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Motivation

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

SM suppression: loop, GIM, Cabibbo

...opens door for BSM contributions

some possibilities

- SUSY flavor models: @ = squarks, gluinos, ...
- Little Higgs (extended weak gauge group): @ >2W,, Z, ..
- Randall-Sundrum (warped extra dims): @ =2 KK particles, ...




Motivation

* hints of NP

— definitions



Definitions
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Motivation

* hints of NP

— UT tension: 2-3c



UT tension
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Motivation

* hints of NP

— B mixing: UTfit 3o



UTfit: B, mixing

, : (Bs|H"M B,) ANP e
m , off 50— 4 =%
odel independent NP analysis BN B + EL

* measured quantities (expt;)
— Amy, Ay, A, T(BJ), AT, 0,

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

expt, = fn, ( AVP/ASM, ¢NP, SM/QCD input )

AYP/ASM, ONF simultaneously fit to expt,, SM/QCD input



B. mixing
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Motivation

* hints of NP

— B¢ mixing:
D@ 3.2o0
CDF 0.8c



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

* experimental precision in determining |V, 4| & | V(|
Am, = 0.507 * 0.003(stat) + 0.003(stat) ps? < 1%

Am, =17.77 * 0.10(stat) £ 0.07(syst) ps? <0.7%



Role of LQCD

Am, = 0.507 * 0.003(stat) + 0.003(syst) ps*
Am, =17.77 £ 0.10(stat) £ 0.07(syst) ps™

\expt

M3, S
SM: Am, = (GF W

* 2 o0 0
AT2Mp, )T]B(u’) VioVial” (BJlO(m)1By)
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know / calcin PT want LQCD




Role of LQCD

Am, = 0.507 * 0.003(stat) + 0.003(syst) ps*
Am, =17.77 £ 0.10(stat) £ 0.07(syst) ps™

expt

SM + BSM.: Am, = Z Ci () <B_g|0-i(ﬂ*)|88>

{ \
model dep LQCD



Role of LQCD

Am, = 0.507 * 0.003(stat) + 0.003(syst) ps*
Am, =17.77 £ 0.10(stat) £ 0.07(syst) ps™

expt

SM + BSM: Am, = Z Ci () <B_8|Oi(ﬂ-)|88>

{ \
model dep LQCD

AT, (AT, = 0) can also be expressed as a function of (B2[O;:(u)|By),
though experimental errors are larger.

|AT",| = 0.076 "Joes (stat) £ 0.006 (syst.) ps?



Outline

* Calculation
— miXxing operators
— generating data
— fitting



Mixing operators: SUSY basis

* 5independent operators form “SUSY”’ basis

(B“Lqﬂ) (b Rq )

—

O,
Lq-’"‘j) 05 = (0" L¢%) (' Rg®)

* investigating: 15 redundant operators (Fierz and
parity)



Mixing operators: current status

* SM mixing parameters known to ~(3-4)%
- 2+1 sea quarks

* BSM mixing parameters known to ~10%
- 2 sea quarks (4 of 5 ME’s; static limit of HQET)

- quenched



Generating data: gauge config’s
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Generating data: correlators

e 2 & 3pt correlators

O

N

* built from lattice propagators
(B))z.t|(B)g o) = (T{(@y5b)z.¢(q75b)5 0 )
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Mose (T)
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Fitting

Meson rest frame (>~ -, )
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Fit 2 & 3pt correlators to extract ME

— simultaneous

— Bayesian

— G. P. Lepage’s Python based fitter (/sqgfit)



Fitting

Meson rest frame (>~ -, )
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Fit 2 & 3pt correlators to extract ME
— simultaneous

— Bayesian

— G. P. Lepage’s Python based fitter (/sqgfit)




Simultaneous fit: 2pt correlator

scaled PS Zpt
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Simultaneous fit: 3pt correlator
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Initial results: B = fz, (MpBg,)*/?

* Extract “reduced matrix element”, 3

x [*M°By

e Stat error decrease:

expected observed
3,1 65%
3,: 53%

\/and 1195.1 ~ 50 — ()O%




Preliminary: B, = fs. (Mg Bg, )/

3/2
rq

B )1f’2

B

o (M
Eq(B

.50

.25

.00

.75

.50

.25

.00

a=0.12fm, amq=0 . 0415

i

B5 .
stat err
G¢3"’1_2%
X o, ~3-4%
X X 3
X E% %
= = + *
| ] I | |
phy 1 0.2 0.3 0.4
pt sea




Outlook

e continue fitting
— 0.09fm, 0.06fm, 0.045fm lattice spacings
— range of light m/'s (BY — B°)
— charm heavy quark (D° mixing)



Outlook

* implement chiPT

— continuum
— staggered



Outlook

e perturbative matching

— hopefully similar to SM operators
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Local/1lS PS 2pt Mass Fits: Binning
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For Bs meson 2pt correlator on coarse ml=0.14ms ensemble, binning is unnecessary.



Neutral meson mixing:
an effective 4q interaction
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Neutral meson mixing:
an effective 4q interaction

log E (GeV)
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Neutral meson mixing:
an effective 4q interaction

log E (GeV)
A
-m,~ 171
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Neutral meson mixing:
an effective 4q interaction

log E (GeV)
A
-m,~ 171

-1 mWi ~ 80

T mBo ~ 5.2
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oMy~ 1.8
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Neutral meson mixing:

an effective 4q interaction

log E (GeV)
A
-m,~ 171

-1 mWi ~ 80

T mBo ~ 5.2

+my~ 4.2

oMy~ 1.8
+m.~1.3

1 Agep ™ 0.2




The calculation: mixing operators

For (X"|0°=*|X%)  need all 02?2

generalized BSM (Lorentz inv, color singlets)

- examples
01 — (w? TR A jhgg (Qr V1L, qu :tgf
03 — Q i L'ij {f} Q -.r Lrsgé

— notation (Takahashi)

Q Ih.ij jRQh Qr i, qu:fQ; — (VL) [y L]
Q-j_ L-ij@} Q-'r Lysqq — (LHL)



The calculation: mixing operators

S S 8 G

S

* Single bilinear spin structures: {L.R.7,L.~,R.0.,}

10 Lorentz inv pairings

(LoL, LOR, ROL, ROR, 4L &L, u L&, R,
wR?@ L R?@ rJuR {Tgvgggu Elupp'r (Tgu:g:gp’r}

* Gives 20 Lorentz inv, color singlet pairings

= (L)L O = (7, L)[v,h] O = (B[ R) O16 = (V. Rl L)

= (L)[L] O7 = (VuL][7u ) O12 = (1 L][vu L) O17 = (R)[L]

= (L][L) Os = (R[] O13 = (0pv)[ou] O1s = (R][L)

= (L)[R] Og = (R][R) O14 = (opv]|opuw) O190 = €pvpr (T ) [7pr ]
= (L] [R) Oi0 = (’”.fy,R) [’?y,lr"] Oi5 = {"‘.fy, }[ L] Oy = Fﬂ:.pr{rTﬂ:.fH’TpT)



Chiral Fierz transformations

(Ta)[Cs] = 3 FTrTARCT BT o)l

C.D

01 =—01»

803 =405 + 20,3 — 1019
205 = 015

O7 = 2017

809 = 405 + 20:13 + 1019
013 =6(03 + Oy) — 2014
O19 = 12i (03 — Og) — 204

803 = 403 + 2014 — 109
204 = O

Og = 203

80g = 40g + 2014 4+ 1Oy
O10 = =01

O14 = 6(02+ Os) — 2043
Oa = 121 (O3 — Og) — 2019

46



The calculation: generating data

Fermion doubling: discrete Dirac eqn — 16 poles
e 15 extra fermions with p. » 7/a

* Approach for handling them depends on mass
— heavy quarks: Wilson quarks (explicit xSB)
— light quarks (maintain y 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
— AsqTad improved, O (a*. a.a?)
* Gluons
— Symanzik, tadpole improved, O (¢, a.a®)



The calculation: generating data,
gauge configurations

a (fm) (L/a)? x (T/a) my/mg # ens’s # config’s
0.12 202 x 64 0.12 - 1 11 8710
0.12 243 % 64 0.1 1 1802
0.12 283 %64 0.2 1 275
0.12 323 %64 1 1 701
0.09 283 %96 0.2 -1 6 6565
0.09 323 %96 0.15 1 540
0.09 403 %96 0.1 -1 3 2007
0.09 647 % 96 0.05 1 530
0.06 483 % 144 0.2-04 3 2013
0.06 567 x 144 0.14 1 800
0.06 647 % 144 0.1 —0.33 y 1309
0.045 647 %192 0.2 1 861



Rooted, staggered, AsgTad

e sea quarks ]

(0]0]0) = [ldG ] O +m)~1 G ) ﬁ.ﬂ‘[Lleu

[[dG,] =5 [c;ﬁmlw

— AsqTad = a squared, tadpole improved

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

* reduces quarks from 16 to 4

— rooted takes % root of det(p)+m)
* reduces quarks from4to 1



Tadpole Improvement

» Using gauge link U, , = ¢9“+(") expansion in a gives
a tower of vertices

Kk K K, K k2 k3

A S N

p p’ p p b p’

UV modes give tadpoles”
— integrating out UV modes, giving
U, — uo 94" (1+ z’a,gALR)
* Tadpole improvement uses U, /u,
— up 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 (a”2)
effects

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

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

* Resulting errors are 0 (a*, a.a?)



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)

sINOC A7 -
errors o (““Qf’f{ Qt’D>

)
mp mi



Naive AsgTad

* valence quarks —

f[dG;u] O(_ D+ - G,u) 6""_"51[{?‘*]+1“[d€tfm+m}]

0|00) =
< ‘ ‘ > Hf](-;,u] t__.—f:?[G#]—|—111[d€t{,§5—|—m]]

— naive = retain locality in favor of "doublers”
* eases building interpolating operators

— AsqTad = a squared, tadpole improved



The calculation: error budget

* Systematic errors
— inputs ( mguark’s , a )
— discretization ( 7, , mg )
— finite volume
— chiral extrapolation
— renormalization/matching (one-loop )



The calculation: extracting results,
fitting the data

* Bayesian fitting

= Y Gl —dn) (0F0) ™ Uual (o)) — i) + 30 L2220

t1.to

* Considerations
- time range of data to fit
- number of states to include in fit
— choice of priors and widths



FIRST EVIDENCE OF NEW PHYSICS IN b — s TRANSITIONS
UTfit

(UTfit Collaboration)

M. Bona,! M. Ciuchini,> E. Franco.® V. Lubicz.>* G. Martinelli,>® F. Parodi.®
M. Pierini,!l C. Schiavi.® L. Silvestrini,® V. Sordini.” A. Stocchi,” and V. Vagnoni®

TCERN, CH-1211 Geneva 23, Switzerland
“INFN, Sezione di Roma Tre, I-001/6 Roma, Italy
JINFN, Sezione di Roma, 1-00185 Roma, Italy
4 Dipartimento di Fisica, Universita di Roma Tre, I-001}6 Roma, Italy
® Dipartimento di Fisica, Universita di Roma “La Sapienza”, I-00185 Roma, Italy
® Dipartimento di Fisica, Universita di Genova and INFN, 1-161/6 Genova, Italy
" Laboratoire de U'Accélérateur Linéaire, IN2P3-CNRS et Université de Paris-Sud, BP 34, F-31898 Orsay Cedex, France

SINFN, Sezione di Bologna, I-40126 Bologna, Italy

We combine all the available experimental information on B, mixing, including the very recent
tagged analyses of By — J/W¢ by the CDF and DO collaborations. We find that the phase of
the B; mixing amplitude deviates more than 30 from the Standard Model prediction. While no
single measurement has a 3¢ significance vet, 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.



Fermilabh-Pub-10/114-E

Evidence for an anomalous like-sign dimuon charge asymmetry
(The D0 Collaboration™)

(Dated: May 16, 2010)

We measure the charge asymmetry A of like-sign dimuon events in 6.1 fb~! of pF collisions recorded
with the D0 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 =
—0.00057 £ 0.00251 (stat) £ 0.00146 (syst). This result differs by 3.2 standard deviations from the

standard model prediction A%(SM) = (—2.3705) x 10~* and provides first evidence of anomalous
C'P-violation in the mixing of neutral B mesons.

PACS numbers: 13.25. Hw; 14.40.INd



week endin
PRL 97, 242003 (2006) PHYSICAL REVIEW LETTERS |5 DECEMBER 2006

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 B,
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-BY 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,| = 0.2060 *
0.0007(Am,)X30% 1 (Am, + theor).

DOI: 10.1103/PhysRevLett.97.242003 PACS numbers: 14.40.Nd, 12.15Ff, 12.15.Hh, 13.20.He



