B° — BY mixing

at NLO of 1/mj expansion

Alexei A. Pivovarov

Institute for Nuclear Research
Moscow

Quarks-2010 - Kolomna, June 6-12



v

Quark flavors in Standard Model
Phenomenology of B® — B? system
Theory of B® — B® mixing in SM:
expansions, operators, bag parameters Bg
Matrix elements in sum rules approach
Summary

v

v

v

v



Quark flavors in SM

SM gauge sector

Loage = QiIPQ| + ULiBUL + DRiBDg
Flavor group:

F = SU(3)q, ® SU(3)u, ® SU(3)p,

Yukawa couplings Yp, Y with Higgs boson H

—Lvu = Q{HYpDg + Q[ HY UL + hc.
Diagonalisation by a transformation from F
U/ =Vy U, Ukg=V,Ur, D/ =VyD, Dp=VyDp
defines masses ((H) = (¢o) = Vv # 0)

Vi YuVu, = mi@/v, V] YpVe, = mg®)v



Then a mass term emerges
—Lyvik — —Lm= QLmDDR + QLmU Ur + h.c.

while
Lgage = diag + (0 VexmWdL) + hec.

with the mismatch given by CKM matrix
VJLVdL = Vexkm
that induces charged flavor transitions:
b—c, t<b, s—u c<d,

CKM parameters ngM and quark masses m; are
(Yukawa) coupling constants to be found from data.



Quark flavors in SM

Hierarchies:
» CKM is driven by \ = Vs = sinfc ~ 0.22.
In Wolfenstein parameterization

— N2 A AN (p —in)
_ | _ A2\ 4, 142 2
Vorm = [ —A(L+iA2\*p) 1 — 1A A\
AN (1—p—in) —AN? 1

» Masses - no pattern for numerical values
m, = 0.005GeV |m. =1.30GeV | m; = 175 GeV
myg = 0.010 GeV | mg =0.13 GeV | m, = 4.2 GeV

A variety of flavor changing processes are allowed.

AAP B? — B° mixing at NLO of 1/mjy expansion



Quark transitions = hadron transitions

In contrast to leptons — neutrino mixing, no “free” quarks
detected in experiments.

Flavor transitions are between flavored hadrons:
b—-smeansB — KorB — X .

QCD enters the game: most difficult part of the analysis
of EW flavor structure of quark sector in SM.

AF = 2 transitions: mixing of different flavor mesons

sd: K—K% cu: D°-D% bd,bs : B® - BO

is a primary source of CP violation studies



(B®, B®) phenomenology

Time evolution

a(B0) - (n-2) (54)
M - mass matrix, [ - decay matrix

Observables (or physics):
> Am = Mheavy - Mlight - 2 |M12‘
» CP phase: ¢ = arg(—M;,/I15)
» Al =T — Ty = 2‘r12|COSQZ5



B4-meson
Amg = 0.508 + 0.004 ps?!

(AT/T)g = (9+37)-1073
D® and CDF results for B
17ps < Amg <21ps! 90%CL DQ

Amg = 17.77 + 0.10gg - 0.0744 ps* CDF
Theory prediction: (Al'/T')s = 0.158 + 0.050 (large).

This data is used to extract CKM parameters.
What is theory in SM?



Theory in SM

S u,ct b

Box diagram for AB = 2 processes gives non-local
transition operator (eff Hamiltonian).

Simplifications due to mass and CKM hierarchies: shrinks
to a point reducing eff Hamiltonian to local operators.
Mechanisms are different for Am and AT.



my , M; > My, M, are integrated out, loop localizes with
NLO QCD result

G2ZM? .
MlZ - Zﬂ'zw (th th)Z nBSO(Xt)
(5)

<[] [1+ %43%5] (E°IQ() B

ng = 0.55+0.1, J5 = 1.627 in the NDR scheme,
So(x;) is the short distance function, x; = m¢/mg,
Q(p) = (bLys,sy)(bLvy,s.) (1) — local operator



Width difference

AT ~ T, = (Bs|T|Bs)/2Mg,

Final states are (c,u) “quarks”, my > m., m,
Heavy Quark Expansion in 1/mj is used

— Ch = _
(Bs|7T|Bs) = Z m—2<BS‘OnAB_2‘BS>
o My

C, are calculable in PT. nonPT physics is contained in
ME of local operators O~B=2,
At LO in 1/my there are two operators

Q = (bisi)v-a(bjsj)v-a, Qs = (bisi)s_p(bjSj)s—p



At NLO in 1/m, there are more. Two important ones

H
iD,D"si)v_a(bisi)v-a

Ol

RZZ (

TN

Rs = (b D ,D*si)s_p(DiSi)s_p

B‘H B‘H

TN

Thus M., and I';, reduce to evaluation of (B|Q;|B) in
QCD that is a genuine nonPT task.

No direct techniques at present (lattice?).



Since Q; ~ J - J with J ~ Sb and (B|” =" sb
it is prompting “to factorize”

(B|Qi|B) = (B|J - J|B) = Coomb(B|J[0)(0J|B)

ForJ ~ BLA/;LdLa <0|6|_"/ud|_|BO(p)> = Ip#fB/Z
Main problem: accuracy of such factorization
In general one parameterises

<BS|Oi‘BS> - Bi<|§S|Oi|BS>faC

with B — genuine dynamical QCD quantities with
normalization B; = 1 in factorization approxmation



For relevant operators

(B|QIB) = f2M 2<1+Nic>3

Blosle) — Mg (2- e
(B|R2|B) = —f2ZM2 ('r\]/'qg 1) (1—Nic> B,
(B|R3|B) = f2ZM2 <m—:—1> <1+2;C>Bg7

Main theoretical uncertainties of the analysis are related

to the ME of the local operators O;

S {Q7Q57 R27 R3}, or

equivalently, the bag parameters B;.



OPE and QCD sum rules

» model-independent, first-principles method, close in
spirit to lattice computations. QCD sum rules rely on
asymptotic expansions of Green'’s functions
(analytically in a small parameter) while on the lattice
the entire function can be found (numerically)

» OPE techniques provide a consistent way of treating
perturbative corrections to matrix elements which is
needed to retain RG invariance of physical
observables usually violated in other approximations
(factorization)



OPE

The starting point is the three-point correlator

T (po.p2) = 12 / d*xd*yeP> P (Tj (x) O(0)j(y))

O € {Q,Qs, Ry, R3} is a generic four-quark operator and
| can be either AV or PS current

Jél = §"/u"/5b (AV)\ j5 - §I’\//':Sb (PS)

The overlap

_ — . _. — fsM2
(0]5v,75b(0)|B(p)) = ifgp,, (0[Siysb(0)|B(p)) = W?ns

For AV the correlator is a tensor, and one takes p;'p4:

T (p1,P2) = PyP2T (P1,P2) + - ..



Spectral density p(s1, Sz, 0?)

p(S1, SZaqz)
ds;ds
T(p1,P2) / 10ds; 1*]01)(52*}0%)

contains physics.

» Hadronic picture: B-meson pole plus continuum

phd(s1,52) = f35(s1 — M3)3(s2 — M3)(B|OIB) + pi"

» Quark-gluon picture (QCD): OPE for T (p;, p2) with a
nonPT effects through condensates.



Quark-hadron duality

QCD sum rules = duality

/d51d52 P (s1, S2) —/dsldsz pE(s1, S2).

Two practical techniques:
1. Finite Energy sum rules:
A being a square m2 < s; < S in (s1,S2) plane

12(B|0JB) = /A ds.ds; p9E (51, S,)

2. Borel sum rule: the OPE prediction model for the
hadronic continuum and Borel transform

2 2
Mg M

_ _B_YB _51_S2
f2(B|OB)e Mi M: _/dsldsze I pVE(S1, S2)
A



ustration: a model for physical spectrum

One-resonance hadronic spectrum



Spectrum of the OPE in QCD

Spectrum in OPE



Factorization in the OPE

OPE diagrams show that one can split three-point
correlator into two pieces

T(p1,P2) = Trac(P1,P2) + AT (P21, P2)
The factorized part has an explicit form

Trac(P1, P2) = const x M(p1)MN(p2)

“const” and lM(p;) specific to the operator involved.
For the operators of V-A structure

1
TaY (p1, p2) = 2 <1 + N—> MY (p2)NY (p2)

c

with
pe MY (p) = | / dxe™ (Tj (x)B1*(1 — 75)5(0)).

Sum rule for the factorized T;, vields B = 1.,



Deviation from factorization in the OPE

Then one finds a sum rule for AB = B — 1 directly

2 2
Mg _Mg S2.

f2ABe Vi M2 _/dsldszApg\i’E(sl,sz)e A

S1 _ %2

(given for AV current)



Figure: PT diagram at LO

At LO in pQCD the three-point function factorizes
T(P1,P2) = Trac(P1,P2), AT(p1,p2) =0
and

T O(p1, p2) = Tig(P1, P2) = const x M-°(p1)M-°(p,)

Then we have B = 1. But this is only LO analysis. Higher
order diagrams build up the full function M-°(p;) — M(py)

Tf;g(pls P2) — Trac(P1. P2) = const x M(p1)M(p2)



Indeed, NLO pQCD gives

NLO factorizable contributions are given by the product of

two-point correlation functions

8
Mo = g(pl.pz){ﬂLo(pf)ﬂNLo(pg) + symm(pz, p2) }



Condensate factorizable contributions

factorizable nonPT GG diagram

e Factorizable diagrams form an important subset of alll
contributions, they are gauge and RG invariant.

ee Classification of diagrams in terms of their
factorizability is consistent and gives a powerful technique
in the quantitative analysis.



Non-factorizable contributions. pQCD diagram:

60000,

Figure: A non-factorizable diagram at NLO

The NLO analysis of non-factorizable contributions within
perturbation theory amounts to the calculation of a set of
three-loop diagrams.



Non factorizable condensate contributions:

(a) (b) (c)

Results for the operators in NLO of 1/m,, are obtained.



(a) (b) (©

OPE result for the spectral density is

Api(S1,S2) = ApPe(s1,8:)(GG) + Ap*S(s1,S,)(SGS) + ...

for each of the eight cases:
AV or PS current for Q, Qs, R,, R3 operators.



Example (short): expression for Qs with PS current

1 1 'si8
Apps(S1,S2) = 487T2<O‘S Glys, 122(6 32, 32,+212)
+(p1pz)22122)
My
42225 (868) ((—2 -+ 24)3(sz — ME) + (—2 + 22)3(51 — m2))

Here zi = m/s;.



Borel method (T.Mannel,B.Pecjak, AAP (2007))

—AB (%) Q —AB (%) Qs
W \
1 W, 1 \
NS \
N N\ ~
0.5 S e 0.5 N o T
M2
5 10 15 20 5 10 15 20
AB (%) Ry AB (%) R
i |
1 h o
‘.\\ \
N \
0.5 0.5
N e N e
- - _ ~ - _
2
5 10 15 20 M 5 10 15 20

|AB| = 0.5% in all cases



Borel sum rules results in HQET approximation

—AB (%) Q —AB (%) Qs
N
~N
1 ~ _ 1k
~—_ _ ‘\ -
I o5 T LT
15 s 15 75
AB (%) R, AB (%) Rs
1> — 1
0.5/ 0.5
15 p 75 W 15 zsW

Quite consistent. |AB| = 0.5 — 1% in all cases.
Formal procedure:

Mg =mp+A, s=(mp+E)? so=(my+Ep)?
and expand OCD sum rules in 1./ms..



Numerical results and uncertainties

Operator | AB(%) QCD | AB(%) HQET
Q —-0.6+0.5 —-0.6+05
Qs -05+04 -06+04
R> 0.3+£0.3 0.8+0.7
R3 0.3+0.2 0.3+0.2

Parameters: 210 MeV < fg, < 270 MeV

QCD: mp = 4.2+ 0.2 GeV, 32 < 59 < 40 GeV?

HQET: m, = 4.8 GeV, 1 GeV < Eg < 1.5 GeV
Condensates are varied by +30%.

The largest errors are associated with the value of the
decay constant fs. The dependence on A and E, is
moderate.



Uncertainty due to each parameter variation:

an example — the Qs operator in HQET.

Uncertainty due to the condensates is comparable with
that due to f;.

—AB (%) fp variation (HQET) —AB(%) A variation (HQET)
LN 1.5
~
o.sk 05 ——— _ T
15 2 75V 15 7 75V
—AB(%) cond. variations (HQET) —AB(%)  E, variation (HQET)

0.5 — 0.5

—AB for Qs operator, AV current, HQET sum rule.
Dark-gray band — gluon condensate,
larger light-gray band — quark-gluon condensate.



» SR is a powerful tool for analysing ME of local
operators relevant to flavor physics.

» Factorization results are reproduced at diagram level
(not only LO)

» Non-factorizable contributions due to nonPT
condensates to bag parameters are small

AB; = (0.5 —1)%

for all operators {Q. Qs, R, R3}

» The computation of the width difference for B® — B is
under solid theoretical control
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