Lecture III FPCP beyond SM

3.1 The need of going beyond SM
3.2 Anomalies in flavor physics
3.2 Model buildings for FPCP beyond SM
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.1 The need of going beyond SM

IS @ beautiful and successful model to describe strong and electroweak
interactions. But how good is it and is there indications that is may not be the
complete theory addressing all problems facing particle physics?

Yes, there are many hints. Some of the prominent phenomenological ones are:

The neutrino mass problem. Neutrino oscillations observed requires some of
the neutrinos (at least two of them) to have non-zero masses. To give a mass
to a fermion in the SM, one needs to pair up a left and right handed partners,
example up, down quarks and charged leptons

B QLYuﬂHH + QLYdeR + LLYEHER ~+ H.C.

In the minimal SM, there is not right handed neutrinos in model available,
therefore need to introduce them.

Need to introduces vy in the model. Then one has —L.Y, Hvr — vp(Yov/V2)vg

Then mv = Yvv/sgrt[2]! Problem: m,/m, =Y /Y, < 106
Why such a small number?
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Seesaw models

Type I seesaw model: v (1,1)(0) neutrinos, ~L1Y,Hvg — (1/2)mpi{vR, my, = (Y,v)*/2mp
Type I seesaw model: x(1,3)(=1)small vevv,, =L Y, xL] — —u,r,(}’”r\/\/ﬁ)u};

Type I1I seesaw model: Ng (1,3)(0),- LY, HNg — (1/2)1:;;;5.'}11,4\-’”, m, = (Y,v)?/2mg
And models of generating neutrino masses at loop levels.

If only confined to leptons, flavor physics and CP violation will he

affected in the lepton sector. Atoms Dark
4.9% Energy
Dark 68.3%
. . . M
Cosmological evidences: Dark matter, Dark energy sl

and matter-antimatter asymmetry
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More theoretical ones

he hierarchy problem: Why electroweak scale ~ v~ 300 GeV is so much
lower than the Planck scale ~ mp o ~ 1019 GeV.

Cosmological constant problem, very small but none zero.
Strong CP problem, why 8 <10-10 js so small?

Unification of all forces:

a) Grand unification of strong and electroweak interaction

b) Theory of Everything, unification of strong, electroweak and gravity

Too many free parameters in the theory? Possible to reduce them?
Why there are just 3 generations
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The strong CP problem and neutron EDM

The CP violating term

2 2
TT(G#.FG#;.J) = _" 32

§Locp = —0 -GwGe,

16

can be written as surface integral for the action

55— g9 / d'zGrGe,

g2
3272 /d‘iﬂ:a KP = —6‘—-— /daﬂK’“’

3271'2 3272

with K = (4165 (G4, - (33/3)**G4GY)
The surface integral is usually dropped.
However, there are configuration the above integral is non-zero, #-vacuum.

The integral is actually corresponding to the topological winding number v

2
Y= g fda'#K“

3272

One cannot simply disregard it!
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Some useful relations
The chiral anomaly relation, 8* (v, vs¢) = 1225 TT(GG),

leads to a chiral rotation ¥ — e*®75/23 generates in the Lagrangian
g2

SL,., =
o 161-r2

Tr(GG) .

An imaginary matter term L = —¢¥m(cosa + isinays)y

can be transformed away by define ¢ = e *"5/24 and to
g2

SL — —'ma’
vy +':”16 2

Tr(GQ) .
If one write with more than one v the mass matrices as WM

In general M is complex. Then

2
Y o g3 =
5L = —(YrM¢r + H.C.) — 0 25Tr(GG)

-~ 2 —
— — Ny — (8 — Arg(Det(M)) 1gfr ~Tr(GG) .

M = diag(mi,ma,...), with m; > 0
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Calculation of EDM from f-term

Making on each of the light quarks (u, d, s).

With appropriate chiral transformation, assuming small &

— 2 -
L = —myiiu + mgdd + m5s — lgfrg Tr(GG)

My, Mg g
mumd + mum_g _E_ mdm_-_;

-  —mytu+ mgdd + m.5s + if ysu + dvysd + 3758

Using current algerbra, turn the above into nucleon-pion interactions

< P°Byluysu + dysd + 8yss|n >= —i(v/2/ fpi) < Bslgh®g|n >
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Lrip,p= —\/Eﬁfﬁt(i’r’ayﬂww + frnn|N >
g-n~N = 14 is CP conserving, and f.nn is CP violating coupling with
Crewther, Di Vecchia, Veneziano and Witten, PLB88, 13,(1979)

(mz — mz) Ty, Mg g

f?rNN' — .
fx My, Mg + My, Mg + Mg

D, ~ —3.8 x 1071%¢ ecm )
e o
p %——— @_
Including all SU(3) octet contributions: s

2.5 x 10~ 1%Fecm < |D,,| < 4.6 x Becm  He, McKellar and Pakvasa, IJMP A4, 5011 (1989))

Using data |D,,| < 3 x 10~?"ecm, |6] < 1011

Why 6 is small is the strong CP problem.
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Solutions to the strong CP problems

1. One of the quark mass is zero, since D, is proportional to m,;mym. But
all quarks have non-zero masses!

2. Making the theory left-right symmetric (parity conservation, 6 is zero
to start with) and quark mass matrices Hermintian (Arg(M) = 0).

3. Spontaneous CP violation, making 8 equal to zero first. Need to check
whether after symmetry breaking, 6 is not generated.

4. Dynamic solution driving 6 small by imposing an additional chiral
symmetry, the Peccei-Quinn symmetry. This solution leads to Axion
which has not been discovered.

See Appendix D for PQ symmetry and Axion.
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PQ symmetry

The most attractive solution is provided by Peccei-Quinn symmetry

Lagrangian symmetric under a U(1) 4 global chiral transformation

Chiral transformation for SM @, ur, dr, L1 and er are independent

How fr and fg, if f transforms under €'®7s f?

fr

—%(1+'}Q,)f—}

(1+5)e*™™ f =

(1—5)e ™ f =

b | = B | =

(]_ = ,TE}Etaw f
(1+5)(cose + iyssina) f = %(cuscv +isina)(1+)f =€ fr,

(cosa — isina)(1 —45)f = e 2 fy

b | =t

(1 —7;5)(cosa + iyssina) f =

b2 = b2 | =
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U(1) 4 chiral model of QP symmetry for strong CP problem
L = Lgp + 8Ly, 6Lg = —6(g2/16m2)Tr(GG)

up = e*®up,dp 2 €, Qr = Q1, Ly = L; and e — e*“ep
0=0—0-2a,

If Lsar is symmetric under U(1)a, L = Lsay 4+ 0Lg_p_o,

For Lgys, @ is arbitrary, choose one such that § = 8 — 2a = 0.

No strong CP term!

One then needs to show that the corresponding potentials are minimal to
have a stable solution. More discussions in Appendix D.
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3.2 Anomalies in flavor physics

are also a rfew anomalies in flavor physics which show some deviations

from SM predictions at some level, but not up to 5o yet.

But they have generated a lot of concerns and people are trying to provide
solutions to them. Here I discuss a few related to flavor physics.

The unitarity of CKM matrix; The g-2 muon anomaly;

B-> pyp K&, DO 1v...

CKM unitarity:

L) ., .
|Vial™ + [Vusl™ + |Vl = 1.

|IV,|2 ~ 105 negligible, so usually study

A= [Vyg|?+[Vis|*-1

Zoom in superallowed 0+ -> 0+ nuclei transition and
K-> | v show about 3o level deviation

r {1
Ackon 3o Al

aeXiv:2208.11707

=29

=330

=il
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Figure 1: Constramis in the V4V, plane. The partially overlapping vertical
bands correspond to 'Ir’:; =0 (leftmost, red) and 'r’lr:"_,h"‘l {rightmost, violet). The
horizontal band (green) corresponds to 'L",:E""_ The diagonal band (blue) corre-
sponds 10 (Vie/Viadiinp,. The unitarity circle is denoted by the black solid
line. The 68% C.L. ellipse from a fit to all four constraints is depicted in yel-
low (Vg = 0.97378(26), V., = 022422(36), yl,"dul' = 6.4/2, p-value 4.1%).
it deviates from the unitarity line by 2.8, Note that the significance tends to
increase in case T decays are inchided.
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Muon g-2 anomaly

The energy of a particle with magnetic dipole p interact with a magnetic field B is

given by: H= - y-B

Classically, a particle of charge g moving in circle in magnetic field ©
with angular momentum L, the magnetic dipole: u, = qL/2m. p

Quantum mechanically, a Dirac particle has an intrinsic magnetic dipole moment:
= gS/m which can be written as p = g q$/2m, ------- g=2. é» s
g is called the g-factor. (Dirac)

In quantum field theory, there is correction at loop level making a = (g-2)/2 not
zero. This is the anomalous dipole moment of a particle. At one loop %

for charge leptons, i = e, y, T, a; = a/2n  (Schwinger)

In the SM, including QEC, Strong and electroweak A
contributions, a, has been calculated to very high precision..f‘.'..../.IF i N PRI ey




M , has also been measured to high precision.

BNL experiment (1997 — 2001) final result
for Aa, = a (exp) —a,(SM) at 2.7c larger than zero.

FNL experiment first result announce in April, 2021, conf \
high confidence level at 3.30.

Combining BNL and FNL results, Aa, =251(59)x10-1 . N
The deviation away from SM is at 4.2c level!

PR AE R R o
(BMvvc/%g,ﬁQCD) LI FE

Recent Lattice calculation indicate the deviation is only . .
at one o level. More accurate theory calculations and | “ s V

(Theory Initiative)
| 1

Experimental measurement needed to confirm this anor'”® ™ ° af“o;%iw;go el

Even the anomaly itself still needs to be confirmed, but a lot of efforts have been
made to explore the anomaly through beyond SM physics to match data.

Z', leptoquark, higgs....
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/' contribution to muon g-2, a U(1)u—t example

rXiv: 2112.0992

The simplest version has Z’ coupling to p and T in
diagonal form. An additional anomalous Aa, will be
generated at one loop level

P f}g mi /‘] EJ‘E{I — r)dx
0

Aa, = : ;
| y i 4 O : a "
F 87 M . 1—z+ [mﬁjmg,}.r-

In the large m, >>m,, limit, ﬁ”f = (g2 .f’lifﬁ:}{mﬁfmff:}.

To explain the muon g-2 anomaly:  §%/m?%, = (2.66 & 0.63) x 10~ °GeV ~.
One must check if the above region is ruled out by other processes.

The trident neutrino scattering data come in and rule out the above solution
For large Z' mass indicated above!
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Th nt neutrino constraint

Normalize SM contribution to
experimental measurement, oeyy/0osy.

If data agree with SM, o/0(SM) = 1.

Small Z" Mass Solution for Muon g-2

Experimental data:  Gerp/0sat|trident: 1.58 £ 0.57, 0.82 £ 0.28 and 0.727%5

from CHARM-II, CCFR and NuTeV.

With Z’ contribution: 9z
TSN

(1 + 4s3y + 8g°miy /g*m%. ) + 1

| S
itrident —

1 + (1 + 4s§,,)2

Using central value for 2.66x105 GeV-2 for ¢*/ mff, one obtains o/ /ogy = 5.86

The model is ruled out as a solution for muon g-2 anomaly for large Z" mass!

114



Small Z’ solution

What about small mass m, << m_?
In this region, the previous result for trident neutrino scattering is not valid
because the g2 exchange by Z' is g
comparable, the heavy Z" mass limit
Cannot be applied!

0.01¢

More involved numerical calculations
obtain the results shown in the figure 103}
On the right. ;

It is a folklore that in U(1),, . in order

Ladgail I L Lo Liil L i laiul

to explain muon g-2 anomaly, : 0.01 0.1 | 10 |
mz must be less than 300 MeV! m. (GeV)
7\

There are model which can invade this folklore, example arXiv:2112.09920
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Rp+yanomalies in B -> D) v
fore 2019

T T — T
05E BaBar, PRL109,101802(2012) 5
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LHCb, FPCP2017 R(D)=0.299(11) FNAL/MILC (2015) =

< Ur 04 [T Average R(D*)=0.252(3) S. Fajfer et al. (2012) ]
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R(D = = 0.407 £ 0.039 & 0.024 Sl
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45 effects! A

@0.01 il e ‘ N E T .
2 L LHCD 014 HFA i [Vipl incl.
< @ =B '
‘Theory % 10 M |
0 — g it — 012 - \\%\;Sfb i B8% CL contours F Bomiv
‘u --..World average |f > \\ (A lOg E g 115) 40
- \ 'd‘ / h 1
- [y = 0.10 y | | Veol inel.
A1 b D
001 AR » k (A ; O h
I\ "\ r_‘ , %. 35 / [ ] t ers----
L Dp \ :‘JI E@ o <] 0.08 . t // B-DIv
=\ e g 9
0.02- o8 &/ =l
[ ayem [ e | . SSSSeS
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_ BB J/prTy) SM prediction
R(J/) = BB o Jonr) 0.71+£0.17 +0.18

R. Aaij et al. [LHCb Collaboration|, arXiv:1711.05623 |[hep-ex| R(J / 11)) = (0.283 £ 0.048




Measurement of (D) and R(D*) with a semileptonic tagging method

We report a measurement of the ratios of branching fractions R{D) = B(B — Dr i, )/B(B —
Di~i7y) and R(D*) = B(B — D*v ) /B(B — D*# %), where £ denotes an electron or a muon.
The results are based on a data sample containing 772 x 10° BB events recorded at the T(45)
resonance with the Belle detector at the KEKB e*e™ collider. The analysis utilizes a method ]
where the tag-side B meson is reconstructed in a semileptonic decay mode, and the signal-side 7 is arXiv:1904.0879
reconstructed in a purely leptonic decay. The measured values are R{D) = 0.307 £ 0.037 + 0.016
and R{D*) = 0.283 + 0.018 £ 0.014, where the first uncertainties are statistical and the second
are systematic. These results are in agreement with the Standard Model predictions within 0.2
and 1.1 standard deviations, respectively, while their combination agrees with the Standard Model
predictions within 1.2 standard deviations.

from Belle G Caria @ Moriond 2019
= LN I 5 e e ) R B v
: :  Most precise measurement of & 042F  — B e
Still 3.6 to 3.1 sigma effect  g(p) ang RDY) to date E b meme ok

— World Combination 2019
« 5M prediction

0.38

for world average. * First R(D) measurement
performed with a semileptonic 0.34
0.3 LA = T G

IIIII'I.IlIIIII

New physics?
* Results compatible with SM

T 1 I'_Jr'l TT |_I-__I_I_

T
I|IIIIIII|III|III|IIIIIII|IIIIIII|III|III|I

expectation within 1.20 a6
b o O b i® -
LW ~.._ H~ __ + R(D) - R(D") Belle average is : ;gi S‘“_gizgiggﬁ
e L <, now within 20 of the SM 022k L e =
- et 0.2 025 |03 035 04 045 05
—, 1 This result [
e © * R(D) - R(D*) exp. world average siest
o tension with SM expectation R(D) =0.307 £0.037 £ 0.016
decreases from 3.80 t0 3.10 R(D*) =0.283 £0.018 £ 0.014
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B ->up K& anomalies
fore 2019

. — T T T B B(B*— K*uty-) B(B* - K*ete")
1 a'r 9 [31-Fp) . 1-Fr Ry = L.
« LHCbdata = ATLAS data 1 Jdg dcostrdcosdxdedg® ﬁ[ 7SO+ Fuoos®Ox + sin”Oxcos 20, | K = BB S KFIR )/ BB K I~ eve)
= Belledata © CMS data i —Fy cos® B cos 20, + S sin? O sin® 07, cos 2¢ I ———
[]SM from DHMV +84 5in 26 sin 267, cos ¢ + S sin 20k sin 7 cos ¢
/71 SM from ASZB ] +8g5in® O cos @y, + Sy sin 26 sinfy, sin ¢
0 " - — : +8g sin 20k sin 26, ‘iinfp+Sgsin29K5in29;_<in2¢]. ( P
- 1 )f’ Y N B ] B +
: \ & ] S 1-F A
—05F l p, = 2 Am \ \ - k
C 2 T 31-F ‘
5 S | I - po= -5 ’ < PRUI13 20143151601 s
-1 : 4 : 1-F + PRD 86 (2012) 032012 £ [GeVel]
0 L " L " ; " N L 1|0 1 L " L 1I5 L " I P’ _ Sj=4.5.78 15 TT_ « PRL 103 (2009) 171801
i=4,568 m.
2.8 and 3.0 o from SM v 2/ 4 — 4 +0.090 X
. JHEP02(2016)104 - ATLAS-Conw2017-03 4 LGV . Ry = 0.745" 5 y74 (stat) £ 0.036 (syst)
* PRL 118 (2017) CMS-PAS-BPH-15-008 09 le . _ _ — 1 GeV? < !;-' <6 GGVQ..
i o 3
= gy - 08 LHCb
. e e ] New data on B, -> p+p- from
> Results consistently lower than SM predictions TE 3 .
i = : LHCb, lowered the differences
0.6 ~ Y
= C -
s m = = e i
E = oogp _ +0.3 -9
+ =i W 5 OSE 1 BBy = p i )y = (3.0 £ 0.6103) x 1079,
z o form SM Iy ves), m {)'4 ;_ _; — 1.0 9
M{Mﬂ ° q‘g[GzV:/r' 0'3 E_ _E B(BS —¥ #+#_)CMS = (3_01_[]:9 X 10_ )
3 3 B . _ -9
02¢ E B(B, = 1 17) 1rage = (3.0£0.5) x 1077,
0.1F =
o 3 s i i’ . 1 9
oE . 3x10” B(B4u'n )=(3.65+0.23)x10
0 8

axivasososs " Floevien mebosaodiis " pioevic BF(B? 5 u.;.u—) B HI.I_:'!.I “u =11, 06+0.09 |:’"~' 1074

. ] . PRL. 112 (2014 ) 101801 ]
All these processes are induced by b -> s |l interaction.

Consistently lower than SM predictions. Combined effects are now about 4¢ !
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2019

-~

arXiv:1903.09252v1 [hep-ex] 21 Mar

what's new since 2019

o, Ry result with 2011 to 2016 data LHCb-Paper-2019-009

MNew results: Ry from LHCb
ﬁ% Imperial College

London
T Humair @ Moriond 2019

Using 2011 and 2012 LHCb data, Ry was:

Search for lepton-universality

violation in BT — KT¢T¢~ decays

w 207
Ry = D.7457%99 (gt ) + 0.036(syst.), 1 | LHCb
T
~ 2.6 0 from SM (PRL113(2014)151601). :
ik e
_ F — -
Adding 2015 and 2016 data, Rk becomes: i —
0.5 r i Belle
Ri = 0.846 99 (stat.) T4 WG (syst.) sl e per 0 Rl e
0 5 10 15 n
~ 2.5 from SM ¢ o
MNew results: Ry from LHCh
. . ) -+ Imperial College
Branching fractions and other results LHCb-Paper-2019-000 (88 ondon

LHCb collaboratiorl]

Abstract

A measurement of the ratio of branching fractions of the decays BT — Ktutpu~
and BT — KTeTe™ is presented. The proton-proton collision data used corre-
spond to an integrated luminosity of 5.0fb™! recorded with the LHCb experiment
at centre-of-mass energies of 7, 8 and 13TeV. For the dilepton mass-squared
range 1.1 < ¢% < 6.0 GeV%fc‘i the ratio of branching fractions is measured to be
Ry =0.846 iggﬂ t g'gﬁ", where the first uncertainty is statistical and the second
systematic. This is the most precise measurement of Kk to date and is compatible
with the Standard Model at the level of 2.5 standard deviations.

If instead the Run 1 and Run 2 were fitted separately: e o

new - +0.083 +0.017 ’ 2 +0.089+0.020
RK Run 1 — D-?l?—ﬂ 071 —0.0161 Rk Bun 2 = 0'928—0.0?6—0.0171

RO, 1 =0.745709% 4 0036 (PRL113(2014)151601) ,

Compatibility taking correlations into account:
» Previous Run 1 result vs. this Run 1 result (new reconstruction selection): < 1 o;
» Run 1 result vs. Run 2 result: 1.9 0.

B* — K*u*pu~ branching fraction:

» Compatible with previous result (JHEP06(2014)132) at < 1 o
» Run 1 and Run 2 results compatible at < 1 &,
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Test of lepton Havor unversality m B — K*£7f- decays at Belle

i arXiv:1904.002440

e ——— - =y —— e mem— s

We present a measurement of Ry, the ratio of the branching fractions B(B — K*"u*u~) and
B(B — K*e*e ), for both charged and neutral B mesons. The ratio for charged B mesons, Ryce+,
is the first measurement ever performed. The analysis is based on a data sample of 711 ",
containing 772 x 10° BB events, recorded at the T(45) resonance with the Belle detector at the
KEKB asymmetric-energy e*e~ collider. The obtained results are compatible with standard model
expectations.

R(K"): (Preliminary) Result

M Prim @ Moriond 2019 ‘.QMS.!I BS - > U + U B fro m AT LAS

20 — 20

Belle prefiminary ! : Belle preliminary A
' ?I Nik[hef
A
5l 4 s =
= 12 Results —
L\_:“< AL — = { —— :,;f 10 .][t 0 Igonkina @ Moriond 2019
¥ M @ sMm:
0s L 4 05t LHEE —_— T —T — LI B B e e e e e e e
& DataforD%and 5 modes e ozl o a2 Br(Bs—y) =(3.65+0.23)x10°°
i o o o ik 2 '3 aras = o : (B —Hp = )
ool e e e I 2 T i i = I Run 1+ 2015-2016 data - Br(B°—up) =(1.06+0.09)x10-1¢
x F ) —— LHCb Run 1 + partial Run 2 data J
qz {G"-"sz‘cd) qz (GEVZHC{] ?‘ 08? - LEelihcod contours for i
7 inGov¥rc* All modos £ modes 5" modes Al - _ @ 060 "_?"' e, #am-esszts 2 @Best fit of Run 2 data:
7 7 a measurea vaiues are in =] C ]
0.085,1.1] 0521 %% o005 0485 Lo 02!l 010 ; 0.4 3 Br(Bs—p) =(3.2+0.9)x10-°
[1.1,8] o,ssig:_‘zf +0.11 1.05132_% +0.13 o.?ztgz_i: +0.18 accordance with the SM and E ] ( : MR =( ) .
s eI il WL oo mossurements S nEmw a2
.1 18 _gap 0 A2 g g = 0. 40_g gy £ 0.1 o
pos]  oslflirome 1o omGfrow @ First measurement of R(K' ). ¢ 3
—0.2 = @Run1+Run2result @ 95% CL
e 1= & 4 05 & Br(Bs—u) =(2.8+0.8)x10°
B{Bs =M ][10—9] BI"(BO—’IJIJ.] < 2.1x10°°
PDG 2018: B(B,s 1) = (2.7 55 )x107° BO limit is most stringent at the moment
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n

R 160 = 084670035 50012 [1] R, =1.00 4 0.01 [3, 4] 3.10
R:cﬂ*[u 045,1.1] — = 0. 66+H 31} +0.03 2] R}?*“[u.tuﬁ.l.]] = 0.922 + 0.022 |1| 230
Ry 160 = 06970067 £0.05 2] Riuopaee =1.000£0006 [4] 340

t s

LHCb data still show a 3.1 ¢ deviation from SM prediction m
i
w [T
New physics? b 8 . no
/]v/,]/_L/Z / " —.@;/LQ
= pt e Z+

All the anomalies need further experimental confirmation! But one can explore
possible directions new physics may come in.
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What Anomalies tell us?

anomaly -Cambridge Dictionary

noun [CorU] « UK @ fa'nom.a.lif US @ /a'na:.ma.li/ FORMAL

@ a person or thing that is different from what is usual, or not in agreement with
something else and therefore not satisfactory:

Slatistical anomalies can make it difficult to compare economic data from one year to the next.

The anomaly of the social security system is that you sometimes have more money without a job.

B decays and muon g-2 that are different from SM predictions and therefore not
satisfactory.

These anomalies might be some hints of something more that just SM.

Will these anomalies stand with time??? More Data!!!
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b -> s |l induced anomalies

B-> s Il'in the SM and beyond

HQEEENP = = K[ (Cgsobs + OOl 4 Z Z (CESEEOESEE je Cgbsffogbsff)) i e,
f=e,111=9,10,5,P

with the normalization factor P 2
4G F "% = / v/
N \/_ %bﬂ& ].6 2 ° t ! w_§ W+§
b ( ] b ' . 5
The dipole operators are given by W ©
b. v b my . _ v
07 = . (SJWPRb)F“ o = ?(SJWPLE))F“ i

where o#” = %[y#,v"], and the semi-leptonic operators

Obaﬁ (S'anp Lb)( ) O;b'ﬂ (S'Tﬁp rD) (E’Y“f)
O35 = (37, PLb) (Ey"y59) 015 = (57, Prb) (Ey"y58) ,
O%% — my(5Pgb) (4 ) 0L = my(5Pb)(20),
0% = my(5Prb) (£vsf) , O = my(8Prb)(€vsh) .
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Coeft. best fit lo 20 pull

gaio ~0.95 [—1.10, —0.79] [-1.26, —0.63]  5.8¢

o +0.09 [—0.07, +0.24] [—0.23, +0.39]  0.50

97 +0.73 [4+0.59, +0.87] [+0.46, +1.01]  5.6c

St ~0.19 [—0.30, —0.07] [-0.41, +0.04]  1.60

CP¥ = Cf0 +0.20 [+0.05, +0.35] [—0.09, +0.51] 1.40
CrH — —0.53 [—0.62, —0.45] [-0.70, —=0.36]  6.50
Cleee +0.88 [+0.62, +1.15] [40.36, +1.44] 3.40

Cleee +0.32 [+0.09, +0.61] [—0.16, +0.91] 1.30

Chsee —0.82 [—1.06, —0.59] [-1.31, —0.37] 3.70

(ljoee —0.27 [—0.52, —0.05] [~0.78, +0.17] 1.20

Cleee — (fes ~1.65 [—1.93, —1.36] [—-2.19, —1.02] 4.00
(o= = (e +0.45 [+0.31, +0.59] [+0.19, +0.74] 3.60
(Chrt = —C%") x GeV  —0.005  [—0.008, —0.003]  [-0.013, —0.001] 2.6
(Ce°™ = Cp™) x GeV  —0.005  [—0.008, —0.003]  [-0.013, —0.001] 2.60

Latest fit: J. Aebischer et a;., arxiv:1903.1043
Older fits: arXiv:1307.5683, 1510.04239, 1703.09189
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b->cCcrTv,

Heee = 2V2GFV,, [(1+C

O = (@Y Pob) (9. Fuv;)
O%F = (ePgb) (TPLvy) ,
Ogﬁ — (EPLEJ) {'T'PLUT) 3

OT = (EU'H'HPLE]) (T—U;;UPLHT) 3

0L + CEOE

+C§$0¢ + CrOr]

M. Blanke et al., arXiv:1901811.09603 %> < § z 5{

1D hyp. ||best-fit] 1o range 20 range |p-value (%) |pullsm
Cy 0.11 [0.09, 0.13] [0.06, 0.15] 35 4.6
CBlosw || 0.15 | [0.13,0.15] | [0.08, 0.15] 1.7 3.8
CBlsosncow || 0.16 | [0.13,0.20] | [0.08, 0.23] 1.8 3.8
Ck 0.12 | [0.07,0.16] | [0.01,0.20] |  0.02 2.2
CL = 4Cr || —0.07 |[-0.12, —0.03]|[-0.15, 0.02]|  0.01 1.6

Similar work: P. Asadi and D. Shih, arXiv: 1905.03311
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.3 Model buildings for FPCP beyond SM

odel building with new gauge bosons and new fermions

Quantum field theory with chiral fermion fields, have triangle anomalies
generated as shown in the figure with three gauge fields as external ones and
the chiral fermion in the loop. These anomalies if exist in a theory, ward
identities will be destroyed and cannot be an consistent theory E
level. They must be cancelled — gauge anomaly cancellation. ¢

Normalizing the contributions by right handed 1+vys chiral

fermion in the loop to be positive proportional to the couplings,
then left handed 1-y; chiral fermion in the loop will be negative. -
The total sign also depends on the couplings g;Ttg,T2 g;T3 .

The cancellation can happen by summing up left and right handed

Fermion with appropriate couplings contributions. If vector fermion, no
anomalies generated.

This is a powerful tool for model building with new fermions and gauge bosons.
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Gauge anomaly cancellation in the SM

The standard model of strong and electroweak interaction has gauge group
SU(3)c x SU(2)r, x U(1)y with gauge bosons

) =

7

3 SU(2)r W-bosons : WH = %Wf, Tr(%%) = %

b ab

>
=%

8 SU(3)c Gluons: G+ = A"G¥, Tr(3

.
]

1U(1)y B boson : B#

The building blocks of fermions are chiral fields fr r = 1—:-'-2’*" : 4

The SM fermions are leptons Ly, Er and quarks Qr, Ur and Dy
Ly = (vp,er:(1,2)(-1/2)7, er:(1,1)(-1),

Type of anomalies: Qr = (ur,dz)¥ : (3,2)(1/6), ur:(3,1)(2/3), dr:(3,1)(-1/3).

GGG (3 grkuons): automatically zero, because under SU(3). all fermions are vector like.
WWW: also automatically zero, because T; = o; Tr(ojo5+050;)0,)=0

GGW, WWG, BBG, BBW, GWB all are zero due to trace of one single T, is zero.

Nonzero ones: GGB, WWB, BBB, and ggB for individual fermion in the loop

Two gravitation gg and a B
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One generation of SM fermion contributions to gauge anomalies

Ugr dg u d, er Vi e sum
GGB 2/3 -1/3 -(1/6) -(1/6) 0 0 0 0
WWB 0 0 -3(1/6) -3(1/6) 0 -(-1/2)  -(-1/2). 0

BBB 3(2/3)3 3(-1/3)> -3(1/6)3- -3(1/6)3 (-1)3 -(-1/2)3 -(-1/2)3 0

ggB 2/3 -1/3 -(1/6) -(1/6) -1 -(-1/2) -(-1/2) O
All anomalies are automatically cancelled!

One of the reasons for having two Higgs doublets H; (1,2)(-1/2) and H,(1,2)(1/2)
Because Higgsino is a chiral fermion, it produce gauge anomalies
WWB -1/2+1/2=0; BBB (-1/2)3+(1/2)3=0; ggB. (-1/2) + (1/2) = 0!
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Another example: SU(3)xSU(2)xU(1)yxU(1),_,

(PRD 43 (1991) R22; PRD 44(1991) 2118)

(1), charges: 0 for ug, dg, U d_ and e; €
+1 for pgr, v, UL -1 for T v, T,

New anomalies (indicate U(1),_, gauge boson as Z)

UR VL b TR Vil T sum

wwz' 1 -1 -1 1 (1) -(-1) 0
BBZ' (-1)2x1  -(-1/2)2x(1) -(-1/2)2x(1). (-1)2x(-1) -(-1/2)2x(-1) -(-1/2)x(-1) O
ZZB  (Ux(-1) -1(-1/2)  -1(-1/2)  (-1x(1) (-1X-1/2) -(-1)(-1/2) 0
77’7 13 .13 .13 (13 -(-1)3  -(-1)3 0

ggZ 1 -1 -1 -1 -(-1) -(-1) 0

Gauge anomaly free. The simplest model with a new Z" model!
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Models for muon g-2, Ry and Ry anomalies

theoretical models have been proposed to solve the muon g-2, Ry and
Ry anomalies discussed previously.

Multy Higgs, SUSY, Z’, Leptoquarks...

Some of them dealing with only for muon g-2, or R(Dx)) or R(K(™)
Relatively easy.

b "
e

j———e— s u{r) " & "
‘;‘" - b T ‘ b o L
. % “LA W’ - . H- T - ir .

- i

) ﬂ i Py & LQ
el B, .{:_'_, 5

When want to solve two of them, the constrain become more stringent

When want to take on three of them together, the task becomes more difficult
But efforts have been made and possible!

I now discuss some examples.
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A gauge model solving Rpxy and Rgxy anomalies
SU(S) % SU(z)! % SU(Q)h % U(l) S. Bouncenna et al., arxiv:1604.03088

Y C.W. Chiang, X-G He, G. Valencia, PRD93,074003.
“0(8,2,1,143), 9F:(6,1.21/8), Uz>:3,1,1.4/8), D :(8.1,1,~2/3),

Ly*:(1,2,1,-1), Ly:(1,1,2,-1), Eg*:(1,1,1,-2),
SU(2), for 1st generation SU(2),, for 2nd and 3r0| generations SU(2)L

The charged quark currents can be in the quark mass eigen-basis as The quark neutral currents can be expressed in the physical basis as

— +u = _ Z
Carnt = ooy (B0 OTNTIDL) 1y = oot [ ] o2 g mio

s
- MW Ury,VkmDL) + hec. . - g 9z}
\/§ [ ( L’YP‘- KM L) c = ’l,[)’}’.u{EA’uQ + EZ{: I:SZET3 Ty TghNTT] + o [ SWQ = TB] }Tﬁ

The matrices Ty, y,p diagonalize the left handed fermion weak eigen-states . Ty=Ti+ TP Q=Y +T; and N = diag(0,0, 1).
to obtain the mass eigen-states. The weak eigen-states are given by T;,%.
In the limit s%,c§ — c3s% =0, Z;, and W, are mass eigen-states with

Exchange W), solve Rp !

ol u’g? + v’g’ B v’(g* +9”) ol XY
W = 3@zt T Mz 4 » W T g Exchange Zy solve Ry !
Lne = = zt |:DLTP(SET3 + = TBNT )Dyp, + Uy (sgTs — —VHMTDNT VKM]UL]

Loiien — ——— W (SEULVKﬂrf’}’pDL — UVkmyuTpN T DL)
\/_ 2spcg

Similar for Z,, and W,, interactions with leptons. Sg small limit works well !
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[Friplet vector and SU(3)-xSU(2)xSU(2),xU(1)y

D. Buttazzo et al., arXiv: 1706.07808, @ Cheng-Wei Chiang, X-G He and G. Valencia

Xu: (3,1)(0) This is the Wy, in SU(3)xSU(2)xSU(2)xU(1)y

o _ 1 ( X2 Vix: _ _
#= B\ VaX: —x8 ) Liw = Quy* XA + Ly X,ALL,
1 o
Hypp = — @y Ve A%drery, Alvp + dpy" A9V jup gy Aler]
x4
1 "
+ 92 [ﬁL”f“VHMQQV}IMHLELT#&LFL — dL’}’”ﬁ.QdLﬂLT#&LHL
X0

—EL”“VE’M&QV}EMHLEL’M&LEL -+ th’}’#ﬁQdLELT#ﬂLEL] ;
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xchange Xp obtains

VHM,&Q A%
Hesr(Rpe) = ( Jsla ey bLTLYVL
ﬂ ﬂ‘[‘
Heps(Rg) = — 2SLAMDLAL YL -
4G
H.fr = TFV:;&(%,I + €33)e* Ppbry, P’

V2 VaAEAG

€31 = 5
AGpVy myy

. “,
Hepy = — v;b ;2 GO

For Ry v2r  ASAL

CNP - _CNP .
. o &GFI";E,V* 4?’]’1
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Try the best fit values: €3, = 0.11 and CY = —0.53. V =~ 0.04, V;, = —0.04

mNP
Allow 57% to be 0.1 (20 bound), A%, ~ +£0.0068 with my = 1TeV.
Solve Ry anomaly, CN? ~ —0.56 — AL, ~ F0.26.

Solve R, anomaly, ), €3; ~ 0.11.

€ ~ (ViaAL + Vs A, + VAR )AL

Prefer to have A%, positive.

Then ALAL ~ 4, taking each about 2,

large, but OK solution, although kind of large.

limit from RB—;K:;E: < 4, OK
D — u*u~ OK, since can set A% = 0.

The model can have reasonable solution for both Ry« and Rgxy anomalies.
However, difficult to get muon g-2 right.
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‘Leptonquark solution to RD, Ryxyand muon g-2 anomalies

Scalar Leptoquarkls

QrerR1, UpLLRy, ; DRLiR: L5QLS13, €RURrS: ,€3DRrS: ,
S1:(3,1)(1/3), S5:(3,3)(1/3), Rz:(3,2)(7/6), R»:(3,2)(1/6)

R2 - Cg = C]_[;. out ; Rg cannot explainRD{-m out ;

S, cannot explain Rp.) out; Sjdose not allow R}, > RS{ . out
S; and S; = ¢ interactions

Ly = LiXQro+ UpYese* + he., X =(2y5), XV =(2z5), Y = (v5)
Ly =L XQLSs + UpYeS; + he., X = (&), XVipy =G, Y =) -
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The S; case: problem with Rpx

.‘L‘l T} i — Fy i
H3 = HH (dL’TudLEL’T“EL G s (“LVHM)I’YM(V}M“L)JVE’T“”L

mSa

+ ((uLVKM) Vi VL + &y (Vi asur) 7Ey el

1
= T

2(0?1;%"55'},171,’}’“1"}, + (ﬁLVKM) ’}’,u( MHL)JBLF}'#EE)) ;

The contribution to Rp.) i1s proportional to

Yz Vis
—Z33(Z2a + ——T21 + = T20) .
33( 33 Vcb 31 Vcb 32

The first term dominate.

This make R < RS5M and therefore is ruled out.

D=
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The S; case: tree and one loop level

1
— 7 i) 3
Lz‘nt — 2m2 [xajmz’j’HLf}‘ yLde}(udL 7 szzi.’rj’eLf}( ELHLFT,LL‘U’L]
. ¢ K-> vy, B-> K& vy D->pp, mpp
=i’ i =7’ i
- 2m2 [mijzz’J’VL’}’ ﬁLdL’Yu“L T2y €Y VUL Yudy)
i ¢ R(D(*)), B->D™ (p,) v, B.->1v i
J g Tk o B o g 5l i 23’ J
+2m2 Y3y Byt eRuR%u — mzjyi,j;(eRuLuR%d QERJWMLHRJW 21
¢ D->py, mopp R(D(*)), B->D® (p,n) lv, B, -> T v
-?.'-'i u 3 I | .F__ g ) ————— ‘ = 7 i
: ¢ (&) ‘ ‘ J | %
SR r b —-q——-t - - - v
T (v) @
Solution to R(D™) DUIUUUIL W U=~ SU'P IHIUULEU dlulianes Solution to (g-2)u

M. Bauer and M. Neubert, arXiv: 1511.01900; X-G. He and N. Deshpande, arXiv: 1608.04817

If R-parity violating interaction, exchange sd-quark, the last line is absent. That is the reason why
R-parity cannot solve R(px)) and b -> s p+y- anomalies (Deshpande and He)

Also why Baur&Neubert, and Becrivic et al could not work, neglect last term contributions to
R(D(*)) and lead to conflict for b -> s py+u~when other constraints are included, important one B ->
K(*) vv! (R = B(B -> K™ vv)./ B(B -> K(*) vv)ey < 4.3! (Becirevic et al.)




Combining S; and a ¢+ to also solve KM unitarity anomaly
Marzocca and s. Trifinopoulos, arXiv: 2104.0573

S1: (3%, 1)(1/3); ¢+ (1,1)(1). New contributions > < >M<

£51+¢, Eal'tu._ifr_ el 5 ::?'+ Aifq_iff"‘a}_-r—ﬁtﬁu ‘ead1+h.c. j [

m,my ALENE / PR |
Aa, = .l;-r-ﬂl.:f “ (ing M7 fmy — 1

S i) v2| Mgl 3mi|A LR ( E 1:;—’)
I = epp) == S - — O —=
Rp ~ 0299 — 023523 (1+0.05logm?). " M7 ReME\2 T mi)
1L 15

Rp- ~0.258 — 0.088 %25 (1+ 0.02logm3) . VE = \/1- (V22 = Vasl?

o 1‘1 KM 5 <
5 [ [ [ ™ _.‘I hfﬂ == ”f - it
CrL ™ —Air Aer” Ab N [Aur|? log MZ/M Yl {l (L,f_i hi) d(p — evv)
o bl b N [j l-"'r Jlfi— g B [I l,T |: 1{_ illf-'i_;l] }t

en =135, A,=317,

C [Acu I Apr Az Apr = 146, A =054, Ny =207,
LR eamaME Aert = =328, ALT=0.01, .xf;’j =235,

Muon g-2, Rpxy , R¢eryand KM unitarity anomalies can all be addressed!
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Beyond SM CP Violation

What is the origin of CPV? Is there other ways CPV can present in a model?
There are many ways CPV can show up when going beyond SM:

Superweak model, CP is only violated in AS=2 current-current interactions.
Too small £'/e. Ruled out by data.

In left-right SU(3)xSU(2),xSU(2)rxU(1)s.. symmetric model, there are
similar mixng matrix VR, charged current for right-handed fermions by
exchanging W More phases, only two generations can have CPV.

Seesaw Model, there are new phases in Right-handed neutrino mass matrix.

CP violated by vacuum? Not explicitly violated as that in SM, T-D Lee,
spontaneous CP violation.
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Spontaneous CP violation in two Higg doublet model

In the SM it is not possible to have spontaneous C P violation.
It requires at least two Higgs doublets to have a realistic model,
H, and H transforming as (1,2,1/2)

V(Hi,H2) = p4HIH; +N(H H;)? + X;(H] H;)(HIH))

+ [6(HIH,)(H!H,) + 6,(H! Hy)(HIH,)
+ &(H]H,)(HIHz)+HC).

The vevs minimizes the potentais are: (H;) — v;exp(i6;)/Vv/2,

The Higgs fields can be written as: H; = (h., ﬁ(vieiﬂi + kY +14I7?))
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The minmimaztion condition for the phase is

(p.?i, + ,u.%l)vlvg sinf + 251:%113 sin(26) + (Elﬂ?i*ug + Egulvg] gind =0,

=0, or, Hz—ﬂrccﬂs( i

(135 + p31) + 6,03 + 6203 )

Here 8 = 6, — 0.

sin # = 0 solution is no CP violating, cos# # +1, violates CP.
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n

The most general Yukawa interactions with quarks are given by

Ly = —QL(\VHy + \{ Ho)Ur — Q (AP H, + A Hy) D + H.C.

All AY*P are real (spontaneous CPV)

Ly = =Dr[(AY)(=(h1)")+ (AF)(=(h3)")DL — UL(AThy + A7 h3 | DR
UL (e 4 (B +iI9)") + AY = (vae + (B +4I9)")[U

f 2

DL[)"‘I ﬁ(ﬁlﬂ E{ﬂgﬂ
+ H.C.

bl i) + 27 2 +h3 +iL3)| D
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Remove Goldstone bosons Z; and hy, “eaten” by Z and W+

vi€ 0 I0 + voe 9210 vie 9 h] + ve 92hg

Z1 = 2 2 : h‘TV - 2 2 !
VUi + 13 VU1 + 13
The orthogonal components are
- —v2e?2 19 4+ v, I3 o —v0e'®2h] + v h]
— , —

2 2 2 2 ’
VU1 U3 VU7 + 73

Normalize in a same way for real scalars

v, e~ i h? — ﬂge‘iﬂzhg 7 —vzﬂiﬂzh? — vleiﬂlhg

h =
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=L

= Quark mass matrices

U M“Up = U, —(A\Vvie ™ + A\ wme 9)UR

s/§
DLM%Dg = Dy ((Al v1e' + AP v2e*?) Dp
” , h~ = . ht
Ly = —-Dp(\Wvye %2 — Agule_‘ﬂ‘)UR? + U (APuvge'®? — ADv, ' )DR

a h . o H—1A
= u ey T U —ifs _ U —1i8,

UL M“(1+ v) (A} vae As vie )fu |Ur
- DyMA1+ ) - (WPue — M) TR D,

+ H.C.
Making making chiral rotations: Uz — e #17Uy and Dy — €17 Dp,

Note that the net contribution to strong @ is zero: 6, + 03 =0, — 6, =
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Finally, we have

Ly = —-Dp(AWvie ™ —AY t.'l)UR— + U (A\Puqge®® — AL :t.q)D,t:gE
— Ur[M*(1+ z) (AYvee % — AY ) ;iA]UR
— DuMY(1+ 7))~ (\WPuae® - \Pw)) -1, 8
+ H.C.
In this basis,

UM"Ugr =Up f(xl v1 + A vee ) UR

DLMdDH = DL ‘lﬂﬂl + A3 UEEtE)DR

i
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Where are CP violation?

1. The M*9 are complex, rotating into real quark eigen-mass basis,
generate a 6 — term = Arg(Det(M*M?)).

2. Diagonalize quark mass matrices, generating complex Vi as.

3. h™, H and A have complex couplings, new source of CP violation!
4. h, H and A are not mass eigen-state yet.

Mixing of h and H with A, new source of CP violation.

Similar analysis can be carried out.

5. Where new FCNC come in?
Neutral Higgs H and A coupling to both A; and A,
Can avoid FCNC, then need more Higgs doublets, Weinberg Model, 3 Higgs doublets.
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Forbidden FCNC by symmetry principle

revious Two has Higgs doublet model has FCNC. If want does not want such
FCNC to mediated by the new neutral Higgs bosons H and A, what can one do?
Usual practice by symmetry principle.

Example: Z, symmetry: H,; -> Hy, H, -> - H,, Ug -> Ug, Dg -> -Dg, Q. -> Q,
others no changes, require Lagrangian L does not change under this transformation,
the Yukawa and Higgs potential term on L are given by

Ly = -QA\Y HiUr — QLAY HoDg + H.C.
V(Hy, Hp) = p2HIH, + p2HI Hy + M\ (HI Hy)? + A(HIH3)? + A2 (HI Hy ) (HI H3)

+N,o(HI Hp)(HI Hy) + (6(HI Ho)(HIHy) + HC.) .
h, H and A have no FCNC

: Interaction!
Removing Goldstone bosons ‘eaten’ by W and Z,
Ly = -U.M*(1+ ’—’ ~sin g — A \Ur — DL M1 + ’—' o = ‘“A4\p, Butbecause p2;,;, 54,
' } v '1 . ! and o, are zero, no
s i 1 = - i . 1 . . .
~ V2DLVkmM"Urtan f~— — V2DrM“Vy\ UL ——— + H.C. spontaneous CP violation!
sinf3 = vo/v and cos 3 = vy /v Type II THDM
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A practice model solving all the problems

S-L. Chen, Deshpand, X-G He, J. Jiang and L-H Tsai, Eur. Phys. J. C53, 607(2008)

Solve strong CP problem, implement PQ symmetry,
Identify spontaneous CP breaking phase as KM phase,
Making Axion invisible,

Three doublets and a singlet.
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s there any solution exist! Yes!

Work with My is diagonal example.

M, = M, +€° M, M, = VexuM, V3,

Ve=1 = My=VierM. Vokm = (Muy + €° M) M,

E_ﬂ” 00 8190136'!:'51:; Slgclgﬁml"i

813
Vekm=1]0 10 —812C23 — C12823813€°™ C19C03 — 8128238136 Sozciz |
0 01 S12823 — C12C23813€"3  —C10803 — S12C23813€""% Ca3C13
0 —s812C23 812823 C12€13 —Ci12823813 —Ci12C23513
My = 0 cizto3 —Ci12823 Mun Mys = | s12¢13 —S12823813 —S12C23513 Mu
813 823C13  C23C13 0 0 0

There is solution to identify KM phase with spontaneous CP violating phase!
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Consequence? large fermion EDMs

One loop Weinberg operator Barr-Zee, Gunion-Wyler
Review, He et al. PRL63, 2333, (1989) BZ, PRL 65, 21(1990)
IJMPA, A4, 5011(1989) Braaten, C-S Li, T-C Yuan GW, PLB 248, 170(1990)

PRL 64, 1709(1990)
Correct CD running

Neutron and electron EDMs can be as large as experimental bounds.

(2)

H?

)]
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Reducing model parameters and Grand Unified theory

Looking for a gauge group which contains SU(3)xSU(2)xU(1) as subgroups

The minimal one SU(5). Georgi and Glashaw Reduce 3 gauge couplings into 1.
Unification scale is about 1016 GeV!

o
2 1 Erengih |
Gi-fP @ 6} X 7 M M
G? B-%B & be ¥ o | e,
v.=| & G Gl-AB & ¥ Xy
XJ X'!- X_\ - J!-“-‘r':'"— -‘LmB W | // S
1 3 2 1 3 E
Y ¥ ¥ W _EW +j1:1—DB e
) 0w —u w |
- [ 1
The Fermions . |® 0w w b d n
o 2 gt \ i* " I
5r = | d 10p = | wf —uwf 0wy dy T o e
e i
] e —up —uy —uz 0 er NOoN-Susy. Susy
nggs: v —dy —dy —d3 —ep O

24 — (8,1)0 & (1,3)0 ® (1,1)0 ® (332)_2_ ® (3, 2)_2_ vev breaks SU(5) -> SU(3)xSU(2)xU(1)
54 = (T, Ts, Ty, H, H)" vev give masses to fermions and breaks SM symmetry.

Relate quark and lepton masses... m, = my, m,=m,, m.=m, at gut scale,
at low energy m, ~ 3 m. (good), but not good for the other two!
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SO(10) gut model

Gauge boson in 45 representation
Fermions in 16

Higgs fields 10 and 120, anti-126, 210...

S0(10)

45 — 24, ® 10_, & 104 @ 1,
16 > 10; &5 3 & 15

105 2 (1,2)128 (1,2) 12 = 8 & 0},
120y O {1: 2::'1,."2 & ':1r2]—1,f'2 B (11 2:'1,.-'2 & ':1.*2]—1.-"2
= &y & Blag S gy & Bl
128y D (1,2)y22(1,2) 1@ (1, 1) 2 (1,3

= Efuta B Loy © Ar@lg.
16 contains the SM one generation of
fermions plus a right handed neutrino!

Naturally have neutrino mass and also
natural Seesaw mechanism.
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SO(10) Predictions w

16x(Y1010y + Y5126 + Y190120,) 165
al SO(10) Model without 120

Lovukawa = Y1016 16 10 + Y106 16 16 126

Two Yukawa matrices determine all fermion

75 | .

50 .

25 -

g |

masses and mixings, including the neutrinos OGS 41 o5 015
in” 26
My, = kuYig+ kY- o
Mu uylo ’qu26 Myr = (AR)Y126  Good prediction for 6
= K K
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MV :Iﬁluylo—3lﬁ:uY126 .
_ /
M; = £KqY10 — 3KgY126
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Homework

Problem 1

Work out the masses (mass matrices) for h+, h, H and A for the two Higgs
doublet potential given in the lecture.

Problem 2
Show that SU(3)xSU(2) xU(1)yxU(1)z., is gauge anomaly free.

In this model all quarks have B = 1/3 and all leptons have L = 1 (with also 3
generation of right handed neutrinos).

Problem 3

Work out the Z' gauge boson of the U(1)g.. couplings to quarks
and Leptons.
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Appendix A: Lagrangian under P, C, T transformation (examples)

How fields and Lagrangian transform under C, P and 717

Take QED with fermion ¢ and scalar ¢ fields as example.

| -y
L =~ FuF* + §(i7,D" — my)p + (D9)!(Dyg) — m3s'6 — V(4')
F.=0,A,-08,A,, D,=8,+iQA,,

¢ spin-0, A* spin-1 (communting), ¢ spin-1/2 (anti-communting)
V(¢T¢) - potential of ¢ and is invariant under Lorentz Transformation.

The theory is invariant under the following gauge transformation,
A, = A, -0,a(z), Y(z) = e’:EQ“(z}w(I) and ¢(z) — e*Q¢(z).

The Dirac vy-matrices are

{+*,7*} =2¢"*, ¢g"¥ = Diag(1,-1,-1,-1),

0 __ I U i_ 0 a;
L= 0 | w2 —0; 0 '
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P transformed Lagrangian L¥ (z) = L¥(z,0",vp(z), dp(z), A%(z))
Using transformation table LY (z) = L(z') (z = (2% z*) and 2’ = (2%, —z%))

Example:
Fp"(z)Fpu(z) = (0# Ap(z) — 0V Ap())(OuAru(z) — OuApu(z))

= (044, (') — 8" A, () (8,4 (') — B,AH(z))

= (8, A,(z') — 8, 4,(z")) (@ 4" (&') — § AH(z')) = F**(2/)Fru (z')
Jp(@)r(@) = B V(@) ..

§ = [, datLP(z) = [, de*L(z’ = (2°,~2%))

= [, do*L(z = (2°,2")) = [, dz*L(2)

The action does not change!

Similarly § = [*_LCdiz = [*_ LTd'z = [*_LCPd'z = [*_LCPTd'z

156



Similarly § = [ Ld%s= [ LTd's=["_LFd'z= [__ LFld'%s

Be careful when when making T transformed L7,
a complex conjugate action should be taken

=L* (frbT‘.‘ wT: A#‘]

Any constant ¢ in L is transformed to c*.
Example: ¥(z)iv*0,(z) — @T(z)(—ia“)'}’;wﬂm)

= (') (—i* Iy )0 (—id# ) (i 3 (') = $(a’)(—idH)yep(z') = P(2)id v (') -
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n outline for CTP theorem proof

For a more general L, there may be tensors with arbitrary numbers of Lorentz
indices '*1#2-E~N results from combinations of 9, ¢(S, P), T*¥, A* and a*
The €#¥*? tensor

Under P and T it changes to —€,,,5. It does not change under C.

Using transformation properties of S, P, T, A*, a* and e+*¥®f
and under CPT a constant c is transformed into c¢*

One obtains: (I'#1#~)CPT — (_1)N(TH1--mx)f

Since L is Lorentz scalar, the Lorentz indices must be contracted
Then L¢PT(z) = (-1)*N LT (—z)

If the theory is Hermmitian LT = L — L¢PT(z) = L(—z)!
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Where spin-statistics matters?

When prove the transformation table for C' transformation.

A sample calculation: ¥ (z)vc(z)

vo=Cr"", o =—¢7Ct,

Yoo = —¢ TCTCA y* = —yp Ty

Switching v and 1’ a minus sign is generated because they are fermion fields

Voo = = Ty Toh* = hty0yy = ol
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Particle and anti-Particle masses and lifetimes

a) The existence of an anti-particle for each particle (|P >,,, m — spin)

O|P >,,=n“FT|P >_,,. If © = CPT is good, |P >_,, exists.

b) mp =mp
mp =< P|H|P >,=< P|®©"'10HO~16|P >,,

=< P|HI|P >.pm=< P|H|P >_nw=mp.
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c) TP="Tp

Tp' =21, 8(E; — Ep)| < i(00)|U(00, 0)Hine|P >p, |
ngl =21y :6(E; — Ep)| < i(00)|U(00,0)Hint|P >m |?

75 =21y, 8(E; — Ep)| < i(c0)|©0710U (00, 0)Hint®O~}|P >, |2
=21 Y, 8(E; — Ep)| < i(—00)|U(—00,0)Hipns|P >_pm |2
EPZEF ﬂ.ﬂdEi=E;

— 21 323 0(E; — Ep)| X5 < i(—00)|S 1 |j(00) >< j(00)|U (00, 0) Hine|P >—m |?
=213 55 < i(—00)|S 1 [j(00) >< j(00)|U(00, 0)Hine| P >_m
(< i(=00)|S 1 |5'(00) >)*(< 3'(00)|U (00, 0)Hint| P >—m)*

Summ over 1,
— 2m EEJ" a.fi’ < }(m”U(m, U)Hiﬂtlp > —m ("‘: E'(DGHU(DG,U}HmﬂP }-m]*
=21y : 0(E; — Ep)| < j(00)|U (00, 0)Hine|P >_m |?

There is no difference in lifetime with different third spin component: 7p = 75!
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Appendix B: Measurement of DM in meson oscillations

Without Tagging, one can also obtain important information

Let f to be a positively charged particle and f then has negative charge.

The time integrated event number N is proportional to

Nt(M) ~ [°

N* (M)~ [~

<f
<J

H

H
H
H

M(t) >
M(t) >
M(t) >

M(t) >

gy |A;* T Lyl
dt = 2 I'yl'p (1 + Am<c+4T )

A 2
dt = BE i (1 - 24e) /ol

25, _ |Af> T Iyl
dt o 2 I'yl'g (1 + Am<+4+T )

2. A7 Pyl 2
dt = ‘zf rHrL(l“ﬁms.;.rﬁ)j'?/ﬂ
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The event numbers N*—, N*+ and N~ for observing ff, ff and ff are

N*==N*(M)N- (M) + N*(M)N-(M)
~ (g PIA P AN+ 25855 + (1 — 2255500

N+ = NH(MN+(M) ~ (55502145 2147121 - (255%)?) |p/ql?

N== =N~ (M)N~(M) ~ (g2 A7 2| A7 (1 — (55%)2)Ip/gf?

w2 2
Defining A = z 454 = 004
LNt N la/pPAA" + Ip/al*Asl 1 - A2
= N+= - 2|Af12JAf|E 14+ A2’

_ N —N* o/pl?|Afl* - Ip/al*|Agl
N=—=+N**  |q/pl*|Af|* + |p/ql?|As|*

In the limit |Af| = Af|, AT = 0 and p/q| =1
suchasBD—}i"'XandB“—}E X

2 2V2
UHAm T ) —1 s P TP 0,004

" T A+ Am2/T2)? 11
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ppendix C: The need of asymmetric e+e- collider for B factories

The need of asymmetric e* e~ collider for B factories

Produce BYBY pair at Y(45)
B are almost at rest and decay at production point and AI' = 0.

Aim to measure Im(Ay)
Coherent production MM at resonance in e 4+ e~ collider at ¢ = 0,

Wave function ¥(t;,7,;to, 7o) system at for M or M at t;,r; and o, 7, is

‘I’(tl, r1; Lo, 1"2) = ﬁ(lM(tla T1 }M(tz, T‘z) - +(—1)I]M(t2, Tg).ﬂ&r(tl, Tl) })
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For M(t;)M(t2) decay to fopf and fcpf, the decay amplitudes are

< fop(t1) f(t2)|¥(t1;t2 >= Mg-imu (t1+t2)—Tp(t1+t2)/2
4

% {[1 = if = (1 i if)eiamhﬂhl"hfi‘](l - Eiﬂmfg+ﬂ.rt2f2)
+(_1)I[1 . if + (1 + if)ﬂiﬁmh-i-&l‘hfﬂ](l + Ei&mtg+ﬁ1"tgf2)}
F AﬂPAf-‘tt-rttz
< fep(t1)f(t2)[¥(ty;t2 >= — " imp (t1+t2)—Tn(t1+t2)/
X (=1) { (—1)![1 = Ay + (1+ Ap)ebmt+aTH/2)(1 4 gitmta+ATt/2)

+[1 = Ap — (1 + Aj)eidmtr+aTH/2)(q 4 Eiamtg—angm)}
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Consider BB system, AI' =0

" . . s Tl
F(tls t?) e R(tl,t2) = | < fcp(h)f(tz}l‘l‘(fl; tg) > |2| C; -Fl e~ T(t1+t2)

X {1+ |As|? + [(1 = |As|*)cos(Amt,) — 2ImA ssin(Amt, )] cos(Amt,)

—(=1)" [(1 = |As|*sin(Amt;) + 2ImA scos(Amt, )]sin(Amty) }

= A i #le
L(t1,t2) ~ R(ty,t2) = | < fop(t1)f(t2)[¥(t1;t2) > |2| CFz / e T(t1+ta)

x {1+ |As]? + [(1 = |As|*)cos(Amt,) — 2ImAssin(Amty)]cos(Amts)

—(=1)' [(1 = |As|*sin(Amt,) + 2ImA scos(Amt,)]sin(Amts) }
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If one does not need to know when f or f, integrate ts,

: 0 _ AcpAj?

R(t:) = fﬂ R(t1,tz)dts = 'L’;i'—e'”
Yy |2

X[l 5L p".fl
I

—(=1)X((1 = [Af*)sin(Amt,) + 2ImAscos(Amt,))

| B

+((1 - |Af|2)cas(&mt1) - 2Im1fsin(&mt1))—ﬁm2 T

Am
Am? + I‘El '

Further if one does not needs to know where f-p was borne, integrate t,

. o0 AcpA; (14 |X¢]? 1)!A AmrI’
R:/ﬂ R(t))dt; = | o f( [!2” +(1=pyE = (2+)F2;’; 2fmaf(rg+”;m2)2(1+(-1)*))

Similarly one obtains

|ACPA}' (1+|5«f|2 _ix 14 I‘:"—(—l)‘flmz _ 5 AmI’ 1\ )
5 pet -+ = M) a e e — UM L A (L (D)

R= / R(t,)dt, =
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For B factories, resonant production of ete™ — T(4S) = B’B°, [ =1

5 _ |[AcrAjl 1+ g2 1= s
2 2 Am? 4 I
o |AcpAs| (1+ |Af]? i 1—|As|?
2 "2 Am? 4 I'?

Contains no information about Im); and A; at all.

One should keep time dependent information without integrating

Not only that, one should boost B? and BY to move after been produced
Asymmetric e energy E, and e~ energy E_ are needed

For example, with E, > E_, B® and B” would be boosted in the e™ direction
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Withl=1

N AcpAj
R(t1,t2) = —I c,; fle"rit‘+t2]

x (2(1+ IA7|12) + (1 = [Af|*)cos(Am(ty — t2) + 2ImAssin(A(t: — ta))) ,

AcpA
Rty t;) = L2ce4s] “2” tlg-re e

x (2(1+ |Af]?) + (1 = |Af|*)cos(Am(ty — t2) + 2ImAssin(A(ty — t2))) .

By measuring where fop, f and f are produced

Information on ImAs and A can be extracted!

This is the principle for Belle and Babar to measure CP violation
Im(kﬂﬂ_,._jj.l’ﬁ,ﬁ;) = sin(28) = 0.699 +0.017
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ppendix D: PQ symmetry and Axion

U(1) 4 chiral model of QP symmetry for strong CP problem
L = Lgp + 8Ly, 6Lg = —6(g2/16m2)Tr(GG)

up = e*®up,dp 2 €, Qr = Q1, Ly = L; and e — e*“ep
0=0—0-2a,

If Lsar is symmetric under U(1)a, L = Lsay 4+ 0Lg_p_o,

For Lgys, @ is arbitrary, choose one such that § = 8 — 2a = 0.

No strong CP term!

One then needs to show that the corresponding potentials are minimal to
have a stable solution.
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How to make Lgys symmetric under U(1)4?

With just one Higgs, H, Ly = —Q Y, Hur — Q.Y ;Hdpg

If require the first term be PQ invariant, H — e " H

Since H = iooH*, then H — ¢'®H,

Second term not allowed, d-quarks do not get masses for vev of H

Not possible to make the second term PQ) invariant.

Minimal SM does not work!
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Extend the Higgs secotor to have two Higgs doublets H; and H>

Hy — e**H,; and Hy, — e **H,,

Then Ly = —Q Y, Hiug — QLYaH.dg

Should make the potential V(H,, H,) invariant.

Both H; and H5 should have non-zero vev, v; and vs

The PQ symmetry in V(H;, H;) is spontaneously broken by v;,

There is a massless GOLDSTONE boson, Axion.

QCD global anomaly make Axion mass non-zero.
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Finding the Goldstone boson

Two Higgs doublet model: (v,,vy) breaks U(1)y symmetry

The imaginary fields (I, I5) carries Y charges is proportional to (1, 1)

The Z needs to “eats” a neutral pesudo-Goldstone boson to become massive
The one "eaten” is just proportional to »_, v;Y;I;.

If there is another U(1) 4 is broken by the same vev,

If no Z to “eats” anything, the Goldstone boson is proportional to: » . v;A; ;.

If there is a combination Z; “eaten” by a gauge boson Z, find it first

The one orthogonal to Z; is the other Goldstone boson!
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In PQ model, there are two neutral imaginary fields I; and I,

Z; = ulitvly «eqten” by Z

2 2

i o —uelituIp
The orthoganol combination is massless Axion: a = i
The PQ symmetry is anomalous, there is a mass of order hundrads of KeV.
- e o i M M
Couplings to quarks: ~ i[—a=* *2u +d"" " d|a

Too large couplings. Ruled out!
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Invisible Axion. Introduce an additional singlet S : (1,1)(1) pg with vev v,

Axiun_ a = —‘2'U1t.r"2!f] +2'-'.12V12f2 +U2‘quﬂ
; —

W 4vivi(vi+vd)+vie?
= , —ii( My /v)(2v103)ut+d( M [v) (202 vz}d
Couplings to quarks: ~ @ ,m'énﬁl—du o8 e e

If v, >> v;, the couplings are: ~ z[—uM w2013, 4 gM 2‘—“"ﬁlﬂt:i]v::\',

viu, v viu,

. 2
Axion mass of order m? L—’g

Invisible Axion. Still alive!

A lot of interestgin physics related to Axion: find the Axion, applicatin to
astrophysics, cosmology and etc.!!!
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Thank you all for listen to my lectures
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