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outline

K=> pi pi, € status with X6.5 more stat than 15t, 2015 result

non-local matrix elements[NLME]... [in progress] Delta m_K,
epsilon_KALD, KA+ => pi+ nu nu.......

Experimental developments on the horizon

+ lattice developments.....Bearing both of these in mind...
simplest new application in B-decays — [4-¢ I,A'f //%
Other possible applications...

Tau decays 5 A f [\/f H
summary T /$



BSM-CP: Theoretical motivation

To the extent that SM is not a complete theory, BSM-CP phase(s) are exceedingly
likely to exist

Adding fermions, scalars or gauge bosons as a rule entails new phase(s)

Explicit examples: 4G SM: + 2; LRS : at least + 1; 2HDM : neutral scalar sectoras
well as charged sector can have new phases; SUSY or WEXD [see e.g Agashe,
Perez & AS, PRD 04 : tens of new O(1) CP-odd phases arise naturally

SM cannot account for baryogenesis.....CKM CP not enough

Due to all of the above (and some more), searching for BSM CP-phase(s) is just
about the most powerful way to look for NP.....an early realization & a driving

force for past few decades '
C Mone ﬂa‘rq/
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Recapitulate: Many fascinating aspects of kaons=>
led to several profoundly important discoveries in
Particle Physics

.I.: BI“,bnl\Lr; ,fM%lLE
K K d=!
" 1 \ K_ I?..
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QL

Use lattice to calculate 6 quantities:
ReAO, ReA2 known from expt; 60,62 via

ChPT etc..So very good checks;

ImA. ImA2 unknown

Wz fa f‘a/Peﬂo /
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WHY FOCUS with SUCH intense

DETERMINATION

UNDERLYING REALIZATION

/
€ A POSSIBLE GEM IN SEARCH OF NEW PHENOMENA
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Its presumed importance:

lies in its very small size => Perhaps new phenomena
has a better chance of showing up

Exceedingly important monitor of flavor —alignment

Simple naturalness arguments strongly suggest €’ very
sensitive to BSM — CP odd phases

In many ways €’ is rather analogous to nedm....... both
being very sensitive to BSM phases; however, key diff
for (now) nedm expt is the key, theory is less critical,
in sharp contrast to &’ -

Understanding €’, nedm are extremely important for
learning how naturalness really works in nature
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BASIC CALCULATIONAL
FRAMEWORK
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More demands on the calculation

 ~The 1995 discovery of the huge top
mass accentuated the cancellation of
|I=0 and I=2 contributions to €’
significantly, putting additional
demands on the calculation but

enhancingith éntial for
new physics B@H&\,(; /M Yz
r )



* As aresult, the large accidental
cancellations significantly enhances
sensitivity of €’ to NP
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the “beginning” “Dawn ‘

the asymmetric B-Fac era
Japan

15t Hint of
confirmation of
CKM
CP description

ood &AS, hepph/0103

physics will be a perturbation, impg¢
use clean theory and lots of statisti
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Use exptal data + lattice WME to test SM & search for new physics

Looks great; but looks
can be deceiving...
In fact at level of O(20)
tension(s) exist

0O(10-15%) new

physics is possible
and is HUGE!
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Critical Role of the
B factories in the
verification of the
KM hypothesis was
recognized and
cited by the Nobel
Foundation

A single ‘
irreducible
phase in the
weak
interaction
matrix accounts

foy/thosPef the
&PVisatriged in
SFONE M EHe B

sector are O(1)
rather than O(10




ONE TLISTRATION



Why B is needed?
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Current O(few%) tests are far away

from 0(0.1%) asymmetry in KL=>pi pi

Had KL=>pi pi been abandoned,

history of Particle Physics would have

been significantly different!
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Sesults for , w
ol

- Using Re(A ) and Re(A ) from and/our lattic value for g

mﬂigﬁ?ﬂtrn(A andthephas shifts € S >y
) ) e —

Re ¢ R jwe'9279) [Tm A, ~ Im4y
- = \/§5 RGAQ RGAO CANCELLATION!!

= 1.38(5.15)(4.43) x 107*,
16.6(2.3) x 107

RBC-UKQCD PRL'15
EDITOR’S CHOICE

Bearing in mind the largish errors in this first calculation, we
interpret that our result are consistent with experiment at
~20 level

with expt
Computed ReAO good agreement with

expt
Offered an “explanation” of the Delta I=1/2

enhancement
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A possible difticulty: strong
phases

* The continuum and our lattice
determinations of strong phase 0\1
. s
difference differs at the ~2¢ level: (s -39

oy on®

[~ 4
SRC-UKQ )

Lattice ME for NP; BNL-g&ssoni v 39



4 yuse, mik b
s{,'n‘l'f'

Lattice ME for NP; BNL-HET-soni 40



——

AT /%
CRedy L

@Mmr\o
—

<,
™ 1Yus



A monumental

experimental achievement!
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Challenges of physical K=>pi pi
kinematics on the lattice

230 é
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Resolving the [I=0] Energy & phase shift in the pi pi channel

CKe
?5,»,1 L CKm /{/

Fn GFVP‘L'”,.O
Cowmen A
19¢-37174
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Emphasize the obvious

PHYSICS IS AN EXPTAL SCIENCE



Testing SM in the era of Belle-lI

* |. A new thousand pound gorilla is in our midst:

New phys.cs discovery
potential is no less than when

we moved
From Tevatron to LHCI!!!
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Anomalies galore!

. rop) ~46(7)
+ RK() 2-66(RK) y v {2 AC = 3.0C

AT
* g-2..BNL'06 =>FNAL exp .CE ,M,\Q. € hroaness
' 5 C RBC-UKQCD 0‘%:3 5

e §&’:apersonal obsession....for a long”"3 time=>'cause of the

strong conviction that it is super-sensitive to NP [ £ VER
LoomiING

216[RBC-UKQCD PRL 2015Y=> ~1400 ., kedy

[2.10 (2.90 Buras; Nierste) => ??].....few more months to new
results

KEP‘LS\‘Y’“Q ) Za./lﬁd'//l-E\?T DECIDERY

In decoding SM or not, lattice input is vital for each case! 57




Hirose [BELLE]J@EW
MORIOND Mar. 2017
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Importance of the “IF”: score card

Beta decay => Gf => W....

Huge suppression of KL => mu mu; miniscule
AmK=> charm

KL =>2 pi but very rarely; mostly to 3pi =>CP
violation => 3 families

Largish Bd —mixing => large top mass

=> extremely unwise to put all eggs in HEF
info from IF complementary to HEF can be a crucial guide
for pointing to new thresholds as well as to provide important clues
to the nature of the signals there from

Lattice ME for NP; BNL-HET-soni 61




Testing LUV in the era of Belle-I|

II. On the lattice technical front, RBC-UKQCD collab

has developed the methodology over the past ~6 years for calculating from
15t principles contributions from non-local operators

Here we illustrate this use in the simplest example that can have
important phenomenological impact in light of larger data samples that
will become available in the era of Belle-lI

The simplest illustrative reaction to display developmeants in the exptal
and in the lattice front that we choose is M_hl => 1'/ ? Y

Lets start with a very simple observation that LUV is very difficult to test
with respectable accuracy via the simplest reaction

Br ﬂ"“)t’)/”“) because the denominator suffers from severe helicity
ion. Indeed, .-
suppression. Indee M,El QA/'V‘, AS

r[B+ =>mu+ nu] ~ A ~ {. 0
o -axionr = il he p-ph[44113¢ 1

Note, however that naive models seem to suggest
Br [B => mu nu gammal]/Br[B=> mu nu] ~16

[6:76 ﬂﬂ(ﬁ@ﬂéﬂ AV 0°

I/



Radiative leptonic decays of heavy-light mesons

Nom- b /V " "

(Rec-uked ) \
gam, iseng 0 S/ - |Eh DOMINANT
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Bereke etal
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20\F On the lattice

* On the lattice this caleylation of B* [Ds]=>l v y is rather similar ton® =>2
Y [see Xu Feng et al, PRL] and to RBC-UKQCD recent attempts at LBL
contribution to muon g-2 via the nt° exch %

* Except now 1 photon gets replaced by the V, A

[heavy —light states] which dominate the transition to the final | + nu [w/o
helicity suppression]

 The dominant graph is when the light quark emits the photon, though of
course [QED] gauge invariance requires emission from all charged legs.

* The emission of photon off the charged lepton will be helicity
suppressed so it will also be an important contributor when emitted
from tau

* The details of Minkowski-Euclidean connection closely follow pi*0 => 2
gamma with appropriate changes

& b X AT+ 0o Temp (RLOI
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C some lattice
Details in back pages
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WE HOPE TO HAVE RESULTS OF 15T CALCULATION OF L NU
GAMMA AS A FUNCTION OF PHOTON ENERGY IN THE NEAR
FUTURE



Possible new physics
opportunities in tau’s

Ack: preliminary lattice discussions
with local [RBC-UKQCD] Bruno,
lzubuchi, Lehner and Meyer;

+ pheno. Passemar
[INO LATTICE RESULTS YET]

Lattice ME for NP; BNL-HET-soni 77



motivation
Huge increase in fluxes of tau’s=>monitor tau
closely

Rather serious several anomalies => NP esp 3"
family => also BSM-CP

Charge current: tau is the central character

A very interesting special case: tau => nu Ks pi+
Lattice can calculate rather precisely

Moreover, Babar claimed [BSM]CP

Most models for anomalies imply LFV in tau and in
B-decays
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LQ Revival Circa 2018

Are Thep Anomalous Lepton-Hadron Interactions?

T

Jogesh C. Pati*
Department of Physics and Astronomy, University of Maryland, College Park, Mavryland 20742

" and

Abdus Salam

International Centre for Theoretical Physics, Trieste, Italy, and Impevial College, London, England

(Received 5 February 1974)

/Recent experimental studies' of the electron-
sxtron—anmhllatmn cross section into hadrons
,,(s)] as a function of s, the square of the total

center-of-mass energy, seem to reveal a remark-

able feature—that it is nearly constant at about

25-30 nb (within 30%) from s =~ 9 to s ~ 25 [in

units of (BeV)?]. On the other hand, ofe*e”

~ u*u’)=0,(s) appears to fall according to the

quantum -electrodynamic (QED) s ! law. The

near “constancy” of o,(s) over such a wide region
of s does not seem to obtain a simple explanation

in terms of the familiar one -photon mechanism 2

] We consider in this note an alternative explana-

tion for the behavior of 0,(s) based on a new

class of short-range lepton-hadron interactions

(leading to process such as ¢ e¢* - g7, etc.) which

may arise within the class of gauge schemes?®

proposed by us earlier, and point out that this
leads to a variety of testable predictions; these
should enable one to distinguish our explanation
from all others based on the one -photon mecha-~
nism.*

It is remarked that the recently observed near constancy of o(e*e~ — hadrons) over a
large range of center-of-mass energy may reffeefTRE pres enCr or T IE W eslnwe™)

range lepton-hadron interactions. This can be tested by a comparison of e¢”p versus e*p
scatteringa and a study of the spin, parity, and charge conjugation of the final product in
annihilation as well as apparent deviations from scaling in e*p and p*p scatterings.

Ay
N l’}‘l)«]'j

heavy exotic® spin-1 mesons X (with nonzero

baryon and lepton numbers) coupled to electron-

quark (and possibly also to muon-quark’) cur-

pre f short-

rents as follows:
£X=f(€y“q)X“+H.c. (1)

There could, of course, be a triplet of X’s cor-
responding to three baryonic colors. It is possi-
ble that there are vector and axial-vector mesons
Xy and X, coupled to currents €y ,q and €y ). q
with strengths f, and f,, respectively. For the
present, we need not specify the (&, 3, A) indices
of g.

Let us assume that the effective low-energy

N g

3
=
/e A9 )

(a) {b)

SALAT ARG
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Day, Q¢

ASSUMING the anomaly is REAL & HERE TO STAY [BIG ASSUMPTION due
to caveats mentioned]

Anomaly involves simple tree-level semi-leptonic decays
Also b => tau (3" family)
Speculate: May be related to Higgs naturalness

Seek minimal solution: perhaps 34 family super-partners(a lot) lighter
than other 2 gens > proton decay concerns may not be relevant=> RPV
[“natural” SUSY ]

RPV natural setting for LUV ...can accommodate g-2 and eps’ if needs be
Collider signals tend to get a lot harder than (usual-RPC) SUSY
RPV makes leptoquarks natural

Moreover, RPV should be viewed as an umbrella i.e. under appropriate
limits other models are incorporated o X Ne

ANTA N PN — - O.-':‘-~ + ()~
H k
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Possible NP in tau=> Ks pi nu
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New Physics

How can we use the non-perturbative set-up of
the lattice to look for clues?

t, b, tau, nu_tau
Suitable targets b and tau

Because of its mass b is often a challenge though
progress is constantly being made

tau is the BEST: lattice has no excuses
Lattice can check that every aspect of tau agree

(or not wth SM) 30" # Ulem y,
MOAE 1\ Cb



tau => Ks pi™*- nu on and off the
lattice

* tau plays a central role in indications of LUV
from semi-leptonic charge current RD(*)
anomaly

 |f these indications of new physics become a
reality, then naturalness arguments strongly
suggest the new physics will entail also a new

CP-odd phase.

tau => Ks pi™+ nu is an excellent final state for
experimental study and a good candidate for BSM
phase or not Zz-52 K™5° pl,

Va4 o)



Can test for BSM via CP-conserving observables

* Select a FS where [CP conserving observables]
like rate or differential distributions can be
calculated precisely...

* A good example is tau => Ks pi*+ nu total or
partial rate, or Ks pi invariant mass distribution;
in the SM this can be calculated PRECISELY using
lattice [and to some extent off the lattice
methodology]






Strong [i.e. CP-conserving] FS
interaction phases

 We can calculate these phases on the lattice

for K, pi scattering see RBC-UKQCD [exploratory for K-pi;
see T.Janowski et al, Lattice 2014]

and also now for pi pi — _ $)
= M\ bhesreny ol (g LROC-UKEC

However, for an approximate reM‘ﬂa@oLa—lU('Sﬁcba‘galso

be used to relate them to pi pi scattering phases from
Kl4 and from pi N => N pi pi following Colangelo et
al.....get K pi phases upto SU(3) corrections

* T.W. talk at Lattice 2018 shows pi pi I=0 phases in
good agreement with Colangelo ——

L,
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WIP ON AND OFF THE LATTICE ON
THIS CLASS OF STUDY



Summary + Outlook [2 pages]

e Lattice methods are now quite advanced and are now
becoming a powerful tool for searching new physics

* A very sensitive observable for this search is € :

The direct CP violation parameter for K=>nm. First (201$)
complete calculation by our RBC-UKQCD collab with
limited stats found consistency with experiment at about
2 o...Analysis with ~6.5 more stats is now underway and is
expected to complete in a few months and is eagerly
awaited.

* Can now also calculate non-local [long-distance] matrix
elements...1%t target AmK well underway and soon will
become another observable for testing SM and NP



Summary + Outlook (p.2)

* Thanks to Belle-Il + LHCb Runs/upgrade(s)
anticipated vast increase in data samples of

b, ¢, tau + new lattice [esp NLME] techniques etc
motivate using lattice for addressing additional
observables

* To start out two simple examples: b =>1 nu
gamma, possible applications to LFU/CP;
hopefully 15t lattice results within some months;
tau =>Ks pi nu, test SM.....WIP

* Hope all these lattice efforts, in conjunction with
experiments will soon result in 15t compelling
sightings of new physics.
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Acknowledge many significant

contributions

 While focus is on lattice calculations of K=>nn
primarily by our RBC-UKQCD Collab

* Over the years many important contributors,
in particular:

* (Mary)Gaillard, (Ben) Lee; Altarelli, Maiani;
Shifman, Vainshtein, Zhakrov; Buras & Co;
Martinelli & Co; (Claude) Bernard; de Rafael;
Pich Bijnens......



. Wilson Fermions |Lattice xS is a pre-

with Bernard requisite for this physics
~'82 Off-shoot B-physics GE 0

See also Martinelli et |important observables

al [WF] identified & studied=> 06871\ CLff ”’1

Broweret al evolved into UT

Sharpe et al [Stag F] h le 0(/[[\[%
Il (a) DWF with Blum ~ LOXPT; Quenched CRAY @

95 approx.[QA] NERSC

11(b) DWF with Same

RBC[with Blum, Christ QA is disastrous for this

and Mawhinney physics [Golterman- QCDSP ~ 1

became “flagship” Pallante] pathologies; NPR TF
project of RBC] ~’97.  of full AS=1 accomplished
for the 1t time used since

then. J }WL

l1l. DWF with full QCD Used LOxPT + full QCD QCDSP ~
RBC, ~ ‘02 Large chiral corrections 1TF
IV. DWF with full QCD Direct K=>nn, [Lellouch- QCDOC ™
RBC + UKQCD, ~ ‘06 Luscher method] @ 10 TF
threshold
V. DWF with full QCD, Direct K=>mm, [Lellouch- BG/Q ~ 99

RRC + I IKOCD ~ ‘11 lnieccher methndl - nhvcical 1ONTFm™RNII -
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Contrarian/Complementary view

flavor physics is actually hanging by perhaps the weakest link i.e. a single CP-
phase endowed by the 3g -SM.

[This is infact my rationale for going after eps’ for over 35 continuous years and
the effort is sill continuing]

In many ways this is a contrarian (or complementary) point of view, in sharp
contrast to the overwhelming majority following the naturalness lamp post via
Higgs radiative stability.

In this context it is useful to stress

We hold these truths to be self-evident...
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BSM-CP searches...2 illustrative examples

* The presence of the tau [its decays are self-

analyzers of its spin] provides a powerful tool
in tau/l nu gamma FS....

 Both Tn even [say photon energy and rates,
differential or integrated, ...] and Tnh-odd [tau
polarization say transverse]

* Accurate calculation of photon energy
specrum may be also useful for this CP test
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Led to an important development: For the 15t time NPR

Of Delta S=1 Heff for I=0 due DWF
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Improy/ements in lattice €
determination underway for past ~3
years

e Statistics X[ >~ 5] now aimir[g"‘v'cyr““mu%ms "'{');)
e Systematics.....some alreél@ done.: ,

« EM+ isospin.... g@m‘-\.o)"’ Qgiq) ) jt‘k oY
 Completely diff metho%(s) C{":'y' o

* A) excited pipi ;E%Pé“m / %—:ATS
+ B) Revisit ChBT . ) AIHD

‘ ) RFTEISPU 34, LAY o

v i
.oy CZDIX %mwgzon NLO

|




Radiative leptonic decays of heavy-light mesons

These are distinctly 3-body final state not to be confused with soft
photons that necessarity atcompany physical processes and their
treatment is strictly linked to detector resolution....also typically j
these are brehmms with steeply falling spectrum

C{nJrEWS dvl

In contrast, final state such as Ds, B+ => | nu gamma tha
emphasized here are strictly 3-body FS distinct from pure leptonic
decays | + nu. The importance of these 3-body FS has been
stressed due to their ability to overcome helicity suppression via
hyperfine transitions

To get a clear intutive understanding it may help to think in terms
of a soluble but approx model based on naive quark model ideas.
[though from the outset one recognizes its limitation in accuracy
esp for a heavy-light system]

In that naive picture, one can resort to the Weisskopf-Van Royen
text book approx and clearly identify the underlying physical
processes:
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Useful refs
. A:1803.05881

* B) 1806.06997; 1806.09853
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Bit on operator renorm.



Few more details on the lattice calculation

* It means P_x=2pi/48 * 1.73 GeV = 226 MeV, P_y=P_z=0. Average is not
needed due to lattice symmetries and is here not advisable because of
cost/error analysis (would be more correlated than just solving with new z2
source at W insertion)

* ltis indeed nice that the error does not grow much.

3) We will use AMA but the data that we have so far are only

“exact” solves. We start at the W insertion and then do a sequential solve over
the B meson either through the light or heavy quark (diagram A/B). The source
is z2-wall and it looks like this works quite well noise-wise (it has a full volume
average at the B meson and the photon and a stochastic volume average at the
W). In this way we also get all 16 spinors at both gamma and W position for free.

* And finally, so far the B meson is a point operator and we are optimizing
a smeared operator right now so that we could have multiple operators for
Excited state studies.
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