| attice QCD &
b physIcs

M Wingate, DAMTP, University of Cambridge

UK HEP Forum, “The Spice of Flavour”
27-28 Nov 2018



< space —>»

| attice QCD

ve I

Quantum FT — Statistical FT

MC importance sampling

Correlation functions

Corr. length = hadron mass

Amplitudes — Matrix elem.




Scales

Inversion of matrix developing zero eigenvalues as mya — 0

Lower energy Higher energy

Longer distance a=0.15 0.12 0.09 fm 0.06 fm Shorter distance
M, MKk mp mpg
Aqep

 Low energy hadronic physics can be made free of lattice artifacts
e Option 1: use an EFT which separates mp physics from Aaqcp physics

e Option 2: with improved actions + a lot of lattice data, extrapolate in spacing
and heavy quark mass simultaneously



Outline



Outline

What can lattice QCD do to resolve/confirm discrepancies?

e b —oC
° b—-uU

* b > S
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What can lattice QCD do to resolve/confirm discrepancies?

e b—cC puzzle? anomaly?
* b— U puzzle?

e b —g anomalies”?
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Historic inclusive/exclusive [Vep)

(before 2/2017)

B—-D
¢ ’ FNAL/MILC, 2015
B—-D
= " HPQCD, 2015

combined fit
—*—  FLAG, 2016
(incl. new expt data)

B — D*
FNAL/MILC, 2014

Inclusive
Alberti et al., 2015

0.036 0.038 0.040 0.042 0.044 0.046 0.048
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New lattice results

Judd Harrison, Christine Davies, MBW (HPQCD), arXiv:1711.11013

Uncertainty — ha,(1) h%,(1) ha,(1)/h%,(1)

B—D* a2 : : :
FZ7E (1) = ha,(1) = 0.895(10)stat (24)sys - (2); gg 8;1
(Aqep /ms)? 0.8 0.8 0.0

Bs—D3(1) — }S _ a? 0.7 1.4 1.4
F (1) hAl(l) O.883(12)Stat (28)33,S .. s o3 0
Total systematic 2.7 3.2 1.7

FB—=D"(1 ha(l Data 1.1 14 1.4
( ) — Al( ) — 1-013(14)stat(17)sys Total 2.9 3.5 2.2

FB2PAL) ey, (1)

Good agreement with Fermilab/MILC result hai(1) = 0.906(4)(12)
Independent lattices

Different heavy quark formulations


http://arXiv/org/abs/1711.11013
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Test of normalization

, . DD a ~0.09fm
"y a =~ 0.09fm, amfhys
BS % D CDCD a =~ 0.06fm
i S DD a =~ 0.045fm
V'V NRQCD[1711.11013]
FNAL/MILC (B — D*)[1403.0635]
2 D 0
@ © @ O
| > O D
Continuum limit
- HPQCD Preliminary | | R
3 4 5 §} 7 8 9 10
M,, |GeV]

Extrapolate to b quark mass —

e HISQ quarks for all quarks

e Conserved current, removes
normalization uncertainty

 Good agreement between
formulations

poster by E McLean (HPQCD)



B— D* | v shape ansatze

* Observables depend on 4 hadronic form factors. After removing
poles, expand in power series about zero recoil point

e “Standard” procedure: Caprini-Lellouch-Neubert (CLN)
parametrization using information from HQET and sum rules,
without theory uncertainties on numerical coefficients

* Recently, Belle data has been unfolded [arXiv:1702.01521] and re-fit
to more agnostic “z-parametrizations” Boyd-Grinstein-Lebed (BGL),
Bourrely-Caprini-Lellouch (BCL)

Bigi, Gambino, Schacht, arXiv:1703.06124, Jaiswal, Nandi, Patra, arXiv:1707.09977,
Grinstein & Kobach, arXiv:1703.08170, Bernlochner, Ligeti, Papucci, Robinson , arXiv:1708.07134,



http://arxiv.org/abs/1702.01521
http://arxiv.org/abs/1703.06124
http://arxiv.org/abs/1703.08170
http://arxiv.org/abs/1707.09977
http://arxiv.org/abs/1708.07134
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FIts to Belle gata
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FIts to Belle gata
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mplications for Veb

Different fit Ansatze

I = Voo Tew | ha, (1)
“std” —=—— CLN 0%
e e CLN h : 10%, R : 0(1)
’ BCL 4 + 3
Our . o
preferred
0.032 0.034 0.036 0.0138 0.040 0.042 0.044
— Inclusive
—.— B — Dty
PR B — D*(lv, this work

0.0350  0.0375  0.0400  0.0425

0.0450  0.0475  0.0500  0.0525

123

0.0

550

 Removal of theory assumptions
resolves inclusive/exclusive
tension, at least in Belle data

* Look forward to BaBar analysis

e | ook forward to LQCD results at
Nnon-zero recoll

Harrison, et al., (HPQCD), arXiv:1711.11013
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http://arXiv/org/abs/1711.11013

Nonzero recoll

All 4 form factors desirable:

 Complement experimental shape 095 = Exrmpolation
information ! a=8.£8;m
. s . 0.90 a=_0. m
e Significant for massive T lepton, R(D*) + a=0.090fm
4 a=0.060fm
0.85 4 a=0.045fm
1.0 <
I = 0.80

h, ()

(R T

08]- il
_ 1_60 1"05 ' ' - 1.00 1.02 1.04 1.06 V}/.os 1.10 1.12 1.14 1.16
Kaneko et al. (JLQCD), [arXiv:1811.00794] Vaguero et al. (Fermilab/MILC), Lattice 2018
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https://arxiv.org/abs/1811.00794
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Semileptonic decays

FLAG2016
0.8 —

( ( ( (

07 RBC/UKQCD 2015 1 o7 i
Imsong et al (LCSR) 2014 >0 ol

This work | Ao.e _
g /§%§§ :/;o.{ .
¥ N e 02| | ; Sobmuoosd e # (G
= 03 I |1 e ]

0.2 [ AN ol E:ectc:t:g —Qo1 0 o1 oz |
‘\ 2t,) |
011
| | | | |
0.2 -0.1 0 01 02 FLAG, arXiv:1607.00299
z 2+1 flavours
Bailey et al. arXiv:1503.07839
2+1 flavours
B = mly = |V,] =3.62(14) x 1073 B(Ay — puv)
—
FLAG, arXiv:1607.00299 B(Ab — ACMV)
. . Vb
HPQCD and Fermilab MILC working on ‘W’“ “ = 0.083(4)(4)
cb

updates using MILC 2+1+1 lattices
LHCb, arXiv:1504.01568

15

Detmold, Lehner, Meinel. arXiv:1503.01421

2+1 flavours


https://arxiv.org/abs/1503.07839
https://arxiv.org/abs/1504.01568
https://arxiv.org/abs/1607.00299
https://arxiv.org/abs/1607.00299

Vo, [Veo| fit

Omitting inclusive |Vu| and earlier B = D*Iv [Veo| one finds a good fit.
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https://arxiv.org/abs/1406.2279
https://arxiv.org/abs/1501.05373

Ongoing work

NRQCD semileptonic B form factors being computed on 2+1+1
flavour MILC lattices. Independent, improved calculations
compared to 2+1 flavour MILC lattices.

RBC-UKQCD carrying forward semileptonic B decay programme
using domain wall fermions and relativistic heavy b.

JLQCD preliminary results for B to 1, DO) form factors, using
Mbbius domain wall for all quarks [Colquhoun et al., arXiv:1811.00227 ]

Fermilab/MILC beginning all-staggered semileptonic programme
on 2+1+1. They expect errors of 1-2% Iin form tactors.
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https://arxiv.org/abs/1811.00227
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Rare decays

(2 quark-2 lepton operators,

Short-distance = straightforward: . |
.e. form factors):

Long-distance = big challenge:

20



B = TUty- & B = Kpu+u-

+ +,,+,,— + +,,+,,—
BT = 7mTu" BT —= K u"u
Form factors + CKM - Others s s 250 | Form factors + CKM + Others mem=m -
Form factors only > Form factors only
LHCb |arXiv:1509.00414] —e— | = LHCDb |JHEP 1406, 133 (2014)] —e—
= 200
3
_|_
. 3
e +
S S— < 150
— i ;
= 100
m &
4 !
0 5 10 15 20 25 0 5 10 15 20 25
¢*(GeV)? ¢*(GeV)?

Du et al., (FNAL/MILC) arXiv:1510.02349
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http://arxiv.org/abs/1510.02349

B—PK*U+U—

. 5 .
T M SM (binned) ~ F—¢—  Expt Llsﬁcb;,b C(I\:/I[?F&(q(DD)DF (K"

—@—  Expt: Aajj et al., (LHCb) arXiv:1403.8044
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Horgan et al., arXiv:1310.3887; S Meinel, Paris Workshop 2014
22



http://arxiv.org/abs/1310.3887
http://arxiv.org/abs/1403.8044

Bs = ¢ Y-

Expt. measurement from Aaij et al., (LHCb), arXiv:1506.08777

3 LHCb :

: —— P

= + red. I
- r7 SM (wide) 3
= SM LQCD ™3
- =Data = 4
— + Data (wide )=

S = N W kA NN d oo
11 | |

dB(B’—¢uu)/dg? [10°GeV2c4]

.5....10....15...
q> [GeV?/c4]

Bharucha, Straub, Zwicky, arXiv:1503.05534  Update of Horgan et al., arXiv:1310.3887
Altmannshoher & Straub, arXivi1411.3161

Difference in high g2 SM prediction due in part to: inclusion of low g2 LCSR form
factors, formulation for virtual corrections from O+, O2; also inputs.

23


http://arxiv.org/abs/1506.08777
http://arxiv.org/abs/1310.3887
http://arxiv.org/abs/1503.05534
http://arxiv.org/abs/1411.3161

No = N\ Ptu-

T SM SM (binned)  —@— Expt: Aaij et al., (LHCb) arXiv:1503.07138
1.6 I I I L
1.4 1 dB i , + | 1 4
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1.0 1 | 1 A
0.8
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0.0 I_I_| | | |

0 5 10 15 20

¢* [GeV?]

+ Contrary to rare B branching fractions, here the measured data at low
recoil exceed the SM prediction. Detmold & Meinel, arXiv:1602.01399.

= Np = A(1520) Il calculation in progress, Meinel & Renton, arXiv:1608.08110.
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http://arxiv.org/abs/1608.08110
http://arxiv.org/abs/1602.01399
http://arxiv.org/abs/1503.07138

p—s [+ |- decays

Past 5 years: new unguenched form factors for b—s semileptonic
decays of B, Bs, N\v . Intriguing difference between SM and expt.

“Gold-standard” if final state hadron is stable to strong decays.
Likely to be improved as part of updating FCCC decays. Smaller
discretisation errors, data at physical pion mass, data at lower g-.

Dealing with finite width of vector meson final states appears
solvable [Bricefio, Hansen, Walker-Loud], but there still is a lot of
work to do.

What benefit do smaller form factor errors have in the context of
contributions from non-local operators?
[One answer: B = K0 v v, to be measured by Belle Il]
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| ong distance

Exploratory calculations presented by Nakayama & Hashimoto, Lattice 2018

@® 4-point functions

Lo (b, tr, p. k) = / dPxdye ™Y (¢ (tie, k) T [y (£, ) Hett (t11,%)] 650, ) )

® 4-point functions

1.0x107'2

1.0x107" -
1.0x107'® ;
1.0x10"8
1.0x107%° -

1.0x1022}

log(Correlator)

1.0x10724}
1.0x10726 |

1.0x1028}

-30
1.0x10™" 5

Extending methods developed by RBC-UKQCD for rare K decays.
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Conclusions

Lots of activity among several groups using differing
formulations, methods, configurations

Many other quantities that could be shown here,
e.g. Bc = J/P, mixing, decay constants

Hadronic matrix elements at increasing precision

Interesting problems still to solve
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| attice ensembles

Results presented here use lattices from one of these ensembles:

MILC(AsqTad) ny =241 MILCnf=24+1+1 RBC — UKQCD ny =2+1
C% 400? C\% 400? c% 4002 "
< 0 < < .
(NEl‘\‘ . ° . . cxlgk . cxlgk -
S S S
Improved staggered highly improved staggerea domain wall
quarks quarks quarks

Groups are also working on flavour physics with Wilson fermions,
twisted-mass fermions, other types of staggered fermions, etc.
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CLN parametrization

Form factors entering helicity amplitudes (massless leptons)

hA1 (w) — hA1 (1)[1 — 8/022 + (Th27“/02 T th)ZQ T (TthmOQ T Th3)23]
Rl (w) — Rl(l) I 7“11(10 — 1) T 7“12(10 — 1)2
RQ(’UJ) — Rg(l) -+ 7“21(”(1)— 1) -+ 7“22(’(1)— 1)2 w=v-v

Thor = 93 ,Tp2 = —10,rp3,, = =231, 13 = 91

11 = —0.12,7“12 — 0.05,T21 — 0.11,7“22 = —(0.00

Using this “tight” CLN parametrization

_ Igee = 0.0348(12) (unfolded)
I = |\ngw Ve ha,(1) Bell (12)

Inrrayv = 0.03561(11)(44)
30



CLN parametrization

Form factors entering helicity amplitudes (massless leptons)

hA1 (w) — hA1 (1)[1 — 8:022 + (Th27“/02 T th)ZQ T (TthmOQ T Th3)23]
Rl (w) — Rl(l) T 7“11(10 — 1) T 7“12(10 — 1)2
RQ(’UJ) — Rg(l) -+ 7“21(”(1)— 1) -+ 7“22(’(1)— 1)2 w=uv-v

Thor = 93 ,Tp2 = —10,rp3,, = =231, 13 = 91

11 = —0.12,7“12 — 0.05,T21 — 0.11,7“22 = —(0.00

Using this “tight” CLN parametrization

_ Igee = 0.0348(12) (unfolded)
I = |ngw Ve |ha,(1) Bell (12)

Inrrayv = 0.03561(11)(44)
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CLN uncertainties

ha,(w) = ha, (1)[1 = 8p%2 4 (Tharp” + rn2)z” + (Thsrp” + ri3)2’]
R4 (w) — Rl(l) -+ 7“11(?1] — 1) -+ 7“12(’(1] — 1)2
Rg(w) m— Rg(l) T rgl(w — 1) T 7“22(?1] — 1)2

Coefficients calculated through A/m using HQET & sum rules
Thor = 93 ,The = —15,1rpg, = —231,rp3 = 91 BIG!
11 — —0.12 s I'19 — 0.05 s I'o91 — 0.11 s I'99 — —0.006 small!

_ Ry (w)

,r/

i, () o) = B2 )

,r./

Ratios V(g?)

What are the uncertainties for the r’s? 20%? 100%"7?

Bigi, Gambino, Schacht, arXiv:1703.06124, Jaiswal, Nandi, Patra, arXiv:1707.09977,
Grinstein & Kobach, arXiv:1703.08170, Bernlochner, Ligeti, Papucci, Robinson , arXiv:1708.07134,

31



http://arxiv.org/abs/1703.06124
http://arxiv.org/abs/1703.08170
http://arxiv.org/abs/1707.09977
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Z-expansion

Series (z) expansion
t > t4 branch cut
2

t=gq ty = (mp £ mp)?

Choose, e.g. tg = 1_

VIr —t— I — %o
VIr —t+/T1 — %o

Simplified series expansion

F(t)—l_t/ Zanz

res n




BGL parametrization

Blaschke Bn(z) =
factor 7,1;[1
Unitarity Kol

bounds
k=0

Predictions for B; vector &
axial vector resonances

Mp + Mp~ = 7.290 GeV

Sip =% [(ay)? +(

M, - /GeV method Ref.|M;+/GeV method Ref.

6.335(6)
6.926(19)

7.02
7.28

lattice |
lattice [77]

model [79]

1

K,—1

So=_ (@) <1

k=0

]16.745(14) lattice  [77]
6.75 model [79,
7.15 model [79,
7.15 model [79,

model [81]
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BCL parametrization

Simple form which uses less theoretical information.

Kr—1 NF
F(t)=Qr(t) Y a) 2" (t,to) Qr(t) =
k=0 M3,

Using BGL as a guide, choose Nr= 300, NF = 7000, Ng = 5

Clean baseline, against which affects of theoretical input (HQET, unitarity
bounds) can be measured

fit nj ng K I aéf) al’’ aéFl) al™ aég) al? Str Sq

BCL — - 2 0.0367(15) 0.01496(19) —0.047(27) 0.002935(37) —0.0029(27) 0.027(13) 0.77(44) 0.0025(26) 0.60(69)
BCL - - 3 0.0378(17) 0.01496(19) —0.065(40) 0.002935(37) —0.0135(82) 0.026(13) 0.82(46) 0.08(38) 0.67(75)
BCL — - 4 0.0382(18) 0.01497(19) —0.310(42) 0.002936(37) —0.0151(83) 0.109(16) —0.29(37) 0.143(67) 0.10(22)
BCL - - 5 0.0382(18) 0.01497(19) —0.310(42) 0.002936(37) —0.0151(83) 0.109(16) —0.29(37) 0.143(67) 0.10(22)

[link]
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