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Motivation

¥ Persistent discrepancy with SM
b — ¢ semileptonic observables
(in both B — D* andB. — J/y)
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Reliable SM predictions are neede

BaBar hadronic tag
PRD 88 (2013) 072012
0.332+0.024+ 0.018
Belle hadronic tag
PRD 92 (2015) 072014
0.293 + 0.038+ 0.015
Belle SI. tag

PRD 94 (2016) 072007
0.302 + 0.030 = 0.011
Belle 1-prong

PRL 118 (2017) 211801
0.270 = 0.035+ 0.027

LHCb muonic

PRI 115 (2015) 111803
0.336 + 0.027 = 0.030
LHCD 3-prong

LHCb-PAPER-2017-017
0.285+ 0.019+ 0.028

LLHCD average
0.306 = 0.016 = 0.022

Fajfer et al. (SM)
PRD 85 (2012) 094025
0.252 + 0.003
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LHCb-PAPER-2017-035
0.71 £ 0.17= 0.18

SM predictions

PLB 452 (1999) 129
arXiv:hep-ph/0211021
PRD 73 (2006) 054024
PRD 74 (2006) 074008
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Lattice QCD

¥ Study mesons and their leptonic an
semileptonic decays using state-of-
the-art computer clusters
- fully nonperturbative QCD
calculation
- hlgh preC|S|on SM predlctlons




b-quark on the lattice

¥ Highly Improved Staggered Quarfts$|SQ)
- small discretisation errors, very good for

- typically discretisation errors grow with
growing quark masgna)?, as(ma)?, (ma)?

- needma<1 to control discretisation effects
- go up from charm quark mass as high as
possible, can almost reaeh on the Pnest

lattices

¥Same action for heavy and light quarks

¥Smalla, physical pions/d, s andc quarks In
the sea, multiple lattice spacikgs



b-quark on the lattice

¥ NRQCD (Non-relativistic effective theory on

the lattice, perturbative matching to QCD)

- accurate througl (o v?)

- the scale of discretisation errors set by
iInternal momentaa

- good for heavy quarks liki can not be
used for lighter quark¢e.g. charm)

- needma>1 to control coefbcients of
relativistic corrections

These two approaches are complementary. ldeally
there Is a range of overlap in applicability to check
the approaches are mutually consistent.



NRQCD Hamiltonian

2 2n 2n
(2)
CLHO = — A
2amy
0H = — (A(Q))2+ : (VAE — E av) — ! AVXE—-—ExV)
wH =T a 8(amyp)3 C28(amb)2 3 (amb)20
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Pne 1.21 1.12 1.16 1.2]




fh. [GeV]

Spanning to b with HISQ:
meson decay constant

¥ Probe mass fromn. towardsm, and extrapolate
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J/1y mass and decay constant

¥ Tune the charm quark mass accurately

¥ Use multiple lattice spacings, extrapolatexte0

¥ Look at mass differencly,-M, instead of\,,
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Semileptonic decays
¥ Study ofB. — 5., B. — J/i decay matrix elements

¥ We work in the frame where theB. is at rest

¥ Matrix elements are determined by simultaneous
ptting of three-point and two-point functions




B. — J/y form factors

20"V P

(J/V (p,")|V* — A¥|Be(p)) = Mo+ My,

" PPV (q7)

(M + M ll"l.lA 2+ "a'q !+ uA 2
(Mg, 3 1) 1(q7) MBC'I'MJ/zp(p p)" As(q7)

" Y

2 " As(q”) — 2My 2 " Ao(q®),

Mg +MJ/¢ 9 Mg _MJ/@b 2
= A — - A
2Ny o 1(q7) 2Ny 2(q%)

and Ag(O) = Ao(O)

+2MJ/¢

where A3(g?) =

The form factors which parametrise the matrix
elements are functions @f, wheregq Is the four-
momentum transferred to the leptons

- ? = (M, — M )% zero recoil of decay hadron
- 0° = 0, maximum recoil of decdyadron



NRQCD B. — J/y form factors

¥ Cover the fullg? range

¥ Physicab quark mass
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B. — J/y form factors: A;(g?max)
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B. — J/y torm factors: A;(g*=0)
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ComparisonsB. — J/y

) — — A; [Kiselev]
2.0 p s 1= = V [Kiselev]
_ 7 \ 4 Al [EFG]
- Y V [EFG]
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- - ~ -~ - i @ Al
1.0F ~ o _-- D v
-7 S
0.5 ! ! ! ! ! |
0 2 4 6 8 10 12
¢* [GeV’]

hep-ph/0007169,0211021,0306306
(relativistic quark model, QCD sum rules)



R-ratios

B(B. — J/yTV)
B(B. — J/ytv)’

R(B. — J/vY) = l=ce,u

¥ Test lepton Ravour universality

¥There are persistent few-sigma anomalies In
the ratiosR(B — D*) andR(B — D)
iInvolving the samé — ¢ transition

¥ The current work will provide reliable SM
determination forR(B. — J/y ), to be
compared with recent measurement by
LHCD



Summary

¥ A promising approach to study &f— ¢
transitions:
- Lattice NRQCD with HISQ quarks, plus
- Fully relativistic formulation, extrapolate
mp 10 my

¥ Proof-of-principle demonstrated faB.
semileptonic decay
- Controlled calculation over fulf? range
- Good agreement seen with NRQCD
results



Outlook

¥ B. — J/y - new possible determination

¥ Reliable SM prediction fa(B. — J/y)

¥ Improved understanding of NRQCD
currents feeds into additional calculations

(B — D,B — D*, E)

¥ Expand relativistic formalism e.g. to
B; — Dy* at zero recoll



Thank you!



Backup slides



Continuum extrapolation

¥ Generic HQET-inspired bt form given by

M, \P
F(q*, M, .a*) = A(e*) () >

S @) (550) () (F) T (F22) ]

ijkl

¥ Continuum result evaluated at;, = my:

. T . | -
M??b b™ P My |

F(q27M77b7O) — A(qz) M, M
n

Ci000 (612)

1000 b



Normalising the currents

¥ Look at the pseudoscalar semileptonic decay and tf

scalar current (no normalisation factor needed)
2 # M 2

(P ISBo(p) = e ® Mieg 2y

e ° Mpo # Mgy

and Px the vector current normalisation étmax

Mz # M7
q2

() VHBe(p)" =T 4 |p" + ph # q"
M2 # M2
q2
¥ Normalise the axial current using PCAC relation

pu(O|A¥|B.) = (mco + muo) (0| P|B,)

+f 0(q2) q"




B. decay constant
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0.35

Decay constan._. o
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Other decays Involving vector
mesons

weak decay); — ¢fv charmonium radiative
e — T decayl/y — 5y
1.4 |
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' this paper
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0 | | | | | | 1 1 1 u, d sea i
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o (GeV) 1206.1445
Figs. by G. Donald, HPQCD, 12 14 16 18 2 22

arXiv:1311.6669 and 1208.2855 Vector form factor V(0)



Ds—¢{v angular <7 ™ K
distributions —

SR B ) .
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Experimental data from BaBar, PRD 78, 051101(R) (2008)



D,—¢tv differential decay rat

di(P VIV —PiPy) 3 o, v
do2dcos#, dcos#,d$ 8(4%9* 1T M2

x {(1 — &cost)? sin? #|H (g%) |2
+ (1+ &cost)?sin®#y,|H, (?)?
+ 4sin?#, cos #y |Ho () |?
— 4&sin#(1 — &Cos#y) sin #;, costy cost, H . (q°)H o(q°)
+ 4 &sin#,(1 + &Cos#,) Sin#y costy cos#, H +(q2)H ()
— 2sin? #; sin? #, cos ZH 4 (P)H, ()},

B(V — P1Py)

where the helicity amplitudes are

1 M?p?
Holg?) = M2_m2_2 M +m.)A 2y _ 4 qu 2
0(q”) S ( 5—q°)( 6)A1(q”) Mt m, 2(q°)

2Mp
Hi(q?) = (M +mg)Ai(¢?) F ° V(g%
M—i—m¢




DECAY CONSTANT [GeV]

Meson decay constants: summary
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Lattice QCD

= fully nonperturbative QCD calculatio

RECIPE

¥ Generate sets of gluon belds for
Monte Carlo integration of path
integral (including effects ofd, s
andc sea quarks)

¥ Calculate averaged Ohadron
correlatorsO from valence quark
propagators

¥ Fit as a function of time to obtain
masses and simple matrix elements



Lattice QCD RECIPE
continued

¥ Determine lattice spacing and
PXxm, using experimental
iInformation (often meson masses
to get results in physical units

¥ extrapolate toa=0, physical/d
guark mass for real world
- lattices with physicah, ; now
avallable: chiral extrapolation
becoming a small correction




Example parameters for calculations now being done with

‘staggered’ quarks.

0.14
mass

of u,d
quarks

v 0.1

(Q\]

>
& 0.08

@\

g 0.06

0.12

0.04

real 002

world 7
myo =09

135 MeV

C.Davies et al, HPQCD/FNAL/
MILC, hep-1at/0304004.

“2nd generation”
lattices inc. c

_ | 1\/[ILCI 1mp Stlaggered,l 2+1 IO | quarks 1n sea
MILGHISQ, 2+1+1 @ |
HISQ = Highly
- {4 1mproved
5 staggered quarks -
- 50 O 1 very accurate
O O P discretisation
E.Follana et al,
B 7 HPQCD, hep-lat/
0 0610092.
5 o O <« My g~ my/10
- ® ® ® 11— my, 4~ m; /27
0 0005 001 0015 002 0025 o003 volume:

aZ / fm>

m L > 3



Hadron correlation functions (‘2-point functions’) give

masses and decay constants. T
1" _ |
0|H (T)H(0)[0" = Ape m< ¢ gyl moT
n masses of all
H - H hadrons with
nj|? quantum
A = “O‘H‘ ‘ numbers of H
-

/2

decay constant parameterises amplitude to annihilate - a
property of the meson calculable in QCD. Relate to

experimental decay rate. 19, accurate experimental info.

for f and m for many mesons!
Need accurate determination
from lattice QCD to match




Darwin@Cambridge, '
part of UK’s HPC facility 2 %\A’&
for theoretical particle physics www.dirac.ac.uk

and astronomy

Allows us to calculate
quark propagators
rapidly and store them
for flexible re-use.

State-of-the-art commodity
cluster: 9600 Intel Sandybridge
cores, infiniband interconnect,

fast switch and 2 Pbytes storage


http://www.dirac.ac.uk

