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CKM-ology
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X Still open:inclusive v exclusive Vub and Veb!?

Is Vud well controlled? Vus keeps coming back (EM)...
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CKM-ology - Small flavor ‘anomaly’

X Still open:inclusive v exclusive Vub and Vcb?

FLAG2021

X  Belle Il (excl + incl), LHCb (excl)

X  QCD on very fine lattices
B— DandB — D*at w=/
X  New:B — D* at non-zero recoil

cf. updates at http://flag.unibe.ch



More Flavor Anomalies
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LFUV
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B(B = D™ ) |
Ry = & RP > RSM
D) B(B — D™)/v) Ce(e,p) - -
B(B — K™ ) X s
R — ROP < R
0 S
B(B — K™ ee) a2 €(q? ;. 92 ax)

CKM factor cancels

Bulk of hadronic uncertainties cancel

e (D|cI'b| B) computed in LQCD for several ¢*'s

(D*|el'b| B) INEW computed on the lattice

Ry q° € [1,6] GeV* to stay away from ¢c resonances

When no LQCD result, use models (LCSR) but say so!

Control electromagnetism



EXP - Moriond EW 2021

- . BaBar
; 0.1 < ¢*><8.12GeV?/c*
[PRD 86 (2012) 02]

* , Belle
' 1.0 < g*> <60 GeV?/c*
[JHEP 03 (2021) 105]

—e—t LHCb 9 fb
: 1.1 < g2 <6.0 GeV?/c* R[ll{'lﬁ] = 0.847(42)1" g R[é’(j] = 1.00(1)°™
[LHCb—PAPEll?—2021—OO4]
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EXP - Moriond EW 2021
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EXP - Moriond 2019

%/-\ B I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I _
@/ — [ HFLAV average sz = 1.0 contours ]
X 04 —
C LHCbl5 _
L BaBarl?2 )
0.35 I T —
C LHCb18 ]
0.3 = —
025 = FBellelo . — i
B Bellel7 ~
02 - m
B Spring 2019 |
- P(y?) =27%
B 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I (XI) 1 1 7]
0.2 0.3 04 0.5
R(D)

Exp: Rp =0.340£0.030, Rp- =0.2954+0.014

SM: R =0.29340.008, R}»¥ =0.257 +0.003

Note to our exp colleagues:

= B — DY rp
Can we please have R, = B(B — )
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/ dq dq?

)
. =



Warning!
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Warning!
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Fermilab/MILC result - 2021



EFT - exclusive b — clv

Log = —2V2GpV,, [(1 + gv,)(CLyubr) Coy*ve) + gv,, (CrYubr)(Cy*ve)

+ 95, (cLbr)(CrvL) + g5, (€rbL)(CrvL) + g7 (ERUWbL)(f_RU“"VL)] + h.c.

o SU(3). x SU(2)r x U(1)y gauge invariance:
= gy, is LFU at dimension 6 (We¢grbg vertex).

= Four coefficients left: gv,, gs,, 95, and gr.




EFT - exclusive b — clv

£eff

= —2V2Gr Vo [(1 + 9v,) (€L br) Ly ve) + gv, (CrYubr)(CLy" VL)

+ g5, (cLbr)(lrvL) + gs, (CrbL)(LryL) + g7 (ERUWbL)(E_Ra“"VL)] +h.c.
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EFT - exclusive b — clv

Lo = —2V2Gp Vg [(1 + 9v,) (CLyube) ey ve) + gvy, (CrYubR) (€Y VL)

+ 95, (¢Lbr)(CrrL) + gs, (crbL)(CryL) + g7 (ERauubL)(fRo“”uL)] + h.c.

gv, (mp) 0.074£0.02 | 0.02/1 | v

95 (Ms) —0.31+0.05| 5.3/1 X

gs, (mp) 0.12+0.06 | 8.8/1 X
gt (my) ~0.03+£0.01| 3.1/1

gs, = +4gr € R |—0.034+0.07| 125/1 | x

gs, = —4gr € R | 016 £0.05 | 2.0/1 | v

gs; = T4gr € 1R| 0.48 = 0.08 2.4/1 v

Yan = 12.7



EFT - exclusive b — clu

gv;, (ms) 0.07+0.02 | 0.02/1
gsy (mp) —0.31 +0.05| 5.3/1
gs, (mp) 0.124+0.06 | 8.8/1
gr(ms) —0.03+£0.01] 3.1/1

gs, = +4gr € R |—0.03 £0.07| 12.5/1

gs;, = —4gr € R | 0.16 =0.05 2.0/1

gs, = x4gr € tR| 0.48 £ 0.08 2.4/1

Main worry remain the hadronic uncertainties in the D* case:
No clear LQCD info regarding the shapes of FFs

Keep also in mind the SD part of the soft photon problem is missing



EFT - exclusive b — clv

v/
Mi)del X

Sl - (3 L, 1/3) gv,,» 98, = —4gT v
Ry = (32 7/6) gs, = 4 gr v
o a1 . Tl £006 | 88/1 | x
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Main worry remain the hadronic uncertainties in the D* case:
No clear LQCD info regarding the shapes of FFs

Keep also in mind the SD part of the soft photon problem is missing



EFT - exclusive b — st/

Vis Vi Z Ci(p)O; (1) +

> (Ci(u.)Oi +C; (u)O’,;)- +h.c.

1=7,8,9,10,P,S,...

0y = (57, Pr(r)b) (Ey"0)
Oy = (5Pgryb)(E)

00 = mu(s00 P ) P

00 = (57 Prir)b) (Ey"~°0)
OF) = (3P(1,b)((r50)

~

Exp : B(Bs — pp) = (2.854+0.33) x 107

SM : B(By — pp) = (3.66 & 0.14) x 10~



(0[57%75b|Bs(p)) = /5. P"
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cf. updates at http://flag.unibe.ch



Fit to clean quantities: B(Bs — ppu) and Ry (s EFT for b — st/
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Fit to clean quantities: B(Bs — ppu) and Ry (s
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EFT for b — stl

e Only vector (axial) coefficients
can accommodate data.

e (4§, disfavored by Ry;Y < R

o (g = — (', allowed — consistent
with a left-handed SU (2),
invariant operator!



What LQ scenario?

Model Rpey | R || Rpey & Ryev
Si=(3,1,1/3) | v X X
Ry = (3,2,7/6) | v e X
Sy =(3,3,1/3) | X v X
Uy = (3,1,2/3) | v / v
Us =(3,3,2/3) X v X

N.B. U is the only one to accommodate both!




From direct searches
Atlas and CMS 2018-2021

g . LQ
7
7
7
7
N Decays|Scalar LQ limits|Vector LQ limits| Lint
N
AN JJTT - - N
9 N L _

Q bbr7 | 1.0 (0.8) TeV | 1.5 (1.3) TeV |36 tb~!
ttr7 | 1.4 (1.2) TeV | 2.0 (1.8) TeV |140 fb~!
jipp | 1.7 (1.4) TeV | 2.3 (2.1) TeV [140 fb~*
bbpp | 1.7 (1.5) TeV | 2.3 (2.1) TeV |140 tb~*
ttpp | 1.5 (1.3) TeV | 2.0 (1.8) TeV |140 fb~!
jjve | 1.0 (0.6) TeV | 1.8 (1.5) TeV |36 fb~*
bbvv | 1.1 (0.8) TeV | 1.8 (1.5) TeV | 36 fb~*
ttvr | 1.2 (0.9) TeV | 1.8 (1.6) TeV |140 fb~*

N.B. QCD corrections now available - should be included in the future studies!



From dilepton spectra at high pr
Atlas and CMS 2018-2020




B(B — Kur)

LFV predictions
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LFV predictions
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Rpo /RO = Ry JRY = ...

e Way to go 1: Combine two scalar LQs [S; with S3, or Ry with S3]

e Way to go 2: Vector LQ (U;)
Non-renormalizable and thus requires UV-completion which can be
an opportunity to tackle the hierarchy problem!



Concerning R2

=(3,1,1/3) | v X X
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S3 & R2 Model

e In flavor basis
LDyl QilriRy+ vy upiL; RS + y" QF iry(1,.5¥)L; + h.c.
Ry = (3,2,7/6), S3 = (3,3,1/3)
e In mass-eigenstates basis
L O (V(Z‘I(.\I YR Ei )1} ,I-L;Jz RJR(O/'i) (1/ E’— )1} sz R(2/3)
+ (Ur yz Upmns) Y uRzVLyRu/g) (Ur yr)" up LyRQ)/g)
(?/ Up\l\s)” d,C ’ S(l/g) \/5’1 Y C—li 5(4/3)
+ V2( 2(Vekm ¥ Upmns) i ﬂL? ,L]S Y — (Vexkm )y U,CE S Y+ hee

and assume

YR=yp Y= —UYL

0 0 0 0 1 0 0
0 |, Uryr=10 y;" 97|, Ur= |0 cosf —sinb
yor 0 O 0 0 sinf cosf

[Parameters: MRy, Mss, Y5, yi', y§~ and 9]

o O O

Embedding to SU(5) GUT feasible



Effective Lagrangian at =~ mpq:

e b — cTI: NB. ANp/ng%].TeV

ct . b1 % 1

IL y2R (crbp)(TrrL) + Z(ERU#VI)L)(?RU#UVL) + ...

X
mR2

o b — sup: NB. Axp/gnp = 30 TeV
ly,"

m S

o sin 20 (SLY*bL) (AL YupL)

e Amp_:

cp 2 cr\ 212
x sin? 20 [(yL ) +2(yL ) ] (S’L";’“bL)Q
mg,

4 Y

= Suppression mechanism of b — sup wrt b — c7v for small sin 26.

= Phenomenology suggests 6 ~ 7/2 and y2” complex

- .
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Bounds derived from pp — 7v at high pr not useful

\\ — Tl m@/
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NB: New ATLAS data



Full EFT
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Pheno Interesting, eq.

mg, = 1.3 TeV,mg, =2.0 TeV mg, = 1.3 TeV,mg, =2.0 TeV
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Discriminating power of the angular distribution

Eg. baryons

d'B 0.02 -
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—0.01 1
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Summary and Perspectives

As of now, indications of LFUV in B decays are surviving experimental scrutiny

New LHCb data on B(Bs — ) and Ry corroborate the picture that the plausible scenarios
describing deficit of b — suu verify 0Cy # 0, and 0Cy = —0C'yy < O in particular

Several options for describing the surplus of b — c7v

Experimental opportunities in angular observables relevant to B — D™ /v and A, — A (v

Please be careful when dealing with hadronic uncertainties!

Combining EFT, direct searches, and bounds from high py dilepton spectra at LHC help
rule out some minimalistic leptoquark scenarios

Way to go 1: Vector LQ despite non-renormalizability [UV completion, potential proliferation
of parameters or assumptions]

Way to go 2: Combine 2 scalar LQs: S5 with S, or S5 with R,

e References given in arXiv: 2012.09872, 2103.12504, a few papers to come,

as well as the speakers at this meeting.



