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¢ The Standard Model (SM) is known to be an incomplete model that can not explain matter—

antimatter asymmetry, dark matter, gauge hierarchy, quark mass hierarchy, neutrino mass, etc.

Introduction (1/3)

* Beyond the standard model (New Physics/NP) is, therefore, required

We want to hunt
a hew interaction

Collider physics
High-energy frontier

Vs >my  CQATLAS

EXPERIMENT

SM particle

New particle

SN

complementary
High-intensity
frontier

Precision measurements of
the SM particle amplitude

G=

Integrated out
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3-point
amplitudes

4-point
amplitudes

Advantages:

Precise SM prediction (thanks to small QCD uncertainty, lattice QCD simulation, NN...LO calculations)

s

Precision measurements of leptons

quark Light quark/lepton

Heavy
» )

Light quark/lepton

Precision measurements of flavor physics

provides great sensitivity to new physics
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Introduction (3/3)
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Precision measurements of leptons



lEE TR KEFTEEER: 5100 #ER
S1—AVTEBADEEREDE (=5 A)

Muon g-2

Theory Exp.
Y. Y Y. BNL '97-'01
FNAL ongoing
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Based on [FNAL Muon g-2, PRL2021]

4.00 [Lattice, HLbL]
BNL g-2

FNAL g-2 +——m—m@——+
2.20 [Lattice, HVP] 1.60

-— - g

( )

-+

—— ——+
Standard Model (notinclude @ @) Experiment
Average
175 180 185 19.0 195 200 205 210 215

a,%10° - 1165900

comments

Stat error dominated

Almost no correlation
between BNL and FNAL
syst errors

The latest lattice result for

HLbL slightly reduces tension
[Mainz group, 2104.02632]

The latest lattice result for
HVP significantly reduces
tension [BM\W, Nature '21]

Several analyses show that
EW fit could be no problem,
but there is additional tension

inete” — 2x data, see e.g.,
[Colangelo et al, 2010.07943]

MUonE exp. will probe HVP
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o 0 : [Refs: Athron et al, 2104.03691; Buen-Abad et al, 2104.03267;
N W p hyS ICS | nterp retatl Oons Krnjaic et al, 1902.07715; Dermisek et al, 2103.05645]
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Vector-like lepton
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SUSY exam P €  [Endo, Hamaguchi, Iwamoto, TK, 2104.03217]

charglno contrlbutlon pure-bino contribution with correct QDM
1000 O L . | ’_20,2] Speing 300
_ | | - Low tanf is
S0~+ o (o0 + -0 ; ; - . |
X2 X1 —7 (th) (W Xl) 200 e 250 preferred(-)
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Point: WY decays =, O\ ; 200
into h not Z § 600 8 NN N\ el
= .
= 150
= . Good target for ILC
400, :
100
2004
strong bound from: ol
~ o 566 it o 400 e 100 150 200~ 250 300 350
i — (639) (70) o (G m(in) [Gev]
0t (1) (vl N isi — vy — 00— (0x3) (6x]
HvE (ZL) (ulL) S (URL) (kL) Photon collision PP — 77 ( Xl) ( Xl)

will be able to probe [Beresford, Liu, PRL19]
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Heavy quark Light quark/lepton

>

Light quark/lepton

Precision measurements of flavor physics



What is flavor physics?

¢ Quarks can not become asymptotic field, but must be contained in hadron=meson or baryon

b ...B meson, c...Dmeson,s... K meson, or heavy baryons.

B meson
B, B°, B*, B, B*, . ..

Hadronization
b quark

T FEEEEES

! ]

: M - |

LEEEEEERE L CEERERE spectator quark \\
= light quark = u, d, (s)

Gell-Mann named it

. ‘flavor” at an ice-cream
" store, just as ice-cream Quark flavor physics means physics of meson/baryon transition;

has both color and
quark (cheese) flavor B—>K+Xb-—s),D—->rn+X(c—>u),K—->r+X(s—d),etc.
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http://www.wallcoo.net/



http://www.wallcoo.net/

B physics

¢ Main stream of the flavor physics. There are three big experiments for B physics.

¢ Rich phenomenology; CKM, FCNC, CP violation, tau lepton, LFU, Hadron spectroscopy, dark sector

BaBar experiment @ SLAC, physics run was finished at 2008
ete” = Y — BB 10°BB per year

Belle and Belle Il experiments @ KEK, Belle Il started at 2019

Belle I ete” > Y - BB 10'°BB per year

LHCb experiment @ CERN, Run 1 and 2 were done, Run 3 will start at 2022
pp — bb — BB 10'?bb per year
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CKM matrix

¢ CKM matrix arises the relative misalignment between the Yukawa matrices and gauge interactions:

£ g uLv“dZ W_|_ mass—eigenbasis i ’}/H(UJUd)Z]diWJ

V2

.9
ﬁ
g .

\/5

¢ Wolfenstein parametrization

K physics B physics

Vud Vus Vaub b= /\72 A A)\3(p — ) \
V= Vg Ves Vo | = —A 1—2 AX2 +0(Y)
Vie, Vis Vi AX3 (1 — p—in) —AN? 1 /

¢ Parameter A is determined by B physics

Precision measurement T2 #1732 @ /49
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Measurements of [V

¢ For determination of [V, one J Semileptonic mode /¢ =¢,u
measures branching ratios of 5
B-meson semileptonic deca
P 4 B Vs Hadron states X (=D**, D*, D, Dr,
X
modes, and compare TH c Dr...)
d
¢ Inclusive decays: B — X v
¢ It corresponds to quark level decay rate (b — cZv) + a, AQCD/mb corrections

2 Last data in 2010 — Belle Il result coming soon; No lattice — the first lattice study [Gambino,
Hashimoto, PRL '20]

L 4 Exclusive decays: B — Dfv,B — D*fv

2 Many data with different schemes. One can use lattice simulations.
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[Ricciardi, Rotondo, 1912.09562]
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Average of the exclusive determinations
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i< RXRXA
| l/ K‘ ] 1

Average of the inclusive determinations

Inclusive |V

cbI

N

3
v,/ [10°]

CKM unitarity

Kaon physics prefers

inclusive Vb
(— page 36)

Belle Il

preliminary result
[Moriond2021]

Inclusive Vcb
=41.7 (12) x 103
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Lepton flavor universality (LFU)

¢ Gauge symmetry predicts lepton flavor universal phenomena
e T
v/ Z W =
Ve, €

¢ Charged lepton mass changes kinematics and modifies scalar form factors in the

hadronization, which eventually violates the lepton flavor universality

¢ Long-distance QED correction (beyond PHOTOS) could violate the lepton flavor

universality [de Boer, TK, Nisandzic, PRL '18; Isidori, Nabeebaccus, Zwicky, ‘20]

Vs [
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LFU observable R(D)

R(D(*)) — = e
BR(B —> D(*)fyf) iscgroepppeend ence

SM NP, e.g., Leptoquark
B(B — Dlv) =2%, B(B — D*lv) = 5%,



[HFLAV averages 2019]

R(D*)

0.4

0.35

0.3

0.25

0.2

[ ] HFLAV average

Average of the experimental data

Ay* = 1.0 contours
Soft-photon QED

LHCb15 corrections could change
BaBar]? these tensions
O //,55;.;.l)+
LHCbHI8 BO----- ;- -
:\ _— i\ £
o Pin P
7 / B—°-Ini<?,, foes
Bellel5 Y\\\ /-
Bellel7 HFI AV It was shown that the
= New sM prediction 4+ Average of SM predictions QED correction violates
RSM = 0.297 £ 0.003 R(D) =0.299 + 0.003 Spring 2019 o
RSM=0250+0.003  R(D*)=0.258 +0.005 POO) = 27% LFU at a few % level
lde Boer, TK, Nisandzic, PRL '18]
0.2 0.3 0.4 0.5
R(D)

380—>->—->3.10->->-~4 0o tension

New Belle data ‘19

New SM 20

[Bordone, Jung, van Dyk, '20; Iguro Watanabe, ‘20]



E FT gIObaI flt [Blanke, Crivellin, TK, Moscati, Nierste, Nisandzic, '19]

0.2

e %
0.2F \
£

Relevant effective Hamiltonian

BR(B.»7tv)>10% .

Het = 2V2GFV,,[(1+ CL)OF + CEOE “dll)” -0.2;
+CLOL + Cr0y],

Oy = (ey*Pb) (Tyu.Prv-) 02
g — (CPR[)) (TPLI/T) C{“,
gz(CPL)(TPLVT) """"""""""" 20
O = (CO”“VPL )(7O'MVPLV7-) i
(S. 10 B.60%
]
)
& Collider bound (—page 26) L]'_',
L‘)” 20
sl El
¢ Bound from BR(B — 77v) < 60% 2 - 10 10
-0.8

10% bound is too stringent

Re.[ ctl = 4Re| Cr]
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“Single particle

One WC scenarios

4
Cyy SU(2)-sin

glet vector LQ,

» o
|

® Two WCs scenarios

(Cy, Ce = —4Cy)

SU(2).-triplet and/or -singlet scalar LQ

C§ Charged Higgs, (CL. Cg)
SU(2).-doublet vector LQ (V)
Ct  Charged Higgs with generic flavour (CR, Chy

structure

C§ = 4C,  scalar SU(2).-doublet LQ (R,)

( )) o o ro o L
(“4” is modified by RG evolution) Im[CS = 4Cy))
L There are so many detailed studies for each single particle scenarios
There are also “two LQs” scenarios

(Re[Cg = 4C],

nterpretations

SU(2)L-singlet scalar LQ (S;)
SU(2).-singlet vector LQ (U,)
Charged Higgs with generic flavour

structure

scalar SU(2).-doublet LQ (R,)
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Polarization observables in b — ctv

¢ The following two polarization observables could be important to confirm/distinguish new physics
¢ Longitudinal D* polarization (D* — Dr) i R \t\ [Belle, 1903.03102]
A |
E 120? \ I
g—' 100[- !
w

80

(B — D*rv) Ohel IS the angle

Fr (D*) = between D and Binthe  *
[(B = Drv) D* rest frame .

— Fit with F,”=0.6
SM

R

-0.1

°°39he|

1.4 o consistent

¢ 7 polarization asymmetry along the longitudinal directions of 7 (t — zv, pv) [Tanaka, ZPC '95]

I’ (B — D(*)T)‘:_H/ZV) —TI (B — D(*)T)‘:_l/ZV)

(9 —
BDT) = I'(B— D®rv)

Fit of angle dependence:
between m, p and W*(tv)
In T rest frame
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Predicted ranges of polarization observables

¢ Full parameter searches of each LQ model, including LHC mono-7 bound and BR(B." — 77v) < 30 %

|Greljo, Martin Camalich, Ruiz-Alvarez, PRL '19; Alonso, Grinstein, Martin Camalich, PRL '17]

[lguro, TK, Omura, Watanabe, Yamamoto, '19, UPDATED]

B 205 PY" Rp Rp-
Ro LQ | [0.442, 0.447]  [0.336, 0.456] [—0.464, —0.424] 1o data 1o data
[Predicted ranges] S; LQ | [0.436, 0.481] [—0.006, 0.489] [—0.512, —0.450] 1o data 1o data
Ui LQ | [0.440, 0.459]  [0.156, 0.422] [—0.542, —0.488] 1o data 1o data
SM 0.46(4) 0.325(9) —0.497(13) 0.299(3)  0.258(5)
data 0.60(9) : —0.38(55) 0.340(30) 0.295(14)
(50 ab'1) Belle II 0.04 3% 0.07 3% 2%
¢ P_(D) can discriminate the new physics
\ 4 LHC mono-7 search gives more severe bound than BR(B™ — 77v) < 30 %
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Model-independent prediction: R(Ac)

B(AY) — Afrr— ;)

¢ Baryonic counterpart: R(A,.) = L HCb [Bernlochner, Liegt, Robinson, Sutcliffe, PRL '18]
4 g (Ae) BAY S ALl 1p)
oo B | | SU(2)L-singlet vector LQ (U
SU(2)L-singlet scalar LQ ($) s E i” 0401 (2)-sing QYUY
, 038 ‘ ~ 038 4 - SU(2).-doublet scalar LQ (R,)
Charged Higgs € s [, @9
0.36} | 036/ 10
0.34] , m (Ch.Ch-—4Cn)] 034 — " o .
e . (. ] | B ®e 'IC'. AL Im[Ch =4 Crl) Similar elllpSES!
Q326 o ok o . 9§ L o< : e 032L., . . L @ —
026 028 030 032 034 026 028 030 0.32 034
R’ R(D")
. Sum rule for R(Ac¢) prediction from the form factor analysis
Model-independent sum rule R(A:) 0.96 R(D) 0.74 (D*) Crosscheck of R(D) anomaly
(also valid for RH neutrino scenarios) R(A.)ev R(D)su o R(D*)sm is possible by R(A )
:||> R(A.) =0.38 0.01z(peny £ 0.01pF There is no data yet, but soon?
R( C)SM — 0.324 + 0.004 [Blanke, Crivellin, TK, Moscati, Nierste, Nisandzic, '19]
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LQ vs LHC

A Ea s | | RERES
¢ LQ can be probed by LHC directly and indirectly £ |
1 3.0 § g _ %\€\
Vector leptoquark scenario [Cornella et al, 2103.16558] z B o

: 2 = o @
2 S e QN
| Pre)s :
g U, b —> -7 b — — 7 gu 20F 1| ® E
l.:’}i— —
(7 [ = .
1.0p T oot
B B i W )
g U; g Uy b < - i 0.5F .
ﬂ.l";:-.Ll.A l NPEPETE B B l

16 15 20 25 30 35 40 45 5D

: : o My [TeV
¢ The direct bound comes from high-p tails in mono-t searches alaed
Erossing symmeiry |Greljo, Camalich, Ruiz-Alvarez PRL ’19; Marzocca, Min, Son, '20;
lguro, Takeuchi, Watanabe 2011.02486]
N

(Current bounds:
EFT: |CF| <032, |CE <055, |Cr| <0.17

2TeVLQ: |CE| <042, |CE| <08, |Cp|<0.35

N\ J
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LFU observable R(K)

BR(B - KPutu™)

G A Y A
RIAT) = BR(B - KMete™)

S

SM NP, e.g., Z' boson

B(B— K(T0™)=0(10""), B(B— K*(T{") =0O(10"°)



b — su™u~ anomalies

¢ In 2019 and 2020, LHCb and Belle presented new results

< 2.2¢ — 2.2

£ “°" —Belle 2019 Belle 2019 | &

18" —+ BaBar 2012 1.8

1' : = 1 H * : E
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b — su™u~ anomalies

\ 4

~ ——Belle 2019 Belle 2019
o geaste — — 1~ | Preliminary-
1.8_ -+ BaBar 2012 ’ 5

= Fha — +— !
1L..Z.-.,.... e .l.-.;.._ D (S M E I T — S
= W, ] 1

| | 1 ! 1 | |

|
20 25
o (GeV/c?

— 2.2
X

e 2
1.8
1.6
1.4
1.2
1
0.8
0.6
0.4
0.2

0

at 2.6 o [LHCb, 1808.00264]

In 2019 and 2020, LHCb and Belle presented new results

~ —— Belle 2019 | Belle 2019
——SM JHEPO_1'093_(2013);__.. USSR & A F—

rprrryprrrgprrrypree]prreypereptrad
ERSN RARE RALLY RS RN LELN

Illllllllll

Angular distribution of A, — Au™u~ [Ke] is also deviated

dB(B’—ouu)/dg? [10°GeV-=3c4]

-
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LI L

LHCb Run 1+ 2016
|| SM from DHMV
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1
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[LHCb, 2003.04831]
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R(K) in Moriond2021

¢ Last month, R(K) was confirmed by using full Run 2 data [LHCb Moriond2021, 2103.11769]

o
2 i LHCb
> —4— Data 9 fb”’
Qo 500
> —— Total fit
S400F [} 000 B'>K'wy
= Combinatorial
2 300
S
= 200
S
100
0 "*’" l"‘. L __l_ 1 1—1 4 -
52 5300 5400 5500
m(K* ) [MeV/c?]
~ 240
200 i —— Data 9 b
= 180 — Total fit
S 160@ UINuth ] o B> K ee
=140 B B"— Jy(e'e )KT
@ 120 B Part. Reco.
= 100 Combinatorial
= 80F
3
5 60
o 40
20 Eohey,
0 . = 1 Ytteeey b ) ¥4
5000 5500 6000
m(K'ete") [MeV/c?]

5600

Rk = 0.846

+0.042
—0.039

(stat.)

+0.013

o012 (syst.)

BaBar
0.1 < g2<8.12GeV?/c?

. Belle

1.0 < g% < 6.0 GeV*/c?

LHCb 9 fb™!
1.1 < ¢2<6.0GeV/c

R(K) only
2.50—- 3.10

Including the look-elsewhere
effect and conservative
theoretical error from charm
loops, the global significance

of b - s/ is 3.90

[Lancierini, Isidori, Owen, Serra,

Precision measurement T % #11E
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SMEFT global fit

Relevant effective Hamiltonian
4G
Heg = Vi Vo, C,;0;
! V2 Vi 167 Z 0.25 -
(97 — (gO-MVPRb) F’LW 0.00 -
Dy = (§7uPLb) (Z"}/'uf) e
O10 = (57, PLb) (¢4 75¢) g
E
o
C:M =41 M =-4.3 <
Current best fit: PullSM = -6.40
Cg = —Chp = —0.34, C’umv = —(0.74
= Anp = O(10)TeV

All deviations in b — su™u~ are the same direction

—1.0

|Geng et al, 2103.12738;
Altmannshofer et al, 2103.13370;
Cornella et al, 2103.16558;
Alguero et al, 2104.08921;

Hurth et al, 2104.10058]

[Kriewald, Hat, Orloff, Teixeira, 2104.00015]
Moriond’21: LHCb RKq € [1.1,6.0 Gev2
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Kriewald EW'21
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¢ Direct CP asymmetry is obtained by

CP

_ I'B—f)-T(B-f)
I'B-f)+T'B -1

& The difference between two direct CP asymmetries [note that B(B — Km) = 0(10_5)]

AAp(Kr) = App(BY = 7°KY) — Ap(BY — 77K') =0 @ SM leading order

All data are in agreement with each other

Acplppe BT = 7K =(3.0£3.9+1.0)%
Acplpy. BT = 7°KT) = (43+£24+02)%
(BT > KN =24+1.5£0.7)%

Acplpp(BY = 77K1) = (=10.7 £ 1.6709) %
Acplpy B = KT =(-69+1.4+£0.7) %
Acploppr B = 77KH) = (-83+13+£04) %
(B > 77K*) = (-84+04+03)%

New! Acpli ye

Acp L acs

AAcplo (Kn) = (1.8130) %

2.20 tension I

[Hofer, Scherer, Vernazza, JHEP '11;
Crivellin, Gross, Pokorski, Vernazza, PRD '20]

AAp |eXp (Kn) =(11.5x1.4)% [Moriond 2021 average]

Roux, JHEP '18]

SM explanation can be possible, if this HME is — .
nigger than the NLO prediction by a factor of 2 & @ fiwgg

Li, Mishima, PRD '11; Beaudry, Datta, London, Rashed, . ik

Precision measurement TR 2 FIE
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£ and g’

V . Vs unitarity
KL . E | 1 RBC‘UKQCD

KT = (Ty
FCNC and/or CPV
0 + -
K" — u"u
T T
Understanding
KS N ﬂ.()lu+lu— of ChPT
KS — /’t+/4 _7 / Reduce th error
K, — 47

Ki— nineve



n

Direct CP violation in K; — zx

¢ Precise measurements of Kaon to two pions have discovered the two type of CP violations:

indirect CPV

€ & direct CPV &’

AK; > nn7) x ep + €

AK, = 7°71°) « e — 2¢’

|sospin decomposition =0 [=2

S,

€
Re | &£ | ~
CK

1 |ng_|?

6 |ny-I3

— |7700‘2 _ 1

with &, = 0(107%) # 0

1

e'=00107°% #0

Br(Kr, —>7TO7TO)
Br(Kg—m0n0)
Br(Kp—nTn—)
Br(Kg—ntm—)

[Christenson, Cronin, Fitch, Turlay, PRL ‘64]

[INA48/CERN and KTeV/FNAL '99]

data

= (16.6 -
PDG average

- 2.3) x 10~4

Re(e’/ex) has been measured very precisely using the double ratio of branching ratios

AKp — n7Y)

00 = A(Kg — 7070 On the other hand, theoretical estimation is difficult due to non-perturbative QCD
_A(Kp —»7frT)
T T A(Ks — )

Precision measurement TR 2 FIE

ERKF (BEEKRT S5

SO/ KMI): m T RILF—RFEEHBIE

B EoMfinRe 2021422 AV oA YV

or



Ex discrepancy?

SM prediction of the indirect CP violation ¢« is sensitive to |Vl

|Buras, Guadagnoli, Isidori, '10]

e (SD) oc ImA; [—ReAmse So(xe) + (ReAs — ReAe) neeSo (e, ) + ReAeneeSo(xc)] errors are dominated by Vi

= 7,—]>\2‘V(3b‘2 |:|VCb|2(]‘ o ﬁ)nttSO(ajt) —I_ nCtSO(CE(37 .Tt) — nccSO(CEC)] 1> Tets Tec
~ N |
Leading contribution is proportional to | V|4 T
inclusive Vgl
- Y,
_._
~4.20 tension in exclusive IVl case exclusive |Vl
[LANL-SWME, 1912.03024, Wolfenstein parameters are data -
determined by the angle-onlyfitf, (.

< v ; e o clusive V 10 12 14 16 18 20 22 24
aon physics prefers the inclusive Vb x| x 10°

Precision measurement T2 HIE 4
EEHFE (B EHEXRE 8FMEG/KMI): B IXRIF—[RKFTEEER FBoMMES, 2021.4.22, AV A >




5 ( <o The latest situation of &'/& anomaly

RBC-UKQCD (Lattice) '15 RBC-UKQCD 2004.09440 Data

(€'le)gy = (1.4£52+£46)x 107w (¢//cp)gy = (21.7£2.6+62+50)x 107 (€'/€g)exp = (16.6 £2.3) x 10~
stat. sys. 2 95 shift stat. sys. |IB-sys.

Buras, Gérard 2005.08976
(e'lex)oy = (13.9 £52) x 107

Underestimated the sys. error

+NNLO, '
[=0 rut phase shift
So(my) = (23.8 £4.9 £1.2)° o 5y(El = 479 MeV) = (32.3 £ 1.0 £ 1.8)° 00,disp. = 32-9"
1.70 shift
Al =1/2 rule
Re(A,)/Re(A,) =31.0£11.1 —} Re(A))/Re(A,) =19.9+23+44 Re(A,)/Re(A,) = 22.45 £0.06
1.0 o shift

Now, all lattice results are consistent with data

Precision measurement T2 HIE @ 4
R (B HEXRE 8FMEL/KMI): 8 TRILF—[FRKETEEZEER BILMERE, 2021422, AV A4V




0

K, -» n’vvand K™ — nvp
¢ Both channels are theoretical clean and significantly sensitive to short-distance 7 s — duu (Z
contributions, especially K; — 7O is purely CPV decay S ‘ T .
(almost) CP-odd — CP-even in SM, see [Buchalla, Isidor, PLB '98] V; v

| 2 Sensitive to CPV in NP sector i 4
Eiaal 7
* SM predictions: [Buras, Buttazzo, Girrbach-Noe, Knegjens, JHEP "15] loop, GIM, and small CKM

B(Kt - ntvi)gy = (8.4+1.0) x 1071, c.f. B(BY = pTp )sm = (3.65+0.23) x 1077

B(K;, — nvb)gmy = (3.4 £0.6) x 10711, B(B° = utu)sm = (1.06 £ 0.09) x 10710

¢ On-going experiments:
d

Im/oa K SM event is expected wnﬁz

o»? @J-PARC in-~2024

20 SM events are
@CERN expected in 2016-18 runs

S

Precision measurement TR 5 #FTIE 49
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[KOTO, KAON2019; 2016-18 data]

KOTO@KAONZ2019
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[KOTO, 1810.09655; 2015 data]

B (K — mvr) < 3.0 x 1077 at 90%CL

# of events 4 (3)
Single event sensitivity 6.9x710-10
Expected BG 0.05x0.02
Expected SM 0.05+0.01

1 in 4 events is suspected that a peak selection

was mistaken due to a wrong parameter

KOTO was planning to re-evaluate other BG

sources, especially K™ (special run for BG in
May—Jun) [done]

Precision measurement TR 5 #FTIE
R (B HEXRE 8FMEL/KMI): 8 TRILF—[FRKETEEZEER BILMERE, 2021422, AV A4V
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KOTO@ICHEP2020 + JPS2020Fall + PRL 21

[KOTO, KAON2019] [KOTO, ICHEP2020]
# of events 4 (3) 3
Single event sensitivity 6.9%x10-10 7.1x10-10
Expected BG 0.05+0.02 > 0.39+0.10 * 1.05+0.28
Expected SM 0.05+0.01 0.05+0.01
x8 [New K™ BG] x3 [calibrate K™ flux]
Based on MC simulation of K Based on the special run
before the special run for KT
[KOTO, JPS2020Fall]
[KOTO, PRL'21]
3 3 “observed events is
7 9%10-10 [New halo 7 9%10-10 statistically consistent
' K, — 2y BG] ' with the background
1.21+0.25 L= <Y 1.22+0.26 expectation”
added
0.05+0.01 0.05+0.01 CONGRATULATIONS!

Precision measurement T2 HIE 4
EEHFE (B EHEXRE 8FMEG/KMI): B IXRIF—[RKFTEEER FBoMMES, 2021.4.22, AV A >




Cabibbo angle anomaly

¢ Kaon measurements can determine the Cabbie angle: |V .| = 4

K physics B physics

Vud Vs Vub t /\72 g A)‘3(p T \
V= Veg Ves Vo | = —A 1-% AN +O@Y
Viae Vis Vi AN (1 — p —in) —AN? 1 /

¢ CKM unitarity: VIiV=1 - \Vud\2+ \Vus\2+ 'V, ‘=1 - \Vud\2+ \Vus\z =1
~1.4x107°

¢ Now, one can check this equality from precision data

Precision measurement T2 HIE e
LR (R EEXRE SFMELG/KMI): B IRILF—[RKFTEEER FBL%ES, 2021.4.22, AV A >




Cabibbo angle anomaly: V, ;, V, . vs. CKM unitarity (1/2)

2 2 )
| Vial™ + |Vusll =1 'E. Passemar, KAON2019] [Grossman, Passemar, Schacht, JHEP '20]
0.228 v [ quantifies this situation:
“71 2010 Vua us [ 2019 .
& Ve ) CKM unitarity is rejected at 3.00, and new
| 0.226 |- é\l it physics is favored over the SM at 3.60 level.
B(KT = utv(v)) Vu
- fit - B(rt — ptv(y)) o
fit with I <= fit with New physics interpretations:
unitarity " i fit — unitarity .
us _ <
0.224 |- 0.224 | (Ly*7'L)(HT D,, H) [Coutinho, Crivellin, Manzari,
£ " Ves|  PRL20]
S = . B(K* = 20 u(y)) , B (K1, — Al (7)) Vector-like leptons (2TeV) [Endo, Mishima, ‘20]
e feny 20 NS < Heavy SU(2). (10TeV) [Capdevila et al, '20]
0.222 |- S
TP = 879.4(6)sec » B-decay Via—|| |3 .
2 R | B [| 1
[Czarnecki, Marciano, Sirlin, '19] 0.965 0.97 0.975 V.4 2
, , T Cabbie angle anomaly =
| Vudl + | Vusl =1 b — s£¢ anomaly 4

Precision measurement T2 ##)18 i S RV
RS (R HEXRE SFEMEL/KMI): @ TR F—{EETEEZER FILMMER, 2021422, AV T4 >




Cabibbo angle anomaly: V, ;, V, . vs. CKM unitarity (1/2)

¢ What’s happened in the last ten years? = O 2019 i
p p y ° + FLAG avernge tor Ho=2 =1 | : FLAG average for fy —2-1-1
+ FRALTILE 18 " g T E
o~ - ETH 15 o~ FHALIMILC 144
[ FRHALTAILC 13F [ ——0— AL
= H FMALT C 130 =+ W 138
H WILE 17 (stat. arr. onlyl
1 - FLAG aversge for He=2 1 — ETW 10E [stat. o ar'y)
4 attice results [FLAG, 1902.08191] _ ; .
’ T - REC/UKDUD 154 - -— QCOSEKILD 18
o~ —HH REC/UKDUD 13 r—t—a Durr 16
. e % . S L
= ._._Q_E; : . i i} ;l?l(t.’:ul(lll QL 14
RRCHIKDOR 10 & v =L JLICINTVAQCL) 14
H-H RRCIIKOL -4 By LeicD 104
5
Cl‘l‘ L 3 LG averzqe fo "_. 1 {:’:t,"_",&a
- — ] ET4 10D {stat. zrr ool - } RECAIKOLL
i - 114 LA 7—‘ {RGCOKICD
= H——+ Kastrar G2 345 ——+ FLAG average b
o b L Ciriglizno 0% 4 o M W 140 | .
o —— Jamir 04 249 [ Ml B_PHA 13
& —— RInEns N3 250 = o ET4 100 ¢
. ew data [NA48/2, 1808.09041; OKA, 1708.09587] 3L —— .
[ ) C 3 A ' A 1 1
’ ’ ’ 0.95 0.97 0.99 1.01 1.14 118 122  1.26

¢ Isospin breaking corrections are improved [Cirigliano, Neufeld, PLB '11; Bijnens, Ecker, ARNPS "14]

¢ QED corrections to 3 decay are improved [Czarnecki, Marciano, Sirlin, PRD "19; Seng, Gorchtein, Ramsey-
Musolf, PRD ‘19]

¢ QCD+QED lattice [Sachrajda, et al, PRL '18; PRD '19]: the result is consistent with one which was
obtained analytically and the error is reduced (chiral expansion error vs. lattice error)

Precision measurement T % #11E
R (B HEXRE 8FMEL/KMI): 8 TRILF—[FRKETEEZEER BILMERE, 2021422, AV A4V
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The first observation of CPV in D-meson

Difference of Difference of D® = h- h+ and D° = h- h+

Direct CPV ~ Acp(D’ - K~ KT) = i _

\

V _
i E,d K+, 7Z.+
C & >
> .
2 Vcs S, d Do

3] = K ,m~ u
U < U ’

The Direct CPV is amplified in the difference! Vg : Vus >~ —1:1

Detection asymmetry and final-state independent uncertainty are completely dropped!

Precision measurement T2 HIE L
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World

Direct CP violation in D

average

HFLAV B

oriond 2019 Belle
CDF KK+7n

LHCb SL KK+

0.0050 - LHCb prompt KK
LHCb prompt xx

—0.0050
a Ny
-0.0075 g g g
a U ¢
o 5 2
-0.0100 ‘5’ §

BaBar
CDF
LHCb
Belle

Contours contain 68%, 99.7%, 89009079 CL

—0.010-0.008—-0.006-0.004-0.002 0.000 0.002 0.004 0.006

ind

acp

Latest result [LHCb, 1903.08726]

Aacg}; — (—=15.74+2.9) x 10~* 5.30 discovery of CPV!

but, need confirmation by Belle |l

A reliable SM prediction [QCD sum rule]

|Aa‘é?l7;‘ < (2,() —+ (),3) < 1()_4 [Khodjamirian, Petrov, '17]

Smaller than the data by a factor of 7; 4.70 tension

(QCD sum rule works well in B physics)

SM explanation could be possible by QCD re scattering
D° = "zx" — K=K [Grossman, FPCP2020]

New physics implications; 2HDM, MSSM, vector-like quark
[Dery, Nir, '19]

Precision measurement TR 2 FIE
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B anomaly + muon g-2 anomaly = ?



(B + muon g-2) anomaly =?

| found 5 scenarios (6 papers)

Arcadi et al, 2104.03228 Vector-like fermion muon g-2, R(K
+ scalars
Nomura, Okada 2104.03248 Scalar LQs muon g-2, R(K), m,
Bhattacharya et al, 2104.03947 ALP muon g-2, Kt puzzle
Marzocca, Trifinopoulos, Scalar LQ + | -2 R(K), R(D), CAA
2104.05730 calar scalar muon g-2, , ,

Du et al, 2104.05685;
Ban et al, 2104.06656

Vector LQ muon g-2, R(K), R(D)

0.1~1TeV VL

~5 TeV LQ

~140 MeV ALP

~5 TeV LQ

~2 TeV LQ

Precision measurement TR 2 FIE

LRIRF (A EHEXRZF
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Summary of anomalies —which is the truth?—

4.207

4 0o [Lattice, HLbL
BNL g-2 i @ +

FNAL g-2 4t~ 4
2.2a [Lattice, HVP) 1.60
- > @ « >

( 420 >

& t &
Standard Medal (notinclude @ @) Experiment
Avarage

175 180 185 190 195 200 205 21.0 215
a,%10" - 1165900

2.207

A'e:’l
e

S

Inclusive [V

(b]

z:llIIIIIIIIIIIIIIIIIII

- . BaBar
: 0.1 < g2<8.12 GeV?¥/c*

L , Belle
: 1.0 < g2 <6.0 GeV?/c*

TR LHCb 9 fb!
: 1.1 < g2 <6.0 GeV/c*

" I 1 1 1 1 i 1 1 ' 1 l
0.5 1 1.5

Ry

4.207

™7 — . Y T

*
inclusive |Vl

———
exclusive |Vl

data -

1.0 1.2 1.4.1.6 18 20 22 2
ek | x 10°

3-40

w [ 2019

0.226 - V)VJ

M it with
it — unitarity

0.224
= |
(B0 o merate) B (1 e

0.222 -

B(K* = ptv(y))
B(xt — ptv(y))

p-decay Vie—
1 M a1 . M M

0.965 0.97

SUSY? LQ? ALP? Z? VL?

R(D*)

K l L) A} L) Al ' L L} L} L) ' L) LJ v L) ] L L) L 2|
@ HFLAV average Ay’ = 1.0 contours ]
04 = —
[ LHCbIS 1
E 4
¢35 -
= LHCb18 :
osbE | % =
— ' —
- ) -
02s b= =
o Bellel? 3
— - row Gt peetiaion. 4 Average of SM ictions m—
02 © R =297 £0.003 RID) = 0299 = m Spring 2019
: R =150 £0.203 RID*)= 0258 +000S o) =27% =
1 l 1 1 1 s l L L L 4 l 24 L 1 'S | L s 1
0.2 03 CA 0.5
; R(D)
4.70°
- Em
0.0075
0.0050
0.0025 ¢
§ c& 0.0000
<1-0.0025 }
-0.0050 ¢
-0.0075 *
-0.0100 -
w o TR WS CL
=0.010-0.008-0.006—-0.004-0.002 0.000 0.002 0.004 0.006
a ind
CP
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Backup



Latest SM predictions of R(D) and R(D*)

L 4 All @(l/mcz) corrections in the heavy quark expansion are included and fit all form factors
[Bordone, Jung, van Dyk, EPJC ’20; Iguro Watanabe, 2004.10208]

example: A, FF ¢ All lattice data, QCDSR, and the latest LCSR result BGHUE%G,T;”’ Kokulu, van Dyk,
1.0 @q2 2 @q2 <0 ]

] mm fit 2/1/0
0.91 fit 3/2/1
Lattice
FKKM 2008
CKvD 2018

— qmax

R(D)g = 0.298 = 0.003 R(D*)g = 0.247 £ 0.006

3
1| X
1

¢ + Angular distributions from Belle data [Belle, 1510.03657; 1702.01521; 1809.03290]

. R(D)gy = 0.297 £ 0.003 R(D*)g = 0.250 £0.003  [BJD]
Y. . ... R(D)gy = 0.297 £ 0.006 R(D*)qy = 0.245 £0.004  [IW]
q* [GeV’]
é )
2/1/0: @(l/mcz) corrections are just constants R(D)3 14->14,140
3/2/1: @ dependence in O(1/m?) is included R(D*):25->3.2,350
w= (m% +m'? — ) /2mpm{? i combine: 3.1 = 3.9,4.1 ¢ (my personal analysis)
Precision measurement TR HT)IE @
IER#HKF (BHERE 8FMELE/KM): @I X/ —ETEEEREILMRE, 2021422, AV 1 Y [




SU(2).-singlet scalar LQ ($)

Charged Higgs

P, (D) vs. P,(D*)

P, (D) vs. Fy, (D"

P(D")

Fi (D)

[Blanke, Crivellin, TK, Moscati, Nierste, Nisandzic, PRD ’'19]

—0.25p ' paib 604 | ' b
~0.30f
_03sh BRBompa0n o SO0 T
~0.40]
—-0.45} ] (C{‘;, C§=—4 Cr)‘]':
-050p . . P
001 02 03 04 0S5 06
P+(D)
054 }i_xig},.;+,i);et’fk.' o :
0521 I
[BRBo1v)>30%  _ .. ]
050} :
0 48 BR(AVI0%
046} ‘
044'- (C},Cs=-4Cr) 3
C o m (C’s‘ C%) :
01 02 03 04 05 06 07

F+(D)

P(D")

vvvvvvvvvvvvvvvvvvv
' 1 I L]

W — —
—
— —
-—

035 T H‘R[‘i\'\i\ - SU(2)L-singlet vector LQ (U)
~0.40] SU(2).-doublet scalar LQ (R,)
-0.45; ]

-0.50

-0.55}

B (CL{.CY) :
440 -
WM (Re[Ci=4Cr).Im[C;=4Cr))

"=« BR(B —1v)>10%

- 0.4 ”0.5 -
P(D)

(C¥, CD
(Re [C5=4Cr],Im [Ck =4 CT])

e P_(D) can discriminate

the new physics

P_(D¥*) could discriminate
the new physics

F;(D%*) is difficult to
discriminate them

llllllllllllllllllllllllllll

020 025 030 035 0.40 045
P+(D)



4 Tensor operator in new physics scenario is significantly constrained by F; (D*)

Cr.sm =0

0.34 —
0.32f _
Hegr = 2V 2G Vo O (1) (0™ Ppb) (Fou, Py ) | -
0.30} |
Q 0.28:- 0.25
RS | : ‘
0.26-' 0.35 “
F,(D*¥) = 0.60 £ 0.08 % 0.04 : SMK | 2
[Belle, 1903.03102)] 0.24LF (D7) \od '
 blue line
022 ——— A4 i 1.
0.25 030 | 035 0.40
R_> Excluded by F; (D¥*)
D

Tensor operator vs. F; (D*)

[lguro, TK, Omura, Watanabe, Yamamoto, '19, UPDATED]

\ Cr(p) = Cple?”

0.45

Precision measurement T2 F#Y)IE
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Another channel: R(J/Y)

¢ The LFU violation was measured in B, — J/y transitions

R(J/¥) =

[LHCb, 1711.05623]

v¢
§ 5000
B 4000
o
= 3000
S~
w
& 2000
=
=
S 1000
@
@« 5
E 0
_5 . .
-5 0 52 5, &0
m? . [GeV7/cT]
—— Data B E — ,]/wﬂ’y”
~ Mis-ID bkg. B /) + u comb. bkg.
W J/p comb. bke. B B JwH!

B! — x (1P)'v,
B B — JapT'v,

. B — o (2S)y,

B(B, — J/yt~v;)

R(J/w)exp = 0.71 = 0-17stat T O.lSSySt

R(J/)sm ~ 0.25-0.28 SENENIR

Same-direction as R(D) and R(D*) tensions.
But, the form factors are poorly known

because heavy quark expansion is broken

by m. (spectator quark here)

b c
B(B: — J/yl~vy) B. O@% Z@@%O J/
C

First lattice result [HPQCD, 2007.06956]

R(J/)sm = 0.2601 + 0.0036

1.80 consistent

using Ni=2+1+1, with “HISQ” c and
heavy quark b

Early new p
Alok, Kumar,

nysics study, e.g., [Watanabe, PLB '18;

Kumar, Kumbhakar, Sankar, JHEP '18]

Precision measurement TR 2 FIE

Signal reconstruct

with tau leptonic decays and LHCb Run 1 data (3fb-") / 49

s L o e = A s cted
FREHF (BEEXRTE 8FMRLE/KMI): TR+ KETBEFER FoLMmBE, 2021.4.22, TUELY



Grossman-Nir bound (theoretical relation)

I (KL — Woyﬂ) B }pATFOVﬂ _ qulwouﬁ

'Kt — ntvp)

1

— _(1 =+ |>\7TI/I7|2 — 2Re)\7rw7)

4

\ 4

B (KL Sy WOVP)

(

Same diagram
in quark level

| 2

TL

V2A50,5]

Y

—F

1
5(1 — ReAryp) = sin®

s> dvr
K~ U < - U T
S w d
Vis Vid
Z9 V
1
K; x pK° — gK"
2
‘1 T )\7TVI7‘ A,,o,,,; — <7TOI/I7|H|KO>,
_ - A,ro,,g — <7T01/I7|H|I_(O>,
Arg ()‘WVE) _
2 A — (g) A1r0w7
- - " P) k Aroyp

Grossman-Nir bound for general NP models (including ViV; ) [Grossman, Nir, PLB '97]

| AIB,EM) sin® 68 (K+ — 7T+VP) < 4.328 (KJr — 7T+Vﬁ)

Precision measurement TR 2 FIE
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