The Quark Masses

and how to “calculate” them




Quark masses

PDG 2002

Light Quarks

mMS(2GeV) = (1.5 — 4.5) MeV

mMS(2GeV) = (5 — 8.5) MeV.

0.5 x (my + my)MS(2GeV) = (2.5 — 5.5) MeV
mMS(2GeV) = (80 — 155) MeV

Heavy Quarks
mMS(me) = 1.0 — 1.4 GeV

mMS (my) = 4.0 — 4.5 GeV
mP°® = 1743+ 5.1 GeV

Major impact over the last 5 years came from lattice QCD



Practical and Conceptual importance

h Quark masses extremely important for phe-
nomenology (cross sections, inclusive decay rates,
hadron lifetimes, ...)

(e.q. a high precision extraction of |V, from
(B — Xuv) o< mp X |Vyu|? requires Amy =~ 40 MeV;
ms enters the standard/VSA parameterisation of the matrix
elements relevant to Re(¢'/e) and to the SUSY K9 - KO

problem)

& Quark masses cover 4-5 orders of magnitude.
What is the origin of such a strong flavour sym-
metry breaking? SU(3)@SU(2)®U(1) low energy
relic of some larger group, GUT. ..

& Quark masses in

Laco =, FluFl + > a{w(angzta)erq}q

q ’U,, 78
are fundamental parameters. They cannot be
“directly’” measured in experiments. Have to be
determined from OBSERVABLES.

ren.
m = Z a mqg(a
g (1) m(pa) q(a)

Perturbation theory  Adjusted until

Non- ,Del’t method mlf?c}cti:ron - mzsgl/fon




Running governed by
B(ag) and y(ag) functions
Renormalisation Group equations
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Coefficients computed in perturbation theory to (an impressive)
4-loops accuracy.

Universal coefficients:

1 2 1 38

4
Scheme dependent coefficients:
B'Q\/I—S, BQ/I—S (J.A.Vermaseren et al. 1997)
pMOM, gMOM (K.Chetyrkin, A.Rétey, 2000)
'y{\/'s, 'yg/'s, 'y:';/'s (J.A.Vermaseren et al. 1997, K.Chetyrkin et al 1997)
yRL AR AR (K.Chetyrkin, A.Rétey, 1999)

Useful definition: renormalisation group invariant quark mass

mq(p) = em(p)mq

What is the absolute value of the quark mass??7?

Need a non-perturbative input!




Dispersive Bounds

Consider the correlation function

2 R L S
Ns(@gem_ge = i [ d*ac™(QUT{ 9udu(a) ,0,45(0)}I2)
(mu+ms):s(z)iysu(x):
Analyticity + Unitarity = Dispersion Relation
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Spectral function
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“ImM (1) = 37(2m)°6(g — pr){019uAu| (T8, AL |0)
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R.H.S. Keep only the kaon pole + the rest is positive definite!
L.H.S. Perturbation theory (@ 3 loops K.Chetyrkin et al, 1998)
Invoke Quark-Hadron Duality =

1672Q%  fam% 1

mMS(Q2) + mMS(@Q?) >
3 (@+mE)3y 4 Les@) 4

Result: a bound on the strange quark mass m'Q”—S(Q GeV) > 55 MeV
Define 2 moments and use the Schwarz inequality =

mMS(2 GeV) > 85 MeV

1 _— —
“[mMS(2 GeV) + mMS(2 GeVv)] > 2.5 MeV
> U d

E.deRafael et al,1999; J.Steele et al, 2001



QCD Sum Rules - SVZ

Starting point again the correlator
HS(Q2)|Q2:_Q2 = i/d4$eiqm<Q|T{auAu($)a3VAL(O)}|Q>
Apply the OPE (a la SVZ) on NZ(Q?)

<> ms(55)

Q°NY(Q%) = Co(@)1 +CH@HT 4 ¢ 0
« 7 2
+o@) ) 1 oajh

C, known to 3-loops and C' to NLO accuracy in ag
The same dispersion relation as before
2 oo ImfM.(t
I—III(QQ) — = 5(2)3
> mJo (t+ Q%)
Invoke Quark-Hadron Duality to specify the spectral function
1II_It—Ht tlII_It 0 llﬂt

Should go to high Q2 to kill O(1/Q*), and make the QCD-PT more reliable
Low energy hadronic part can be obtained from the experimental data on
r-decay (ALEPH, OPAL, CLEO)

Setting t, ~ 7 GeV? is not enough; Borel transform

"2\ — : (—) N
BIG(Q%) = lim 5@ (8Q2)N :

21
== W/O dt e_t/M ;Iml_l5(t)

ny(Q?)

Current best estimate (Gamiz, Jamin, Pich, Prades, Schwab 2003)

mMS(2 GeV) = 103 £ 17 MeV

to, M2, (qq), ((as/m)G?)




Lattice QCD

In the Euclidean metric

Z.. = / DAue™5 [ [ det@ + my)
q

o First principles:
The only parameters entering the computations are
those which appear in the QCD lagrangian, namely

mg (K¢) and gg (3

o Arbitrary accuracy:
Integral handled by using the Monte Carlo methods
(the SU(3) gauge field configurations generated)

N
1 6 1
i(O):E/DAMe Q O(ml,...,mn)zﬁ;{()i}
stat.errors o« 1/v/N (central limit theorem)

Nowadays the statistical errors are at the level of a few % for almost all
the quantities of phenomenological interest.



To make a problem solvable by a computer,

significant approximations are needed :-(

e n

& Discretization effects: finite lattice spacing “‘a

F(a) = F(0) +aF'(0) + ...

(i) use OPE in “a" and improve the theory
(get rid of O(a™) effects) K.Symanzik 1983
(ii)work at several (small) lattice spacings and go to a — O
#& Renormalization and Matching;:
“a"" hard cut-off : renormalization perturbative and non-
perturbative (NPR in RI/MOM and SF schemes)
G.Martinelli et al. 1995, M.Llscher et al. 1996
& Quenching errors:

dynamical quark loops left out (np = 0):

det(® 4+ mq) = const.

(nowadays we start probing physics with np = 2)

& Physical quark masses: current lattices not as fine as to resolve
my, nor the lattice sizes are large enough to accomodate very
light pseudoscalar mesons

All systematic uncertainties improvable:
brute force and/or improving the lattice
theory

® TFlop computing resources: CP-PACS, QCDOC, APE-NeXt
® Further improve the lattice QCD(?), algorithms(!)




How do we compute the light quark masses?

mgq break the chiral symmetry and ‘disturb’ the PGB’s as
myz = 04 (my+myg)Bg+ ...
2 __
myix = 0+ (my~+ms)Bg+...

Chiral Perturbation Theory [mgq = (mu + my)/2]

(H.Leutwyler, 1996)
o Axial Ward Identity:

() 80Ao(z)P1(0))
1, (AWD) 1, (AWI) — 7 (a #
o () +m " (p) = Zm(ap) S P@)PHO)

7

m& " (a) +m{*¥ (a)

o Vector Ward Identity:

() _8oVo(2)0'1(0))
m(VWI) — m (YWD — 7 (a z
o (w) g () (ap) <ZS D 0T(0))

A= >4

mégVWI) (a) — m((ZVWI) (a)

Tune mg(a) £ mg(a) in such a way that Mp — Mg, M;



Cppt;p=0) = <ZP(0)PT(93)> = (Tr |S@(0, z)v5S4¢(z, 0)7s)

T
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Similarly vector meson masses from (> zV;(0) V;T (x)).

o
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o
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Example from SPQcdR-2002

crossing My = C M]% (Cq = mp/mz, Cs = mg+/mp) with lattice data
= Mz, Mg, leads to mg(a) = (my 4+ my)/2 and to ms(a)



Mass renormalisation constant

& Vector WI's Zm(pa) = 1/Zg(ua)
& Axial WI's Zm(ua) = Z4/Zp(pa)
N.B. Lattice regulator breaks chirality Z,4 # 1

(similar to t'Hooft-Veltman regularisation)

MS closely related to dimensional regularisation

— perturbation theory [no other than DR]

MOM schemes are more physical:
,u2 = p2 of an external leg [independently of the order in PT]
— practical calculation with ANY regulator

Mass dependent scheme (complicated running aeg(p) and mg(p))

o % o

Mass independent MOM scheme, a.k.a. RI/MOM: m?2/u? — 0.

Basic renormalisation condition

—1
im L (25 _(p) —1
m—0 12 o p o o
p?=p

Use ag () the conversion to MS in perturbation theory
(Zg, vm @ NNNLO by Chetyrkin & Rétey 2000).




Non-Perturbative Renormalisation

o RI-MOM scheme (mZ/p? < 1):

- x  Zr'(p)

Tree Level p? = u?

Renormalisation conditions for the zero momentum operator insertion :
fully dressed amputated Green functions equal to their Born values

G.Martinelli et al. (Rome-Southampton) 1995

One should be careful with the ~g insertion : subtract the Goldstone pole

contribution!
PGB

r
r5(pa mq) = rgD(pa mq) + 5T@
q

Cudel, LeYaouanc, Pittori, 1999

. SD
, and then take lim 'g (p,mgq)
m—0

Even better, combine the quark Ward identities to alleviate the PGB
polution. Result:
m1ls(p,m1) — mal5(p, mp)
m1 —mp
Giusti, Vladikas, 2001

SD SD
= I—5 (paml) - r5 (p) m2)




RI-MOM scheme on the lattice
[ N.B. Zm(ua) =1/Zg(pa) Zm(pa) = Za/Zp(pa) |

T ° Z 2 : ;f Y Z 2 :
0.8 + s(p) ] p(P) © 08
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Alternative: use Schrodinger functional scheme, [ uscher et al. 1996
[step scaling function, recursive matching] — Alpha Collab.

Less intuitive but more accurate: allows one to reach

1~ 100 GeV.



Quenched results

Quenched high statistics simulations taking the a — O limit
[cutoff sent to oa].

Collaboration m';/I—S(Q GeV) ms/mgq
SPQcdR (2002) | (105494 6) MeV | 24.3(8)
CP-PACS (2002) (114 £21%) Mev | 26.5124

CP-PACS (2000) (11013) Mev | 25.0(1.4)

QCDSF (2000) (105 +4) MeV | 23.9(1.4)
Alpha/UKQCD (1999) | (97 & 4) MeV

JLQCD (1999) (106 £7) MeV | 25.1(2.4)

Quenched Vs Unquenched

Collaboration mgnF =9 / mgnF =2)
JLQCD (2002) 1.23 + 0.02
UKQCD (2002) 1.10 £0.05

CP-PACS (2000) 1.26 £ 0.08

Sic! On the edge of the dispersive bound?!

IMO, more research needed in disentangling the sea quark dependence

IS needed before claiming the apparent contradiction.



Charm quark mass

Similar to the strategy used for the light quarks:
bare masses tuned until the experimental value of an observable

(Mp, or spin-averaged cc-states) is reproduced

MS
m, (mc)
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[ IKronfeld (98)
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Charm quark mass

Similar to the strategy used for the light quarks:
bare masses tuned until the experimental value of an observable

(Mp, or spin-averaged cc-states) is reproduced
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@ Becirevic,Lubicz,Martinelli (2001
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Charm quark mass

Similar to the strategy used for the light quarks:
bare masses tuned until the experimental value of an observable

(Mp, or spin-averaged cc-states) is reproduced

(O Bochkarev,deForcrand (97)
[0 Kronfeld (98)

@ Becirevic,Lubicz,Martinelli(01

O Rolf,Sint (02)
1.6
I First -NPR high stat.
1.5 | 1 result
14 F 1. MS
é o I m.>(me) = 1.26(3)(12) GeV
138 © -
Q 0 1
S 1.2 - -+ Alpha madea—0
~ f & [ —
<IN - 1 mMS(me) = 1.30(3) GeVv
o , |
s : f
0.9 .
0.8

0 | 0.005 ‘2 00l 0015
a [fm ]



Charm quark mass

Similar to the strategy used for the light quarks:
bare masses tuned until the experimental value of an observable
(Mp, or spin-averaged cc-states) is reproduced

(O Bochkarev,deForcrand (97)
[0 Kronfeld (98)
@ Becirevic,Lubicz,Martinelli(01

O Rolf,Sint (02)
1.6
. 1 First -NPR high stat.
].5? | result
1.4 - 1 ,,MS
s o | mY"P(me) = 1.26(3)(12) GeV
138 © 1
< 0
S 12 4 Alpha madea—0
= s [ —
L LI . 1 mMS(me) = 1.30(3) GeVv
) 7 ,
= 1 . |
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1.30 + 0.03 £ 0.13%9 GeV (Alpha,2002)
1.19 + 0.11 GeV (Eidemuller, 2002)

1.30 + 0.03 GeV (Steinhauser&
Kiihn,2002)

For the b-quark mass, please see talk by C.Sachrajda



fBr» IB/fB @nd §

from Lattice QCD




fg from the lattice

Procedure — very simple

1. Generate an SU(3) gauge field configuration (MC)
2. Vte[0,T), compute the correlation function

Aoﬁm)
>_(017(2)%7:Q (=) AL(0)]0)

3. Repeat 1. and 2. for Ngnf. independent gauge field confi-
gurations (U) and

- 2
(3 Ao(@) b))y 20 OTOWCUDE ompe
) QmH

1
= Efl%mHe_mHt + ...
= fu
4. Do 2. and 3. for several light quarks q and several heavy

quarks @

However, currently

me L w/a , but mpLn/a — me < mg < my

mﬁquzw — ms > Mg > my

N.B. fp, accessed directly! fgs = 252(9) MeV, Jiittner & Rolf 2003

How to reach fp 7



fp from the lattice (cont.)

Currently accessible lattices too coarse to accomodate my,
4 ways out

& QCD with propagating quarks that are accessible: extrap-
olate to 1/mp by using the heavy quark scaling laws
(APE, UKQCD)
#® HQET (static limit) my — co: Lqer = QTD,Q
- bad signal /noise : need huge statistics
- non-perturbative renorm. devised (Heitger et al., 2003)
(ALPHA, SPQcdR)
& NRQCD (static limit + 1/mp terms which are cut-off as
mov K mg) : Lyrqep = Qf (D4 — (D247 E)/2mQ> Q
- expansion in 1/ (amQ) = no continuum limit
- problems in including terms o< 1/ mg 1n renormalisation
(CP-PACS, JLQCD, GLOK)
® FNAL approach: use the full QCD Wilson action and go over
the cut-off; redefine the mass and reinterpret the theory in
terms of 1/ mgy expansion. This re-expansion on the lattice
is hard to control for the realistic quark masses and small
lattice spacing simultaneously. (FNAL, CP-PACS, MILC)



Results for fp & fp./fB

Quenched values

Current 0.173(23) 1.15(3)
W.A. —0O— =0
APE H@— H@H
UKQCD —@— H@—
UKQCD —— @
CP-PACS —— HElH
JLOCD il Hil—
GLOK — —
MILC I—QF—‘4 A
CP—-PACS —& '
FNAL ae ——
0.]‘ - 015 - ‘0.2‘ - 6.25 1‘ - ‘I.]‘ - ‘].2‘ o

@ Relativistic heavy quark + extrapolation to m,
B Non-relativistic QCD treatment of m,
@ Fermilab (FNAL) treatment of m,

f, [GeV] fulty

N.Yamada,
hep—1at/0210013

D.Becirevic et al
hep—Ilat/0011075
Lellouch&Lin
hep—ph/0011086
K.Bowler et al.
hep—1at/0007020

A.AliKhan et al.

hep—I1at/0103020

Ishikawa et al.
hep—I1at/9905036

A.AliKhan et al.
hep—I1at/9801038

S.Datta et al.
hep—1at/0011029

A.AliKhan et al.
hep—1at/0010009
A.ElKhadra et al.
hep—lat/9711426

1.3



Developments and results

uenched values: steadily the same

Raporteurs at the Lattice conferences

fB[I\/IeV] = 175+25 (Flynn, 1996)
163 £23 (Onogi, 1997)
165 +20 (Draper, 1998)

170 £20 (Hashimoto, 1999)
175 £20 (Bernard, 2000)
173 £23 (Ryan, 2001)

173 £23 (Yamada, 2002)

TOV group proposed the method to put the b-quark directly on
the lattice (step scaling technique in disguise). Preliminary results
totally consistent with the W.A.’s (M.Guagnelli et al, 2002). Only
if b is directly simulated the error on the quenched value can be

reduced.



Unquenched values:

[ | nf=0
.nf=2
HElH
% MILC
5 —@—
>
5 .-
3 CP-PACS
Z. -
— ——
= CP-PACS
= e
I 11 12 13

1.1 1.
'f;s/<fgd

SU(3) breaking ratio computed in the same way as in

the quenched studies. Net effect




Extrapolations in the light quark mass
in unquenched studies:

&% like in the quenched simulations: 0.5 < mg/ms < 1.5
— need to extrapolate to the physical mgz/ms ~ 0.04
(H.Leutwyler 1996)

& within the range of r = mg/ms, directly accessed from the

current simulations, one observes a good linear dependence of

qu onr

& When getting closer to the chiral limit the chiral
logarithms might take over and considerably modi-
fy the extrapolated value for de, /B, / de and &
(Sharpe & Zhang 1996, Kronfeld & Ryan 2002)

& If the chiral logarithms are included in the extrapolation
formula, the value for fp_ / de may get shifted from the
“standard” ~ 1.16 to 1.32 (Kronfeld & Ryan 2002), and even
to 1.40 (Yamada 2002)

& Problem revisited november 2002: the shift IS there but it is
much smaller!



Shift due to the chiral log

Consider the SU(3) breaking ratio

chpT _ PB, _ 1+ 342 2 2 2
RfB :(D—Bd_ 1 + W[:gll(mw)—Qll(mK)_Il(mn)]
+ i—K(m% —m3)

g = 0.52 4+ 0.14, K(u)-unknown, I; (m?) = m2log(m?/u?)

Lattices show the linear dependence in r = m,/ms € (0.5, 1).

lea;t=1—|—a(1—r)

r rs
! AL B
13 - 5 —— Linear fit
i — Linear+ChPT (r,=0.25) Used GMOR and GMO
— - Linear+ChPT (r,,=0.75)
NN | 5 | formulas
N |
1.2 AN ! m72T = 2Bgmsr
| \: H -
Q AN 11
' \\ my = 2Bomgr
N K 2
1.1 + X - P
.
: | | —7
] T R T M —:
0 0.25 0.5 0.75 1

r

take r3; = 0.75, send r — 0 = 100% effect on

the pure SU(3) breaking! (Kronfeld & Ryan 2002)
Note also that if the “analytic” slope gets slightly
larger, Ry, blows up by an extra ~ 100% .



Shift due to the chiral log (cont.)

chpT _ fr _
B SR TN T Ay
8Ls
TR

51(m2) - 211,(m%) — 31, (m3)]

(m% — m2)

In the double ratio (fp,/fB)/(fK/fr) the chiral logs cancel
(D.B.,S.Fajfer,S.Prelovsek,J.Zupan 2002)

1.2
M\ — R
\\ " 9D*Dr = 2ng 9B*Br = 2mng
I L B ] D = —2ge, « B, =
" R, (§=0.52) m I ™ i
T\ —- R, (=066) | |
L1 -\ ’ . 9Q = goo t¢/mq
' NV e R (g=0.38) exp
N b gc ~ = 0.59(8) (CLEO 2001)
latt. = 0.67(8)(5)
(A.Abada et al. 2002)
datt ~ 0, ("~ -0.3
1.0 ¢ ) (A.Khodjamirian et al. 1999)
I T T TSN Y SO T N
= 0.04 (H.Leutwyler 1996
0 025 05 075 T (. Leutwyier 199)

r=m /m
q s

Chiral logs cancel = One can extrapolate

fB,/fB
fK/fW

linearly (quadratically) in 7 to rg, with the result with a

R —

tiny(no?) ambiguity arising from the chiral logs!




Exercise 1: ChPT practitioner’s POV

Gasser & Leutwyler 1985, used precisely (fr/fr)SP- =
1.22(1), to determine Lg = (8.7 & 2.5) x 10~%. What is
K w.rt. Lg?
Lattice hints:

Repp~1+a(l-r), and R ~1+B(1—r)
o = 0.16(5) (N.Yamada, 2002), 8 = 0.16(2) (JLQCD, 2003)
= a — [ = 0.00(6), i.e. (K/L5)eff = 1.0(6)
N.B.
tiny!

B 2 16K

Bp, _ 1—-3g 2 2 2 2
BBd =1+ W {Il(mw) - Il(mn)} + ?(m[{ —mz) ,
we get

I B,

= 1.22(7) and &=
By




Exercise 2: Lattice practitioner’s POV

Compute R = (fp,/fB)/(fx/fr) from the quenched lattice
data and extrapolate linearly to the chiral limit. From the lattice

data by APE-2000 (@ single value of the lattice spacing), I get
R=1.01(3)

As we saw (fp,/fB)" =2/ (f./ )" " = 1.02(1),

JLQCD (2003) see (fx/fx)™ ™"/ (fxc/fx)" 1" = 1.04(2)
gets =

/B
fBS:1.21(4) and g:u

de deBBd

where I use the W.A. value BBS/BBd = 1.00(4)




Similar conclusion reached by

(a) MILC 2002 from the analysis of (fB/fﬂ)nf=2,
They obtain the shift of fp /fp, to be ~ +3%

(b) J.Donoghue, J.Sanz Cillero, A.Ross 2003,
“m2 In(m?) is not right physics at large m...
fit in “false” domain drives behavior at low masses”
Calculate chiral integrals by using a hard cut-off instead of
NDR, thus separate linear from the x-log dependence;
the shifts due to chiral logs are much smaller

fp,/fp from CLEO-c. ..

may be very useful to combine in the Grinstein double ratio
(B.Grinstein 1994)

_ [IB,/fB
“ fp,/fp
for which the unquenched lattice estimate exists: 1.018(06)(10)
(JLQCD 2002)

What is the value of fp.7?



Since in the realistic unquenched studies:

(i) the dependence on the sea quark mass is mild and smooth
(ii) the physical strange quark mass is accessed directly
the safest strategy is
e compute fp_on the lattice (with a small x-uncertainty),
e compute (st/de) from the double ratio R (to a very good
accuracy - wait for MILC this summer!),

e deduce fp y from the previous two quantities

In this way I obtain

st/de = 1.21(4)(4)
fBS — 238(31) MeV
de = 197(25)(9) MeV

W.A. for fp, taken from L.Lellouch, ICHEP-2002
Second error in f / fp, will be reduced very soon (this summer)!



B—B mixing parameter

(BO|Q(myp)|BP) = SfEm3Bp(my)

Results presented in the MS scheme Q@ pu = my

b b b b
Lk 4 <F
q q q q

QED sum rules:

similar strategies to those used to compute Bp:
Pich (2pts) 1988,

Reinders, Yazaki (2-pts) 1988, Bp(my) = 0.95(10)
Ovchinikov, Pivovarov (3-pts) 1988, Bp(mp) = 1.0(1)
O(a) included in

Narison, Pivovarov (3-pts) 1994 Bp(my) = 1.0(1)

Chernyak 1997 argued that the non-factorisable term IS important
resulting in B%"S(mb) ~ 0.82



Bp-parameter from the lattice

my, too heavy for presently accessible lattices
1/my<a<S1/me

® HQET : Static limit my — oo (heavy quark decoupled!)
pert. matching (@ NLO) to the operator Q(u) renormalized
in the continuum (V.Giménez, J.Reyes, 2000)

BB(mb) — 083(5)(6) BBS/BB ~ 1

® NRQCD : 1/my corrections included in the NRQCD action and
partly in 4f-operator. Matching to the continuum, perturbative.
Hi-KEK (S.Hashimoto et al), 2000

Bg(my) = 0.85(3)(11)  Bp./Bg = 1.01(3)

® QCD : Heavy quark treated relativisticaly, but me S mg < my,
Extrapolate to mp, guided by HQS (scaling laws).
Non-perturbative matching APE (D.Becirevic et al), 2000

Bp(my) = 0.93(8)T)  Bp,/Bp = 0.98(5)
Perturbative matching UKQCD (Lellouch, Lin), 2000

Bp(my) =0.91(4)1¢  Bp /B =0.98(2)13

All results - quenched!



e Convenient to define matrix elements

<§q|01(lﬁ)|Bq> (Bq|(EQ)V—A(BQ)V—A|Bq>

8
= 2/3m2, B0

(Bq| (EQ)S—P(EQ)S—P|BQ>

— = qum%q ’
-3 (mb(u)-l-mq(u)) Bl

<§q|02 (1) |Bq>

(Bg|(¥'¢?)s_p(B'q") s—p|Bq)

1 ( fB,m3%,

(Bq|O3(1)|Byg)

3

2
3 mb(ﬂ)+mq(ﬂ)) Pl

V.SA — BlzBQZBg,:l
Ne— o0 — By =3/4 B, =6/5

No info about the renormalization scheme nor scale.



Novelty 1

Result:
Bp,(mp) = 0.87(2)(5)

in the MS(NDR) scheme.

1.2

0.8

1.2
1.0
0.8 |

1.0 |

0.6

0.6

Bp./Bg = 0.99(2)

O D, (m,m,)I1]

o ® 3B, (m,)

| | | | |

\ \ ‘ \ \
- ///if/””éﬁ?m@\i
S

oD, (m,m,)I2]

- ®3,(m,

| | | | | | |

0 0.2 0.4 0.6

1/m, [GeV ]




SPQcdR (DB et al), 2001

e Combine the static HQET results for B-parameters
with the relativistic lattice QCD ones
= extrapolation — “interpolation”

e Perturbative matching of the anomalous dimensions
of 4-f QCD and HQET operators made @ NLO in
perturbation theory

QCD results (mass my)

BW =B, B BW]'

NLO evolution
- m,

QcD

matching '

matrix HQET
C (mP)B(mP) = B(mP)NLO_l> CD(m m,)
evolution
mo [

combine with
static result

/ ® (mp,, o)
use HQ scal.law

C (m )® (m,, m) = B(m)

(a]
o
O¢

B(m,)

QCD results (mass mB)



Novelty 2

JLQCD, 2001-2002
Unguenched simulation within the NRQCD approach

11— .

%&%ﬁ&%ﬁm o

Bg (M)

0.8 ]
07~ 7 PB=6.0(G-R) O P57 A P=60 —
= ; O B=59 A =52
_ v PB=5.6(G-R) o pb1 ]
| ! | ! | ! | !
06 0 0.1 0.2 0.3 04
UM_[GeV™]

New results:

_J 0.85(2)(8) (n,=0)
Bp(my) = {0.83(3)(8) (n, = 2)

No sea quark effects!
Consistent with diagnosis deduced from the QChPT Vs
ChPT expressions for Bg (Booth 1995; Sharpe,Zhang, 1996)



(converted to RGI @ NLO)

1/m,
| @ SPQcdR (2002)
T 1 OAPE (2000)
I UKQCD(2001) |
1.6 - ¢ JLQCD (2001) | -

1.4 -

ﬁ
SN

12 -

BEGI
.
-
3
e
o
e

| ‘0.2‘ | ‘0.4‘ _?.6 | ‘0.8‘ |
1/m,[GeV ]

World Averages

EBd = 1.34(12)
By, /By, = 1.00(4)

f5,/Bp, = 228(30)(10) MeV
¢ =1.21(4)(5)

Full set of AS = 2 and AB = 2 operators are computed:
SUSY searches in K9— K9 and.l?& —-1?8 mixings.
See talk by Luca Silvestrini.



Exclusive semileptonic decays

Path to |V |

(m(p)|qubl B(p)) = "F., (¢%) + K" Fy(¢?)

cKin
1,2
F+’O(q2) - form factors (F, (0) = F,(0))

See talk by Patricia Balll

- known kinematical factors



To what ¢?-form can we fit the data?

B Kinematical region large [0 < ¢2 < (my; —m,)?]. The nearest
pole at g2 =m?2, influences F_(¢?). Its position known! F,(¢?)
couples to 0T-states which are farther away from ¢2,,,.

B HQET (HQS) helps in heavy — light decays: scaling laws ap-
plicable for small recoils ¢2 ~ ¢2,,, (N.Isgur, M.Wise, 1990)

F(6® = Ghaes M) ~ VM Fy(@® = gz M) ~ 1/VM

LEET: heavy — light form factors can be expressed in terms

of the universal function (J.Charles et al, 1999)
2F
Fi (@) =Cp(MB)  Fo(g?) =~ —(p(M, E)
F, o(q® = 0) ~ VE/M? ~ M3/2

applicable for ¢% ~ 0 (explicitely verified by LCSR).
LEET sick for it hasn’t the same IR properties as QCD
= SCET (Ch.Bauer et al. 2000), in which the Charles et al. relations

remain true.

C(l—a)
Fu(q®) = (1 -¢?/m3.)(1 — ag?/mZ.)
C(1 — &)
Fo(q2) — 1 — qu/m%*

(D.Becirevic, A.Kaidalov, 2000)



O APE B - TUV

3.5 7~ OQUKQCD ey 3.5
: FNAL 5
3 JLQCD -3
i — — BK-fit 1
25 L —LCSR l 25
2 - 42
L5 F(q) 115

v o4
s L
0.5 - - 1 05
| | | L | | |

Ol g
1 075 05 025 0 025 05 075 1
2 2
q /m,,

Agreement among various approaches and with the
LCSR (A. Khodjamirian et al, 2000) quite impressive.

F—|—,o(o) «a I6; ref.

0.30(F)(Fg) 0.46(F1)(F5s) 1.27(FiH(F5) | ukaco
0.26(5)(4) 0.40(15)(9) 1.22(14)(T55) | APE-
0.28(6)(5)  0.45(17)(F20) 1.20(13)(F13) | APen
0.38(FH () 021(HDH (A3 1.42(F99)(F5) | FnaL

0.23(*3) 0.58(T33) 1.28(132) JLQCD

0.28(5) 0.32(T3h) - KRWWY

Warning: All studies quenched! FXNPT < FEhPT
(D.B, S.Prelovsek, J.Zupan, 2002).



B — plv

B -

harder - more form factors

25+ O V(qz) [latt@PB=6.2]
O V(qz) [latt@p=6.45]

plv,

@) Al(qz) [latt@B=6.2]
O Al(qz) [latt@B=6.45]

2 — LCSR 77—~ LCSR i
1.5 + 4t i
] L I |
0.5 - 1r m@@@ﬁg ]
0 L L |

| | | | | L | T IR R

I I I I I T I T T T

O Az(qz) [latt@B=6.2] 0 @) Ao(qz) [latt@B=6.2] _
4.5 i |:|A2(q2) [latt@B=6.45] 1 DAO(qz) [latt@B=6.45] |

— LCSR — LCSR

q4L ¢ i

SPQcdR [preliminary!] Results this summer...

2.5
1.5

0.5

4.5

1.5



Also checked the relation
A1(q?) __ 2Emgp
V(g?) (mp+mp)?

1.5 - @A/ [latt @ B=6.2] -
I OA/V [latt @ =6.45] 1
A/V [lel:rhs.]
] L . |
Q)

0.5 - T % $ g
1T+l egs

0 | | | | | |

0 5 10 15 20



On B — K™y



b — sy theory Vs. experiment

Inclusive decays:
&) experimentally difficult

(3.21 +£0.437032) . 107* CLEO, 2001
BRegp.(B — Xsv) =
(3.36 +0.53 4+ 0.68) - 10~% Belle, 2001

&) theoretically rather clean
(QCD calculation at NLO completed in A.Buras et al,2002)

BRy, (B = Xs7) o1 6cev = (3:57 £0.30) - 107%

EXxclusive decays:

&) experimentally easier

((3.79+0.86+0.28) - 10~% CLEO, 2000

BRexp (BT — K*TH) ={ (3.83+0.62+0.22)-10"° BaBar, 2002

| (4.97 £0.56+0.38)-107° Belle, 2002
Large data samples from BaBar and Belle arriving = Errors
will go down!

&) theoretically not clean

Large hadronic uncertainties:

Lattice QCD may help!



Theoretical expression for B — K™~ is derived by
applying the OPE (expansion in 1/ mgv)

y
u,c, t
‘b S —
W
'
4+ O(1/m?

b GF . «
Hefy" = = 5VibVisCr(n07 ()

C7(p) Wilson coefficient
information on the short distance physics (stuff in the loops)
[use perturbative QCD]

O7(u) EM penguin operator
O7 = — 2 250,,(1 + 75 )bFH
8
soft physics in (K*|O7|B) | need non-perturbative QCD]
(N.B. p ~ my)



% Tacit assumption that the factorisation works.
Very recently the hard spectator effects have been

included in C7(my). E.g.

|C7(mp)|? = 0.17(2)

M. Beneke, T. Feldmann, D. Seidel (2001),
S. Bosch, G. Buchala (2001),
A. Ali, A. Ya. Parkhomenko (2001)

% B — K*v matrix element
(K*(p, e)) 50w (1 + )bl B(p)) = M7, (¢?) + 2T, (07

+C£§)T3 (q2)

(1,2,3)_known functions of the kinematical variables

(papla ENy T *, mB)
T1,2,3(q2) - unknown form factors relevant for
B — K*0t¢
For the on-shell photon (g2 = 0): ¢® =0 and T1(0) = T»(0)



Brief history of the lattice
computations of Tj 5(¢?)

® 4 lattice studies made so far

® the most recent lattice results: 6-7 years old!

® all results obtained by using Wilson fermions

e all worked with heavy quarks of masses near me,
and then extrapolated to my

e difficulties with the simultaneous extrapolations
g° — 0 and to mg — my,

& C.Bernard, P. Hsieh, A. Soni (1994)

[ Wilson, 35 cfgs @ 8 = 6.0, 20 cfgs @ § = 6.3

small lattices; 2 and 3 values of kg and 1 value of Kg]
& UKQCD (1995)

[ tree level impr. Wilson, 60 cfgs @ 8 = 6.2

size 243 x 48, with 4 values of kg and 3 value of kg
&% APE (1996)

[ tree level impr. Wilson, 180 cfgs @ 8 = 6.0

size 183 x 64, with 4 values of kg and 3 value of kg
% LANL (1995)

[ Wilson, 100 cfgs @ 8 = 6.0

size 323 x 64, with 2 values of kg and 3 value of K]
& S.P.Qcd R. (2002) NEW!

[ non-pert.impr. Wilson 200 cfgs @ 8 = 6.2

size 243 x 64, with 4 values of kg and 3 values of Kg]

[ non-pert.impr. Wilson 100 cfgs @ § = 6.45

size 323 x 70, with 6 values of kg and 4 values of Kg]



© J.Charles et al, 1999 — T1,2(q2) both related to a single
function

T1(?) = L(ME)  To(a?) = 5 ¢ (M, B)

Ty (¢ ~ 0) ~ T>(q? % 0) ~ VE/M? ~ M™3/2

applicable  for

(P.Ball, V.Braun, 1998));
The extrapolation to 1/mp = 1/mp

T(0, mp)m?a/Q = ag + a1/mp + ax/m?p

¢>~0 (explicitely  verified

T I B —
I (ODirect results at 3=6.2
4.0 - [ Direct results at 3=6.45 7
i @Extrapol at 3=6.2 1
_ M Extrapol. at =6.45
[
% 3.0 -
©
Q
@ 2.0 |
—
. SPQcdR(2002)
]. 0 I | I I | I I I | I I I | I I I |
0.1 0.2 0.3 0.4 0.5 0.6

1/m, [GeV ]

by

LCSR



Result [still preliminary!]:

TB—)K*(o)
TB—>p(0)

Compared to the LCSR values, these results are much smaller:

TB=EK"(0) = 0.25(5)(2),

=1.1(1)

B—>K*(O)

B—K* —
TEC(0) =038(6), gm0

= 1.31(7)

—@— C.Bernard et al.

PRL72(1994)1402

- K.Bowler et al.(UKQCD)
PRL72(1994)1398

"(.'ﬂ' A.Abada et al.(APE)
PLB365(1996)275

T.Bhattacharya,R.Gupta,
NPB(Proc.Suppl.)42(1995)935
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