Theory develoments in B(5) mixing

Justus Tobias Tsang

P. Boyle, L. Del Debbio, N. Garron, A Jiittner, A. Soni, O. Witzel
for the RBC-UKQCD Collaborations

Based on arXiv:1812.08791

Durham, IPPP
Towards the Ultimate Precision in Flavour Physics

04 April 2019

THE UNIVERSITY of EDINBURGH

1/24 J Tobias Tsang (University of Edinburgh) Theory develoments in By mixing


http://arxiv.org/pdf/1812.08791.pdf

Outline

@ Introduction

© Results: SU(3) breaking ratios in the D(s) and B(s) meson systems

© Ongoing Work
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Where to find New Physics?

@ Direct searches:

= Bump in the spectrum source:CERN
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e.g. Higgs discovery in 2012
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Where to find New Physics?

© Direct searches:
= Bump in the spectrum
@ Indirect searches:
Precision tests of SM:
— Quantum corrections
due to new particles
modify SM predictions
— NP shows as
discrepancy between
experiment and theory

=

= Over-constrain SM

J Tobias Tsang (University of Edinburgh)
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Neutral meson mixing

Neutral mesons oscillate with their antiparticles
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Neutral meson mixing

Neutral mesons oscillate with their antiparticles
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Difference between mass eigenstates: Am = Am®P measured to < 1%!
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Neutral meson mixing

Neutral mesons oscillate with their antiparticles

2
b q l,s 2
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Difference between mass eigenstates: Am = Am®P measured to < 1%!
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Short distance g
Long distance

E, ~ my, m; = Short distance dominated.
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Operator Product Expansion

Two scale problem: Aqop ~ 1GeV < meyw ~ 100 GeV:
= Factorise via OPE

AmocZC <B(S

OAb=2( ‘Bs)>

@ Perturbative model-dependent Wilson coefficients C;(u)

o Non-perturbative model-independent matrix elements of O~b=2(y)
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Operator Product Expansion

Two scale problem: Aqop ~ 1GeV < meyw ~ 100 GeV:
= Factorise via OPE

AmocZC <B(S

OAb=2( ‘Bs)>

Perturbative model-dependent Wilson coefficients C;(1)
Non-perturbative model-independent matrix elements of OA=2(p)
5 independent (parity even) operators O;.

SM: O1 = (bavu (1 — 75) Ga) (Bovu (1 —5) gb) = Ovv4an
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Flavour Physics and CKM - neutral meson mixing

Experiment =~ CKM x non-perturbative x (PT+kinematics)
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Flavour Physics and CKM - neutral meson mixing

Experiment =~ CKM x non-perturbative x (PT+kinematics)

b q l,s
l,5 q b
A GZm?
2
Amp = Vi, Vig, | x f5mpBp x QWZWIC
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Flavour Physics and CKM - neutral meson mixing

Experiment = CKM x non-perturbative x (PT+kinematics)

b q l,s
0 O
5 q b
A G2m?
Amp = |Vig, Vi | x fampBp x = 51K

[HFLAV]

Amy = 0.5064 + 0.0019 ps~!
Amg = 17.757 £ 0.021 ps~!
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Flavour Physics and CKM - neutral meson mixing

Experiment =~ CKM x non-perturbative x (PT+kinematics)

b q l,s
l,5 q b
. A GEm?
Amp = Vi, Vig, | x f5mpBp x QWZW’C
Computing £ gives access to
52 — fBiéBs _ ‘ th 2 Ams %
féég Vis| Amg mp,
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Lattice QCD methodology

Wick rotate (t — i7) Path Integral to Euclidean space:

(O)e = ;/D[d}Jb]D[U] O, b, U] e Selt:U]

Introducing lattice renders Pl large but finite dimensional.

e o o o o o o Finite lattice spacing a
= UV regulator
o o 1 o .
TU e Finite Box of length L
o r ._V o = IR regulator
a Ul L Y = Calculate Pl explicitly via
¢, o o o o H Monte Carlo sampling:
PDG
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Multiple scale problem: back of the envelope

Control IR (Finite Size Effects) and UV (discretisation) effects

m;L >4

a~ ! >> Mass scale of interest

For my = m2™® ~ 140 MeV and mp, ~ 4.2 GeV:

L > 5.6fm
a '~ 42GeV & (0.05fm)""

Requires N = [/a > 120 = N3 x (2N) > 4 x 108 lattice sites.

VERY EXPENSIVE to satisfy both constraints simultaneously.
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A Lattice Computation

Lattice vs Continuum

We simulate: We want:
@ at finite lattice spacing a ea=0
@ in finite volume 3 o L=
o lattice regularised @ some continuum scheme
: h
@ Some bare input quark masses o m=m""
amy, ams, am hys
/ s - h phys e m, = mg Vf
In general: m; # mz ShvE
e my=mec ", my

= Need to control all limits!

— particularly simultaneously control FV and discretisation
= Decide on a fermion action:
Wilson, Staggered, Twisted Mass, Domain Wall fermions, - - -
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RBC/UKQCD Ny = 2 + 1 ensembles

o : .
| o o o Iwasaki gauge action

400| O c2 . . .

o @ Domain Wall Fermion action
Mo .

5 e ) = Ny =2+ 1 flavours in the sea
S O M3 ® = Ms = 1.8 for light and strange
=3 Fl . . .
e o @ 2 ensembles with physical pion

B Masses [PRD 93 (2016) 074505]
@ 3 Lattice spacings pHep 12 (2017) 00g]
* u = @ Heavier m, ensembles guide small
0,00 005 010 Ol;Z[GZ;{/*Z]DZS 030 035 040 Chlral extrapolatlon of Fl

Chiral Fermions:

= O(a) improved

= Multiplicative renormalisation
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https://doi.org/10.1103/PhysRevD.93.074505
https://doi.org/10.1007/JHEP12(2017)008

Lattice setup [arXiv:1812.08791]

Leptonic decays:

l,s
P+

c,b

ZA (0] cyav5q |Dg(0)) = fp,mp,

@ Details of DWF heavy quark
discretisation differs from |/s
= mixed-action

@ Range of charm (and heavier)
quark masses

J Tobias Tsang (University of Edinburgh)

PO — Iso—mixing
b q l,s
0 Va
1,5 q b

(P°|Ovv 1 aa|P?)

Bp = 8/3fZm2

@ Volume average via (Gaussian
smeared) Zy-Wall sources

@ Sources placed on many time
planes, binned
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Lattice setup [arXiv:1812.08791]

Leptonic decays: PO — PO mixing

ls b q Is
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Results of correlator fits

Ratio of decay constants
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= Renormalisation constants cancel
= Mild linear behaviour with 1/my and a?
= Stat precision: 0.4 - 1.0 %
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Results of correlator fits

Ratio of bag parameters
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= Renormalisation constants cancel
= Mild linear behaviour with 1/my and a?
= Stat precision: 0.4 - 1.0 %
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Global fit form

Base fit
O(a, my, my) = O(0, mP™s mP*) 4 Ceya® + C,Am2 + CyAmy;!

Assess systematic errors by
varying cuts on pion mass
using my = mp, mp, and m;,_

varying inclusion /exclusion of heaviest data points

varying inclusion /exclusion of fit parameters

including/estimating higher order terms (a*, (Amfr)z, (Am;,l)2)

= All fits are fully correlated.
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Global fit results - ratio of decay constants

O(a, My, my) = O(0, mPh¥s, mf,hys) + Cera® + G Am2 + CyAmy!
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Ratio of decay constants for m; < 350 MeV
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Global fit results - ratio of decay constants

O(a, My, my) = O(0, mPh¥s, mf,hys) + Cera® + G Am2 + CyAmy!
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Ratio of decay constants for m; < 350 MeV
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Global fit results - ratio of bag parameters and &

Bs,/Bg(a, my, my)

B 1
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Recall: § = st/fB X \/BBS/BB
@ chiral-CL of product of ratios
@ product of chiral-CL of ratios.
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Global fit results - ratio of bag parameters and &

Bg./Bg(a, my, my) &(a, my, my)
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Recall: § = st/fB X \/BBS/BB
@ chiral-CL of product of ratios
@ product of chiral-CL of ratios.
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Global fit results - ratio of bag parameters and &

en/ ol mr. ) &(a, my, my)
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a—0;mg—phys
[,/ fB]onys X \/[BB./BBnys = 1.1853(54)stat

chiral continuum limit of individual ratios gives better signal
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Systematic Errors - variations of cuts to data for fg_ /fg

@ Global fits all correlated with satisfying p-values.

@ sys error: includes chiral-CL (left), heavy mass (right), H.O. terms,
my # myg and FV.
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Systematic Errors - variations of cuts to data for Bg,/Bg

@ Global fits all correlated with satisfying p-values.

@ sys error: includes chiral-CL (left), heavy mass (right), H.O. terms,
my # myg and FV.
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Systematic Errors - variations of cuts to data for &

@ Global fits all correlated with satisfying p-values.

@ sys error: includes chiral-CL (left), heavy mass (right), H.O. terms,
my # mg and FV.
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Comparison to literature - ratio of decay constants

f./fp I8,/ fB
MILC 17
™1 FNAL/MILC 17 + - FNAL/MILC 1°
o FLAG16 Nyj=2+1+1 - HPQCD 17
FNAUMILC 14 [ — ETM 16
™ L
ETM14 FLAG16 Ny =2+1+1
— . [l
HPQCD 13
e THIS WORK o
RBC/UKQCD 17 —de— THIS WORK
r—
FLAG16 Ny =2+ 1
FLAG16 Ny =2+1 —y—
® RBC/UKQCD 14A
o HPQCD 12
RBC/UKQCD 14
—
FNAL/MILC 11
© s HPQCD 12
HPQCD 07
—o— Q FNAUMILC 11
———
- FNAL/MILC 05 RBC/UKQCD 10
—— FLAGLE Ny=2 FLAG16 N/=2
— i
ETM 13 . ALPHA 14
e N ETM 11 ETM 13
———
ETM 09 ETM 11
110 115 1.20 125 130 135 110 115 1.20 125 130

@ Self consistent with RBC/UKQCD17: JHEP 12 (2017) 008

e Complimentary to (most) literature - no effective action for b.

@ One of few results with physical pion masses.

|Vcd/vcs| = 0'2148(56)6)(1) (i_%g)lat
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https://doi.org/10.1007/JHEP12(2017)008

Comparison to literature

3 Bp,/Bg,
,_,*H THIS WORK ,* THIS WORK
FNAL/MILC 16
FNAL/MILC 16 [PDG f3 /f used]
., I
FLaG1S My=zet T
i L, N
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o o
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N
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I i .
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A S—— [ —
110 115 1.20 1.25 1.30 135 0.90 0.95 1.00 1.05 110 115 1.20

@ Complimentary - no effective action needed for b
@ Complimentary - no operator mixing!

o First time with physical pion masses

|th/ Vts| = 02018( 4)exp (i‘%g)lat

J Tobias Tsang (University of Edinburgh) Theory develoments in B(s) mixing



Results for |Vig/ V|

0.2088(*35) CKMfitter (Summer '18)
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Results for |Vig/ Vis|
0.2088(*35) CKMfitter (Summer '18)
0.211(3) UTfit (Summer '18)
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Results for |Vig/ V|

0.2088(*35) CKMfitter (Summer '18)

0.211(3) UTfit (Summer '18)

0.2018(*2%) RBC/UKQCD '18

0.2045(*12) D. King et al. '19 [with lattice inputs]

|th/vts| =

based on N
ckmier — [J global fit — tree only
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modified by — A My only
JTTsang  --- A My only (Gauss)
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Neutral meson mixing - Beyond the Standard Model

RBC/UKQCD's K — K BSM mixing calculation

Peter Boyle, Nicolas Garron, Jamie Hudspith, Andreas Jiittner,
Julia Kettle, Ava Khamseh, Christoph Lehner, Amarjit Soni, JTT

[1710.09176, 1812.04981, in preparation]

OPE separates (model dep) short distance contributions (Wilson
coeff’s) from (model indep.) long distance matrix elements

In SM only O; = VV + AA contributes to mixing

Beyond SM get further 4 (parity even) operators:
VW — AA, SS— PP, SS+ PP, TT

o Consider ratios

= i=23,4,5
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pl’el | m | nal’y KO - KO resu ItS [1812.04981,in preparation]
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PRELIMINARY RESULTS in MS at 3GeV
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BPS) — B?S) and D° — D° PRELIMINARY and BARE

3.6 -2.0
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o “quite linear” in my, @ renormalisation to be done

@ similar slopes for h-I and h-s (mixed action + op mixing)

= SU(3) breaking rat's? e analogous analysis to K — K
paper + mpy dependence
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Limitations and “ultimate precision”

Experimental precision on Ams ~ 0.1% and Amy ~ 0.4%.
Theoretical precision on £ ~ 1.3%

fos /fp fgs /1B € Bg,/Bg
absolute relative absolute relative absolute relative absolute relative
central 1.1652 1.1852 1.1853 1.0002
stat 0.0035 0.30% 0.0048 0.40% 0.0054 0.46% 0.0043 0.43%
ot F0.0I12 F0.96 F0.0110 T0.93 T0.008% 07T F0.0020 T0.20
fit chiral-CL —0.0031 o267 —0.0045 o3 —0.0038 Zox% —0.0044 ol
. 40.0003 40.02 +0.0000 +0.00 40.0000 +0.00 40.0012 +0.12
fit heavy mass —0.0000 Zo.00% —0.0081 Zo.607 —0.0091 Zore —0.0031 Zoa
H.O. heavy 0.0000 0.00% 0.0054 0.45% 0.0049 0.41% 0.0021 0.21%
H.O. disc. 0.0009 0.07% 0.0009 0.07% 0.0021 0.18% 0.0016 0.16%
my # my 0.0009 0.08% 0.0009 0.07% 0.0010 0.08% 0.0001 0.01%
finite size 0.0021 0.18% 0.0021 0.18% 0.0021 0.18% 0.0018 0.18%
- T0.0114 F0.98 T0.0125 TT.06 F0.0102 T0.86 T0.004T T0.41
total systematic Zooose  034% | Zgoizr  —1.16% | —oc.oue  —1.24% | o.oo0  —o0.707%
40.0120 +1.03 +0.0134 +1.13 40.0116 +0.97 +0.0060 +0.60
total sys+stat o052 —0.45% | g.otas  —1.22% | Lo.oise 1327 | _—o.0082  —0.827°

= Systematically Improvable with finer lattices at (near) physical m;.
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Conclusions and Outlook

SU(3) breaking ratios

e arXiv:1812.08791 @ Mixed action NPR
° st/ny fBS/fo BBS/BB and £ e fp, st, fB, fBS
o |Veg/Ves|, [Via/ Vis| @ physical pion mass ensemble at
e 3 lattice spacings, 2 mPhys tAhe fl/r\leSt lattice spacing
o First result for £ and Bg,/Bg ° Bs, BBS_ _
] phys @ BSM mixing operators:
with my _
o K—K (V)

® my from below mc to ~ mj/2 o D — D (short distance (v))

= extrapolation to b for ratios o By — By

= fully relativistic = SU(3) breaking ratios?

= other smart ratios?
Error likely dominated by
heavy quark reach

@ Good continuum scaling and
self-consistent

o Competitive precision
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http://arxiv.org/pdf/1812.08791.pdf

ADDITIONAL SLIDES
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Parameters of QCD

5QCD[¢5@7 U] = SG[U] + SF[%E, U]
1 _
= /d4ng2ﬂ (Fuw Fu] + %:¢f (VuDy + me) ¢

Coupling constant g + quark masses ms = defines QCD.

Z= /D[w,¢]D[U]e—5[w,w,U1 — /D[U]ll\;[det(DjL my) e~ SlUl

Typical current simulations: Nf =2+ 1. = 3 parameters (1 + 2)
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Lattice action choices

Light and strange Heavy (charm and beyond)

@ Unitary light quark mass o Mobius DWF

@ Physical strange quark mass o Ms =1.0, Ly, =12

@ DWF parameters same @ Stout smeared
between sea and valence (3 hits, p=0.1)

e Gaussian source (sink) @ Range of quark masses from
smearing for better overlap below charm to ~ my/2 on
with ground state ) finest ensemble )

= Zy-noise sources on every 2nd time slice

= All DWF mixed action set-up

= Increased heavy quark reach compared to pHep 04 (2016) 037,JHEP 12 (2017) 008]
— extrapolation towards b
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http://dx.doi.org/10.1007/JHEP04(2016)037
https://doi.org/10.1007/JHEP12(2017)008

Increased set of ensembles?

‘ ‘ vl o JLQCD: (triangles)

: Fine lattices:

" . al1=24-45GeV
= - - UKQCD: (squares)

; v * Yu Physical Pion masses
., Both: Nf =2+ 1 DWF
3+3 Lattice Spacings
m._.‘. | |
e ° " 015 a? [Gg;’z] " " ” o

= Further heavy quark reach on JLQCD ensembles

= Chiral extrapolation stabilised by m2™* ensembles

=- Combined physics analysis?
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