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1. Phenomenology from the Lattice - Introductory Comments School of Physics

and Astronomy

O Clearly, with the title | have been given | have to be very selective.
1001 apologies!

O At this conference we have a number of plenary talks and many parallel sessions
devoted to lattice computations of physical quantities of phenomenological
importance in particle physics.  C.Alexandrou, J.Heitger, G.Herdoiza, C.Hdlbling, J.Laiho, -

I will not try to make a compilation of the latest lattice results.
I will not discuss the different formulations of lattice QCD or effective theories
of heavy quarks.

O | will give examples of

What Next for "mature” quantities which have been calculated with "good"
precision?

Continued attempts to extend the range of physical quantities which can be
calculated.

Important phenomenological quantities which | don’t know how to start
evaluating.

© We understand how to calculate the spectrum, quark masses, and matrix
elements of the form (0|O(0)|h) and (h,|O(0)|h;). These continue to be calculated
with ever improving precision.
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The n-n’ system. RBC-UKQCD, arXiv:1002.2999

Long-Distance Contributions in Kaon Physics.
Rare Kaon Decays.

Isidori, Martinelli Turchetti, hep-lat/0506026
Mg — MK,

N.Christ, this conference
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Perturbation Theory

O The precision of lattice calculations is now reaching the point where we need

better interactions with the N"LO QCD perturbation theory community.
O The traditional way of dividing responsibilities is:
Physics = Cc x  (f]O]i)
7 T
Perturbative Lattice
QCD QCD
@ The two factors have to be calculated in the same scheme.
Q@ Can we meet half way?
bare

operators
lattice — —
operators

renormalized

in MS scheme

O What is the best scheme for ? (RI-SMOM, Schrédinger Functional, ---)?
O Recent examples of such collaborations following J.Gracey ...:

Chris Sachrajda

two-loop matching factor for mq between the RI-SMOM schemes and MS.
M.Gorbahn and S.Jager, arXiv:1004:3997, L.Almeida and C.Sturm, arXiv:1004:4613

HPQCD + Karlsruhe Group in determination of quark masses.
Lattice2010, 18/6/2010
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2. Vs from Lattice Simulations

0.225

latiice result for 1,(0), N, = 2+1
e lallice result for /f,, N, = 241
latiice results for N, = 2+1 combined
,,,,, lattice result for f,(0), N, = 2 i
- lattce resultfor f/f,, N, =2
- lattce results for N, = 2 combined
unitarity ul
m ourestimate
g nuclear B decay
P I P P T R
0.96 097 098 0.99 1 101

School of Physics
and Astronomy

O Lattice calculations of fx /fx
combined with the experimental

o Following the suggestion of
Becirevic et al., precise lattice
calculations of the K,3 form
factor f 7 (0) are possible = V.

hep-ph/0403217

O Results are in remarkable
Vg agreement with SM.
Flavianet Lattice Averaging Group
(preliminary) o
0.97]
O Currently the main uncertainty on 2 oo
f*(0) is due to the chiral extrapolation. ~
RBC-UKQCD, arXiv:1004:0886 " ‘
094 nv‘m 01T : 0,12 0 1:3
£ 1Gev
Chris Sachrajda Lattice2010, 18/6/2010 «E»>» «E>» = 6



Results in the Standard Model

Southampton
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and Astronomy
FLAG — Preliminary
O We have the two precise results:
Vusf
’ usX | = 0.2759959)
Vud fn

and |Vusf(0)] = 0.2166147)
Vg -

Flavianet — arXiv:0801.1817

O We can view these as two equation for the four unknowns fx /fr, f-(0), Vys and
@ Within the Standard Model we also have the unitarity constraint:

[Vudl? + Vus|? +vt> = 1
@ Thus we now have 3 equations for four unknowns.

O There has been considerable work recently in updating the determination of V4
based on 20 different superallowed transitions.

Hardy and Towner, arXiV:0812.1202
IVug| = 0.9742522) .

O If we accept this value then we are able to determine the remaining 3 unknowns:
|Vus| = 0.2254495),

f
f,(0) =0.960846), -~
Chris Sachrajda

X —1.192759).
T
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SU(2) ChPT and fo(0fax);  Tfax = (Mk —mp)? e
My fO(qgnax)
My fo(GRax) 575MeV  1.00016(6)
670MeV  1.00029(6) 470MeV  1.00272(34)
555MeV  1.00192(34) 435MeV  1.00416(43)
415MeV  1.00887(89) 375MeV  1.00961(123)
330MeV  1.02143(132) 300MeV  1.01923(121)
RBC-UKQCD (Ny = 2+ 1), arXiv:0710.5136 260MeV  1.03097(224)

ETM (Ny = 2), arXiv:0906.4728
Q In the SU(2) chiral limit, m,4 = 0, we have the Callan-Treiman Relation
fo(GPax) = ‘;ﬁ ~1.26.
m
O We have investigated whether the difference of the numbers in the table and 1.26
can be understood using SU(2) ChPT. J.Flynn & CTS, arXiv:0809.1229

The one-loop chiral logarithms have a large coefficient and are of the correct
size to account for the difference. However they have the wrong sign!
There are linear and quadratic terms in my;.
They cannot be calculated in SU(2) ChPT, but estimating the LECs by
converting results from SU(3) ChPT suggests that these terms have the
correct sign and magnitude to account for the difference.

O The same features hold for B— mand D — 17 semileptonic decays.

Chris Sachrajda Lattice2010, 18/6/2010 = =
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SU(2) ChPT at g° = 0 - Hard-Pion Chiral Perturbation Theory Schoolof Physics

and Astronomy

O We also argue that information can be obtained at values of g2 where the external
pion is not soft, such as at the reference point g2 = 0.  J.Fiynn, CTS, arXiv:0809.1229.

3 m m3
= (1— Zﬁgfz log (H—’ZT) +c+m$,)

3 my my
F_ (1— 4 Tom2r2 0 (F) +c,m%) .

Q Itis possible to calculate the chiral logarithm because this comes from a soft
internal loop.

O The approach can be applied at other values of o?.

O This idea has recently been extended to K — mrr decays,

J.Bijnens and A Celis, arXiV:0906.0302

and to B— mand D — 1 semileptonic decays. J.Bijnens and | Jemos, arXiv:1006.1197

O Since the chiral extrapolation is a major source of systematic uncertainty for the
lattice determination of Vs from K,3 decays, it is important to have all the possible
theoretical information to guide us.

£°(0) =f*(0)

£=(0)

It would be useful to know the result at NNLO.

O It would be reassuring to confirm that it is possible to develop an effective theory
in which hard and soft pions are separated.

Chris Sachrajda Lattice2010, 18/6/2010 =



3. &, |Vep| and sin2B3

Southampton

&K

Buras and Guadagnoli, arXiv:0805.3887 [hep-ph], arXiv:0901.2056 [hep-ph]
can be written in the form

Lunghi and Soni, arXiv:0803.4340 [hep-ph]
Within the standard model the indirect CP-Violation parameter

_ 20+ +Noo
3

Buras, Guadagnoli and Isisdori, arXiv:1002.3612 [hep-ph]
)

o (KL — 1)

v JZ/(KSH T['Tl])’
with

~ 1 . .

£k = KeCeBi|Vep|? Vus|” <§|vcb|2a?snn23nnso(xt> +Resing (Mo, %) — nmxc))
GEfZMyoM3, o

= 5v2r2 (AMK) X = ME(m),

Two recent developments move the SM prediction downwards:

1 |V
Rt ~ | td|
BK

Precise lattice values of Bk are "low":

- A |Vt5| ’
0.720(13)(37)
Bk = 0.7248)(298
Chris Sachrajda

D.J.Antonio et al., RBC-UKQCD, hep-ph/0702042

C.Aubin, J.Laiho and R.Van de Water, arXiv:0905.3947
Lattice2010, 18/6/2010
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&k, |Vep| @and sin2B3, cont. schoolof Physics
A ony 2 (1 202 .

&k = KeCeBi |Vep|“|Vus| > [Vep| thsm 2BnuSo(X) + ResinB(NetSo(Xe, %) — Nec Xc)

' K
Write &k = €% sin(g) (% + E) . where
AMk
Im
g = Ao

and Astronomy

ReAq

and @ = arctar{2AMg /Al') = (43.51+0.05)° .
Ke = 0.92+0.02 is a correction factor taking into account the difference of ¢ from
45° as well as the presence of the & term.

9 Using the above values of Bk and k¢, Buras and Guadagnoli find:

arXiv:0901.2056
20 "tension"

e |SM = (1.78+£0.25)10~2  to be compared to |k |®P = (2.22940.012) 1073,
O The top-quark contribution to &g is the dominant one so that approximately:

lex| O Ke fZ B [Ven|* & sin(2B)
so that the prediction is very sensitive to [Vqp| 2 (4124+1.1)10°3 and
£— BVEs 29511006
de V Bd

Chris Sachrajda

Lattice2010, 18/6/2010

11



. . Southampton
&k, |Vep| and sin2B — Final Comment schoolof Physics

and Astronomy

O Lunghi and Soni have been proposing to rewrite the expression for |eg| to avoid
using semileptonic decays (V) in which case the tasks for the lattice continue to
be to refine the calculations of fg and Bs — Bs mixing. (Tension persists.)

arXiv:0903.5059, arXiv:0912.002

O Of course we would like to evaluate all the K — rrr matrix elements in lattice
simulations and reconstruct Ag and A, and understand the Al = 1/2 rule and the
value of €’/ (see below).

O In the meantime however, we know Re Ay and Re A, from experiment.

@ The experimental value of €’/¢ gives us one relation between Im Ag and Im Ay,
thus if we evaluate Im A, then within the standard model we know Im Ag to some
precision. Thanks to Andrzej Buras for stressing this to me.

Q | stress again that ultimately of course, we wish to do better than this.

Chris Sachrajda Lattice2010, 18/6/2010 =
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4. K — mr decay amplitudes from K — 1T Matrix Elements school of Physics

and Astronomy

O At lowest order in the SU(3) chiral expansion one can obtain the K — rrrr decay
amplitude by calculating K — mand K — vacuum matrix elements.

O In 2001, two collaborations published some very interesting (quenched) results
on non-leptonic kaon decays in general and on the Al = 1/2 rule and €’/¢ in

particular: Collaboration(s) | Re Ag/Re A, /e
RBC 253+18 | —(4.0+23)x10°*
CP-PACS 9+12 (-7+-2)x10°*
Experiments 22.2 (17.2+1.8) x 104

O This required the control of the ultraviolet problem, the subtraction of power
divergences and renormalization of the operators — highly non-trivial.
Four-quark operators mix, for example, with two quark operators = power

divergences: u

S d

Chris Sachrajda Lattice2010, 18/6/2010 =
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Sample Results from CP-PACS (hep-1at/0108013) school of Physics

and Astronomy

© Re Ag/Re Az as a function of the O €'/ as a function of the meson
meson mass. mass.
® ' ' ' " " " ) 25
experiment W'eRe AJReA, 20 EKTEV el [107]
20
15 E NA48
® 01632 10

"
2432 016°x32

-~~~ chiral log 24532
quadratic

iﬁiﬁtitat

05 06 07 08

o 0.1 0.2 OvS‘ 0.4 05 0.6 0.7 0.8 0 01 0.2 0.3 ) 0.4 ,
m,’ [GeV’] m,’ [GeV]]

© The RBC and CP-PACS simulations were quenched, and relied on the validity of
lowest order xPT in the region of approximately 400-800 MeV.

O Given the cancelations between different matrix elements (particularly Og and Og)
the negative value of ¢’ /¢ is not such an embarrassment but

14
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Sample Results from CP-PACS (hep-1at/0108013) school of Physics

and Astronomy

© Re Ag/Re Az as a function of the O €'/ as a function of the meson
meson mass. mass.
® ' ' ' " " " ) 25
experiment W'eRe AJReA, 20 EKTEV el [107]
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15 E NA48
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quadratic

iﬁiﬁtitat
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© The RBC and CP-PACS simulations were quenched, and relied on the validity of
lowest order xPT in the region of approximately 400-800 MeV.

O Given the cancelations between different matrix elements (particularly Og and Og)
the negative value of ¢’ /¢ is not such an embarrassment but

Must do better!

14
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Unquenched Calculation school of Physics
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S.Li, Ph.D. thesis, RBC-UKQCD in preparation

m=0.005 m=0.001
m=0.005 m=0.005
m=0.005 m=0.01
m=0.01 m=0.001
m=0.01 m=0.005
+ < m=0.01m=001

- SU() extrapolaton 0(32/571) = (sd). {(UU)L — (ad)L} + (su) (ud)

I
> e m o

<t [ Ky m

o8l 4

A I R NI B
o 0 0.01 0.02 0.03 0.04 0.05
m,* Meg

O RBC/(UKQCD) have repeated the calculation with the 243 DWF ensembles in the
pion-mass range 240-415MeV.

O For illustration consider the determination of a,7, the LO LEC for the (27,1)
operator. Satisfactory fits were obtained, but again the corrections were found to
be huge, casting serious doubt on the approach.

O Soft pion theorems are not sufficiently reliable = need to compute K — 7t matrix
elements.

To arrive at this important conclusion required a truly major effort.

Chris Sachrajda Lattice2010, 18/6/2010
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S.Li, Ph.D. thesis, RBC-UKQCD in preparation

m=0.005 m=0.001
m=0.005 m=0.005
m=0.005 m=0.01
m=0.01 m=0.001
m=0.01 m=0.005
+ < m=0.01m=001

- SU() extrapolaton O(Sz/il) = (sd). {(UU)L — (ad)L} + (su) (ud)

I
> e m o

o8l 4

P PR R !
0 0.01 0.02 0.03 0.04 0.05
m,* Meg

O RBC/(UKQCD) have repeated the calculation with the 243 DWF ensembles in the
pion-mass range 240-415MeV.

O For illustration consider the determination of a,7, the LO LEC for the (27,1)
operator. Satisfactory fits were obtained, but again the corrections were found to
be huge, casting serious doubt on the approach.

O Soft pion theorems are not sufficiently reliable = need to compute K — 7t matrix
elements.

To arrive at this important conclusion required a truly major effort.
Q J.Laiho et al. challenge this conclusion. Poster, this conference

Chris Sachrajda Lattice2010, 18/6/2010
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Direct Calculations of K — miir Decay Amplitudes

O We need to be able to calculate K — 7t matrix elements directly.
(The RBC-UKQCD Collaboration is now undertaking a major study of K — it Decays.)

O The main theoretical ingredients of the infrared problem with two-pions in the
s-wave are now understood.

© Two-pion quantization condition in a finite-volume
3(a") +¢7(q") =nm,
where E? = 4(m2 +q*2), & is the s-wave 77t phase shift and ¢ is a kinematic
function. M.Liischer, 1986, 1991, - -- .
@ The relation between the physical K — T amplitude A and the finite-volume
matrix element M
2 mKE
q*Z
where 7 denotes differentiation w.r.t. g*.

L.Lellouch and M.Lischer, hep-lat/0003023; C.h.Kim, CTS and S.Sharpe, hep-lat/0507006;
N.H.Christ, C.h.Kim and T.Yamazaki hep-lat/0507009

2
A2 = 8nv {&'(a)+¢ (@)} IMP,

Chris Sachrajda Lattice2010, 18/6/2010 =
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K — (mrm)—, Decays Schoolf Physics

O Computation of K — (mm),—» matrix elements does not require the subtraction of
power divergences or the evaluation of disconnected diagrams.

An exploratory quenched study with improved Wilson fermions was

completed in 2004 but we did not then understand Finite-Volume corrections
at non-zero total momentum.

P. Boucaud et al. hep-lat/0412029
First results of our exploratory quenched study with Domain Wall Fermions
were presented at Lattice 2009. M.Lightman and E.J.Goode, arXiv:0912.1667

O Itis convenient to use the Wigner-Eckart Theorem: (Notation - OR} )
3/2 3 3/2
1—2(" (p1) m(p2) [OF 5 K¥) = 5 (" (1) " (p2) |03 1K)
where
Ogg has the flavour structure (sd) (ud).
ofjg has the flavour structure () ( () — (dd) ) + (Su) (Tid).

@ We can then use antiperiodic boundary conditions for the u-quark say, so that the
rirt ground-state is (T (rr/L) T (—mt/L) | . C-h Kim, Ph.D. Thesis
Do not have to isolate an excited state.

Chris Sachrajda

Size (L) needed for physical K — mrrr decay halved (6 fm — 3 fm).

Lattice2010, 18/6/2010 <
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K — (7m),—» - Evaluating the LL Factor Schoolof Physics

and Astronomy

C.h. Kim and CTS, arXiv:1003.3191
Use the Wigner-Eckart Theorem to relate the physical K — rr* i® matrix element
to that for K — -t
3/2 3 3/2
1—2(" (p1) 1°(p2) [OF 3 K ¥) = (" (1) " (p2) |03 51K 7).

Calculate the K — ™ ™ matrix element with the u-quark with twisted boundary
conditions with twisting angle 6.

Perform a Fourier transform of one of the pion interpolating operators with
additional momentum —2r/L.

The ground state now corresponds to one pion with momentum 6/L and the other
with momentum (6 — 2m) /L.

The corresponding it s-wave phase-shift can then be obtained by the Lischer
formula as a function of 6 = this allows for the derivative of the phase-shift to be
evaluated directly at the masses being simulated.

We have carried this procedure out in an exploratory calculation. Fig
Unfortunately this technique does not work for K — (717),—¢ decays.

Chris Sachrajda Lattice2010, 18/6/2010 =
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Exploratory Evaluation of the Lellouch-Luscher Factor School of Physics

and Astronomy

C.h. Kim and CTS, arXiv:1003.3191

LL factor LL factor

130 T T T T ] 13 T T T T T T T T
125 oo ] o e 3
“e 121 e — “o 115 M [P E
r 1 1 4
ng M e ] E E
1! I . I . I . E . I . I . I . . Bl
1 F A T 3 - T T T T T T - - q
E S E sk ]
o 250 % E P ]
af 1 t 1
F E 2.5 o -
a_'f* | . | . | . )—l—l 1 AL . | . | . | 1

8000 . . T 1 r - T - T - T - - q
o« 7000 ’—H—E—wﬁ% 4 = 3900 f »—% 4
2 6000:— = gy i { Ssanoj }_%—1 e b
5 5000 o 5 33001 %4 E
L L L L L 3000 L L L |

0.205 021 0215 0.22 02 0205 021 o215 0.22 0225

mq = 0.004 mq = 0.002

Chris Sachrajda Lattice2010, 18/6/2010 = 19



Southampton

K — (7m),—» - Evaluating the LL Factor Schoolof Physics

and Astronomy

C.h. Kim and CTS, arXiv:1003.3191
Use the Wigner-Eckart Theorem to relate the physical K — rr* i® matrix element
to that for K — -t
3/2 3 3/2
1—2(" (p1) 1°(p2) [OF 3 K ¥) = (" (1) " (p2) |03 51K 7).

Calculate the K — m™ ™ matrix element with the d-quark with twisted boundary
conditions with twisting angle 6.

Perform a Fourier transform of one of the pion interpolating operators with
additional momentum —2r/L.

The ground state now corresponds to one pion with momentum 6/L and the other
with momentum (6 — 2m) /L.

The corresponding it s-wave phase-shift can then be obtained by the Lischer
formula as a function of 6 = this allows for the derivative of the phase-shift to be
evaluated directly at the masses being simulated.

We have carried this procedure out in an exploratory calculation. Fig
Unfortunately this technique does not work for K — (717),—¢ decays.

Chris Sachrajda Lattice2010, 18/6/2010 =
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Preliminary Al = 3/2 Matrix Elements School of Physics

and Astronomy

RBC-UKQCD, M.Lightman and E.Goode, this conference

s

O M.Lightman presented results from a 32% x 64 x 32
DWF+DSDR action, with m; = 1456(5) MeV
(unitary pion m; = 180MeV) on a coarse lattice
(@al=14Gev).

R.Mawhinney, this conference

O Preliminary results:

o/
s Re(Ag) = 1.56(07)stat(25)systx 108 GeV
K Experiment: Re(Ay) = 1.50x 108 GeV
IMm(Ay) = —(9.6+0.4+2.4) x 1013 GeV
NPR for ImA; to be completed: 25% error = 15%.
El 1 | bl
gzz I ] Hl &25 III I ] 215 II I l ]
5 ] 5
(o1 o3 (o4
o o 5 IUTime 15 20 25 o 5 10Time 15 20 25 o o 5 10Time 15 20 25
O[3 = ()0 () 02 = (sd). (Wh)r 052 = Sd). (dd)r

Sample plateaus for the matrix elements at matched kinematics (pr; = v/2Pmin)-

Chris Sachrajda
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K — (mm),—o Decays schoolof Physics

and Astronomy

O The | = 0final state has vacuum quantum numbers.

O Vacuum contribution must be subtracted; disconnected diagrams require
statistical cancelations to obtain the e~2™t behaviour.

O Consider first the two-pion correlation functions, which are an important
ingredient in the evaluation of K — rrrr amplitudes.

O For |=2 7t states the correlation function is proportional to D-C.
O For I=0 nirt states the correlation function is proportional to 2D+C-6R+3V.

The major practical difficulty is to subtract the vacuum contribution with sufficient
precision.

O We are performing high-statistics experiments on a 16° x 32 lattice,
a1 =1.73GeV, m; = 420MeV, propagators evaluated from each time-slice.
Qi Liu — this conference

Chris Sachrajda Lattice2010, 18/6/2010 = =
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Diagrams contributing to two-pion correlation functions

O For |=2 7t states the correlation function is proportional to D-C.

School of Physics
and Astronomy

O For I=0 nirt states the correlation function is proportional to 2D+C-6R+3V.

Chris Sachrajda

Corr(t)
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Two-pion Correlation Functions

corr(t)
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| =2 (Correlator and
Effective Mass)

Eyur = 0.5054(15)

| =0 (Correlator and
Effective Mass)

Err = 0.450(17)

We are now doubling the
statistics.

| =0 (Correlator - V and
Effective Mass)

Erur = 0.4392(59)

24



Southampton
School of Physics
and Astronomy

K — (mm),—o Decays

I,s
s s s s s s
K K K
m m m
Typel Type2 Type3
s
s s n S s m
K
K K
0 e
s s
Type4d Mix3 Mix4

O There are 48 different contractions and we classify the contributions into the 6
different types illustrated above.

O Mix3 and Mix4 are needed to subtract the power divergences which are
proportional to matrix elements of sysd.

Chris Sachrajda Lattice2010, 18/6/2010 =
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Sample Results for

Qs=(Ed) 34@d)r

Southampton
School %f Physics
and Astronomy

4e+10 T T T T T T 2e+l11 T T T T T
type3 —o— typed —o—
3.5e+10 mix3 & i mix4 —=
sub3 —v— ot LR SPNEPY s o ° esuBAW & &
3e+10 E
2.5e+10 & -2e+11 %9
2e+10 &
s ) -4e+11 |
1.5e+10 é
1e+10 ¢ ? ? o0 @ Be+ll
v
5e+09 [ ¥ =
-8e+11
o M
v v
v
_5e+09 . . . . . . le+12 . . . . . .
0 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14
2e+10 T T T T T T 2e+10 T T T T —
typel —&— Qg ——
—a -
1.5+10 Ypez 1.5+10 o
subd —ege L
1le+10 5 1le+10
g @ © ©
¥ g.°©.9.7 I
5e+09 5e+09
R t *
o Y v 50 0 o 1 °
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-5e+09 Ty 5409 [ POty DT
. 3 .
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4 - »
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Chris Sachrajda Lattice2010, 18/6/2010 < > < > 26




, . s i Southampton
Results from exploratory simulation at unphysical kinemat ics School of Physics
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RBC/UKQCD, Qi Liu — this conference

O These results are for the K — it (almost) on-shell amplitudes with 420 MeV
pions at rest:

Re Ag (3.0+0.8)10 7 GeV
ImAy —(29+22)10 1 Gev
Re A, (5.395+0.045 10 8 GeV
ImAy, —(7.79+0.08)10 13 GeV

O This is an exploratory exercise in which we are learning how to do the calculation.

O We are currently doubling the statistics to confirm our belief that a direct
calculation appears to possible.

@ The next stage is to proceed towards physical kinematics.
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7. Nonleptonic B-Decays
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O A huge amount of information has been obtained about decay rates and
CP-asymmetries for B— M;M, decays (over 100 channels).

O With just a few exceptions (e.g. CP-asymmetry in B— J/WKs) our ability to
deduce fundamental information about CKM matrix elements is limited by our
inability to quantify the non-perturbative strong interaction effects.

O Most approaches were based on Naive Factorization:
i
b u
"

Bd =
d
("7 | (Ub)v—a (du)y—a|Bg) — (1T | (dU)y—a|O) (7" | (UWb)v_a|Ba)
O (1 | (du)y_a|0) is known (fr).
O (" |(Ub)y_a|Bq) is known in principle (FS~7(mg)).
O No rescattering in the final state. No strong phase-shifts.
O u dependence does not match on the two sides.

Chris Sachrajda Lattice2010, 18/6/2010 =
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Nonleptonic B-Decays

into simpler universal quantities:

M1

(M1,M2]0;|B)

Chris Sachrajda

+ /0 ' d€ dudvT! (&,u,v) D (&) Dy, (V) Py, ()

Lattice2010, 18/6/2010

]ZFiBHMl(m%) /OldUTi'j(U)q)Mz(uH (My < My)

Southampton
1
Q In 1999 we realized that in the limit m, — o, the long distance effects factorise

M.Beneke, G.Buchalla, M.Neubert, CTS (BBNS)
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Implications of Factorization School of Physics
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O The significance and usefulness of the factorization formula stems from the fact
that the non-perturbative quantities which appear on the RHS are much simpler
than the original matrix elements which appear on the LHS.

They either reflect universal properties of a single meson state (the light-cone
distribution amplitudes) or refer to a B — meson transition matrix element of a
local current (form-factor).

@ Conventional (naive) factorization is recovered as a rigorous prediction in the
infinite quark-mass limit (i.e. neglecting O(as) and O(Aqcp/My) COrrections).

O Perturbative corrections to naive factorization can be computed systematically.
The results are, in general, non-universal (i.e. process dependent).

@ All strong interaction phases are generated perturbatively in the heavy quark limit.
O The factorization formulae are valid up to O(Agcp/My) Corrections.

O Many observables of interest for CP-violation become accessible. The precision
of the calculations is limited by our knowledge of the wave-functions and of the
power corrections.

O For a comprehensive study of 96 PP and PV decay modes see
Beneke and Neubert, hep-ph/0308039.
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O The main limitation of the factorization framework is due to the fact that my, is not
so large, so that CKM and chiral enhancements to non-factorizable O(Aqcp/my)
terms are important.

Q At present we do not know how to begin computing B — M1M, matrix elements!
Many intermediate states contribute.
O What can lattice simulations contribute to the factorization formula:

Parton distribution amplitudes of light mesons (at least the low moments) /.
B — M form-factors /.
Parton distribution amplitudes of B-meson X.

9 | now briefly explain why we have not been able to compute ¢B or its moments.

Chris Sachrajda Lattice2010, 18/6/2010 =
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and Astronomy

#Ep(ke) = [z (0105(2[2.06a (0)|B)],.,

9 ¢B is convoluted with the perturbative hard-scattering amplitude T/' = we need

V2 edkg g
Tb = o k+ (P+(k+)
(In higher orders of perturbation theory factors containing Iog(h) appear.)
o Atlarge ki, @3(k, ) ~ 1/k., but the convolution is finite.

O Positive moments of (pB(h), which can be written in terms of local operators,
diverge as powers of 1/a = need a technique to subtract these divergences with
sufficient precision.

9 We need new theoretical ideas for the lattice to contribute to B — M;M, decays.

Chris Sachrajda Lattice2010, 18/6/2010 =
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School of Physics
and Astronomy

Conclusions

@ At this conference we are seeing much beautiful phenomenology, both in

improved precision and in the extension of computations beyond the standard
quantities.

Recent years: Quenched = 2> 500MeV pions = "Almost physical pions"

O This improvement has to be continued vigorously if precision flavour physics is to
play a complementary role to large p, discovery experiments at the LHC in
unraveling the next level of fundamental physics

@ We do not know how to compute some important phenomenological quantities.

Chris Sachrajda Lattice2010, 18/6/2010 =
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Conclusions

Southampton
School of Physics
and Astronomy

At this conference we are seeing much beautiful phenomenology, both in
improved precision and in the extension of computations beyond the standard
quantities.

Recent years: Quenched = 2> 500MeV pions = "Almost physical pions"

This improvement has to be continued vigorously if precision flavour physics is to
play a complementary role to large p, discovery experiments at the LHC in
unraveling the next level of fundamental physics

We do not know how to compute some important phenomenological quantities.

At the previous lattice conference which Guido Martinelli helped to organise
(Lattice 1989 in Capri) Ken Wilson made the seemingly pessimistic prediction that
it will take about 30 years to have precision Lattice QCD.

We have 9 years left, but are well on our way now.

Chris Sachrajda Lattice2010, 18/6/2010 =
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5. n and n’ Mesons

Southampton
School of Physics

and Astronomy

O A related topic is the study of the n-n’ system.

RBC-UKQCD — arXiV:1002.2999
O To study n and n’ we also need to evaluate disconnected diagrams.

e
@
| s

Css

OO O o OO

Q Here | represents the u or d quark (my = my) and sthe strange quark.
Chris Sachrajda

Lattice2010, 18/6/2010
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n and n’ Mesons

QO Let

o = uysu+ dysd

and Os=Sys
\/E S V:_:
O We calculate the correlation functions

31
Xap(t) = 32 Z (Oq(t+t)Og(t)) where a,B=Is

Sources are generated for each time slice (T=32)
Xis # 0 because of the D|g= Dgq diagrams

O The four correlation functions correspond to the diagrams as follows

X Xs) _ (Ci—2Dy
XS| Xss

—v/2Dyg

Chris Sachrajda

Lattice2010, 18/6/2010

\[Dls
Csxs—Dss/ -
O The usual expectation that disconnected diagrams and the resulting mixing are
small does not apply here

Southampton
School of Physics

and Astronomy

RBC-UKQCD - arXiV:1002.2999
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n and n’ Mesons

Southampton
School %f Physics
and Astronomy

RBC-UKQCD - arXiV:1002.2999

8 Cy —o— k3 n —e—
® o Css —o— n —e—
o % e D, —a—
© Il 0.8
10%4 & & 2 ® e Dy —e—
28, ° o o8 ®
® g Baga, o7
P v @ o 4"}4} o o 0.6 k3
g . v ° e © 4}{, =
5 10 A LR 5
8 W? ‘P% 504
‘17% ??%% : ®®®®—®—H—®—@—®—®—®—§7
‘ f
10 TT% 0.2
10° 0
0 2 4 6 8 10 12 14 16 0 2 4 6 8 10 12 14

O We diagonalize X(t) at each t:

X(t) = AT (e 0 e*(f?“n’t) A, where A= (

O To be more precise we diagonalize X(to) ~X(t) .

Chris Sachrajda Lattice2010, 18/6/2010

(n1G110) (nIOs|0>)
(n"10110)  (n'[Os|0)

Luscher and Wolff (1990)
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n —n’ mixing

Southampton
School of Physics
9 In the standard phenomenological treatment of n —n’ mixing
[N\ (cos@ —sinB\ (|8)sym
[ny) ~ \sin@ cosf |L)sym
O In the Og and O, basis

Zgcos® —+/Zjsinf
A= (\/\/Z:ZSine \/\é_l—lcose) where  sym(aOp|0) = v/Zalap .

O If this model is correct then the columns of A are orthogonal. We find for the dot
product - —0.00949) for my = 0.01 and 0.00824) for my = 0.02.
O The mixing angle can be determined from

An1An
n1tn's = _tanze.

Chris Sachrajda
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D omfortl
n—n mixing
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Southampton

School of Physics

and Astronomy

RBC-UKQCD - arXiV:1002.2999

%

0.01 0.02 0.03
m

O We find m; = 583(15) MeV and m,» = 853123) MeV and 6 = —9.2(4.7)° .
(Statistical errors only.)

Q To our accuracy, our calculation demonstrates that QCD can explain the relatively
large mass of the ninth pseudoscalar meson and its small mixing with the SU(3)

octet state.

O There is plenty more to do!

Chris Sachrajda
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6. Long Distance Contributions

Southampton

School of Physics
and Astronomy

O We are used to calculating the short distance contributions to physical processes.

For example in neutral-kaon mixing:
s d S d
w w =  C(Mw/u)
d S

d

O In many cases the short-distance contribution is the dominant term, but
long-distance contributions are not always negligible:
If GIM suppression is logarithmic.
CKM enhancement (even if GIM suppression is power like).

Rare Kaon Decays.

@ As lattice computations of the short-distance contributions become more precise
Neutral Kaon Mixing.

we should try to learn how to compute these long-distance contributions
effectively. Early thoughts in this direction include:

Chris Sachrajda

G.Isidori, G.Martinelli, P.Turchetti, hep-lat/0506026

N.Christ, This Conference
Lattice2010, 18/6/2010
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Rare Kaon Decays
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Isidori, Martinelli, Turchetti, hep-lat/0506026

O K — /¢~ Decays. The main non-perturbative correlators for these decays are:
G.Ecker, A.Pich, E.de Rafael, (1987);
G. D’Ambrosio, G.Ecker, G.lIsidori, J.Portolés, hep-ph/9808289

i /d4xe"qx P) [T {3m(x) [Q(0) — QF(0)] } | KI (K))

where g = k— p is the momentum transfer and Q; (i=1,2) are four quark operators.

O Kt — mrfvv Decays. Suppression of long-distance effects is partially
compensated by a large CKM coefficient and the dominant T-product is:
G.Buchalla, A.Buras, hep-ph/9308272, hep-ph/9901288;
A.Falk, A.Lewandowski, A.Petrov, hep-ph/0012099

=i [ dixe () T {35 (9 [QH(0)~ Q¥(O) } [K (K).

O Without the presence of the Q; the calculation is just the by-now standard one of
K — r form-factors.

© With g2 below any physical threshold, IMT avoid considering the corresponding
Minkowski->Euclidean issues.

Chris Sachrajda Lattice2010, 18/6/2010 =
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Rare Kaon Decays - Cont. Schoolof Physes

Isidori, Martinelli, Turchetti, hep-lat/0506026
@ The generic calculation is of the correlation functions

i [ dbxe (0] gn(tn, 1 (0 [Q1(0) - QF(O) gk (. K)0),
with t; > 0and tx <O.
Q The main issue discussed in IMT is that of renormalization and the subtraction of
power divergences.

Mixing of operators Q; with lower dimensional operators. ./

Contact terms between the Q; and the interpolating operators - spectral
analysis needed. /

Contact terms between the Q; and currents depend on the currents.

For K — m¢* ¢~ decays, gauge invariance = no power divergences. GIM
mechanism not necessary

For K* — mvv decays, GIM used to cancel power divergences and the
linear divergence is absent in regularizations which preserve chiral
symmetry .
O General arguments checked by one-loop perturbative calculations.
Q IMT believe that their results open a new field of interesting physical applications
to the lattice community.
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Long-distance contribution to the
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KL -Ks mass difference Schoolof Physics
Start with the correlation function

and Astronomy
C(t3,tp,ta,to) =

b
where

N.Christ - this conference

Z (Ol (t3) T{H(t2)H(t1) } ¢k (to) [0)
H(t) =

andtz >t >t3 >ty

p

Y AN,
O By calculating C for sufficiently large t, — ta we obtain AM
C(t3>tb7ta>t0)

Q Subtraction of short-distance contribution

Mk (ts—to)
Q Finite-volume corrections included a la Lellouch-Luscher

“With sufficient computing power a calculation of mg,

Chris Sachrajda

mk, is possible

Lattice2010, 18/6/2010
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