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1/6. Introduction

Standard Model (SM)

gauge symmetries

= special relativity + particle content + and breaking

+ QM
Quarks +Leptons SU (3)cx SU (2)p x U (L)y
QFT + Higgs gluons W*, 2%~

One of the highest intellectual achievements
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1/6. Introduction

Standard Model
gauge symmetries

=~ special relativity + particle content + and breaking

T QM

Quarks +Leptons SU (3)cx SU (2)p x U (L)y

QFT + Higgs gluons W=, 2%~

One of the highest intellectual achievements

Ao - electron anomalous magnetic moment

g=1 inclassical EM
g =2 by Dirac Eq.

Ale! = 1159652180.73 (28) x 10712 9= 2(14 Aa)
PRA 83, 052122 (2011)
A0Y = 1159652182.032 (720) x 10712

PRD 97, 036001 (2018) A (Rq 2014) =
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1/6. Introduction

—12
What does 10 "“ accuracy mean ?

1AU = 1.5 x 101'm
107 2AU ~ 15¢m

ppppp

ly ~m X 10" sec N |
(w0 any vest )

You need to live for ~ 3 x 10 years to complete

this task, and ONLY 1 measurement mistake 1s allowed!!
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Not only that
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1/6. Introduction

However, SM is not the end of the story; it is incomplete.

- : + gauge symmetries
SM=QM+SR +particle content and breaking

QFT Quarks +Leptons SU (3o x SU (2), x U (1),

.+ Higgs

' Neutrino mass? '
Antimatter? CPV? Non-perturbative

Flavor pattern? confinement Models
proton mass = ( Lattice

Dark Matter? ‘ '

\

Quantum Gravity?
Dark Energy ? '

\

Why 3 generations?
:

|

\ the main playground for

the traditional
theoretical particle phys.

We might need some
revolutionary ideas

1
\
§

L

§
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Milestones of v History

Pauli:
conceptual birth
of v to solve the

Lown S, Sep
Davlc Fufuce Wprk{lw], 202 (

Lederman et al.:

discovery of

Koshiba et al.:
observation of

DONUT:
discovery of

KamLAND:
confirmation of

muon neutrinos || Supernova tau neutrinos solar n osc. using
B decay problem neutrinos reactor v (0;,)
1930 " 1968 1998
Reines & Cowan:| | Davis: Kajita et al. McDonald et al. Daya Bay, RENO:
discovery of v observation (Super-K): (SNO): measurement of
(from reactor) of solar v discovery of discovery of the last mixing

atmos. v osc. (0,3)

solar v osc. (0,,)

angle of v (0;3)




1/6. Introduction-My

NUFIT 5.1 (2021)

Normal Ordering (best fit)

Inverted Ordering (sz = 2.6)

bip +10 30 range bfp +10 30 range
. sin® 015 0.30419-013 0.269 — 0.343 0.30473612 0.269 — 0.343
5| 01/ 33.4470.77 31.27 — 35.86 33.45+977 31.27 — 35.87
o
E sin? a3 0.57375:05% 0.405 — 0.620 0.578F0:037 0.410 — 0.623
& | 02/° 49.2719 39.5 — 52.0 49.5719 39.8 — 52.1
g ,
= | sin?63 0.0222075:99995  0.02034 — 0.02430 | 0.0223873:999%1  0.02053 — 0.02434
B 013/° 8571012 8.20 — 8.97 8.601012 8.24 — 8.98
=
2 | der/® 194752 105 — 405 287127 192 — 361
E Am2
ﬁ 7.4210:20 6.82 — 8.04 7.4275:21 6.82 — 8.04
Am%z +0.028 +0.028
Toogoyr | tROISIOGR #2431 42509 | —2408T005  -2.584 5 2413
Normal Ordering (best fit) Inverted Ordering (Ax? = 7.0)
bfp 10 3o range bfp +10 3o range
sin? 012 0.30475:015 0.269 — 0.343 0.304%0:015 0.269 — 0.343
£ | 00/ 33.451077 31.27 — 35.87 33.45107% 31.27 — 35.87
o
2 | sin? 0o 0.45019-01% 0.408 — 0.603 0.57073:55% 0.410 — 0.613
()
= 023/° 421733 39.7 = 50.9 49.0%9:3 39.8 = 51.6
Q
2 | sin?013 0.0224670 00002 0.02060 — 0.02435 | 0.022417300072  0.02055 — 0.02457
IS
| 01s/° 8.6210 13 8.25 — 8.98 8.611014 8.24 — 9.02
w0
g Scp/° 230758 144 — 350 278122 194 — 345
Am%l 5+0.21 +0.21 .
055 o7 7.42+9:21 6.82 — 8.04 7.4279:21 6.82 — 8.04
Am3, +0.027 ; . +0.026
Tos vz | TROIO0TREE 42430 5 42503 | -2490105% 2574 ~2410

[10° ev?

2
21

Am

Latest nu-data fit (Oct. 2021)

NUFIT 5.1 (2021)
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1/6. Introduction

We have kept seeing many
ambulances passing by.
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We have kept seeing many
ambulances passing by.

Some wrecked -- - -
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1/6. Introduction

We have kept seeing many
ambulances passing by.

Some wrecked -- - -

Some keep going - - .
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1/6. Introduction b — sl

E C er
60\-3/ TABLE I. Key inputs used in CtNR M Ik'z
*) Ob bl Val ! BaBar
1—‘ B 3 K ( ) servable alue T ) )
e Rfrz) = ( HH @895 %107 : 01 =812 6ef
- (2.9+0.7+£02)x 107 ! Belle
F B — K(*) ee BR(B; — ' 7)) (3,09+046+0.15y 5 109 : 10 <q?<6.0 Gev?
(3.09%33%.7) x 10 | B
(2.842 + 0.333) x 10~ e ! LHCb 3 fb i
(3.63+0.13) x 107 | Ly <qr<EoEy
] =
Rl1.1,6] 0.846 + 0.044 — &chf 52f<b610 cor?
° R3M = 1.000415:0008 Bl o |
= ! :
K . _0.0007 Ry+[0.045,1.1] 0.660 +0.113 - | 1.1 < g2 < 6.0 GeV?
Ri-[1.1,6] 0.685 £ 0.122 !
I [ I
Rg-[0.045,1.1] 0.52 +£0.365 05 1 15
Ri-[1.1,6] 0.96 + 0.463 R
K

Oy = (Wlﬁb) (vapt) , O10 = (§7aﬁb> <ﬂ%ﬁ5u) ,

Hz—muu _ _ﬁf/ %;Q C,0; + H.c.
i Wt Z ’ Of = (57“1?19) (1Yan) 5 Ofp = (W”ﬁb) (F%v‘r’u) :

V2

Global fit:(after Moriond 2021)
Altmannshofer and Stangl , 2103. 13370
Cog~ —0.73 orCy~ —Ci9~ —0.39

( theoretically clean modes only C10~0.60, Cy ~ —C1o~ —0.35 )

Geng, Grinstein et al, 2103,12738

Cg ~ —0.82, Cg ~ —Cl() ~ —(0.40
C1o =~ 0.65 /
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1/6. Introduction

ﬁ LMagnetic rnoment) ~TA by EM

~ RN ..
by Dimension-Analysis [ M 1 = (el )+ and it is a pseudo-vector

[ ] )’l ML ~ spin
= (= - v
{5 e, ml=™, f £ )
€ ho — R
m 2m 2 =
g =1 inclassical EM
* Dirac Eq. _ |
Irac £q. =g =2 namely C}TT 5 ® L s
(tree level)
) Quantum correction —
3

g=2(1+ Aa)

g

A colorful framework to accommodate the observed anomalies n



1/6. Introduction
AgV) = 23 ~ 1.1617 x 1073

S
I :’e ,. 16 e
2 -7 *'” B
% Aa® ~ 0 (1077) CE CARROL SCHWINGER

PN Al I gk :
A - :

W)Y XY T 3 N - =

Rl <Al W e P
P o >

El i L' - !

B e P G

LR LDce QLY.

3 3
interms of £ D Lo"F,egrH >l
chirality flip = o< me ~another normalization o m>
(or MFrin the loop
. 2 (memp)
= extremely sensitive to a=

Aag’s = af™ —a)™ ~ (=8.7£3.6) x 10"

~ =137.035999046 (27)  , recoil frequency of %3¢ in matter-wave interferometer

Rb _13 1812.04130
Aap” ~ (+4.8+3.0) x 10 recoil velocity of 87p( .
~1 = 137.035999206 (11)

Nature588,61
~so Jiffenc ]! 7
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1/6. Introduction

CERN COURIER
s oL

a 0u?’)
— N
T =L LM 2020 b L
a9l = 116584718.931 (104) x 1071 o
H ETM 2018/19 —O——
Wi, Z-o' " 6) M‘:/ 0 (,[ O-S) Mainz/CLS 2019 La‘HE @ &
— ﬁ’ ~ FNAL-HPQCD-MILC 2019 ——t
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a:VP, Lo X 1010
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1/6. Introduction Cabbibo Angle anomaly

® \/uc/ V"‘S \/Mb
y dt ~n097 023 A gxo
Vekm =V (V) = v Ve
L ( L) '\——oniz ‘\L/O;S7 ~ %2:0'2 (%S[ - “/c"/( ’Ll%ﬂé&“*“‘
+ V{_ V Ve,
¢ Vaw s 1
2 2 2 -
= [ Vadl 4+ [Vas| " + [Vanl" =1 (oma [u~10", Il + "2 1)

® The present PDG value:

Vel + [Vus|? + [Vip|? = 0.9985 =+ 0.0005
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From the 2nd neutrino conference(1974), Pennsylvania,
(As already pointed out by Y Uchida at CLFV2016.)

@ The solar neutrino talk by R.K. Ulrik

AIP Conference Proceedings 22, 259 (1974); doi: 10.1063/1.2947415
The 57Ar production rates for the standard model and the low Z
model are 5.6 * 1.8 SNU and 1.4 + 0.35 SNU, respectively. Taking
Davis's result! without run 27 to be 0.2 + 0.8 SNU I find that the
discrepancy between the experiment and the standard model to be 2.7g
and while the discrepancy with the low Z model is 1.lg.
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From the 2nd neutrino conference(1974), Pennsylvania,
(As already pointed out by Y Uchida at CLFV2016.)

@ The solar neutrino talk by R.K. Ulrik

AIP Conference Proceedings 22, 259 (1974); doi: 10.1063/1.2947415

The 57Ar production rates for the standard model and the low Z
model are 5.6 * 1.8 SNU and 1.4 + 0.35 SNU, respectively. Taking
Davis's result! without run 27 to be 0.2 + 0.8 SNU I find that the
discrepancy between the experiment and the standard model to be 2.7g
and while the discrepancy with the low Z model is 1.lg.

@ The Conference Summary by R.P. Feynman
I see no reason to include the solar neutrino problem in here

because it is only 1-1/2 standard deviations off of some solar models

and the principle is, you don't make a new theory because of 1-1/2
standard deviations.

AIP Conference Proceedings 22, 299 (1974); doi: 10.1063/1.2947418
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By statistics, 1 single anomaly might just be the fluctuation.

But, several/many anomalies is more likely the sign of
systematics(New phys).

violation of the
~ Do lepton universality

~ 4./%0

~ +1.60

L Mone ~(2—-4)o
L Meqovema) /2
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2/6. The Model and its solutions

(D b->s 11: NP connects both lepton/quark sectors
(2 Neutrino Majorana mass: Lepton# violation

(@ CKM leakage : mixing between new fermion and the
down ( or up) sector.
(4 AMM: implies possible heavy fermion in the loop
and the new DOFs must be charged.

What can 1t be?
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2/6. The Model and its solutions

A straightforward solution:

> Loptotuark
(D b->s 11 : NP connects both lepton/quark sectors = P 244

(2 Neutrino Majorana mass: Lepton# violation = L©- ﬁ"'\ﬁ(@fuef
Gu
(@ CKM leakage : mixing between new fermion and the

down ( 0r><ip) sector. S edoe b’
(4 AMM: implies possible heavy fermion in the loop =

and the new DOFs must be charged.

\\) AN J&u%“?—f
4 smglef
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2/6. The Model and its solutions

¢ 4 color states are employed in the model:

New Fermion

New Scalar

Fields V7R
SU(3)c 3 3 3 3
SU((2)L 1 3 2 1
Uy -3 -3 s 3
lepton number 0 1 =1 -1
baryon number % % % %

® Assuming 2-body decays: b4'Sw¢ b2 L1

® LQmass>

> Two possible scalar cubic interactions:

0:S — 6 TeV (see PDG)

£ pg{H,D} © T+ [H,D] S5 + He.

= M3

1

—H1 E

A colorful framework to accommodate the observed anomalies n
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2/6. The Model and its solutions

 Assuming (! )B, the most general Yukawa is:

LD —\Th {L Q} — Xpdg[L, D] — Npb' g [L, D] — Aserby,S™3 — Y,QH + H.c.

= —Ap [ucuLT—§ + (v°dr, + e“ur) % + eCdLT%‘] —Y)(arHY + d HO)bly
~ d 1 ~ Y 1 ~
— )\137% (VLD_§ — eLD%) — /\'ng (uLD_§ — eLD%) — )\séRb/LS_% + H.c.
» In addition, new Dirac masses are allowed LS Mbyb, + Madghl, + H.c.

o down-type quark mass matrix becomes = 4X4

_ Yavo .
LD —(d}%,b’R)Md<d,L) +He, M= 5/5 ’
E M

® [t can be diagonalized by 4X4 biunitary rotation, and the CC int becomes

_ ‘Zud ‘Zus ‘Zub ‘Zub/ an i {0-0\5 f

Wcj + H.c. V= ‘/cd Vcs Vcb Vch’ 4
~ 5 55 ate)y |

Via Vis Vi Vi DX eyl

b/
(<
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2/6. The Model and its solutions

C kM

® Mathematical trick: consider an auxiliary 4x4 unitary matrix Vi

Vud ‘N/us Vub Vub’
~ U* 0 ‘7cd ‘705 ‘7cb ‘7b’
Vi= L . Ud T — Ve v v Ve
! ( 0 1) Wi Vi Vie Vo Vw
UD)as UDss (Uss (U,

® For simplicity, assume NO extra CPV

S

= 3 ke m>xm§g befwese, (c/)-L/

C1 0 0 S1
d \t _
UHt = <(U(L)3) (1)> ‘R,. where R, — s1s2 ¢ 0 cis

—S§1C2583 —S283 €3 C1C2S3

—S§1C2C3 —S2C3 —S3 C1C2C3

. Finally, a delightful expression for (2;

/\VL('J ~ ~ ~ ~
|Vud|2 + |Vus|2 + ’Vub|2 =1- |Vub”2 S 1
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2/6. The Model and its solutions

9 From PDG: Vid|® + [Vaus|* + [Vip|* = 0.9985 + 0.0005
n ~ .
and Vi =~ 0.9740s1 + 0.2265¢1 52 + 0.0036¢1 cas3et1967 , ,
db b
Cnete: owly g g,_)
we have 51+ 0.23352] =~ 0.039(7) /
¢ Other predictions of CKM triangles : Veal? + Vool + Vel = 1= Vo2,
Vial* + [Vis* + [Vio|* = 1= [Viw|?,

[Vadl? + |Vea|* + |Via* = 1= [(UD)aal?,
|Vu3|2 + |VCS|2 + |V168|2 =1- |(Ug)s4|2»
Vas|® + Vo> + [Vio> = 1 = [(Uf)pal?,

VadVidy + VeaViy + ViV = —(UD) (U4

¢ In the mass basis, dL a~d u, have diff LH rotation.

W’
£O —(xT) o $ S e T
QX )LF[@ IERI% QQJJLT <)\TJ£F e W3+ Qg ]UL?
[7

using charged lepton/down quark as indices
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2/6. The Model and its solutions

¢ Consider a general coupling:

LD )\iijVLi(bl + /iz'jpjl/icgbz + H.c.

Neednno Mags

/K T-% qS( and ¢>L My

L4 A+lo 4 A4y .
v
¢1},/><\‘¢2 D—%},/*x‘T\—%
> > L < —»—‘/—>ﬁ—>—\;<—
vy, F vy vy dpr + dy, vy
: : H
e The 1-loop result is finite and exact:
NEmy, m? m? m? m?
M = ———5aCa(Kik ik + Kip\i h_n—b — L _ln—L
R ; 16702 ¢ alRikAjh jhAik) m%—m% m,% m?—m% mi
oL : the mixing angle between &2.P,_
@ |n this model @,L DT, mixmg & A
3my, H300 M7F
M ~ Z L )\ +)\ WAD) In
ij 5 ik) 32 ) )
ke by O3 Mp — Mz Mp

[&
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2/6. The Model and its solutions

A general coupling § h

_ <~
. . R h _-~~_ h // N
LD F(yhR+y' L)th + H.c. e ¥, / \
T ¢ FQOF ¢
2
Na) = Nl +Q p)m; / drz(l — x) i ;ly : * mF%K 7"V <Aazs a4, < 0)
: 82 z?m? 4+ x(mi —m?) + (1 — z)m%’
paf = “NEQen [ e ) M 4 eyl
’ x2m1+x< S

@ l'§ Me <L MF )

F 1 \* 2
Aa; = Aal’ + Nal ~ _ e §R[8(7?i§) L <ml > JQr (%)

mpg me

o an i

1—$)+:EQ A A
d T (1 — ey 2 _JL 2 2 -t 2
jQ(OZ / 1 — (I})O[ Di}/‘ \\‘S;; D:i}/ \‘\Sii

2@(1—a)(l—a+alna)+(1—a2+2alna) i \ / dr, k
- e S B e
—a)3
2<1 a) /1 b;? l/L lp l
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2/6. The Model and its solutions

® NOTE: The diagrams also induce the FCNC /> 2 x  francidigan

et ,*\\;

(
s

N , ‘
< lo,l;. /1

9 A simple arrangement to avoid that, o Ly

Epymer ()

= " Plays many roles in the model.
CckM, nle a0, F#9C)

Sol-1 :

Aae ~ 2.28 x 107° x [ALAS] x (i) « K(bp,bs)
~ GeV ; '”\
Aa# ~ 1.03 x 10 X [)\}Lb/)\ﬂb/] X (GGV) < Mb/ X K(ﬁDaBS)
a) — b

Sol-2 : s /C(a,b)zj_%(z j_%< )
= - -13 D \S 1 .ole —a
2 Aae ~ 5.00 x 1078 x [AG,A5,] x (GeV> ( o ) x K(Bp, Bs) ,

Aay, ~ 471 x 107 x [AGAG] <%> x K(bp,bs) -
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br

Y

Y
A
=
h

1237

! ! > b, —>——<——>— S|, br, SL
Y o3 Y p-2 | L, : |
| T3 b | D™ 3 T_% Y Y T% T—% Y Y T%
1259 3 > SL R > > M | I I ]
B —e——>—1—<— [I], I —e——>—1 < [i],
(a) (b) br, b u, ¢, t
2) b
HUR , b, SL 1239 > : =r) S ( ) ( )
Sts 2 Y D3
b, "/ >'< S5
by, L MR br, > MR
(c) (d)

Oy = <§’Yaib> (vatt) , O10 = (E’Yaﬁb

Oy = (W“Rb) (1vap) , Ol = (M"‘fzb) (ﬂvw%) :

N—
N
=I
5
2

<t
=
N—

G
Hlé;suﬂ — _TFthVt’;% ZCiOi + H.c.

s /\T |>‘ ’|2 | | — a? _ ~
ng‘(ﬂy T?;(A,,TQ) ( ]\”,bg G(Br) + —5-G(Br) (87 Lb) (;waLu)—i-H.c.,

ML (L) 1 R .
b S T TS - —
He;}f(lgsu = 847.‘_2 4]\42 |:|>\,ub/| (91 + 92 + 93) + |/\ | ] (S’Y Lb) (M’Y(XLy')_'_HC

1 Inz
* The box diagram function: 9(z)= L T ao I)zl

2|
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2/6. The Model and its solutions

VE OLOL) [or ;
_ . T TS AL, / ry Y )\T 2
o = ~Cuo > gy gt S | N PBr0 (85) — S

/R QAN /&(Q)HE)

And we adopt the best fit values from
Altmannshofer& Stangl 2103.13370

(Cg)'u — —(Cl())'u ~ —0.41 & 007,

(Co)® 2 (Cr0)® ~ (Cy) = (C19)° >0

> v
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2/6. The Model and its solutions A Recap

To accommodate the anomalies,

Anomaly Requirement
my pamuy APAT ~ O(1075)(GeV)?
NaS* M Aay, (Sol-1) {mABAS, AL A%, |~ {(49 % 20)[~27 + 17], (280 + 66)} GeV
D™ Aay (S012) | {mAB S, mABAS,} ~ {~(20.1 £ 8.3)[+11.1 % 6.9], — (689 + 162)}GeV
b— st~ M ONE)* (N[ + 339N [?) ~ —(1.07 £ 0.18)
Cabibbo angle anomaly |s1 4+ 0.233s2| =~ 0.039(7)
. The minimal set of AT to address  Lo.o0 & M

MinSy = {)‘7’67 )‘Zs ) )\Tb/ ,ub’ }
» Need to check the exp. constraints
23
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3/6. Constraints

Overview

< 32 QL operdos
v SV E° oeu./slm ¢
’ ES"§Q M}X'\‘"ﬁf
RS> LI
DM, ey
b sy

¢ Neuhing data

’ O 3/(9[9 (/(Qoay

2
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3/6. Constraints Overview

“ 530 e
v SV Z° oeu./slmg
) ES"§Q M}X'\"ﬁ/
‘RS LKPvp
T MY, &y
* b= 5%

. Newhing data

' O 3/(9[9 (/Qoay

MIHST - {)\Tb,

A colorful framework to accommodate the observed anomalies n

T, > Rtamtes RUEC,
zoek  fre amy,

AE; = Rfs L(+Q_)ﬂ, Ja=Q Comy,
ATL D tre conv. b>s ee

:tid S Kkts syt p
(/\;5 D\-Ed - L<~L~( w,‘x?wg
>\TQJA‘ —> _Q_> Q,/ Y
AZJ — > 1A

T
My T2 koo, P‘\;S, 6 Ty

T
)"rs ) )‘Tb’ ,ub’ }

2f



3 / 0. Constraints Low energy [qqll] effective operators

— (d"'”‘"“Lil\)g”“Le ) Wilson Coef. Constraint ~ Model
w Wilson Coef. Constraint Model =T
suv,

bbppt 27T 211.1 [116] 1.06 Wkt 0 . ) 0
. O : ou suvrpL L) (VNG + Vi ALy ) 3.96 0.010
sbup 0° - 0 SUVrT (AL)* 1% b/\Zb + Vub’/\'rb’ + Vbe\zb) 0.79 0.003
sbur 0 - 0 Suv,T 0 0
sbrp 2\ [( )* 0.199" [116] 0.11 scu L 0 0
. 7 7 T 31116 A
— (VML) + V(X );MQ))(%MH%MW] 0.13 [116] 00043 scvap (AL,)* m +KMMJ 317 o

u,A’ + Vi (NT)* 1.03 [116] 0.017
s nl uﬂ) v { u}v) _ [116] scvpT L) (VT + Vi AL, + VaAL) 158 0.002
ueppt Vao )" + Var O)*) x (VNG + VAL, ) 0.11¢ [116) 0 o 0 0

) SCVT
cepp Va4 (ML) + Vcb'(/\/m') 52.8 [116] 0*
. buy, AL )* A 4 v AT 0.51 0.09

cerp (Va AI,, + Vi (WT)* + Vs (A]. )) (VAL + VA ) 211.1 [116] 0 ult ( ;")* s+ Vay Ay
tepp (:L ) V() ) ~< Y +‘cmt/) _ o buvrpt (XL) ub)\ub + Vub,/\“b, - 0.51 —0.12
terr Qfxﬁy+\,@gg* + V(L)) % (ngw+vwﬂb+wg”) - —0.030 buv,T L) (Vi T, + Va AT, + VL) 051 —0.03
terp (ym W U )+ Vs VL)) (VT + VAL ) 11.35¢ 0 buv, (L) (Vs T, + VWAZb, +V2AT) 051 0.02
. T oy« T T
tepr (‘N “b 4 Vi (A,llh,) ) X ( Lb)\TIJ + VAL, + ‘m)\“) 11.35 0.02 bevp (/\,I;,b)* V )\”h h/A“b’ 5.41 0
tuppe (/L /m = ‘/LD(AW)*) ( uh)‘ph t ‘w&w) - 0.09 bew. (/\T ) AT 5.41 0*
turt (‘7 (L) + 7, y (ATy)”" + Vis (ML) ) ( ATy VJb Ay + VaT, ) - —0.03 CUzi ;b b’ ?b, . -

~ « (17 * 20
turp (Vo) + Vs V)" + P NE)*) x (VAT + T3, AL, ) 1135 ~012 beveT (M%) WMw*W%AﬁF*KMm) 5.41 —0.03
tupr (VAL + Vir NE)7) x (Vi + Vi Ay + Vs AL, 11.35 0.02 bev, T (V)‘@A MW+%gm 5.41 0.02
“There is no such effective operator at tree-level. “This is the effective operator to address the R(D™)) anomaly.
*We update this value by using the new data B(BT — KT pt77) < 4.5 x 107° [1].
“We update this value by using the new data B(D™ — 7 pu*pu™) < 7.3 x 1075 [1]. . .
IWe obtain the limit by using the top quark decay width, I'; = 1.42GeéV, and B(t — qll') < 1.86 x Carpentler& DaVIdSOIl, EPJC70,1071

1077 [117].

4 b—=>cL,y (+=e.x) universality better than < [ % C(?O(.Dl//l}

¢ (tdizge]l  (dmesd)
< :Bv/ci/ Ts - ::.’AIL' =0

it SM ccC — —

NO electron counterpart!!




3/6. Constraints NC wi. /A

% In the interaction basis C ?r Ty = 65)\«59“/),

LD i—i [ S“deadm + g% fzdm«/adm +gR Lo~ +b’wa'R)} Z
. i=1 i=1

e InSM #os gl

4 4
_ _ 1 -
i.) f—;} lng > drivdri + g™ > driv*dri + g(b/ﬂablL)] Zo

i=1 =1

o Then, in the mass basis, Z2db

i D cg;/ [ Aoy (giML + g7M R)dy | Z, + 2 > Fag [(c?a'yo‘f/dg)} Zq KaB = (U‘Li)a4[(Ug)54]*

a= sdbb 2Wa[3 s,d,b,b’ /

In our parameterization, the FCNC couplings

2
Ksd = Kds = S152C2C3 , Kgh = Kbs = 5283C3, Kbd = Kdbh = S153C2C3

® To avoid Tree-level FCNC mediated by 2°, (pary 1 o :gﬂ

o For that particular )y

1
SM SM d
9dr.R = 94;,R > ng,L = gd L + 5 5 ’(UL)4dF z_é
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3/6. Constraints NC wt [ Ags

L ~~—0i)
Afp, Arp x QS—QR I « g7+ 9% S
91 + 9% ?7{ A 0077

. )
o Long standing LEP puzzle: A%, ~ —2.35 | reguttes (gi#o,@:xk,w

Only &% 0 is viable to satisfy all Exp. limits

51| ~ 0.033(7) - ; ! = L n/;&"
mﬁlrg/}lok SAFp, /\(/w,'_,, ¢ ﬂ\;;D
® How about loop? o, /o

In MS and on-shell renormalization

5953:” o2+ XL {( 1+5%V> 1 S%Vzlnﬁz+§+m/2]
6472 98 38z
5 ~ A2 [( 1 2) L 21nﬂz+ +m/21
6472 96 36z ’

[g?‘;&{ T OOUTSY NPT, Mt el P A
= Wait for future Z-pole exp. (FCC-ee, ILC, CEPC....) 2(
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3/6. Constraints Meudring dacta

¢ For My AQ, more parameters are needed CMmSTf{Am LANDLAIP VIR #b})

m
SLJV v /fi‘l Aae, M/-’
T

R Ner! L Mins= MinSz U {25 A5y, AD, AB AS, A%, )

f ) D \T D \T
0 )\( b’)\;lb’ )\( b’ A'rb’
Vo, ATV T
M" >~ N A b’)\/lb’ 2pb)‘/lb/\/1b /)b()\/lb)\ p T )‘ )‘;lb) + )‘;lb’/\rb’
)‘ ’/\Tb /)b()‘,ub/\'rb + /\'rb/\,ub) + A/lb’ )\‘rb 2/)"A7'b/\7'b + 2)‘ ’)\Tb
el . _, 3uzvoM

® M_ =0 , only NH i1s allowed py = mp/My and N¥ = gg‘;T‘juz‘;
o 0 0.90792 0.13812 . 0]2 >~ 33.00 y 923 >~ 48.70 , 913 =~ 8.60, 5CP = Oo y

M 0.90792 —2.4923 —2.7643 | x 10™“eV Amgl ~ T.AT x 1075eV2, Amgl ~ 253 x 10-3eV2 .

0.13812 —2.7643 —1.9353

(Tugf one out ef oo mwF(Q_\
Vis. 1 Dbest fit (w. SK atm) NuFit

012 € (32.7—34.21)°, 623€(48.0-50.1)°, 613€(8.45—8.69)°, dcope (173—224)°,
Am3, € (7.22-7.63)x107%eV?,  Am32, € (2.489—2.543) x 10~ 3eV?2.
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3 / 0. Constraints Numerical Results:

The neutrino mass pattern (~ (o)

Rb
Aay’ [Aae ] , Aay,  the Cabibbo angle, b— sll anomalies

can be accommodated by the following viable model parameters:

Mprg~1.0TeV, My =15TeV, p;=2.3]-0.82]TeV, 3~ 0.5keV,
NS AE, = —12[4]GeV, A AL, = —690GeV
0y =03=0, sinf; = 0.039
Ay~ —3.3, My~—051,  N~-072, \;~093, A ~-0.08,
2D, ~ —0.002, AD, 3.4, 2D, ~0.008, AP ~ —0.58,

Note that (9( H3 ) ~107° ~— global L#.
Mrg

=7
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4/6. Phenomenological consequences

B klater BB whoy DY nirte™ T LY

) Vi
stringently set the parameter space boundaries.

6 b= szz attree-level
STT Gr = X sbsrr [=_at —
T = = ViV C [59°Lb] [77a(1 = °)7] + Hee.,

V2r AL (AT TeV 2
CbSTT ~ _ lb TS —93.9 <_> bszzt o
to vaeeag ) o (08 Gl e )

- =S y ~3 Re=zte= LHG 6703,025*02;\
> B ( Rs> 2%z )~ (D shill << (0 ) R l%«ngfléos.o%ér]

P ( to
Re ) \ = / REDT) mads Cypaaog [190%05301)

—_— e N -

/ \\C_L o CVL':JP/<L 0o Tu hi¢ model

( with real Wmam)

Afs(ﬂb)*ffcs + )‘ZbO\be)*‘N/cb’ + |/\Zb|2‘7:2b

ccC
7-[eff o= AM2
T

} (E’yaib) (?yaiyf) + H.c.
20
A colorful framework to accommodate the observed anomalies n



4/6. Phenomenological consequences decor, BR

For the benchmark point,
B(T™5 — bu,) ~18.9%, B(T™3 — bv,) ~30.9%, B(T 3 — sv,;) ~2.1x 1073,

B(T™5 — 7t) ~30.8%, B(T 5 — ut) ~18.9%, B(T 3 — c)~2.0x 1073,

B(TS = tv,) = 37.9%,  B(T'S — tv;) ~6L7%,  B(T'S — cvy) = 0.4%,
B(T™5 —bp™) = 37.9%, B(T™5 —br) ~6L7%, B(I™5 —st)~04%.

B(D™5 — bir,) ~ 97.1%, B(D™5 — biry) ~ 2.9%,
B(D3 — but) ~ 97.1%, B(D3 — brt) ~2.9%,
B(S3 — bu™) ~ 100%,
Bl —uW™) ~1.2%, Bl - W )~6x10"%, Bl - tW )~9x107",
B — vT~3) ~19.7%, B — u™T73)~38.5%,
B — 7rT75) ~0.9%, Bt — eS3) ~ 39.7%,

Very diff. from the simple assumptions implemented
in searching for LQ, b’. (C{ 0% Uswl Lz b H \ y
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4/6. Phenomenological consequences ORVY = decoy

Table 2 Tlo/”2 and (mgg) limits (90% CL) from the most recent measurements, sorted by mass

number
Isotope TIO/"2 (x10% years) (mgg) (eV) Experiment Reference

#Ca >5.8 x 1073 <3.5-22 ELEGANT-IV 159
76Ge >8.0 <0.12-0.26 GERDA 160

>1.9 <0.24-0.52 Majorana 161

DEMONSTRATOR

82Ge >3.6 x 1072 <0.89-2.43 NEMO-3 162
%7y >9.2 x 1074 <7.2-19.5 NEMO-3 163
100Mo >1.1 x 1071 <0.33-0.62 NEMO-3 164
16cd >2.2x 1072 <1.0-1.7 Aurora 165
128 >1.1 x 1072 NE C. Arnaboldi et al. 166
B0Te >1.5 <0.11-0.52 CUORE 126
136Xe >10.7 <0.061-0.165 KamLAND-Zen 167

>18 <0.15-0.40 EX0-200 168
150Nd >2.0 x 1073 <1.6-5.3 NEMO-3 169

Annu. Rev. Nucl. Part. Sci. 2019.69:219-251.

Bpov
L TN N A Me4,R) ~MA &+L)
: /l\ﬁBZV \\\\ : lq, \ T
|/ % | Dug. Fo  Ja-€ oy, even kit /\ICB/J;O
_.’I/I \\\\ - \/ ~q
o e ] LMee SR eV

0.5 1

(Ty+ T,y 32>

work to accommodate the observed a



5/6. Origin of the flavor pattern?

« We need a very special flavor pattern (usually eal [ Lo some )
hovitatvr af §(avor~ §yv~w\xlv>

* In 4D QFT, the Higgs Yukawa after SSB

Y b %

® In 5D, with extra-dimension
- w o _ SN
lED’ L'b/L. (Xﬁ) 43[('8) S o L}E;(X) R(=)

H® = o) $@, Ly~ Yo B2 RS HY
» Integrating out the 5-th dim.

m mg

Qf% = sz\ dp\g\b &<« @D 5[{,? HQDfI% ﬁ[}l“(zy)blc%)f(z\)
= dap %gbx J® (ﬁ&(@ <)>ch){(3) 23
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5/6. Origin of the flavor pattern?

® One toy model : split fermion (Arkani-Hamed, 9903417)

All c;j_}(?\ ~  Gaussian with universal O , cluster y
Az? AL | S
YaD ~ €XP [_20?%] ; axp |A0«é ~0(3 ol
A c p
m s /\ /L
- L — \/—\\LUA/
: AB cD
The effective 4, "~ 0c() Jan << |

3G
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5/6. Origin of the flavor pattern?

¥ One example SF configuration

{JVT,ND.]Vs} e {4.5,(5.2, 5.5}.
awn(
Cory s s Zep s Zups Zen t = {0, —0.49, 7.75[7.80], —4.99[—4.72], —0.89[0.97]} ,

{Zdy» Zeps b2 2, 2o 2, } = {—5.27[=5.53], 2.86[2.90], —2.14[-2.13),
~1.90[—1.95], —2.06[—2.09], 3.66[3.74]},

which 1s able to reproduce every parameter within ~50%

Ay | = 1.66[1.56], AL, | =0.74[0.68], ALyl =1.15[1.17],

1AL, =0.46[0.46] ML |=7.5[6.8]x1072,

(A =1.5[1.6]x107%, |A|=1.78[1.71], AL, | =7.5[5.8]x107%, |AL|=0.74[0.69],
IS, | =3.31[3.42], A =9.4[19.2] x 1072,

NG| =7.5[3.6] x 107", [AD,| =1.1[0.8] x 1072,
AL = 7.0[0.13] x 10—37, M| =2.9[2.8] x107°, AL | =2.6[1.8] x 107!,
Ayl =271 x 1072, |\ =4.8[1.4] x 107°, |\l = 4.2[1.0] x 107, 1S
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5/6. Origin of the flavor pattern?

’In addition to the hierarchical Yukawa, the nearly conserved L# > or

M3 -9
@, ~ 10
(MLQ)

can be easily arranged in this 5D model.

¢ Recall that, 45 ~o0Sket My MY, 1o ~ O(Tev)

i > M S 30T + 4, [H,D]S7

= D&T  have different orbiting parties
(such that nearly orthogonal to each other)

D&S  have the same ...
Overlapping ~ O (1)

S .
e.g. T: (+,-), D,S:(-,+)on the 4 2 orbifold y
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6/6. Conclusion

@ Neutrino mass, b — sll, Aa,, AaeCS[Rb], and CKM anomalies

can be accommodated in SM+ 3 scalar leptoquarks
(3,3,-1/3),(3,2,1/6),(3,1,2/3) +vector b’ with U(1)3z.
Viable benchmark point with minimal set of real parameters.
Solid prediction: normal hierarchy with MY, <3 x 107 eV.
Nontrivial leptoquark /b’ decay branching ratios.

Nearly conserved global Lepton number

Split fermion is one possible origin of the flavor pattern
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