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Where does Lattice meet Continuum?

 Determination of [V_|, |V
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Theoretical uncertainty:

e perturbative expansion?

* heavy quark expansion?

* duality?

—> tested by analyzing
various moments

—> further test with lattice
inputs?

inclusive + lattice 2 Vxb 2?

. Hashimoto (KEK/SOKENDAI)

Page 2



Where does Lattice meet Continuum?

» Persistent tension..., purely theoretical

— B=>D* form factor at zero

recoil T s

* F(1)=0.906(13): lattice, =

FNAL/MILC (2014) 2"

* F(1)=0.86(1)(2): sumrule,  *

Gambino, Mannel, Uraltsev
(2012)

3

— Any clue to understand .

this?
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* Lattice calculation is possible.

cross check?




Cross check: not easy but possible

ex) light-hadron VPF (in the coordinate space)
Tomii, arXiv:1703.06249

HV+A(X)/HV+Atree(X) I ' ' ' "“-_’—l___,_ T ' |
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‘exp data” obtained from

* “Fourier trans” from the ALEPH data for Tt decay

¢ oo
1 (z) = 3 ds 2,0 (s )1\1 (v/s|z])  schaefer, Shuryak (2001)
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at high g2



Another example: inclusive [V

Ohki et al. [RBC/UKQCD] @ Lattice 2017

« Use the lattice calculation in place of pQCD+OPE

Im(s) pQCD

CIY
ax g

Sg — OO

One may bypass the discussion

of convergence of

* pQCD
» OPE

In other words, lattice may
| provide alternative inputs.

sl

'V
u

l" “‘
-poaae==- Re(s)
. th w,
3 .
H T | | T H
—e— K,,. PDG 2016
—e— F[KMZ]
—e— 3-family unitarity, HT14 IV _|
—— T FB FESR, HFAG17
(conventional implementation)
e T FB FESR, HLMZ17
D A (new implementation, lower : HFAG16 input)
. 2
—— T, lattice [N=3, C=0.3 GeV]
this work — . lattice [N=4, C=0.7 GeV"
(preliminary) . lattice | eVl
om 7, lattice [N=5, C=0.9 GeV’]
N H 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 H
>C o 0.215 0.22 0.225 0.23 0.235 0.24




Good to have all

— Each has its own limitations:

« fully non-perturbative

Lattice « only in the Euclidean region
: : (or below cuts)
Physical quantity, ~« bad for high moms
for which all of
them available?
- inclusive
Experiment
analytical! ) Perturbation . real physics!
convergence:

+ OPE  not always measurable

duality?




Inclusive, on the lattice?

 What can we extract from Euclidean lattice?
(coordinate space)

“Fourier transform” to reach
— space-like: g* (= -Q?) = -q,>-q?

() - / dt ¢t / Px e JE (x,1)7E(0,0))
— time-like: g*> = w>-q?
II(¢%) = /dt e vt /dgx eI (JE(x,t)J%(0,0))

with an arbitrary (real) w

— Justified, until one hits any singularity, i.e. the threshold to
produce real particles, i.e. w? < m2+p,>.

See, e.g., Feng et al. (2013)



Vacuum polarization function
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Semi-leptonic B decays

Kinematical variables:
« @2 : lepton pair inv mass
* v.q : energy taken by leptons

W Inclusive decays:
« p = my? arbitrary

One may specify the four-momentum:

pX}u = ((D, pX)
Analytic continuation is possible as far
as w? < mp2+py?
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. 2 2,2 7, ,
Decay rate: IM|* = Vool "G Ml Wy, (function of v-q and g?)

Structure function:

Wy = Y064 n — 4 = px) 55— (Brm) TS O)X) (X1, (0)| B(r)
X
ét\a
VA ! 1 [oa)ma ImT'(v-¢)
K .q) = = .d
5 T(v-q) W/_oo d(v Q)U.q,_v.q
'\/// k
. (unphysical cut)
/ \
st (M3 + ¢ — m%) i ((2Mp + Mx)? — g2 — M3)

calculable on the lattice

Matrix element: in the unphysical kinematical region

T

= / d'z =% (B|T{J}(x)J,(0)} B)

2Mp
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Strategy

1
IMp

 Matrix element: 7, =i /d4re"'q’ (B|IT{J}(z).J,(0)}B)

— Lattice:
* Calculate at unphysical kinematics.
— pQCD + HQE:

 Perturbation theory should work away from the cut 2
Direct comparison is possible

— Experiment:

* Need the differential decay rate in the plane of (g2, v.q).
Then, perform the Cauchy integral.



Lattice calculation: recipe

1. Four-point function:

tor t1 t2 tsnk
2. after taking appropriate ratios to cancel the
external B meson source, we construct

Gl () = [dx e (BO)If(x.0.1.(0)|B(O)

3. do the “Fourier transform” in the time direction
T (w,q) = /O dt e“*Cy1}) (t; q)

— Corresponds to Tw(v- q,9°) at py=(w,-q), g=(mz-w,q)
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Ensembles from JLQCD

With Mobius domain-wall fermion (2012~)
— 2+1 flavor (uds)

— Mobius domain-wall fermion [with stout link]
* residual mass < O(1 MeV)

— lattice spacing : 1/a = 2.4, 3.6, 4.5 GeV

— volume : L =2.7 fm (323, 483, 643 lattices)

— light quark mass : m_ = 300 MeV
— statistics : 50-200 measurements

Valence sector
— heavy (MDW) + strange (MDW)
— tuned charm + (unphysical) bottom m, = (1.25)> m_, (1.25)* m_

(up to 3.4 GeV B, meson)
— on Oakforest-PACS with 'l



B =4.17, 1/a ~ 2.4 GeV, 323x64 (x12) B =4.35, 1/a ~ 3.6 GeV, 483x96 (x8)

m,4 m,, MD time m,4 m,, MD time
[MeV] [MeV]
m, = 0.030 m, =0.018
0.007 310 10,000 0.0042 300 10,000
0.012 410 10,000 0.0080 410 10,000
0.019 510 10,000 0.0120 500 10,000
m, = 0.040 m, = 0.025
0.0035 230 10,000 0.0042 300 10,000 €
0.0035 230 10,000 0.080 410 10,000
(48°X96) 0.0120 510 10,000
0.007 320 10,000 <
0.012 410 10,000 B =4.47, 1/a ~ 4.6 GeV, 643x128 (x8)
0.019 510 10,000 0.0030 ~ 300 10,000 <——
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T (w,q) = / dt e“1CY (t; )
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Saturation by D(*)?

Four-point function:
—FExt

1 €
clI(t0) = ——N (B(0)|JT1X(0 X(0)]J,|B(0
0 (50) = 5375 2 (BOWLIX(0) 55 (X O)41B(0)
Ground-state contribution:
(D(0)|V°|B(0)) = 2v/MpMph(1),

D (D*(0)|AF|B(0)) = 2v/MpMp-hy,(1)c**.

2
TV (0,0) = [+ (1)] ~

Mp —w’ zero-recoil form factors h(1)
~ Isgur-Wise function &(1)=1
TAA(L 0) — |ha, (1)]? J =)
kk (w’ ) - A’[D* . w'
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Lattice Meets Continuum

Heavy Quark Expansion (tree-level formulae):
Blok, Koyrakh, Shifman, Vainshtein, PRD49, 3356 (1994).
Manohar, Wise, PRD49, 1310 (1993).

Falk, Ligeti, Neubert, Nir, PLB326, 145 (1994) g !
Balk, Korner, Pirjol, Schilcher, ZP C64, 37 (1994).
N7, S/
1 .
Expand in small k.

my 70/_ g/—|_ % — M
Involves matrix elements:

— _'EQ‘B ~ 0. 2
12 ZMB<B‘b(z )2b > 0.5 GeV?2,

1 i
2 1%
HG = 9, < 2 H

B> = 0.37 GeV?



Lattice Meets Continuum

One-loop corrections:
Trott, PRD70, 073003 (2004).
Aquila, Gambino, Ridolfi, Uraltsev, NPB719, 77 (2005).

« Available only for the Imaginary part (cut); Needed to perform the
Cauchy integral.

1 (v-q)max II]TT("U . q/)
T 1) - e — d 1 - /
o =g T dw )

(Consider its first derivative to
avoid divergence.)

— ~

oy (Mg + ¢ —m%) o (2Mp + Mx)? — ¢* — M)




dT/dw [GeV ]
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Summary and Outlook (1)

Inclusive structure functions calculable on the lattice, but
at unphysical kinematics; Use Cauchy integral to match
EXp

Numerical test of the b—>c transition on 2+1 flavor configs

with DW heavy. The b quark mass is lighter than physical:
m,~2.5 m.. Physical other than that.

The region of ground state saturation (D or D¥) is
consistent with expectation (from form factors).

The inclusive region compared to HQE. Agree near w~0,
but not for the slope.
— Two-loop calculation available in the form that we can use?



Summary and Outlook (2)

* Range of applications:
— B physics
* b—>c semileptonic and |V,

* b—>c zero-recoil sum-rule
* b->u semileptonic and |V, |

— Nucleon structure

* Direct calculation of structure functions, but at unphysical

kinematics: x>1 see also, QCDSF, arXiv:1703.01153

* Not-so-deep inelastic scattering

— Crucial to analyse experimental data accordingly!



Zero-recoil sum rule?

Bigi, Shifman, Uraltsev, Vainshtein (1995); ...
Gambino, Mannel, Uraltsev (2010).

[0(6M) = F2(1) + ]inel(EM)

_ 1 7r @ [inel(é?M)
flew) =50 p THEE conto
‘ 0 physical cut
_ch Zmb

« Design the weight such that LHS is
evaluated on the real axis?
« Then, compare to lattice.



