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Searches for New Physics

Direct searches Indirect searches

NP is directly observed and shows NP visible via quantum corrections

as a “bump in the spectrum”. of low energy observables.
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Flavour Physics: The Cabibbo-Kobayashi-Maskawa matrix

Example of an indirect search: prediction of the 3" generation P (2008).

CKM Matrix Unitarity Triangle

(p:M)

@ parameterises transitions
up-type <> down-type

Vud Vus Vub

Vcd Vcs Vcb
Vie Vis Vi

V =

o fundamental SM parameters

@ unitary matrix in the SM:

wit =1,

4

[Source: PDG]

Via Vi Vi Vi
Vea Vi Vea Vi

(0,0) (1,0)
Vid Vi + Vea Vip + Via Vi, = 0
Vid Vu*b Via Vib -1
Vea V3, Vea V3, B .

Non-unitarity of CKM < New Physics Beyond the SM
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Testing the Unitarity of the CKM matrix

experiment == CKM-factors x non-perturbative inputs x known terms

15 . 15 e e
excluded area has < 0.05 CL | [excluded area has CL > 0.95 %% ]
[ T % ]

T o % Amy & Amg
Amd E d S 1

r sin2f 4

05— | 1

[ N 4 amg

[ &g f % ]

1= 00 L L

Lo 1

[ \ (4 ]

0.5 — —

e r ]

iF 1.0 - Y & ]
F Ctitter soLweszp<0 ]

T 2008 [ ]

s . . . i Oy SN N AN VATV AR AR
1 0.5 0 0.5 1 15 2 1.0 -0.5 0.0 05 1.0 15 20

P P

Enormous progress largely driven by experiment and Lattice QCD
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b-decays as “sweet spot” for experiments

Properties of b-decays roe20]
1. mp(mp) = 4.18(3) GeV > m.(m.) = 1.27(2) GeV > ms, my, my
— many different decay products

2. b quarks have relatively long lifetime of 7, ~ 107125 (1, ~ 107%55s)
— b hadronises and b-jets travel some distance before decaying
— but not far enough to escape the detector =- b—tagging

= Plethora of accessible decay channels for hadrons with b-quarks

Ieptonic decays semi-leptonic decays neutral meson mixing
0= D "1’/ b u,c,t q

P > w w <>Bq
o B(p)) q ¢, b
’Vcd’ ‘VCS| ‘Vub| ’Vcd’ ‘Vub’ ‘Vcb‘ ‘th‘7’VtS’

= See also related talks: J. Flynn (today 11am), R. Hill (today 3pm)
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Search for new physics: (Flavour) Experiments

top: LHCb at LHC, CERN
left: Belle Il at SuperKEKb, KEK

= Huge experimental efforts!
+ BESIII and other LHC experiments

= B-factory vs hadron machine
= "Old" data from BaBar, Belle, Cleo, ...
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Neutral By meson mixing - background

Neutral mesons oscillate:

W

[0

q W b

b Uy,Qt q
) ws sw ()

q u, ¢t b

where g =d, s

mass eigenstate # flavour eigenstate
[BLn) = p|Bq) +q|Bg)

= splittings in mass eigenstates:
@ mass splitting Amg = my — my.
e width splitting Al', =T — Ty

Time dependence:
B3(0) = £+(0)[85) + Je-(0)|BY)

BY(t)) = Sg_(t) |BS) + g4 (t) | BY)

Occurs at loop level in SM = sensitive probe of new physics!
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Neutral By Meson Mixing - experiment

oot

(O = £ |eosh (2528 & cos(8myt)

Am experimentally accessible as a

freq u e n cy ! a a\nl.nl]\l\)elj) - 0.446 +0.026 +0.019 ps"

0 - 0.5190.018 +0.011 ps™
By: Many results N Rp——
BY: “Only” CDF and LHCb culitl |

S 0.495£0.033 £0.027 ps™

a unal\.l\')igi }—0—0—#{ 0.506 +0.020 +0.016 ps"
(41;1:5;5:) of 0.506 £0.006 +0.004 ps™
1 Jo 0.509 +0.004 +0.005 ps™
A mqg = 05065(19)ps [t 0.5062 £0.0019 £0.0010 ps™

Amg = 17.757(21)ps* A b ostes 00019 "

o SLECARCUS o] 0.498 £0.032 ps’
Well below per cent level! Average ¥ 0.5065+0.0019 ps™

[HFLAV] e e

* without adjustments

Amy (ps™)
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Neutral By Meson Mixing - theory

Ab=2 Ab=1 Ab=1
H BY BY H P H BY

0
Bq q q n q

(B[ HAP [m) (n| HAPH[BY)
En - MBq

(BS| Mo |BY) o« (BI| HAP72|B]) +
n

Short distance

Long distance

m2,

4
. m 2
short distance o g I\/I2 VabVagl = M—j | Vi Vi |
q’'=u,c,t w

SD: Top enhanced: m?Vy,Viy* > m VbV* > m2V, ubVig
LD: Only m¢, m, in intermediate states: no top + CKM suppressed
= Short distance dominated.
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Operator Product Expansion

OPE factorises this into
e Perturbative model-dependent Wilson coefficients C;(u)

@ Non-perturbative model-independent matrix elements
0 Ab=2 | 50 0
<B(s) H ‘B(s)> Z Ci(u < () ‘B<s)>

@ 5 independent (parity even) operators O;, only O; relevant for Am:

01 = (Ba’Yu (L —1s) Cla) (Eb’Yu (L —1s) Qb) = Ovwviaa
o Define bag parameters: B; = (B2| 0;|BY) / (BY| O; 1BY) vsa
Amg = |V Vegl® x 3, BY) x mp K

= Non-perturbative matrix elements calculable on the lattice
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Extracting CKM matrix elements

We write Amyg in terms of the Renormalisation Group Independent (RGI)
bag parameter Bg,:

2.2 2

FMy Mg
Amg = | t*thQ|2 .

i B
s

So(xt)n2818, By

@ Amy and Amg are known experimentally to 0.4% and 0.1% accuracy

e Combined other inputs are known to 0.4%

@ Typical precision for fg, é,(glq) is currently a few percent.

@ Part of statistic and systematic errors cancel in SU(3) breaking ratios:

2 Ams mp
mB = access to | Vig/ Vis|

2 _ ftgséBs _ ‘ Vid
Vis

Amd mp,

— > A~
fg,Bs,
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Multiple scale problem on the lattice: back of the envelope

Control effects of IR (finite volume) and UV (discretisation) regulators:

m;L >4 a1 > Mass scale of interest

e *m v
109 10! 102 10° 10° 105 10°
mg [MeV]
For my = mb™* ~ 140 MeV and mp(mp) ~ 4.2 GeV:

L >56fm a ! >42GeV ~ (0.05fm)!

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

VERY EXPENSIVE to satisfy both constraints simultaneously. . .
. needs to be repeated for different values of a.
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How to simulate the b-quark?

For now choose between:

Effective action for b Relativistic action for b
@ Can tune to my @ Theoretically cleaner and

systematically improvable

@ comes with systematic errors
which are hard to @ Need to control extrapolation

estimate/reduce in heavy quark mass

Different properties:

@ computational cost @ tuning errors o cut off effects
@ chirality @ systematic errors @ renormalisation
BUT SOON:

Huge efforts in the community to produce very fine lattice spacings:

. . . hys . .
= Direct simulation of ~ m}*" will become possible!
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B — é mixing results: FLAG 2021 [2111.09849]

FRG2021  Bg, Bs, ﬁczoufgd\/?gﬂ fB,\/ﬁTk mG2021 € Bs./Bs,
j - HPQCD 19A ’ - - HPQCD 194 N -
B n I Lo e i i
s —a T N s —q]
P ve— e Ti -
10 12 14 : 10 12 14 180 IZZD 260 220 260 300 MeV 11 12 13 0.9 1.0 11
Fewer results than in the light sector, w00 T
v HPQCD 19A
but very complementary results from v ReGKaCD 191
o different gauge field configurations Vom "
400
= v
e different valence light actions 2 "V a
. . £ 300 Vv .* ; ¢
o different valence heavy actions V. oy
. . 200 v . ‘ ’
o different methodologies * - .y .
. . h L L L
Includes computations with my™*!

a?[fm?)
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https://arxiv.org/abs/2111.09849

FNAL/MILC set—up [1602.03560]

o Ny =2+ 1 flavours of staggered
quarks (asqtad) in the sea

@ 4 |attice spacings, pion masses
from 177 — 555 MeV

@ valence light & strange: asqtad
@ Fermilab method for the b-quark

@ mostly non-perturbative 1-loop
lattice perturbation theory

o Computation of qu\/éBq and ¢

e fg, taken from the PDG average
to access to éBq

@ all 5 operators for By and B;

J. Tobias Tsang (CPS—Origins, SDU)

600

v
500+ v
v
_ 400 v
E‘ 300+ v v v
v v v
v
200+
x v
100

0.000 0.005 0.010

a? [fm?]

0.015 0.020

fs,\/ B, = 227.7(9.5) MeV

fs.\/ Bp, = 274.6(8.4) MeV
¢ = 1.206(18)
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https://arxiv.org/abs/1602.03560

FNAL/M”_C error budget [%] [1602.03560]

statistics inputs k tuning matching chiral LQ disc HQ disc fit total

(O0f) 42 0.4 2.1 3.2 23 0.6 4.6 7.7
(0F) 4.6 0.3 1.1 3.7 2.6 0.6 4.6 8.0
(09) 8.7 0.2 2.1 12.6 4.8 1.2 9.9 19.0
(0f) 3.7 0.4 1.7 2.2 1.9 0.5 3.9 6.4
(0d) 4.7 0.5 25 47 2.7 0.8 4.9 9.1
(0%) 2.9 0.4 15 2.1 1.6 0.4 3.2 5.4
(0s) 3.1 0.3 0.8 25 1.6 0.4 3.1 55
(03) 5.9 0.3 1.4 8.6 3.0 0.7 6.9 13.0
(03) 2.7 0.4 1.2 1.6 1.3 0.3 2.9 4.8
(0g) 3.4 0.4 1.8 3.4 1.9 0.5 3.6 6.7
3 0.8 0.4 0.3 0.5 0.4 0.1 0.7 1.4

Uncertainty dominated by chiral-continuum limit fit, in particular

@ statistical

@ matching

heavy quark discretisation errors
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H PQ CD: set-u P 12907.01025]

o N =241+ 1 flavours of =0

staggered quarks (HISQ) in sea al ¢ N ¢+
@ light quarks using HISQ in the

valence =2
@ 3 lattice spacings, 2 physical Z ¢

pion mass ensembles I
@ improved nonrelativistic QCD = e R

action for the b
@ all 5 operators for By and B oo s 0'33‘&,.,2] o o
@ blinded analysis A1)
o Computation of the égq) BBd = 1.222(61)

A BY) = 1.232(53)

e ¢ and qu\/BTBq accessed by A(1) (15)

using decay constants taken Bg, /B B, =1 008(25)

from a different computation
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HPQCD: error budget and results psoro102

HPQCD19, FNAL/MILC16, HPQCDO09, RBC/UKQCD18

44 —4 BY/BY)| ., =1:01(2)

34 b 1,

4 4 BE/BE) . =106(2)
] e B/ 10500
gl |

a4 4 By /BE),,,=0.96(2)

34" ‘

41 4 BB, =~097(2)

34F ‘

1.0 11 12 13
By)/Bg)

Uncertainty dominated by matching
terms a2 and asAgcp/mp.
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HPQCD19, FNAL/MILC16, HPQCDO09, ETM13

44 e BE}?(M:&M(@

34 e ’

24 He—

4] et B, =0-83(4)

34 —=——

2 He

4 ety B =0-85(5)

< 34 — -

5 o |

14 et BY,,=1.03(4)

3 |

24 ——i

4 . B[ =094(3)

3 f !

24 —o—

08 09 1.0 11 1.2
By
1 2 3 4 5. 1 1
By 85 By By BY Bf)/BY)

lattice data 14 14 15 16 15 15
nf 00 23 23 21 12 0.0
a2 terms 21 29 52 19 15 0.1
asNqep/mp terms - 29 28 29 28 27 0.0
(ahgep)?" terms 1.8 1.9 23 15 18 0.1
my extrapolation 04 04 07 05 04 1.9
Total 43 53 70 46 41 2.5
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https://arxiv.org/abs/1907.01025

RBC/U KQCD set—up [1812.08791]

Light and strange

@ Unitary light quark mass
@ Physical strange quark mass

o DWF parameters same
between sea and valence

Heavy: charm and b(eyond)
@ Mobius DWF
o Ms =10, L, =12
@ Stout smeared
(3 hits, p =0.1)
@ Range of heavy quark masses
me S mp S mb/2

vy

[ |
400
350
[ |
= 300 |
=)
£ 250
[ |
200
150
* m m
100

0.000 0.005 0.010

a? [fm?]

0.015 0.020

N = 2 + 1 flavours, 3 lattice
spacings, 2 physical pion mass
ensembles

= All Domain Wall Fermion mixed action set-up
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https://arxiv.org/abs/1812.08791

RBC/UKQCD Strategy [1812.08791]

e Computation of SU(3) breaking ratios e
1.20
fo./fp, fs./fs, Bs,/Bg, and &
1.18
@ Renormalisation constants cancel ?
st ®
@ Benign behaviour with 1/my fi1m @(
e Simultaneous fit to m2, a?, = e 1
my ®
1.10
N 10800 .02 004 006 008 010 012
] I m?[GeV?]
& CO 1.23
o C1 ' 2
115 g v LA : 122
& FIM
w |k ; % LS T
o ¢ © @
1.10 : “q;
i
bl
1.05 1
0.1 '02 0.3 0.4 05 0.6 117
m}—{} [Gev—l] 0.00 0.05 0.10 "lz[lgp\/ll?)(]] 0.25 0.30 0.35
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https://arxiv.org/abs/1812.08791

RBC/UKQCD: systematic errors psuosmor

@ Global fits all correlated with satisfying p-values.

@ sys error: includes chiral-CL (left), heavy mass (right), H.O. terms,
my, # mg and FV.

123 chiral-continuum stability Heavy mass stability

1,21 M =400MeV' mP* =350 MeV' mE =330 MeV' mE** =250 MeV, my=DB my = By my=mn,

inc
exc h/C

exc h/all
inc

exc h/C

exc h/all
inc

exc h/C

exc h/all
inc

exc h/C

exc h/all
inc

exc h/C

exc h/all
inc

exc h/C

exc h/all
inc

exc I/C
exc l/all
exc |/C
exc l/all
exc h/C
exc h/all
exc I/C
exc l/all
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https://arxiv.org/abs/1812.08791

RBC/UKQCD error budget [%] [1812.08791]

fo./fo fa./f3 ¢  Bs,/Bs, Uncertainty dominated by

central 11740 1.1949 1.1930 0.9984 o chiral-conti it
stat 0.43% 050% 056%  0.45% chiral-continuum

fit chiral-CL 031y 10340, +0.38o, D294 @ heavy quark

fit heavy mass  00i% *08% 0P%  T035% extrapolation

HO heavy OOO% 047% 035% 021% o estimates of hlgher Order
H.0. disc. 0.01% 0.01% 0.12% 0.17% 1

my # my 0.08% 0.07% 0.08%  0.01% /my terms

finite size 0.18% 0.18% 0.18% 0.18%

total systematic T935% T9%2% T03%% T0%%%

total sys+stat 10389 10739, 10800, 08004

fo,/fp = 1.1740(51)stas (75,
fs,/fz = 1.1949(60)s1a; (1,22

Bg./Bg, = 0.9984(45)stat (fgg)sys

5 = 1.1939(67)stat (tlgg)sys

) sys
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CKM matrix elements

fa,(Bg,)"/2[GeV]  fa,(Bg,)/2[GeV] ¢ [Vea| [Vis| | Vis/ Vil
HPQCD19 0.2106(55) 0.2561(57) 1.216(16)  0.00867(23) 0.04189(93) 0.2071(27)
FNAL/MILC16  0.2277(98) 0.2746(88) 1.206(18)  0.00800(35) 0.0390(13)  0.2052(33)
RBC/UKQCD18 1.194(*32) 0.2033 (£33)

4.4

B HPQCD'19

[ RBC/UKQCD'18
124 EEE FNAL/MILC'16
S IFitter’18 (tree)

@ Reasonable agreement between lattice
results, but some spread

Vol [1072)

@ Tree-only fit somewhat differs

4.0

@ Uncertainty dominated by theory

3.8

- = Further work required!

65 70 75 80 85 90 95
[Via| [1077]
[Plots from 1 1907.01025, | 1909.11087]

0.70

IFLAV (10xerror) r . . - .
= Recall: lattice uncertainties dominated by

i FLAG'19 - FNALUMILC'16
RBC/UKQCD "19

0.60F 173 Sumrules'19

HPQCD "19

B avg19 -

@ Renormalisation/matching

AMglps™)

@ Heavy quarks (discretisation/extrapolation)

= we are working on improving both!

15 16 17 18 19 20 21 22
AMyfps]
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RBC/U KQCD/J LQCD fO”OW—Up project [F. Erben OLattice21: 2111.11287]

RBC/UKQCD18 budget dominated e Supplement RBC/UKQCD

@ by chiral-continuum fit dataset with very fine

@ by heavy quark extrapolation ensembles from JLQ_CD _

@ by estimates of higher order : r.efjuce extrapolation in my

1/my terms significantly
450 @ all domain wall fermion set-up
o - " |3 e = mixed action NPR in
= RI-SMOM scheme in progress

= u | — all 5 operators BY) and B
£ 300 ] ‘ | . . Bd Bs
2 L] @ 6 lattice spacings, 2 ensembles

~
5]
o

Ny ] with physical pion mass
= good control over all
required limits

N
S
S

H
3
[ |

@ new correlator fitting strategy

100

0.000 0.005 0.010 0.015 0.020
a? [fm?)
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Non-perturbative renormalisation on the lattice pept/onion

W t Fy T S
e wan Amplitude = C¥5(1) (O)MS (1)

Wilson coefficients (typically) computed in MS at some scale .

Operators ()" () computed with lattice regulator a1,

Renormalise ()" (a) at scale 1 in regularisation independent (RI)
scheme, by computing a non-pert. renormalisation factor Z*/(y, a).

O (1) = lim 2% (1,3) (0)" (3)

Match to preferred scheme (e.g. MS) using P.T. at pu: RMS<RI(,)

If the operators mix: C and (O) become vectors, R and Z matrices.

Amplitude = C}\TS(ILL)RS/TSHRI(M) ‘;lii)no ZJ’EI (,u./ a) <Ok>bare (a)

Chirally symmetric fermions = R and Z are block diagonal.
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NPR for Neutral Meson Mixing operators

@ Analogous to the neutral kaon mixing case [170s.03552, 1812.04981]
@ 5 operators O1 = Ovyyaa, O2 = Oyv_aa, O3 = Oss_pp,
04 = Ossypp, Os = O11

Block diagonal renormalisation matrix (up to O(amyes))

Zu 0 0 0 0
0 Zn Z3 0 0
ZF(wa)y=| 0 Zp Zs 0 0
0 0 0 Z44 Z45
0 0 0 Zs Zs

@ Generalise idea from 1701.02644 for fully non-perturbative mixed
action renormalisation to four quark operators

PINAI(INPIAAI(hR)  (Z4')?

(PINa(R))? — Z{zph

@ Data production of the mixed action NPR in progress.
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RBC/UKQCD/JLQCD: 1** look — decay constants i 1z

1.22 -
| P nehys
1201 | * : e
118 | oo O X i ©  a2.5m230-L
i % *ﬁ ¥ o a25m310
1164 | 3 * é a3.6m300
i 1} * : & a4.5m280
& 1144 {‘ * * % al.7m140
~, | * % al.8m340
& 1124 buo ¥ ok 4 % % al.8ma3o
i * * + " % a2.4m140
1109 : * % a2.4m300
* * : % a2.4m360
1084 | Y X % a2.4ma10
106 ! P | . . * §* ¥ * % a2.7m230
o051 reliminary 5
l H
1.04 1+ . . . . . . .
0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45

1/mpp [GeV~1]

unfitted data, i.e. a function of (a, m;, mg, my). But promising since

@ required extrapolation to mghys small

@ benign behaviour with 1/my
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RBC/UKQCD/JLQCD: 1°* look — full operator basis iz
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NPR in progress

More ensembles to be fitted soon
Required extrapolation to mlghys small

Benign behaviour with 1/my

Developing fit strategy to take limits

Status and Outlook for B-mixing and the & parameter
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Summary and Outlook

Disclaimer Summary

@ Focussed on the three most
recent results

@ Many technical details omitted

@ Only covered lattice results of
dim 6 operators. Omitted
= new sum rules result [1904.00040]
= new lattice result for width
difference [HpQcD 1910.00070]

@ Complementary lattice results:

o ensembles
e quark actions (l+h)
e renormalisation

@ Physical pion mass results
@ Results for full operator basis

@ First results without need for
effective action for the b-quark

Status and Future

o |Vig| and |Vis| known at = 2.5% level, |V;q/Vis| at = 1.5% level
@ Uncertainty theory dominated - work is ongoing

e RBC/UKQCD/JLQCD: Aim for percent level uncertainties with all
DWEF approach (data generated using Grid and Hadrons [crid, Hadrons])

J. Tobias Tsang (CP3-Origins, SDU)

Status and Outlook for B-mixing and the £ parameter
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https://arxiv.org/abs/1910.00970
https://github.com/paboyle/Grid
https://github.com/aportelli/Hadrons
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