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Lattice QCD & the
search for BSM physics
in beauty

MATTHEW WINGATE
DAMTP, UNIVERSITY OF CAMBRIDGE



Outline

¢* Quark flavour

4+ Peering through the glue to study electroweak
symmetry breaking

o* Lattice QCD

4+ Uniting the gauge theory, statistical physics, and
effective field theory



Quark flavour

¢* Discovery era & flavour
¢ High precision in flavour

* Rare decays



Quark flavour in the SM

¢ Only weak interactions change quark flavor

U C L
d’ s’ b’
o* Flavor mixing
d/ Vud Vus Vub d
S / = Vcd Vcs Vcb S
b’ Via Vis Vi b

o* Visthe CKM matrix. Unitarity + “rephasing” implies 4 free
SM parameters (one of them a CP-violating phase)




CKM matrix from Higgs couplings

/1
LH SU(2) doublets QF = ( d/i> RH SU(2) singlets  up R
L

Interact with gauge bosons in covariant derivative

Lowark = Q1P QY + URiDuf + dRiPdy

Gives rise to weak current JHT :
weak

The coupling to the Higgs field is not apparently diagonal in generation

Lawarkp = — VZAIQL 0 dR)+ AT QL eard)ufy + hec.

Fields may be transformed to find mass eigenstates
_ Z i Fi i i =i,
Equark,d)l’ve’v — (mddL R —|— muuLuR —I— h.C.)
()

Showing the weak current allows mixing between g




Physics Beyond the Standard Model

o» Standard Model shortcomings: Higgs mass fine-
tuning, dark matter, CP asymmetry & M/AM

¥ Direct production: BSM spectrum
o Indirect searches: BSM couplings

¥* Complementary approaches



Complementarity: top quark

LEP + SLD + pp + vN Data

- s
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FIG. 13. The y? curves for the standard model fit to the elec-
troweak precision measurements from LEP, SLD, CDF, and
DO (W mass only) and neutrino-scattering experiments as a
function of M, for three different Higgs-mass values span-
ning the interval 60 GeV/c*< M y55,<1000 GeV/c?. The num-
ber of degrees of freedom is 14 (LEP Collaborations, 1995).
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FIG. 12. W mass and top-quark mass measurements from the
Fermilab collider experiments (CDF and DO0). The top-mass
values are from the full Tevatron data sets, with an integrated
luminosity of ~ 100 pb~!. The W mass values are derived
from analyses of the first 15-20 pb ! only. The lines are stan-
dard model predictions for four different Higgs masses (Flat-
tum, 1996).

from Campagnari and Franklin, Rev. Mod. Phys. 69, 137 (1997)




Complementarity: Higgs boson

Now out of date!
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§ 6 July 2010 M = 158 GeV
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Complementarity in BSM searches

L] ' Al L] L] I A} 1] T

l fitter

ICHEP 10

Indirect constraints
on CKM params

Direct measurements (please?)



Peering through the glue
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Snapshot of recent work (Qz, 2011)

B 2
fBafBS BBCUBBS f—l—_ﬂr(q )
ETM, PoS(LAT2009); HPQCD, PRD 76 (2007); HPQCD, PRD 73 (2006);
HPQCD, PRL 92 (2004); RBC-UKQCD, PoS(LAT2007); FNAL/MILC, PRD 79 (2009) 054507;
FNAL/MILC, PoS(LAT2008); HPQCD, PRD 80 (2009); FNAL/MILC, PRD 80 (2010)
HPQCD, PRD 80 (2009) RBC-UKQCD, PRD 82 (2010)
FNAL/MILC, NPB Proc Suppl (2005) FNAL/MILC, PRD 79 (2009) 014506
K =t 7y J K
JLQCD, PRD 77 (2008); RBC-UKQCD, PRL 100 (2008);  NPLQCD, PRD 75 (2007);
HPQCD, PRD 73 (2006); ETM, PRD 80 (2009); HPQCD, PRL 100 (2008);
RBC-UKQCD, PRL 100 (2008); RBC-UKQCD, EPJ C69 (2010) QCDSF, PoS(LAT2007);
Aubin et al., PRD 81 (2010) PACS-CS, PoS(LAT2008);

PACS-CS, PRD 79 (2009);
RBC-UKQCD, PRD 78 (2008);
Aubin et al., PoS(LAT2008);
MILC, PoS(CDo09);

MILC, RMP 82 (2010);
JLQCD/TWQCD, PoS(LAT20009);
ETM, JHEP 07 (2009);

BMW, PRD 82 (2010)



b = s is rare in the SM

1% \ ,
b S b >
414
t "7 . v
| For energies « mw

Gr _° \€
Hegp = Vi Vie Y Ci(1) Qi ()
1=1

AN

V2
Wilson Local
coefficients operators
b S b S

> = GF L 92 > =
V2 Sm%‘,
/ 14




Dominant operators

Decays

B — K™~
Bs — ¢~
B — (p/w)~

B —» K®pgte—
B, — oplTe™

Ab — A")/
Ap — AOTE™

ﬁ

SM operators

4 \
e

Q’?ﬁy — @mbgiﬂuy(1+’y5)biFMV

e

Qov = @(gb)V—A (£0)y

_

Q2 = (5¢c)v_a(cb)v_a



Long distance effects

Phenomenological calculations necessary

Charmonium resonances

b S
> > Low @> Khodjamirian, et al, PLB 402 (1997)
Large recoil Khodjamirian, et al, arXiv:1006.4945
C C High g2 Buchalla & Isidori, NPB 525 (1998)
Low recoil Grinstein & Pirjol, PRD 62 (2000), PRD 70 (2004)
Beylich, Buchalla, Feldmann, arXiv:1101.5118
Y, 4
Weak annihilation
b s, d

,» doubly Cabibbo-suppressed

p"
u w LLLL
Ball, Jones, Zwicky, PRD 75 (2007)

/y




Regions of applicability

q*(GeV?)
Plot from E Lunghi’s CKM2008 talk

¢ Short distance
effects dominate
at low g

¢* Short distance
effects dominate
at high g2
(Grinstein-Pirjol,
Beylich-Buchalla-
Feldmann)

low recoil



Latest from LHCbH

B — Kyt~ and B? — ¢ut i~ differential branching fractions

@ LHCb(1.0 fb~1): BY — K*Ou* = : 900 + 34 signal events

W Theory M Binned theory
—e—| HCb

—
o

" LHCb
Preliminary

—

dBF/dq? [107 x c*/GeV?]
o
(6}

o 5 10 15 _ 20
G [GeV?/cH
@ Measurement of the BY — ¢u® ™~ branching fraction reported at Moriond EW
@ LHCb(1.0 fb=1): BY — ¢utp— : 77 £ 10 signal events
@ B(BY — ¢utp~) =(0.778 £ 0.097(stat) + 0.061(syst) + 0.278(B)) x 10~ ° [preliminary]

@ The most precise measurements to-date and are consistent with SM expectations [4]

Chris Parkinson Rare Beauty and Charm Decays at LHCb

Parkinson, Moriond QCD, March 2012



Lattice QCD

¢* Field theory as statistical mechanics
¥» Mending errors
¢ [Decisions, decisions]

¢ Work in progress (rare B decay form factors)



Lattice QCDin a nytshell

¢ OCD Lagrangidn
L= —%FZVA“’“V — 2 g |7 (9 — g AJE?) + Mg g
= ['g - ;J;Q?#
Quarks |on sites
Break spacetinie up into a grid
Regulates the FTn rbatively

’l Breaking

1jonal

of Lorentz Lnd tanslat

symmietries scaleL

like‘ the lzI

ttice Tpacir‘g aP (f):z, Tsuall{)




Lattice QCD 1n a nutshell

QFT : Imaginary-time path integral
(J(2")J(2)) = / [dep][dep][dU] J(2")J () e~ =

SEFT : Sum over all microstates

(F()J(2)) = o Tr [J(=')J(2) e=PH]

Use the same numerical methods!

Monte Carlo Calculation : Find and use field
“configurations” which dominate the integral /sum



Lattice QCD 1n a nutshell

Gluonic expectation values

(@) = % / 2] [dep][dU] ©[U] e~ SelU1-PQIUIY

. % / dU] ©[U] [@et Q[U] e‘@

N\

Fermionic expectation values Probability weight

0 .0 _z,-1
_ —iQ UL —S,[U]
(1T ) / [dU ]| CF(SC e det Q[U]e :PC, = 35

Determinant in probability weight difficult L
Quenched approximation
1) Requires nonlocal updating; 2) Matrix

Set det@Q =1

Partial quenching =
different mass for valence ) ' than for sea det Q



Lattice QCD progress

¢ Effects of light sea

|||||||||||||||| :||||||||||||||||| lllllllIIIIIIIII!IHIHIHlllllll u+d+S quarks
- T AT e - important
- s A = o .
. el {Imom [ o 1| ¢* Much progress
i e omem, | Loy using staggered
i . 5 quarks (+ 4th root
| aal —w(1P-15) |- —— — .
: | hypothesis)
i —Y(D-18) |- o —
- T T *% Single set of lattice
— i FHe+  —{Y(35-15) |~ il—.—| ] inputs (quark
I i —{Y(1P-15) |- |-I+-| — masses)
....... fnd ol RRTRLTTTTET TR TOTO,
09 10 11 09 10 11
quenched/experiment (n,=2+1)/experiment l ’:‘ [MILC Collab’n
s lattices]

C. Davies, et al., PRL 92 (2004)



Source of error

Lattice volume

Lattice spacing

Heavy quark mass

Light quark mass

Systematic errors

Controllable limit

L>1/m,

a << ]-/AQCD

mg > 1/a
mg < 1/a
mg ~ 1/a

My K My, 4w fr

Theory

Chiral pert. th.

Brute force

Symanzik EFT

NRQCD, HQET

Extra-fine, extra-improvement

Fermilab

Chiral pert. th.



Choice of discretizations

¢* Gluon field: improved actions, w/ various criteria
(perturbative/nonperturbative Symanzik, RG)

¢ Light quarks: staggered, Wilson (clover), domain-
wall, overlap, twisted-mass, ...

¢ Heavy quarks: static, nonrelativistic, relativistic
(Fermilab (perturbative/nonperturbative),
extrapolated light quarks)



HPQCD approach

with Stefan Meinel, Zhaofeng Liu, Eike Miiller,
A. Hart, R. Horgan

¥* NRQCD formulation to calculate QCD dynamics of
physically heavy b quark

¢ Improved staggered light quarks

¥ Matching to MSbar scheme in pert. th. (Miiller, Hart,
Horgan, PRD 83, 2011)

of» Can work in lattice frame boosted relative to B
(Horgan et al., PRD 80, 2009)

¢ Stat. and EFT errors mandate working at low recoil

o Nr=2 + 1 (MILC) configurations. No unquenched
calculations of B = V form factors published yet.



[attice data

High statistics MILC lattices (2+1 asqtad staggered)
a(fm) aMse; Volume  Neops X Nepc am,,; m= (MeV)

coarse  ~0.12  0.007/0.05 20° x 64 2109 x 8 0.007/0.04 ~300

0.02/0.05  20° x 64 2052 x 8 0.02/0.04 ~460

fine  ~0.09 0.0062/0.031 28°x96 1910 x8  0.0062/0.031 ~320

Light meson momenta (units of 27t/L)

o (Pes py:P2) = (0,0,0). R
o (§,0,0), (0,3,0), (0,0,3), where §=1 or 2. | 1or4
o (1,1,0), (1,-1,0), (1,0,1), (1,0,-1), (0,1,1), (0,1,-1). 5

o (1,1,1), (1,1,-1), (1,-1,1), (1,-1,-1). 3

Many Source/Sink separations (16 coarse, 22 fine)
So far, only v=0 NRQCD used (B at rest).

Leading order (HQET) current presently used.
1/mp current matrix elements computed, analysis in progress



Full set of form factors

Matrix element Form factor Relevant decay(s)
q B — mwly
P|G~"b|B ,
(Pla~"b| B) f+» fo Bl
(P|Go*" q,b| B) fr B s Koti-
(V1av"b|B) Vv B — (p/w)tv
* p+ p—
(V|gy*~°b|B) Ao, A1, Ay B — K*¢t¢
(V|go"" q,b| B) T, B K*~
* p+ p—
(V|go""~°q,b|B) T,, T; B — K*¢ty

... also make the spectator an s quark for Bs decays




Form factor definitions

T " (K*(p', \)|50,,b|B(p)) = 4T1(q°)eppoey’ PP

PT q"(K*(p', \)|30,,75b1B(p)) = 2i To(q”) [eX,(Mg — Miz.)—
2
(- q)(p+p')u] +2iT3(q°)(ex - q) | g — W2 i Wz (P+pP)ul-

_ 2iV(q°)
K*(p', \)[57"b|B(p)) = HPO kb
\ (K2 (P N)[$97b1B(p)) = 7 — € e pypo,
AV (K*(p', [5v"95b] B(p)) = 2Mk+Ao(q?) =" g
+(Mg + Mi-)A1(0?) | — S g

_A2(q2) Mgei./\ZK* |:p’UJ + P/'u — £ - qui|




Correlation functions

3-point function

Cran(P's P, 70, 0, 20) = D D (@p(x) J(y) @p(z) ) e P V)P

y z
2-point functions

Cop(p, 20, ) = Y (Pp(x) @h(y))e ),

CFF(p/7 Lo, yO)




Correlation functions

Matrix element from amplitudes

AEID) = YEUYIE STl ) (V (<0, 5)) | |BD))

S

Z
ABB) _ 2B
2FR’
A
FF Vi k. .,
AFE) - — E Egj(pﬁ)g](pﬁ)




Example plots

Plots/re_gj_gjg5_pfperp_1_0_0.xml_plot_data_model_1_function_1.dat
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Example plots

Plots/re_gj_gjg5_pfperp_1_0_0.xml_plot_data_model_3_function_1.dat

o T=25

Plots/re_gj_gjg5_pfperp_1_0_0.xml_plot_data_model_3_function_1.dat

' ' ' Y ASEIT
T =23 |
Plots/re_gj_gjg5_pfperp, 10
10 | .
| T =21
10"
10" 0°
é -10
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10 |
[ 11
10
K* < Ummmm—
-9 | |
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2.0

1.5

1.0

form factor

B — K* form factors 1}, T5 (12896m0062m031)

$1

*

*

Ti,e L pp
Ty, (e L pp
Ts, ¢ 1L pp
Ty, e L pp

version of 16 Nov 2011




B — K form factors 17, T5 (12064m007m05)

version of 16 Nov 2011

B — K* form factors 17, T (12064m02m05)

2.0
e o Ti,¢e Ll pp
* % Tl, '(6 J_pp)
H N TQ,GJ_])F
1.5} h * x Ty, (e Lpr) |7
: } ﬁ
o 2.0
— 1.0} }
=
RS
1.5}
0.5F % { ; *
o
3]
| | | | “(.E 10
0‘014 16 18 20 22 %
QQ(GGV)2 -

e T17€ J-pF
x x 11, 1(e L pp)
B B TQ,E J_pp

x « Ty, (e Lpp)|




B — K* form factors V, A;, A, (12896m0062m031)

2.0

1.5F

form factor
’—l
(@)

¥
!

A, (e L pp)
Vie L pp

V, (e L pr)
Ay, e L pp
Aq, (e L pp)

i
version of 16 Nov 2011




To do

¢ Fit & extrapolate in light quark mass, lattice spacing,
kinematic variable

¢ Compare/include sum rule calculations from low g2

Bobeth, Hiller, van DyKk, extrapolating from Ball & Zwicky’s sum rule {.1.



New Physics: SM + Corrections

What is the fate of the Standard Model?

Add higher dimension operators

Leg = Lsvm + Lnp

(d)

Cn d

tve = Y3 G0
d>4 n NP

O{? 1ocal operator built from SM fields

Goal: perform enough precise expts + calculations to
discover or constrain coefficients of (’),fld)

Standard Model agreement pushes FCNC Anp to 1025 TeV
unless an ad hoc flavour symmetry is imposed



SM vs. BSM Wilson Coetticients

Gh 10
He — V Vi'; Cz i
o vz "oV 2 Cilm Qi)

o¢* Short distance Wilson coefficients C; calculable
perturbatively, given a model

¥* LQCD, sum rules, etc. compute matrix elements of
local operators

* Combine experiment with theory to find “allowed” C;’s
given a model framework



Constraints on Wilson Coefficients

Note how tight the constraints are from Low recoil

L L L L L L L L L L L L 1 2 1 1 1 1 1 1 1 1 1 1

-(SM ()

12

9

6

3

Cio
(@)

Cio
(@)

Bobeth, Hiller, van Dyk (2010)

Standard Model Cq, Cio




Constraints on Wilson Coeftficients

Constraints on C-; vs. Cq vs. Cyg

Now: correlations between 2 real Wilson coefficients

AN
™
o
AN
<
Std Model e S * g
in red B \\\ | | ? ;2"
0@@\ 10} Q: N
%, N % Y go | = ] E
O -5¢ 19 st 1 -
LQCD 3 Q?x<\ L S — | | '-g
form factors ol \§_> | 0 . 3
aim to reduce =] | % b 3
sl 1 sl IO T ] ,
blue region T o5 a0 05 10 15 20 40 65 00 05 1o 15 2o ‘ Eﬁ
Re(C)") Re(C)") .-g
BR(B — Xs(t67) BR(B — K*utu~)  Ars(B— K'utp~) &
%)
-

e B— K*u"u~ data exclude various “mirror solutions”

David Straub (SNS & INFN, Pisa) Moriond EW Session, 2012




Summary

o First unquenched LQCD calculations of B = K* &
Bs = ¢ (as well as B = p & Bs =>K*) form factors
nearing completion

¢ Rare decays search for corrections to SM

¢ LQCD playing an important role in precision flavour
physics (e.g. CKM unitarity)

¢ Flavour physics continues to play an important role
in the discovery era
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