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2025-04-19 Xin-Qiang Li Sum rules in semi-leptonic b->c and b->u decays 2



Flavor Anomalies

O Several interesting discrepancies between SM

& experimental data observed in B physics:

> R(D™) =

> B(B* » K®W*utu™),B(B* - K*vv), PL(B® - K*0utp™):

insufficient QCD estimates or NP in rare FCNC b — s decays?

> B(B® - %% = (0.3 —0.9) x 107% vs (1.55 + 0.16) x 107°

AAcp(B > 1K) = Aep(m°K™) — Aep(mtK ™) = (11.0 £ 1.2)% :

B(B—>D(*)rvr)_
B(B-DMlv)) "

Lepton flavor university violation?

https://www.nikhef.nl/~pkoppenb/anomalies.html

B(Bt — Ktutu™) [1.1,6.00 1 -e
B(BT — KTete ) [1.1,6.0] 7 -
B(Bt — K"vv) ——
B(B? — ¢p ) [1.0,6.0] .-
B(B? — ¢eTe™) [1.1,6.0] ——
B(BY — pt =) — ——i-
B(BY — T ) —
Pé B’ — Kt ™) [2.5,4.0] ——
Pi(B" — K ™) [4.0,6.0] 7 ——
Ry [0.1.1.1] 1 ——
Ry [1.1.6.0] 1 e
Ry [1.1,6.0] ——
Ry [0.1,1.1] — ——
R0 [1.1,6.0] — - ——
R+ [0.045,6.0] —_—
Rycrn [1.1,7.0] 7 -
R,k [0.1,6.0] — ——
R, [1.1,6.0] — ——
Muon g — 2 (WP) — -
Muon g — 2 (BMW) — -o-
Electron g — 2 — -o-
R(D) ——
R(D*) —
R(J/v) T ——
R(AT) — . —
B(BT = m7v) ——
Amd— ]
Amg— °
7 A0 .
L Fr T

pert. vs non-pert. QCD effects before discussing NP beyond the SM?

-6-5-4-3-2-10 1 2 3 4 5
Pull in o

O However, no clear evidence of NP from high-energy frontier observed

mm) Even if NP existed, they must have specific flavor structures; new flavor- & CP-violating sources!
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https://www.nikhef.nl/%7Epkoppenb/anomalies.html

Semi-leptonic b-hadron Decays

O At quark-level, tree-level b — clv transition mediated by w*:
Z all QCD effects encoded by

é—

b 92V /2 ¢

quarks dressed

into hadrons B — H transition form factors

Asa = ; E—— r 35 W@b S ==
\ H “ 2s.+1 LC — Lb
#IVE N v J
c J b
L MILCLS + HPQCDIS ] F MiLcis + npQenis 1" e ]
_ mz _ mz mz _ m2 1.2 MILC15 + HPQCD15' & LCSR 1 1.2F— MILC15 + HPQCD15 & LCSR ] F MILC21’ & LCSR ]
<D(k)|E'y”b|B(p)> = (p + k)“ __B 5 D q* ff%D (qz) + B 5 D q* f(FHD (q2) b MILCIS + HPQCD15 & LOSR & BELLELS < E— MILCIS + HPQCD15 & LCSR & BELLELS 1.2F _ MILC21' & LCSR & BELLEIS' ]
q q S S < | >
By 52 N E 1
0.4f ]
0.4 04p ] 4 ]
#of FFs | B — Plv, | B — Vly, I i T Y
3 0 3 6 9 3 0 3 6 9 3 0 3 6 9
l — e 1 3 ¢ [GeV?] ¢ [GeV?] @ [GeV?]
° ’Lt 28 MILC21! 1 b MILC21/ 3 280 MILC21!
MILC21 & LCSR 1 28 MILC21 & LCSR ] F MILC21 & LCSR
l p— T 2 4 20F — MILC21 & LCSR & BELLEIS ] F — MILC2I' & LCSR & BELLEIS 1 ,of — MILC2 & LCSR & BELLEIS
%‘f 1.2
-
O Form factors calculated by Lattice QCD,

QCDSR, LCSR, LFQM, DS equations, ... =~ ' .. = = " Jee’ i

q° [GeV?] ¢ [GeV?

Bo-Yan Cui, Yong-Kang Huang, Yu-Ming Wang, Xue-Chen Zhao, 2301.12391

O Mainly from Lattice QCD @ high g* (small recoil) & LCSR @ low g* = (p, + p,)? (large recoil)
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Determination of |V ;|

O Exclusive B - D™ ¢v decays: plagued by B — D™ form factors

dl'(B — D(77,)  Gimj ,
( —d>w 7 - 41;57:;) (mp + mp)*(w* — 1)3/277%\/92(%’)“/@“2 ‘ IVeplexal = (40.25+0.71) - 10 3

dr(B — D7) _ Gimi,
dw A873

M. Bordone, A. Juttner, 2406.10074

(mp — mp=)* X (W)npwF > (w)| Vap|?

O Inclusive B — X {v decays: heavy-quark expansion

dT my d3f
— |V, 1262 2 2 R B
dEngQdm?X ‘ b| F167T3 dEdeQdm?X (mb7m y s BGs PDs PLS )
| Heavy Quark Expansion (HQE) | - |Vcb|incl = (41 97 + 0. 4-8) 1073
4
flmp,me, ) = fP + fN””r fNLPG” fNN”’D’% + NP, LS’Lg +O<A7‘;§1D> G. Finauri, P. Gambino, 2310.20324
m, mp my, my, b
. R[S S S SO S N S S
O PDG 2024 review: ;iz T ] ¥ L N ¥ ¥
_3 ' 2504.07857
[Veplexa = (42.2 £ 0.5) - 10 -
250 3
- -3 ]
|VCb |inCl ¥y (39 810. 6) - 10 "o s w0 Wz w014 e 08 2w w200

Year
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Lepton Flavor University (LFU)

O Within the SM, three families of leptons couple with W=, Z° & y with equal strengths

% . : ; ) FTR :
the=gw ) Vv (Vifinser + Vetinstte + Vianst) W +hoc | b 367« Y il = 1)
{=152,3 {=Mb243

the W-boson couples with different strengths to three lepton families. However, as the neutrino flavor is not observed

f - — i -
Lic = (eyue + fyuu + Ty,7) (g, A* + g27*) BT
_ T, 1t et
both the y- and the Z-boson couple with the gy 8y T 7, ~—7, v,
n g, 5 W ge
same strengths to the three lepton families. Se oV n_wé:,/e Sy
1 3 T % /e Ve Vc
O LFU now well established in W, Z, t N
& m, K, D (semi-)leptonic decays: g Va
T % e £t Ve W 1 T
Fr—w/rr—w Fw—m/rn—m FK—UL/FK—)e FK—)?\'N/FI(—HTE FW—»u/FW—m / ?)_ q/jl//_ K m /
9/ 9] 1.0018 (14)  1.0021 (16) 0.9978 (20) 1.0010 (25) 0.996 (10) g_T Ee \Ve i Ve
Croe/Tuse  Tron/Tasy Dok /Ty Dwor/Twon gll _»g_ S Vu g, m W gu u
lgr/g.l L0011 (15)  0.9962 (27)  0.9858 (70) 1.034 (13) u % ¢ &W = SN _
0~ _ Vi Vu
FT%;L/FMHE FVV‘)T/FW%E cec Vc
EEP

|9-/9e] 1.0030 (15) 1.031 (13) A. Pich, 1310.7922

0.992 £ 0.013 from ATLAS, 2007.14040
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LFU in Semi-leptonic B-hadron Decays

O LFU can be further probed in tree-level b — clv decays:

R(X ) . B(Xb—> XCT+V7-)
T B(Xp— X ltyy)

X, = B, B(t), B, Ny, ... X.=D,D* D, A, ...

= ~ 04 ™TTT ™TTT ™TTT ™TTT T
O Ratios between b - czv,/b — ctv, featured by £ AR ' ! ' 5% CL contours ]
R~ : Moriond 2024 BaBar :
» Dependence on |V, | completely cancelled 035 - . _
. . [ Bhllell i
» Hadronic uncertainties from FFs mostly cancelled b - ( y B
> More sensitive to possible enhanced coupling to 3 - I E
0.25 = —/ il
generation fermions predicted by some BSM models - e .
O However, ~ 3.310 deviation still observed 020 by o KOO0 2005,
: e ey RRe
mm) need to understand dynamics behind it! 02 025 03 035 04 045 05 055
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New Results from Belle II & LHCb 2025

O New result from Belle IT 2504.11220: e fenm
| * SM‘ '[2“-1?)]1'1{ 39.3% CI - 55%140 [IZIJWL -
R(D*) = 0.418 £ 0.074 (stat) +0.051(syst) " memma T e
’ HFLAV 2024 [23]
R(D**) = 0.306 + 0.034(stat) +0.018(syst) .
> the first semi-leptonic-tagged results from Belle II g0.30_51:.;1:;;\ _
> compatible with the SM within 1.7, and agrees also - S
with HFLAV 2024 average S
0.201 S
O Evidence for B~ — D**°t~ v, from LHCb 2501.14943: 030 0% 0% 03 oM 045 050 05

R(D;Y) = 0.13 + 0.03 (stat) £ 0.01 (syst) + 0.02 (ext)

> D**0 € (D;(2400)°, D,(2420)° D,(2460)%); one of largest syst. uncertainties from D** contamination
» agrees with SM prediction 0.09 £ 0.03 [Bernlochner, Ligeti, and Robinson, 1711.03110]
» This measurement is in line with the various R(D**) assumptions used in experiments

» D** feed-down is not the source of the present disagreement with SM for R(D) & R(D*)
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R(D) & R(D*) Anomalies

O R(D) & R(D*) measured by BaBar, Belle (1I), & LHCb, with leptonic or hadronic r decays

Experiments
Preliminary reports are removed

2012: first BaBar measurement
(r—lvv, had. tag)

2015: first Belle (t—lvv, had. tag)
first LHCDb (t—uvv) D* only

first HFLAV average

2016: new two Belle D* only

(t—lvv, semi-lept. tag) (1—= v, had. tag)

2018: new LHCDb (r—3xv) D* only

2019: Belle

(r—lvv, semi-lept. tag)

update 2016 with D&D*

2023: LHCD (t—uvw) update 2015 with D&D*

LHCDb (1—3nv) update 2018, D* only

2024:

2025-04-19

first Belle 1l D* only

| 2008:

. 2012:

| 2013:
! 2016
. 2017:

' 2018:
. 2021:

Xin-Qiang Li

T
Theory K\ I n
first robust RD calc. n € B /:— -¥ Y
CLN with 2008 combined data b '

-
g
-

signal

first RD* calc.
CLN with 2010 Belle data

i ete™ collision
charged Higgs disfavored

tag

- K’
T
\DO
BO {

inconsistent with BaBar

leptoquark studies

possible solutions to “anomaly”

first Lattice for B—D
BGL available for RD calc.

V’E
first Lattice for D* at O-recoil
BGL & general HQET studied ) V_r

------------

z \
PV =
B_ 0- p N

pp collision

™ _
/ BO—D* 'y,
S
o
' ,( \I
T+ p o

first LCSR large recoil fit

Lattice for D* at non O-recoil
2021: FNAL-MILC
2023: JLQCD, HPQCD
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BGL vs CLN parametrizations of B —» D*) FFs

O Mostly adopted parametrizations: FFs expressed as a power series in conformal mapping parameter z

(D*(e,p')|ev*b|B(p)) = ige" *Pelpaps,

(D*(e,p)|ev*+°b| B(p)) =

E anzy

9(2) = (z) e

Conformal variable z:
Vvw+1-— \/Ea
vVw+1+4/2a

G(2)* = f+(2)?

4r
(1+47)2

fi(2)

¢ (2) = 1.1213(1 + 2)*(1 — 2

G(2) = G(1) [1 — p*z+ (51p* — 10)2

1 N
ErReP I

fe + (" -p)[@R(p + ') +a_(p— )],

1

N
8- resm 2 Bl

|

Combination of f and a.

Pr <z>¢f1 Z 5

QCD encoded in coefficients:

{an’ bn’ Cn}

¢p = constants X b,

v based on QCD dispersion relations

v’ the a,, coefficients must satisfy the
unitarity bound: Y.5°_,|a,|? < 1

)L+ 7)1 - 2) + 2vr(1+2)]

2 — (252p° —

[. Caprini, L. Lellouch, M. Neubert, hep-ph/9712417

2025-04-19

Xin-Qiang Li

C.G. Boyd, B. Grinstein, R.F. Lebed, hep-ph/9412324

0 Subthreshold poles 5
X q
—&——| >
SL region BD production
) yi@-4-y¢-4| conformal
0 .
Jé-a+y/é-4| mapping

1 dz 2
12 5= | B
Tl 4

1 (o) ) (o) 2
7)) = 7 1
f@) @(z)B@;“'Z > la

i=0

84) 2°] v’ # of free parameters reduced with dispersive constraints & symmetries

v' this parameterization is, however, model-dependent

10
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HFLAV Average

» For R(D)gym: SM prediction

O Since 2015 first R(D) & R(D*) world average, up to now stable for a long time
20240 2024r e > For R(D).xp: big changes
2023 e . 2023 e e since 2019 mainly due to
20228 e 2022 o , Belle update; getting closer to,
but still deviates from SM
2021r Fo- ° 2021 +—e— —_———
20201 2020l » For R(D*)gp: new lattice
QCD results of FF available
2019r ol b . 2019r —e—i —e— b }
in recent years; their q2
2018' ol I 4 | 2018- —o—I e o o o
parameterization improved
2017t e . 2017r  r ———— — rising central value
20190 ’ 2016 ) > For R(D*)exp: every update
2015r ——e— ’ . ’ 2015; e ’ . | lowers central value, but still
SM Experiment SM Experiment . S
....................................... indicates a large deviation
0.30 0.35 0.40 0.45 0.24 0.26 0.28 0.30 0.32 0.34
Rp Rp- from the SM value
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New Physics Interpretations

O For R(D™)) anomalies, further improvements of B —» D™ form factors urgently needed

0.0014 0.36 HFLAV Average
JLQCD g A
e 034 - Rl Exp. data + Lattice/LCSR + unitarity
HPQCD .
2 M 0521 bounds + HQE to even higher orders
i 0.0008 030 -
éooooﬁ %028_ ‘ to obtain more precise B —» D™ form
70.0004 ¢ Fermilab-MILC 0-26 factors
JLQCD 0.94.
0.0002 [$ HPQCD
10 11 12 13 14 L5 02705 030 085 040 045
w R(D) LoD+ D
A Bo------ B @ .
O EM corrections to R(D*) & R(D®) by 5% & 3%, for ?\{ ﬁ\ .
SOft-photon with energy cut at 20-40MeV Bocr, Kitahara, Nisandzic, 1803.05881 Ve Ve

O b - ctv,: tree-level Wi-mediated; sensitive to new mediators coupled to 37 generations
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Model-independent Analysis in LEFT

b T
O Most general low-energy effective field theory (LEFT) for b — ctv, ><
C v
mpgp > my |8 = _4Gr Va Oy, +He,, (V—A4)Q (V- A) Ov,iny = (" Prryb)(ThuPrvr),

SM \/5

I (6) 4G R Osyiny = (€PL(r)b)(TPLv7),

‘CNP W Ve (CVLOVL + Cy,Ov,, + Cs,O0sg, + Cs,0s5,, + CTOT) + H.c. Op — (EU“VPLI))(T'UIWPLI/ )

FF inputs from

Lattice (2014+2016+2017) + LCSR + Belle (2017 + 2018) HFLAV average: RD =0.342(26) RD" = 0.287(12) corr. =-0.39

O Latest gIObaI fits With FF parameterization Private average: FLD* = 0.49(5) Belle 2019 + LHCb 2023

general HQET up to 1/mc”2 (See 2004.10208)

a single operator:

. (EY*PLb)(£v,Prv) o C5, =~ 0.08  Pull = \/xZ — X232t ~ 4.8 (\/ Xam =~ 4-8)
v' Oy, gives the best Pull ’ v o e 27

(ev" Prb) (£v,PLv) v~ 0.01 4+ 130.41 Pull ~ 4.4

R

v Os, gives the worst Pull
(CPLb)(EPLv)  CF ~ —0.79+i0.86  Pull ~ 4.3
v' Oy, & Og, need very large WCs
(ePrb)(fPrv)  C5 ~0.18  Pull~3.9
— disfavored by collider bounds
(6o PLb) (80, Prv) o CT =~ 0.02+40.13  Pull =~ 4.3
v 0% also a viable solution S. Iguro, T. Kitahara, R. Watanabe, 2405.06062
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Model-independent Analysis in SMEFT

O mOdel'indep- LEFT anaIYSiS can be extended to SMEFT: Buchmuller, Wyler ‘86; Grzadkowski etal, 1008.4884

c — Loa + ~CBO6) 1 c®0 1+ o ( )
SMEFT = ~SM T "¢ A2 Z O Operators contributing to b — ctv:

@ Includes SM fields only.
@ Follows SU(3)c x SU(2)r x U(1)y.

1I-moti1 i 7 [/ e)(dq’
we otivated Q(3) = Uyt D@Y*' ), Qleag = W e)(dq?),

framework by data . _ i kv
@ Electroweak (EW) symmetry linearly realized. y Ql(;;u = (lJ€)8jk(qku), QI(S,)M = (l]UMv€)8jk(qk0'“ u),
O Basic procedure: > evolution from Ayp to Agy for SMEFT Cu, (tp) = —1.503 [ C}ﬂ (A)
9 13323 7'
» matching SMEFT onto LEET at Agw > evolution from Agy down to uy, for LEFT |cy (1) = 0,
Energy LEFT SMEFT CSL (;L[;.) = —1.257 [C!(el)u:| (A)
A l 113332
ANPF = = = = = - Cv, =—5~— Z [ (3)] +0.2076 [C’(;;“Lszz (A),
" 2GrA h
SMEFT GF e Vb Csp(p) = —1.254 [Ciech]3332 (D),
@) 1) v2 1 * Cr(uy) = 0.002725[ ), | (a)
A O+ Oreds Opequ> Otequ | Csp = TIGAAI Vo [Cledg ]335, - rime) = lequ 333,
EWh = = = = = = ] . 3
LEFT Cy = — V2 Z Fc(l) *  Vup 0.6059 I:C["q“]%?z (A),
L 4GFA2 L lequ_33n2 Vcb,
OV, 0V, 08,08, 0%, /3 ] v v with 3-loop QCD & 1-loop EW/QED evolutions
S e ¢t = 4G pA2 Z Cl(j‘;” 33n2 an'
FATT " —>ons Veb v here u, = 4.18GeV and A = 1TeV
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Analysis within the SMEFT

O Fit with a single SMEFT operator: o.v tu X Q. Li, Y. D. Yang, 1810.04939 dashed: Br(B, - tv;) < 10%

1.0

0.10

0.5 0.05

i% 0.0 % 0.00
4 .00 ﬁ
-0.5 -0.05
-0.05
10 : -0.10 .
2 1 0 1 2 2 1 0 1 2
C; ; Ci
. el v AP,(D*) helpful to discriminate the
Crutun) = —1503[C], . 4 0 u] already excluded by R(D™) @ 30
Cve (i) =0, § e 3332 - 3) (3)
Csp ) = 1257 Cllp, | ) : . Lo [qu ]3323 £ [Qlequ]sszs
voaorsfc] wn| V _Qledq]3332 explains R(D™) only marginally @~2c
Csp(1p) = —1.254[Cledg 335, (A),
o s [e] o v AR(J/¥) & AR(X,) further exclude some
€qu |3337 [ 3 3 . *
06059, ] ca), v Ql(q)]3323 or [Ql(ec)lu X can explain R(D( )) @~lo . (3) (3)
' allowed intervals of [Clq & [Clequ]
3323 3323

O Due to SU(2),; invariance, interesting correlations among b - ctv & b — stt, svv observables
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A, - A lv Decays Mediated by b — clv

O R(A,) = Br(4, - A.7v;)/Br(4, - ALv,):
) g ) R ) RYHCY — 0,242 + 0.026 + 0.04 + 0.059
» At the quark level, also mediated by b — clv transitions I

» First result reported by LHCb with large error [arXiv:2201.03497] RiM = 0.324 + 0.004

- S exp. central value lower than SM
O General expressions for the ratios in LEFT:

_ al '\ na al ql ql el ql gl R
=230V (1 O )R AR OROE +OROR OR8] T _ 1yl + O T
P
0% = (gy*Pub) (z‘yﬂpm), 0% = (@y"Pgb) (ZWPLW), +ap’Re [(1+CF +CF ) (CE"+CE)] +ap Re [(1+ CF +CF) CI7]
a _ (= 7 a@ _ (= 7
O, = (qPLb) (lPLl/l), O, = (qPrb) (lPLVl)’ Ry _ |1 L or |2 n |Cq’7' |2 + ass|qu T |2 + CLTT|OqT|2
0% = (a0 Pub) (I Prmn) LEFT RM 5 VRl DOV S skl VT

¥ +ay ' Re [(14 CF ) CF*] + ay°Re [(1+ CF — CF) (C& — CFY)]
assuming only T modes affected by NP
S g ¥ Re [(1+CF) CF] + ¥ Re [CE.CH] |

s : RH T T T T T
v' light neutrinos always left-handed = = L+ C P + O + a3 [ICT 12 + 0O 2] + dF (O P
H
. +aF " Re [(14+CF) CF*] + af™ Re [(1+ CfT) C&* + CfF CF]
v ay calculable with FF inputs together
X Lt & Ll Re[(14 CT) CI + GO + aSt5% Re [CF 01

with uncertainties inherited from them VLT

+ a;f" Re [(1 + C’{Z) C’%T*] + aERTRe [C@;C{}T*} ,

2025-04-19 Xin-Qiang Li Sum rules in semi-leptonic b->c and b->u decays 16




Sum Rule for b — ¢ Sector 1

O Sum rule for R(D), R(D*) & R(A_.): M. Blanke et al., 1811.09603, 1905.08253 Re[(1 A CgLr)CSqu*]

Vs
RsI:/[ —b 12*;[ s I;MM +61(C;) m) b+tc=1&al’b+al’c= a, ', sothat §4(C;) small
R R, Ry
=) model-indep. & holds for any tau-philic NP

O State-of-the-art prediction: w. F. Duan, S. Iguro, X. Q. Li, R. Watanabe, Y. D. Yang, 2410.21384

r T T T T ] 1.6 T T T T
]'6_ oo ey ] Lattice LCSR Lattice + LCSR 14} fr(Ap = Ao .
MILC21 & LCSR '
1'2: — MILC2I & LESR & BELLELY ] SM Tensor SM Tensor SM iz
'5 O-S'M B — D | Refs. [85, 86]  no data | Ref. [90, 91] Ref. [90] Ref. [91] &+*) 1]
~ L ] 0.6
0.4f NLL ®NLP LCSR ] B — D* | Refs. [87-89] no data® | Ref. [90, 91] Ref. [90] Ref. [91] &+*) w |
ook Y. M. Wang et al, 2301.12391 Ay — A, Ref. [80] Ref. [92] no data no data — e2r . . Lattllce R | 1503‘01‘:’21 |
e - . - 5 * 2 4 6 8 10
¢ [GeV?] 1
o R . da, = (—0.001 £0.005) (|CS|* +|CT ) + (—0.007 £ 0.005) Re (CF C5*)
Rsm = (0.272 +0.015) Ty +(0.728 7 0.015) i O +(=2.681 £ 6.907) |57 + (—0.561 % 1.439) Re (C47.C57™)
+Re [(1+CyT) {(0.041 £0.034)CYT* + (0.594 £ 1.274)C57 } |
» important to properly consider correlations among FF para.s + (—0.002 £ 0.009)Re [(1 4+ C{T) CT* + C§ C77]

> &, mostly sensitive to the tensor operator Oy = (Ca*¥ Py b)(Toy, PLVy)
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Sum rule for b — ¢ sector

O Sum rule implications: shift factor |6, _(Cx)| < 1 for Cx < 1; almost independent of NP

(eo"” Ppb)(fo,, Pv)  CF =~ 0.02 +i0.13 mm) 6, (Cr=0.021i0.13) = —0.035 + 0.096

¥

Ry Rp- tensor FFs
- = (0272 0.015) Z + (0728 F 0.015) 7oy + .

O Sum-rule prediction for R(A,):

> provide a unique prediction of R(A,.) model-independently

HFLAG 2024: R}® =0.342+0.026,  R,° = 0.287 4+ 0.012 RY? ( Rexp REY )
OSR/ exp = 0.272—= + 0.728
/ pSM
A 4 = Ry D Rp!
RY*=0.372+£0.017 | vs R =0.24240.076 — —0.39 4+ 0.23

> sum rule relation without the shift factor §,_(Cyx) seems to be violated

> with 6, (Cr =0.02 +i0.13) =~ —0.035 + 0.096 included, still explain the sum rule deviation

O This exercise encourages a more precise measurement of 4, - A.tv decays from LHCb

2025-04-19 Xin-Qiang Li Sum rules in semi-leptonic b->c and b->u decays 18




Other processes mediated by b — clv decays

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

. y* ) ~0.015 cer 2 C'cr 2 — 0.003 Re (C¢T ey 1.655 |C<T 2
xe 088 D2 4 g1 20t s | O 5 (1657 + 105, F) e (C§,C5) — 1.655|CF |
X, b D + Re [(1+CF7) {0.192C77 + 0.896C7 }| — 3.405Re (C7 C57)
+0.043Re [(1+ CF]) C5 + C§ OV

m) R3® = 0.247 £ 0.008 | svexp VS Ry " = 0.228 +0.039  [Belle Il, 2311.07248]
X c

» I'(B -» X.fv,) =Y T'(B - D¥v,) + I'(B -» D*¢v,) + I'(B -» D**¢fv,) , saturated already by excl. 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/Ytv,)/Br(B — J/YPtv,):

Ry  Rp: R;;y Rp > satisfied within the 20 error bars; would be
RSM N RSM - RSM v RSM =1.210.7 & - .
I/ D* I/ D significant once R;,, measurement improved
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Sum rule for b - u sector

] dp = (—0.090 & 0.059) (|C§|> +|C4T|?) + (—0.185 & 0.038) Re (C¥I C4T™)
O Sum rule for R(m), R(p) & R(p): + (—0.913 + 2.403) || + (—0.203 + 0.538) Re (C.C2™)
R

+Re [(1+ Cy7) {(0.169 & 0.158)C7* + (0.370 £ 0.632)C™ } |

R, R,
(0.284 = 0.037) +(0.716 F 0.037) =2

P + (')‘
SM SM SM p
Rp R Rp + (—0.079 £ 0.056) Re [(1 4 Cy7) C&™ + C§TCy* ] .
- sum rule for b — u more (less) sensitive to scalar (tensor) NP Lattice LCSR Lattice -+ LCSR
SM Tensor SM Tensor SM + Tensor
%
compared to b ¢ B — 7 | Refs. [98-100] Ref. [101] | Refs. [90, 103-105] Ref. [106]
- —— - B.-Y. Cui et al.,
D Correlatlon among R(n), R(p) & R(p): B—p no data no data | Refs. [77, 90, 107] 221211624
, 060 Ay —p Ref. [80] no data | Ref. [108] no data -
0.9} e SM e Cy oo Cy | '
' ' 0.58} l 0.80
_} e Ci e CUT e O 10l ' e SM e CY o CY L
0.8} I { o 056r o Cur e Oy e Oy 0.75
Q’: 0.54} [T == I R =1.01+0.49 a
i S 0.9t 2 070 . L
07r : I 0.52f O
Q:Q —p— 065
' 0.50 : : : )
067 ! 1 060 065 070 075 0.80 m 08r
| 3 0.60
! = Rﬂ_ | 060 065 070 0.75 0.80
| HH ' } |
05} ' L v ey {rB(B = Tv)%P = (1.09 £ 0.24) x 1074 07l : R,
E e R - Cum € [~0.05,0.21] ' ! B(B — )P = (1.09 + 0.24) x 10~4
| Rex — 101 4 0.49 Y7 € (-0.21,0.03] € € [~0.05,0.21]
0.4r A CyT € [-0.06,0.01] U [0.52, 0.59] 06l ! CyT € [—0.21,0.05]
L : . . C¥T € [~0.59, —0.52] U [—0.01, 0.06] ' : l C¥7 € [~0.06,0.01] U [0.52,0.59]
0.4 0.6 08 1.0 1.2 C}7™: no constraint : s ! . . Cgr € [-0.59, —0.52] U [—0.01, 0.06]
Rﬂ_ 0.4 0.6 0.8 1.0 12 C3}7: no constraint
R

- NP contributions to R; & R, well distinctive from SM

2025-04-19
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- R, less predictive due to large FF uncertainty

Sum rules in semi-leptonic b->c and b->u decays

20




Summary

O R(D) & R(D*) anomalies: even much progress achieved since 2012, still ~ 3.310 deviation

O In LEFT & SMEFT, Oy, = (cy*P.b) ® (Ty,Pv,) & 01 = (ca"'P b)) ® (T, PLv,) provide two

good solutions, and also indistinguishable by other observables or other processes

(ey*Prb)(£y,Prv) Cy, ~ 0.08 / (éo*” Ppb) (o, Prv) Cr =~ 0.02 £ 40.13

O Sum rules for b — clv & b - ulv: model-independent & Ry, Rp Ry
. . ) _ M U T e T 1(Ci)
complementary information on R(D) & R(D*) anomalies H P Vv

B sum-rule based prediction for R3R higher than R;C®, but can be explained by tensor NP

O More precise results for B - P, B>V, & A, » A.(p) FFs expected from LQCD & LCSR
O Bright future from LHC, Belle-1I, FCC, CEPC: more data, more process, more observables

# understand the true dynamics behind the R(D) & R(D*) anomalies
Thank You for Your Attention!
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Heavy Flavor Physics

O An important branch of particle physics: most

free parameters from flavor sector

.

S~ N

Voo

- g 4
4 d B
| ’ ‘M
down strange bottom

99

e '
,-:el M T
i ’ \“ i

electoron muon tau

describes the gauge
interactions of the
quarks and leptons

parametrized by
3 gauge couplings
91, 92, 3

Higgs sector

+PRef V(@)

breaks electro-weak
symmetry and
gives mass to the
W= and Z bosons

2 free parameters
Higgs mass
Higgs vev

flavor sector

leads to masses and
mixings of the
quarks and leptons

[22 free parameters ]
to describe the masses
and mixings of the quarks
and leptons

O Much theo. & exp. progress achieved,

now entering a precision flavor era’

O With present LHCb, Belle-II & future
STCF, CEPC, FCC, ...: bright prospect

2025-04-19
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LFUV in b - s¢™ ¢~ decays

; B(B - KWptp)
O LFUV can also be probed in b - s¢*¢~ FCNC decays through R(K®)) =

B(B - KMete)

- BaB - (
) 0.1a< ;r( 8.12 GeV?/c4 1.4+ LHCb Rk low-¢* = 0.994%5
' 9fb! Ry central-g? = 0.9491004
P . Belle - Ry« low-¢* = 0.9279%%9
10<g><60GeV/ct 12 ? RK‘ centra.]—q2 _ 1'027:%:?]%
ot LHCb 9 fb'! *Mn I
1.1 < 2 <6.0 GeV¥/c* e 1.0F ] I AL
A S <
0.5 1 1.5 i
Ry 0.8}
[ {  Data 2
[ Y2=1.6,p=0812, 0 =02
LHCb Nature Phys. 18 (2022) 277 o6k — SM
O The new LHCDb results are now consistent Ry low-g? Ry central-q? Ry- low-g° Ry- central-g?

VHEEIC SHRprECieROn s arXiv:2212.09153 arXiv:2212.09152

O We do learn quite a lot from R(K™)), and much progress achieved in theory!
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Specific NP Scenarios with Single Mediator

O Applied to some specific single-mediator NP scenarios: S. Iguro, T. Kitahara, R. Watanabe, 2405.06062
Spin  Charge Operators Rp Rp- LHC Flavor Vector boson (W’): C(/L ~ 0.08, or C(/R ~ 0.01 £ ¢0.41
H* 1,2,1 v b B, FP" PP M
0 (1,2,1p) Os, v TV v b s Mw b & The VL best pull implies: Mw'/gw: = 3 TeV x
S1 0 (3,1,18) Oy,,0s,00r Vv T AM,, PP, B — K®yy ; -
W SU 2 Ll H H H t
(2/3) ; D (2)’ model inevitably includes Z
R 0 (8,2,76) Os,, Or, (Ovy) v V' brv,7m PP, My, Z =77, dy v that is very constrained due to tree-level FCNC
U, 1 (3,1,2/3) Oy, , Os, v V' brv, 71 AM,, Rgwy, Bs = 77, dn
1/ 5 H *\s T s A y TS
ViR 1 (32,50 Osp, V2% rr B.osrr B, M, Charged Higgs (H*): 05 = —0.79+i0.86, or CF, ~0.18

Three LQ bosons are capable of the RD(*) solution: 5 y U1 [arXiv:1309.0301] \V/
LQs have independent and specific WCs

Typical 2HDM cannot achieve the solution
+" . Type I _ 2
Leptoquarks (LQs) H**, < ex) O = -t BT / (2v2VasGir) x
v i v
M S:(3,1,1/3) scalar: Cv,, Cs., Cr
Sl‘\‘ i G 7 . / ' oy 8RB > 79) General 2HDM can be a viable model
Cs, = (h¥ag! (i02)8], + W ugeh) S1 + hee. "
c =R but need to concern B. — v
oP
= 4 [arXiv:2201.06565]

= i = Present bound: Br(Bc — tv) < 60%
b\‘\/v/ : CVR’ CSL, CT Bas;d a;v 2201.06565

Im[Cs.]
°

\‘ & J 2 - il Future prospect: CEPC can observe this decay!
< a Lr, = (hEdLth + hif hvh) By + hc.
O These single-mediator NP scenarios
b T vector: Vi s - -
nyys 7, can be further tested by considering the
5 Ly, = (hJT 7, + h e, ) UL + hc.

other observables & LHC direct searches
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B — X_lv decays

O Include NLO QCD & power corrections for all kinds of four-quark operators in LEFT

—= 2\ |2
Z (XT_2r|HerB) 5 [pB — (Pr +pv,) — Px.]
lepton 2mp ' ) (LMY = 3 7 (oL ™| 5) (775, | LON]0),
spins lepton

d°T 1 Z
dg?dE.dE, 4 &

(&

=

G2V, |? . ) )
— Fl bl Zczoj (Wzg)MN(LzJ)MN
i,J

| I

g 1 o .
Wy = 5 D (BIXe) (Xl T | BY (20)°69 [pp = (pr + b)) — px]-
Xe

. 1 )
(W”)MN = _;Im (T”)MN
d3T 431(0,0) Qg 4317 (1,0) 1 431(0,2) .
2 = 2 +— 2 + 2 2 + ... T - L d4 —ige | B|T J{Z)T J(J) B
d>dE,dE,.  dg?dE,dE,, = w d’dE,dE,. ' m2dq’dE,dE,, (T sy =~ [ d2e **(BIT |73 ()7 (0)]|B)
O One-loop diagrams: O Final results: depending on the quark mass scheme

R(X,.)' =0.220 [|C1]? + |Ca|* + 0.354(|C3)? + |C4|*) + 11.194|C5|* — 0.511Re[C1Cj]
+ 0.360Re[C1C% + CoC3] + 0.564Re[C1C5 + C2C3] — 2.705Re[C1CY]
+1.939Re[C2C2] + 0.553Re[C3C3] + 0 Re[C3CE + C4CE]] .

R(X)™ =0.211 [|C1]? + |C2|?* + 0.353(|C3|* + |C4|?) + 11.215|C5|* — 0.544Re[C, C3]
+ 0369Re[010§ + CQC:I] + U563R8[010;f + C’QC’;] — 2.854].:{6[010;]
+ 2.343Re[CC;] +0.560Re[C3C}] + 0 Re[C3C: + C4CL].

L. F. Lai, X. Q. Li, Y. Y. Li, Y. D. Yang, to appear soon
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Analysis in SMEFT with flavor symmetry

O SMEFT dim-6 operators contributing to b — ulv & b — clv decays
ZCEG)QEG)

i

— A HT-i.ﬁiH Linktr I 4 ¢ H*iﬁ{h’ QmArriQn ii .
bty ( ’ ) () + i ( ‘ ) ( ) >, ey CHq» Crg affect b — qlv by modifying W & Z

mnij (Am_p I n Tin, L7137 mmn rrt [T A YT A p ry
o (@) (L' L) + {"Ha (H D ) (U 0) couplings to fermions — strong constrained by EWPO

+ Cg?(,l'mﬁj (L?EI) (Dan) + ({;Lmj (ia,rEj) €t (C_?b'nll,,"rn)

» focus only on dim-6 four-fermion operators, with their

mnij (T azi j b __uvyrn ) 5 5
o (LY EY) ea (@70 U )““'} W(Cs being generically flavor-dependent

O To establish correlations between b - ulv & b - clv decays, we must resort to specific

flavor assumption # 3rd generation-philic interaction & U(2)° symmetry

l U(2)5 =U(2)Q®U(2)U®U(2)D®U(2)L®U(2)E

V2 Ve ViV 9 .
CqT _ .’.'() 1 A\S qs Vqa Vtd U 0 ‘ b 1i7' — (UT /cj’r — (T ,
\%3 AQPV { + Q (1/:;.5 + V;;b l/,;: g; — _chu 1 — a)‘/ik : CL.SL C =~ 0 CLSL CT o m.c/rn;t ,
) ts
I SN 1) :
- e (1 Ao V;;) ) » ¢ & cgo: flavor-universal couplings correlation between

these two sectors
» left-handed vector & right-handed scalar NP have same sizes in b —» u & b — c¢ sectors
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Analysis in SMEFT with flavor symmetry

O Projections in R(D) — R(m) & R(D*) — R(p) planes in SMEFT with U(2)°> flavor symmetry:

RSP = 0.342 + 0.026 065} RSP = 0.287 + 0.012 |
1.0 ) " : :
| I .
| |
: A .’
¢s® e
0.9t Br(B - R \ c ,E‘\C’
0.60¢ a ! s
R | . S
i
: . /o
o o ) |
0.8} |
r * | \'\ |
‘-ﬂf | qu |
0.55} S A\ ;
:*‘ C)-lgﬁl'qo : :
0.7 "_,." ”,r {g; i Br(B — Tv)exp(dlv L)
¢y <+—— LHC-favored (Cg,,) I
0.50} | i
(-] S ———— ) M R S I S S N S N IR I
026 028 030 032 034 036 038 040 0.25 0.26 0.27 0.28 0.29 0.30 0.31
RD RD*

R(D) — R(D") fit (not) consistent with Br(B — tv)®*P constraint in the V;(Sg)-type NP scenario
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