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THE QCD LAGRANGIAN
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Simple Lagrangian but very complicated dynamics



Asymptotic freedom and infrared slavery
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What is lattice QCD (LQCD)?

To describe ordinary matter, QCD requires > 104 numbers at every point of spacetime

— oo number of numbers in our continuous spacetime
— must temporarily “simplify” the theory to be able to calculate

Ken Wilson invents lattice QCD (1974): construct a theory on a spacetime
that is a finite cubic lattice of points, which reduces to QCD when the mesh
of the lattice is infinitely fine

— number of numbers to describe a state of the
system becomes finite

— solve the problem with a computer

— repeat calculation for larger and finer lattices

— obtains predictions relevant for our continuous
universe

(KEK)

Laurent Lellouch University of Southampton, 25 July 2016



All the physical information can be extracted from
the Green function

Z'[ld O] O(x;) O(X,) O(X3) G(Xy) e! 5(®)

On a finite volume (L) and with a finite lattice spacing (a )
this is now an integral on L* real variables which can be
performed with

Important sampling techniques

!

This requires the use of a mesh 1n a
Euclidean space-time (see later)




At large time distances the lightest (one particle) states

dominate :
‘ - 4 e Ent _ o @ Egt
G(t,d)= (016[n) (9]0} S — (010" 1) (d1610) <
/1 bt 2 1} ~Lg

For a particle at rest we have G()=3 <A(x) AT (x.0) > >

f 2M_ exp[- M t]/2

. ‘ s e—-mu(l.,-""a)
G(t)=|{(g = 0|$|0)|* -

i Log[G(t)]

E=1/ma is the “\
dimensionless correlation

length (and the size of the
physical excitations)

t/a




Continuum limit

)

I 4 Formal lim a->0 SLattice((I)) = SContinuum((I))

(—

a/ £ =m a ~1 The size of the object 1s
comparable to the lattice spacing

a/ <<l 1.e. ma ->0 The size of
the object 1s much larger than the
lattice spacing

Similartoa ¥, -> | dx
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Balint Joo — OLCF, Oak Ridge National Laboratofi
Lattice 2021 Virtual Meeting (MIT)

July 30, 2021

Infroduction — a brief history

o |recall af Lattice 2006 in Tuscon, first hearing about o " L
the idea of LQCD calculations on GPUs in a talk by Earet o Lates 0D o oo gane Conpt o
Daniel Nogradi. =
- Programming was done using OpenGlL.

- I'thought: “This looks fun, but it will never catch on!”

* | had to eat my words as | gave a talk about GPU Sty e 2 (1)
accelerated computing in Squaw Valley at Lattice = e
2011 - 10 years ago.

» 2012-2018 was an era of ‘friendly competition’ b
between NVIDIA GPUs and Intel Knights e e

- The Knights fought well, but were discontinued 5
- Remaining fighting Knights are getting close to refirement | G
o OLCF Summit exceeded 1.88 ExaOps (in 32 and 16-bit

precisions) on a Genomics Machine Learning oLck

Application in 2018, kicking off the Exascale era
%OAKRIDGE

National Laboratory

LEADERSHIP
COMPUTING
FACILITY




Other Noteworthy Systems for LQCD

Supercomputer Fugaku, RIKEN CCS Japan
- #1 Top 500 list: S37PF (Rpeqk), 442 PF (Rmax)

- Please see talk by Yoshifumi Nakamural

Summit at OLCF, U.S.A
— #2 Top 500 list: 200PF (Rpeak), 148.6 PF (RMax)

%uhr)woy TaihuLight, National Supercomputing Center, Wuxi,
Igle!

— #4 on on Top 500 list: 125.4 PF(Rpeak) 23PF(Rmax)

P:%nhe-QA, National Super Computer Center, Guangzhou,
Igle

— #/7 on the Top 500 list; 100.6 PF (Rpeak) 61PF (Rmax)

JUWELS Booster, Forschungszentrum JUlich, Germany
— #8 on Topb00 List: 71PF (Rpeak), 44 PF (Rmax)

— 4 NVIDIA A100 GPUs, switched direcfly fo HCAs

— Infiniband Network in DragonFly+ configuration.

-]

#(OAK RIDGE

National Laboratory

LEADERSHIP JUWELS Booster Node Architecture
e




US Exascale and Pre-Exascale Systems: ALCF Aurora

Aurora will be the New HPE/Cray “Shasta” system
at Argonne Leadership Computing Facility

— >1 Exaflop peak (DP) performance

Accelerators will be Intel Xe architecture based
"Ponte Vecchio” GPUs

Unified Memory Architecture
— Across GPU and CPU

Low Latency, Hi%h Bandwidth all-to-all
connectivity within Node

HPE/Cray Slingshot inferconnect

— 8 fabric endpoints per node

Programming Models

— MPI, Intel oneAPI DPC++ (based on SYCL), OpenMP-5-
offload, ...

https://alcf.anl.gov/aurora

EEEEEEEEEE

%OAK RIDGE COMPUTING

National Laboratory

CILITY




Physics Reach (Mainly Heavy Flavor Physics)

many slides from Lattice Conferences

e charm physics directly accessible for some time now
e fraction of available ensembles used for HQ physics still limited

CLS Ne=2 A T I I I I
ETMC Ne=2 A ?
(clover) ETMC Ne =2 "w | : : | j
(Iwa) TWQCD Ng =2 R I R o e B W B
(Mébius) JLQCD Ne=2+1 s s s P A g
RBC-UKQCD Ne=2+41 ¢ §
(DSDR) RBC-UKQCD Ne=2+4+1 o g § g g Lt .
(Mébius) RBC-UKQCD Ne=2+4+1 0O —*U‘ 1/L [fm™]
MILC Ne=2+4+1 o ; ;
MILC Ne=2+4+1+4+1 o
ETMC Neg=2+4+1+1 o i o fa
JLQCD/CP-PACS (2001) Ne —2 X f2:
M, (experiment) @ : . i i
ANy ~ 1/a E AV .
El 10 T N N N
mQ 100 200 300 400 500 600

Mps [MeV]

[G Herdoiza]



a crosscheck of different approaches is fundamental

Extrapolation in 1/m npHQET
Ratio Method NROCD
or Step Scale Scaling RHQ’s meg
Ay ~ 1
AUV ~ l/CL meg oY /a 1
Mmp Mmp

1

mMQ m

Aocp Aocp




Light Hadron Masses

[Dirr et al (Budapest-Marseille-Wuppertal collaboration (BMWCc)), Science 322 (2008) 1224]

2000

—
@)
o
o

M[MeV]
o
-

| | ] | | | | ] 1 ? | | | | | | ] | 1

500 g{) P —— experiment
K —= width
@ o input
K3 ¢ QCD
0

Laurent Lellouch University of Southampton, 25 July 2016



Hadron Masses & Isospin Violation

[Borsanyi et al (Budapest-Marseille-Wuppertal collaboration
(BMWoc)), Science 347 (2015) 1452]

10 .
i A — expefiment |
8- —— (AE ) e QCD+QED| -
I () prediction | |
o ’ ;
6 : _|
AD
I 1
4 - —
i A= ]
> AN ¢ |
_¢ A

i =0 -
0 —— -

Strong + Higgs + Electromagnetism = Experiment

Laurent Lellouch University of Southampton, 25 July 2016



Further Hadron Masses

g g H H B B
1 |

s c c

2400 -

i | & E ] @ From Kronfeld 12
2200 |- =
2000  — oo o 4 @ Light hadrons: BMWc
s00F— E Science ‘08, MILC '04-'10,
: Saio’ PACS-CS '09, QCDSF 11
1600 |- PP
_ uoof o, — " T 1 @ n,7n': RBC/UKQCD "10,
C e f.]di E HadSpec '11, HPQCD ’12
= F 4y T ]
VIOOOE— =~ % T s — @ w: HadSpec ’11
800 |- —_ - . : .
. 1 @ Heavy-light (b-light shifted
2F e E by —4 GeV): MILC '11,
2001 E HPQCD ’11, Mohler et al
200 < 11
% ¥ T v % ¢ ¥ A T = a2 y = a @ AlsoETM'14,...

— QCD mass generation mechanism checked at few % level

— Impressive validation of nonperturbative QCD

Laurent Lellouch University of Southampton, 25 July 2016



Hadron Masses & Isospin Violation
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LATTICE QCD, we can compute:

Olg (1.e. the strong interaction scale), hadron and
Quark Masses

Leptonic decay constants: t_, fx , Iy, Ip, g , Ig., 1,

Electromagnetic form factors : F_(Q?) , Gy(Q?) , ...

Semileptonic form factors (hadron 3 decays): f+9(Q?),
Ay 3(Q%),V(Q* forK ->n,D ->K,K*,n,p,B->D,
D*,t,p B ->K*y The Isgur-Wise function

B-parameters: (K1 Q452 |K° ) and (B°|Q 48=2 | B )

Weak decays : (IO |[K) and (XTI Q51| K )




Major fields of investigation

e OCD thermodynamics
QCD e Hadron spectrum
e Hadronic matrix elements

(K -> nw , structure functions, etc. see
below )

EW { o Strong interacting Higgs Models

e Strong interacting chiral models

* Surface dynamics
* Quantum gravity




Flavour, CP Violation and New Physics
Physics Motivations:

Flavour phenomenology plays a fundamental role in
indirect searches of New Physics (NP):

- looks for deviation from the SM whatever the origin is;

- needs good theoretical control of the SM contribution
only.

the path leading to
NP@ the TeV scale

is much narrower after
the results from LHC
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The Standard Triangle of the Standard Model

y triangle:

(p,M)

Va Vo
Vcd Vc*b

Vud V: b
Vcd Vc;)

(0,0) (1,0)
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semileptonic decays
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The extraordinary progress of the experimental
measurements requires accurate theoretical
predictions

Precision flavour physics requires the control of
hadronic effects for which lattice QCD simulations

are essential.

QP = Ve (F|O|I)

QEXP e ZC.iSM(MWamt:aS) <F|OI|I> +cheyond(mﬁv (X.s) <F|Ol'll>




Leptonic (,K,D,B)

(some) Radiative and Rare long distance effects

(also K -> m [t )

-V -~V —V
P [// er o P
o —
0£ 5 u,d, s, c
ey Z ~SU

+ Kt i’ nt
U

connected diag. self-loop diag. disconnected diag.




Non-leptonic B -> i, K, etc. No !

but only below the O@
inelastic threshold « : E

( may be CllS O typel type2

3 body decays) @ O@ @

type3

Neutral meson mixing (local)

typed

W 4 =id.5 q—ds

ORFROJO: =IO

q—ds

(Y 'Y

+ some long distance contributions to K and D neutral
meson mixing + short distance contributions to B-> K [*[




L =~ A I A %}
2021 results p=0.156 = 0.012 7=0.350 =0.010
In the | = ' N
hadronic 3 s.?mzitm Y o=(90.8 £ 2.0 )0
sector, the ] sin23 =0.699 + 0.016
SM CKM F B=(22.52 £ 0.67 )"
pattern i , y= (662 £ 2.1)°
represents I e W A=0.826 *0.011
the principal : > A =0.22504 =% 0.00079
part of the _
flavor ~0.51
structure : Consistence on an
and of CP » ined fi
violation : over constrained fit
05 0 05 1 of the CKM parameters
Y

CKM matrix is the dominant source of flavour mixing and CP violation
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l: 1 =" 1
1995
0.5 05
0 J
-1 i 0, 05 0 0.5 1
P p
1
oz 2000
0.5
0, 05 0 0.5 1 1
P P




LATTICE PARAMETERS (2015)

It does not make sense to improve the precision

on By if we do not control long distance effects;
Similarly for f or fx without radiative corrections

attice Prediction Pull

K 0.766 =0.010 0.84 £0.07 0.9
1.3 % 8.3 %

fB. 0.226 £0.005 0.2256 +£0.0039 0.0

2.2 % 2.4 7

fe./fe, 1.204+0.016 1.197+0.056 0.0
1.3 % 04 %

By 0.875+£0.040 0.875 £ 0.030 0.0
1.3 % 0.4 %

Bs/Byg 1.03 = 0.08 1.096 £ 0.062 0.7
7.8 % 5.7 %




Do we still care? Tensions and Unknowns

1)A ““classical” example B -> tv
DIV, land [V | inclusive vs exclusive
3)IV, |, B mixing and g

4)D-mixing

5)R(D) and R(D¥*)

6)B -> K* 11

7)Physics BSM ?

Marco Ciuchini KEK-FF 2013 Page 35



TENSIONS
LEPTON FLAVOR UNIVERSALITY?

two critical 1ssues 1n semileptonic B — D(*)fyf decays

* exclusive/inclusive | V., | puzzle:

|V, | (BGL) - 10° = 39.08 (91)

; inclusive (HFLAV *19): | V., | - 10° = 42.00 (65)
| V., | (CLN) - 10° = 39.41 (60)

exclusive (FLAG ’19):

1V,,| - 10% = 42.16 (50)

differences of ~ 2.60 (Bordone et al. 2107.00604)

;-\ N I T T T Ll I L] T T T I L) T T T I i
. ) ) _ [ HFLAV average Ay* =10 contours ]
* R(D™) anomalies: 04 -
C LHCbI5 ]
E 2 1
BB — Drv,) C SuBart 7
R(D) = 4 035 - —— i
BB — Dtlvy) L LHCb18 1
=e, = : -
HB(B — D*1v,) 03 -]
R(D¥*) = N ]
BB — D*tv,) A | ]
025 = F Bellely. —— = Bellel5 i
E Bellel7 HFLAV E

i ~ ’ — A f SM predicti
differences of ~ 3.1¢ between exp.’s and SM 0.2 x ¥ Aversgect M meticinns
- | IR(D*) =0.258 +0.005 | IP(XZ) —21% ]

03 04 05

<
b



The V., vs V5 saga

* A-la-D’Agostini two-dimensional
average procedure:

V| = (41.1 + 1.0)x1073
V.| = (3.89 + 0.21)x1073
* From global SM fit:

|V.p| = (42.0 +£ 0.5)x1073
V,,p| = (3.72 £ 0.09)x1073
« UTfit prediction

V.| = (419 + 0.5)x1073
Vp| = (3.68 +0.10)x1073

Fabio Ferrari

uncertainty

uncertainty

—_ 0.006
-

= 0.0055

0.005

0.0045

~2.4%
~5.4%

0.003

0.0025

0.0(zf

CKM workshop 2021

0.004{

0.0035F

------

UTfit

summer21

AR

............

NN
s

e 30 Gy 8
S ( >
L—\I \)\)N s 'E";
8 RN £
1 ey N ;I P L S T N N
03 0.035 0.04 0.045
l cb




R(D)

0.34

0.32

0.30

0.28

0.26

0.24

0.22

.24 0.28

68.3 % contours

95.5 % contours

0.32
R(D)

0.40

0.44

CKM2021
Simula (left)
Meinel (right)

Conclusions

0.36

0.34

Lattice-QCD-only SM predictions:

0.32

R(D")

080 R(D*)enaLmic2or = 0.265+0.013
0.28 R(D)FNAL/MILC 2015 = 0.284+0.014

+ R(D)rLaG 2021 0.2934 + 0.0053
0.26

Ll

0.24

0250 0.275 0.300 0.325 0.350 0.375 0.400 0.425 0.450
R(D)

[FNAL/MILC, arXiv:2105.14019; HFLAV, arXiv:1909.12524/EPJC2021]

See the talks by Judd Harrison, Shoji Hashimoto, Takashi Kaneko, Gumaro Rendon,
and Silvano Simula for more lattice results on heavy—heavy decays!

the Dispersion Matrix approach is an attractive tool to implement unitarity and lattice QCD calculations in the analysis
of exclusive semileptonic decays of hadrons. The main features are:

- it does not rely on any assumption about the momentum dependence of the hadronic form factors

- it can be based entirely on first principles using lattice determinations both of the relevant form factors and of the
dispersive bounds (the susceptibilities) from appropriate 2-point and 3-point (Euclidean) correlation functions

- it allows to implement unitarity and kinematical constraints in a rigorous and parameterization-independent way

- it predicts band of values that are equivalent to the infinite number of BGL (or BCL) fits satisfying unitarity and
kinematical constraints and reproducing exactly a given set of data points

- it can be applied to any exclusive semileptonic decay of hadrons

we have applied the DM approach to D — K£v, decays (2105.02497), to B — D®#£v, decays (2105.08674, 2109.15248),
to B — nfv, and B, — K£fv, decays (in preparation) and to B, = D{”¢v, decays (in progress)

* results for B — D¢y, decays:

* results for B — #t’v, decays: |V, |5, 10° = 3.88 + 0.32 consistent with |V,

|VCb|DM’ 103 —

41.0+1.2
= 413 +1.7

(B — D)
(B — D¥)

| Vil - 10° = 42.16 £ 0.50

differences < lo

DM experiment
R(D) 0.289 (8) | 0.340 (27)
R(D") 0.269 (8) | 0.295 (11)

differences of ~ 1.6¢0

bl - 10> = 4.10 £0.28



The accuracy of lattice calculations of the hadron spectrum
(and hence of the quark masses) and of the decay constants
and form factors is such that isospin breaking and em
effects cannot be neglected anymore:

f_=130.2(0.8) MeV & =0.6% fy = 155.7(0.3) MeV & =0.2%
f/f =1.1932(19) £ =0.16%  F ""{(0) =0.9698(17) € =0.18%

A remark on useful and useless precision of lattice
calculations:

1) &g and long distance charm contributions
2) isospin breaking and electromagnetic corrections

to fx and f




leptonic decays of PS mesons # extraction of CKM matrix elements

G? m}
[PS* > *0) =22 Vo, P2 (1=—= ) Mpse s S (1+3RES + 6R5155D>
PS+

. . iversal eloctroweak correction { ~ 1,032
fps : leptonic decay constant in isoOQCD (m,, = my, e; = 0) universal electroweak correction ( )

SR} : strong isospin breaking correction o O[(m,; — m)/ Aocpl = O(1%)

5R5§D : QED correction < O(a,,,) ~ O(1%)

% lattice determinations of /»s have reached an accuracy below the percent level Tk : relative error of ~ 0.15 %

l d FLAG-4 [EPIC °20]

need of determining 5R,%S and 5R5§D on the lattice

*¢ the infrared (IR) problem: only F(AE},) =14+ Fl(AE},) 1s IR finite [Block&Nordsiek *37] [, : n photons in the final state

RM123+Soton strategy: ['(AE)) = limy,_, lro - F(’;’] + limy,_, [th - FI(AEy)] pt = point-like
IR finite IR finite

PRD ’15 arXiv:1502.00257 (master formula) lim [r rpt] -

: : — on the lattice
PRD ’17 arXiv:1611.08497 (FVEs) L o B

PRL ’18 arXiv:1711.06537 (& and K)

. pt pt . . . .
PRD "19 arXiv:1904.08731 (7 and K) lim,, [Fo +IY (AEy)] within the pt approximation (small AE,)




From fglf. and f Kyr( 0) we can extract
V,/V, and V,,

FIAG2021
0.228 A
0.226 -
0.224 S ) o
3
- e e - Bk I
0.222 :
[ lattice results for f,(0), N,.=2+1+1
I lattice results for fgs/fre, N, =2+ 1+1
0.220 [ 1 lattice results for f,(0), N,.=2+1
P o lattice results for fgs/fps, N, =2+ 1
[ lattice results for N, =2 + 1+ 1 combined
[ lattice results for N,= 2 + 1 combined
0218 I nuclear B decay, PDG 20 [169]
’ nuclear B decay, Hardy 20 [255]
T T T T — T .
0.955 0.960 0.965 0.970 0.975 0.980

Vud

Figure 10: The plot compares the information for |V,4|, |Vus| obtained on the lattice for
Ny =2+1and Ny = 2+ 1+ 1 with |V,4| extracted from nuclear S transitions Egs. (71)
and (72). The dotted line indicates the correlation between |V,4| and |V,;| that follows if the
CKM-matrix is unitary. For the Ny = 2 results see the 2016 edition [3].



our result for T[K™ — pv, (v)]/T[r™ — poy(v)]

Including radiative corrections

RM123+SOTON, PRL 120 (2018)

® with this method, our result for

Ip(E) =Tp {1+ SRp(E)} ,

0.000 ™3 physical paint A B-1.90, L/a = 40 (FVE corr) — conttinuum kit [
| ® fp=1.90,L/a = 20 (FVE corr.) M §=1.95 L/a=24 (FVE corr.) -=fitatp=1.90 1
B B=1.90, L/a=24 (FVE corr.) ‘-.,a- oo, ——fRatpe=1.! )
6R 6R (Emaz) 6R (Emax) : :2-:.92,5’:-§;(:\‘Ecur.) ‘:-;?Z:j.\-fsfxm': ——::u:-;.?g 1
I — K K T3 ™ T 0.005 | .
is the following 000 [
SRK = 0015 | . . . .
0.00 0.01 0.02 0.03 0.04 0.05
_ _0.0122(10)st(2)tun(8)x(5)L(4)a(‘n\aQED m . (GeV)
Vs
:Vudll = 0.23134 (24)exp (30)n = 0.23134 (38)
u

= —0.0122(16 :
(19) ETMC gauge configurations

ng=1+1+1+1

® this can (remember the caveat concerning the definition a > 0.0619(18) fm
of QCD) be compared with the result currently quoted

by the PDG and obtained in v.cirigliano and h.neufeld, PLB NEW,' Phys. Rev. D] 00 (2019) no. 3) 034514

700 (2011)

SR — - 0.0112(21) 5Rl;{h?{s — 5Ri’{hys e 6Rghys = —(0.0126 (14)

Vus
%‘-/—: = 0.23134 (24)exp (30)¢n = 0.23134 (38)
ud

|Vius| = 0.22538 (24)exp (30)er, = 0.22538 (38).




Real photon
emission

KLOE experiment K — ev,y

[EPIC *09]

E"! 1 dT'(K,,.)
; e2 : : . g
ARP* = dE, = = L — ARPUH ARSI 4 ARINT five bins : E! = {10, 50, 100, 150, 200, 250} MeV
E; Kuzhl 4 p,>200 MeV (kinematical cut due to Kes decays) Ej** = 250 MeV
8_ ' ' ' ' ' e LR B T B ARP™ : relevant in the first bin only
O KLOE I : ]
i A = lattice | . o
| o e 0.18 N i AR pegligible
B ; KLOE 1
- i 7 . 2
ot O ChpT 0(e?p?) - \\ ] ARSPH [Fv(xy) + Fy(x)
o ™ o, -
® 4 |- = .
-4 T "
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FIG. 1.

Left panel: comparison of the KLOE experimental data AR [9] (red circles) with the theoretical predictions AR, (blue

squares) evaluated with the vector and axial form factors of Ref. [8] given in Egs. (13)—(17), for the 5 bins (see Table IV). The green
diamonds correspond to the prediction of ChPT at order O(e?p*), based on the vector and axial form factors given in Eq. (53). Right
panel: comparison of the form-factor F*(x,) extracted by the KLOE collaboration in Ref. [9] and the theoretical prediction from

Eqgs. (13)—(17). The shaded areas represent uncertainties at the level of 1 standard deviation.
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B meson real photon emissions
Factorization at leading power 1n an expansion of the decay amplitude
in Aqgcp/Ey and  Agep/mb has been established to all orders in the strong

coupling 0. In this approximation, the branching fraction depends only on the

leading-twist B-meson light-cone distribution amplitude (LCDA)

More precisely, it is
proportional to 1/hg , the
most important LCDA
parameter 1in exclusive
decays,is uncertain by a
large factor ranging from
200 MeV favoured by
non-leptonic decays to
460 MeV from QCD
sum rules.

The radiative leptonic
decay has therefore been
suggested

as a measurement of hg

¢+(w7 :u)

Figure 1. Leading contribution to B — v/lv,.

For large photon energies the form factors can be written as [9]

FU(E,) = Sp B R, )+ €(5,) + AL(E,).

6uan’LB

Fa(Ey) = 2E A5 (1)

R(E,,p) + £(E,) — A&(E,). (2.7)
The first term is equal in both expressions and represents the leading-power contribution
in the heavy-quark expansion (HQE). It originates only from photon emission from the
light spectator quark in B meson (Fig. 1). In the above, fp is the decay constant of B
meson, and the quantity A\p is the first inverse moment of the B-meson LCDA,

1 © dw
o = /0 = ). (2.8)



Further applications in decays of heavy neutral B mesons:
Virtual corrections (some questions still open)

Enhanced electromagnetic correction to the rare B-meson decay B, 4 — pu™pu~

Martin Beneke,! Christoph Bobeth,'? and Robert Szafron'
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Further applications in decays of heavy neutral B mesons:

real corrections (some questions still open)
B? —» utu~ from B? — putu~

Francesco Dettori?, Diego Guadagnoli® and Méril Reboud?’:c
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BN 5, o uoy NP Full fit "

S

D]

2 14 —_— BO +

=, s > WU

T 12 A
---------- E)S) —>

8 10 mrimes B Ly 290 g

N 0 = +

= By —>m (K)u*v

A= i e A Combinatorial

i

o

<

@,

—
l

8. T | ' |
4600 4800 5000 5200 5400 5600 5800
M, [MeV]

Figure 3: Dimuon invariant mass distribution from LHCb’s measurement of B(B? — utpu~) [52]
overlayed with the contribution expected from BY? — pu*pu~~ decays (ISR only). Assumes flat ef-
ficiency versus m,+,-. The line denoted as ‘BY — utp~vy NP’ refers to the V — A case with
6Cy = —12% C§M (see also Fig. 2). The two filled curves are not stacked onto each other.



: y*(k)
Particle(s) from weak vertex with momenta g JB%\M

q
Hweak
_ . . - : > 12
FCNC Qb= Qq (need long distance in addition) F(q?, k)
4 2 oo
.< B Hweak ~ 09,10 : Bds — f+f_)/ F(q ) = F(q 0)
Z ’ Bobeth’s talk
NNy Hweak ~ O7 : B, — £1¢7y F*(k*) = F(0,k?)
Tlavoured  Hweak~ gy b d#a: B, — £+¢7a F(mg, k%) — F*(k*)
axion Ziegler’s talk

or dark photon, scalar DM, ...

FCCC Qb+ Qq:
Lﬂ+
"W Hweak ~ V., ity b, £y', B, — £ *vy
U
Physics: helicity suppression of B — f, fJ relieved in radiative decay!
Roman Zwicky @ Tenerife



Status of Lattice Calculations of ga

A
André Walker-Loud 7277

||||

Neutron lifetime and the axial coupling
p 2 2

% % — %mgu +393)(1 + RC) fv.a

Radiative corrections are the Holy Grail
0 The neutron lifetime and ga (neutron decay) are used to probe the limits of the Standard Model
0 We should have a (meaningful) Standard Model prediction for ga - LQCD (lattice QCD)
d To gain confidence in the application of LOCD to nuclear physics, we must benchmark (calibrate) our

calculations against well known quantities of interest, such as ga

[ In order for the theoretical uncertainty on ga to match the larger uncertainty in the neutron lifetime

measurements, we must determine ga with < 0.2% uncertainty - is this crazy?

rheam _ 888 0(2.0)s

n

TPottle — 879 4(0.6)s
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nucleon axial coupling from LQCD ... . A ...
PR

t=0 t~600 s

O To gain confidence in the application of Lattice
QCD to nuclear physics, we must benchmark
(calibrate) our calculations against well known
quantities of interest

O ga was supposed to be a good benchmark
calculation for single nucleon structure - but it
proved to have significant systematic challenges,
preventing results with the precision anticipated

O FLAG 2019 has included single nucleon quantities
in their averaging for the first time
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a Notice one result 1s significantly more precise than
the others




Bart van Lith
E. Berkowitz :

Nature 558 (2018) no.7708, 91-94

improving the determination of ga Chang eCal.

[arXiv:1805.12130]

o il LQCD T
Fln a.l re Sult 135 -/ model average - g,;DG i ; 12‘; 230)
$ 9a F (23)
statistical 0.81% 190 T
chiral extrapolation 0.31% s 9] -y =
y:

a— 0 0.12% = o
L — o0 0.15% i
: : 1.15 1 —— galex,a~0.15fm) ® a~0.15fm
1S0SpIN 0‘03% —— galex,a~0.12fm) ® a~0.12fm
model] selection 0.43% 1.10 4 —— Galex,ax~009fm) & a=0.09fm
total 0.99% G e

€x = My /(47F7)

g2CP — 1.2711(103)%(39)X(15)%(19)¥ (04)! (55)M

O More precise results at the physical pion mass will improve the three largest uncertainties:
O statistical (s), extrapolation (y) and model selection (M) NOTE, al2m130 has 2.3% uncertainty
a Following our existing strategy, we anticipate getting to 0.5% by the end of this year
a3 Getting below (or maybe to 0.5%) will require a 4th lattice spacing as well (~0.06fm)
0 Adding a FV study on additional pion mass points will improve the FV uncertainty

O The 1sospin uncertainty seems unnecessary...
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A IB
O Amg is given by
K°| Ay | o) (o | Ay | K°)
mK_Ea

Amg = mg, —mg, =25 Z < = 3.483(6) x 1072 MeV.
o

@ The above correlation function gives (T =tg —t4+ 1)

i u K| sAy |n) (n| 24y | KV)
1 = Z 2 mK(tf T,) <

angerous terms ——
{e

Mx=EDT _ (my — E,)T — 1} .

\

| physical terms |

@ From the coefficient of T we can therefore obtain

K°| iy |n) (n] Ay | K°)
AmEY =2 < .
& ; (mK—En)

Chris Sachrajda Lattice 2014, 26th June 2014 @
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NEW PHYSICS
IN KAON
DECAYS?

RBC-UK QCD

‘ReA,
 ReA,

£/e=(1.4+7.0)-10" =31.0£6.6

76) =(16.6+23).10% |[R€Aa| _on
(s75),, = (166+2.3) [RA] 224




Results for Re[Ag], Im[Ag] and Re[€//€]

Xu Feng Lattice 2017 [RBC-UKQCD, PRL115 (2015) 212001]

@ Determine the K — 7w (/ = 0) amplitude A

» Lattice results

Re[Ao] = 4.66(1.00)gta:(1.26)sys; x 107" GeV
Im[Ag] = —1.90(1.23)stat (1.08)syst x 107 GeV

» Experimental measurement

Re[Ao] = 3.3201(18) x 10~" GeV

Im[Ao] is unknown
@ Determine the direct CP violation Re[€'/¢]

Re[€'/e] = 0.14(52) a1 (46)syst x 107> Lattice
Re[€/e] = 1.66(23) x 107> Experiment
Phase of final state interaction smaller than the experimental value

2.1 o deviation = require more accurate lattice results |

26 / 48



Four dominant contributions to /¢ in the SM

AJB, Jamin, Lautenbacher (1993); AJB, Gorbahn, Jager, Jamin (2015)

Im(V,,V,,) |
1.4-10°

Re(e7¢) =

From

ReA,

v
10*[-8.7+21.2-B{"* +1

]

From
ReA,

!

v
1-9.6-B?

8

\

(V-A) ® (V-A) (V-A) ® (V+A)

(04) QCD Penguins | | QCD Penguins

(V-A) ® (V-A)
EW Penguins

(V-A) ® (V+A)
EW Penguins

Assumes that ReA, and ReA, (Al=1/2 Rule) fully described by SM
(includes isospin breaking corrections)

¢’/ from RBC-UKQCD

Calculate all contributions directly
(no isospin breaking corrections)

[-(6.5+3.2)+25.3-B{"” +(1.2+0.8)-10.2- By |

nnnnnnnnnnnnnn




AI=12 K> o«
(Qi Liu)

 (Code 50 different contractions

e For each of 400 configurations invert with
source at each of 32 times.

« Use Ran Zhou’s deflation code

< C

typel type2

typed typed

KEK - July8,2010 (48)




Anatomy of €’ /e — A new flavour anomaly?
AJB, Gorbahn, Jager, Jamin,, 1507 .xxxx

RBC-UKQCD
e/e=(1.4+£7.0)-10"

RI(Bl(/:é)QCD values
(320) efe=(22+38)-10*) B ~=057=015
B*? = 0.76 +0.05

large N bounds (AJB, Gérard)

e'/e=(6.3£2.5)-107* | B2 = BP/? — 0.76

large N bounds (AJB, Gérard)

g’ fe = (9.1 +3.3)- 10—4J B = /2 — 10

exp: g = (16.6i3.3)-10_4J




. Systematic error budget christopher Kelly

(RBC & UKQCD collaborations)

* Primary systematic errors of 2015 work: L attice2021. MIT. USA

Finite lattice spacing: 12%

Wilson coefficients: 12%

Renormalization (mostly PT matching): 15%

Excited-state: < 5% but now known to be significantly underestimated

Lellouch-Luscher factor (derivative of it phase shift wrt. energy): 11%

* In our new work we have used step-scaling to raise the
renormalization scale from 1.53 —» 4.00 GeV: 15% — 5%

» 3 operators have dramatically improved understanding of Tt
system: Lellouch-Luscher factor 11% — 1.5%

* Detailed analysis shows no evidence of remaining excited-state
contamination: Excited state error now negligible!

 Still single lattice spacing: Discretization error unchanged.

* Evidence that Wilson coefficient systematics are driven by using
PT for 3-4f matching, not improved by higher p:

Wilson coeff error unchanged.

15#22



B Final result for ¢’

« Combining our new result for Im(A_) and our 2015 result for
Im(A,), and again using expt. for the real parts, we find

g’ jwe'(¥2=9%) TTmA,  TmAg
Re | — )| = Re —
£ v/ 25 ReAs ReAg

= 0.00217(26)(62) (50 )"~

\ IB + EM
stat SYyS

Consistent with experimental result:

Re(€'/€)expt = 0.00166(23)

A second group should do this calculation!!

1724422
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