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Motivation

* mixing sensitive to new physics
— SM contributions suppressed: loop, GIM, Cabibbo
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Mixing sensitive to new physics

SM suppression: loop, GIM, Cabibbo
...opens door for BSM contributions
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some possibilities:

- SUSY flavor models: @ 2 squarks, gluinos, ...

- Little Higgs (extended weak gauge group): @ W, Z,, ..

- Randall-Sundrum (warped extra dims): @ 2 KK particles, ...



Motivation

* hints of new physics
— UT tension: 30
2-30
— B mixing: UT(fit 30
D@ 3.90
—BY — '~ CDF

correlated w/ NP in B mixing



Motivation

e experimental precision of mixing measurements: <1 %

AMy = 0.507 & 0.003(stat) & 0.003(syst) ps~*
AM, = 17.77 + 0.10(stat) £ 0.07(syst) ps~’



Outline

e Calculation
— mixing & role of LQCD
— mixing operators
— the lattice calculation



Mixing basics

* Two state system with decay
d ( |1B°(®) ) ( ,r) ( [B°(t)) )
71— =\ M —1— B
at ( BO(1)) 2) \ 1B°(1))

 off diagonal terms — mixing with frequency AM

* Transition matrix element: M, — %Fm = (B°[Hmix| B°)



Mixing basics

« Stationary state perturbation theory: Humix = H2=" + HA= 4.
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Mixing basics

e Stationary state perturbation theory: Humix = H2P=0 + HA=! 4

<BO|rHAb:1 |n> <n|HAb:1 |BO>
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* transition to parton level via OPE
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Mixing basics

Stationary state perturbation theory: Humix = H2P=0 + HA=1 4+ L.

My = (BYHA=2|BY) + ...

#

Ab=2

transition to parton level via OPE

My, =Y Ci(B°lOR=?|B% + ...

Ab=2

justified for...
- SM B mixing
- NP models w/ heavy mediators

guestionable for...
- SM D mixing
- NP models w/ light mediators



Role of LQCD

AMy = 0.507 £ 0.003(stat) £ 0.003(syst) ps~*
AM, = 17.77 £ 0.10(stat) £ 0.07(syst) ps™*
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Role of LQCD

AMy = 0.507 £ 0.003(stat) £ 0.003(syst) ps~*

AM, = 17.77 £ 0.10(stat) £ 0.07(syst) ps™*
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Role of LQCD

AMy = 0.507 £ 0.003(stat) £ 0.003(syst) ps~*
AM, = 17.77 £ 0.10(stat) £ 0.07(syst) ps™*

experiment

\ J

BSM:  AM,=>" Ci(u) (BJOM=>(u)|BY)
p \ Y J

Y
model dep LQCD

AT's (ATy ~ 0) can also be expressed as a function of (B°|0;(u)|B),
though experimental errors are larger

AT | = 0.07670-9%9 (stat) & 0.006(syst) ps~*



The goal of this work

AMy = 0.507 £ 0.003(stat) £ 0.003(syst) ps~*

AM, = 17.77 £ 0.10(stat) £ 0.07(syst) ps™*
\

experiment

BSM: — AM, =3 Culu) [ (B0 (01B)
i Y '

|
\

Y
model dep LQCD

alternatively...
bag parameter, Bg, : (B°|0;|B%) = ¢;f%Bg,

mixing parameter, 5 : B = fB\/Bs,i



Mixing operators

e 5 (hadronic ME’s of) operators form complete basis

SM BSM
O; = (b%y,Lg*) (b°7,Lg") Oy = (b*Lg*) (VW Rq")
Oy = (b*Lg") (b°Lq°) Os = (b*Lg”) (b° Rg®)

O3 = (b*Lq”) (b°Lg*)



Mixing operators

e 5 (hadronic ME’s of) operators form complete basis

SM BSM
O; = (b%y,Lg*) (b°7,Lg") Oy = (b*Lg*) (VW Rq")
Oy = (b*Lg") (b°Lq°) Os = (b*Lg”) (b° Rg®)

O3 = (b*Lq”) (b°Lg*)

e Current status: BSM bag parameter precision quoted ~10%
- quenched, static limit of HQET, linear ¢ PT

2001



Generic lattice calculation

e start with VEV (continuum, Euclidean): (Q|A[y,,U]|Q)

—  Wick contract: Afy,v,U] — A[D +m)~ 1, U]



Generic lattice calculation

e start with VEV (continuum, Euclidean): (Q|A[v,,U]|Q)
— Wick contract: Ay, v,U] — A[@ +m)~ ", U]
 path integral representation of VEV

J dly]d[]d[U] A[(lD+m) L 7] e= SV

Al = [ d[p)d[p]d[U] e=Sk-U]

— Berezin integration

[d[U] A[@ + m) 1 U] e~ SWitInldetP+m)]
[ d[U] e=SWUl+In[det@+m)]

(QA]2) =

“lumping off point” for lattice calculation



Generic lattice calculation

Numerically evaluate

(QIA|Q) = fd[U] [(JD+m) ,U] —S[U]+In[det(D+m)]

f d —S[U +In[det(P+m)]

discretize S[, 1, U]

/d4a;—> Z

7’27




Generic lattice calculation

Numerically evaluate

[ d[U) A[ + m)=1, U] e~ SIWI+nldet@+m)

fd[U] e—S[U]+In[det(D+m)]

INg

tance sampl

Impor

generate {Un}with

probability distribution
e—S[U]—i—ln[det(@—l—m)]




Generating data: gauge config’s

ILC 100 g
[ analyzed i
e 2+1 sea quarks i / 0 i
80 —
- _ - planned 0 -
* with O(1000) termsin .~ i i
sum 1 N 'E; 60 = O @ -
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Generating data: correlation fn’s

By @t Bo LB CP(t,t2) = (T{(Tv5b)1,(O04)o(q5b)s, })

By @ 0 t @ B, CP(t) = (T{(qr5b)e (bY59)0})

 asqtad staggered light valence quark

—range of (7 or 8) masses

* Fermilab valence bottom quark



Scaled C2pt vs. t

C2pt
rel error

C2pt(t) % eMEﬁ t
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Fitting

 Know time dependence of correlation fn’s

Cth(t) _ Z 2]\; (_1)n(t+1) <€—Mnt_|_€—Mn(T—t))

n=0

C?\%’)t (tlv t2) —

Z <Bn\2JX4!BA¢}>Zan(_1>n(t1+1)+m(t2+1) (G_Mn\t1| _|_€—Mn(T—|t1|)) (e—Mth _|_6—Mm(T—t2)>

n,m=0

* Fit 2 & 3pt data to extract ME

— simultaneous
— Bayesian



Fitting

 Know time dependence of correlation fn’s

Cth(t) _ Z 2jwn (_1)n(t—|—1) (e—Mnt+€—Mn(T—t))

n=0

C?\?t (tlv t2) —

— [(Bn|ON|Bu)n Zm (t141)+m(tat1) [ — M|t M (T=[t1))\ [(o=Mmta | =My (T—ts)
Z (_1)77/ 1 m(tl2 (6 n‘ 1‘ + e n 1 ) (e mUl2 _|_ e m 2 )
4M,, M,,

n,m=0

* Fit 2 & 3pt data to extract|ME

— simultaneous

— Bayesian



Outline

* Preliminary results

— correlation fn fits
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Outline

* Preliminary results

— renormalization



Renormalization

* 1-loop perturbative matching

(B|O4|B) p = (1 + asCaa)(B|O4|B) . + @sCa5(B|O5| B,

and similarly for (B|O0s|B)r , run to b quark mass
— (ij . calculated to one loop

— as = ay(2/a)



Outline

* Preliminary results

— continuum and chiral extrapolation



Continuum & chiral extrapolation

* partially quenched, staggered, xPT
— pg, continuum

— staggered

* NLO expression
ME = b(1 + T + W) + b Q + comy + ¢1(2my + ms) + caa?
* NNLO terms included in fit

2 2 2 2 4

mya WY 27”1 =Yg &
2 2

(2”51 | ”373)& (27”’1 ”53) mx(le +ms)




Preliminary BSM results, (B|04|B)

3
1

(B|O,4IB) r

(B|O,IB): data, NNLO SXPT vs. m
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Preliminary BSM results, (B|04|B)
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Preliminary BSM results, (B|0s|B)

(B0 |B): data, NNLO SYPT vs. m.

val T
1.1
x%/dof=48.0/60 —z :
1.0 p-value=0.867 — /%//?
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Preliminary BSM results, (B|0s|B)
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Preliminary BSM results

(B2|O4|BY) 13 (B|05|BY) 1
By 0.923(38) 4.17% 0.398(22) 557
BY 1.390(31) 2-27% 0.593(16) 2.7%

Errors are statistical and determined by bootstrap.



Outline

* Preliminary results

— error budget



Error budget

Source of Error [%] fPrevious Expected
scale (r1) 6.0 2.1
light quark masses 0.6 0.6
9B*Br 0.6 < 0.6
Kb 2.2 ~ 1.7
xPT & light quark discretization 0.8 < 0.8
heavy quark discretization 4.0 ~ 2.7
matching (1-loop perturbation theory) ~ 8.0 ~ 5.0
finite volume effects <1.0 <1.0
Total (syst) 11.1 ~ 6.5

]L and



Outlook

* add data at finer lattice spacing
— 0.06 fm, 0.045 fm

— re-evaluated continuum and chiral extrapolation will allow more
thorough determination of errors

e coordinating with decay constant project to allow
extraction of bag parameter

first calculation of BSM mixing parameters in 10 yrs



backup slides.



Simultaneous fit: 2pt correlator

scaled PS 2pt

N“Pt=2, t*P%: 10-34, x°/dof=73.45/79, CL=0.66
5.0
x data +H——>x—
4.5 F fit
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* i
3.0 F §\< % J[ X
2.5 K3
2.0 | 1 1 1
0 10 20 30 40



Simultaneous fit: 3pt correlator

N°Pt=2, t°P%: 16-26, x°/dof=73.45/79, CL=0.66

a4 0.020 _
o data F——x— X X
v 0.000 P fit X
T X
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Definitions
* AM =M, - M,
« AT=T,-T,

Vi Vi |

_ ~0.04
Vs Vool [T

o GUVO (=-2 P, ): ~ 0.0009

R
R

1° |Vcs Vzkbl
= 0.04

I'(B— u'D’)+I'(B— uD)

S = o u D
. ASL_ I'(B— w'D’)-T(B — uD)

. AZM — N*—=N-
N** + N—




UT tension

1.0F
IVcb|excl: x’/dof.
C.L.

0.8p

0.6f

|

04

0.2

AM,
0.0 AMd

-10 =035 0.0 0.5 1.0

p
solid: ¢, omitted

dashed: S,k omitted

dotted: AM_/AM, omitted

— (2-3)o tension



UTfit: B, mixing

- .. (Bs|H'|Bs) ATT i
* model independent NP analysis: (B[N B =1+A§Me s

* measured quantities (expt)

S

- AMS, ASL’ A!;t‘; T;(Bs)l AFS, (I)S

related to AYP/AM, NP and SM/QCD input

expt, = fn. ( AYP/ASM, oNP, SM/QCD input )

AYP/AM ) GNP simultaneously fit to expt,, SM/QCD input



UTfit: B, mixing
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D@ / CDF: B, mixing

* D@P: b — u X
X _
Y., B’ B’ ‘/;L
f *— B XA



D@ / CDF: B, mixing

/B2 — I/
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— 95% CL
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—— SM prediction

L=52fb"




Neutral meson mixing:
an effective 4q interaction

t.4 A b d,s,b

log E (GeV) q

—l— - - — — —— ¢
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__mWiN80 - — —~ e ——
b XA ! ‘ d.3,b !
B mBo ~ 5.2
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__mDo ~ 1.8
+m.~1.3




Neutral meson mixing:
an effective 4q interaction

log E (GeV)
A
-m,~ 172
®
My ~ 80

T mBo ~ 5.2

__mb ~ 4.2

__mDo ~ 1.8
+m.~1.3

+ Aqen ™~ 0.2

q b " d,s,b
— — —
WF Wt % W= % W=+
- — —~
b q ¢ d.5,b



Neutral meson mixing:
an effective 4q interaction

log E (GeV)
A
-m,~ 172

My ~ 80

®mg ~5.2

__mb ~ 4.2

B mDo ~ 1.8
-m.~ 1.3 q b

+ Aqen ™~ 0.2

<
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Neutral meson mixing:
an effective 4q interaction

log E (GeV)
A
-m,~ 172

My ~ 80

T mBo ~ 5.2

__mb ~ 4.2

®Omy, ~ 1.8
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Neutral meson mixing:
an effective 4q interaction

log E (GeV)
A
-m,~ 172

My ~ 80

T mBo ~ 5.2

__mb ~ 4.2

®Omy, ~ 1.8

+m.~1.3 q b

u C
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q C

+ Aqen ™~ 0.2
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Mixing operators

O1 = (VL) L]
Os = (L][L)

Os = (L][R)

O7 = (vuL][vuR)
Oy = (R|[R)

O11 = (WuR][VuR)
O13 = (0w )|opw]
O15 = (YuR)[Vul]
O17 = (R)[L]

The 20 local, 4 quark, dim 6, LI, color singlet, Ab = 2 mixing operators

Oz = (L)[L]
Oy = (L)[R]
Os = (’YML) :’YMR]
Os = (R)[R]

O10 = (VuR) [ VuR]
O12 = (VuLl[vpL)
O14 = (opv]lop)

(Ve R][vuL)
O18 = (R|[L)

020 — €uvpr (Uuu] [UpT)



Mixing operators

commuting quark fields

O1 = (VL) L]
Os = (L][L)
Os = (L][R)
O7 = (VuLl[vuR)
Oy = (R|[R)

O13 = (0w )[ou]

Or=-Crrfrekt

— (D\I[T1]
- Y

019 — €pvpr (Uuu) [UpT]

Oz = (L)[L]
Oy = (L)[R]
Os = (')’ML) :’Y/LR]
Os = (R)[R]

O10 = ('YMR) ['Y;LR]
O12 = (’YuL] ['YML)

O14 = (UW] [UW)

Ore=AvrR}{vr)

Org=(Rfth)——

020 — €uvpr (Uuu] [UpT)



Mixing operators

commuting quark fields, Fierz

O1 = (’YML)[’YML]

O3 = (L][L)
Os = (L][R)
Or=—yrbHy ) —
Oy = (R][R)
Orr=—yeRHy)
O =Rk}

- Y

019 — €pvpr (auu) [UpT]

Oz = (L)[L]
O4 = (L)[R]
Os= R
Os = (R)[R]
O10 = ('Y;AR) ['Y;LR]



Mixing operators

commuting quark fields, Fierz, parity (ME’s)

O1 = (VL)L Oy = (L)[L]

= (L][L) O4 = (L)[R]

= (L][R) o=~y
Qr*&wﬂhr%— Os = (R)[R] - O
O = (RJ|[R) = Os O10 = (VuB)[1uR] = O
Orr="{yrdty =tk
Ors={1rfrmht- Ore=-rrel 1)
=R O =AR}L)——



\Y

Be-7
6e-7
de-7
2e-7

-2e-7
-d4e-7
-6e-7
-Be-7
-le-6
-1.2e-6

(a) Difference in o between O4 and F(O4). (b) Difference in o between O13 and F(013).

Figure 1: The difference between data generated for operators 0413 and data generated for their Fierz
transformations is nearly exact, with differences around one-millionth of a 0. The same is true for Os_7 14.

(a) Difference in o between O2 and F(O2). (b) Difference in o between Og and F(Oy).

Figure 2: The difference between data generated for operators 029 and data generated for their Fierz
transformations differs by ~ 10~2¢. The same is true for O3.8,19,20-



Mixing operators

(c) Difference in o between Q11 and P(O11).

N W s

(d) Difference in o between Oz and P(O3). By parity, Oz = 0.



The calculation: generating data

Fermion doubling: discrete Dirac eqn — 16 poles
e 15 extra fermions with pu =~ 7/a

* Approach for handling them depends on mass
— heavy quarks: Wilson quarks (explicit SB)
— light quarks (maintain ¥ symmetry)
* sea: rooted, staggered (non-local, oscillating states)

» valence: naive (local interpolating operators)



The calculation: generating data,
gauge configurations

MILC collaboration

e 2+1 sea quarks

* Generated with importance sampling, ie. with
probability distribution

exp(—S[U;] + In [det(A +m)])

e Sea quarks
- rooted staggered
- AsqgTad improved, © (a®, asa®)
* Gluons
— Symanzik, tadpole improved, © (a*, a.a®)



The calculation: extracting results,
fitting the data

* Bayesian fitting

2= Y o) = d) (020) ™" o) — i) + 322 _n])

t1.19
* Considerations
— time range of data to fit
— humber of states to include in fit

.‘) .)
PS 3 Z2 7 - NZF)° e
(2]_;)?(1-) — (QE,T € Ent _ (—1)t QE,T € Byt

n

— choice of priors and widths



Rooted, staggered, AsgTad

* sea quarks

QX0 - JldU) X (D +m)~1,U) e—SL -l-ln@
(@IXI9) = @m0 e

— AsqTad = a squared, tadpole improved

— staggered (Kogut & Susskind) spin diagonalize
quark action (keep only 1 of 4 components)

* reduces quarks from 16 to 4
— rooted takes % root of det(Ip+m)

* reduces quarks from4to 1



Tadpole Improvement

 Using gauge link U, , = 109G () , expansion in a gives
g
a tower of vertices

k ki % kr kg k2 ks
p _p/ p > - _p/ p _p/

UV modes give “tadpoles”

— integrating out UV modes, giving
U, = uo 994" s g (1+ iagALR)
* Tadpole improvement uses U, /uq
— uo measured on lattice as mean field value of links



Symanzik Improved glue

e Start with Wilson’s gauge action

 Add terms to action to cancel order (a2)
effects

— coeffecients determined by perturbation theory at
one loop (Luscher and Weisz)

— |attice action viewed as eff. theory, higher order
terms are irrelevant operators

e Resulting errors are O (a*, asa®)



Wilson, SW, Fermilab interpretation

Wilson: add dim 5 term that gives “extra”
fermions mass

SW: add another dim 5 term to cancel O(a)
error from the Wilson term (“clover action”)

Fermilab interpretation: matches
improvement coefficients to HQET

— action valid for all masses (ie. ma > 1)

\ 2
(X g AQ(;‘D *’\Q(_T'D )

? )
my mj

errors O (



Naive AsgTad

* valence quarks ——

<Q|X|Q> — f[dU] X@l, U) e‘S[U]+1ndet(1p+m)
- f[dU] G_S[U]-Hn det(Ip+m)

— naive = retain locality, deal with “doublers”
* eases building interpolating operators

— AsqTad = a squared, tadpole improved



nj| £5 DEC LUV
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We combine all the available experimental information on Bg; mixing, including the very recent
tagged analyses of By — J/W¢ by the CDF and DO collaborations. We find that the phase of
the Bs mixing amplitude deviates more than 3o from the Standard Model prediction. While no
single measurement has a 3¢ significance yet, all the constraints show a remarkable agreement with
the combined result. This is a first evidence of physics beyond the Standard Model. This result
disfavours New Physics models with Minimal Flavour Violation with the same significance.
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Evidence for an anomalous like-sign dimuon charge asymmetry

(The DO Collaboration®)

(Dated: May 16, 2010)

We measure the charge asymmetry A of like-sign dimuon events in 6.1 fb~! of pp collisions recorded
with the DO detector at a center-of-mass energy /s = 1.96 TeV at the Fermilab Tevatron collider.
From A, we extract the like-sign dimuon charge asymmetry in semileptonic b-hadron decays: A:l =
—0.00957 £ 0.00251 (stat) £ 0.00146 (syst). This result differs by 3.2 standard deviations from the
standard model prediction A%(SM) = (—2.370%) x 10~* and provides first evidence of anomalous
CP-violation in the mixing of neutral B mesons.

PACS numbers: 13.25.Hw; 14.40.Nd
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Observation of B — B? Oscillations

(CDF Collaboration)

We report the observation of BY-BY oscillations from a time-dependent measurement of the BY-BY
oscillation frequency Am,. Using a data sample of 1 fb~! of pp collisions at \/s = 1.96 TeV collected
with the CDF II detector at the Fermilab Tevatron, we find signals of 5600 fully reconstructed hadronic By
decays, 3100 partially reconstructed hadronic B, decays, and 61 500 partially reconstructed semileptonic
B, decays. We measure the probability as a function of proper decay time that the B, decays with the
same, or opposite, flavor as the flavor at production, and we find a signal for BY-B? oscillations. The
probability that random fluctuations could produce a comparable signal is 8 X 10™%, which exceeds 5o
significance. We measure Am, = 17.77 = 0.10(stat) = 0.07(syst) ps~! and extract |V,4/V,s| = 0.2060 *
0.0007 (Am,)+30%88 (Am, + theor).
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