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Outline

@ Muon anomalous magnetic moment: Aa,
e Flavor anomalies: Ry (), Rpw

Neutrino mass

Proposals (Model-I, Model-11)

e Summary

*Talk intended for the graduate students, faculties may find it trivial
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(g — 2)u

e Dirac's relativistic wave equation formulation: 1928

—

@ Muon magnetic moment: M = guﬁg
n

@ Landé g-factor: g, =2
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(& —2),

@ Quantum loop corrections: g, # 2

Dirac Schwinger

Bethe (1947) did before Schwinger (1948), but in non-relativistic framework

: -2
@ Anomalous magnetic moment: a, = g“z
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p Bl Iz had

aSM = 116591 830(1)(40)(26) x 10~

errors; electroweak, lowest-order hadronic, and higher-order hadronic contributions

0 2% —a2M=Na, = (274+73) x 100 ~ 370
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RK(*)

@ b — s : Neutral current process

r((B— K putp)
RK* —

RAM = 1.0003 4+ 0.0001, RM =1.00+0.01
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LHCb, arXiv:1705.05802 [hep-ex]
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Ry
o LH Cb, arXiv:1903.09252

RE® = 0806308508, 1.1 GeV? < o < 6.0 GeV?

(] BeIIe, arXiv:1904.02440

exp __
RK* _—

0.901327 +£0.10, 0.1 GeV? < g> < 8.0 GeV?
1.187333 £0.10, 15 GeV? < g° < 19 GeV?

o LHCb, arXiv:1705.05802

e _ 0.66070 g70 & 0.024, 0.045 GeV? < g* < 1.1 GeV?
" 0.68570:4%3 4+ 0.047, 1.1 GeV? < > < 6.0 GeV?
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Rk ~ 250

Rk« ~250 (LHCb)

Angular observables: P;, Pé

Bs — pp (ATLAS, CMS, LHCb)
and more ...

Combined: ~ 450
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RD(*)

@ b — c : Charged current process

(B — Drv)
RD — _—,
(B — D)

BO

R3M =0.299 4+ 0.003, R3Y = 0.258 + 0.005
Saad Y o s
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RD(*)

—_~ [ I T T T T I T T T T | T T T T I T T T T I .
% 5[ —— BaBar, PRLI09,101802(2012) 5 ]
=) [ ——— Belle, PRDY2,072014(2015) Ay”=1.0 contours B
7 C LHCb, PRL115,111803(2015) - .
045 — Belle, PRDY4,072007(2016) == SM Predictions ]
" ——— Belle, PRLI18.211801(2017) R(D)=0.300(8) HPQCD (2015) ]
[ ——— LHCb, FPCP2017 R(D)=0.299(1 1) FNAL/MILC (2015)
04 [ [ Average R(D*)=0.252(3) S. Fajfer et al. (2012) __]
03| =
03 i \ H

025 @ --

02
| I

@
[\
=]
w

Saad R P werwerwe v Bam— 1145



RD(*)

@ Global average: (Belle, BaBar, LHCb)

RSP = 0.334+0.031, RSP =0.207 +0.015

] RD, RD* ~ 30
© Ry, 77, PE

@ and more ...
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Neutrino Mass

@ In SM, neutrino mass = 0

Oscillation 1 o allowed range | 3 o allowed range
parameters from NuFit4.1 from NuFit4.1
sin? 1 1% 1l 0.275 - 0.350

sin” 03 0.02241 1900068 0.02046 - 0.02440

sin’ fg 0.55870 030 0.427 - 0.609
Am2, (107%e1?) 7.39103 6.79 - 8.01
Am2, (107%e172) 2.5231 0052 2432 - 2.618

Saad R P werwerwe v Bam—




Synopsis

@ SM cannot explain neutrino oscillation data
o Long-standing tension in (g — 2),

@ Large deviations in flavor ratios
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Solution?

X Standard Model

v Physics Beyond the Standard Model

@ Can all these be related? Combined explanations?

v Scalar Leptoquarks
» Which Leptoquarks?
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LQ Solution: (g —2),

v S~ (3,1,1/3)

3 mem, | gI|7T 2
—ﬁvlgﬂ)@z)%z [6 + 3 |Og[Xt]] .

Aa, ~

4 R2 ~ (37277/6)
saad E——
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LQ Solution: Flavor anomalies

arXiv:1808.08179

Model | Ry | Rpo || R & Rpe
S X v X*
Ry X" v X
R, | x | X X
S v X X
U, v v v
Us v X X

X Single LQ
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Two possibilities

MOdel RK(*) RD(*) RK(*) & RD(*)

Sy o v X

R2 o v X

Ry X X

X
(s, v )| = X

vV Ry~(3,2,7/6) + S3~(3,3,1/3) : Model-|

vV 5 ~(31,1/3) + S5~ (3,3,1/3) : Model-|
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Model-I

Ry~ (3,2,7/6) + S3~ (3.3,1/3)
br Ccp bz Hr
R2/3 54/3
e ------
TR vy, KL Sy,
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b b b
+ = gl + +
N A
1 g* m?
a 1672 m2 m2, VVis +

Wolfgang

Sy~ (3,3,1/3)

o CMM C{%ﬂ = —O 53 arXiv:1903.10434
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Ry ()

S5~ (3,3,1/3)

4'GF i i
%Zgﬂ_ \/EVU (Z CJM JM)—FhC

X=9,10

0§ = % (dir"Pudy) ((rul') , O = 4071 (din"Pd;) (Eyunst’) -

S S\*
cl— v Yo (v) '
o 10 Vip Vis Ctem M32
o (' =—-Clf' =—-053 arXiv:1903.10434
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R2 ~ (37 27 7/6)

4G, (7
Hei” = \/§F Veb [Cv (v"vii) (Covube) + Cs (rrv1j) (€rbi)
+CF (Creo™ v1i) (SO bi)]

oL (R \*

. : I (Yer)
CL(n=mg) =4Cs (u = mg) = —22—.
s (p R) (1 R) 4\/§m,2;,GF Ve,

o (s =4Ct
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R2 A (3,2,7/6) : Cs - 4CT

Im[Cs]

06 -04 -02 00 02 04 06
Cs®

06 04 02 00 02 o4
Re[Cs']

23/45



Model-II

51~ (37171/3) + S3~ (§737 1/3)
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RD(*)

S3 ~ (§737 1/3) + 51~ (§7 1, 1/3)

G . —
H b — \/EF Ve [CY (€ir"vii) (€uvubl) + CE (Crevij) (SrbL)
—I—C—? (ZRfO"uyl/[_i) (ERO',uubL)} B

SR At}

Cﬁ:—4Cﬁ:— ve Vi \Y cf7

T 4Vy M2

ci_ i (V') v (V'Y¥) g

v 4'\/cb M12 M:’?
(] C5 = —4CT
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Neutrino mass?

X Ry~ (3,2,7/6) + S5~ (3,3,1/3) : Model-I

X S ~(3,1,1/3) + S3~(3,3,1/3) : Model-ll

@ Minimal choice: single scalar
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Model-1I: Neutrino mass

Ry~ (3,2,7/6) + S5~ (3,3,1/3) + 1~ (3,1,2/3)

arXiv: 1907.09498
| ON

v Lyx* u * [ | : ~
M = mo [(y )iimi(V7y )i + (i HJ)} T Mz M3
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Model-I: Combined explanations

TX-IT1:
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Model-I

5 Experimental Constraints

5.1

Radiative Leptonic Decays: (£ — £'v ). . . . . .

5.2 (ju —€ Conversion] ................

5.3
5.4
5.5
5.6
5.7
5.8
5.9

Z-Boson Decays: ...........
B, Meson Lifetime: .........

Rare Meson Decays: B — K™y, . . . . ..
Semileptonic B Decays: B — D™iw . . . . .
Semileptonic K Decays: K — (7 . .. .. ..
Pseudoscalar Meson Decays: P — ("

Muon Anomalous Magnetic Moment: (g — 2),

5.10 Bounds from LHC Searches . . . . .. .. ..

Saad
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LHC bounds

Decays Scalar LQ (GeV) Lint
B=1][B=08]5=05
jivi 980 810 635 35.9fh*
jjee 1435 | 1360 1200 35.9fb°*
Jimp || 1525 | 1445 1280 36.1fb~"
trT 930 850 730 36.1fb*
ttvo 1020 940 812 35.9fb™"
bbr7 1025 965 835 36.1fb~!

LHC (ATLAS, CMS)

Saad
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Model-1: BM-TX-

My =12 TeV, My = 2.5 TeV

00 0
yR=[ 00 0 ,
0 0 1.09527 i
0 0 0
yt = 4.0503 x 1073 —2.1393 x 102 1.2243 ,
0 0 —4.9097 x 10~*
0 0 0
y=| —45241 x107* —7.7187 x 1073 —4.6354 x 10~* |,
0 6.8578 x 101 0

mg = 1.297 x 1078,
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Saad

Model-1: BM fits

Observables | BM-TX-I BM-TX-II
Am3,(eV?) | 7.39x 107° | 7.40 x 107°
Am3,(eV?) | 252x 1072 | 2.52x 1073

012 33.86° 33.87°
B3 47.95° 49.95°
613 8.61° 8.61°
Rp 0.3485 0.3484
Rp- 0.2875 0.2875
Cy = —Clo -0.529 -0.530
CR(p—e) | 331x107% | 5.90 x 10717
Br(p—ey) | 1.34x 1071 | 1.45 x 10714
Br(t —ey) | 411 x 10710 | 1.49 x 1011
Br(t — wy) | 147 x 10711 | 4.95 x 10710
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Model-I

10-12|

10—13 L

10—14_

10_15 -

10—16
. TX-I

10-17 -

-0.60 -0.55 -0.50 -0.45
Co=-Cjo
(@ = us Ry Ry My
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Model-I

10-14 10-12 10-10 10-8

Br(r->py)
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Model-I

0.34}

0.32f
Q g.30}
x

0.28}

0.26

Br(B. — mv)%
sasd T

0.40
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Model-1I: Neutrino mass

Si~(3.1,1/3) + S3~(3,3,1/3) + w~ (6,1,2/3)

’

’

»
sl LT
IS
¥
w

S
V:’

S

= s
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’

S

Babu, Leung 2001

. 1 1_[M
M = 24p, yE mi yil Th miy v Ih = I{ 2

TP = _—
e 256mt M2 | M2

p
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Model-1I: Combined explanations

M, 3 =12 TeV
0 0O 00O
yE=100 « |, yt=10 % * |,
0 0 0 * =«
00O 0 0O
y=10 4+ % |, yw=]0 % x
% % % 0 % =
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Model-11

4 Correlated Observables
4.1 (E% Oy Processes) AR
4.2 (ﬁ — e Processes). .
4.3 7 — ' Processes . . .
4.4 (p — e Conversion) . . .
45 PP 0t oL,

4.8 7 — (P Decays . . . .
4.9 [BQ—FQ Mixing]. S
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Model-1l: BM-I

0 0 0
yt=(0 —0.00485 —1.413 |,
0 0.01699 —0.05935

0 0 0
yR=10 0 1451],
0 0.1900 0
0 0 0
Y = 0 0.03230 —0.4183 |,
0.002867 0.03398 0.1742
0 0 0
y*=[0 —1.451 0.1332

0 0.1332 0.04726
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Model-11

Observables BM-I BM-II
AmZ,(eV?) 7.348 x 10~° 7.383 x 1072
Am3,(eV?) 2.526 x 1073 2.524 x 1073

012 33.698° 33.813°
623 48.373° 48.055°
615 8.624° 8.615°
(9-2)u 2.718 x 1079 2.688 x 1072
T AP 5 -0.528 -0.530
Rp 0.339 0.340
Rp-~ 0.286 0.285

Br(p— ey) 8.284 x 1017 2.740 x 10716
CR(u— e) 3.243 x 10716 1.377 x 10716
Br(t — ey) 3.862 x 10714 2.730 x 10~
Br(r — py) 3.860 x 1078 2.750 x 1078

Br(r — pup) 3.844 x 1079 1.147 x 1072

Br(r — pee) 3.273 x 1079 8.788 x 10710

Saad

Observables BM-I BM-II
89 1.467 x 107* 1.732 x 107*
897" 3.955 x 107° 6.094 x 107>
Br(Z — pr) 5.363 x 1071? 1.732 x 10712
Br(Bs — pp) 4.925 x 10711 4.954 x 1011
Br(B — pt) 3.803 x 1077 1.125 x 1076
Br(B, — T7) 4.604 x 105 5.110 x 10~5
Br(B — Kput) 1.063 x 10~° 3.145 x 1070
RZ. 1.855 1.656
Br(B. — )% 1.767 1.703
Amgf'*SM/AmsB':A 112 113
Br(r — ¢p) 2.047 x 1078 1.380 x 10~
Br(t — np) 4.397 x 1078 3.123 x 1079
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Model-I

CR(u—e) x 10%3
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Model-I

Rp*
°
5

Br(B.—~tv)%

10

0.20 0.25 0.30 035 0.40

B — BY ~ 10%, 20%, 50%
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Model-I

10

o o

© ©
— —
X X
3 3
BN BN
) )

£ £
@ @

5 3 4 5 6 7
Br(t—uy)x108 Br(t—nu)x10°8
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Br(Bs—TtT)x103

Model-I

Br(B—Ktu)x10°
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Summary

@ Minimal extensions

v (g 2)#

v Rp, Rp:

v Rk, Rk~

M, #0

@ Predictions

v/ TeV scale Leptoquarks (LHC)

v/ Charged lepton flavor violation (upcoming experiments)

/" Promising Tau and Meson decays (Belle-Il, LHCb)
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