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CKM matrix in Standard Model
@ quark-flavour weak transitions in SM
Ly = Lf 3 <VUDU%(1 —s) DWF 4 Vi pD(1 —75)UWT“>
2v2 U=u,c,t;D=d,s,b

@ the unitary CKM matrix in Wolfenstein representation:

Ve Vus Vs 1— 122 A AN3(p — in)
Vea Vos Voo [=| -2 — X2 AN +0(\*)
Vie . Vis Vi AN(1 —p—in) —AXN? 1

@ a persistent tension between inclusive and exclusive | V|
determinations;

@ limited accuracy of V;y determination

@ the task: to extend the set of processes where CKM parameters
can be independently and accurately determined,
an indirect way to reveal BSM physics

Alexander Khodjamirian Hadronic input and observables in semileptonic and FCNC decays of B-mesons 2/22



Problem to be addressed:

@ CKM parameters from semileptonic and FCNC
exclusive B-meson decays

® quark-level transitions: b — uf~ vy, b — stt0~, b — diti~

® described by Hgy absorbing short-distance physics of SM

® apart from measured observables (widths, asymmetries)
need hadronic matrix elements

@ Hadronic input from continuum QCD-based methods:
light-cone sum rules (LCSR), hadronic dispersion relations

® B — mwlyy, Bs — Klv, and | V| determination

® Nonlocal hadronic contributions to B — K¢t¢—, B — wl*(~
and alternative determination of Wolfenstein parameters A, 7, p
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Method of QCD Light-Cone Sum Rules

[I.1.Balitsky, V.M.Braun, A.V. Kolesnichenko (1986); V.L.Chernyak, I.Zhitnisky (1990)]

@ many useful applications to heavy-flavour decays:

@ B — P transition form factors:

2 2
(P(D) |G bIB(p + q)) = fp(cP) 20" + (1 - ’”qu’) |+
o iflp(a)
(P(p)|go™” qu.b|B(p + q)) = h [2q2p“ + (cf - (m% - m%) )q“] :

@ correlation function of two quark currents,
between vacuum and P-meson state

Fie(p,q) = f/d4xe’qX<P(P)|T{('l1 (X)F#b(x), (Mp + Mgy )b(0)i572(0)}|0)
= { Fap(?, (P + @?)P" + Fap(?, (P +q)%)q",  TH =1k,
Fip(@?, (P + @)?) [¢?p* — (9 P)a"], e = —iohq,,

@ calculable at spacelike (p + q)?, g° < (mg — mp)?, finite my,
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LCSR for B — w form factors

« the correlation function

calculated in terms of
Operator Product Expansion

at(p+9)?,¢2 < m

“ OGO

hadronic P2 (04 )

dispersion} P aT)= “ +3 ”

relation b h b
() % (B

b b
p+aq p+aq

IBIE (4@ > — duality (s§)
By,
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OPE calculation

e the correlation function ¢? < m?

(o) (o) (o)
[F(9?, (p+ 9)®)]ore = * **

= /DuT (as, My, Mg; 6%, (p + )2, U, 1) 0 (u, 1)
2,3.4,.
. T T
{diagrams with b-propagator} ® {pion Distribution Amplitudes}

e pion DA’s, polynomial expansion:

A un) = 101 Colw) + 3 & (1) Cofw)

e precision of the input: my, Mg, as, £ (10), @ (110)
e truncation level: O(as), t<4(6), n<4

e variable scales: 11, (0 + q)% — M? ~ mpx, my>> x> Agcp
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Hadronic dispersion relation

e based on analyticity @ unitarity in QFT

mRfafy (q?) Ji pn(s)
F(R. (p+ )2 _ _MglBlg, n / ds
[F(a®, (p+a)7)lore 2 — (p+ q)° s—(p+qy?
(mgs—+m;)?
e quark-hadron f
"semilocal" duality T pn(s) [IMF(q?.5)] ope]
J dS s~ (ora (i;?w)2 o f as sf(p+q)gPE
(Mg« +mx)?

® {3 calculated from 2-point QCD SR
e variable scale: (p+ q)? — M? ~ mpyx — optimal interval of M?

e duality approximation, Sy (determined by calculating m3)
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| Vup| determination from B — wfv,

o+

32 36

4.0 44

3
IV, % 10

This work + BaBar + Belle, B — miv
Fermilab/MILC 2008 + HFAG 2014, B — nlv
RBC/UKQCD 2015 + BaBar + Belle, B — miv
Imsong er al. 2014 + BaBar12 + Bellel3, B — nlv
HPQCD 2006 + HFAG 2014, B — wlv

Detmold et al. 2015 + LHCb 2015, A, — plv
BLNP 2004 + HFAG 2014, B — X Iv

UTFit 2014, CKM unitarity

from [J. A. Bailey et al. [Fermilab Lattice and MILC Collaborations], arXiv:1503.07839 [hep-lat].]
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Update of LCSRs for B — K, Bs — K form factors
[AK, A.Rusov, JHEP 08 (2017) 112]

| Vup| from Bs — K{lvy decay measurable by LHCb
PR

Ak [0,48] =

| VUb | TBs dq2 ’

® the numerical result
Alpk (0,12 GeV?) = 7.03 7567 ps~!
e for comparison, from B — 7 form factor

Alpr (0,12GeV?) = 5.301087 ps~
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Comparison
with lattice QCD
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Figure 1. The vector (tensor) form factors of By — K, B — K and B — = transitions calcu-
lated from LCSRs including estimated parametrical uncertainties are shown on the upper, middle
and lower left (right) panels, respectively, with the dark-shaded (green) bands. Extrapolations
of the lattice QCD results for By — K [Fermilab-MILC (2014)], B — K [HPQCD] and B — =
[Fermilab=MILC (2015)] form factors are shown with the light-shaded (orange) bands.

Hadronic input and observables in semileptonic and FCNC decays of B-mesons

10/22



FCNC decays: example of B — w/¢

[C. Hambrock, A. K., A. Rusov, PRD 92 (2015) [arXiv:1506.07760 [hep-ph]]],

@ dominant contribuitons , only form factors needed

@ "background" contributions e.g. the weak interaction operators
O; » combined with e.m. emission of a lepton pair,

@ defined via nonlocal hadronic matrix elements
WO [0 g~ p] = 1 [ e a@r{ 0. [0108(0) + :0%(0)

S ckok(O)]}|B(p+q)>7 (p=u.c),

k=3—6,8g
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How do we obtain #(¢)(g?)
the method invented earlier for B — K¢4
[A. K., T. Mannel and Y. M. Wang, JHEP 1302 (2013) 010 [arXiv:1211.0234 [hep-ph]] ]

@ calculate #(“9(q? < 0) at [g?] > N2,

® | O diagrams: factorizable loop,
weak annihilation

® soft-gluon nonfactorizable contributions

(LCSR with B-meson DA)
[A.K., T. Mannel, A. A. Pivovarov and Y.-M. Wang,
JHEP 1009 (2010) 089 [arXiv:1006.4945 [hep-ph]]].

® NLO (hard-gluon) contributions
from QCD factorization (at g% < 0)

M. Beneke, T. Feldmann,D. Seidel, (2001)

two-loop diagrams taken from
H. H. Asatryan, C. Greub and M. Walker,(2002)

Alexander Khodjamirian Hadronic input and observables in semileptonic and FCNC decays of B-mesons 12/22



How do we obtain #(“:9)(g?)

e 749 (g? > 0) obtained matching the OPE result at g < 0 to the

hadronic dispersion relation, continuing to g> > 0

® including V = p,w, ¢, J /1,1 (2S) resonances;
® inputs: decay constants of V’s, B — V7 nonleptonic amplitudes

e the result valid at large recoil g% < m2 , up to charmonium region
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Anatomy of B — P¢¢ amplitude

@ The decay amplitude can be represented in the following form:

o GF Olem

AB— Prtem) = { [Aﬁ‘” fio(q)car(q?) + ALY dsp(qz)] (&y"0) p.

V2 T

D Crofdo(Q?) (P11 s) p,i} :

® Combination of CKM parameters:

Af;q) =VwVyy (p=uct;g=d,s), m =0,

® unitarity of the CKM matrix, fixing Al = —(A{? +\(9).

® compact notation:

2 Misp ()
fap(q?)

2(mp + Mq) ~efr Tgp(G°)

+ 167
mg+mp " f1p(q?)

cep(q?) = Co +

dap(q?) = 1672 (HEH () — HEA(SP))
d8p(q°) = Arg(dpp(q?)) — Arg(cap(q?))-
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Observables in B — P{T(~
@ Binned branching fraction:

L (B— Pr(7)

B(B - P€+£ [q1 ) q2]) = dq2 )

® in terms of the hadronic input:

GEa2, N7 2

B(B — P17 (g7, ¢B]) = | {]:BP[CHZ» %] + r5Derldl G3]

19275

+2rq (COS £4Cerlat, g] — sin&q Seelaf, qg]) }TB’
® the ratio of CKM matrix elements is parametrized in terms of
its module and phase:
AP Vg
)\5‘7) th Vtz

= KRq equv (q = dv S) ) (2)
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we use the following notation for the phase-space weighted and
integrated parts of the decay amplitude squared:

a
2
Forld. Bl = 5 [ o o) Jeap(@)]” +[Cuol?)

5~ a
ay
2
Dgp[q}, G5) = / dq® pge |der(a?)|” .
Carla?, a8l — / 0g? Bl |fip(@P)car (47) e (GP) | c08 65p(P)
Seplaf, 3] = /dq Pap | fap(G7)car(a%) dep(97)| sin 6sp(G7) -
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Final form of the observables

e (CP-averaged branching fraction:

1 = _ Bt e
Berla?. 8] = 5 (BB — Pr* " [qf. 6B) + B(B — Pttt [¢?, ) )
GRaZ, A" 2

= oot {fsp[qi 3] + v Daplqf, G3] + 2rq C0S &q CapaF, 03] }Ts,

e direct CP-asymmetry:
(B— Prr1-[q?, ¢3]) — B(B — P+1~[g?, ¢2))
(B — Pt+i-[q?,q3]) + B(B — Pt+i~[q?, 43))

_ —2kgq Sinfq SBP[q127 QS]
Fepla?, 93] + 2 Deplq?, 93] + 2rq COS &4 Caplq?, G3]

B
ApplQF. G5] = 3
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Various channels
® B K¢~ weneglect \l¥, hence, 1s = 0, vanishing CP-asymmetry

GF Qe 53) |2

192 5 ‘FBK[q'IZ? qg]TB,

Bek[d?, G5] =
® B it
G a2, )\(d) 2
Bs:[q7, G5] = F1T5| FoxlaF, B + 15 D[, 3]
+2k4 €0S &g Car (G5, G5 }TB ,

72“(1 sin gd SB‘n'[q127 QE]
FBr02,G5] + K3 Dp=[G2, 93] + 2Kq COS 4 Car[02, G5]

ABW [q127 qg] =

® Byproduct: Bs,k([q%, G5] and Ap.«[q5, 9]
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Expressing CKM factors via Wolfenstein parameters

)

A = — AN
(d)
A V,
NI A R A
t
u — ub ud = K;delgd — (1 _ ) P P Ui Ui
A ViV 2 (1=pP+n?
so that
g — (1 B Az) V(= p) = PP +17
2 (1=p)2+n?
. 1-9)—n2
singy = 7 00S £y = p(1—p)—n

V(1 =p) =22 + 12

® we neglect very small O(\*) corrections to these eqgs

V(= p) = 1P+

® ), precisely determined from the global CKM fit used as an input.
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Determining Wolfenstein parameters from FCNC observables
® parameter A

1/2 1/2
a2 (1 N\ g
GraemA® \ Fsk[q?, g5] 7B .

® parameter n

T= 231 =32/2) \ S (2. @) Bek[q3, G5

® given n, the parameter p can be fitted/constrained from

1 (m[q& q§]> ( o [P, 2 5219 q%]) |

BBW[Qf’qS] _ A2
Bex[q?. 93]  Fax[a?, G2]

2 2
[p(1 = p) —1?]" + 1P X2 >
L C 1-3 ) Daxlai, g3l

< [(1 - p)2 + 772} ‘FBﬂ'[q12) qg]

2
+2 [p(1 = p) — ] (1 - Az) Car |G, q§]> :

Alexander Khodjamirian Hadronic input and observables in semileptonic and FCNC decays of B-mesons

20/22



Numerical results

e hadronic input for future determinations

Decay mode ]:BP[1 .0, 60] DBF’“ .0, 60] CBP[1 .0, 60] SBF’[1 .0, 60]
B~ — K ¢t~ | 750757 — — —
B~ —m £he- 47.778% 16.1758, 143778 -9.8777
Bs — KOte— 61.075% 78754 —12.972% -3.4751
® substituting current global CKM fit results:
Decay mode B~ — K= ¢T¢~ B~ — w4t~ Bs — KOti~
Measurement Bpk[1.0,6.0] Bp[1.0,6.0] Bgk[1.0,6.0]
or calculation
Belle (2009) 27279 £ 0.16 — —
CDF (2011) 2.58£0.36 £0.16 — —
BaBar (2012) 2.72 7958 +£0.06 — —
LHCDb (2014,2015) | 2.42+£0.7+0.12 | 0.09179%7 +0.003 —
HPQCD (2013) 362122 — —
Fermilab/MILC (2015) 3.49£0.62 0.096 £ 0.013 —
y This work | 43870% +028 [ 0.13179%9 +0.010 | 0.15473 75 +0.011
Apr[1.0,6.0] = =015} Agx[1.0,6.0] = —0.041% 0.
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Summary

@ LCSRs and related methods can provide form factors and
nonlocal hadronic matrix elements for semileptonic and FCNC
B-decays

@ other channels of b — u, b — s, b — d exclusive transitions are
also interesting

@ determination of V;y/ Vi is not direct, as claimed in the literature,
but can be done in the Wolfenstein form

@ the relevance of these results for CEPC depends on the
efficiency/statistics of B-mesons produced in the future detector
and demands additional studies

@ presumably, very rare exclusive FCNC channels e.g.,
ete” — Z — BK™)
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