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Opening remarks
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5 S+ T :
ZAEEAY Lagrangian SR T ISR

1 ] i WEERANT 33MROMT | 71 GAEER) ZRNT KT
Lsm = —ZFSVFWQ 2 Z iy Dy — Z Yy Hp; + h.c. | (71”1123/) ) (hV2)
7 19 B O ~19MeV/c? ~132GeV/c? | [~172.7GeV/c2 | | ~ 125 GeV/c?
LR ?/3 2/3 ?/3 | o0
_I_(D H)T(D'UJH) o ,UQ‘H|2 - )\‘H‘4 zeri1/2{u ) 2 ¢ /2 (T o H
H 7T Fo—Ls Ny =
~4.4 MeV/c? ~ 87 MeV/c2 ~4.24 GeV/c?
—-1/3 —-1/3 —-1/3
1/2 d 1/2 s 1/2 b"_, ______

5 WVE B EFE (QCD) gy | MY || R

1 ~0.511 MeV/c2 ~ 105.7 MeV /c2 ~ 1.78 GeV/c?
-1 -1 -1

L A Auv 7 . A A vz e 1/2 1/2 4

L= —-G G + g Vq.a (27“5’”5&1) — gVt G — mqéab) Va.b i o

4+ 7 H ®F | Saav || sy || zwvy |
<2eV/c? <2eV/c? <92eV/c2 i ’ZSOGeV/cZ
0 0 0 'f+1
. A A — A — B ~C 1/2 (Vg 1/2 (V| 1/2 (Vg i g W
with G,uu — 8,LLGV a’/G,Ua gSfABCGM GV -4 hd @ |
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Running coupling a (1)

2
Y
N —

i A7

Gs (s
0.5 25 NQ
of

0.3 1.9

0.2 1.6

01 1.1

FF1

)

\/ 1
VA
wmly

0.35 - | ' | ] |
3 ; t decay (N3LO) —— ! [PDG2024]
Y ) o 59 low Q2 cont. (NSLO)
03 AN\ dps 1672 Heavy Quarkonia (NNLO) = ~
; 8, — 1—1Nc 2 HERA jets (NNLO) ——
oo5 L) \ 3 3 e*e” jets/shapes (NNLO+NLLA) ——
! ete” ZY pole fit (NSLO) +e— -
pp/pp jets (NLO) —=— -
) [2 ] IR UNI— SETO S———— pp top (NNLO) +e— -
op TEEC (NNLO) '
0.15 | as(m%)P = 0.1175(10)
T —————————— U —— data __ p-pert. __ )
ol exp + lattice "imfm - TR ; o
- == 0g(My°) = 0.1180 £ 0.0009 d“q?
0.05 R o () — 0.1184(3
1 10 100 1000 nonpert. pert - i
Q [GGV] Kiottice = & :;C’i&s
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BFQCD (1/2)

I QCDIFIXRILF—RT—I)Lu < 1GeV TIHIEEFFTEARAEE

II>I

1 J7A—20&T0I—FADDE

B (> 1GeV) hS/\ KOV DEMZDIE

§ D

all

all]l

wmi

)

B (U < 1GeV) ICYIDBEDLD (ENTHEEDOPNRMEIEH XD BR<7EW)

all]l

+ 4
1<

. 3|5%L>\E§J'J$IEZ7E g%—}ﬁf::il'% C % % )I 57575{4& %QCDE-I-%T [Wilson, 1974]

I BFQCDETEIRBREE - BREEICHILRFIEE

fEEER & QCD DO EHE @ L1
bR 8&%F (TEX), 8 F LDOFOER BEDFR2024, TR ARE, 2024F9H10H




BFQCD (2/2)

BEFDRE

a
@ O O O O
T MHEkR a

JA—T%y @ @ @ ¢ @
@ O O O O

I —F 25 Uﬂ
@ O O O O

U, = exp(ig,aAd,)

@ O O 9

dA—7 1w R

xR E 1L

[y

1E

FZE Dkt =
N==F =y — 7T
BEFNENY MAT —

A

5 = E R a — 0

IN\ROV%EVED =
B UCEFEZHED

AisdE

ICHITDRE

fEAERERY - QCDDERE
R #F (TEX), BT LDOFDOE#R EDFR2024, SEKZE, 20249 H10H

or



INRFEICH T BB FQCD

1 SILXR/IF—EBOMEBZESLULEEN/N\NIILNZTY

=

=

AN

eH:ZC'

WilsonfR#& C h|ger dimensional JE&E+F O

RO E TR/ AR Z 2 HEEEE)
I ERR R ABERERIKIE

M = (final|Hg|initial)

= Z C'i(p)(final|O; () |initial) = Z Ci(u

1T E = Hadronlc Matrix Element (HME) (0(/4))

$EAH AT —) 1
(72WW 2 W1GeV)

BFQCD CIEBEIETE

fEAERERY - QCDDERE

LR E5F

(FEX), I8 F LDIFDEHR BEDFER2024, FUREKE, 2024F9 8 10H
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R Ihz N & 7= —Hll

I K} — nn” IC&IF 3 Direct CP violation &'/

)

D

F2%) x 10FELE D /\ K O >V 179 E =X (lattice)
(rm [(57" dysd)(qv.759)| K)

allll

10TEXE D Wilsonf&%g (IE

=
Ny
| oD

I EFEENICWBAEWBEHSTEh, . BRAIC—EL ] [RBC-UKQCD, 2004.09440]

Direct CP violation &'/ & e phase shift (1=0) Al = 1/2 factor

lattice QCD 21.7(8.4) x 104 32.3(2.1)° 19.9(5.0)
13.9(5.2) x 10~*; improved NNLO 2005.08976

F—5 16.6(2.3) x 104 35.9° 22.45(6)

fEEER & QCD DO EHE L1
R 8 F (TEX), BT LDOFDER BEDFR 2024, SEKE, 2024F9H10H
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Past of precision Present and Future

measurement physics

New

physics:
B —

Recent progress by
the lattice QCD

created by |3 Bing



BFQCDDHy b MEYW Y @IRRFDYIE

I KHEF, CPHMMEDKN O E, CKMITIZEZRIRE

| BREEF, CKMI{TA|EXRRTE

I 31— AVEBBIINBRTFE—X2 K (g-2)

- EFBEIJINEFE—X > N (EDM)
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Theoretical viewpoints of Flavor physics (1/2)

B  Three types of approaches to investigate new physics:
B Fundamental physics in ideal setup and apply it to this Universe
I Top-down: based on symmetry, breaking, and naturalness
I Bottom-up: based on experimental data and this Universe

B Since quark and lepton flavor physics has a ton of experimental data, the study of

flavor physics has been mainly performed by the bottom-up approach

I Ultimate goals of the flavor physics are resolving serious problems in this Universe, e.g.,

matter-antimatter asymmetry, flavor hierarchy, neutrino mass, strong CP problem etc

fEEER & QCD DO EHE @ L1
R 8 F (TEX), BT LDOFDER BEDFR 2024, SEKE, 2024F9H10H




Theoretical viewpoints of Flavor physics (2/2)

hunt a new physics SM particle >— New particle >—<
Effective

* field theory

Collider physics Precision measurement

Heavy quark

High-intensity frontier

sk = BEST |

Hadronization is calculable by lattice QCD

High-energy frontier

Vs > myp

CMS

>

complement

\\ Light meson,
lepton

I\

ATLAS

EXPERIMENT

Small theoretical uncertainty * Good sensitivity to NP

Future lepton colliders (ILC, CEPC, FCC-ee, CLIC, CCC) will be capable of both frontiers

fEAERERY - QCDDERE @ o1
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BFQCDICKIFH/\FOY

NILFRT—)LDY)IE

1 1
Z<mw<mK<mD<mB<—
a

EW\ROYOAMEL L, T
K*YDREFIIBERCETEAIEE.

Mot

SE X N (L/a) LA e

Lattice size L
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LR EX*
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Cabibbo-Kobayashi-Maskawa matrix (1/4)

I Cabibbo-Kobayashi-Maskawa (CKM) matrix V' is introduced as misalignment of

) p s ~
7 and I K RIEH IR AEDERTI2D0
[ — _QLYuUﬁ o @LYdDH 4+ h.c. 1 =5 Y —1T5Z BWTEXA{L ] 8

» — QL Vv diag(Yus Ve, ye)UH — Qrdiag(ya, ys, yo) DH + h.c.

with (), = (VgKMuLv dL)T mass eigenstates u;, d;

then L.

—q Z QLTCLW&QL A tree-level

flavor-changing
a=1,2
q charged current

ﬂﬂLVCKMWJFdL %JLW_V(JSKMUL appears

fEAERERY - QCDDERE @ o1
bR 8&%F (TEX), 8 F LDOFOER BEDFR2024, TR ARE, 2024F9H10H




Cabibbo-Kobayashi-Maskawa matrix (2/4)

I Within the SM, the CKM matrix has to be the 3 X 3 unitary matrix

i If the unitarity violation is observed, it is clear signal of the new physics

If SM is correct : unitarity is satisfied

Vud Vus Vub
Verni = | Vg Ve Vi ViV =VVI=1
Via Vis  Va

VTV # VV]L # 1 New physics signal

fEAERERY - QCDDERE o1
bR 8&%F (TEX), 8 F LDOFOER BEDFR2024, TR ARE, 2024F9H10H




Cabibbo-Kobayashi-Maskawa matrix (3/4)

I Inthe SM, the CKM matrix produces single CP-violating phase [kobayashi, Maskawa, 73]

_ - N(N —1 1
N-generation IN2 _ N2 ( ) (2N—1):—(N—1)(N—2) # of
CKM 2 2 CPV phase
unitarity rotation quark redefinition

I The complex 9 components can be parametrized only 4 parameters in the SM

9 flavor-changing processes o
SM prediction = 4 parameters

“f,“’d “//t“’s “ff"b 3 rotation angles
Vekm = cd €5 cb + 1 CP-violating phase
Via Vis Vi

overconstrain

fEAERERY - QCDDERE @ o1
bR 8&%F (TEX), 8 F LDOFOER BEDFR2024, TR ARE, 2024F9H10H




Cabibbo-Kobayashi-Maskawa matrix (4/4)

B The precision determinations of the CKM/PMNS elements are crucial to

understanding the origin of quark/lepton flavor

I Each component can be measured independently without imposing the unitarity

I One can test the CKM unitarity conditions from data:

K meson decays

Vud Vus Vub T
VCKM — Vcd Vcs Vcb Y=
Via Vis Vi

K and B mesons mixing

B decays

D meson decays

fEAERERY - QCDDERE
bR 8&%F (TEX), 8 F LDOFOER BEDFR2024, TR ARE, 2024F9H10H




CKMBEB 52 BIE DB

I.

7

I K- nfv OFEF v RIL (KK, K X e,u D6TE) DF—45 EERDLHE

. 3
L Ea =FohE KIRZERS EFME '
C2.G%mi, 2 | KO o |2 ke | n )2 {
D(K = mhv) = =2 Gy Vi | 77 (0) e (1+ 085 + 055 »
p g
| I L,
JNNOVITIER BFQCD ¢=p—1'
_ m4. — m72T m4. — m% J
(m (p") [37uu| K(p)) = (pu + ), qu qu) f+(q°) Kq2 aufol(q”) “/d A
T—5ET(K - nfv) D |V | DIRTE

fEEER & QCD DO EHE L1
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Current data without unitarity

I PDG averages without imposing the unitarity condition [pPpG2024]

CAA INC. VS exc. tentions

scale factor 2.5 (us)  scale factor 1.4 (ub)

Vidl Vs |V 0.97367(32) 0.22431(85) 0.00382(20)

Veal  [Ves| [V | = 0.221(4) 0.975(6)  0.0411(12)

Vial  [Vis|  [Viol 0.0086(2)  0.0415(9)  1.010(27)
5V 0.033 (0.38 5.9 scale factor 3.0 (cb)
OVerml _ [ 3¢ 062 29 | %
Vexu| 2.3 2.2 27

Even if one includes the scale factor, the 1st-row unitarity violation is shown at 2.30 [PDG2024]

fEAERERY - QCDDERE o1
bR 8&%F (TEX), 8 F LDOFOER BEDFR2024, TR ARE, 2024F9H10H




CKM unitarity triangle (1/2)

Unitarity condition
Vud Vus Vub VTV — 13
V. V. V. i i i
oo VudVp + VeaVep + ViaViy =
Via Vis Vi
(p,M) (six) triangles can be drawn on a complex plane
Bs triangle
54 i — VaaVily ~ A3 [0 ViaVij, ~ A7 o
p = b 7 B Vs Vi ~ X! —W’”’N: 58
Vcd‘/;l; -~ )\3 VCSVSI; ~ A
D VidVog ~ A ) i
Be Vas Vi ~ A pote
- K ViudVys ~ A
(0,0) (1,0) R E— ViaVis ~ A®

fEAERERY - QCDDERE @ o1
bR 8&%F (TEX), 8 F LDOFOER BEDFR2024, TR ARE, 2024F9H10H




CPV

CKM unitarity triangle (2/2)

[CKM fitter 2023]

\:
5

iy
B & e

-------
B

G
B, Ay
Fivey,

St
s i,
i,
it
......

ok

-0.4 -0.2 0.0 0.2 0.4 0.6

p

‘ fitter

. Summer 23

sol. w/ cos 2B < 0

(excl. at CL > 0.95)

B, N

_.,..:I-r=-""*“l"“'wl'wIIIIII‘IIIIlllll‘ III‘IIII‘IIII

fit with unitarity
[CKM fitter 2023]
A = 0.22498F23
A=0.8215"%7
p=0.15621112
7= 0.355112L

without unitarity
[PDG2024]

a+ [ +v=172(5)°

fEAERERY - QCDDERE

LR Ex3

L (FEX), I8 F LDIZDOER EDFKR2024, FURKEF, 2024F9810H
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V| — [Vub| plane

| . FIAG2023 [FLAG2023]
I Global fit of the exclusive decays (black - !
: 4,5-: B - D™y

contour) provides lower values of [V| and [Vub| 5 35 DIy .
B Inclusive one gives higher values
I Longstanding ~30 tension between the

exclusive and inclusive determinations
B Unitarity condition gives a different point

[CKMfitter2023]
I Belle will give a lager Voo input (B — D)

|V, |P9Y = 41.0(7) x 1073 [Belle, 2310.20286]

IZERR & QCDDERE

bR #%F (TEX), BT+ LDFDIRR BEDFR2024, B KRZFE, 20249 H10H
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https://arxiv.org/abs/2310.20286

Kaon-mixing CPV & vs |V

] The indirect CP violation ¢k in kaon decays (K, — 7z7) is very sensitive to |V
S . | e >~ —Im(V; . Via) Re(V,.Via)Ntt Sbox (Tt) < no lattice uncertainty
KO) W+§ éw- ( 70 ~ A*XN0(1 = p)nee Spox (T4 ) < unitarity condition
/ Z / 4\ 92 — _
i o s = [Veo|"A"0(1 = p)net Svox ()
exp
| ex|
PrOpOrﬁOnaI tO |VCb|4 e lo 20 30 40 50 60 - lo 20 30 40 50 6o
Exclusive Vcb gives a lower value of the SM (i il
prediction of | & |, 4.90 deviation from data UL ML }{
[SWME collaboration, 2312.02986] / } L
Kaon physics + unitarity «14{ LL ]*H-? 1 l—r'{ 2 t}}?. 3
obviously prefer inclusive Vep value exclusive V¢, prediction iInclusive Vb, prediction
IZAERREE & QCD D EE

LR &% (TEX), BT LDFEDOER EDFR2024, K KF, 202498 10H



https://arxiv.org/abs/2312.02986

1st-row Unitarity test in CKM matrix

I Thanks to the improvement of lattice QCD, the 1st-row unitarity test is

currently excited

Unitarity condition
Vud Vus Vub VvVt = 3 1st-row unitarity condition -
Vea Vis V. v
2 2
cd CS cb Voal? + [Vis| _I_W: 1

Via Vis Vi

Sum of the absolute values must become VVJr —

exact 1 within the SM SM

fEAERERY - QCDDERE
bR 8&%F (TEX), 8 F LDOFOER BEDFR2024, TR ARE, 2024F9H10H




Lattice improvement

I Leading uncertainties from kaon form factors have been improved significantly

f (0) (7 (p)I[57.ul K(p))

FLAG2021

Ne=2+1+1

FLAG average for N;.=2+1+1

FNAL/MILC 18
ETM 16
FNAL/MILC 13E

Ny=2+1

W R

FLAG average for N;=2+1

PACS 19

JLQCD 17
RBC/UKQCD 15A
RBC/UKQCD 13
ENAL/MILC 12!
JLQCD 12

JLQCD 11
RBC/UKQCD 10
RBC/UKQCD 07

N{=2

FLAG average for N;=2

ETM 10D (stat. err. only)
ETM 09A

non-lattice

Kastner 08
Cirigliano 05
Jamin 04
Bijnens 03
Leutwyler 84

1.01

Ne=2+1+1

Ne=2+1

N{'—"Z

FLAG2021

fie/fre

<O |§7,u'75u| K(p)>

!

L]

FLAG average for Ne=2+1+1
ETM 21

CalLat 20

FNAL/MILC 17

ETM 14E

FNAL{MILC 14A

ETM 13F

HPQCD 13A

MILC 13A
MILC 11 (stat err. onIY)
ETM 10E (stat. err. only)

-

|

} %Ir
—H

FLAG average for Ny=2+1
QCDSF/UKQCD 16

L L
- FLAG average for N;=2
ETM 14D (stat. err. only)
ﬂ'H:H ALPHA 13A d
ETM 10D (stat. err. only)
} -_Ii ETM 09
| { ] QCDSF/UKQCD 07
1.14 1.18 1.22 1.26

time

[FLAG2021, 2111.09849]
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https://arxiv.org/abs/2111.09849

|V .| and |V | determinations

[Crivellin, Kirk, TK, Mescia, 2212.06862]

I 1 I I 1 1 ' I |l I

pion 8 decay (m,3)

l Ll 1 1 Ll I

hyperon

mirror nuclei decay

neutron decay (PDG)

| (not included in the average)

neutron decay (best)

superallowed B decay (0" — 07)

superallowed B decay (reduced unc.)

(not included in the average)

world average

T‘\'\

|

|

K3

Tx/Tr + B decays
Kp/m.3 + B decays
_ Kp/mp + B decays

f decays + unitarity

(not included 1n the fit)

L

global fit

0.971 0.972 0.973

* new lattice result for super-allowed 8 decays is not included
[Ma, et al., 2308.16755] (reduce CAA tension 0.5¢ level)

0.974
|Vud|

0.975

0.976

0.97 0.216

0.218 0.220

0.222
Vs

0.224

0.226

0.228

One can see several tensions in |V, | determinations
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https://arxiv.org/abs/2212.06862
https://arxiv.org/abs/2308.16755

Global fitof |V ,| and |V |

[Crivellin, Kirk, TK, Mescia, 2212.06862]

0.220———————— |
| \ K2/ 2
K /3 K p’Zlﬂ'ﬂ‘ \ K__ ~ ,U_V
0 4o 0.225¢ T — pv
Kis—m OZV ‘ Error budgets:
Kot LO: FFs
(L=e pn) =3 0 994l (0|57, v5u] K (p))
- | NLO: data, radiative
Error budgets: correction

LO: data, FFs

(m (p') |5y,ul K(p)) 0.223 ot s 0ty

NLO: Isospin breaking Error budgets:
correction LO: dat;3
| Uncertainty from
00222 . . . - . : ! . . . . . . . A . , . . . o
0.971 0.972 0.973 0.974 0.975 0.976 | V| is negligible

IVud‘

fEAERERY - QCDDERE / ‘1
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https://arxiv.org/abs/2212.06862

Significance of Cabibbo-Angle Anomaly (CAA)

B Global fit (including with correlations) [Crivellin, Kirk, TK, Mescia, 2212.06862]

Vud global — 0.973 79(25) , w/ bottle UCN best
Vo ltoba = 0.22405(35) , p(Va, Vis) = 0.09

our result {

gotle = 877.75(36)sec |V, 4| = 0.974 13(43)
roeam — 887.7(2.2)sec Va2 = 0.968 66(131)

Long-standing 4o inconsistency (neutron lifetime anomaly)
neutron-lifetime data dependence (bottle vs beam)

—1.51(53) x 102 (w/ bottle UCN best),
—2.34(62) x 10~° (w/ in-beam best) ,

—2.80 (UCN) and —3.8c level (in-beam) deviations from SM [TK, Tobioka, 2308.13003]

the single most precise data {

test of unitarity

A%IIO{?\?II = ‘Vud‘élobal T IVus‘zlobal T I‘/ub‘2 — 1= {

fEEER & QCD DO EHE L1
bR 8&%F (TEX), 8 F LDOFOER BEDFR2024, TR ARE, 2024F9H10H



https://arxiv.org/abs/2212.06862
https://arxiv.org/abs/2308.13003

SMEFT

L In general new physics scenario, if the NP scale is much higher than the EW scale, one

can consider the dimension-six Standard Model Effective Field Theory (SMEFT), where
SUQB)-x SU2); X U(1l)y gauge symmetry is conserved below cutoff scale A

»CSMEFT — LSM -+ E CZQ@ [Grzadkowski, et al., 1008.4884]

iIndependent dimension-six operator contributing to CKM non-unitarity
Q (9 — (H'iD,H)(g" Pra;). Q(?’)” (H TzDIH ) (@' v Pra;) ,

Hu (H%D H)( ﬂ“PRU i Hd = (HTZD H)(Jﬂ“PRdj),
QHud = Z(HfD H)( z’Y“PRd )

fEXERR - QCD D ERE / 61
R 8 (FEX), BT+ LDFDIER BEDFR2024, B KZF, 202459 H10H



https://arxiv.org/abs/1008.4884

Modified W and Z couplings

I After the spontaneous electroweak symmetry breaking (H") = v/\/z with v = 246 GeV,

W and Z quark currents are modified

SM terms Observed Vckm matrix (non-unitarity)

[CHud] PR> dj + h.c.

WJrum <_V. (1 + 02022)_ Pr, 1

119

L —
W.Z \/5

U
2
92 5 - _ 3 1
6oy Zﬂui/y'u (_(3 o 4312/[/) =+ 302V - {Cl(r{; — Céfc)]} Vr]L » Pr — [48‘2/[/ + SUQCHUJ} id PR) U

g2 Zuji,y,u _(28‘2/[/ - 3) 4+ 32}2 {0(3) 1 C(l)}
GCW i

Pr + [QSW + 37}20Hd] R> d

1]

B Non-unitary Vckm provides non-trivial effects to Z currents including FCNCs

fEAERERY - QCDDERE @ o1
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SMEFT fitting for CAA

‘Grossman, Passemar, Schacht, 1911.07821]
Crivellin, Kirk, TK, Mescia, 2212.06862]

X SMEFT global fit implies right-handed W-u-d and W-u-s currents Cy;, ; are preferred

no contribution
to D — D mixing

EFT Scenario Best fit point —Ayx® Pull
Cinl., —0.50 33 180
Ci|.. = [Cil., —0.27 1.1 llo
Cinl., = |Chil ., —0.55 37 190
50 W ~1.0 3.1 180
'Cuude  -20 74 270
(Crmidlias [Cmalis) (—1.4,-2.1) 13 320
([Ci],  [Chudle) —  (-043,-2.0) 11~~~ 280
([Cia],, »[Chudhy » [Crrudlys) (0.27,—1.9, —2.4) 16 290
([Cia],,  [Cia),, » [Crudliy » [Chudlyy)  (0.59,0.76,-2.6,—2.5) 17 2.90
([Cia),, > |CHal,, » [Chrudliy » [Chrudlys)  (0.29,0.11,-2.0,—2.4) 13 2.60

Best pull
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New physics interpretations of CAA

]
>
Q) ]
<
<
Z
= ]
S
-
22 ]
K
v,
O ]
(0p)

EFT fittings: (H'iD H)(Ly"z'L) fit [1912.08823]; right-handed current fit [1911.07821, 2112.02087;

W-Z-v fit [2002.07184]; G fit [2102.02825]

Heavy SU(2). vector boson (~10 TeV) [2005.13542]

Leptoquark (~5TeV) [2104.05730]

Best pull

Vector-like quark can explain CAA with

EWPO, FCNC, collider bounds [Crivellin,
Kirk, TK, Mescia, 2212.06862]

Vector-like Quark (1-5 TeV) [1906.02714, 2103.05549; 2001.02853; 2103.13409]

Best pull

Vector-like Lepton (1-2 TeV) [2005.03933; 2008.01113; 2008.03261 ]

the unphysical region |mixing|2 <O is favored]

Light
i MeV sterile neutrino [TK, Tobioka, 2308.13003]

leavy right-handed neutrino (type | seesaw) cannot explain the tension N

L > ; > :—)— >

A .
wt H H
W-¢-v coupling

fEAERERY - QCDDERE
R 8 F (TEX), BT LDOFDER BEDFR 2024, SEKE, 2024F9H10H

@)


https://arxiv.org/abs/1912.08823
https://arxiv.org/abs/1911.07821
https://arxiv.org/abs/2112.02087
https://arxiv.org/abs/2002.07184
https://arxiv.org/abs/2102.02825
https://arxiv.org/abs/2005.13542
https://arxiv.org/abs/2104.05730
https://arxiv.org/abs/1906.02714
https://arxiv.org/abs/2103.05549
https://arxiv.org/abs/2001.02853
https://arxiv.org/abs/2103.13409
https://arxiv.org/abs/2005.03933
https://arxiv.org/abs/2008.01113
https://arxiv.org/abs/2008.03261
https://arxiv.org/abs/2212.06862
https://arxiv.org/abs/2308.13003

Heavy NP: VL-quarks

B The most natural extension of the SM that leads to modified gauge couplings

to quarks are the vector-like quarks (VLQs); theoretically well-motivated, e.g.,

by GUTs, composite and extra-dimensional models and little Higgs models

I Five kinds of VLQs that can provide the modified gauge coupling after

integrated out

U:(3,1,2/3), (3,1,-15), Q:(3,2,1%), Ti:(3,3,-15), Ty:(3,3,2/s).
| H-W current CHud RH-W current (preferred)
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Heavy NP: VL-quark Q

Q (MQ =3 7 TeV)

1.0 1.0_

0.8- 0.8-

0.6- 06

S ] = ]

W, ] up _

0'4-_ 0.4-_

SM pull is

1.1o 0.2 - 0.2 -
0.0 ——H——— 0.0 +——

—1.0 —0.9 0.0 0.5 1.0 —1.0

3

— CKM — EWPO — PV
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2nd-row unitarity

120 -

100 -

20 -

30 -
60 -

40 -

Recently, 2nd-row unitarity violation was also reported [Bolognani, et al, 2407.06145]

A global fit of |V¢s| has been preformed

— Al data

— DY 5ty
—— D > Kfty
—_ A, Al
PDG 2022

90 092  0.94 0.96 008  1.00 1.02
| Vs

120 ] (\ nominal
_ ==== gcale factor | |
100 - B PDG 2022
80-:
1
60_ I ‘\
I y
' 2 i
o] lattice QCD A
| \
RY ! \
| J)L—TRED /sda Ie? factor = 2.5
20 - I \
| tension j' \
0 gy e ———————— o
0.90 0.92 0.94 0.96 98
Vs

D — K FFs = FNAL/MILC, HPQCD (hominal)
= 4+ ETM with scale factor
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Different point from the PDG value

I Currently, |V is determined by D%t — K£#%1y, D} — £*v decays; | V.., "PS = 0.975(6)
I Including D" — ety, A, — Af v data
I NewBESllldataon D - u*v, Df - t*v

I New lattice results (D — K)

I Dispersive bounds are imposed in the form factors of ¢ — s v (D - K,A. - A)

I New global fits: | V. |"™" = 0.957(3) [-2.70 from PDG], | V.. |*""*' = 0.963(5) [-1.50]

I The difference mainly could be explained by (1) missing of the electroweak correction [photon/Z-W

box] in PDG DSJr — v, (2) lattice FFs shift O(1)% in D — K [Bolognani, et al, 2407.06145]
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D — K form factors f+

1.
N HPQCD+FNAL/MILC O(1)% bad
| mmm ETM shift of |Vcs|
41 T HPQCD 2022
i1 FNAL/MILC 2022
1.2 | 1 ETM 2018 lattice QCD
(K() 57| D(p)) F FIL—FRED
= tension

1.0 -

0.8 -

0.6 : : ; " I : . ' ' T ' T T T T T T T T T T T T T
—0.9 0.0 0.9 1.0 1.5 2.0

q° [Ge\/z]
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Other unitarity tests

Vud
Vcd
Vid

Unitarity condition
VUS Vub 2nd-row unitarity nominal
—0.034 + 0.008 -—4.30'-
Ve Vi Veal? + V2 [V — 1 = ior
—0.022 £ 0.012 |—1.90
‘/;3 V;Eb ' il

|Bolognani, et al, 2407.06145]

1072

1st-row unitarity  |[Vaud|® + |[Vaus|® + [M5]° — 1 = —0.00151 + 0.00053 [—2.80]

[Crivellin, Kirk, TK, Mescia, 2212.06862]
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Other unitarity tests

Unitarity condition
Vud VUS Vub 2nd-row unitarity nominal
—0.034 + 0.008 -—4.30'-
2 2 2 - _
Gl Veal” + [Ves|” + [Ver|” = 1 = {—0.022 +0.012 [-1.90°

sf

Via Vis Vi

|Bolognani, et al, 2407.06145]

107>
1st-row unitarity  |[Vaud|® + |[Vaus|® + [M5]° — 1 = —0.00151 + 0.00053 [—2.80]
[Crivellin, Kirk, TK, Mescia, 2212.06862]

—0.032 = 0.000 :—5.20': nominal
—0.021 + 0.010 [~2.00] s

2nd-column unitarity |Vu8‘2 -+ |VCS‘2 + ‘%5‘2 — 1 = {
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Other unitarity tests

Unitarity condition
Vud VUS Vub 2nd-I‘OW unitarity _ nom_inal
—0.034 + 0.008 |—4.30
Vcd Vcs Vcb ‘Vcd‘Q | ‘VCS|2 + ‘Vcb‘Q — 1 = { I I
—0.022 = 0.012 |-1.90
Via  Vis Vi

[Bolognani, et al, 2407.06145] sf

107>
1st-row unitarity  |[Vaud|® + |[Vaus|® + [M5]° — 1 = —0.00151 + 0.00053 [—2.80]
[Crivellin, Kirk, TK, Mescia, 2212.06862]

{ —0.032 = 0.000 :—5.20': nominal
—0.021 + 0.010 [-2.00] sf

2nd-column unitarity |Vu8‘2 + |VCS‘2 + ‘V}S‘Q — 1 =
10~

1st x 2nd-row unitarity VudVig + Vus Vi + VgV =0
~ |Vl [Veal + Vi [Ves| =

—(0.8 £ 4.0) x 10~3  nominal

+(0.6 £4.0) x 1072 sf
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Muon magnetic dipole moment (g-2)

B Definition of “spin g-factor” and g-2

V q % O 6@@ B 6@ B BQ B
Lot = 0o, (L FH L aplo AP = L2 4 2a,) 0o, LFM
= T, H dmy 0K Smy 2 T 2a0)ton
A
EoM I spin g-factor g¢ = 2 4 2ay
L =100 —mp)l [“F1(0)"] radiative corrections [“F2(0)"] 2
. 0 —
UV-div. = renormalization UV-finite g-2: ap = :
\_ J
H = Qe gg§° B = — [y - B spin magnetic moment: fi¢ = gELQeg
ng ng
rest frame , S .
spin-magnetic field interaction observable
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Muon g-2

~ N a A
Theory (4 contributions) Experiment (2+1 exp.)
\_ Y, \_
v v v BNL '97-'01
FNAL Run4
was done
U U J-PARC
near future
u
Hadronic vacuum  Hadronic light- . |
QED =W polarization (HVP) by-light (HLbL) & 10
2 10° .
4-loop analytic 2-loop analytic Phenomenological Pheno. w 10° M
5-loop numeric Lattice Lattice % 123 Wm
= 17 '

small disagreement here Discrepancy Consistent . L
0 20 40 60 80 100
Time after injection modulo 102.5 [us]
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FNAL Run-2/3 data confirmed the previous results

Now, we know aﬂ(Exp) very precisely

[Muon g-2 Collab. 2023, 2308.06230]

A BNL
] | FNAL Run-1
— FNAL Run-2/3
@ : FNAL Run-1 + Run-2/3
O— Exp. Average
20.0 20.5 21.0 215 22.0 225
a,% 10" - 1165900
(& —2), i
aﬂ(Exp) = > (Exp) = 116592 059(22) x 10

factor of two improved



https://arxiv.org/abs/2308.06230

Current status of a (Exp) vs a,(SM)

| | | | | | | | | Y
BNL 2006 ————=% |

FNAL 2023 p—2A—

Experimental avg. —&— I

BMW 24 |—a—
This work

| - L
BMW 20 Hadronic-vacuum polarization (HVP)

__________________________________________ 4 h

€ o]
CMD-3 | -
KLOE i I i i gluon qu:?irk
| TV I
aul R .
| ! | | ! | ' . | data-driven lattice from i et an
175 180 185 190 195 200 205 210 215

[BMW, 2002.12347,

a, x 1010 — 11659000
2407.10913]

J
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leading-order HVP

I The virtual meson contributions to the vacuum polarization

. o 504.23(1.90)
+ + =0
T T 46.63(94)
ANy TR AR 13.99(19)
~ /V‘ ata~n’n° 18.15(74)
K"K~ 23.00(22)
- - KK 13.04(19)
o - [« SHL
~ T 'y 4.58(10)
N S
L Sum of the above 623.62(2.27)
P e~ - [1.8,3.7] GeV (without c¢¢) 34.45(56)
JI, w(2S) 7.84(19)
<~ k [3.7, 00) GeV 16.95(19)
S
Total @, -© 692.8(2.4)

[White Paper, 2006.04822]
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Data-driven approach (Dispersive approach) (1/2)

I  General formula of the vacuum polarization (VP) — Y —DBEAAR

. L y y RN

i ~@~= 1"(q°) = (¢°g" — ¢"q")1l(q") c \
I Dispersive relation of the HVP K@) @f \

O I Relr)
2 ds (22
H(q ) — fvr(s—qz) Imvv.W(s)
had.

I Optical theorem

2

: o(eTe” — hadron inclusive)(s)
2 -¢v~: dd w‘
" Rad. ga:d.f | = ezx(;a(eJre_ — hadron exclusive)(s)
4 )
Za(e+e_ — hadron exclusive)(s) q vv.ov\: LO-HVP
\ excC. J
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Data-driven approach (Dispersive approach) (2/2)

2 @ 6 - | | . | |Davi<|ar-Ho:eckerl-MalalescuiZhanlg. 201j
HVP’LO - QY /d R(S)K(S) 2l - pl | |o J/\IIE W(ZS)E -
a, = : 3 s ; -
37T S " :
(ete~ — hadrons) 't -
. ole"e — hadrons -

“R-ratio R(s) = — — - i
olete™ — putp™) 3| .
— o(ee” — hadrons) oS : E
N A7 o2 21— —
= B e'e — hadronsdata -
1 aj ( 1 B aj) 1 :_ \4 é (BH:;)dS compilation) _:
“Kernel” K (s, mi) — / dr— . § § KEDR -
0 xr“ 4+ (1 — ZE‘)W - —— pQCD (massless) ~
M O._ | | ] | I | | | | I | | | | | | ] | | I | | | | | | .|

0 1 2 3 4 5
a, MO = 693.1(4.0) x 1071 5 [GeV]
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Lattice calculations (1/2)

B On the other hand, the HVP on the lattice simulation can be obtained via the

vector-current correlator (in Euclidian time t)

G = > [dsn@ono)

u=1,2,3
. 2 _ 1 - 1_ 2
with J, =e (guvuu — §dfyud — 357w + g@ﬁ)
aHOLO = 4a2mﬂ/ dtG(t) K ()3 e ————a
. \ \ \ \ \ \

Kernel K(t) is defined in, eg, 1107.4388
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Lattice calculations (2/2)

BMW group calculated all HVP by QCD and QED lattice simulation

Nf=2+1+1, staggered quarks [BMW lattice, 2002.12347, Nature '21]

O

connected light

Isospin symmetric

O

connected strange

O

connected charm

O O

disconnected

O
@

isospin-breaking:

valence

connected -1.23(40)(31) disconnected -0.55(15)(10)

633.7(2.1)(4.2) 53.393(89)(68) 14.6(0)(1) -13.36(1.18)(1.36)
—_——————————— ) : .
QED O_O Strong isospin-breaking

® O

o OO

connected
6.60(63)(53)

disconnected
-4.67(54)(69)

O OO o

O e

Sea

connected 0.37(21)(24)

isospin-breaking:

bottom; higher order;
perturbatlve

O O o ===

disconnected -0.040(33)(21)

connected -0.0093(86)(95)

QED

isospin-breaking:

mixed

disconnected 0.011(24)(14)

OO0 O

Finite-size effects

isospin-symmetric
18.7(2.5)

isospin-breaking
0.0(0.1)

R-ratio value: a};Y5"° =693.1(4.0) x 107 2.10 and 4.00 difference from BMW20 and BMW24

a:VP,LO 1010
UL T B A S U
LQCD
(LaCD) O BMW-20
© LM-20
ETM-18/19
® Mainz/CLS-19
. FHM-19
= &—— PACS-19
® - RBC/UKQCD-18
L BMW-17
(Pheno)
i Ll DHMZ-19
i KNT-19
No New Phys.
CHHK-19
(e BT S T T T N e
675 700 129 750 075

figure from
Miura-san’s slide

EAER R & QCD D EfE
(FEX), IRF_LEDHDIER BEDZEK2024, 5
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MR KFE, 2024F9 8 10H
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Windows method

[BMW, 2407.10913'
LI D D L D D D R I | P 11
B Three other lattice groups confirmed the BMW 24 Z e o
T : RBC 23 - o
BMW result with “intermediate (IM) n B ®
O
. ) ETM 22 =] -
window methods” [RBc-ukQCD, 1801.07224] .
Mainz 22 = HEH
=
500 P T e e | BMW 20 = HaH
| s | a=0.118fm -
"e 400 | e 1
=N L 228:822 ?ﬂ o BaBar H-Oo-H 7
HVP 7 = Or e 2
a, = |al % ol CMD-3 -o-H =.
g KLOE H-OH
=
H\462tf§§fj§CZ>¥6 Tau HO-H
A T T N TR TN A N T N T O O |

228 232 236

LO—HVP 10
a,;04-10 X 10
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New physics contributions

~ Y.
KE: H U . %
B+FQCD

[cEg Wb |
o - Aa, = a (Exp) —a"P(SM) = (24.9 +4.8) x 107V (5.10) New physics (NP)
HoOICH e H
2 2
My gnp Ny
J = 1672 M2, [MNP ~ gnp X 150 GeV J

B 5.10 muon g-2 anomaly implies that NP scale is around the electroweak scale

| TeV scale NP (e.g., Supersymmetry) with large gyp (e.g., tan f, chiral enhancements)

i MeV scale NP with small gnp (€.9., gnp ~ 107)
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NEW thSiCS interp retatiOnS See [Endo, Iwamoto, TK, High Energy News, 2021] for details

e
;\": rr ~0~* h~0 W:l: ~0
Supersymmtery P 200~500 GeV X = (h) (-*Xl)
) W.B, I, pp — Yy — LL
e — LQLQ
Leptoquark RN 1.5~2.1 TeV pp = LQLQ T
[ bt 4 — 0
\\\%\W fJ h N ,U ,u_ é
Vector-like lepton SN 100 GeV~1 TeV B —
) ove 4 — U o
. <F 10~100 GeV (A), J — 7T
Scalar extensions A/
150~300 GeV (H) pp - HA — 4T
Axion-like particle a ., 40 MeV~200 GeV ete” — ya — 3y —
V4
—. 03'
I ete” = utu 2 =~
U(l) Lu-Lt S' E 10~200 MeV K ,uVZ/, je — /L@Z/ %
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h$+FEDM & 1 &FQCD



QCD 018

I  XNAVELNSEFFET N5 Lagrangian

1 a ra - 7. 7,
LM = ~1 P i o Z%‘V“Du% — Z%yin%‘ + h.c.
i i
T ~Ya v . =~ 1
+(DH) (D'H) = p?|H? = MH[* +0GLG" with GO = S Gy,

1 OIEP (CP) WIS, Y XFERIBERAA I NIF01) DT

| OEREEHYECHETOBESWETE—X >~ k (EDM) [d,] 45
AE>-Em HAERE

I RFQCDCTEERRE
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BFQCD EDHEFEDM

I BRFQCDTIZZD2EHE%EtE

(N 7l N D)) =0 0) (125 (@) - ot ) — g0, | o

with exp (—SE) — exp <—SE 0 / /d4a:GWGW>

2
41 .
( ) [Liang, et al., 2301.04331]
0.000
—~0.02 - ® 241005
WV $ 241010
H ":: % E D M ~0.03 0002 @ 241020
¥ -0.00142(20)(29)
—0.04 - =
E —0.004-
2 0,05 - B
F3 q O B o =005 ~
d . 9 006 < —0.006 -
n — :
2 Tr N ~0.07 A —0.008 -
square fit
R linear fit
—0.010 -— ; . . ;
0.0 0.2 0.4 0.6 0.8 1.0 0:0 il 20'2 5 02 it
OZ (GeVZ) mn (GeV )
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08 L\CP[a %8

LO/\NKOZw Y 51470 5

I BFQCDORHTDETEFFE ILang etal, 2301.04331) §
d = — (1.48(34) x 10716) 9 e cm i " ’p\ N i
_ |

1 —7AC. FEFEDMOHEIEN S, BEEU W EBRMNADUWLTULNS  [Abeletal, 2001.11966]

|y |y < 1.8 % 1072 ecm (90 % CL)

1] < 1.2x1071% (90 % CL)

I OMDIFTDO < 10710 <« Spopny = 1.2 8 \\CPRIZE
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Solutions of strong CP problem

I Axion model: elegant solution, but compatibility with quantum gravity is debatable [axion

quality problem] [Kamionkowski, March-Russell, hep-th/9202003, Barr, Seckel, '92, Holman, et al., hep-ph/92203206]

I  Massless up-quark theory: y = 0 with m, from nonperturbative effect, but already ruled

out by lattice QCD simulation [Alexandrou, et al., 2002.07802]

I Discrete symmetry: forbid the bare 6 parameter [Spontaneous CP violation, Nelson, ‘84, Barr, '84;
P violation Babu, Mohapatra, '90, Barr, et al., ‘91]

I Discrete symmetry is softly and explicitly broken. Soft: to produce the SM spectrum
and the CKM-phase. Explicit by Planck suppressed: to avoid quality problem and

domain wall problem. Radiative 6 (from soft breaking) is an interesting topic
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Probability Density

3-loop radiative 6 in new physics model

LRSS FNVERB ICH T D, ONDII—TEFHFHIEEFEFEDMHO S DOFHIPRE

[Hisano, TK, Osamura, Yamada, 2301.13405

1. ........................
; 1 _ as2 3 ’
Ml = M2 =103M3 aii|
5 //
0.100} / n EDM bound
M-
e
0.010 (f,.\)//
L
N\t
| X
0.001F L(
. i o QW\
10-—4r ...........................
~13 =79 =y | ~10 g

Log10 084/ .7 duu |

Probability Density

O
-
S
-
"V"l

&
-
(Y
-

O
-
O
-y

AAAAAAAAAAAAAAA

vvvvvvv

n EDM bound

;;;;;

LOgl() 100dyu/ ]T duu |

~ 50 % of parameter region would be excluded by nEDM and the perturbative unitarity bounds
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X & 8: Take-home messages

Present and Future

I QCDNMW5Z5IFERLFTS. FiIC/\FOVITIESR

[F1EFQCDTHE—IREETEN AIEE

I BTFQCDETEDHIEREENFEALA R ULTWS

I W<ODDERTIF. BFQCONHYERR D%

B> TL\S

I CKMTAIERRE + = 1—*H>g-2 - FH4EFEDM

,}‘ I’H"“ \ ;" | Iy
dJ'\W / \
\Y/ I o
x| lattice QCD
g 7 -‘; __7.:}_1’_4, : =\
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Wolfenstein four parameters

i Based on the fact 1> sinf,, > sin6,; > sinf,; , one can parametrize the CKM

matrix by 4-real parameter (with Taylor expansion by A")

Vs |
\/|Vud\2 |Vu5 |2 4 fitting parameters (assuming unitarity)

SN (912 =\ =

SN (923 — fl)\2 — A,A,p_, ]7]

SN (9136_20(S — A)\S(,O — 277) — Vub V N
_ . ud Vb

V1= AZXA(j + i) A A TE:
V1—A2[1 — A2)\%(p +in)]

(p+1in) =

phase convention independent

fEAERERY - QCDDERE o1
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Wolfenstein parametrization

I  Wolfenstein parametrization at leading order is expressed as

1 — 2\ A AN (p — in)
Vekm = —A — g\’ AN
AN (1 —p—1in) —AN 1

It is unitary up to O(1*) terms.
Fittings of CPV physics are insufficiency at this order; V.. D — iAA*y, V., D — iAA°y,

so that the phase convention independent p + 177 parameters must be introduced

fEEER & QCD DO EHE L1
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IVcb| from W exclusive decay

I CEPC plans to probe [Ve| fromete™ - WTW— W — be, W — £

b quark @ Z-pole i c quark @ Z-pole 10°

uds quark @ Z-pole

10!

c-likeliness

=
F =N
c-likeliness

c-likeliness

10°

107!

0.0 02 b(irlli‘keling:s 08 10 oo o2 b(ztl?kelingf:s 08 1.0 00 02 b(i?kelin?e‘:s 08 1.0
quark \ tag b by 1 9 0 72
b 0.47 0.378 0.0197 | 0.0965 | 0.00397 | 0.0315
c 0.00042 0.078 0.298 0.373 | 0.0682 | 0.182
uds 0.000104 | 0.00477 | 0.00145 | 0.054 0.538 0.401

[Ruan, et al, 2406.01675; Marzocca, et al, 2405.08880]

'V eb| could be measured to a

relative uncertainty of 0.4-1.5%
(stat), ~1% (syst) at the CEPC

[FLAG2023]

FLAG2023

4.5 B-D"lv
- B - Dlv inclusive

T 1.2%

inclusive

36 38 40 42 44
|Vcb| x 10°

exclusive fit 1.7%
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https://arxiv.org/abs/2406.01675
https://arxiv.org/abs/2405.08880

W inclusive decay

Inclusive-hadronic decay of W boson, W — g/, is proportional to (in the

massless g limit)
x |V, d\+\V\+\ b\+\ d\+\V\+\ |7 =2 inthe CKM unitarity

1 1 = 1.9987+0.0016_4 5914 from flavor

W — gg’ can determine |Vc| and it probes the CKM unitarity test directly

[d’Enterria, Srebre, 1603.06501; CMS, 2201.07861]

BR(W — ¢g') = (67.46 £ 004, £ 0.28,, ) % CMS Run2 0.967 (11) 1.984 (21)

direct measurement

BR(W — ¢g') = (67.32 £ 0.02,, £ 0.23,.) % flavor[PDG] 0.975(6)  1.9987 (*16.14)

assuming LFU
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https://arxiv.org/abs/1603.06501
https://arxiv.org/abs/2201.07861

Light NP: sterile neutrinos?

I New right-handed gauge-singlet fermions N; (I = 1,2,...) are introduced

_ _ | [—
L=Lsv+iN@N; — (L;H)y" Ny — SMINN; + hec

B The mass matrix and mixings

_ e\ ( 0 Mp) [y o
Lmass—_§ (VE N[) (Mg MI) (N[> h.c. MD = VY
mass eigenstates
?JQUQ active-sterile U?J“
> mllght — O ( > . mheavy — O(M) o . UEI p—
M mixing matrix My
massive SM neutrinos Sterile neutrinos
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Sterile neutrino contributions

I Two contributions to the leptonic and semi-leptonic decays

1. modifies active neutrino coupling 2. decay into sterile neutrino if kinematically possible

-------- —— ¢ e —— ¢

\ _ 5 COS 96 \\\\ _ . (9(4) with phase |
Vlight U heavy 4 e  space suppression

I  When the sterile neutrino masses are much smaller than the decay Q-value

(M) < Q), the total contribution from 1+2 is canceled

2 2 2 2 . 9 [Isakov, Strikman, '86;
|M‘ = |[Mgsm|” cos™ 0c + ‘MSM‘ sin” 0, X f(MN7 Q) Deutxh, Lebrun, Prieels, '90]

2 . 2 . . O
Msm|” (cos? 0, 4 sin” 0,.) = | Mgwm| sterile-neutrino contributions
are suppressed when M,y < Q

P
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Super-allowed (0+—0+) nuclear B8 decays

. 'Vud| is determined by the global fit of the super-allowed (0O+—0*) nuclear B-decays

JP — 0t — 01t with B+ decay (pT—>n+ev,
J is total nuclear angular momentum, P = (-1)t = parity and L is orbital angular

positron-neutrino pair must be spin singlet

Fermi decay (vector current) Gamow-Teller decay (axial-vector current)
- er, @ Nucleus B B er, @ Nucleus B
n — = e = —
spin singlet spin triplet
€L <4 N Forbidden in the super-allowed decays

Advantages 1. Theoretically clean and nucleus independent
2. Precisely measurable in experiments

fEEER & QCD DO EHE L1
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Super-allowed f3-decay Q values

prbotle = 0.97413(43)

Q =0.78 MeV

3090

—

N

S
t‘t.\' 3080

super-allowed

3070

VO =0" = 0.97367(32)
Q values [MeV] 3060
Q=E"
Z of daughter

[Hardy, Towner, '20]

There are 15 super-
allowed (-decay data

|V | is predominantly

determined by data of
Al = Mg transition
(Q=3.2 MeV)

~3MeV sterile neutrino
provides a big impact
on the CAA tension
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https://arxiv.org/abs/2208.11707

Sterile neutrino lifetime

I The O(MeV) sterile neutrino lifetime (N — v,0,U,, U,e"€7) e 12022841, 1504.04855]

M -5
~ 300 X ! U
o ( YMeV ) | Uew

)
sec > BBN time [100-1000 sec]

Energy injection from such a long-lived sterile neutrino modifies
the light nuclei abundance after the BBN;
The MeV sterile neutrino is excluded by the primordial

abundance of 4He (Y, measurement)

I  We assume that the O(MeV) sterile neutrino can promptly decay into dark sector

to avoid the BBN bound
N — v.0" — v,y ; we checked that this decay channel is consistent with cosmology

fEEER & QCD DO EHE @ L1
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https://arxiv.org/abs/1202.2841
https://arxiv.org/abs/1504.04855

Sterile neutrino solution for CAA

[TK, Tobioka, 2308.13003.

\
@
LN

2
|Ue4|

.
.
“
.
.
e
.

| B

Neutron lifetime: Bottle UCN best .
[ACKMZ—2.80'] |

[ | | N | | I | | I N l

1

-

e '-'-.

L
»
....
L]

"y

4| R T N
10 - Neutron-v, ~= 26 A1y e H
N forbidden = forbidden =7 -
i Allowed by RTX "=~ . __ |
10_5 [ I | N | | | N | | T— I ] e — | I I | | ] S | " | — I T.I.l.ﬁgl- ] | | —
0 1 2 3 4 5 6 7 3

my4 [M@V]

MeV sterile neutrino provides good

effectson|V ;| from super-

allowed B decays, and no impacts
on the other meson decays

But, viable model is challenging;

1. To avoid cosmological bounds,
mechanism for the shorter lifetime is
needed

2. To avoid Ovf3f3 bound, the inverse
seesaw model is needed

3. To avoid 77 — e¢™N bound.,

additional dim-6 interaction is needed
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https://arxiv.org/abs/2308.13003

Near future of aﬂ(Th)

[see details, Statement of the Muon g-2 Theory Initiative]

B Long-distance contribution to HVP (BMW) has not been cross-checked by other lattice group
I The intermediate window observables (¥ of the total HVP) have been cross-checked well

I CMD-2,CMD-3 and SND collaborations are using the same facility, but only CMD-3 provides

the different result of the 777~ cross section

B New analysis of BaBar (in 2024), update analysis of SND, update and new analysis of BES
l1l, update and new blind analysis of KLOE, and Belle Il result (in 2025) of the 777~ cross

sections will be reported in near future

I MUonE (space-like HVP) final-goal result will be announced in LHC Run 4 (~2030)

fEEER & QCD DO EHE @ L1
R #F (TEX), BT LDOFDOE#R EDFR2024, SEKZE, 20249 H10H



https://muon-gm2-theory.illinois.edu/
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Unknown QCD in HVP (1/2)

[Keshavarzi, Marciano, Passera, Sirlin, 2006.12666]

Is there unknown QCD contribution to HVP?

[Today'’s topic]

This possibility is severely constrained by
the electroweak (EW) fit (right figure)

\

EW fit could be no problem only when the
low energy region of ete~ — hadrons

(v/s < 0.7 GeV) are modified by unknown
QCD.

Higgs mass [GeV]

120-

100
80
I
60 :
~ —---- Experimental world®average - central value
—-= Global EW fit [Aa® (M) + Ab(V/sg, 6 = 100 MeV)]
0] ——" Global EW fit [Aa® M) + Ab(/So, 6 = 210 MeV)]
----- Global EW fit [Aa®M,) + Ab(y/so, 6 = 400 MeV)]
1
— = M2 [no sin26.P inpyts]
Global EW fit [Aa® M) (KNT19)]
20 Experimental worldfaverage - uncertainty
mem Global EW fit [Aa(5’IMz) +Ab(y/30)] at 10
[ Global EW fit [Aa®gM7) + Ab(\/so)] at 95% CL
. . : . — : : . . : . : : . . . :
0 0.3 04 05 0.6 0.7 0.8 09 1.0 1.1 1.2 1.3 14 15 16 1.7 1.8 1.9 2.0
I
I \/Eo [GeV]
. i
OK with mh

125GeV Higgs

Here:

40 muon g-2
anomaly is
supposed to be
explained by
unknown QCD
contribution to
the HVP at

\/ST) GeV
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Unknown QCD in HVP (2/2)

| Focus on ete™ — hadrons /s < 0.7GeV  [Colangelo, Hoferichter, Stoffer, 2010.07943]

09 | | | | | | | When one considers that the lattice value
total error BaBar s phase shifts changed - can be explained by the unknown QCD
fit error mmm  KLLOEOQS8 —=— cr changed, N -1 =4 ---
0.15 SND ——  KLOE10Q —e— all parameters changed --- | - effects (\/E 5 0.7 G@V),
CMD-2 —— KLOEI2 e . . :
. " - then there is additional tension:
T o 1 |REE 8% change of eTe™ — p resonance ( - )
| L e i } 1 oEHT !
‘i—‘;‘;':: 0.05 HEE I T 1 = L | ¥z . (h i or
R T e el - 4% change of ete™ — 2z data( ----- ),
0 data fit while data fit has only 1% error
| i [KNT] [Keshavarzi, Nomura, Teubner, 1911.00367]
~0.05 17 -
_01 1 | | | | i | | -|— —_ N .
06 065 07 075 08 08 09 095 1 Updated data (e e hadrons) wil

V5 [GeV] be provided by Belle Il experiment.
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BLR + bino-stau coannihilation

. [Endo, Hamaguchi, Iwamoto, TK, 2104.03217]
Benchmark point 300 —

Bino-stau coannihilation tan 8 =5, upm

with correct 2,/
+ universal slepton mass

Large u with small tan /7 is

favored in this study
(BHR gives negative contribution)

strong bound from:
0 — (639) (I39)

stau mass < 200 GeV
— good target for ILC500

ATLAS the latest 2209.13935 m(f1) [GeV]

Benchmark points

BLR1 BLR3
M, 100 150
mp, = Mg 150 200
tan g3 5 5
" 1323 1922
mg, 154 202
mz, 159 207
ms, 113 159
mz, 190 242
my, . 137 190
Mo 99 150
Mg, Mg, M 1323-1324  1922-1923
a5USY x 1010 27 17
Qpuvh? 0.120 0.120
ot x 1047 [cm?] 1.7 0.8
[y 1.01 1.01

150 200 250 300 350

XENONNT (DM direct detection)
can probe this scenario
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https://arxiv.org/abs/2209.13935
https://arxiv.org/abs/2104.03217

The simplest explanation in 2HDM was excluded

B There was a room that muon g-2 anomaly can be explained by lepto-philic

(type-X) 2HDM

[ Takeuchi, Iguro, TK, Lang, 2304.09887]

i It is found that such a 2

g o=
Y+
g =

100

2304.09887

r

[ c// !
d .9 L
[

4= my = 250GeV |
40 .............................
20 25 30 35 40 45 50
™M A [GGV]

pp = HA,H*A, H*H, H* H¥ (- multi-7),
120

I
)
S

300 200

myr [GeV]

200 200

larger than 1 is expected to be excluded in Run2 data
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@ force particles

Supersymmetric partners

| E '{ “: ‘gluino
RO BT €

N

181258

_ squarks
O sleptons & sneutrinos

- o~ . ey
© neutralinos X° & charginos ¥ https:/ific.uv.es/sct/physics_susy
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XTI ERRR: RFTDFER

[ATL-PHYS-PUB-2023-025]

\s=13TeV, 36.1 - 140 fb™ March 2023
;‘ I I 1 1 | L | I | L | L | 1 I I r 8 1 3 T V 20 3 1 40 fb _1 A 2023
-] - S = e 3- ugust
G) IR CICIX1 0 Iep. [2010'14293] A TLAS P I' " — = 900 L , | I B B | , 1 | T 1 1 | 1 1 ? T 1 1 | I = Observed limits
Q) - 5 bb7° > 3 brjets [2211.08028] reliminary- > i - = Expected limits
—3500 " 4 o ATLAS Preliminary
Py >3 b-jets + > 2 lep. SS [2211.08028, 1706.03731] O 800E duction. limits at 95% GL
A  ~ . " ’ - = 5
TS L G agWi° 0 lep. + 1 lep. [2010.14293, 2101.01629] i 1P ° Data 15-18, ¥s = 13 TeV, 140 b
N—" o _ (*),10 - OAY— =— monojet, t, —>bff’)(1
c 30005 qu 7 2 lep. O_S SF [2204.13072] - s 700 s oo
| 00— quZX1 >7-12 JetS + 1 Iep + =2 |ep SS _ p — (L, '{1 _y&?/i —>bWi?/¥1 —s bff i?
- [2008.06032, 1708.08232, 2307.01094] - - 500 [2004.14060]
~ ~ ~0 ~0 ~ '~0
25005 aainvz via 15 2 lep. OS SF +2 2 lep. SS [2204.13072, 2307.01094] L ot/ bW/t > bif
[2012.03799]

> 17 [1808.06358]

[1903.07570]

_ | 500E == ILNN, T 7/ T, - bWR
20 OO _ >1v[2206.06012] — - [ATLAS-CONF-2023-043]
— — B ~ ~0 , "~ ~0 "~ , ~0
— Colours indicate different models - _ ) b =t 1t = bW 7t = bify,
| Observed limits at 95% CL | 400 [ 1 [2102.01444]
— [
L / = -
1 500_ ] 300‘ '| Data 15-16,¥s = 13 TeV, 36.1 fb ™
_ | - : =T s /T, - bWR /T, o bt
= — N 1 [1709.04183, 1711.11520,
1 OOO » ] 200 — 1708.03247, 1711.03301]
- u ot
|

500:_ 100 ¢ " Data 12,¥s = 8 TeV, 20.3 b
IR ST RN B RN S A SR R |‘ V1 )\\ | N RTINS I -I1_>ti?/?1_’bwi?/?1_’bfri?
10001200 1400 1600 1800 20002200 2400 200 400 600 800 1000 1200 veeowd

m(g) [GeV] m(t,) [GeV]

fEAERERY - QCDDERE / 61
L& #%F (TEX), BT+ LDFDER BEDFR2024, SEKE, 20249 H10H




