rHad. + N;/\(itl\'(} % ry
_ 7
o Number of light, active v (N/<1V)
can be determined from N —Thomson (13)
e"e” — Z — had. line shape wl 2 G
108 T T T L
e'e —qy E [ |
— y:z 1 2 L
oEL g QED E 3
E | o L
L ] ‘T
% 108 2_ E g 20 —
C ] © L
102 £ E L
10E ) T 3 o) L L \ | . L L L
0 100 200 85 90 95
s/GeV \s/GeV
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One of the most important (and neatest!) LEP results:

° Fr?T vljne shape, wl ALEPH [\
N =2.0840 + 0.0082 DELPHI \

Opaq D]

L3
2 OPAL \
o From inv. Z decays, —
NV 22,92 4 0.05 s

10

@ 20 deviations consistent with
0 = ‘

Z — Nv decays [Jarlskog, ('91)] CE I I??Zm [G:"‘;]

@ Helps drive (mild) preference for non-unitarity of 3 x 3 mixing

See, e.g., Fernandez-Martinez, et al [1605.08774]

Important: e" e colliders under discussion can resolve this tension 4115230

Phys 1 - BND24 2 /50


https://arxiv.org/abs/1605.08774
https://arxiv.org/abs/1411.5230

the SM v: v scattering at high energies



high-energy »-hadron scattering probes flavor composition of sea
(anti)quarks in hadrons and valence quarks through

1%
> / s > —
W

S

e.g., charm dimuon vA — D+ X — 0+ X'

R. Ruiz (IFJ PAN) Phys 1 — BND24 24 /59



how to make a v beam?

R. Ruiz (IFJ PAN) /Phys 1 — BND24 25 / 59



“accelerator v's,” i.e.,
high-energy »'s beams, are
tertiary/3rd-stage beams:

pA - - [*y

Lederman, Schwartz, Steinberger (PRL'62) 3(’88)

Sanford Underground
Research Facility

set of three

graphite target electromagnets

proton beam
c beam dump
denay tunnel

from accelerator

: <o b
@ /'®.®N¢“’ /

™

neutrino beam
travelling
through Earth

Fermilab

1 /Phys 1 — BND24 26 / 59


https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.9.36

In the past few years, the LHC has been established as an intense
(laboratory) source of TeV-scale v (a remarkable expt. achievement!)

2 b —

Candidate LHC neutrino event from FASER's pilot run

New programs (saser, snoeric) now collecting v-nucleus scattering data

P

R. Ruiz (IFJ PAN) /Phys 1 — BND24 27 / 59



v scattering experiments are counting experiments:
@ count # of candidate signal events, e.g., le* + X satisfying criteria

e estimate # of background events from data-driven control region
@ calculate statistical significance

Phys 1 - BND24 28 / 59



v scattering experiments are counting experiments:
@ count # of candidate signal events, e.g., le* + X satisfying criteria

e estimate # of background events from data-driven control region
@ calculate statistical significance

Theory needed to estimate number (and unc.) of signal and bkg events:

Neandidates = L(datal) x o(scattering likelihood)

—— —— —_——
hep/nucl-ex accelerators hep/nucl-th/ph
Syt = 00 5 15



Generically, hard scattering of / € {/*, 7,7} off nucleons well-described
by kinematic factor (lepton bit) and “structure functions” (hadron bit)

I/g(k’l)
W*(q) 2
—"'—‘:::—
A rlag
A(pA) e e
- N
--a 0
TeaLl Xa(px)
.~~*~~__.
do(vA—(X) = ¥; (some function of pa.q); x F'A(pa,q)
| S ——
calculable from first principles parameterizes response of A

R Rz (R pany e Phys 1 BND24 20/ 50



Generically, hard scattering of / € {/*, 7,7} off nucleons well-described
by kinematic factor (lepton bit) and “structure functions” (hadron bit)

V(j(kl)

W*(q)

-
_____

s
do(vA—(X) = ¥; (some function of pa.q); x F'A(pa,q)
| S ——

calculable from first principles parameterizes response of A

Quark-Parton Model: F"*(py,q) ~ Y k-q.e. fA(x), x=-4°/(2pa-q)
o fis the parton (number) density function (PDF) of k in A
R Ruiz(FJPAN) | /Phys 1 — BND24 29 / 59



sketching the scattering formula

I/g(l{il)

W*(q)

1For a more thorough & pedagogical treatment, see appendices of RR, et al [Prog.Part.Nucl.Phys. 136 ('24) 104096)

R Rz (R pany e Phys 1 BND24 30/ 50


https://arxiv.org/abs/2301.07715

draw diagrams, currents, and build the matrix element

VZ(kl)
W*(q) ‘
- —'_‘_:— ————————
—iM A(pA) :_—___,_____ - Jaéi ’ Aa/" ’ ‘]gan
] o
~.‘.~ Xn(pX)
-~ *. =

R Rz (R paNy e Phys 1 - BND24 ST



2spins

squaring and summing over spins gives us H4" (excusive, n-body)

Phys 1 — BND24

~ L#V . Hﬁl’

32 /59



i * * H : uv
n-body phase space integral *and* summing over n gives us W,

d°o
a3 Nfdpsn Zn Zspins

2

vi(ky)

v
~ L, - W)

this step sometimes omitted in textbooks, e.g., Halzen & Martin

Summing over X, ensures “inclusivity” and closure, 1 =Y, |X,)(X,|

R Rz (R paNy e Phys 1 BND24 3350



Leptonic currents depend on exchange boson:

3o
{4}

o = 4e2{k‘]‘k; + I~ (k- kz)gﬂ“}

3o

= ggy{kq‘k; K — (e - kg + fkmkzﬁemﬁ}
il

2 iq-
This is equal to the usual expression W:\V = ﬁ S d*z € Z(A\J):ad_u(z) Jhad. (0)]A). See Eq. (A.22) and below of

Prog.Part.Nucl.Phys. 136 ('24) 104096 [2301.07715].
R. Ruiz (IFJ PAN) . Phys 1 — BND24 34 /59


https://arxiv.org/abs/2301.07715

depend on exchange boson:

3o
{4}

- 4e2{k‘]‘k; + I~ (k- kz)gﬂ“}

QED

3o

= ggy{kq‘k; K — (e - kg + fkmkzﬁemﬁ}
il

Hadronic current is formally defined by?:

W;;qzx = % z;ilf dPS, Zdof H/’?ll

2 iq-
This is equal to the usual expression Wﬁv = ﬁ [ d*z Z(A\J):ad_u(z) Jhad. (0)]A). See Eq. (A.22) and below of

Prog.Part.Nucl.Phys. 136 ('24) 104096 [2301.07715].
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Leptonic currents depend on exchange boson:

LY
Z

2
L =de {k‘]‘k; + kY (K, -kz)g”“’}

5o,

= g, { Ky + KRS = (k- kg™ + ik hgge e |
o

Hadronic current is formally defined by?:

W;;qzx = % zzilf dPS, Zdof H/’?ll

A PA PA p q° A
=-guw [ + “ 2 2xA F —i€uvpo 57 Q2 xaF3

+ _
q[_LqV 2FA PA,uunszuq,u 2XA Fé + pAHQVQQPAuq;L 2XA Fé4

2
This is equal to the usual expression W* = [ d*z e Z(A\ bad. M(Z) Jhad. (0)]A). See Eq. (A.22) and below of

%

Prog.Part.Nucl.Phys. 136 ('24) 104096 [2301. 07715]
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depend on exchange boson:

LY
Z

2
L =de {k‘]‘k; + I~ (k- kz)gﬂ“}

5o,

{4}

= g, { Ky + KRS = (k- kg™ + ik hgge e |

Hadronic current is formally defined by?:
W;;qzx = % z;ilf dPS, Zdof H/’?ll

A PA PA p q° A
=-guw [ + “ 2 2xA F —i€uvpo 57 Q2 xaF.

+ _
q[_LqV 2FA PA,uunszuq,u 2XA F5A + pAHQVQfAuq/,L 2XA F6A

point #1: WHAV has at most six unknown components (4x4)=1+1+4+4+6

This is equal to the usual expression W“ L= f d*z e'qZ<A\ bad. u(z) Jhad. (0)]A). See Eq. (A.22) and below of
Prog.Part.Nucl.Phys. 136 ('24) 104096 [2301. 07715]
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https://arxiv.org/abs/2301.07715

point #2: “structure functions” F;(x, Q%) are well-defined experimentally
point #3: Fi(x, Q%) are independent of underlying theory?
point #4: Wlf‘y is defined in the “DIS" limit:

XA = _2;3\2.q is fixed and Q2 > A%p, where Axp ~ O(1 -2) GeV

parton model says F; = 3" f;

7 /p: see Collins ("11) for nice discussion on this!

4scc Sterman [hep-ph/9606312] and see Collins ('11) for nice discussions!

Phys 1 - BND24 35 /50


https://inspirehep.net/literature/922696
https://arxiv.org/abs/hep-ph/9606312
https://inspirehep.net/literature/922696

point #2: “structure functions” F;(x, Q%) are well-defined experimentally
point #3: Fi(x, Q%) are independent of underlying theory?
point #4: Wlf‘y is defined in the “DIS" limit:

xa = 52 is fixed and Q% > A%, where Axp ~ O(1-2) GeV

point #5: in practice, f4 56 can be neglected, but not always*

W2 = —gu F{(xa) + 2252 2xa F{\(xa) = O(P) xaF4\(xa)

+0(mw’"e) 2F;'(xa) +0( Q Z) 2x4 F3'(xa) +O(CP) 2xa F{'(xa)

parton model says F; = > f;/

i i/p: see Collins ("11) for nice discussion on this!

4sgc Sterman [hep-ph/9606312] and see Collins ('11) for nice discussions!
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https://inspirehep.net/literature/922696

the point of this effort?

v ’
/ : Wt

S

R. Ruiz (IFJ PAN) Phys 1 — BND24 36 / 59



the dark secret of » scattering experiments
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in practice, #DIS needs nuclear targets
1. v only interact through weak force: targets must be bigger (O(10)tons)

and denser (Ar,Fe,Pb) == more nuclear

2. fact of life: nuclear dynamics impact hadronic structure

Plotted: % for /-DIS
2

1.3 T T T T T T T T
DM, h
= BeDMS®n) SLAC/NMC param. 17—
2[R | hadow 1
0 SLAC-E140(94) Anti-shadowing ;' Fermi-motion
i
1.1} i ]
[a) E--é % ¢
S} ‘_i
S if L 4.3 il
= 7 = 7
u:\l ', ‘;.\;\T‘ { o
08| b
Shadowmg EMC effect
0.7 !
0o 01 02 03 0 4 0 5 0 6 0 7 O 8 0 9 1
X
For non-expert, QED (7) contribution to Fp:  F2(&) ~ Eiefq,5.¢} Q,-2 3 f,-A (€3] Schienbein,-et al [0710.4897]
. Phys 1 - BND24 38 / 59
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https://arxiv.org/abs/0710.4897

w/ Fuks, Marougkas, Sztandera [2405.19399

s
. 4.5 =
Plotted: PDF of avg. nucleon in 2%8Pb E 1
vs (avg) energy fraction carried by parton 2 - , E
c35; Pb, Q* = 10° GeV? -
8 e NCTEQI5HQ NLO E
(] huge g Content (always easy to make more g) g R (68% envelope) ]
S2s .
ED Zi E
@ (Qsea, d, and u content converge for f’: B ]
X S 1072 (dominated by g* — qqg splitting) ,_.\>-_<’15} 7;
X d
o densities smaller (larger) than 05 o /1 E
proton for x $1072(x 2 1072) i AR e
156 97
i E
. . . 0.5
o qualitatively different from proton  _ 1s
u— 0.5
. 1.5
@ smaller A are more proton-like =
o o5 %u;%%/é

10* 108 1072 10
momentum fraction, x
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Plotted: Ratios of nuclear PDFs vs (avg) energy fraction carried by parton

nCTEQ
Il e
BN W

. [[Jrctequswzssi - [ Jmuneorzo [ Jeppsar [ U

2C, Q = 100 GeV

— NLO PDFs + 68% envelopa.

= =
— NLO PDFs + 68% envelope
ncTeQuswz+siH - [ |oNnPor3o [ Jepesar [ Tu

104 107

102 10*
momentum fraction, x

R. Ruiz (IFJ PAN)

10° 102 10%
momentum fraction, x
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big take away /DIS gives complementary access to hadronic structure

- -

-38
v crgss gc’llg! / %(10 cm?/ G.eV)
O N P O 0 a N D

little take away parton distribution
function (PDF) uncertainties are
smaller for DIS, /DIS, pp, and AA
programs thanks to »DIS

nCTEQ[0710.4897] + others

R. Ruiz (IFJ PAN) Phys 1 — BND24 41 /59
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the SM v: the massless v hypothesis



The Massless 7 Hypothesis

In quantum field theory: we learn about three types of fermions

Lyin, = i 70 Lxin, = Y (2' 7 — "L) (% Liin, = %U (i g—m)i

Weyl fermion (m =0) Dirac fermion (m #0) Majorana fermion (m # 0)

R. Ruiz (IFJ PAN) Phys 1 — BND24 43 / 59


https://inspirehep.net/literature/51188

The Massless 7 Hypothesis

In quantum field theory: we learn about three types of fermions

. — /. , 1, /
Liin, = Vi Lyin. =V (i@ —m)y L =39 [@F—m)y

Weyl fermion (m =0) Dirac fermion (m #0) Majorana fermion (m # 0)

o History: Model of Leptons (weinberg's7) s
. o S5 centmon
hypothesizes massless 1/ (no evidence for m,, = 0) w“"mm

e Data: evidence only for m, # 0, not Méi;

whether v is Dirac or (more later today!)
*/a

e The 1/2 Problem: What is the Kinetic
Lagrangian of the v realized in nature?

v masses is physics beyond the SM!!!

Phys 1 - BND24 4350



https://inspirehep.net/literature/51188

The non-Standard Model v:

the v that nature gave us



v Oscillations
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Idea: count v,

at near detector and

Sanford Underground
Research Facility

compare to # at far detector

"

s
. .
800 mileS —
<4300 ki\ome‘erf‘ .
petd

v
v v
V=20
it f A
v

Fermilab




Result: reports 1/, deficit + unexpected apperance of 1./1;

(focus on the lower panel!)

20 T T T
[ — Prediction NOVA 6.05x10%° POT-equiv. |
[ ]1-0 syst. range g . .
LoF- Max, mix. pred. B Interpretation: neutrinos
[ ----Backgrounds ] are transitioning between
8 - —+— Data ] flavor eigenstates and
o 10— — . )
o - 1 mass eigenstates:
ST ] Vgy = Vmass = Vi,
oF -
o 0 15F =
S8 F E
o= 1 =
o= sk -
<3k -
X o oE =
0

1 2 3 71
Reconstructed neutrino energy (GeV)

NOvA v, disappearance [1701.05891]
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https://arxiv.org/abs/1701.05891

reports 1/, deficit + unexpected apperance of 1./1;

Result:
(focus on the lower panel!)
20 T T T
- — Prediction NOVA 6.05x10%° POT-equiv. |
[ ]1-0 syst. range g
15|----- Max. mix. pred. ]
[ --- Backgrounds ]
0 |- —— Data B
]
2 r i
o 10— —
> B i
w | i
sl _
ISR S SN LA
g @it .
o E 7
= 1
- © - 3
o= .k E
T 20°F 1
X o oE -
0

NOvA v, disappearance [1701.05891]

R. Ruiz (IFJ PAN)

1 2 3 71
Reconstructed neutrino energy (GeV)

Phys 1 — BND24

Interpretation: neutrinos
are transitioning between
flavor eigenstates and
mass eigenstates:

Vp, >V — Uy,

mass

evidence for  masses!

4 (,15) SNO, Super-K

47 / 59


https://arxiv.org/abs/1701.05891

the massive v hypothesis
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Consider left-handed (LH), SU(2), lepton doublets (gauge eigenbasis):

14
=( ) a=1,2,3.
L

The SM W* boson coupling to leptons in the flavor eigenbasis is
Lec=-5W, >3 [7y*PLl ] + He
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Consider left-handed (LH), SU(2), lepton doublets (gauge eigenbasis):

14
=( ) a=1,2,3.
L

The SM W* boson coupling to leptons in the flavor eigenbasis is
Lec=-5W, >3 [7y*PLl ] + He

Supposing m, # 0, we can rotate v, and / into the mass eigenbasis:

3
vy = Zmzl le"/m and = 22:3 Q/@
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Consider left-handed (LH), SU(2), lepton doublets (gauge eigenbasis):

14
=( ) a=1,2,3.
L

The SM W* boson coupling to leptons in the flavor eigenbasis is
Lec=-5W, >3 [7y*PLl ] + He

Supposing m, = 0, we can rotate ~; and / into the mass eigenbasis:

3
vy = Zmzl lel/m and = 22:3 Q/@

This allows us to describe SM W= boson coupling to v with m, + 0:
Lec=-5WiSleShalmn Uy Y"PU] + He

—
Une=21 Q20,8

Like the CKM, SM Feynman rules are modified by PMNS mixing factor:
w+ v

e = %WMPL S = ;J%U;[Y“PL ,\/\/\/\//

Phys 1 - BND24 49/ 50
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2-State Neutrino Mixing

Generically, mixing between flavor eigenstates and mass eigenstates is
given by unitary transformation /rotation

Ve : Uer Ue2 21 B cosf sinf 1
I/// U/[,l U[uZ %) —sin 9 COS 9 12
— | —_——
flavor basis mixing mass basis
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2-State Neutrino Mixing

Generically, mixing between flavor eigenstates and mass eigenstates is
given by unitary transformation /rotation

Ve B Ui Ue 1 B cosf sind 1
V// - U/[,l U[uZ %) - —sin 9 COS 0 120}

— | —_——
flavor basis mixing mass basis
For a two-state system, the state vector for 1, ( ) is simply
|ve) = Uet|i) + Uep |2) = cosB|r1) +sin i)
—— —— ——
flavor basis light heavy
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2-State Neutrino Mixing

Generically, mixing between flavor eigenstates and mass eigenstates is
given by unitary transformation /rotation

Ve B Ui Ue 1 B cosf sind 1
V// - U/[,l U[uZ %) - —sin 9 COS 0 120}

— | —_——
flavor basis mixing mass basis
For a two-state system, the state vector for 1, ( ) is simply
|ve) = Uet|i) + Uep |2) = cosB|r1) +sin i)
—— —— ——
flavor basis light heavy

If we treat the spacetime propagation of 1, (m=1,2) as a plane wave,

then the evolution from x# = x§' to x* = x|' is

|0 (X, %5)) = Up(xpy xa)|ve) = Unt Ur (X, Xa)|[71) + U Uz (Xp, X3)|12)
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Evolution through space and time

Assuming p, = AX, the plane wave evolution over L = |X, — X5]| is

Um(XbaXa) = e—ipm'(Xb—Xa)
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Evolution through space and time

Assuming p, = AX, the plane wave evolution over L = |X, — X5]| is

Um(Xp, X5) = € Pm(x6=xa) = =i (EmAtm=pm(Xp=%a))
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Evolution through space and time

Assuming p, = AX, the plane wave evolution over L = |X, — X5]| is

U (Xp, Xa) = e iPm(xb=xa) _ g=i(EmAtm—Pm (Xp=%a)) n @~ i(EmAtm=|pm|Lm)
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Evolution through space and time

Assuming p, = AX, the plane wave evolution over L = |X, — X5]| is

Um(Xb;Xa) = e—ipm'(Xb_Xa) = e"'(EmAtm_f’m'(;(b—ya)) ~ e_i(EmAtm_‘f’mMm)
Now, working in the ultra relativistic limit, where E, + |pm| ~ 2Ep,

(EmAty = [pm|L) = (Em — |Pm|) L
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Evolution through space and time

Assuming p, = AX, the plane wave evolution over L = |X, — X5]| is

U (Xp, Xa) = e iPm(xb=xa) _ g=i(EmAtm—Pm (Xp=%a)) n @~ i(EmAtm=|pm|Lm)

Now, working in the ultra relativistic limit, where E, + |pm| ~ 2Ep,

(EmAtm ~ [BlL) 5 (Em ~ |Bml) L= (222 ) Lo (7)1
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Evolution through space and time

Assuming p, = AX, the plane wave evolution over L = |X, — X5]| is

U (Xp, Xa) = e iPm(xb=xa) _ g=i(EmAtm—Pm (Xp=%a)) n @~ i(EmAtm=|pm|Lm)

Now, working in the ultra relativistic limit, where E, + |pm| ~ 2Ep,

(EmAtm ~ [BlL) 5 (Em ~ |Bml) L= (222 ) Lo (7)1

Since my, m; << Eq, E», the E,, can be approximated as the same:
|ve(E L)) = Uele_"mngE\lq) + Ueze_imgL/2E\l/2>
(B, L)) = Upne MH2E ) + Uype ™32 1)

We are now ready to compute oscillation transtions!
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Neutrino Oscillation Transitions

To reproduce the 1/, deficit, consider the 1/, — 1, transition amplitude:

M(vy, =) = (vl (ECL))
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Neutrino Oscillation Transitions

To reproduce the 1/, deficit, consider the 1/, — 1, transition amplitude:
M(vy, =) = (vl (ECL))

= [l Us + (ol Up] > [ U ™iL2E 1) + U e ™ 2E )

=(vy] =|v, (E.L))
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Neutrino Oscillation Transitions

To reproduce the 1/, deficit, consider the 1/, — 1, transition amplitude:
M, = v,) =(v|v (B L))

= [l Us + (ol Up] > [ U ™iL2E 1) + U e ™ 2E )

=(v =|vu (E,L))
Since |v,,) are mass eigenstates, (1/,,/|//,) = dpym. This implies

M, »v,)=e ’mlL/2E|U 1]2<1/1\1/1> ’m2L/2E|U 2\ (v2]2)
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Neutrino Oscillation Transitions

To reproduce the 1/, deficit, consider the 1/, — 1, transition amplitude:
M(vy, =) = (vl (ECL))

= [l Us + (ol Up] > [ U ™iL2E 1) + U e ™ 2E )

=(v =[vu(E,L))
Since |v,,) are mass eigenstates, (1/,,/|//,) = dpym. This implies
M, »v,)=e ’mlL/2E|U 12 () + ’m2L/2E|U 2[2(va]n)

The v, - v, transition probability is
Pr(v, = v,) =|M(v, - 7,//,)|2 = |U#1|4 + |UH2|4

+ e—iAmglL/2E|Uu1|2|U“2|2 + e+iAm§1L/2E|U#1|2|UH2|2

2 _ 2 2
note: Ams; = (m5 — mj)
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Some Quick Algebra

Recalling that U1 = U2 = cost) and Uer = —U,1 = sin),

, . Am L
Pr(v, - 1,) =sin*0 + cos* 0 + 2sin? ) cos? 9cos[ T ]
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Some Quick Algebra

Recalling that U1 = U2 = cost) and Uer = —U,1 = sin),

, . Am L
Pr(v, - 1,) =sin*0 + cos* 0 + 2sin? ) cos? 9cos[ T ]

.2 .o Aamd L
=1-sin“(20)sin [4—,?]
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Some Quick Algebra

Recalling that U1 = U2 = cost) and Uer = —U,1 = sin),
. . Am3 L
Pr(v, = 1,) =sin*0 + cos* 0 + 2sin? ) cos® 0 cos T ]
_ .2 .ol Aamd L
=1-sin“(20)sin [4—,?]
Lots to unpack:
. . Am2, L
Pr(v,»v,)= 1 - sin?(20) sin? [%]
—
A ) ——
unitarity amplitude of dip N

spacing between beats
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Some Quick Algebra

Recalling that U1 = U2 = cost) and Uer = —U,1 = sin),
. . Am3 L
Pr(v, = 1,) =sin*0 + cos* 0 + 2sin? ) cos® 0 cos T ]
_ .2 .ol Aamd L
=1-sin“(20)sin [4—,?]
Lots to unpack:
. . Am2, L
Pr(v,»v,)= 1 - sin?(20) sin? [%]
—
A ) ——
unitarity amplitude of dip N

spacing between beats

By conservation of probability 1 = Pr(1, - 1,) + Pr(v, = 1), so the
v, = Ve appearance probability is

2
Pr(v, - 11.) = 1- Pr(v, » 1) = sin®(20) sin? [ATEIL]

Phys 1 - BND24 53/ 50



Understanding Neutrino Oscillation Plots

. . Am3, L
Pr(v, »1,)= 1 ~ sin®(20) sm2[ 4m§_1 ]
o —
unitarity P . | —
minimum of dip

spacing between beats

Pr(v, - 1v.)=  sin?(20)
——
maximum of peak

08 — \/ P(v,)
[ ~ 1/Am*
0.4 —

2 /M P(v,)
|
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Understanding Neutrino Oscillation Plots

gitlab.cern.ch/riruiz/public-projects/- /tree /master/NuPhysSandbox

With updated inputs:

Pr(v, - 1,) =1 -sin?(20) sin [AT—E}L] Pr(v, - 1) = sin?(20)

vy = vy transition probability in 2-flavor scheme

1.0 E
2
sin®(205) ~ 0.85 /\ ﬂ
0.8 Normal Ordering
615 ~ 33.7°
= Am3, ~ 741 x 1077 eV?
> 06 1
1
S
Q
o 0.4 H
jut
o
0.2 U
0.0 h
102 103 104 10°
L/E, [km/GeV]
Phys 1 — BND24 55 /59
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The 3 x 3 Paradigm

To date, all oscillation data can be described within the 3 x 3 Paradigm
@ 3 1y (flavor states) == 3 mixing angles

o3 Vi (maSS States) == 2 mass Sp|lttlngs one may be massless!

@ 1 CP phase (if Dirac); +2 CP phases (if )
1 0 0 C13 0 .513<?_i(SCP
Upnns = |0 23 sp3 |- 0 1 0
0 -s3 23 —513(:"'.(SCP 0 €13
c2 s12 0 0
=512 C12 0f- 0

0 0 1 0 0

sij =sin0jj, cjj =cosbj
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The 3 x 3 Paradigm

To date, all oscillation data can be described within the 3 x 3 Paradigm
@ 3 1y (flavor states) = 3 mixing angles
@ 3 1, (mass states) == 2 mass splittings one may be massless!
@ 1 CP phase (if Dirac); +2 CP phases (if Majorana)

Normal Ordering (best fit) Inverted Ordering (A = 2.3)
bip £ 30 range Elo 30 range
sin® 2 0.3074 0017 0.275 — 0.344 0.275 — 0.344
O12/" 33.66 31.60 — 35.94 31.61 - 35.94
sin® 023 0.57249.018 0.407 - 0.620 0.57819.94¢ 0.412 5 0.623
O23/° 49.1719 39.6 —+51.9 39.9 — 52.1
sin?0is | 0.02203%09%9%%  0.02020 - 0.02391 | 0.02219750%%9 002047 — 0.02396
013/° 8542911 819 - 8.89 857011 823 5 8.90
dep/° 1973} 108 — 404 286737 192 — 360
2
Amii 7414338 6,81 8.03 741893 6.81 - 8.03
107 ov? 2 z
Amd, 0.032 -

i 42428 - 42507 | 24987998 2581 - —2.400
05 o2 2

Normal Ordering (best fit) Inverted Ordering (Ay” = 9.1)

bip £10 30 range 3 range

sin® 2 0.30740.013 0.275 — 0.344 0.275 - 0.344
B12/° 31.61 — 35.94 31.61 - 35.94
sin® 024 04549912 0.411 - 0.606 0.5687394¢ 0.412 - 0.611
O23/° 39.9 - 51.1 18.9%09 39.9 - 51.4
sin 013 0.02047 — 0.02397 | 0.022227000052  0.02049 — 0.02420

8.23 891 857501} 8.23 -5 8.95

139 — 350 195 — 342

6.81 - 8.03 741202 6.81 —8.03

+2426 - +2.586 | —2487T0031  —2.566 —» —2.407
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Success of the v oscillation paradigm opens many questions:

- Are there other, heavier 1/'s?

Would manifest as non-unitarity of 3 x 3 Up,,

1.0,
g 0.8
- How much CP violation is in the Zos
lepton sector? scp ~270° (24), ny, mp ~222 EOA
E 0.2
- What drives the CKM matrix 00 55
"diagonal" but the PMNS matrix Pistance [km]
"non-diagonal"? par of the “flavor problem
neuttlos de se he
- Are neutrinos Majorana fermions? — ue ce te
Would manifest violation of lepton number symmetry ee ve Te
s * & 5§ 8 &

- m, # 0 breaks SM gauge symmetry.

What generates? the SM Higgs or another Higgs?
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coffee time!
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