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Motivation

example: B — wlv

generic EW process involving hadrons:

(experiment) = (known) x (CKM element) x (had. matrix element)

1) L)

I'res, Dieas - Lattice QCD
dF(E;—;wEu) 7 dF(Dd_;KKV) . parameterize the ME in

9 9 terms of form factors,
Amd(s) decay constants, bag

parameters, ...
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B physics proposal overview

@ FNAL/MILC:
w 5.7M BG/Q + 90.9M Jpsi cluster CPU; storage: 70 TB disk + 78 TB

tape
w broad B and B, physics program
w semileptonic D decays
w quark masses + strong coupling

@ RBC/UKQCD:
w 19.8 M Jpsi CPU; storage: 50.5 TB disk + 300 TB tape

/ (*) *
% By = D) tv, Vel and R(D®))

@ LANL-SNU:
w 36 M Jpsi CPU; storage: 25 TB disk + 300 TB tape
w B — D™y and [V

+ RBC (Kelly on K — #zzr) and Leskovec (on B — Kr £¥)
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Summary of recent progress

errors (in %) (preliminary) FLAG-3 averages + new results

I L I L I L | I I |
fB.,/fp Semileptonic decays
IB. — form factors for B — D ¢v at nonzero recoil by
N FNAL/MILC (Bailey et al,arXiv:1503.07237, PRD 2015)
B I HPQCD (Na et al,arXiv:1505.03925, PRD 2015)
— 1200 EE—
FBE2DY(1) v
gB—>D(1) _
R(D)
ff*”(f) I
'S —1
| L1 11 | L1 1 1 | L1 1 1 I L1 11 | |
0 2 4 6 8
error in %

A. El-Khadra All Hands, BNL, 29-30 April 2016



Summary of recent progress

errors (in %) (preliminary) FLAG-3 averages + new results

fB.,/fp Semileptonic decays
IB. — form factors for B — D ¢v at nonzero recoil by
N FNAL/MILC (Bailey et al,arXiv:1503.07237, PRD 2015)
B I HPQCD (Na et al,arXiv:1505.03925, PRD 2015)
B— D™
S (L) B—mly,By— Klv,B—71ll,B— KU,
g (1) RBC/UKQCD (Fiynn et al, arXiv:1501.05373, PRD 2015)
R(D) FNAL/MILC (Bailey et al, arXiv:1503.07839, PRD 2015;
B, o arXiv:1507.01618, 2015 PRL; 1509.06235, PRD 2015;
27 (q7) Du et al, arXiv:1509.06235, PRD 2015)
'S I — —

| | I .| | | I . | | | I . | I L1 11 | |
0 2 4 6 8
error in %
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Summary of recent progress

errors (in %) (preliminary) FLAG-3 averages + new results

fB./fp = Semileptonic decays
IB. — form factors for B — D ¢v at nonzero recoil by
N FNAL/MILC (Bailey et al,arXiv:1503.07237, PRD 2015)
B I HPQCD (Na et al,arXiv:1505.03925, PRD 2015)
B— D™
S (L) B—mly,By— Klv,B—71ll,B— KU,
g (1) RBC/UKQCD (Fiynn et al, arXiv:1501.05373, PRD 2015)
R(D) FNAL/MILC (Bailey et al, arXiv:1503.07839, PRD 2015;
B, o arXiv:1507.01618, 2015 PRL; 1509.06235, PRD 2015;
27 (q7) Du et al, arXiv:1509.06235, PRD 2015)

§

!

Lo v v v Lo v v vy Iy Ab%p/Ab_)ACandAb%Agg

0 2 4 6 ] (Detmold et al, arXiv:1503.01421, PRD 2015;
arXiv:1602.01399, PRD 2016)

error in %
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Summary of recent progress

errors (in %) (preliminary) FLAG-3 averages + new results

fB./fp = Semileptonic decays
IB. — form factors for B — D ¢v at nonzero recoil by
N FNAL/MILC (Bailey et al,arXiv:1503.07237, PRD 2015)
B I HPQCD (Na et al,arXiv:1505.03925, PRD 2015)
B— D™
S (L) B—mly,By— Klv,B—71ll,B— KU,
g (1) RBC/UKQCD (Fiynn et al, arXiv:1501.05373, PRD 2015)
R(D) FNAL/MILC (Bailey et al, arXiv:1503.07839, PRD 2015;
B, o arXiv:1507.01618, 2015 PRL; 1509.06235, PRD 2015;
27 (q7) Du et al, arXiv:1509.06235, PRD 2015)

§

!

Lo v v v Lo v v vy Iy Ab%p/Ab_)ACandAb%Agg

0 2 4 6 ] (Detmold et al, arXiv:1503.01421, PRD 2015;
arXiv:1602.01399, PRD 2016)

error in %

Theory uncertainties are commensurate with experimental errors

A. El-Khadra All Hands, BNL, 29-30 April 2016



Summary of recent progress

errors (in %) (preliminary) FLAG-3 averages + new results

fB.,/fp
st e
B [
FBE2DY(1) v
gB—)D(l) _
R(D) R R—
277 (q%) I — B meson mixing
§ - First calculation of all five MEs with n=3 by
Lol b aa vty FNAL/MILC (BazaVOV et aI,arXiv:1602.03560)
0 2 4 6 8
error in % '
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Quark flavor experiments

A. El-Khadra

now

past

Belle Il |50 times the data of Belle

NA62, KOTO

LHCb, CMS, ATLAS |run |l at 13 TeV is starting, 6 times the data of 2015

BES IlI

BaBar, Belle,
CDF, DO,
CLEO-c, KLOE, ...

ARGUS, CLEO, NA48, KTeV, BNL kaon experiments,...
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A. El-Khadra

m—

uture

now

past

| 4

Quark flavor experiments

Expect significant reductions in experimental
errors and measurements of new decay
modes

R — B —,

Belle Il |50 times the data of Belle

NA62, KOTO

LHCb, CMS, ATLAS |run Il at 13 TeV is starting, 6 times the data of 2015

BES IlI

BaBar, Belle,
CDF, DO,
CLEO-c, KLOE, ...

ARGUS, CLEO, NA48, KTeV, BNL kaon experiments,...

All Hands, BNL, 29-30 April 2016

11



Exclusive vs. inclusive V| and |Vl

A. Kronfeld (priv. communication)

- 1 — v IV, | (1atQCD + LHCb)

i T 1— v, (1atQCD + BaBar + Belle)
=T — D7 . . | — IV, 1atQCD + BaBar + Belle)
] ' | | — IV, (1atQCD + HFAG, w = 1)
; 1 ]l e p=0.19
— 2 —
— Dy l AX2‘1
B - e Inclusive IbeI
mE e //_\ — N u u
2 ~30 tension between inclusive
_ . |
sl | and exclusive |Ver| and |Vl
_ //é New (2015):
’ & { |Vl from B — Div
30 b | e V| from B — wlv
_I ] | | | | | | | ] | | 1 | ] | | | 1 |1 "I e | | I | | I | | ] | | I— ° VUb/VCb| from A—b % péy/Ab % Ac’éy
35 36 37 38 39 40 41 4?2 43 44 45

3
1071V |
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UT analysis

Laiho, Lunghi & Van de Water (Phys.Rev.D81:034503,2010), E. Lunghi, private comm.

10: latticeaverages.org
End of 2014
0.8}
0.6:
M
0.4}
. :f b
oo = P V., [IBR(B-7v)+A

~10 05 0.5
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http://arXiv.org/abs/0910.2928

UT analysis

Laiho. Lunghl & Van de Water ( ths Rev. D81 034503 2010) E. Lunghi. nrivate comm.

3|

0.0

1.0.-
0.8:-
0.6:-
04t

0.2¢

lattlceaverages org

Aprll of 2015

—value = 17 O%'

~10 —05
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http://arXiv.org/abs/0910.2928

UT analysis

Laiho, Lunghi & Van de Water (Phys.Rev.D81:034503,2010), E. Lunghi, private comm.

10

0.8

S|

0.4¢
0.2p

00t , . . . . . . . ' . . . . . . ]
-1.0 -0.5 0.0 05 10

0.6f

February 2016

[ - i ’

| p-value = 28.0Y R(B-71v)+AM,

Significant reduction in the allowed region!
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http://arXiv.org/abs/0910.2928

The ratio R(D™)

B(B — DY ry,)

R(D(*)) —

HFAG average for EPS 2015

B(B — D) /{v)

| | | EI | E | | | | %/(‘-\ 0.5 B T T T T | T T T T | T T T T | T ]
i i a [ —— BaBar, PRL109,101802(2012) A>=10 1
BaBar 52/ 045F  — Belle, arXiv:1507.03233 —]
0.440 = 0.058 + 0.042 N LHCDb, arXiv:1506.08614 _
B m— Average -
Belle 04 — —
03750064 20026 g -
i i 0.35 — -
Average - :
0.391 + 0.041 = 0.028 ' ’ ' 03 :_ _:
SM prediction E E
: : [ Y — —
0.297 + 0.01 '_"_' 0.25 - - .
- - SM prediction P(2) = 55% .

E i 0.2 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1
w0 g 0.2 0.3 0.4 0.5 0.

HFAG i i
R(D)
| | | il | E | | | | .
02 04 06 HFAG average: combined 3.90 excess
R(D)
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A. El-Khadra

B Mixing and FCNC decays

v, x10° 1V, | x 10

| | | ! | | |
H H
- HH

] l | I ] ]

7 8 9 35 39 43

AMq:

FNAL/MILC

PDG
B> K(mpuu
CKM unitarity:

full

tree

0.18 0.19 0.20 0.21 0.22 0.23

V., 1Vl

|

)

HH

—+—
|

~20 tensions between loop processes and CKM unitarity.
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A. El-Khadra

To do list

B — D* form factors at nonzero recoll

w Vel determination, check consistency with B — D det.
w SM prediction of R(D*)

w Vel also important for ek and rare K decay

theory errors in B mixing matrix elements still larger than
experiment.

keep up with anticipated experimental improvements

expand B physics calculations to non-simple quantities
w | eskovec talk

All Hands, BNL, 29-30 April 2016
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A. El-Khadra

Backup slides

All Hands, BNL, 29-30 April 2016

19



Kaon summary
S. Aoki et al (FLAG-2 review, arXiv:1310.8555, FLAG-3 update)

courtesy of S. Simula (FLAG-3, Vs working group) status as of
mid 2015

f i/.F + ( )
FIAG2015 | FIAG2015 f+(0
i e [l ) our estimate for N¢=2+1+1 — ' '
‘_—I_ i 0 25 /o f + 0.33% —) <= our estimate for Ng=2+1+1
+ . St + <BAMCID hreliminary
~N —L I ETM 14A
> | preliminarygeoc i N | T IR
4 MILC 11 (stat. err. onl?/ .
Z —{+ ETM 10E (stat. err. only) = - our estimate for Ny =2+1
-l our estimate for Ny =2+1 . RBC/UKQCD 15
m BC/UKQCD 14 — M RBC/MKOCD 13
H%P__.‘__ Laih 1]C.) - C_\II_ i m
aiho — LQCD
BRI N . hoco 1
+ | HOH j BC/UKQCD 10A vl RBC/UKQCD 10
|—p.A.@5_§,_g.g_D RBC/UKQCD 07
N —m— BMW 1
LI_ H— 11— LQCD/TWQCD 09A (stat. err. — — our estimate for N; =2
Z H MILC 09 ~ ETM 10D (stat. err. only)
|—[} | ]—E ’SXE'sT 858 08, 08A Il ETM 09A
: RBC/[_JKQCD 08 . QCDSF 07 (stat. err. only)
i HPGCD/URQCD 07 Z RBC 06
[ NPLQCD 06 JLQCD 05
f MILC 04 JLQCD 05
our estimate for N =2 g Kastner 08
E[ng}A‘llBB(Stat' err. only) + .I Cirigliano 05
f — ETM 10D (stat. err. only) ' —@— Bijnens 03
- ETM 09 c —@— Leutwyler 84
. 1 . { } | . QCDSF/UKQCD 07 g . ! | !
1124 118 122 176 0.94 0.96 0.98 1.00
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Kaon summary: K;; example

T. Primer (FNAL/MILC) @ Lattice 2014
(update of arXiv:1312.1228)

A. El-Khadra

1

A 2=0.15fm K—m
® 2=0.12fm + (O)
| m a=0.09 fm
099} v a=0.06fm
= C
0.98

0.97} preliminary

LY |

<+

0.1

hysical
am,/ (amS)p e

02

RBC/UKQCD (1504.01692, JHEP 2015)

1.005
1.000
0.995¢
= 0.990;f

N—"

k 0.985¢

==

™= 0.980}
0.975}
0.970}

©-  A-ensembles
¢~ C-ensembles

0.96575700 0.05 0.10 0.15

(mig —m? )" /mj /GeV?

data at the physical point (offset horizontally)

All Hands, BNL, 29-30 April 2016

21



Kaon summary

For all quantities there are results that use physical mass ensembles

errors (in %) preliminary FLAG-3 averages

FTEERERTERERT R &8T5 independent results (different methods)

fr+/ fx ==
small errors due to
K = + physical light quark masses
+ improved light-quark actions
Ix P— + ensembles with small lattice spacings

+ NPR or no renormalization

BK 7 Pure QCD
EM affects included phenomenologically
T O O O (O (I I P (ChPT)
0 0.5 | 1.5

error in % = Lehner talk in g-2 session

0 — ———————
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Semileptonic B-meson decay at nonzero recoll

Example: B — 71fv

d Tly 2
F(lil; ) (known) >< ‘f+(q2)|

* shape for semileptonic B decays:
use z-expansion for model-independent parameterization of g2 dependence
(see back-up slide)

A. El-Khadra All Hands, BNL, 29-30 April 2016
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The z-expansion

t=q° 1z
L 2t tg) = Vig =1 =l = o
Vip =T+ Vi — 1o
] R > ty = (mp £ my)? 4
I 4 oz = t- o Lfor kinematic
kinematic range [m7, ¢;,qz) range: jz| < 1.

Bourrely at al (Nucl.Phys. B189 (1981) 157)
i Boyd et al (hep-ph/9412324,PRL 95)

The form factor can be expanded as: Lellouch (arXiv:hep- ph/9509358, NPB 96)

Boyd & Savage (hep-ph/9702300, PRD 97)

Bourrely at al ( arXiv:0807.2722, PRD 09)

1

H0= Piyatem) & o) o)

* P(¢) removes poles in [z, t+]
* The choice of outer function ¢ affects the unitarity bound on the ax.
* In practice, only first few terms in expansion are needed.
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Form factors for B — D) ¢y & V.

FN4AL/MILC (arXiv:1503.07237, PRD 2015) HPQCD (arXiv:1505.03925, PRD 2015)
1.4 p ' ' ' L B I I L I UL I IR L I I IR R
L3+ J}; SRNNSNS I, 5 [0 Bamarom h
_ BaBar 2009 :

12N - 2 Vel = 40.2 (1.7) (1.3)103 ¢ -
< 1.1 L D = 0.40 - '
o e 1.1 4 —
g I+ “'_;Jr ¢ ]
= S 1 -
E 09 B :jo : | i
£ os| j -
0.7 - R 081 ) 1
0.6 | 5 - 07 -
Vepl =39.6 (1.7) (0.2)10 = T
05 I | | | 0'6—1 0 1 2 3 4 5 6 I7IH8IH9HI10lllllllll2llll3

0 002 004 0.06 2 [GoV]

Z

 combined fit to LQCD form factors + BaBar data.

« LQCD form factor errors (~1.2%) smaller than experiment.
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Form factors for B — D) ¢y & V.

R. Glattauer (Belle) @ EPS 2015

FNALMILC 7 [ —v— Belle 015)
1.4 1.3 —— HPQCD -
n MILC :
L3+ 12 N 1, fi . -
TN f, fit T ]
L2 N - I\\T MILC data from: [a;Xiv:15o3.07237] T -
2 T e HPQCD data from: [arXiv:1505.03925] 7> ]
S L
(i 1— -
= 0.9 -
= S~ - PE
S 08} 0.9 ji\\ ;-/
0.7 t 085 l\[ -
0.6 | “F E
|Vcb‘ — | | |
0.0 b—— 0.7 Belle 01 1213
0 - preliminary
_I | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | |
0.6 1.1 1.2 1.3 14 1.5 1.6

w

P. Gambino, global fit (Belle + BaBar + HPQCD + FNAL/MILC) @ EPS 2015:
Vsl = 41.09 (95) 1073

A. El-Khadra All Hands, BNL, 29-30 April 2016 26



Form factor for B — wlv & Vi,

RBC/UKQCD (arX|v 1501 05373 PRD 2015) FNAL/MILC (arXiv:1503.07839, PRD 2015)
| | | | |
RBC/U KQCD oA BABAR 2012 (untagged)ﬁ 10 All expt. N,=3 fit —~
0.8 + += BABAR 2010 (untagged) 2 FNAL/MILC Lattice N,=4 fit
i a4 BELLE 2013 B (tagged) | B BaBar untagged 6 bins (2011) == |
+# BELLE 2013 B~ (tagged) | 1 ¥ Belle untagged 13 bins (2011) <
o i +o+ BELLE 2010 (untagged) | - BaBar untagged 12 bins (2012) o
~ 0.6 - +@+4 This work . = 08[ Belle tagged B® 13 bins (2013) = = |
N§° i ] s Belle tagged B~ 7 bins (2013) '
= ﬁ S 06 N
S | NC.)' AN % %
L 04 . = i
:, e
| T o2l o
* N | Vil =3.72 (16) 1073
02 | |Vl =3.61 (32) 107 : ub (16) ] \ \
- 1 0
-0.3 _(;_2 _ol_1 6 0{1 0{2 0.3 -0.3 -0.2 -0.1 0 0.1 0.2 0.3
z z

New: First determination of |Vu/Vep| from baryon decay!
(Detmold et al, arXiv:1503.01421, PRD 2015) + LHCb (arXiv:1504.01568, Nature 2015)

2

9max dF(Ab—WW/) 2
o |Vcb|2 15GeV?2 dg? dq o I L
RFF - ’Vub‘Z q?nax dF(Ab—)Ac,u,]/) d 2 — 1.471 1 0.094 1 0.109
7GeV?2 dq2
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Form factors for B — K, 7w {7 ¢~

/ﬁ 14
Z,7§ -, ?ﬁ
AT G T

A1GF
V2

VieVii Y (CiO; + C; O})

)

Heff:_

Need 3 form factors: fy or(¢?) <+ [HPQCDfor B — K
(arXiv:1306.0434, 1306.2384, PRL 2013)

e |ow recoil (high ¢%) OPE FNALMILC for B - K,B —
_ _ (arXiv:1509.06235, 1507.01618, PRL 2015)

e high recoil (low ¢g?) SCET

e compare theory with exp. also: Detmold & Meinel

(arXiv:1602.01399, PRD 2016)
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Phenomenology for B — K, m ¢T¢~

Experiment vs. Theory

HPQCD (arXiv:1306.0434, 2013 PRL)

0.6

Jy  w(@2S)—o— Bell VL
BABAR FNAL/MILC (arXiv:1507.01618, 2015 PRL)
0.5 —&— CDF 2
T & LHCb [14] Nl Form factorsCKM s
8 o04f —e— LHCb [15] 1.8 ¢ Form factors only
= — S 16l LHCb 2015 (preliminary) —H—
S 03 F = R
s = # NQ o 14t
~ 0.2 —| —Q—} cln
m*' —H— $ o ]_2 B
= N — i —
0.1 F % —D— _“\ — 1 i |
o L P | | | | \ /gg (.8 | r===p= o= B i
0 4 8 2 16 20 24 * i
7 [GeV?] EHi 06 1 ! ] |
: m‘N@ 04 t 1 i
07 FNAL/MILC (arXiv:1509.06235) = 0.2 .
"' Form factors + CKM + Others mmmm | _# -

0.6 FormfaCtorSOIlly i :::::::::::::::::::::::k:
LHCb14 (B

05 L - LHCb14 (B%) —e— | . 0.6 .
i Babarl2 ——— I
o 8 | CDFIL | < 0.4 L /—\ |
Al - Belle09 ———— cq|°'@ 0.2 -
|—|: 'B’B . ' \

dB(B — Kptp™)/dg*(1077GeV—?)

WL R 1 BN /
0.3 11 5] e ] N .
02 | PRETIT . s : 0 5 10 15 20 25
0.1 |7 f R L ¢ [GeV?]
. I ¢(28) i
0 5) 10 15 20 25
¢*(GeV)?
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Phenomenology for B — K, m ¢T¢~

Experiment vs. Theory

HPQCD (arXiv:1306.0434, 2013 PRL)

0.6

Jy  w(@2S)—o— Bell VL
BABAR FNAL/MILC (arXiv:1507.01618, 2015 PRL)
0.5 —&— CDF 2
T & LHCb [14] Nl Form factorsCKM s
8 o04f —e— LHCb [15] 1.8 ¢ Form factors only
= — S 16l LHCb 2015 (preliminary) —H—
S 03 F = R
s = # NQ o 14t
~ 0.2 —| —Q—} cln
m*' —H— $ o ]_2 B
= N — i —
0.1 F % —D— _“\ — 1 i |
o L P | | | | \ /gg (.8 | r===p= o= B i
0 4 8 2 16 20 24 * i
7 [GeV?] EHi 06 1 ! ] |
: m‘N@ 04 t 1 i
07 FNAL/MILC (arXiv:1509.06235) = 0.2 .
"' Form factors + CKM + Others mmmm | _# -

0.6 FormfaCtorSOIlly i :::::::::::::::::::::::k:
LHCb14 (B

05 L - LHCb14 (B%) —e— | . 0.6 .
i Babarl2 ——— I
o 8 | CDFIL | < 0.4 L /—\ |
Al - Belle09 ———— cq|°'@ 0.2 -
|—|: 'B’B . ' \

dB(B — Kptp™)/dg*(1077GeV—?)

WL R 1 BN /
0.3 11 5] e ] N .
02 | PRETIT . s : 0 5 10 15 20 25
0.1 |7 f R L ¢ [GeV?]
. I ¢(28) i
0 5) 10 15 20 25
¢*(GeV)?
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Phenomenology for B — K. 7 474~

Experiment vs. theory

A. El-Khadra

LHCDb data + FNAL/MILC form factors

(arXiv:1509.00414,1403.8044, JHEP 2014)

focus on large bins above and below Ta
charmonium resonances =200
. =
theory error commensurate with N
. +
experiment < 150
. . T
yields ~1-20 tensions £
. % 100
= determine |Vid/Vis,|Vidl,|Vis| 4
or constrain Wilson coefficients
80
y D. Du et al (in preparation) O’é 70
| Form factors + CKM + Others mm
Form factors only X
8 t LHCD [arXiv:1509.00414] —e— | ol
2
;| rE
4| == : & 20
i I S] (f] 10
2 L
O L L L L L
0 5) 10 15 20 25
¢*(GeV)?
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D. Du et al (in preparation)

250 |

Form factors -+ CKM + Others mmms
Form factors only
LHCb [JHEP 1406, 133 (2014)| —e—

]

0 o 10 15 20 25

¢*(GeV)?

Standard Model (Du et. al.) mmmm -
LHCD [arXiv:1509.00414] —o—s

0 5 10 15 20 25
¢*(GeV)?
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