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QCD 1s a key part of the Standard Model but quark

confinement 1s a complication/interesting feature.
Connecting observed hadron
sroperties to those of quarks
requires full nonperturbative
Ay | g treatment of Quantum
e . #l Chromodynamics.

. CLEO Event: 98595
ATLAS@LHC D — uv

Some properties of hadrons can
be very accurately measured and
are calculable 1n lattice QCD -
can test SM and determine
parameters very accurately (1%). p——



Weak decays probe meson structure and quark couplings

Vud us Vub \
n—Ilv K—Iv.B—mlv

K — mlv
Vcd Vcs Vcb
D—lIlv D;— IvB — Dlv

D — nvD — KI g \
— qlvD — Klv
K
Vi Vi Vi ) / N
<Bd|B,]> <Bv|Bv> BT(M N ,UV) x Vfbf]%j
CKM matrix f Expt = CKM x theory(QCD)

Need precision lattice QCD to get accurate CKM
elements to test Standard Model.

If Vab known, compare lattice to expt to test QCD



Lattice QCD = fully nonperturbative,
based on Path Integral formalism

basic /DUD@DDEeXp(—/ﬁQCDdZLZU)

integral

discretise quark and gluon fields in a
4-d space-(Euclidean)time volume

a=0.1fm, N = 504, gives
multi-million dimensional integral

Integrating over quark fields leaves
gluon field integral.

Sea quarks appear through det M
Valence quarks through M-!

M =~-D+m,



Lattice QCD = two-step procedure

1) Generate sets of gluon fields for
Monte Carlo integrn of Path Integral
(inc effect of u, d, s, (¢) sea quarks)

*numerically extremely challenging*

2) Calculate valence quark
propagators and combine for “hadron
correlators™

*numerically costly, data intensive™

e F1t for masses and matrix elements

* Determine g and fix m,to get
results 1n physical units.

* cost increases as a — 0, m; — phys
and with statistics, volume.



UK landscape - people

8 university _
teams 1n UKQCD
consortium.

Key members of
international
collaborations

¢.g Fastsum,
Hadspec,
HPQCD, QCDSEF,
RBC-UKQCD,
strongBSM

Different methods for handling quarks, optimised for different |
physics, but crosschecks important. Results impact:

LHC, BES, KEK, FNAL, JLAB, J-PARC, DAFNE, RHIC, FAIR ...




STFC's HPC facility  ge—DIRAC o

www.dirac.ac.uk

Blue Gene/Q @Edinburgh:
98000 cores, 5D Torus

Interconnect, 1.3 Pflops
23 1n Top500 list 2012

Darwin(@Cambridge: State-of-
the-art commodity cluster: 9600
Intel Sandybridge cores,
infiniband interconnect, fast
switch and 2 Pbytes storage

Upgrade needed 1n 2016!


http://www.dirac.ac.uk

Example parameters for calculations now being done with

¢ ? C.Davies et al, HPQCD/FNAL/ . e
Staggered quarks. MILC, hep-lat/0304004. “2nd generation
. lattices 1nc. ¢

My = Mq i 'MILC HISQ, 2+1+1 @ | .
= my 014 MIIC asqtad,2+1 O quarks 1n sea
mass of u,d improved
arks¥ 0.1 o © © staggered quarks -
u 1ro i
1 R ® ® ° very ac‘cur.ate
¢ 0.08 | ] discretisation
9 | E.Follana et al,
“ O HPQCD, hep-lat/
g 006 | - 0610092.
real % ® ® O. €« Myg~ mS/IO
0.04 } |
world
M0 — 002 F o ® O ° 1 — mug %ms/27
135 MeV | | | | |
0 Volume:
0 0.005 001 0015 002 0025 003
m.L >3

aZ / fm>

also: ‘domain-wall’ RBC/UKQCD, ‘clover’ QCDSF, Hadspec



Hadron correlation functions (‘2point functions’) give
masses and decay constants. T

(O|HT(T)H(0)[0) = ) AnemnYT\laf ¢ pge—moT
n m fall

t
(OIH[m)® f2mn pumbers of

A, = _
2, / 2

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

experimental decay rate. jo; 5ccyrate experimental info.

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




Example (state-of-the-art) calculation

correlator(T)

“pionarphysicalm, = | EXxtract meson mass and
amplitude=decay constant
0.1 f “1  from correlator for multiple
1 lattice spacings and muy/d.
| | Very high statistics
001 ¢
| . . . . Extrapolation 1n a
0 20 40 . 60 80 100 0.145F ‘\ -
Convert decay constant 0.140l |
to GeV units using wy to %
fix relative scale. Very — 0.135} -
small discretisation
errors. 0.130F l

0.00 0.05 0.10 0.15 0.20 0.25

R. Dowdall et al, HPQCD, 1303.1670. mZ2 /(2mp —m?2) = ml/ms



The gold-plated meson spectrum 7

ll‘.

expt

fix params
hb(zP) 2 (2P) pgstdcns —B—

© eHe predcns —o—
Y(1D) HPQCD

1112.2590
1207.5149;]

pi(1P)
B0

oo
I

MESON MASS (GeV/cH) |
@)

B.—e— © B ]
S =E=E==E=E=BB*S
, HPQCD

'y . X :

BBV e 1008.4018
ne = =y Ae0 / error 3 MeV
I D g D. -emeffects |

2 D*#E " important!

— K L VS
0 ;Q —

Future: inc QED and M, # Mg , see BMW 1406.4088



Quark masses and strong coupling constant

Lattice QCD results have
| —o— | HPQCD-jj this*er f d bl
| EtMe 13103763 transtormed accuracy possipble

u,d,s,c sea D .R q C
----------------------- 0 ds sen * I
<>

—O0———— Basavov et al 1205.6155 ./\_-/‘
—O—i HPQCD-j;j 1004.4285
a. | HPQCD-W,,,, 1004.4285
1408.5768
o— JLQCD 1002.0371 L HPOCD NROCD 13
| 0 PACS-CS 0906.3906
0.116 0.118 0.120 y HPQCD HISQJJ ny =3
OCM—S(Mz, ng= 5)
1408.4169 d HPQCD HISQ ratio ny = 4*
| | O | | HPQCD this paper* 1408.4169
——o—— | ETMC 1403.4504 HP]Q:SC(I;EI%Q%SDSO
u,d,s,c sea |
-------------------- u,d,ssea A ETMC ratio
o RBC/UKQCD 1411.7017 *
—O— Durr et al 1011.2403 , , , ,
4.0 4.1 4.2 4.3 4.4 4.5
o HPQCD 0910.3102 7y iy, s = 5)(GeV) B
—o—  |HPQCD ppery 0511160 Future: Accurate tests of Higgs — bb
75 80 85 90 95 require halving uncertainty on my

my(3GeV,nr =3
( =3 and O



M—-M, (MeV)

More detailed study of unstable and excited states underway
_ Hadspec

1204.5425

first results: charmonium

_ . - <
1500} - - i — /
D I:I 18
=
L N ——
— \ . DD
soo]. _ 7 —  Experiment
_ 77c -I/W | XCO hc Xcl XCZ
_ | ¢ c 9
R Exotic
Or 0r 17 97t 20 3T 4t 4 I [ S i Rt S S L S I 1~ o+ 2+ ‘
' | JPC

150

120

60

30

0~

2

'ﬂ"ﬁ' 90+
~

S

800 850
unstable
states need
multivolume
analysis

1411.2004

Future: establish whether tetraquark states, hybrids, glueballs,
pentaquarks exist - needs very high stats and large op. basis.
Pin down unstable states so they can be included in SM tests



Meson decay constants

Parameterises hadronic information needed
for annihilation rate to W or photon:

2 - J

s 1503.05762

0.7 | Experiment : weak decays
. em decays — @ [ﬁ
0.6 | Lattice QCD : predictions +o—
' . postdictions &

0.5 F _%_ i

0
04 F @ il
0.2% accurate ©

DECAY CONSTANT [GeV]

03 B lvus R -
- @
0.2 } o o o -
= ® ©

Pas

0.1 F ]
T K B*B DBfB, 9 D, D*v{' nc ¥ B*B, X' my T

0 .4

2012 \0.5% accuracy from lattice QCD

S T now : FNAL/MILC 1407.3772
Vb BES will improve expt. Vg V.4

decay constants of
vector mesons now
being pinned down



185(3) 225(3) averages B, B decay constant

................................................................................................................

u,d, s sea

1 E E 1 R 1 I}’ d Slea

150 175 200 225 250 275 300
fy /MeV

world averages

PDG av. branching fraction
+ unitarity Vub

HP(%CD NRQCD Different
13022644

approaches to
HPQCD HISQ 11104510 b quafk
HPQCD NRQCD being used

12034914
FNAL/MILC 11123051  and to

RBC/UKQCD 14044670 ~Normalising
weak current

ETMC 1308.1851
ALPHA 1404.3590

NOTE:
fBs < fps now quite clear



Enables SM branching fraction to be determined for:
Br(Bs — N+N_) — Af}288 Mg, ‘/752‘/155|27'(Bs)
S - e 2013: Updated result from lattice

e L QEDIE 5 47909) w1070

LHCb: November 2012

HPQCD: R Dowdall et al,1302.2644.
t
z° . . o .
w*§\>wwmw< (including AT effect in time-integration)

b : ozt
Now seen by LHC (CMS/
LHCb)with 1411.4413

Br = 2.8(6) x 10~
Improved accuracy from
Run 2 will allow strong
test against SM.

Bq rate a bit high vs SM ...




Semileptonic form factors

‘3point function’ - amplitude

Exclusive
process

" =ppH —ph ©

T

< KIVHD >= [1(¢") {pg ol -
measured by expt L M2 — M?

through rate fore.g  +/0(¢") 2 =q"

D — Klu f0(0) = f+(0)

M2 MK b fi /
<K’S]D >— fO( )1\& s. norm. for same c/s
™Moc — Mos action HPQCD: 1008.4562

Ml% _MI2( ,LL:|
2




Semileptonic form factors for charmed mesons:

[ I I I I I I I 1 1 1 I 1 I I I I I ,l f 1 I -
- O cDwK =coarse, f=fine /4 -
13 - c005SDtoK /2 -
i O fDtoK /, 4 -
L O c¢D ton, ’/,’ -
12 c005D_tom_ ] , E
— E O f DS to Tls + //,// E
o 11F — fitDtoKf, /4 ]
+ [ LA 7
= F — ftDwo kK4, A &= J. Koponen et
= 1 — fitD ton f; v e al, HPQCD
o ~ s : e _ ,4 - ’ ’
o - _— oy - == - - -
~ [ b, ton, b 4 ) ;4 \ . 1305.1462
09F ' e lattice acciracy highest -
: £y particles af rest
0.8 -
: .y : 2 ”
0.7F = q- 1s 4-mom
=S [N N TR TR W SN NN SN AN SN SN SN SN SN S S S S S N - transfer
0 05 1 1.5 2
o (GeV? — between D and
outgoing

Comparison to expt gives more detailed test of QCD.  meson
Note: form factor seems to be independent of spectator
quark 1n decay. (not predicted by QCD sum rules ....)



Convert to decay rate in ¢ bins to compare to experiment:

D — B CLEO-c
D0—>K e v
n ] Dy— K™
12F | | | | | | | | | E (Do )
- [ CLEO ]
- X BaBar .
S 115 Belle B .
>° - — BaBar+lattice, fit A i 7]
= 11 — CLEO+lattice, fit A i
S ""FE — CLEO+BaBar+Belle total rates +lattice, fit B ]
é - — Unitarity D .
i 1.05:— —:
-% 1:_ ] J. Koponen et al,
o C_ SR S Wy (RN PR U | Sy S - 4 HPQCD, 1305.1462
< . ]
E09sEm e T e ks et 12 s b 4 -
<
g L — _ —:E =—_I_—= = —————————— %—_—_—i ===
oW 0.9_— _______________ =]
085 exptl error best E 0
- | p | | | | | | | - oS
00702 04 06 08 10 12 14 16 2 Tol  *
20 B2 HPQCD
Binl Bin2 Bin3 Bin4 Bin5 Bin6 Bin7 Bin8 Bin9 - =
. . €94 N\
Uses all exptl data in model-indpt way : N

to give Ves to 1.5%

35 30 25 20 5 0.5
by /by

Also tests QCD via form factor shape



B — wfly and Vb

form factors myq -dependent
and g° range of lattice QCD
calculation 1s limited.

Fermilab/MILC 1503.07839

Long-standing
1ssue of
inclusive Vyp >
exclusive Vb .
Same for Vb

New LHCb
result using

baryons+
lattice QCD f{f.

20

[}
S,
=
> 10
S
3
L III|III|III L
1
—E—
—
—
| 0 |
—A—
——
@
III|III|III|III|III
32 3.6 40 44
V1% 10°

|
Lattice N,=4 fit
BaBar untagged 6 bins (2011) — 5
Belle untagged 13 bins (2011) —<—
BaBar untagged 12 bins (2012) —©—

Belle tagged B® 13 bins {2013)

Belle tagged B~ 7 bins (2013)
Lat.+all expt. combined N,=4 fit

This work + BaBar + Belle, B — 7/v
Fermilab/MILC 2008 + HFAG 2014, B — ntlv
RBC/UKQCD 2015 + BaBar + Belle, B — wlv
Imsong et al. 2014 + BaBarl2 + Bellel3, B — 7lv

HPQCD 2006 + HFAG 2014, B — nlv
Detmold et al. 2015 + LHCb 2015, A, — plv

BLNP 2004 + HFAG 2014, B — X Iv
UTFit 2014, CKM unitarity

Look at more modes,
Iinc. vector final states ....



B — /T ¢~ ‘penguin’ processes
Addnl ops 1n eff. EW

l+

b o d(s)
Hamiltonian O Y O (8
B
o L] L] W
give additional tensor form :
. d
faCtor —I_ V V llson Coeffs. 107 Form factors + CKM + chcrs fre—
. T sl LHCb [ 1800 00014 —o—s |
12 M Form factors®CKM 1nc. eXpt f\ ;
O F fact | . + 0
— Ul ety ] By <0 —
z tAr T
%9 14 t . . . é —F
512 tension” = ?;
= 1 | T ) 0 B — T ‘ ‘
T g between I
[ 0.6 L g~ | B e
> eXpt M0 [ Form factors + CKM — Others mmm -
e ‘ T | Lo e o Bt ol
027 —EI% | and SM %200 , |
/TT 0.6 r %/"“\\ 7 - Run 2 5 150 L
D04t ' 0
o0z | sortout = | —
pﬁw7 ﬁ) ,Q} m
0 - / - - - 3 ——
0 5 10 15 20 25 B — K ‘ |
. 0 5 10 15 20 25
B — m) " #16® Fermilab/MILC 1510.02349 Pcevy



Lattice QCD can give hadronic contribution to anomalous

magnetic moment of muon
B.Chakraborty et al, HPQCD: 1403.1778

(9—2)u/2
differs between expt and the SM by
25(9) x 1077 #peyw physics*?

Error dominated by that from HVP
contribution calculated using R

ete™
Can we improve ahead of E989 run?
On lattice, calculate :

a [ A
e =2 [ da* (6 (AmaQD ()
0 / \Vacuum

very steep function, polarisation
so small g> dominates function



ool B e | @Y 1071
e OO0 e — v

% 550 ii - | 598(11) U,/d
Ssoof 0 PRy 53.4(6) s

=+ 450} i 14.4(4) c

050 05 000 03 0.27(4) b
ol Total 666(6)(12)

o [0 mew phyyts inc systs from QED,
. HPQOD 1sospin, disc. diags
i o |ETMC
1308.4327

\ “hadronic light-by-
- | Jegerlehner .
| 151108473 light’ smaller but

. | Benayoun et al

i o more difficult

1105.3149

- | Jegerlehner et al
[ 1101.2872

see: RBC 1510.01700

640 650 660 670 680 690 700 710 720 730

a//IjVP,LO % 1010



Conclusion

« Lattice QCD results for gold-plated hadron masses,
decay constants and form factors now providing stringent
tests of QCD/SM.

* Gives QCD parameters and some CKM elements to 1%.
 “Tensions” with expt./inclusive methods to be resolved.

Future
* Aim for 1% errors for B and Bs physws B. — n v

* Inc. the range of modes o
studied to inc. vector mesons, = 24| ®e 2
Z 2.2+ 1 e Imax |

baryons etc. 3 X ®A A @

) o i © |
* Inc. the range of g covered = 1sf

. . e B ®
by going to finer lattices =00 * _
. = .. ik

* many more calculations ... 2| APQCD Preliminary - g2 — () ¢ -

will need faster computers! Y ey b



Spares



Independent determination of Vs from 105 |

Dg — oly

Vector final state means helicity info. 1s
transmitted. Angular and g? distributions

0.25
0.2
0.15
0.1
0.05

%JFTEET

:

0O 02 04 06 08 1
q> (GeV?)
i 7
et
-1 0.5 0 0.5 1
cos Oy

0.2
0.15
0.1
0.05

0.2
0.15
0.1
0.05

1.1

% 1t _
> 005 [ % """"""""""" D - S
022" D >0 b—K Unitarity |
Lattice QCD
— (HISQ on 2+1 asqtad
S | / configs)
. Experiment (BaBar)
1 05 0 05 1
cos® .
RN A P
T | | | | | T ‘\ %\ \\ K ¢ 9[{,
L ] < o— / ;
a0 gl >‘~K i
Dy
3 2 -1 0 1 2 3
X G. Donald et al,

HPQCD,

1311.6669




Look at error budgets to see how things will improve 1n future ...
1302.2644: calculation of B, Bs masses and decay constants

errors divided into extrapolation and other systematics:

EI‘I‘OI‘% (I)BS/(I)B MBS—MB (I)BS (I)B
EM: 0.0 1.2 0.0 0.0
a dependence: 0.01 0.9 0.7 0.7
chiral: 0.01 0.2 0.05 0.05
g: 0.01 0.1 0.0 0.0
stat /scale: 0.30 152 1.1 I5]
operator: 0.0 0.0 1.4 1.4
relativistic: 0.5 0.5 1.0 1.0
total: 0.6 2.0 2.0 2.1

for different quantities different systematics are important



