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Introduction
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What is a B-meson?

» bound state of heavy (anti-) b-quark and light quark (d, u, s)

» similar to hydrogen atom: heavy proton sources Coulomb field that binds electron

Hyd rogen atom B-meson

3/20



Why are B-mesons interesting?
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experimentally accessible

CP-violation

constraining CKM matrix elements

rare decays that are very sensitive to NP

several tensions of SM prediction and experimental values
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Motivation

» consider

™

O Q g
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» difficult to compute since hadronic and perturbative QCD are hard to disentangle

» "QCD factorization” gives systematic framework to do so

BY — DMK~ and ég — Ds(*)+7r* are especially theoretically clean

g

experimental results
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Theoretical Framework
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Weak Effective Theory

Hsm HweT

u q u q
> typical process energy < My,
> integrate out W-boson

U
G
Hwet = 7’;V (C1 oyt 4 CZQXLL)

QY = [e™ (1 = s)b| [ (1 = 3s)u”] QY = [€™u(1 = 8)b°] [@77(1 — 35)u”] |
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Weak Effective Theory

» can be generalized to beyond the Standard Model (BSM) analysis
> effective Hamiltonian for b — ciig decays:

Gr

Hefr = —=
fF A

Ver Vg O (C1OL + C5Q))

with
0} = [e°rip?] [g'rbue] , 0k = [erip*] [¢°riw”]
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QCD Factorization

factorization scheme for non-leptonic type | B-decays in the heavy-quark limit:

1
(705101189 = 3 FF0 (o) [ du Th(u)1(w) + Olhaco/ms).

[Beneke/Buchalla/Neubert/Sachrajda '00]

where L= € {7, K~ }.

FBHD(m ) : BS — D form factor
®;(u) : light meson LCDA
( ) : hard-scattering kernel
O(Nqcp/mp) = power-suppressed contributions
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Hard-Scattering Kernel

Hard-scattering kernels T,; at O(as)? computed
from vertex correction diagrams:

u S

LA,

Q) o
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20(a?) SM result is known [Huber/Krinki/Li '16]

(L~ D7 |0:1Bg) =

1
> FE0 () [ du Tyu) 04(0) + Ofhaco/m)
3 .

Other diagrams
1. power-suppressed
2. included in non-perturbative input

3. not present due to flavor structure
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The Puzzle

11/20



The Puzzle in B — DTK~ and B? — D7~ Decays
QCD factorization prediction within the Standard Model:
B(B®— DYK™) =(0.326 +0.015) - 10"°
B(BY - Dfr~) = (4.42+£0.21)-10

[Bordone/Gubernari/Huber/Jung/van Dyk '20]
experimental values:

B (B — D*K™) = (0.186 + 0.020) - 10" *
B(BY — Df7~) =(3.00+£0.23) - 103

PDG/LHCb/Belle/BaBar/CLEO/ARGUS

4

strong tension in B2 — D¥rw~and B° — DtK~
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Possible Explanations for the Puzzle

1
<L—D;-‘Oi ’éc% _ Z FjB—>D(m%)/O du Tb-(u) CDL(U) + O(AQCD/mb)

1. Large non-factorizable contributions : unlikely
> O(15 — 20%) at amplitude level necessary
» disfavored by LCSR estimate [Bordone/Gubernari/Huber/Jung/van Dyk '20]
2. Experimental issue: unlikely

» only charged final state particles
» would imply problems in several consistent measurements

w

. Shift in parametric inputs: unlikely
» Vi, Vis, Vg well known
» shift would violate CKM unitarity

o

. New physics: only possibility left, but is it viable?
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New Physics as Explanation for the Puzzle

» BSM interpretation studied in literature [Cai et al. *21]
» one-loop hard-scattering kernels for the full basis of BSM operators

()
> fit to R(*) (B ~0 " L)

()L ar(B,—D{Ve=14)/dg?| P

with one and two allowed BSM

contributions

4

Only some vector and scalar Dirac structures can explain data
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Possible Problems with [Cai et al. ‘21]

1
<L7D;|O,’ |é¢(7)> _ Z FJBHD(m%)/O du T,-IJ-(U) CDL(U) + O(AQCD/mb)

J

1. renormalization scheme used for the calculation not explicitly stated
2. power suppressed contributions from three-particle states not discussed

3. for some operators no published results for the m. — 0 limit
4

my goal:
> recalculate one-loop hard-scattering kernels

» calculate power suppressed contributions
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Results
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Hard-Scattering Kernels

u S
&C
Hi

d ———<+——
$

Q) T

- €

» recalculated all twenty hard-scattering kernels and found agreement with literature
[Cai et al. ‘21]

P renormalization scheme stated explicitly, consistent with other existing calculations

» checked me — 0 limit [Beneke, Buchalla, Neubert, Sachrajda ‘01], [Beneke, Neubert ‘03]
17/20



Three-Particle States

contribution from three-particle light meson state :

u s8 gu s
d—<+—d d——<—4d

non-zero contributions only for vector and tensor operators:

» vector: me — O I|m|t diﬂ:ers by 1/N Compared to “terature [Beneke, Buchalla, Neubert, Sachrajda
'00]

P tensor: contributions are highly suppressed

4

1. three-particle states are under control in and beyond the Standard Model
2. decays even cleaner than assumed
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Pheno-Analysis

» pheno-analysis is being performed with
EOS

» tree-level and one-loop results
implemented in EOS

» three-particle contributions are work in
progress

» fit: plan to fit all 20 WC simultaneously
with ~ 40 parameters related to
form-factors and ~ 10 parameters related [van Dyk et al. "21]
to the experimental branching ratios
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Summary and Outlook

» B-mesons are interesting laboratories for new physics

A\

some tensions with SM predictions persist
> SM predictions for B(s) — D(t){ﬂ‘_, K~} BRs are way off
— possible new physics?

» calculated one-loop hard-scattering kernels for all twenty operators and found
agreement with literature

» calculated contributions from three parton light meson states
— found 1/N discrepancy in SM result
— three particle BSM contributions highly suppressed

» perform more exhaustive pheno-analysis
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Non-Leading Fock State - Twist 3 and Twist 4 LCDAs
Twist 3:

(L™(q)] 4(0)0 7585 Gap(vx)u(0) |0) = if3[(909u860 — G89u8va) — (1 < V)] / Due™ 9™ ¢3, (uy)

Twist 4:
(L™(q)1 G(0)7, 7585 Gap(vx)u(0) [0) =1, / Du e’“’“’*{ [958an — 9agpul &1 (uj)

+ |:qll«an[3 . quqﬁxa] ((b”(u,) + (bj_(u,')) }

q-x q-x

(L™(9)] (0)7,.85 Gap(vx)u(0) |0) =ifL/DU eiv””“{ (95801 — dagau] D1 ()

+ ["“"“XB - q“qﬁxa] (S(w) + 81 (w)) }

q-x q-x
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Matching and Renormalization Group Running

c b C
SUCS
Cb C
s  u S
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Hard-Scattering Kernels - Calculation

+ 1=10/ |RO
<D(5)L |Q1 ‘B(s)>1—gluon

C d*k . _ 1 1 _
. 2 F + — Al 0 L ; _
/(27_‘_)4<D(S)‘CAl(k)b‘B(s)>k2/o du Tr |:M (U)AQ(Uq, uq, k)j| ,

:_’gsW
with
Aik_ ﬁpc_k+mci rlpb+k+mbﬁ
l( )*7 2pc~k—k2 1 12Pb'k+k2’y )
i i /'+k I+k i
Aol oo ) = Py i~ g, k2

wov (D;T(u)

iy J , , $o(u) 9
M(%é = {g’)/5¢)l_(u) — 1ps <(/)p(u) — lauyn+n_T + IJW/q#Taqu_U do -

4
¢ : twist-2, vector operators

®p , o : twist-3, scalar/tensor operators
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Likelihood

measurement value source reference(s)
B(B! — Dym%) (3.6 £0.5x035) 107 Belle [15, 21]
_B(B! = DI (= (= K"K ) )n")
£ 5(30 j Do K7 (6.7£0.5)% CDF [41]*
L BB DI (- KY K a)r N
£ —E(B: SR ol 0.174 £ 0.007 LHCb [42]
B(BY - D7 (= K*K~a~)n%)
P R s B I S L | 51T
7 BB D (> Ko )K7) 2.08 £ 0.08 LHCb [25]
w (8.22+0.28)% LHCh 25t
o +
% 6.8+ 1.7)% Belle [43]
fooB(B" = D™ (= K 'z m )7") (1.21+0.05) 107" BaBar/CLEQ [24, 44]
B(B" = D~ (4 Kin ot (2.88£0.29)10* BaBar [45]°
B(BY - D;~w%)
B 0.66 = 0.16 Belle 46]
0 et
%%‘DD,_{;)) (7.75 £ 0.30)% LHCh/BaBar/Belle [43, 47, 48]
fooB(B® = D*"r%) (272 014) 107° BaBar/CLEO [24, 49]
B(B® = D* _
BESD 0.99 £0.14 BaBar [45]
B(D; = (= KK )x™) (2.27£0.08)% PDG average 115]
B(D; = K*K ) (5.45£0.17)% PDG average 115]
B(D- =K na) (9.38 £ 0.16)% PDG average [15]
B(DZ = KT K- )(fo/ fa) i a 0.0144 +0.0010 LHCbh [22, 23]
B(DZ = KT K- )(fo/ fa)idiey o 0.0133 £ 0.0005 LHCb [50]
(fs/fa)Tev 0.334 £ 0.040 HFLAV average [29]
foo 0.488 £0.010  pheno comb. of BaBar/Belle [40, 51, 52]

[Bordone/Gubernari/Huber/Jung/van Dyk '20]
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Fit Results

source PDG our fits (w/o QCDF) our fit (w/ QCDF, no fs/fs) |{QCDF prediction
scenario - no fo/fa  (fs/fa)4ich | ratios only SUET -

2 /dof — 2.5/4 3.1/5 4.6/6 3.7/4 —
B(B? = Dfr~) | 300+0.23 3607  311+025 | 311707 3207020 * 4.42 +0.21
B(B° = DFK~) |0.186 £ 0.020 0.222 £ 0.012 0.224 £ 0.012 [0.227 £ 0.012 0.226 £ 0.012 | 0.326 £ 0.015
B(B" = Dfr7) | 2524013 271£012 2734012 | 274+0.12 2735013 —
B(BY = Di*w~)| 20+05 24+07 21+05 2467037 2437039 43703
B(B” — D**K~)|0.212 + 0.015 0.216 £ 0.014 0.216 +0.014 | 0.21370013  0.2137) 014 0.327+5- 039
B(B" - D" "n) | 2744013 278 +0.15 2794015 | 2767017 276701 —
R 16.1+£21 162+£33  140+£11 | 13606 142705~ 135705
RY.y 94+£25  114+36 90.6+£25 114707 11477 " 131735
RYP 0.66+0.16 0.66+0.16 066+0.16 | 0817012 0.76+011 0974520
Ry 1144015 097008 097+0.08 | 0.97£006 095+ 0.07 1.01+0.11
(fs/fa)i ey — 0.22370000 = 0.260 £0.010| 0.2617001%  0.25270 05 * —
(fa/fa)Tev - 02087000 © 0.243£0.028 | 024470020 0.23670 035 © -

Ap — — — —0.16470 030 —0.167 £ 0.029 —

Ay — — — —0.207008  —0207008 —

[Bordone/Gubernari/Huber/Jung/van Dyk '20]
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