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Effective weak Hamiltonian

O H . = ); C;0;: standard starting point for any theoretical analysis

> Wilson coefficients C;: all physics above the typical scale of a process (like u;, =~ m;);

perturbatively calculable & NNLL program now complete (Gorbahn, Haisch '04; Misiak, Steinhauser '04]

> local operators 0O;: obtained after integrating out heavy d.o.f. [Buras, Buchalla, Lautenbacher '96]

‘ QCD-penguin ‘ electro- & chromo-mgn (8Tic) (eI'b), i=1,2, |Ci(my)| ~ 1
(3T:b) %, (GTq), i =3,4,5,6, |Ci(my)| < 0.07
0; = { &%5,6"byF,,, i=T, Cr(my) ~ —0.3
-196%§L0'“"T"‘bRGﬁu, 1= 8, Cs(myp) ~ —0.15

%(&%bﬂ(l—"{” ), i=9, |Ci(my)| ~ 4

O Amplitude of a given process:

g q

A®B - f) = ) [Agon - Ci- (104 B)]

i

b u.c

g
\./  m P mss AE—E—L*E—% > ‘
/\\ q/.\q\ /,/\,\ ' ’ (f10i|B)qcp,qEp

electro- & chromo-mgn operators
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Hadronic matrix elements

O (f10;|B)qcp,oen: how to reliably and precisely evaluate it? depending on the specific modes

> Exclusive vs. (semi-)inclusive modes? HQE/OPE, Hattice, (QCD

sum rules) QCD factorization,
P - ~ (flavour symmetries)
> Hadronic decays (M,M,|0;|B): depends on (0|0|B)

_ : . (B|O|B) (M|O|B) (M1 M>|O|B)
spin & parity of M, , and FSI introduces strong .
phases, and hence direct CPV Increasingly difficult

.. 2 B - X Av, Xy, X0
a difficult, multi-scale, QCD & QED problem! B B Drve  B—s oy Direct CP asym
By — putp~ Vo | B— K¢t By — 7K,KK,...
) AMBd,B_; B — Kvo By — 7w
b AFB; BS — qub,K*OK*U

ow - Dynamical approaches based on factorization theorems: PQCD, QCDEF, SCET, - - -

[Keum, Li, Sanda, Li, Yang *00;
50 s Beneke, Buchalla, Neubert, Sachrajda, ’00;
— Bauer, Flemming, Pirjol, Stewart, 01; Beneke, Chapovsky, Diehl, Feldmann, ’02]

- Symmetries of QCD: Isospin, U-Spin, V-Spin, and flavour SU(3) symmetries, - - -

<M1M2|Oilg> = (M1|ﬂb|§)(M2|Ju|0) pr— [ Zeppenfeld, *81;

o ! , London, Gronau, Rosner, He, Chiang, Cheng et al.]

naive fact. approach [Bauer, Stech, Wirbel ‘871 _ compination of dynamical approaches with flavor symmetries [FAT (Li, LUet al.)...]
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Example

O With (f |0i|1T?)QCD,QED at hand, we can then do what we want to do

- EW interaction scale > ext. mom’ain B rest frame > QCD-bound state effects

Tl mw ~ 80 Gev

- my;~91GeV = my ~ 5 GeV > Agcp ~ 1 GeV

L

# 4G )
Het = _TQF Z Vor Vb (0162}11 + CoQh + Z CiQi + C1yQry + CSQQBQ)
J i=3

pP=1u,c

electroweak WCs due non-perp.
parameters to NP parameters
A(B° — 7T+K)>§‘/CKM (CisiVI TR [ /01 ) Tin('u,) 4 (7 + K)
| +/01 d¢ du dv T (&, u, v) ]
‘ see talk by #7&
related to exp. WCs from SM, also perp. calculable
Br & CPV perp. calculable in QCD & QED
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- d vy
Why heavy flavor physics |« - &[]« ooglo) ]~
- t b/ t vy )L
O Main goals of dedicated exp. and theo. studies
Quark mixing: hierarchy! 1 4/6 parameters
- - - e
> what underlines the hierarchical patterns of Lc< AN - BE ®1 2 3
masses & mixings of quarks & leptons? u m e N =
neV meV eV keV MeV GeV TeV [Vl = c| m " vl = 1| M L]
B LR IR I B "":""! oooysi Rsessoly, Batatstte, FoLataer ieaatezuse poces) M IR UL MILLLL, IMALLL IR AL IR
| B a o L c|m .
35 : : \ O
S L : 5 ' 4 parameters 9 Lepton mixing: anarchy?
® v, i sSUL ¢
g 2+ P E E = —
S , i , i , > any new CP-violation mechanisms
E s E e ud i
1 ; o ; vy A beyond the KM of the SM?
covd vl vl v ol ...l..,.i o ml T RS EYITE iren .I ........1.........4 ;.;.;..i\..‘.‘....d .>....\...1 ..;....
10°® 10° 107 10 10* 10 70" 40" 10* 10° 10" 10° 10° 10" 90° 10’ 10™ 10” 10" . . -
Mass (eV) > any new particles/interactions that
. are sensitive to flavor structures?
CP category Hadronic system
K° K= A D° D* D Af B® B* BY A) A
decay (5% I ] DO R (X —y "_—
mixing ® (X (%) (%) A%
decay/mixing interf. (% )

High-Energy Frontier
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Flavor anomalies

O Much progress achieved thanks to exp. & theor.:

15I|\\

|”  excluded area has CL > 0.95
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B(B* = K*p ™) [1.1,6.0]
B(BT — K*ete™) [1.1,6.0]
B(Bt — Ktvi)
B(By = ¢u"p) [1.1,6.0]
B(B) — p*u™)
B(B" = ptu)
PYBY - K" ™) [2.5,4.0
PIB® — K*0u*u~) [4.0,6.0
Ry [0.1,1.1
Ry [1.1,6.0
RK (1.1,6.0
5 [0.1,1.1
R;, (1.1,6.0
R+ [0.045,6.0
Rk [0.1,6.0
Muon g — 2 (WP) —
Muon g — 2 (BMW) —
Electron g — 2 —
R(D) —
R(D")
R(J/) -
R(A*)
B(B* — ttv)
Amg
Am,—

Z Ay

I
—-6-5-4-3-2-10 1 2 3

Pull in o

O Anomalies in heavy flavor physics https://www.nikhef.nl/~pkoppenb/anomalies.html

Br(B—»D™tvy)
Br(B—»D®1v))

v' LFU violation in R(D™) = > "Brlils— mlrSE=i(03500.9) [( LS5 5016 1038

v P{(B° » K*%utu™)? > WAL B A G =t A SETEEE ) SaC1S HEe )05

v deviations between Br(B* —» K*u*u~), DO Main tasks: more precise measurements &

Br(B2 - ¢u*tu~), and Br(Bt - K*vv)?

2024/10/26

theoretical predictions; need collaboration!
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https://www.nikhef.nl/~pkoppenb/anomalies.html

Purely leptonic decays

O Have simplest hadronic structure; all QCD dynamics encoded in fz = (230.3 + 1.3)MeV

(0]g(0)y*ysb(0)|B(p)) = ifzp*

. e
I/z l Ko 4 _ 2
> Cil) Qi + vaf Z Ci(p)(Q} — Q5 )] Qu = 5= (§7"Pb) (tu1st)

i=1 " tq =5 e o
Q = —16ﬂ_zmb(qo"’ Prb)F,u

Lap—1 =Nap-1

O QED effects below m;, needed to match exp. precision

0(as) O(as ) 0(af)
NNLO QCD correction

when structure-dep. QED effects included,

I z % inner structure of B meson becomes relevant
0(a.) NLO EW correctior For review, see P. Boerand T. Feldmann, 2312.12885

8
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Purely leptonic decays

O QED correction: power-enhanced & helicity-suppression partially lifted . sencke, . Bobeth, R Szafron, 1908.07011]

1 ), Qem NalEs &= 0995t888§
iA = mngqN Cio byl + Qng mymg fg N€(1 + v5)4 -
7 . iy . only —0.5% effect due to partial
X du (1 — u) CH (um? 9w 4o (w :
{ Jo du ) 67 (umy) (o~ 5 984() m; 1—u cancellation between Oy & 05
2 . . _
g (oo d e mpw 27 Complete analysis on QED corrections to B, — 7' 7
- QE C7e fO ?w ¢B+(w) ! |n b:) = 2 In m2 + 3 2301.00697 } ol | i1 logaritt )
4 g DOwer ennancement also obpservec out no arge (‘w_,’r‘:"”““ c terms
double logarithmic enhancement due to endpoint singularity only approximately 0.04% QED corrections
Yong-Kang Huang,” Yue-Long Shen,’ Xue-Chen Zhao,” and Si-Hong Zhou®*

O Branching ratio v Cjaza and M. Misiak, 2407.03810]
Effect of lifetime difference Br(Bg = ,U+ll_) = (3-64 g 0-12) [(3-34 T 0-27)] S L

decay constant of Bs and Bs-bar

fe. CKM 75 M, s MNpps other non-
parametric
2024 [this paper] 1.1% 2.3% 0.5% 05% 01% 05% <0.1% 1.5% 3.2%
GQ o Y(Xt)z 1 2013 [10] 4.0% 43% 1.3% 16% 01% 00% <0.1% 1.5% 6.4%
’2

BR Bs — 1 /1 SM = TBS—mBSfB 16 2‘V,3Vrb

v’ parameter uncertainties dominated by |V, |
/ v' non-parametric uncertainties mainly from
loop CKM suppression

suppression treating m, as the pole mass
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Purely leptonic decays

O QED correction to B — £v decays [C. Cornella, M. Konig, M. Neubert 2212.14430; see talk by EPULL on 10.27]

» QED effects are well under control for u > my, as well as for u < Agep:

» all short distance ( 4 > my;, ) QED effects can be included in the weak effective
Lagrangian b v

4G 5
Lo = ——= Kew () Vip (ay* Prb) (€, Prie)
\/5 ¢
» photons with E < Agcp cannot resolve the hadron structure and can be

computed treating the B as point-like.

» Things are more complicated for Agcp < p < my,: very active research topic.

QED factorization theoremsjavailable only for a few processes:

« B, — Ut~ [Beneke, Bobeth, Szafron, 1708.09152,1908.07011]
* B— 7nK,B — Dx [Beneke, Boer et al 2008.10615,2107.03819)]
. BS — ,u+,u_]f [Beneke, Bobeth, Wang 2008.12494]

taken from talks by C. Cornella

O New features with QED effect:

» “universal” decay constants
become process-dependent;

> sensitive to 2- and 3-particle
LCDAs of B meson

2024/10/26

O Factorization formula: QCD — SCET; — SCETy;

sirtual _
i = DS K + Y EBe)es;e K,
j\.__w__/ i\ﬂ_____J
SCET-1 operators with soft SCET-1 operators with hc
spectator (A-type) spectator (B-type)

» hard function: matching corrections at p ~ m,
» hard-collinear function: matching corrections at p ~ (n/zb/\QCD)”2
» collinear function: leptonic matrix elements, u ~ m,

» soft (& soft-collinear®) function: HQET B meson matrix elements

virtua A4Gp . me .
Al = — 228 Kpw (1) Vi o K a(my) w(pe) Pro(py)
b

V2 ?
1
[HA (r14)S A +[du/a dx HB('mb JB(U’I()WB (w)] w=n-p,
. 0

X . . i b
» Hard and jet function share a variable x = collinear

momentum fraction carried by the spectator
v Hp ~x7¢Jg ~ x~l-e
1

= Hp®Jg ~ J dx x~! has an endpoint divergence in x = 0!
0

» _This cannot be removed with BG techniques, but is systematically treatable with

refactorization-based subtraction (RBS) scheme

[Liu, Neubert 2019; Liu, Mecaj, Neubert, Wang 2020;
Beneke et al. 2022; Liu, Neubert, Schnubel, Wang 2022]
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Lifetime of b-hadrons .

O Lifetime based on HQE in 1/my: [1. Albrecht,
F. Bernlochner, A. Lenz, A. Rusov, 2402.04224]

1
= 5o 3 [0 69w — pe) X(px)l Mol e : ~
X Ps
. 1 (Os) (Os) 2 [= (Os) | = (O7)
Optical — _~ 1m (B | AT o) B M(B) =T3+Ts +l6 +...4+167° [T6—=- + 7 + ...
Optical T (B(pg) [ d*x T (Mot (). Harr(0)} [B(ps) el T
O status of SD coefficients: (Qs)z, | 1993/96 | QCD sum rule [234,235]
: . 3 2013-2023 | Fit of inclusive data [_) 36—241]
Semi-leptonic Non-leptonic 2017/18 Lattice QCD [242, 2.43]
LO NLO N2LO | N°LO LO NLO NLO ‘ (Qs)B | 2011 | Spectroscopy relations [244] ‘
3 v v v v v v D status Of ‘ (Qs)B | 2023 | Spectroscopy relations [ ‘
M5 v v v . (Qe) B, | 1994/2022 | EOM relation [31,245]
e % % NE hadronic 2013-2023 | Fit of inclusive data [236-241]
- ] (Qo)B, | 1994/2022 | EOM relation [31,245]
7 v & matrlx 2011 Sum rule [244]
Mg v | | (Qe)s | 2023 | EOM relation [3] |
= ments: _
e v v © v @ g | (Qe)B, | 2017 | HQET sum rule [246] |
M7 v o v ‘ (Qs) B | 2022 | HQET sum rule [247] ‘
© [Lenz, Piscopo, AR, 2004.09527], [Mannel, Moreno, Pivovarov, 2004.09485] ‘ (Q6) A, | 1996 | QCD sum rule [218] ‘
* [Fael, Schénwald, Steinhauser, 2011.13654] ° [Mannel, Moreno, Pivovarov, 2304.08964 (for m. = 0)] ‘ <Q6>B | 2023 | NRCQRI [:))4] ‘
v - known - partly known - in progress or planned [Karlsruhe, Siegen] ‘ <Q7> | | VIA ‘
2024/10/26 ¥ Theoretical review of heavy flavor physics 11
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Lifetime of b-hadrons

O EXp. data & SM predictions: [J. Albrecht, F. Bernlochner, A. Lenz, A. Rusov, 2402.04224]

mm Experiment 0 .
P(B+) ° ] HQE Scenario A F(Ab)
mm HQE Scenario B P(:O) e
F(Bd) . = b
(B.) P(‘:b) = .
I'(B PR 3 R B Experimen
’ I'(€,) : HQE
05 05 06 065 07 075 080 08 05 055 06 065 07 075 08 085 09
[ps_l] [ps—l]
(5*) _ r(AD) /(B - = Experimen
(B r(2)/7(Ba) —
(B, B Experiment - .
e HOF Sconario A (%,)/7(B)
d e HQE Scenario B T(E%)/T(Eb_) —_—
0.98 1.00 1.02 1.04 1.06 1.08 1.10 1.12

0.88 0.92 0.96 1.00 1.04 1.08 1.12 1.16 1.20 1.24
» excellent agreement between theory & data N
J y » HOQE also works for c-hadron lifetimes

> no indication of sizeable quark-hadron duality violation [H. Y. Cheng, C. W. Liu, 2305.00665]
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Neutral B-meson mixings

O For B) meson: flavor eigenstates # mass eigenstates = mix with each other via box diagrams

- - d W~
O Time evolutionofa /5, i\ /IBW) ——\\N\—— § T s
: : ’%(mm)(M_Eﬂ(me e T B = -
decaying particle AN T e h
b " d s e d
== “short-distance” “long-distance”
D Three Observables for B m|X|ngS (=virtual particle exchange) (=real particle exchange)
B Mass difference: AM := My — My, ~ 2|M;s| (off-shell) o B moane ol 2 g o 5
|M5| : heavy internal particles: t, SUSY, ... My = 35 5 (VisVie) My So(@1) B, £, M5, 15

t 1-loop calculation Sy (z; = mj /My,)
B Decay rate difference: AI' :=I';, — I';; =~ 2|T'15| cos ¢ (on-shell)

IT'12| : light internal particles: u, c, ... (almost) no NP!!! T 2-loop perturbative QCD corrections 7

8 bt 1 _
f §Bqu§qMBq = <Bq\(bQ)V—A(bQ)V—A|Bq>

B Flavor specific/semi-leptonic CP asymmetries: €.9. B, — X{v (semi-leptonic)

v = g — D(By(t) — f) — T(B,(t) = f) _ ‘ ['12 sin ¢ Te = (%)3 (F:(in n %an +) HQE
T B HATB0) 2 ) M| ’4 |
: : : +() (F_[l(])+...)+( ) (Ff,f”+...)a..
v’ My, dispersive (off-shell) part of the box diagram o ™
% I';,: absorptive (on-shell) part of the box diagram » deepening our understanding of QCD
v ¢ = arg(—M12/T'12): relative phase between them | > indirect searches for BSM effects
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Neutral B-meson mixings

O Status of theo. predictions & exp. data 1. Albrecht, F. Bernlochner, A. Lenz, A. Rusov, 2402.04224 |

AM,;= (0.535::0.021)ps~* AM; = (18.23,4:0.63)ps ™"
_ - — -1 AMSM SAMSM
= (0.5065 + 0.0019)ps 1 f \/E (17.765 + 0.006)ps g — 1056 - 0.042 | ]f:l ~ 1] |
AR fa/Bi | AMP §ANM <P
Ve Vi A ]\/[SM 5 A ]\/’fSM
other S — 102640036, ——2— =105,
other A]\’[s b 5A]\/[S p-

v" theory can reproduce data, but theo.

ATy = (27.4:0:4) - 10~3ps~1 Bl AT = Colalgep0-*ps™ By,
T N " — (83+05)10-2ps™! By, errors much larger than exp. ones
Ry N g 7 c c -
EE— /
| fun/BE | 1o BT main uncertainties still dominated by
/ " 5 . " B non-pert. bag parameters
mVy ' mVy
Y mother  v" M4,: @ 2nd-order weak interaction
W other
= (5 0.5) 10~ wp o = (224.02)-10-5 = process and thus very sensitive to NP
d Bk,
=(-21+17)-10™* i =(-6+28)-107* .

J W 1l | 50
~ [ Generic parametrization of <BS\H£&1 \Bq>

| 'n.'tpj - CB 62i¢Bq _
Yy u B}, 4 S > e 0
v .st v . NP contribution to B mixings: <BS\H§,¥\B¢,>

W other m other
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NP constraints from neutral B mixings

O Exp. observables are related to the

AM® = Cp,AM in 28%® = sin(26°M + 2
SM and NP parameters: C,AM sin 23 sin (267" + 2¢5,)

AMsexp — CBS AMSSM ’ ¢exp (,BSM o ¢ )

O Latest fit results by UTfit group:

— 15 . 20 —
= K Q g S . gof -
. : a— UTjit)
= 10'_ summer23 = 15:_ summer23 Z_e_w 60 summer23
NP fit 102— NP fit 402_ NP fit
5 - i
5 5k ook
0:_ + o &
E _5:_ -20 4, (1+ jgﬂ’ 2 (&3P g )AgMezupgw
-5 C q
~1of 0 NP / ASM
1o Cp, | 1.09 +0.09 ; Cp, |1.10+0.06 60 As"/As™ less than
- ép,°] | —1.8 £ 1.9 P ¢5.°] | —0.1+£0.5 - 20(25)% @ 68(95)% prob.
B T - B ¥ S ¥ SV E—
NP ;A SM
Cs, Gy, ANP/AS

Ll consistency between data & SM of B mixing observables puts stringent constraint on NP
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NP constraints from neutral B mixings

O Very high scales probed by neutral meson mixings: Z o g [ UT;i;
o ; ImcC, summer23 ;1025— ImcC, summer23

HAB=2 ¥ 0o 3 66T Cy(A) = Bl with F; ~ L; ~ 1 8 oo 8 [ @O

eff i=1 Vit i=1 Vi%i i A2 i i g Foe g [ Chs

o 0.5

0, = (EanLq"‘) (Eﬂ'quﬁ),

0y = (B“an) (EﬁRqﬂ),

Ban"‘) (EﬂLqﬁ),

o

0y = (B“Lqﬁ) (Bﬂan)

AL WL B BN B | T | & G G G ¢ & G ¢ G
- [+ ] B, System (Scenario I) CIETHLOP;SR}]OER?T];TS7%K$3L:
B B, S S io [ yone sy wl rOm i = = g

04l — Fuﬁ{iti’;iin;’ﬁ‘;aﬁ? : _ 4 0O Flavor universal NP scenario: assuming NP couples
- excl. |[Vyp| &incl. [V p| A

0 33_ [R. Fleischer et al, 2208.14910] predominantly to 3rd-generation quarks and leptons, and
: c; . . . o 5

02l K = 0.043%799%9 5 = (32632 - can be easily realized in NP models with a U(2)> symmetry

. |5 I K= O =18 3% O
e : Am, = Am M|1 + k,ei%|
e S S Sy q _ 2,9,SM io g q v

00750 100 150 200 250 300 3[25) My, = M5 (1 + Kk,e%)
o]

O Analysis with dim-8 SMEFT operators:
[Y. Liao, X. D. Ma and H. L. Wang, 2409.10305]

¢, = gbgM + ¢, = ¢§M + arg (1 + K,e'%).

these AF = 2 processes probe up to tens of TeV, far beyond
the sensitivity of other dim-8 operators to collider searches!
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O B-mesogenesis mechanism: [G. Elor, M. Escudero, and A. Nelson, 1810.00880; 2101.02706]

Example

~

\_

Out of equilibrium
late time decay

b

S

TR ~ 15MeV

~

B-mesons decay into
Dark Matter and hadrons

000 o
I I /' (anti-Baryon)
000 0 o

CP violating oscillations

A% AL Br(B — ¢ + B+ M)

J

O Possible of the mechanism? [C. Miro, M. Escudero, and M. Nebot, 2410.13936]

Y: color-triplet scalar
: dark-sector antibaryon

2024/10/26

(b;
W) B, Bq u,c,ty
v _

—>

the minimal realization of the B-mesogenesis mechanism needed!
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AL )| < 4x10” (500 GeV)Z, |AZN ()] < 1074

fine tuning the maximum values of the semileptonic asymmetries in

Baryogenesis Dark Matter
and
Yp =87 x 10711 Qpmh? = 0.12
. 11 Br(B—= ¢+ B+ M) Al
. ~ 11 SL
With: [YB ~ 8.7 % 10 = > oy =
q

—> A;’L > +10~* [required by baryogenesis]_

My




Semi-leptonic B decays

O R(D™) anomalies: first observed by BaBar in

o 04y o T 689 CL bontours

N HFLAV )

& L\ Moriond 2024__| Belle" BaBar
035 LHCb

g

cllell

|Belle® |

llllllllll

2012; currently still having ~3.310 deviation 03

Br(B —» D®Wtv,) 025

IIIIIII

R(D™) = -y i
Br(B -» D®Wly)) ]
0.2~  $HFLAV SM Prediction R(D)=0.342 +0.026,,, —
L R(D) = 0298 =0.004 R(D*) =0.287 +0.012,,, i
B R(D*) = 0.254 +0.005 p=-0.39 . -
C E L I L L L L I L L 1 L I L }JI(X“)I=35I/‘ I L L 1 7]
0.2 03 04 0.5
R(D)
RP qr qT |2 S8\ gt qT |2 TT |72
O Model-ind It for R(D), R(D*) & | oo T T
odel-indep. result for N o
P (R DY) b Re (14 +CF) (G + OF)] + R [(1 + CF, + CF) O]
R(A.): R
c/*® T T T T T
g = L+ GV P +ICE P + o105, — G5 + a7 |OF P
¥ i Re [(14CF) O] +af*Re [(14 G — CF) (€2 — CE)]
Heff = 2\/§GFVC{_-, |:(1 + CVL)OVL + CVROVR + CSLOSL + CSROSR + CTOT:| + a“;LTRe [(1 + C\%’Z) C%T*:l + a"if/'RTRe I:C;]'/’;qu;‘r*] ’
with RH qT |2 qT |2 SS qT |2 qT |2 TT qT |2 Vi Ve qT qT*
RSM = |1+CV;_| + ‘C\/}tl +ay [lCSLl + |CSR| ] +ay |CF " +ay " Re [(1 JrCVL) CVR]
Ov,, = (e PLb)(TyuPryr), Ovy, = (" Pprb)(TyvuPryr) " Vs
+ lRe 1+Cq'r CQT*—FC(IT Cq'r* + V' Ss Re 1+Cq1‘ qur*_l_cqr Cq'r*
Os, = (EPLb)(FPyv,), Ogy, = (ePRb)(TPLYr), i Re [(1+CF) G5+ CLO8] + o™ Re[(1+ CF) CF + CR.CE] ]
Or = (6™ Pub) 7 P, +afp ™ Re [CF.OF;] +alf" Re [(1-+ CF) OF ] + aff"Re [CR,CF
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Sum rule for b — ¢ sector RV
Ave):  Re[(LA GG

O Sum rule for R(D), R(D*) & R(A.) = Br (A, - A.tv,)/Br(A, —» A ALVv))
S opthiBi s (GEmall

R R Ry - VS h 4
g _, Rr +6u(Cy) m) h+c=1&al’b+a)’c=a,;
RSM R%M RgMM
==) model-indep. & holds for any tau-philic NP!
O State-of-the-art prediction: [Duan, Iguro, Li, Watanabe, Yang, to appear soon]
16f KL Lattice LCSR Lattice + LCSR
o ,\IIL(::.’I:‘\‘ L(’:S:R - SM Tensor SM Tensor SM > |mp0rtant tO prOperly COﬂSlder the
I e B+ D |Refs. [85.86) nodata | Ref. (90,91 Ref [90] | Ref. [91] ¢
éS - B — D* | Refs. [87 89] no data® | Ref. (90,91 Ref. [90] | Ref. [91] ) Correlations among FF parameters
EN \p = A Ref. [80] Ret. [92] no data no data 7
| NLLONLPLCSR N Ry R > provide a unique prediction
Y. M. Wang et al, 2301.12391 -
oof_ e | 22 — (0.272 £ 0.015) = + (0.728 T 0.015) —zx + 4, :
YN e R3Y Ry R of R(A.) model-indep.ly
o, = (—0.001 £ 0.005) (|CF|* +|CE|?) + (—0.007 £+ 0.005) Re (CF CFF) RiR = 0.370 £ 0.017| psuesr £ (< 0.001)]gg
< X
+ (—2.681 £ 6.907) [CF7* + (—0.561 £ 1.439) Re (C§T C57) I
+ Re [(14+ Cf7) {(0.041 £ 0.034)CFT* + (0.594 + 1.274)C5T* }]
08 O] RO = 0.242 £+ 0.026 & 0.040 == 0.059
19

+ (—0.002 £ 0.009)Re [ (1 + C) CT* +
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Sum rule for b — ¢ sector

O Sum rule for R(D), R(D*) & R(X.) = Br(B - X.tv,)/Br(B - X {v,):

. D> dx, ~0.01! a2 1%) — 0.003Re (CF CT*) — 1.655 |C5T|?
et "—"0-288%%.712% oy | PXeEUOD (IG5, [F +1C5,[F) — 0.003Re (CF] OF) — 1.655 |C |
X, 1D b +Re [(1+C7) {0.192C7F + 0.896C5T* }] — 3.405 Re (CYT. CF77)
+0.043Re [(1 4+ CT) CGF + CF O

) RiR = 0.247 £0.008 | smexp VS Ry” = 0.228 + 0.039 [Belle II, 2311.07248]
X c

» I'(B - X.tv,) =YT(B - D¢v,)+TI'(B - D*¢v,) + I'(B - D**fv,) , saturate already inclusive rate?

» the sum rule relation provides another complementary test of the dynamics behind the decays

O Sum rule for R(D*) & R(J/Y) = Br(B - J/Yzv,)/Br(B - J/Ptv,):

Ry  Rp: R;;y Rp- > satisfied within the 20 error bars; would be
RSM — pSM =) RSM_RSM=1'2iO'7 S W :
J/¥ D* J /P D* significant once R, ,;,, measurement improved
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Sum rule for b - u sector

bp = (—0.090 & 0.059) (|C§7|> +|C¢T|*) + (—0.185 & 0.038) Re (C¥7 C4T*)
+ (—0.913 + 2.403) |C¥7|* + (—0.203 £ 0.538) Re (Cy7 Cy™)
+Re [(1+Cy7) {(0.169 £ 0.158)Cy™* + (0.370 £ 0.632)C; ™ }|

O Sum rule for R(w), R(p) & R(p) in b - u:

R R, R, .
P = (0.284 % 0.037) == + (0.716 F 0.037) =& + 4,

Rgl\i RSM REM +(—0.079 £ 0.056) Re [(1 + C}7) C4™ + CurCy*]
. Lattice LCSR Lattice + LCSR
the sum rule for b - u more (less) sensitive to ‘ ‘ ‘
SM Tensor SM Tensor | SM + Tensor
- the scalar (tensor) NP Compared tob - B — 7 | Refs. [98 100] Ref. [101] | Refs. [90, 103 105] Ref. [106]
B—p no data no data | Refs. [77, 90, 107] Bz\z(lzc%llg;jl
D Correlation am0ng R(Tl'), R(p) & R(p): Ay —p Ref. [80] no data | Ref. [108] no data -

: 0.60 : : : : 0.80
09l ! e SM e C o CY | 10 . ® SM e O3 e O =
+ e cr e cy ey 098¢ 7 e Cy ey oeor . 0.75}
0.8} ; ] o 056f - RO = 1.01 £ 0.49 1 a
' I—I—i m . - . T 0.9 ) Q': 0.70¢+ . - :‘
: 054} g e i AP | HH ' |
07} : ] CEETE — 0.65}
! 0.521 1+1
Q;?' : e g& 0.8
: 0.50 + 0.60
06+ ! 1 0.60 065 070 0.75 0.80 ! 060 065 070 0.75 0.80
R :
! R ! B Ry
‘ 3 0.7 i
o5l : IR ]rB(B = ) = (1.09 £ 0.24) x 104 ' B(B — Tv)®*P = (1.09 £ 0.24) x 10~*
i H I CyT € [—0.05,0.21] E L Cyr € [-0.05,0.21]
:Rexp — 1.01 + 0.49 CyT € [—0.21,0.05] 06 . Cyr € [—0.21,0.05]
041 : "' 1| c¥r e [-0.06,0.01] U [0.52,0.59] ' : l C¥™ € [~0.06,0.01] U [0.52,0.59]
' . . . . CYT € [-0.59, —0.52] U [~0.01, 0.06] ; C¥T € [-0.59, —0.52] U [~0.01, 0.06]
0.4 0.6 0.8 1.0 1.2 C}7™: no constraint 0.4 0.6 0.8 1.0 1.2 C7}7: no constraint
R, Ry

2024/10/26 ¥ Theoretical review of heavy flavor physics 21




Rare FCNC decays

» occur firstly at 1-loop; suppressed by loop factor

+ p— . ]
O Why b - s¢*¢~ processes: > proportional to |V;, Vi |; Br(b — s £€) ~ 1076
w
b \/;b t Ve s > sensitive to various NP
! 52 W W]
s 3 | 4G, ., €
; § ﬁi> e Het = —ﬁvmvmm?i_;mc,-o,- + ...
O Effective Hamiltonian & matrix elements: Non-local form-factors:
Local contributions Non-local contributions 2, (k, q) = i / d*x (g’"f*f‘pi‘ (ﬂj(/ﬁ:)|T{Q(»[(7"f-“(:](:1:), C-,-O-,-HB((] + k))

u

‘H » can be calculated in two kinematics regions:

2 2
* Local OPE |g|” = m,~ [Grinstein, Piryol ‘04; Beylich, Buchalla, Feldmann ‘11]

. [Khodjamirian, Mannel, Pivovarov, Wang ‘10]
y LO and a. corrections ‘ Non-perturbative soft \
b g ¢ gluon corrections
. . [Khodjamirian,
¥ E}Asatgla\:{} El;l‘(em'04 Mannel, Pivovarov,
‘ , . 2my M . Ty oM o & c ey U llasr xy  Wang '10;
AER(B 5 Myth) = Ny {(G; = Cio)Fa(q?) + m:z B {CT}'; (¢?) — 1672 m:i H.\“f’,‘] } , @\I\W hm ;i\e Ej(O_er 1G7: ) B M Gubernari, van
h 8 s satrian, Greub, T «
oy \ > Virto 19] : Dyk, Virto ‘20]
BSZ parametrization '
LQCD & LCSR N dispersive
¢« B>K" uu Local form-factors, Q Hy(2) = 1 Za e bzund
. AV = > A — Ak Pk
« B.=2>opy, .. involves e.g. Fa(k,q) = Py (M(k)|5y.br|B(q + k)) $(2)P(2) &= e
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Rare FCNC decays

1 N dispersive
= H)\(Z) = —Za)\ EDE(Z) bound
D Test Wlth the EXP- data: ¢(Z)P(Z) k=0 ’ Gubernari, van Dyk, Virto ‘20
! I — = T T T T T T 2 a
Py = SS/\/FL(l —F) = SN GRDV » The description of non-local form factors
- reliminar DHMV 4
M. Rebound talk at 2024 Implication Workshop a —+_ prel Y qf >0 un.]y 1 2
or Ny < Oprior far more involved than expected
Contribution of H, to the I e ] e - :
B i e e e S [ ‘—‘_ ==] > Analyticity properties fully understood,
_] - —
« With dataatg2<0 ' 0.5__::::}::1:{:1:;}.‘:::{1:.: _ X
; - constrained also by theory & experiment
— A, E ] -~ O :
The GRvDV parametrization S > uncertainties still large, but controlled by
describes the data well! 0.0 35 50 75 00 125
2 2.4 - - o
g 1GeVi/cl dispersive bounds & systematically
O Further detailed studies required: improvable

» Novel soft-function introduced [Qin, Shen, Wang, Wang, 2023; Huang, Ji, Shen, Wang, Wang, Zhao,2023]

(0](FsSp) (1111 S5 (0)S} g5 Gy S (T, - yyLysSTh, (0)|By) i

b

1 ZFB(.U)mBj dw;dw, e” @171+ 027D (wy, Wy, 1) 7 .

mé ~ mpAgcp: hard-collinear
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By — DEI")_LJr class-I decays

O At the quark-level, these decays mediated by b — cud(s)

all four flavors different from each other,

no penguin operators & no penguin topologies!

Q2 = dyu(l — ys)u Ty*(1 —75)b
O For class-I decays: QCDF formula much simpler; Q1 = dvu(1 — )T u ey*(1 — )T b

only the form-factor term at leading power =

[Beneke, Buchalla, Neubert, Sachrajda '99-'03; Bauer, Pirjol, Stewart '01] I) Only coIor—aIIowed tree tOpOIOQY = @1

ii) spectator & annihilation power-suppressed

. _ - Bq—>Dg*)
(DYITL™1Q|BY) =) F, (ME)
J

1 o - r
X / du T () (u) + O (AQCD) iv) they are theoretically simpler and cleaner
0

my

iii) annihilation absent in By, — Dy K(m)* etc.

l—-}these decays used to test factorization theorems

O Hard kernel T: both NLO and NNLO results known;
[Beneke, Buchalla, Neubert, Sachrajda '01; Huber, Krankl, Li '16]

T=T9 4 a,TY +a2T® + 0(a?)
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Non-leptonic/semi-leptonic ratios

O Non-leptonic/semi-leptonic ratios : [Bjorken '89; Neubert, Stech '97; Beneke, Buchalla, Neubert, Sachrajda '01]

RO ()47 —

R P(By = Dy L)
()L R0 (*)+ ) - -' A
dU(Bly — D ) /dg? | p—p2

free from the uncertainties from
Ve, & Bgs — DC(:S) form factors

O Updated predictions vs data: (uber, krink, Li '16; Cai, Deng, Li, Yang 211 [ Confirmed by Belle: 220700134

() o "5 NLO Beneke (2000)
R&ﬁ LO NLO NNLO Exp. Deviation (o) NNLO 7 Huber (2016) )
o0 003 NNLO K~ Huber (2016) | H—&— T
R 1.01 1.07Z5 04 1.102 03 0.74 4+ 0.06 5.4 NNLO p~ Huber (2016) ; \ 4
, ) | B4 BGL(2,2,2), F-MILC -
R: 1.00 1.067904 1.107903 0.80 + 0.06 4.5 BGL(222), JLQCD : 1
) ’ Wl CLNnoHQS, JLQCD .
R, 2.77 2.947019 3.0270 1% 2.23 +0.37 1.9 i Belle Fleischer (2012) e K
e ——— . M BaBar Fleischer (2012) .
B-D'K~ : Rg 0.78 0.83% 0 0a 0.85 0105 0.62 +0.05 4.4 = -
R 0.72 0.76:0.08 0791001 0.60 +0.14 1.3 ’
Ry 1.41 150701 1537010 1.384£0.25 0.6 ’ 5 o
B, > Din iR, 1.01 1077001 1.107503 0.72 £ 0.08 44 i -
4NN EEEE NN NN NS NN SN NS NN NN NN NN NN NN NN EEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEER v H al—
Rk 0.78 0.83 00 0.85 002 0.46 + 0.06 6.3 Lo N ,
0.7 0.8 0.9 1.0 1.1

la;(B > D**m)| = 0.884 + 0.004 + 0.003 + 0.016 [1.071*327]

2024/10/26

— ai(h)

15% lower than SM  1ai(B > D**K™)| = 0.913 £ 0.019 £ 0.008 + 0.013 [1.069352]
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Large power corrections? ... o sy

J

4 O 3 . 1 .¢ lllllllll .:
O Sources of sub-leading power corrections: (Beneke, . / G T (W) () 50 (AQCD):
Buchalla, Neubert, Sachrajda '01; Bordone, Gubernari, Huber, Jung, van Dyk '20] 0 :.____Erf*;__,:
» non-factorizable spectator interactions > all are estimated to be power-suppressed, and no chirality-
\%\/ \/g/ enhancement due to (V — A) ® (V — A) structure
E % AQCD - > very difficult to explain why the measured values of |a,(h)]
> annihilation topologies my several ¢ smaller than the SM predictions
» must consider sub-leading power corrections more carefully

b P /,

» non-leading higher Fock-state contributions g,

oy oy b

O Non-fact. soft-gluon contributions in LCSR with |Br(B) — Dir ) = (2.15%332) [2.98 £ 0.14] x 1072

o2 N +2.39 —4
B-meson LCDA: (Maria Laura Piscopo, Aleksey V. Rusov, ‘23] Br(B = D"K"™) = (2'04—1.20) [2.05 4 0.08] x 10
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r// \l’\l
B — K puzzle L
S
’ o b wu
O B —» nK decays dominated by QCD penguin A T
B | N
O For direct CPV, tree & EW penguin also crucial Sy a
e EW penguins are colour-suppressed: — tiny contributions ... x AN Rye?” ox AN?
il w s WKU
W 5K+ é.vf“w"?/ |
Ry ) | > ) 2 S 1 )
y 5 t’// b i) s ARy = 0(0.02) = | QCD penguins dominate
5 W Zoand Z B* W Z,y7 p
‘ \\\| - ' [ o+ V2Ap- ok =Arg[Spuan + 84 |+ Ag [8puca + 5PC%“§,EW:’
d \/ W, A
h ' AEO—>T[+K— - AJTI?[(SP” o+ Olf],
e EW penguins are colour-allowed: — sizeable, competing with trees! ‘
u, d u,d
‘a R .
b z§\.,_"y" G A" Acp(n°KE) — Acp(n TKF) = —2 Slﬂ’)’(lm(?’c) — Im(ry f‘EW)) +...
e S U < u,d
0 I 2, by _= -
% '() Wﬂ\ N AAcp(nK) = Acp(m°K™) — Acp(m*K™)
d N ‘. ™ A
PNILS W = (11.3 £ 1.2)% differs from 0 by ~90

some mechanism or sub-leading power corr.s or even | I Ap(K) puzzle

NP to enhance C = a; or Pgy = a’;EW? [R. X. Wang and M. Z. Yang, 2212.09054; 2401.03670]
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B — PP based on SU(3); symmetry

O Analysis based on SU(3)F symmetry:

B L A P\
@ 3 light quarks, u,d, s, much lighter than b quark Y-S L N S — /\gg e T e
J SU(3) tripl S r Y.I.I) - g}'*'ﬂ&* """"" ® — L e e B e
e u,d,s = F triplet; tate — |irrep, Y, [, I3 : ] -1 12 s N L R
‘ 1 1 | ———@ —— @~
o lw)=[3.5.5.5). d) = [3.3,5.-1). Is) = [3.-2.0.0) T e e S . -
f R o e B BV Ry
) !(f) !3* % 5 %) Y = hypercharge, I = Isospin R R P
@ 3 x 3" = 1+ 8: These are the 3 pions, 4 kaons, 1,1/ _ 1
'7T+7T )= = |1>ooo | 2000 ~ |27>ooo +— 7 127)2.00
o |T) = |ch> 18,0,1,1)  Similarly other pions and kaons are also octets -
e Apply to two-body final states B = ‘jb) _ ‘ >] o BS = |5b) = ‘3) o = —|ib) = ‘3>1 .
11_1 ! 0.0.2 1_1_1
22 3 '3 2° 27 3
[PP) o = (8X8)gym =1+8+27 =236
T T . 7(a) 7(s) T TE . la) 7(s)
3 b i 5[:1 15[:0 6]:1 3[:0 3[20 5]:3/2 15 1=1/2 6[21/2 31’:1/2 3I=1/2
O Effective weak Hamiltonian: — :
ddd /3 | —\/1/6 1/2
10
'H..f.-f% Al (QQ&“’%@(;&“’)+/\,‘:”(('.Qi')+cu<3§">Aﬁ”ZC:Q:] duu —\/1/3|=/1/24| —=1/2 | 1/2 1/8

SH|
wl
L

1/2 | =/1/8| 1/2 | =1/2 | /1/8

O Physical amplitudes:
(PP|Hest|B) = (108 ®27|3" @ 6 ©15%|3) = Y C(1,8,27(3%,6,15%(3),
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B — PP based on SU(3) flavor symmetry

O Physical amplitudes:

(PP|Het|B) = (108 27|3" © 6 ©15%|3) = ) C;(1,8,27(3",6,15%(3),

» B — PP decay amplitudes expressed in terms of SU(3)r RMEs & C-G coefficients, and then fit to all the data

» Key point: no any theoretical assumptions on RMEs = completely rigorous on group-theoretical side

» Indep. RMEs: V,,, Vs — 5, — 2; mmp 7 indep. RMEs = 13 real parameters

Vi Vis
O Enough data for the fit with only 7 RMEs in exact SU(3),

AS = 0 decays: AS =1 decays:
Decay Bep (x107°) Acp Scp | Decay Bep (x107°) Acp Scp
Bt » KtK° | 1.3140.14 | 0.04+0.14 Bt — 7TK® | 23.5240.72 | —0.016+0.015
B+ — 7tz | 5594+0.31 | 0.00840.035 Bt —s m9KT | 13.204-0.46 0.0294-0.012
BO — KO?O 1.214+0.16 0.06+0.26 —1.08+0.49 BO — 7T_K+ 19.46+0.46 —0.0836+0.0032
BY —s ntr— | 5.1540.19 | 0.311+ 0.030 | —0.666+ 0.029 B — 7°K° | 10.06+0.43 —0.01+0.10 | 0.57+0.17
B® — 70x0 1.55+0.16 | 0.3040.20 BY — KtK~ 26.6137 —0.174+0.03 | 0.14+0.03
B® - K*K~ | 0.0804-0.015 77 77 BY - KK’ 17.443.1 77 77
BY —» ntK— | 5.90755 | 0.225+0.012 BY — ntr~ 0.72790-1 77 77
BY — 7K’ 7? 77 77 BY — nOr0 2.842.8

2024/10/26
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B — PP based on SU(3) flavor symmetry

O State-of-the-art SU(3)¢ fit [Huber, Li, Malami, Tetlalmatzi-Xolocotzi, w.i.p; D. London et al., 2311.18011]

MO s A= (1UB1I8) , As=(@I131I8), 4 = (8T +C-8P.-12PA.) . AS = 0 fit:
NY  Br=(1][3318) , Bs = (8]133/13) , i‘\//gg
A9 & AP . Ry =(8]|6]|3), Ps = (8|15%||3), As = -1/ (—3T+C —8P,.—34) ,
Rt oV (974 € e ST 1C [Pl [ AL | IPel |
R = 7 (T-C-4) ' 40+05|6.6+£07|3+4|6+5]|08+£04 |
B1=—% (gPAtE+P¢C) , BS=—\/§P“. P = 8\%(?+é+5ﬁ) ,
P = —5 = (T+C) . AS =1 fit:
/T e Y, > A’/ A Al A | T'] |C'] | Pucl A | Pec|
2T | 17O | [ Puc/ Pucl | |AY/A] | [PAYe/ PAue] 48+14 | 41+14 | 48415 | 81+£28 | 0.78 +0.16
12+4 | 6.612.2 16122 14+13 10£13

v |§| = 1.65 (AS=0), 0.85 (AS = 1), 1.23 (SU(3)) Vs 0.13 < |§| = 0.23 < 0.43 based on QCDF

v’ for combined AS = 0 & AS = 1 decays: very poor fit, with 3.60 disagreement with the SU(3) limit
v' a 1000% SU(3)g-breaking effect required, much large than naive expectation of fx/f;, — 1 ~ 20%

O More precise measurements, especially of the missing observables (e.g. B? - K°K° and

B? —» n°K°) may help to figure out true dynamical mechanism behind charmless B decays
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Summary

O With exp. and theor. progress, we are now entering a precision era for flavor physics
O Several deviations between data & SM observed mmm) NP signals beyond the SM?
O More precise exp. measurements, theor. predictions, & LQCD inputs needed

many opportunities to explore SM & BSM physics in heavy flavor physics

= 0.6¢ am, = 0.6[ | 0.6[
; amg F o, :
0.5—\ 0.5 e 0.5}
0.4 0.4 0.4F
T~ F :
0.3 &« 0.3 0.3
0.2f 0.2F 0.2f
T ub : :
0.1& a & 0.1F 0.1F
I Y . - -
oF of of
/ UTi] b - ,4 BR(B—) /] UTji¢
Ll _LEN 11 llllllllIllIIlll]IlIlllllI I L1 -lll‘ IIIIIIIIIIIIIII llllllll Illll
037 0 01 02 03 04 05 06 033 0 01 02 03 04 05 06 031 0 01 02 03 04 05 06
- e | 5
i : https://arxiv.org/pdf/0710.3799
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QED corrections in other processes

O QED corrections to semi-leptonic & hadronic B decays [\l. Beneke et al, 2008.10615; 107.03819]

5 QCD FBD ! Hi(u,z) ®p(u) QCD FBD ° B?CD(DK) = 1-061t8:8%g + 0-038J:8:8ﬁi NNLO [Huber, Krinkl, Li 1606.02588]
‘A(B - DL) - AF)’D FOBD 0 du H Z = AF)’D FOBD al(DL) o process—independent [Huber, Lunghi, Misiak, Wyler 0512066
’ e da)(DK) = —0.0045 — 0.0054/ process-dependent, see next slide (s work
° (5311“(DW) = (Sa]f(DK) — +0.0035* [Beneke, Béer, Toelstede, Vos 2108.05589]

0 ﬁBD/FOBD =14 O(cew): corrections to the form factor unknown = ratios ', /T,

The corrections on the effective coefficient a;(DL) can be written as s
1(DL) QED corrections turn out to be 1 order of

ai(DL) = a“"(DL) + +day' (DL) + day (DL) magnitude smaller than NNLO QCD

- uncertainties
O Why QED corrections? [p. Boerand T. Feldmann, 2312.12885 ]

> confronted with precision exp. data, QED effects need included in a systematic manner

> some virtual QED radiations lead to qualitatively new effect: logarithmic dependence
on m, violates LFU, new isospin violation sources from different quark charges @,

> virtual photons with Aycp < 4 <m, resolve the inner hadronic structure, and generally
not included in typical Monte Carlo implementations like PHOTOS

> QED factorization theorems for many processes still unknown; we need a consistent
treatment of QED effects between theoretical & exp. analyses
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Rare FCNC B decays

O Another interesting FCNC decays: B —» Kvv
b N b : > there are no photon-penguin diagrams
ty J[x + }/w;< » theoretically cleaner than b — s#¢ decays

._<_.Nw-v\ N ’ b
s due to absence of LD cc-loop contributions

(1.33 £ 0.04) k. x 103

B(B = Kvo)™M /| \|? =
( e {(2.87i0.10)K+x10_3

O State-of-the-art SM prediction:

e Effective Hamiltonian in the SM:

=~ 39 uncertainty

Eb—>suu — 4G F A Gem
off V2 2w

A= VeV,

Z CEM (507ubL) (PLiv*ves) + hec.,
i

(5.9 & 0.8) g+0 x 1073

B(B — K*vi)*M /|\|? =
( e {(6.410.9)K*+x10‘3

e Short-distance contributions known t6 good precision:

[ Including NLO QCD and two-loop EW Contributions:l

CSM — _ X,/ sin? Oy ~ 15% uncertainty

X; = 1.462(17)(2)

= —6.32(7)
BN T by
(KM |spy#b|B) = Y 1/ Fald?) M N L
a T Vvl <Vl + 002) £ X Sensitive to NP ——
Lz D gt (bir"v;) 2 Lz Dyl (driReim2L;) +h

Form-factors (e.g., LQCD)
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Evidence for B — K*vv decays

Ra re FC N C B d ecays Belle-Il Collaboration « I. Adachi et al. (Nov 24, 2023)

Published in: Phys.Rev.D 109 (2024) 11, 112006 * e-Print: 2311.14647 [hep-ex]

O Belle-II first evidence of B™ - Ktvv: X .
pdf @ DOI  [= cite

exp. data = 2.70 above the SM prediction — -
[[d reference search %) 83 citations
SM .\\.f'l'(|‘ge‘
: + . ‘
: | —— Hvllv l[ |!*‘)(32 H: , combined) 4G A Q
: ! ' eliminar b—svr _ *YF/t Yem § : = — "
——O—i— Belle 1T { SIJ’H , hadronic) E - 2 [ SLf)/f-"bL)(Vszy VLJ) + C (SR,}/”bR)(VLiv VLJ)
E I SESE SRR DR New Belle-1l results 2 T
: —_—— 13( H( I[ %[:’ ﬂ) , inclusive)
: i eliminas
: T — 14
i ° L First Belle-1l result
: i
| o Belle ilﬂl.”} ! semileptonic) 1.2
= 1 1.0+06 PRD, 091101
Iu—.— Bollo (711 fl>". llarimuic]
: ] 20416 PRDST, 11110 e 1.0 1 —¢
_,..__ E B 1Bar 14]8 l'l) , semileptonic) ;
E I 1.2+ 0.8 PRDS2, 112002 o
D ——e— BaBar (429 fb!, hadronic) N A 0.8 1
) i | :l | ‘ ‘ ) | ) ‘l -I:‘I 3 l]’”]'?.- ij‘\‘.r)‘ | I ) ‘ .*<: 20 d §
0 2 4 6 8 10 T Belle 11 0.6 1 Belle 11
- 15 1
10° x Br(BT—K * vi) 5
- / ! . < 10 ‘ R
O NP signal: new heavy mediator in loop or
8. 0.2 [6C]
; . i } : . ; [0Cx]
new light invisible particle in final state? 0\ 0.0 A N —
0 ) 10 15 20 25 30 35 40 0 5 10 15 20 25 30 35 40
[X. G. He, X. D. Ma, M. A. Schmidt, G. Valencia and R. R. B (B — Kvp) x 10° B(B — Kvp) x 108

\olkas, 2403.12485;
B. F. Hou, X. Q. Li, M. Shen, Y. D. Yang and X. B. Yuan,

2402.10208;  [see talk by 7% %5 on 10.28] _ | 1
F.Z. Chen, O. Y. Wen and F. R. Xu, 2401.11552] > verify the excess via Br(B® —» K,vv), Br(B —» K*vv) & FX @ Belle lI

» the deviation can easily accommodated by an EFT with operators coupled

to 3-generation leptons
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Analysis in SMEFT with flavor symmetry

> U(2)° flavor symmetry:
UR2)o@UQR)ueUR2)peU2)@U2)g
p(ry) " o™ (Qryir' ) (L D)),
(th)" (o)™ (L'E) (D),
8 ()™ (0r)" (LB e (QPmUT),

AL (Cr)" (L0 B e (@0 T™).

O Combined analysis of b - u & b — ¢ sectors in SMEFT:

R U(2)” =

i b—qlv

=, (BN DLH) (T 1) + e (B D L) (@' Q")

/"‘\

+ M (Qryrr Q) (Limr L) + {(']j” (a1i 1) (U7

gy (LBY) (D7Q") + g™ (L' EY) ean (Q""U")

+ A (Lo EY) oy QM0 U™) + 1}

O LEFT WC at EW scale:

O Projections in R(D) — R(mw) & R(D*) R(p) planes.

v? V. Vg Vi ox )
CaT — AT N gs | 24d 'td REP = 0.342 + 0.026 ! 065} R‘;;P:_ 0.287 +0.012 |
VI, AZ V Q ‘/ V “/* 1.0 : : i ;
ab b Vis L vex ! | :
Br(B & tv)**P(Cy,) (.‘P’”\ i ‘
1 L\, 1 ',
2 * | I \ 4
) s Vib & O S
= ——C — AH— 0.9 5 B\
ot (1), st o™
‘ ) cs® | .
242 * L, et
crr — Y A (1 )\ ﬁ) & og 4
Sk = T oa2€ Qy= |7 N
S 2A | 0.551 aa\m ‘
4" A 1
’ ol 1 O}’&”‘O i Br(B - n:/)eXp(CVl)
5 = Cpm ~0, C§ = CF ocme/my, ' > : *
o — \LHC-favored (Cs},) — LHC-favored (Cisy)
- ' ; 050} !
2 b 0.6 ] ' . ‘
> left-handed vector & right-handed scalar
: 2 026 028 030 032 034 036 038 040 025 026 027 028 029 030 031
NP have same sizesinb - u &b - ¢
RD RD*
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