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Standard...

X P and C broken by weak int. but CP is a symmetry (| gen)

X Going from the gauge to mass basis

LM = _Y9Q, ¢D% — YIQ, UL + hc.

LM — _ (1 h) (madd

U

M, UU

meée]

X With 3 gen cannot simultaneously diagonalize u and d

= mixing : CKM matrix

X Vcwm unitary = 3 real parameters + | phase (CPV!)
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CKM-ology

A A 1o

1—)\2/2 A AN (p —in)
Verkr = —A 1— )\2/2 AN? + O()\4)

AN (1 —p—in) —AN? 1

A =sinfg =~ 0.224 A~ (.82 vV p? +1n2 ~ 045

X One way to go: Fix CKM entries through tree level processes
— overconstrain by loop-induced processes

— look for BSM physics through FCNC
X Vcm unitary = 3 real parameters + | phase (CPV!)



Extracting parameters

Decay | . CKM Hadronic
rate = Kinematics coupling | | quantities

A

Experiments: Nonperturbative
NA62, KOTO QCD
BESIII, LHCb Lattice QCD

LHC,Belle- Models such as LCSR
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I'(d,>uev,)ox |Vij

(P'(k"iy"d; |P(R)) = Cop {(k+ K'Y f,(4)+ (k=K f(¢)}

e Get g4 distribution
G2 M3 . i from experiment

I'(P—P'lv) = lngﬂf;’ | Vi I© Cop | £ (0) 7T (1+ ) e Measure I’

e Extract |Vj| f+(0)

* f+(0) from LQCD

* Symmetries help too
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[Intermezzo: Lattice QCD]

D= 0y — igA,(z)]

» Break-up spacetime into a 4D grid : lattice spacing a, spatial extent L, time extent T’

» Lattice spacing : natural UV regulator for the theory

Quark fields v(z), () on each site

1) Rotational/translational Lorentz symmetries are broken

2) Gauge symmetry is preserved
- ¢Y%(x) : @ = Dirac index
a = color index

= 3 x 4 = 12 complex numbers per site

Glue field U,(z) on links : parallel transporter

Uy(z) = Peid s ™ Awdy” ¢ gu(3)



Ne=24+1+1

Ne=2+1

Ne=2

(0157,v5b|Bs(p)) = ifB,pyu

FLAG2024

fBS [MGV]

—H

L]

il

our average for N,y=2+1+1

Frezzotti 24
FNAL/MILC 17
HPQCD 17A
ETM 16B

ETM 13E
HPQCD 13

)

=
m
A=

]

our average for N, =2+ 1

RBC/UKQCD 14

RBC/UKQCD 14A

RBC/UKQCD 13A (stat. err. only)
HPQCD 12

HPQCD 11A

FNAL/MILC 11

HPQCD 09

LJ*[ nl g

I"IT ==

—

1 I
- |

1 :

our average for Ny=2

Balasubramamian 19
ALPHA 14

ALPHA 13

ETM 13B, 13C
ALPHA 12A

ETM 12B

ETM 11A

ETM 09D

210

230 250

270

290

+ For some quantities
per-mill accuracy

+ Not everything can
be computed on the
lattice with a pheno
required precision

+ FLAG averages...
cf. http://flag.unibe.ch
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Reaching out to BSM
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B(B — DY rv)

B(B — D)
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LHCb"

llell

" 68% CL tontours

BaBar

LHCb also studied B, — J/9lv
R > R
LHCb again Ay — A v
RLHCb 5 Rexp

LQCD good for Rp, problems with Rp-

Assuming NP couples only to 7 we can

use exp-ly determined form factors



(Dleyub|B) o« f+(a%), fola®)

- -+ NRQCD [1703.0972]

- =+ this work
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* 2 lattice results agree in the continuum limit
* Going from high to low qg2s facilitated by constraint fo(0)=f+(0)
* Only one (staggered) lattice regularization/discretization of QCD

12



(D[, (1 —5)b|B) o< V(¢%), A1,2,0(¢%) o< F(w). ..

0.0014
Fermilab/MILC
Belle untagged
0.0012 .| Babar
' ¢ Fermilab/MILC
4 Belle untagged e~
4 Belle untagged -
0.0010 ¢ BaBar synthetic
s
S 0.0008
=
S
B
=
0.0006
0.0004
[FNAL/MILC, "21]
0.0002
1.0 1.1 1.2 1.3 1.4 1.5




(D%eyu(1 = 75)blB) o V(¢2), A1p0(¢) o Flw)...
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* Two different discretisation procedure - different results in continuum

* Vb extraction - problem (sic!)

* We can use exp info on angular distribution and convert them to FFs...
which is what we do... cf. 2404.16772



Scalar Leptoquarks in Rp

Can any scalar leptoquark, with a minimalistic set of Yukawa couplings pass Ry and Rp-test ?

Lo sery = —2\/§GFVcb[ (1 + gv,) (eY*br) (Tryuvrr) + gvy (CrY bR) (TLYuVrL)

S ", : ! + gs, (CrbL) (TrRV-L) + g1 (CRO"bL) (TROW VL) +
v : i . +§_5R<5LbR>(7_'LNR) —i—ﬁ(ELUWbR) (fLU#VNR)] + h.c.
T — - —
SM C LQSU LQ —(SU(3)., SU2)., U(1)y)
R, =(3,2,7/6)

Previously [2103.12504] OK
Uy =(3,1,2/3) : gy
Ry = (3,2,7/6) : gs, = 4gr S1=(3,1,1/3)
S1=(3,1,1/3) : gs, = —4gr, gv

R, = (3,2,1/6)

cf. 2404.16772



Fﬁz — (3, 2, 7/6)

Minimal model: couplings to the third generation leptons only

Lr, = yE V(@ Par) Ry’ + ¢ (bPr7)RY® — y& (PLT)RY” + 4§ (€Povy) Ry + hic.

(00 0 (00 0 )

running Mg, = My yr= |00 0 [, yr = 100 y7

AY lal e %
I () 1

9s,(mpy) = 4gr(mp,) | gs, (my) = 8.8 x gp(my)|.|

One Yukawa should be complex el =
1 . :
g5 m) =060 x S iryrles . _
Re[gSL]
Constraint from high p; tail helps R, is (almost) out of game

and (almost) kills the scenario.
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R, = (3, 2, 1/6)

« It can couple to non-SM right-handed neutrino Ng

L=—P (bP.r)R)

+ 73N (sPeNR)R; 2 + 33NV, (u; PaNR) R + hec.

B o

2 N
Asm + Ap[” + [Axp

~bT

= U5

2

UL, =

However, there is the tree diagram

for
¢ IR Ves Ng S,

~s N

Yr

Ng

~bT *

yr,

~bT *

yr,

(bPLv) Ry 2+

00 O
00 O
00 g7

b—)SVNR

Huge effecttoB — K v v

cf. 2401.17440
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iy
R, is out of
game!



S-|= (3,1 ,1/3)

Weak singlet S; - electric charge 1/3.
Interaction with quark/lepton both being weak doublets, or weak singlets

Ls, =y VEuSPy1)S1 —yo (bCPLv,.) St + yZ (cCPr7) S1 + h.c.

Minimal setting 00 0 00 0
yr =100 0 |, yr= | 00 y%
00 ybr 00 0
mg, = 1.5 TeV
0. G
. 02 Vcb|y?72
gvi, = AV, 771%1 0.2
B
2 br,,cT* Y 0.1
mg,) = — )
gsy, ( Sl) 4‘/cb 777%1 O<|) o : ___________
Il '
gs; (mp) = —8.8 x gr(my) g -0.1
-0.2
cf. 2404.16772 —0303 -0.2 -0.1 o:o 01 02 03

9vi



Consequences

1) B(B, — 1v)"
B(B. — tv)°M

. e
c [1.13’ 1.48] ’ B(BC — TI/)SM = (2.24 5 B 0.07)% X (0 041)17)

2) Loop contributiontob — sttorb — sv, v,

8§ Vis Visu” L
— - P gp—
up B(B, — 1) B(B — K717)
: ( " cor3,008], B )" [0.73.0.98)
1% | S, B(BS £ TT)SM B(B i KTT)SM
)
I — 1: b:’r—b— b
" :
3)b — sv. v C = (—9.3 + 0.44) x 1072 |yt |2
. wusm ™ . (imaginary part comes from the fermions being on the mass shell
i ol in the loops) : S ¢
. - B(B — K" py)~t o0CT!
B(B = K®pp)™ = ‘1 + 30N € [1.001,1.02] (@20)
4) Vub|’y27 ¢ l?.(.B_ e i) only 3 % enhancement over the SM



LHCb
angular observables
Sy

S, with V-A couplings
only

2
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Search for physics BSM
Decay | | ckm || Wilson || Hadronic
rate = Kinematics coupling || coeff.s || quantities

Experiments From UTA NP QCD
CKMfitter, UTfit

b Ve,




. B— KO¢r . B— K%ui :
Sensitive to new physics effects. ‘/ - Sensitive to new physics effects.“
Experimentally clean (especially for £ = W - Exp. more challenging (missing energy):
Many observables (angular distribution). «/ - Fewer observables.
Theoretically challenging (non-factorizable Y - Theoretically cleaner!n/

contributions...)

- Sensitive to operators with T-Ieptonsv

‘ g-—\kr’, 3’1/\ g'qk\N

1 )
Moy N
.
| (‘v

Courtesy of O. Sumensari



B — Kuvv in the SM

Effective Hamiltonian within the SM:

4G A ozem
£b—>sw/ . F t ZC SL’Y,u,bL (VLz'V'uVLz)_FhC

At Vitht
Short-distance contributions know’n/{ good precision:

M . 9 Including NLO QCD and two-loop EW contributions:
CL —_ _Xt/ S111 QW

Two main sources of uncertainties:

i) Hadronic matrix-element: ' i) CKM matrix:
v

(KW[sy"bp|B) = > 1 Fulq”)
: T VisVis| = [Ves| (1 + O(3?))

From CKM unitarity:

Form-factors (e.g., LQCD) Which value to take (incl. vs. excl.)?

Courtesy of O. Sumensatri



Form-factors: B — Kvi

. Lattice QCD data available at nonzero recoil (g° # qr%lax) for all form-factors:

_ 2 2
(K (k)[s7"b|B(p)) f+(q%) fola”)
with 1 (0) = fo(0) Only form-factor needed for B — Kuu!
- We update the FLAG average by combining results with
| —— /4 OurFit 2o Jdof. ~9.2/10 —
0.6—— fo Our Fit I IS
I X
- f. FLAG ‘21 =
—————— fo FLAG ‘21 E
A2 0.5F= f, HPQCD 22 7§
= ; <
S [ feMICIS N
N% 041 -
| 3
| T
0.3- < Ul
4 r 0.2 i—\\ §§§§§§ UdB/dB Our Fit
0.15- e
01 =TT Flag 21
/ | | | O | 0.0 e
. 0 5 10 15 20 0 5) 10 15 20
Pole factor: ¢ [Ge\/z] e [Ge\/Q]

cf. 2301.06990



[NEW] Belle-ll results

B(BtT — K vp)®P = [2.4 £ 0.5(stat) " (syst)] x 107°

~ 30 above the SM prediction

B(B* — K*vo)®™ = 4.4(3) x 107°

R\ =544 15

Use EFT to see how we can accommodate this result.



EFT for b — svi

Low-energy EFT:

Lb—)sw/ _ 4GF)‘75 Ulem Z [ 1/@1/3
V2 27

ij

Complementarity of B — Kvv and B — K*ui :

B(B — K*u?) x 10°
DO

cf. 2309.02246 0 5 10 15 20

B (B — Kvv) x

25 30 35 40
10°



SMEFT for b — svv (and b — s£¢)

w* operators invariant under SU(2) X U(l)y:

[Ol(;) ’L]k‘l )(@kﬁﬂu@l)
[Ol(j)- ijkl Liy'r' L )(QkT VMQl)

Correlations for concrete mediators:
7' ~(1,1,0): o) 40, @Y =0

V ~(1,3,0) e =0, ©F+£n
Ul ~ (37 ]-7 2/.3) C‘l(ql) _Cl(j)

Ss ~ (3,3,1/3) Ciy) =3C;;

(SUB)e, SU2)L, U(1)y)

b — st/ b — svi

[Ol(ql)]ijkl - (ZWMLJ) (Gk’yﬂQl)
= (ZLNWLJ') (3Lk%sz) + (7Li’7MVLj) (ELIC%,dLO +

[0(3 ] ijkl = (L7 L;) (Quu™' Q1)
= (ELi7 ij) (de%dLl) — <7Li’Y“VLj) (auc%du) -+
[Oldijl = (Ly"L;) (dryuds)

= (ZL{Y’%L;’) (ERIC%CZRZ) + (7Li’Y”VLj) (ERIC%dRz)

§/
X
¥

N
/N

~ (5 TeV)™?



SMEFT for b — svv (and b — s£¢)

1//4 operators invariant under SU(2) X U(1)y: b — st/ b — svv
[01) 0 = (7" L) (@i @) 0] = (0" L3) @)
_ = (ELNWLJ') (3Lk%dLl) + (WLNMVLJ') (ELIC%,dLO +
[Ol(j)- ijkl Loyt L; )(QkT VMQl)

[0(3 ] ijkl = (L7 L;) (Quu™' Q1)
= (ng'”Y ij) (de’YudLl) — (VL[Y“VLJ') (auc%du) +
[Old]ijkz = (Ly"L;) (dryuds)

= (ZLi/Y,uéLj) (ERWMCZRZ) + (7Lﬂ”VLj) (ERIC%dRz)

Which flavor?

X

) Couplings to muons are tightly constrained by SB(B, — up).
II) LFV couplings are constrained by searches for (B, — z,”ifj) and B(B — K(*)fl-fj). X

1) The only viable option is coupling to 7’s (due to weak exp. limits on b — STT).V

experimentall
= Predictions: B(Bs — 77) B(B— K®rr) . P y

Y

B(Bs — 77)M © B(B — K®)r7)SM challenging

Other way to go is through neutrinos, cf. 2404.17440



Can we figure out a
scenario which would
simultaneously

accommodate Rp® and Rx’"?



* Let us introduce a RH neutrino(s) and study RR operators

Leff D) Lb—)c*rNR 'y Lb—>sNRNR

= — V2GF Crr(ey.Prb) (7Y PrNg) — V2GrCrr(5v,.Prb) (Npy* PRNE) + h.c.

* No interference with SM.

B(B — DWrinv’) = B(B — DWr)™ 4+ B(B — D™ Np)
B(B = K%4nv’) = B(B - K®Wvo)™ + B(B - K® NzNg)

cf. 2410.23257




* Let us introduce a RH neutrino(s) and study RR operators

Eeff D) Lb—m’rNR 'y Lb—>sNRNR

= — V2GF Crr(ey.Prb) (7Y PrNg) — V2GrCrr(5v,.Prb) (Npy* PRNE) + h.c.

* No interference with SM

 Nr can be massless or massive




* Scenario for both...

Leff D) Lb—>c'rNR 4+ £b—>sNRNR

\/§GF CRR(E'YMPRb) (7_"}’“PRNR) — \/iGpaRR(EWMPRb) (NR’}’“PRNR) + h.c.

[ ] [ ] 4
* Predictions o o\
/Q S \G
74 //Q- 4
© @
Quantity SM Case 1. Case 2. Case 3. — P — e 3
uantvity ase 1. ase 4. ase o.
ICrr| x 10 - 1.6(2)  2.0(2) 3.1(4) ) 5RR| «10° | — | 1.1(2) 1.2(2) 1.3(2)
Ap 0.360(0) | 0.360(0) 0.341(4) 0.329(4) Riny i |BgLiE EBLT4 10413
AR™  |-0.06(1)| —0.06(1) —0.06(1) —0.06(1) FE 0.48(7)| 0.47(7)  0.47(7) 0.47(7)
PP 0.325(3) | 0.25(2) 0.26(2) 0.28(1) B(B, - inv))| 0 0  (9+3)x10~7 (3+1) x 10~
PP"  |-0.51(2)| —0.39(4) —0.41(3) —0.43(3) R 1 [53+14 54414 5.5+ 1.4
FpP” 0.46(1) | 0.46(1) 0.46(1) 0.45(1)
Rp, 1 1.17(10) 1.29(13) 1.63(31)
Ry/y  |0.258(4) [0.296(10) 0.292(10) 0.277(7)




Concrete Model (S))

£eff D) Lb—>c'rNR 4+ Lb—>sNRNR

= — V2Gr Crp(ey,Prb) (77" PrNR) — V2GrCri(57,Prb) (Nry" PrNR) + hc.

* Scalar LQ
LD yfr EPRT S1 -|—ny S_CPRNR Sl—l—ny FPRNR S1-+h.c.

2
v —~ ’U2
Crr = iyl 8. R« R
2 Jder JON RR —
4mS Zm% YsNUpN

cf. 2410.23257




Concrete Model (S))

2
C . % Rx R
RR — A 5 Yer YbN
mS

o &l
_ a
2
L / i
3.0t L,
' y 5
/ o
2.5¢ y
_ A\
SJe =8
) _ a8
20} =l
L /O |
=i
I 4 ]
1-5_- my, =0 GeV ‘]
mNRzlGeV ’/\
_ ,
to.,

LD yfT EPRT Sl—l-ny S_CPRNR S —|—ny b_CPRNR S1+h.c.

'®; L v Rx R
RR = 92 YsNYvN
mg
350 om0
' my, = 0 GeV
30! my, = 1 GeV
25 Exclude v b—ctNg (my, =1 GeV)
L \
i |
o)
20¢ \ A
15} \ L
L Vi Vi ///X\\/// ]
EXCludedKKbyT Ng (m NR\\}S% A
wof, . S lr |
0.00 0.05 0.10 0.15 0.20
R
YsN



Cs

1

Concrete Model (S))

L > yR cPr7 S1+yl sCPrNg S1+yi b°PrNg S1+h.c.

AmBS — (1 | 051 ) Am%ll/l

2
R% _ R |2 .

i v v ‘CRR‘ Mg VU R+ R
25627 mg  64mIN} v?




Concrete Model (S))

LD Z/éz.EEEJFﬁRfT'fgl'ﬁ-ZlﬁgvrE;EJFﬁRpPng,5;1'4-Z/£§V-Z;;lj}leJj{lf;l'+-}1.CL

AmBS:<1' Cs: )Am

fs4V B, fs.\/ B, FraG2024
;J: I FLAG average for 2+ 1+ 1 HH
D
= - HPQCD 19A L
o . FLAG average for  :2+1 -
cX —1
Am P = 1 7 765 (6) PS I FNAL/MILC 16 .-
' & | — ; RBC/UKQCD 14A | -
Il
z ——I1+—— FNAL/MILC 11 A —-—
T HPQCD 09 —+H—h
HPQCD 06A |——[|]—<
« - FLAG average N¢=. —
Il
4
T ETM 13B HEH-

180 220 260 220 260 300 MeV



ONCLUPING REMARK
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