(

)
.,

"Lattice

Christine Davige
niversity of Gladg
l' QCD collabor

" )




q emits W
and changes

Lattice QCD allows calcln of
hadron correlation functions
that give masses and form
factors for simple decay
processes. Combined with expt. @
can test SM and determine vV
parameters €.2. Vckm

AIM: improved accuracy and reach



Parameters for gluon ﬁ§ld configurations for ., ; ceneration”
state-of-the-art calculations lattices inc. ¢

; ; : ; ; / quarks 1n sea
MILC HISQ, 2+1+1 @

0.14 - I
mass a=0.03fm HISQ ghghly
063x288 improve
ofu,d 0.2 1 staggered quarks -
quarks very accurate
v O1F ® 4 discretisation
(o ® o ® E.Follana et al,
% O HPQCD, hep-lat/
o 0.08 F 1 o0610092.
N 1+1+1+1 also
£ 0.06 | 4 available
® ® ° ° «— my g~ mg/10
0.04 -
real 002 F o oo o o Te— my g~ mg/27
world 7
_O ] ] ] ] ] .
M0 ="49 " 0005 001 0015 002 0025 003 volume:
135 MeV Myl > 3

aZ / fm>



Calculate quark propagators on background glue, combine
into correlation functions. Average over ensemble. 55

Obtain (D*)|J|B) from combined 2pt/3pt fit.
Issue: how to handle b/c quarks

Current choices for B — D). B
c: Wilson-type (‘Fermilab’, RHQ, OK)

: : FNAL/
ss, Mobius domam—waN

twisted- MILC
b/«Nilson—type Fermilab’, RH / MILC

: HPQCD
twisted-mass RBC/UKQCD

Systematic errors:

1) Discretisation - problem for relativistic actions
2) Operator matching effects - problem for nonrel. actions



1) Discretisation - ‘seeing’ the lattice spacing
M(a) = M(0) x (1 + ci(Aa)? + ca(Aa)* +...)

For relativistic actions A can be mg

HPQCD: C. McNeile et al,

Can be controlled up 1110.4510

to b for HISQ 0351

Some disc. effects
suppressed by HQ
effects, or , ,
can be cancelled 015t | ma
between related 2 3 4 . \
quantities. S agrees w.

| | NRQCD t
For NRQCD disc. effects as(Aa)? or higher

For Fermilab disc. effects as(Aa) or as(ma)

st (GGV)




2) Operator matching

NRQCD ?CN’b
J=(14aszg+...) X [J<O)—|- rel. corrns
(1 + QgZ1 + . . )J(;)—I— — @CF,}/ . _V>\Ijb/mb
Zi = (04322 . )J ‘]\ EC’Y . 4V_70F\I’b/mb

zi(amy, am,)

zo (only) known for NRQCD b — ¢

Fermilab tree-level field ‘rotation’
J = (1 gz T .. )[@CF\P() . ] X
- _ .
matched to O(os) after W, =1 +diy- V)i,
dy = di(ma)

normalising by ¢ and b vector currents 0
HISQ action allows absolute current normalisation %as
TM. uses ratios where normln. cancels ma — 0



B — D*lv

In zero-recoil limit, only A; form factor contributes.
Calculate 1n lattice QCD:

(D*(p'= 0)[ey 50| B(p'= 0)) = (Mp + Mp+) A1 (¢00)€

Al (qgnax)

Extrapolation of exptl rate gives Ny ha, (1)|Vep
Combine lattice and expt. to get Vcb

HQS (Luke’s theorem) : result not sensitive to first-order
rel. corrns., gives confidence 1n robustness



Fermilab/MILC 1403.0635 | T
clover action b and ¢ *SAME* |, 22005 fm )
i + 2=0.06fm 1

asqtad light on nr= 2+1 I " exrapolated value
asqtad cfgs Sl :
‘Ratio trick’ improves ) 0-92_‘7} {H {E ; a— -
stat. error, cancels systs. 0.9—% “~ ! _
. . ‘ D* D 1
R — (D*|A;|B)(B|4,;|D*) 0.881 cusp N
(DViD)BVAB) L
_ ‘hA ‘2 =00 01 02 \ 0.3
Uncertaint ha, (1) -

Statistics : 0.4% ! M (GeV) OSmS

Seale () emor - 01%  (O(0s) matching coeff. (zo) small
YPT fits 0.5%

- 0.3% - argue good control from large m limait

giscretiza?;ion errors 1.0% A2 - take error O 1 (as)z
erturbation theory 0.4% a

e N —— a®A% (1) = 0.906(4)(12)

Total 1.4% mc




o a:O]Sfm_> A Vlery Coarse | Fit relsult HPQCD: J‘ Harrlson et
oo | e el ] 1711.11013
0.95| 1 Nf— 2"’1"’1 CfgS
_ inc. phys u/d o
50.90- % . lmp NRQCD /accurate
HISQ u/d,s,c
; 4}, + “~
0.85} / T >+ ] ﬁllly rel.
B, — D*fv / ha, = 0.895(10)(24)
0800 0.02 0.04 0.06 0.08 VARG ]’LJS41 (1) — 0879(12)(26)
/GeV ?
u/d physTmaSS —V B — D*ZV Uncertainty — ha,(1) h%, (1) ha,(1)/h%,(1)
2.1 2.5 0.4
HOmit  0.06 < zg < 0.24 /gﬁ%b 09 09 o0
not useful  Allow 0.5((15)2 lny a2 0.7 14 1.4
gD*Dx 0.2 0.03 0.2
t€St A/mb Current corn MES Total systematic 2.7 3.2 1.7

Data 1.1 1.4 1.4

J1 (inc.) ~0.5%; J2? (not inc.) ~1% Total 29 35 2.2




Implications for Vcb

2017: exptl rate extrapolated to zero-recoil less clear. Seems
likely that uncty from using HQET (neglecting (A/m¢)?)was
underestimated. 1703.05330, .06124, .08170

CLN 0%

L BGL 4 +3

Our fits to unfolded Belle data
«
MEw Verlha, (1) = 0.038(2)
uncty 4x larger than HFAG 16

BCL

0.032 0.034 0.036 0.038 0.040 0.042 0.044

ew Ven|ha, (1) -
NOW: excl. and incl. *not* | — .

—_— Inclusive

B — Dty

B — D*lv, this work

inconsistent for Vcb —

Vip = 41.3(2.2) x 1073

improve by using non-zero recoil ...

0.0350  0.0375  0.0400 0.0425 0.0450  0.0475 0.0500  0.0525  0.0550

123




In progress: LANL/SWME calc. using improved (Oktay-
Kronfeld) Fermilab action for b+c (+HISQ light)

Add higher dimension operators to action and current with
tree-level m-dependent coefficients.  1711.01777, 01786

ha, (w=1) 02 .. B,
source error (%) 0 W B
statistics 0.4 @ : ]
matching 0.4 _ -0.2
xPT 0.5 04| ® _
9D* D, 0.3 ; _
c discretization | 1.0 — (0.2)ok —0.6 | OK action —&— "¢‘ '
others 0.1 08 Fermilab action —6— !
total 1.4 — (0.8)oxk 1 2 3 4
aMzc—QqPS

improvement demo - I 1s inconsistency between HH
and HL masses from errors at p*/m3 terms

first runs on coarse lattices: extend to finer lattices.

still to do: perturbative matching of current (zo) W.Lee



In progress : B — [D* away from zero recoil, Fermilab/
MILC, clover action on 2+1 asqtad cfgs. 171009817

multiple form factors :
A1, A2, A3, V My

0.90 + a 0.090

bllt A] dOmlnatGS H? ¢g+ . 06 b :g.ig
< 0.85 . \ '
use double ratio for A; N J sﬁ(\ 1L
(D" ()]A1]B©)) (BO)|Ai|D*(p1)) \ s jﬁ
<D*(O)|V4 B(O)> <B(0)|V4 D*(O)> 0'701.00 1.02 1.04 1.06 1.08 1.10 1.12 1_104_
. 1 " f
and ratio to A1 for others. 7610 tecoil pp* ~ 1 GeV

Now systematic errors larger from missing current
corrections ...

Bernlochner et al,

Test HQET relations between form factors 170s.07134



B (s) —7 D( S)€ vV
For light leptons, only f+(g?2) contributes to rate

ar-_
V7o & Tpw Vel (@ — 1)*/4G(w)

r=mp/mpg = 0.354 f+(W) B 2\/? Q(W)

0< q? < 11.6GeV?

l<w=vp-vp <1.59

kinematics makes zero recoil
\/:_ T — \@ less usetul for combn with

2(w) = — expt. - need to cover
VIitw+v2 more of g2 range. Map g2 to

0 < z < 0.0644 z for fitting/comparison




Lattice calcs. so far:
small recoil, stmple current ops, O(0s) renormlin.

Fermilab/MILC 1503.07237  GZ7P(1) = 1.054(4)(8)

clover action b+c +asqtad on nf=2+1, a=0.12 - 0.045 fm.
Use 3pt ratios. Take non-zero recoil matching error < 1%

FLAG2016

HPQCD 1505.03925,
1703.09728 NRQCD b, i
HISQ ¢, on nf=2+1, a=0.12- ' |
0.09 fm . Matching error 2% < |
[inc. O(A/myp) corrns only] ::

GB=P (1) = 1.035(40) [

FLAG:1607.00299 |

Vip| = 40.85(98) |
x 1073

elle
BBBBBBBBB

0.6

ETM, 1310.5238 20t
twisted-mass on ni=2, with mass ‘step-scaling’ up to b.

|
0.02

o
ok
(V)
o



Vo(l)/Vo(O) coarse
VO(Q)/VO(O) coarse

@
1
A ij(l)/Vk(O) coarse
D

SHN=NS
5
=
S
e
=
=]
@

Vk@) /Vk(o) coarse

Vo(l)/Vo(O) sfine
VO(Q) /VO(O) sfine

@
1
A Vk(l) /Vk(o) sfine
D

Vk@) /Vk(o) sfine

recoil.

HPQCD: Lytle, Colquhoun, McLean

B. — n.v

M,, [GeV]

i o ] as a testbed
[-]
] s g G I - NRQCD—HISQZ O(OLS)
o1k A R,y A relativistic corrns
— <
0.2 t—trom .y - VAyol'Uy/my
8 .
3o §° 1 grow with c momentum -
M+ 6 s 1w 1 aiffect ff shape
¢* [GeV?
. 2.8
Using HISQ for Sl .
all quarks gives ¢ 24} Ro _ | @ msa=oos m
. = 22} < © ©A 15 oo aornm
form factors with 2 7| . £ % 1 wmaeniZomm
~ NRQCD a ~ 0.06 fm
absolute normln. = ol . — 2=o0
., LOF )i 1| X HISQ a ~ 0.09 fm
Test vs NRQCD = oy s @ 2 maizin,
. HPQCD Preliminary | NRQCD a ~ 0.09 fm
atzeroand max. [ " - $ NnaoD o mo0n
3 4 5 6 7 10




HPQCD: McLean et al

By — Dglv preliminary, using all HISQ

f07+(q2)

Loz .| cover full g2 range for mp
% :}7 values at each lattice spacing
o ®
& a=0.09 fm
1.00} )
0
9 | I
0.9} 1.04} D D @ ~ 0.09fm
g g ;o e 1.02 D a ~ 0.06fm
o amy, = 0.65 Usr
0.98 @ DD foamn 08 ® @ V¥V V¥ NRQCD a ~ 0.12fm
TV fiamy=05 1.00f @ o
ol - ¥ ¥ fiamy =065 =
097 HPQCD Preliminary 7Y om0 m§ Jon D O @
00 01 02 03 01 05 06 07 :é
T/GeV 0.96}
On finer lattices, my 1nc. 0.04] .
towards b . Dividing by fgc  ,| HPQCD Preliminary
will reduce disc. effects 3 4 5 6 7 8 9 10

M,,/GeV



Ongoing/Future : provide lattice calculations for other form
factors giving access to Vcb

1.05 . , , , | |
X HISQ a ~ 0.09 fm
1.00 (D HISQ a ~ 0.06 fm
A HISQ a ~ 0.045 fm
0.95 F T NRQCD a~ 0.15 fm ||
= s O NRQCD a = 0.12 fm
E090F X $ NRQCD a~0.09 fm |
) ® © ,0 D
<T
085 e — = = é — _Ai - ~A A _
.f 0.80 | - %‘_
axial HPQCD Preliminary
0.75 ! ! 1 | 1 |
form 3 4 5 6 7 8 9T1o
M, [GeV] =
factor " mqQ I
(I HISQ a ~ 0.09 fm
09F D HISQ a~ 0.06 fm
| 2O A HISQ a ~ 0.045 fm
08l =<9 $ NRQCD a~0.09 fm |
= g@
I N
C\é: 0.7F \é\ \@A
< 0.6} [
0.5+ HPQCD Preliminary ~A ~&
04 L |
3 4 5 6 7 8 9
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e.g. B.— J/Yly

can cover the full g2 range
for this decay accurately
and compare relativistic and
non relativistic approaches.

A. Lytle, B. Colquhoun
et al, HPQCD

Lattice QCD form factors

also needed for SM result
for R(J/y)

P B(B. — J/yTV)
B(B. — J/¢uv)

1711.05623

tests lepton universality, cf R(D(*))

LHCDb,



Conclusion

Lattice QCD form factors for 5,y — DE:)) ¢v under
good control (1.5-3%) at zero recoil.

Multiple methods agree

*BUT™ results at non-zero recoil are needed for overlap
with exptl data. This 1s harder and J in existing methods
missing full shape info. from ¥,V W . operators

Relativistic methods for b quark e.g. using HISQ are
possible on very fine lattices, underway.

Future

* lots still to do on semileptonic decays - extend
processes studied (e.g. to B¢) and range 1n g2.



