Beyond the Standard Model

2. Neutrino mass models
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A Neutrinos fit into SM very well, except they are observed to oscillate.
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Neutrino masscale is quite light
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https://inspirehep.net/literature/1771540
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https://arxiv.org/abs/1902.02299

The Weinberg operator

A The SM only has a ldftanded neutrino inside the lepton doublet.
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Type |: Nextension to SM

P. Minkowski, 77; T. Yanagida, 79;
M. GeltMann, P. Ramond, and
nL=2 R. Slansky, 1979; S. L. Glashow, 19
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v.v U and V blocks mix the light and heatgtesinto
Vo Uc weakgaugeeigenstates

Diagonalization (by 3x3 blocks)
VImLU* + UtmpVg + VIMyVE = m, Ny
ULmEV* + VimpUE + ULMNUE = M, U2~ 01), Ve
VImEV* + UtmpUE + VIMNUE = 0,
Unitarity condition
vUt + vvt = UtU + VIVe = VoV + UcUL = VIV + ULUC =1,

t t gyt tEr., —
UVe+VUc =UV +ViUc =0. see:Atre, Han,PascoliZhang0901.3589

Neutrino to lepton transition via weak charged currémteraction (Wld)

E'U =Vpyns, E'V =V,

(Ediagonalizes the

charged lepton mass) + T
VeunsVpyns + VinVoy = 1,
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Vin MV, ==Vpyuns m Vpyns


https://arxiv.org/abs/0901.3589v2

Weak charged current vertices:
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Heavy neutrino (mass eigenstate) talks weakly vig itmponent
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https://arxiv.org/abs/hep-ph/0103065

Type ll: triplet scalar extension

W. KonetschnywW. Kummer, 77'; T. P. Cheng, L. F. Li, 8C
_ G. Lazarides, Q. Shafi, C. WettericlQ 81Schechter,
Type Il seesawagrangian J. Valle, 8@ R. N. Mohapatra and G. Senjanovi§81

Lrgpen = (D, H) (D'H) + Tr(D,A){(D*A) — V(H, A)

~Y, ¥ Cioy Al + he.

5t /V2 et n: in adjoint rep. of SU(R)
A = 0 sty (1, 3, 1) under SU(RSY2) xU(1),

The scalar potential
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Type lll: triplet fermion extension

t: triplet fermion, (3, 0) under SM SU(2x U(1). we Cz22ux | ® [Seg2 - & Dd
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mass terms (yas Higgsev)
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light and heavy neutrino masses:
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+ heavy charged leptons (mix with SM leptons)

light leptons gets mass correctio@%), heavy leptond -

Heavy neutrino obtain an effective coupling to W (and Z, h by equivaterce
Vin = —YiuoMgt/v2
Heavy neutrino decay width
300 aw — |w |
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+0 O "ol Qdecays



Hybrid models

AType | + I Phenomenology studies,

light _ . —14T see hepph/0504181,
M, My, — MpM g Mfp,. hep-ph/0609046.

negative sign between type I (Mand type | contribution ~ ©709.1069, 0907.0935

A Leftright symmetric model (LRSM)  Pati Salam, 74;
Mohapatra, Pati,75'

An SU(2)x SU(ZQx U(1), model, features LR symmetry

- 0 A4t +/y/2 6+t
One bidoublet (2,2,0) o [ ¢2> Ab (5 / )
Twotriplet scalars (R§1,2), (1,3.2) (@1 gy ) Tt 80 —6T/V2 LR

(AR) = 1/2(0 8) (@) = v1/2 (’; R,S@-a) (AL)=V1/2 (fubg‘i% g)

VR

Vi breaks SU(2Xx SU(ZQx U1y, v for EWS® 5 0 v, O(eV)
to SU(2)x U(1)



Mohapatra, Valle 86';

Inverse seesaw’ e EE

dal 22 NJ) y I g lcdngeevihd agrangi&ano m 0

Ly = YLCHN + AS°xS + MS°N +he
+ N N°y*N +h.c

New singlet fermions N, S and scalaB-L = (1;1, 2)

U(1) breaks into Z2 aftergets avevv = u, Higgyev=v

Fields| SU2)L @ U(1)y|U(1)g_1 — Zo||Fields| SU(2)L @ U(1)y|U(1)g_1 — Zs
L (2,—1/2) S
N (1,0) 1 = -1 S (1,0) 1 = -1
H (2,1/2) 0 — 1 X (1,0) 2 1




The ISS mass terms

0 Yov 0 v b= Au
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Radiative g

For review,
seel706.08524
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Test of seesaw

A (Active) neutrino has Majorana mass?
A Search for BSM fields: massive neutrinos, scalars
A Others?



Neutrinolessloubler -decay (& 1)y

A Require Majorana mass

beta decay (x2)

d - u d

Give limits on the effective mass

eff 2,
M3 = E Ugym;
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O ‘nuclear form factor; p energy scale
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https://arxiv.org/abs/1803.11100
https://arxiv.org/abs/1605.02889
https://arxiv.org/abs/1912.10966
https://arxiv.org/abs/1902.02299
https://arxiv.org/abs/2001.01356

Ou 1 dlso probes a fourthu

(if 4, has ag, component, e.g. to explaibSND anomaletc.)
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LBlosc Indirect searches collider searches


https://arxiv.org/abs/hep-ex/0104049
https://arxiv.org/abs/1803.11100
https://arxiv.org/abs/1605.02889

oLeptogeneses
A If a heavy seesaw neutrino exists, it may satisfy Sakharov conditions

* Nonthermal: massive thus decouple;
* CP violating phases existYnkawas® mass matrices;

N decay and its Gébnjugate process has slightly different partial width;
* Sphalerongommunicate L# into B# (while conserving.)B

~ I'(N - [H) - T'(N — [H*)

€;

i - I'(N = [H)+ (N — [H*)
g
~ | N
TSee a=L13g (|Mk|2> Im((hf h)3]
Co8m T \IMP ) (AR
CP asymmetry from interference 1 .
between tree & loop diagrams h'h = — U;Ez(m%ag)QUR
(CPV requires more than one species) v

see hepph/0305322, hepph/9710460



Collider search for seesawg]N

A Heavy neutrino search

h/A/S
& i‘l \ !ll
Weak production Scalar mediated production Extra gauge production
(viaA mixing) (extra scalar) (BSM gauge group forgN
effective couplingsy |V [° scalar couplings |sinUJ? Y g2
pair prod.y |VIN|4 relatively large scalar mixing extra gauge bosons

is allowed. Wait for Higgs precision. are likely heavy
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http://cds.cern.ch/record/2705642

Collider search faoif " n

nL=2
a
W N
" Samesign (SS) dilepton
M;; with M; peaking at Nj
d for review,
seel711.02180
a

Production via Higgs,

U - > d
W?}LLL‘
—— (T
Va neutrino Maj. mass is small;
npL=2 p----- ¢ its coupling may be not.

Samesign (SYJilepton+VBF?
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https://arxiv.org/abs/1503.06834
https://arxiv.org/abs/1904.12325
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https://arxiv.org/abs/1710.09748
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In some (Type | &likeg models
N decay width is suppressed,
esp. formyz<m,,
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Beyond the Standard Model

3. Strong CP & Axions



CP In strong interaction?

i . . Llhy3z [AZ pcQT
A We know: weak interaction violates boBandCP  Cronnci i OKs cn O

A CPin strong interaction?

1 2 093
ED_ZG 59,7 GG

Thef term is CRviolating, yet it is a total derivative:
GG = 9, K"
KM — E,uvpaAa {Fa . _fabcAbAc

bl AgSté AU ¢2 Kaiishésla@dnity: y STFSOU A

0g> g
_ 4, 4, s s T
S—'/d.LED/d 7352 GG = /dJ,S%K 00




Classical vacuum energy minimized by pgmege configurations (@fall into
homotopyclasses, categorizeny“ (YYo) &orgAY RAY I ydzYo S NI
( class notedss ()

1 3
4
/d LCSQ 5 GG =n1 —no for review, see
Q hep-ph/ 0009136

Configurations ®are ‘pured | dzZ3SQ | YR & SSlbakiert SR 0
Instantons are found to flip @° G®Y [ bré&king their degeneracy.

Mixed (by instantons) @states form new eigenstates of the Hamiltonian.
| 0) = NZ e | n) | vacudd

4 060 NXzSQ Hahdity enerdyicCod() Aatk.a. Instanton potential)
the value of must be preset as supeselection rule.

==> our SU(3) vacuum should havé-term with* ~ O(1)


https://arxiv.org/abs/1710.09748

mixed |n> illustrated in a form aofirculant matrix.

E € € - ep_1 ;
(123... D—l)- ep—1 E € e - . ;
€1 €9 -+ €p_1 E D )
jth eigenvector:
i e



b= |ble’”

N a
[ -term identifies with the chiral current anomaly. U=¢ V2’
M= (Wﬂuﬁw“ ; )
Minimization of effective strong interaction potential 0 mge
breaks U(1y

L=f2Tr,U"U" +af3 Tr MU +bf2detU + h.c.

Yields the minimum aty = —miffr\/l _ : 4mﬁmd E sin? g
e mq

0=6+0,+0y isinvariant under the anomalous symmetry:

U — e U, 6 — 6 —2a, M — e "M

bl (idzNJ f f & @ shbdSakeTH1Y alkag.S R



The strong CP problem

| causes CRiolating effect and appears in baryon EDM:

E_—QC+M (LNT(INC QA’mN (],N (INC M:M C_|_%17
- fﬂ' My + My
0=0+0,+0y,
2
eOgacop . A _
dy, = 5 g log — ~ 3 X 10'%fe cm
872 f2 m (\%\)’7
see1509.04411 b
Experiment g < 1010 “

n D n

=) 10 orderscof finetuning. Feynman diagram for

neutron EDM



Nonaxion solutions

G'tHooft: T c Q
1. zero yquark mass: ¥ 101%m,

CG

: - 0g>
- LD mye'™ uu® +mge'™ dd” + ==
u—re u, 0, =Lr=o 6 —0+« m

d—ed, 05— 04—a, §— 0+ .

d—ed, 0;— 04—, §— 60+ .

u—eu, -0+«

After m,->0, | and| ymay vanish by fieldedef Restores CP.

Tensionwith Jattiee QCD results



A2. Parity

In a ER model with SU(2x SU(Z), symmetric under parity:

SUQ2)L <> SU2)r, Q<+ QL,  Hp< Hh Ly L,

[ O Xiddakes P and is forbidden. Yukawa takes the form:

5 yuQrHLQrHR w deLﬂzQRH;fg

= Au Ad

+ h.c.

After SU(Z) breaking, theYukawasequired by parity

Hermitian matrix:argdet(Y) = 0. so that combinfed0

Good at tree level, compilations arises at loop level.

. odzz az2zKIl LI GN



® bStazyzynQ
b

ANelsonBarr (spontaneously broken CP) LO PRy e

In a minimaBento, Branco, Parada setuphys.Lett. B267 (1991) €30)
L= pgq+ aanadrq +y,7HQpds + . .. .

g are new vectotike quarks
Sa developvevswith relative phases, breaking CP

B
M = <M ); mq = yv; By = aafa

0 my
After diag., the SM 3x3: assumingu® + |Bs|* > m3
mq)ix BLBo(m2)
(mam); — LD Be g g
u? + Bfo

Likely tuned to have large CKM phase

@ Tree levelargdet (M) = 0. For many model variants,
Diagonalizingmatrix (CKM) carry CP phase see review1506.05433



PecceQuinn (axion)

Assume a global Uglhas good UV symmetry

Qi/Us/Df/Li/Ef —s € Q;/Us/Df /Li/EF (as in PQWW)

Hy/H, — e "?“Hy/H, .

U(1)q breaks after a (charged) scalar geev~ O(f), leaving out a goldstone field (a
The goldstone can acquire an effective coupling term:

S ele
fa

-— ~ \\ Ve ~

a2 GKIG 6SEGSYRaQ UKS v/5 UKSUl Aydz

1 ~
c Gé.
- ( 7o ) 3072

J © 0=0+0,+04+ fi




Not an exact Goldstone. QCD vacuum¥Yas ThepNGBhas a mass

14 ”n 2
a Q.o a _ AQ("D

—~

Q a & I

At low energya makes ¥cpgo to its minimum af +—= 0.
=) Strong CP solved bglaxation

NewpNGBA & G KS 6 [CgMPgsgd@f imaginary part(s)
of scalars that transform under UQ})

Low-E effectived_agrangian

-‘1) [ i v 5N ¢ | \ J] 56 ¢ | — 1 ?’ /O] A
Lint = —g(*—WgDFWF‘ -+ =k (NN ) + I dup(ertvse) — =gad N, vs N F!
4 2muy 2Me 2



The PQWW model

—L = yjQiUfHu+yjQiDiHy + yjLiEf Hq
+V (HiH,, HiHg, (H5HL)(HIH)) -

Two Higgs doublets (H, & Hy). The PQ transformation:

Qi/Uf/Df/Li/Ef — €'“Q;/Uf/Df [ Li/ Ef
Hy/H, — e "?**Hy/H, .

axion is a mixture of neutral scalar components.
(H
(H

o

)
)
Axion is CP odd and can mix with a pion. fa<10'GeV, m< 1G MeV

3 constrained byare decay
In PQWW, _f~ O(vy) ruled out by meson decays. of MESOns.

a = sin BImHS + cos BImHS ,  wheretan g =

Qo



https://pdglive.lbl.gov/DataBlock.action?node=S029AD2

OLYOPAAAOE SQ EAZ2Y Y
Need a large,fto avoid beam dump, astrophysical constraintsX 13 GeV )

/\/\/\/ FMV

a aGG- generated
at loop level.

Y|
f”'
S

KSVZrmodelheavy vectotike quarks, with coupling 0 0°Y
The PQ U(1): D0 Q QFQ, SO Q S

a=lm@, f ~vg



ATheDSVZ model
00"y

H,, Hy, Scharged asl, -1, +1 under U(1y,

"Q \/U L U raised bySvev

The axion is dominated BynS

6 W) fo ov)fo v) Yy
Jo O O

SM quarks runs the fermion loop to generate effecineG-.

For review, see



Quality problem

. @7’1
EFT: 22 Gravity: V ~ ——
Mp
2 492 V ~ f(il _+_ ¢
V ~ € f7 cos ( 7 + ¢> M s fa n

n > 14 not to spoil strong CP.



6! EA2Y fA1SQ LI NIAC

Any pseudoscalar with- "OCcoupling w/o solving the strong CP problem.

1 , ~
L= smia® + %FF

Copious candidates from BSM UV theories, string theory, etc.

For EM couplings, axion mixes the E and B fields:

Lo 1 -
Lomry = %E B =— ;e F



Axion as cold dark matter

For review,
o _ see 1510.07633
A fast oscillating field at the bottom ofen * (n NS potential

behaves as mattelike: " (z2)~ (1+2 M.Tumes vy o Q

axion starts to oscillate after strong PT.

1 1 !
1 —— Hubble
—_— g2

!Y X
Y(0)

Misalignment Mechanism:

T
5O oo( ) Ai @ o

Axion Field ¢

axion gets a homogeneous initial valyg a ,

via inflation. Gives the DM abundance: = N\
/ 2 \3,
7 6 o | \ (}) |
2 4 fCL 2 E O | \\\A‘é.
Q(Lh ~ 2 x 10 (1016 GGV) (ga,,’i,> E : f
% = Exact Density :

1 D EI I ke Approx. Density
| |

_(top_ological defec_:t cor_rections apply 109 o e e o e
if fa Is lower than inflation Scale) Scale Factor a/a; Scale Factor a/a;



(0p)
I+

axion dark matter require$X p mGevVa £ pn  x

Recent calculations:

1012 GeV G. Girilli di Cortona, E. I—!ardy,
J. Pardo Vega and G. Villadoro,

ma::57MﬂmW(

L. JHEP 1601, 034 (2016)
. - ~T.H{ramatsu, et.al., PRD 85, 105020 (2012)
a = 601150 Of NMiasaki etal PRD 91, no. 6, 065014(2015)
d =265 34 IEV V.B.Klaer, G.D.Moore, JCAP 1711, no.11, 049 (2017)

DM axion has macroscopic de Broglie wave length: 1 -1 O(cm)

5a EA2Y az2ftAdz2y YlIé& FT2N¥Y 6062a2yA0
miniclusterswith mass ~ 18°-10°M,, 2006.08637



Searches for axion (ALP)

EM coupling allows axianphoton conversion in
external field. 2

Photon axion oscillation ( in relativistic limit)

May imprint oscillation feature on

photon spectrum: e.g. astrophysical sources e e
I W

a

M ~ —w3 /2w JayyBr/2
Gayy Br/2 —mi /2w

A
4 Ly
W—ig tM) ( A ) =0 ‘PrimakoffSTFFS O Q

BN o (e BrL [ E2
Pysa(Ey) = (1 + E_§> sin (T L+ E_f E. = |m — £z|/29awBT



Solar axions

axion couples to nucleug,,
electrons,g,., and photons g

axion emission via: fermion
radiation, nuclear transitions,
(Primakof) conversion from
photons, etc.

Experiments: CAST,
Direct detectionExperiments

T 11 I'I-I-T-. —

Flux (10% keV™' year! m?2)

Stellar cooling exclusions

Axion emisssinvi2 [ ©Q ¢h) QO {

cools stars if mis light.
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Axion energy (keV)

HB starsg,,<4*1013GeV! N.Viauxet.al. PRL 111, 231301 (2013).

Supernova 1987Ag,, < 5.3 x 18?2 GeV*, for m;< 4.4 x 168%eV



C AST CAST (2017): 1705.02290

Solar Sunset

A Expected solar flux ~ Ke v A S

Sunrise
X-ray telescope system

A Accelerator magnets - T 153

Shielding

converts axions back to L _'Q
KeV photons

X-ray detector
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Recoil (underground exp.)

wSOSyiu YS+
seeXENON1T 2020
& PANDAX 202f@sults

Electron recoilsaxio-electric absorptions) test axieelectron couplingg,,
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https://arxiv.org/abs/2006.09721
https://arxiv.org/abs/2008.06485

Fifth force?

0.(a/f.)¥7'7’Y  axionfermion coupling leads to spidependent interactions

Effective interaction potential btw test objects

h3c¢ g, g 1 1 o
U — P1dP2 A A . o
po(7) 167 mymy, (61 - 62) (7‘2)\@ + fr3) ¢

oA . 1 3 3 e
)6 ) (o et ) e )

h2gsgy, [ 1 1\ .
Us,(r) = L + = )e (67
p(7) 8mm s (r)\a 7"2) c (7-7)

Can be tested by precision measurement.
MNR proposal: ARIADNEL 113 (2014) no.16, 161801

Developments at UTS&109.092572010.14199

1910.05406




Axion DM "haloscop®

Assumption: DM is mostly axions

Resonant cavities (Sikivie,1983)

— Primakoff conversion inside a “tunable”’,
resonant cavity

— Energy of photon = m_c?+0(b?)

Axion DM field
Non-relativistic

.
Frequency € axion mass .

Cavity dimensions
smaller than de Broglie
wavelength of axions

DM axion has areferred
parameter range.

Primakoff conversion of
DM axions into
microwave photons
inside cavity

¢ $ )(I,
P, =g2VB*cteq

My

If cavity tuned to the
axion frequency,
conversion is “boosted”
by resonant factor
(Q quality factor)




Cryogenic resonance cavity
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Cavity experiment site®(ue)
Non-cavity axion DM experimentse(d)
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status ofhaloscopes
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Axion DMc EM effects

A axionmodified Maxwell equations:

S5 o - Effective charge: (((how tossearich?)
V-E=p.+g a
VxB—-—=gE xVa—gB— +
V-B=0 Axio-magnetic eurrent;
_ Abracadabra(MIT)
o g 98 1905.06882
ot
Axio-electric current j, = gE x Va
DM axion flow Induces a magnetic signal
inside E field: se2012.13946
3 5 | 3
One effective charge V X B = gay(Eo x 7)v/2ppmeosma(l + 5“2)t] = Ja

Two effective displacement currents


https://arxiv.org/abs/2012.13946
https://arxiv.org/abs/1905.06882

Sketch ofaxio-electric andaxio-magnetic effective currents
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Birefringence (axion as mediu

Axion field is garity-violatingmedium.
It rotates the linear polarization of light.

s P

only determined by a field difference
between initial & final positions (for
freq. S 2) | HarariSikivie ¢H Q

Comparison: Faraday effect

27e’
HFaraday — W /dm ' B(.’,IZ) Ne (3:)
e

lab birefringence & dichroism
under Bfield, see
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— Polarization washout
= AC oscillation
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Search summary
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https://inspirehep.net/literature/1778725

