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Solar Neutrino Oscillations 1
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Atmospheric Neutrino Oscillations 2
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Reactor Neutrino Oscillations 3
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DoubleChooz(far detector):.
Dec. 2011 sin2 a5 =0.022 o 0.013 1.7T
DayaBay (near + far detectors):
MCURAY IS sin2a,;,=0.024 o 0.004 | 52T _
Discovery of reactor
RENO (near + far detectors): neutrino oscillations

DVURZUIPAR  sin? g, = 0.029 @ 0.006 | 49T A complete picture of three  -flavor
neutrino oscillations!




Current Status of Neutrino Oscillations

Basic neutrino parameters

Esteban et al., 2007.14792, NuFIT 5.0 (2020)

Normal Ordering (best fit) Inverted Ordering (Ax? = 2.7)
bfp 1o 30 range bfp 1o 30 range
_ sin? 612 0.30470 015 0.269 — 0.343 0.30470°015 0.269 — 0.343
3 | 612/° 33.4470:75 31.27 — 35.86 33.4570:75 31.27 — 35.87
o
S | sin a3 0.57050-0% 0.407 — 0.618 0.57510 051 0.411 — 0.621
z ||62s/° 49.0111 39.6 — 51.8 49.3119 39.9 — 52.0
2 | sin2 614 0.02221F0-00968  0,02034 — 0.02430 | 0.0224070:00092  .02053 — 0.02436
5 | 1)° 8.57+0:13 8.20 — 8.97 8.61+0:12 8.24 — 8.98
—
2 |écp/° 195152 107 — 403 286737 192 — 360
E Am3
ﬁ 7.421021 6.82 — 8.04 7.421021 6.82 — 8.04
2
10%:% 4251410058 42431 = 42.598 | —2.49710058  —2.583 — —2.412

U Future neutrino oscillation
CP-violating phase K, and the neutrino mass ordering

U The most restrictive
cosmological

experiments will measure the octant of U;, the

bound on absolute neutrino masses is coming from

observations : m; + m, + m; < 0.12 eV (Planck)



Current Status of Absolute Neutrino Masses
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Constraints on absolute neutrino masses
A Tritiumi decays (95% C.L.)
O, 8 "Hf (KATRIN 2021)
A Neutrinolessdoubles decays (90% C.L.)
O,, (8 x 8 )"HA (KamLANEZen)
( 8 x 8 )"Hi (EXG200)
( 8 x 8 )"Hi (GERDAI)
( 8 *x 8 )"Hi (CUORE)
A Cosmological observations (95% probability)
8 "Hf (Planck)

Abazajiaret al., 1907.04473
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Open Questions in Neutrino Physics

Normal or Inverted (sign of O 7?) Y »_ g _ R
Leptonic CP Violation ( K =7?) 1 H i
Octant of Uk; (> or <45 ©?) W | Z V y

e
Absolute Neutrino Masses ( Oy ; "ni 1 "M b y ,\, ool

. | H
Majorana or Dirac Nature ( o=0< ?) '\} el
electron T A

Majorana CP-Violating Phases (how?)

Extra Neutrino Species

Origin of Neutrino Masses

Exotic Neutrino Interactions Flavor Structure (Symmetry?)
Various LNV & LFV Processes Quark -Lepton Connection

Leptonic Unitarity Violation Relations to DM, BAU, or NP



Zero Neutrino Masses in the SM

Unified Electroweak Theory with the SU(2) XU (1) y gauge symmetry

A Particle content Particle content Weak isospin I? Hypercharge Y Electric charge Q

minimality o =" () (™ +1/2 11/6 +2/3
dr, SL by, —-1/2 -1/3

A Symmetries EL:(%L) (m) (VTL) (+1/2) 1 (o)
SUE2)xU(1) S A P A U B W »

UR = UR, Cr, IR 0 +2/3 +2/3
A Renormalizability Dy = dg, sk by 0 ~1/3 ~1/3
predictive power Eg = eg, pr, Tr 0 -1 -1

Glashow, 61; Weinberg, 67; Salam, 68

The reason is rather SIMPLE NO right -handed neutrinos

ANeutrinos experience only the weak force
AWeak interactions violate parity
AOnly LH neutrinos/RH antineutrinos in weak interactions

But neutrino oscillations show that neutrinos are massive particles



Neutrino Masses: Dirac vs. Majorana

The simplest way to accommodate tiny neutrino masses

Dirac Neutrinos ., Majorana Neutrinos
L= Loy +Tmidvg — |6V, Hug +h e Mg + 1
— kgm T VRIPVR L1, 41V .C. 5 VRMRVR + h.c.
Generate Dirac o masses in a similar way to that for Generate tiny Majorana ©
guarks and charged leptons, after the spontaneous masses via the so -called
gauge symmetry breaking seesaw mechanism
€ "Hn
- 8 Hi |=
F 8 "Hif

Difficulties with Dirac neutrinos

~

. _ _ A Retain the SM symmetries
A Tiny Dirac masses worsen fermion

mass hierarchy problem (i.e., #im, < 10%?) A Well motivated by GUTs

Introduce terms allowed by

A Mandatory lepton number conservation, _
the SM gauge symmetries

which is actually accidental in the SM




Origin of Neutrino Masses 9

Majorananeutrinos: a natural way to understand neutrino masses

v v U—I' " :FU v v
X X 0SS o e X X
i 1 1 i
H%1 1 HO L AD HO1 1 /O
i 1 1 i
I Ny I 1 7O
A
V.Y, Y2 U, Y. WU v, Y, vl U
M.~ Y, yT Moy M, ~ — 0?7
v ™ VMR v v T A AM—A v M

Typel: SM+ 3right-handedMajorananQ @linkowski 77, Yanagida/9; Glashow
79; GellMann, Ramond Slanski79; Mohapatra, Senjanovic/9)

Typell: SM+ 1 Higgs triplet(Magg Wetterich 80; Schechter, Vall€0; Lazarides
et al 80; Mohapatra, Senjanovid0; Gelmini, Roncadelli80)

Typelll: SM+ 3triplet fermions (Foot, Lew, He, JosBD)

A Can naturally be embedded into ther&nd Unified Theories, e.gSO(10) GUT
A Responsible for both tiny neutrino masses and mattantimatter asymmetry



SM as Effective Field Theory

10

Baryon- and Lepton-Nonconserving Processes

Steven Weinberg

Weinberg, 79

Lyman Labovatorvy of Physics, Havvavd University, Cambridge, Massachusetts 02138, and
Harvavd-Smithsonian Centev for Astvophysics, Cambridge, Massachusetts 02138
(Received 13 August 1979)

A number of properties of possible baryon- and lepton-nonconserving processes are
shown to follow under very general assumptions. Attention is drawn to the importance of
measuring u* polarizations and v,/e* ratios in nucleon decay as a means of discriminating

among specific models.

The sort of analysis used here in treating bar-
yon nonconservation can also be applied to lepton
nonconservation. A great difference is that there
is a possible lepton-nonconserving term in the
effective Lagrangian with dimensionality d=5:

Unique

dim -5
Weinberg
operator

[fabmn 1a Lin 1@ ™0 € ]

+ f abmn’ Liar Linz @0, € €y J (20)
where (p(’”) are one or more scalar doublets. We
expect f and f’ to be roughly of order 1/M; one-
loop graphs would give values of order o?/M .13
The interaction (20) would produce a neutrino
mass m,~Gg Y, or roughly 10°° to 10"* eV, This
is welWMmolcg—
ical limits, but there is no reason why this neu-
trino-mass matrix should be diagonal, and masses

of this order might Eerha,ES be observable in neu-
trino oscillation experiments.

> for

Majorana
neutrino
masses

| wish | could claim that | had predicted
wkh ghxwul qgr pdvyvy
-S. Weinberg



SM Effective Field Theory

Selected Papers: 157
Total Papers: 157

Selected Papers: 241
Total Papers: 241

Date of paper Year: 2020

Date of pape

Year: 2020

1986 2021 2010 2021
2013 2013
Exf kpg&uwhar 86 (1929 citations) Grzadkowski et al., 10 (1447 citations)

A The SM as an electroweadcale effective field theory that includes highelim
operators, but with the Lorentz/gauge symmetries retained

g
1 d d
Lo = Co+ 369 = Ly + 35 £ cl000
d

=1

Brivio & Trott, Phys. Rept. 793 (2019) 1



SM Effective Field Theory i

X3 @5 and ¢'D? p2p3 (LL)(LL) (RR)(RR) (LL)(RR)
Qo | fAROGIGIGT | Q, (¢'e)? Qe (p ) (herp) Qu | Gud)(ta'l) | Qe | @) @e) | Qe | (hdi)(Ee)
Qs | FAPOGHGEGSH | Qun (ete)O(ee) Qups (') (Gou, @) Qi (@ (G5 ) Quu (T ) (T 1) Qu, (L) (v uy)
Qw | EWIWIrW N Qup | (1DPg)" (9" Dyg) | Qe (') (@pdrp) Qo | Gr'ar) @ 'ar) | Qu () (k) Qia (il (d:* )
Qu | VKWW oW Kn Qt: 7<w D@a) | Qu | Eue)@aru) | Qe | (@) Ene)
X X PoiD Q| U ) (@7 7" qr) Q(T; (Epyuer) (™ de) Qul | (@) @y uy)
- Eas - O ( r)(d Y, Qqu (G’p Yl fir)(“.ﬂ"[ T Aut)
Qea | eloGaG™ | Qu | (e r oW, | QY (¢ Do) L) 0% | (a1 u{)( dT dj oW | @) dardy
Q. plo GA,GAw Qe | (Lo™e)eBu, Q%) | (¢liD} )T, w1,) QW | (@, T4,) (A TAd)
Qew o' ”‘H;iun e Que | (Gpo™ Ty )"“"JG;I}V Qe ("P“‘iéﬂ e)(eper) (LR)(RL) and (LR)(LR) B-violating
Qi | WL | Quy | @ w)r8W, | Qor | (P10 @") | T T Gerdad) | Qun ey [(dg)" Cu] () ClE]
Qe ol B, B" Qus | (@™ u)@ Bu | QF) (»ﬂ“’iﬁl @)@ v ar) Qpona | (@ )s0(@od) Ququ e Mei () Ca*] [(u])" Cey]
Qi ol By, B Que | (@ TAd ) Gy, || Quu (w%i%w)(uw‘ ur) QW 1 (@) e (T4 || Quag £ j g [(400)T Cql¥] [(q7m) Cl7 ]
Qowe | Tl WLB"™ | Qaw | (Go™d)T'eW), || Qua | (£'iD,)(dy"d,) o, (Be)eji(dm) Qun ™ [(d2) " Cul] [(ul)" Cel]
Quivg | ¢t WLB” | Qs | (%0"d)¢Bu | Quua | (3 Dup)(m"dy) Qi | Bope)z (@i w)
Table 2: Dimension-six operators other than the four-fermion ones. Table 3: Four-fermion operators.

Dim -6 operators in the Warsaw basis

Dimension-Six Terms in the Standard Model Lagrangian

Here we perform their classification once again from the outset. Assuming baryon number
conservation, we find 15 4+ 19 + 25 = 59 independent operators (barring flavour structure and
Hermitian conjugations), as compared to 16 4+ 35 + 29 = 80 in Ref. [3]. The three summed
numbers refer to operators containing 0, 2 and 4 fermion fields. If the assumption of baryon
number conservation is relaxed, 4 new operators arise in the four-fermion sector.

Grzadkowski , Iskrzynski , Misiak , Rosiek , 1008.4884 A Get rid of the redundancy



SM Effective Field Theory

2, 84, 30, 993, 560, 15456, 11962, 261485,.. .:
Higher dimension operators in the SM EFT

7557369962

1000000000

100000000 |

10000000 |-

1000000 +

100000

10000 |

No. of independent ops

1000 |-

100+

10} 12

2795173575

Three flavors

5474170

One flavor

Liao & Ma, 1607.07309; Li et al., 2005.00008, 2007.07899

1 1 1 1 1 1 1 1 1 1

Henning, Lu, Melia & Murayama, 1512.03433

6 7 8 9 10 11 12 13 14 15
Mass dimension

iIncluding Hermitian conjugates



All Things EFT

https://indico.ihep.ac.cn/event/12712/program

all things eft year 2: H Georgi this week

%A | "Michael Robert Trott"

Wit A "all-things-eft (email announcement for All Things EFT... seminar series)"

Dear All Things EFT community,

We are happy to restart the All Things EFT International seminar series this week,
with a second year launch talk by H. Goergi (Harvard). Details of the talk are:

Title: The Heavy Quark Effective Theory
Speaker: H. Georgi (Harvard)
Time: 15 Sept 2021, 16:00 CET

Abstract:
I look back on the development of the Heavy—Quark Effective Theory and its immediate aftermath.
Dedicated to the memories of Nathan Isgur, Misha Voloshin and Steve Weinberg

We hope you can join us for this interesting talk, by a legend in the development of Effective Field Theory as
a modern tool and paradigm. Zoom coordinates are at the bhottom of the email, and we also encourage you to mention

A EFT as the philosophy for all thingszstems with multiple scales
Fermi theory/NRQED/NRQCDPT/HQET/SCEIAMEK | 9 C¢k{ a9 C¢k|[ 9C¢



Why EFTs?

EFFECTIVE GAUGE THEORIES ¥

Steven WEINBERG

Lyman Laboratory of Physics, Harvard University, Cambridge, MA 02138, USA
and Harvard-Smithsonian Center for Astrophysics, Cambridge, MA 02138, USA

Received 7 January 1980
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A Bottom -up approach to new physics

(a) Determine the renormalized SU(3) X SU(2)
X U(1) couplings g;(u) in T at renormalization scales
u of order M, by a one-loop functional integral over
superheavy fields, as in (3). (Here and below, all re-
normalized couplings are to be defined by minimum
subtraction [5], or by one of its simple modifications

[10].)

(b) Calculate the renormalized SU(3) X SU(2)
X U(1) couplings g; () at ordinary mass scales u =~ m,
by integrating the two-loop renormalization group

A Top -down approach to precision tests

of UV -complete models

M 1 8
In— =74 2[ — } O(1)~ 35,
N =Tim 2m)  362m +0(1) (1)

and the Z9—y mixing parameter is *2

sin20 =} + Se2(m)/gd(m)+ O(a) ~0.2 , (2)

where gg(m) and e(m) are the strong and electromag-
netic couplings measured at some “ordinary” mass
scale m, say m =~ 100 GeV.

exp(o]) = [ [d®] exp(il [9, @]) . (3)

(c) Compare the results of (b) with the SU(3)

equations of the SU(3) X SU(2) X U(1) gauge theory X SU(2) X U(1) couplings determined from experiment

(in which no superheavy fields appear) from u ~ M
to u &~ m, using the results of (a) as an initial condi-
tionat u~ M.

at ordinary energy, including the effects of radiative
corrections to one-loop order.



Low -energy Tests of Type -1 Seesaw Model
A The typel seesaw model as a Usbmplete theory

__ 1—— -~
Lyv = Loy + NRi@ Ny — (§N§MNR + ¢, Y, HNg + h.c.)

A Treelevel matching: simply applying the@W

(if — M) N — (YjﬁwL + YVTfITﬁi) ~0
A Expansion up toM-2 (dim-6 operators)

N~ — (M7 M%) (Y + Y HE)

A Seesaw Effective Field Theory (SEFT) @ tree level

1
Lo = Loy + [ 5Cai Oap + 10 c] + 9 of)

B) _ 7 1110 . — 2\ .o (7 L
Ous = gaLHHTEEL Neutrino masses 0(6) = (EQLH) i (HWBL) Unitarity violation
of

(5) _
Cop = (Y, M~ 1YT)o¢ﬁ flavor mixing C() (Y, M~ 2YT) flavor mixing matrix



Low -energy Tests of Type -1 Seesaw Model

After the spontaneous gauge symmetry breaking

_ _ . — 1__ .
Loppr = Vg, (1 + MpM QME)) o5 i, — [laL (M) s lor + 5 YL (M) 5 VoL + hoc.

92
2cos 0,

A
VoLV lr”chZ,u,

+ (%ZQ_L')/“VQLW; + h.c.) +

Normalization: v, = Vi, with V. =1—- RR'/2 and R = MM™!

Diagonalization: ~ UJV M, VTU: = M, = Diag{m,, my, ms}

The SEFT Lagrangian in the mass basis: U=VU,
_ 1 — _
ESEFT = V_Liay[; — (lLMllR -+ §V_LMVVE -+ hC) -+ (%ZL’Y“E/LWM_ -+ h.C.)
+ 22 V_L’YubTUVLZu : l .
2cosf, Non -unitary flavor mixing
‘ Minimal unitarity violation (MUV)

Non -unitarity equivalent to SEFT @ tree level

Antusch et al., hep -ph/0607020; Antusch & Fischer, 1407.6607



Low -energy Tests of Type -1 Seesaw Model
LFV decays of charged leptons in the MUV scheme

a[¢~ ) ) quv
1% 14
B~ B B~ a”
ey LI ey
p B v T pp Vi o p
(a) (c)
The decay width Xing & Zhang, 2009.09717
2
a, UQm m?
— — Io] Y
However, the calculation in the full theory for M, >> M,, gives
Qo GEM 5  m? 1 i
- — _ 2 - t
[(5 0™ +9) = Jm ZUMU&( ) g (RR),
— - ~13
B(n~ —e +7) <42x10 Question: What goes wrong with tree  -level

B(r~ —e +7) <33x10°| SEFT? EFT must give the same result as UV
B(r~ = pu +7) <44x107 theory for low -energy observables




Seesaw Effective Field Theory @ one  -loop

Answer: Radiative decays at one -loop require one -loop matching!
Another two relevant dim -6 operators @ one loop Zhang & S.Z., 2102.04954
—2v' 1
© _ (Y, M Y,,Yl){:Bﬁ
toop 24 (47)?

[gl (EaLo-puEﬁR) HBW} + 592 (EQ_LO.“VEﬁR) TIHWI'U’V] + h.c.

leading to the direct EM -dipole vertex

. — l__— 9o 7~ -
Lsppr = VLidy, — (ZLMllR + §I/LMVVL + h.c.) + (T%ZL')/“UVLWH + h.c.)

2
92 gbitUp z L — 2 70 RRIMIF*|+h
+2008¢9WVL7 L 12 (47) M2, LE v RS G

&L 19 . 10
W~ W-
fj_ J_NS a_ ,3_ a_ m ’_j— a_
- | — | | |
D p Vi D D Vi 23 D1 Vi @ 2 D1 Do

(a) (b) (c) (d)

exactly reproducing the result in the full theory (with M, >> M)



Seesaw Effective Field Theory @ one  -loop

Matching between UV theory and EFT
Cohen, Lu & Zhang, 2011.02484

Amplitude matching Functional matching
(with Feynman diagrams) (our prescription)
pi < my
EUV [(I)’ qb] w/ IR regulator {AUV (p?,) } EUV [(b? (b]
4
/ \
Pc[¢p] —— K, X
Equate to derive {c;} /_D l Enumerate
\ Functional
supertraces
l Evaluate
\ v v
. t 1-1
Lerr(¢] —— {Agrr(pi)} £ g £(-doop) 1
A Functional method for one -loop matching

A Covariant Derivative Expansion (CDE) Galllard, 86; Chen, 86; Cheyette, 83

Beneke & Smirnov, 98; Smirnov, 02
A Expansion by Regions (hard and soft loop momentum)



Seesaw Effective Field Theory @ one  -loop

Equating UV theory with EFT at the matching scale
FL,Uv [CbB] — FEFT [CbB]

One-Light -Particle -Irreducible (1LPI)

Zhang & S.Z., 2107.12133
A First, look at the UV theory

Zuy I, Jg) = / DID¢ exp {i f d%z (Lyy [P, 9] + Jp® + J¢¢)}

Jp and J are external sources for ® and ¢ d=4-2¢
Background & quantum fields b =0, + 9, b=+ ¢
. 0L 0Lyy
EOMs of background fields 5(‘5‘/ @y, dp] + Jp =0 5 [Pg, 9] +Jy =0

Expansion up to 2 "d-order of quantum fields

1/ P’
Loy [, 0] + Je® + J b ~ Lyy [Pg, o] + JoPp + Jydp — 5 (‘I)’l ¢ l) Quv (¢f)



Seesaw Effective Field Theory @ one  -loop

Expansion up to 2 "d-order of quantum fields

6L 6L
O = (_ 5@3\/ (g, 5] — 5@;}; [(I)BaCbB]\ B (A(I, X<1>¢)
uv = 6°L 6°L -
\ (5(]5(5[&:/ [(I)Baqu] o 5¢12N [(I)Bv ¢)B]/ qu(b Agb

Evaluate the Gaussian integral

Zuy [Jp, Jy] = exp {i f A’z (Lyy [Pg, o] + JoPp + J¢¢B)}

X / DO’ D¢’ exp {—% / d%x ((I)'T qb’T) Quyv (j)}

X exp {ifddx (Lyy [Pg: ¢p) + Jo P + Jq.)qu)} X (det Quy) *
c, = 1/2 for real bosonic fields ¢, = 1 for complex bosonic fields

c, = —1 (or —1/2) for Dirac (or Majorana) fermionic fields

No external heavy fields TLuv (pg] = —iln Zyy [J@ =0, J¢] — /ddxj¢¢B

0Ly [P, ¢
0P

=0 7 / ddﬂUﬁUv [(I)c [¢5B] y f?)B] + % Indet Quy [(I)C WB] ’ qu}

CIJ:{)C [¢'B] ) ¢’2¢’B




Seesaw Effective Field Theory @ one  -loop 23

Expanded 1/M ~
Classical heavy fields @ [¢pg] = Py [Jq, =0, J¢] ) localized D, [¢g]

Tree- & 1 -loop effective action
r r 7 d X
Fi,%av OBl = /d rLyy |:(I)c [y 7¢B} ,

—loop 7 1 Y
Fi,évp Pp] = 5 Indet Qyy [(I)c 23 7¢B}

A Then, look at the EFT

L
250 [qu] = / D¢ exp {i / d’z (EEF'I‘ [¢] + J¢¢)} Qppr = — e [¢B]

X exp {i / d’z (‘Cgf‘?r [¢s] + EIIE;EOP [¢s] + J¢¢B)} X (det QEFT)_UQ

' Fepr [¢8] = / d oL [dp]

—loo —loo 1
FllﬁlFll‘ P [¢B] = / ddiEﬁEF}r P [¢B] + 2 Indet Qppy

Tepr [¢8] = —iln Zgpy [Jqs] - / dd$J¢¢B

ree —loo i
~ f d’z (EEFT [¢8] + Lppr [¢B]) T3 Indet Qppy




Seesaw Effective Field Theory @ one  -loop

A Finally, matching UV theory with EFT

My [6s] = / A'sLoy |8 [6s]. 08 | | T lon) = [ atochsyos)

(e]0) 00 —100 i
iI}Vp [Pp] = ln det Quy [ c [y 7¢B] F}ISFII P o] = /ddajﬁ]li]F}l‘ P [#s] + 2 Indet Qppr

\ 4

E]tazrl?‘?r [¢B] — EUV [$c [¢B] : ¢5B}

/ ddxﬁg‘!g()p [Pp] + 111 det Qppr (5] = ln det Qyy [ ¢ [¢8] aﬁbB}
‘ Expansion by Regions

—loo 1 — B
/ AL (5] = 3 Indet (Ag — Xoy25 X0 [ 85], 60

hard

[ dtacizlem igg) = TiEP 6|, = 5 Indet Quy [B. o) 6]

hard hard



Seesaw Effective Field Theory @ one  -loop

Calculate supertraces : CDE method

1

/de:E]lEF}?Op @] = 5 InSdet (- K + X) ZSTrIn (—K + X)

hard

= %STrln (—K) %Z%STT {(le)n}

hard

Application to
type -1 seesaw
model




