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Il. Flavor anomalies and possible
indications of new physics

THIS LECTURE FOCUSSES ON SEVERAL
DIFFERENT EXPERIMENTAL INDICATIONS
FROM FLAVOR PHYSICS OF POSSIBLE
BREAKDOWN OF ONE ASPECT OF SM
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Anomalies galore!
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« To test the SM Prediction, we measure
R(D) = [(8 = D) R(D')= I8 -"D*TV) Leptonic
['(B — Div) [(B—D Iv) decays only

Several experimental and theoretical uncertainties cgncel in the ratio!
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PHYSICAL REVIEW D VOLUME 56, NUMBER 9 1 NOVEMBER 1997

F F Improving constraints on tanfS/my using B—D7v

Ken Kiers* and Amarjit Soni’
; ; Department of Physics, Brookhaven National Laboratory, Upton, New York 11973-5000

(Received 12 June 1997)

We study the ¢ dependence of the exclusive decay mode B— D v in type-II two Higgs doublet models
(2HDM’s) and show that this mode may be used to put stringenfﬁoﬁﬁas on tanfB/my . There are currently rather
large theoretical uncertainties in the ¢ distribution, but these may be significantly reduced by future measure-

ments of the analogous distribution for B—D(e,u)v. We estimate that this reduction in the theoretical
uncertainties would eventually (i.e., with sufficient data) allow one to push the upper bound on tanfS/my down

to about 0.06 GeV~!. This would represent an improvement on the current bound by about a factor of 7. We
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Form factors: B=>D vs B=>D*

* For Bto D [0-to 0-] due to Parity,

Only vector current contributes: 2 form factor of
which, contribution of one is prop. to lepton mass

For B to D* both vector and axial vector conribute;
Now 4 FF, again contribution of one FF is
prop. to lepton mass



AIDA X E-K THESIS: 15T PHD THESIS
(~’89) INITIATING THE USE OF LATTICE
METHODS FOR DEDUCING SL FF’S



PHYSICAL REVIEW D VOLUME 43, NUMBER 7 1 APRIL 1991

Semileptonic decays.on the lattice: The exclusive O™ to O™ case

Claude W. Bernard*
Institute for Theoretical Physics, University of California, Santa Barbara, California 93106

Aida X. El-Khadra
Theory Group, Fermi National Accelerator Laboratory, P. O. Box 500, Batavia, Illinois 60510

Amarjit Soni
Institute for Theoretical Physics, University of California, Santa Barbara, California 93106
and Department of Physics, Brookhaven National Laboratory, Upton, New York 119737
(Received 21 December 1990)

We present our results for the meson form factors of several semileptonic decays. They are com-
puted from the corresponding matrix elements evaluated on the lattice as ratios of Green’s func-
tions. The renormalization of the local operators is calculated nonperturbatively. The dependence
of the form factors on the four-momentum transfer g? is studied by injecting external three-
momenta to the initial- and final-state mesons. We study the pseudoscalar decays K —wlv,
D > Klv, D —»alv, D, —>niv, and D;— Klv on different lattices. We also analyze scaling, finite-size,
and SU(3)-symmetry-breaking effects. The uncertainties in some lattice parameters, e.g., a ', as a
source of systematic errors in this calculation are discussed.

PHYSICAL REVIEW D VOLUME 45, NUMBER 3 1 FEBRUARY 1992
Lattice study of semileptonic decays of charm mesons into vector mesons

data before publication. The computing for this project ¢ .
was done at the National Ener Supercomput-
e_r__Qenter in part under the “Grand Challenge” program
and at the San Diego Supercomputer Center.

LACPUrUIREnL Uf Faysicd, DIVORRUUEN (Yaiionas Laudralory, Uﬂl()ﬂ. New York 11973
(Received 30 September 1991)

a
P.O. Box 500, Batavia, Ilinois 60510

We present our lattice calculation of the semileptonic form factors for the decays D — K™*, D, — ¢,
and D — p using Wilson fermions on a 24°x 39 lattice at #=6.0 with 8 quenched configurations. For
D— K*, we ﬁndmm axial form factors A4,(0 =0.70+0.16*§:12. Results for other®
form factors and ratios are also given.

1L, V72720717, 111" DIVL 11



Lattice computation of the decay constants of B and D mesons

Claude W. Bernard
Dep of Physics, Washington University, St. Louis, Missouri 63130
James N. Labrenz
Department of Physics FM-13, UnTuersity 07 Wasfagion, Seattle, Washington 98195
Amarnjit Soni
Dep of Physics, Brookhaven Natienal Laboratory, Upien, New York 11971

(Received 1 July 1993)

PHYSICAL REVIEW D VOLUME 45, NUMBER 3 | FEBRUARY 1992

Lattice study of semileptonic decays of charm mesons into vector mesons

Claude W, Bernard
Department of Physics. Washington University. St. Louis. Missouri 63130

Aids X. El-Khadra

Depariment of Physics, Brookharen National Laboraiory, Upion, New York 11973

Semileptonic decays on the lattice: The exclusive 0™ to 0™ case

Claude W. Bernard”
Institute for Theoretical Physics, University of Californio, Santa Barbara, California 93106

Aida X. EL-K|
Theory Group, Fermi National Accelerator tory, P. 0. Box 300, Batavia, Illinols 60510

Amarjit Somi
Institute for Theoretical Physics, University of California, Santa Barbara, California 93106
and Department of Physics, Brookhaven National L.aboratory, Upton, New York 11973
(Received 21 December 1950)

PHYSICAL REVIEW D, VOLUME S8, 014501

SU(3) Bavor breaking in hadronic matrix lements for B-B osclaton

Theory Group. Fermi National Accelerator Laboratary, P.0. Box S00, Bataria, {linois 60310 N“
Amatjit Soni L ﬁ‘?}\j ; C Bmm'd

(Reccived 30 September 1991)

We present our laltice cakulation of the semileptonic form factors for the decays D— K*, D,— ¢,
and D p using Wilson fermions on 3 24'x 39 lattice a1 A=6.0 with § quenched configurations. For
D+ K", we find for the ratio of axial form factors A:(0NAI(0)=0.70£0.16281 Results for other “

PIONEEAN WORKS e sdis

lQ,’lOHGl?‘N“éQM 9% “1 ' IMSC; HE. ..

tof Prysics, Wachingion Universiy, St Lowis, Misowr 63130

l T Bimod A S
Deparment of Physics, Brookhguen Natioral Laboratory, Upton, New Jork 11973
wed 2§ Jury 1995: publsed § May 1996)
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Overall consistency with the SM

http://ckmfitter.in2p3.fr
see also http://www.utfit.org

Looks great; but l00ks TR e
can be deceiving... S , Y
In fact at level of O(20) EETY™ ¥

w’-q%i

tension(s) exist

0(10-15%) new

physics is possible
and is HUGE!

sol. weos2f<0 —

. et (exel. at GL > 0.95)
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Power of the lattice: Only method to systematically reduce the NP error!

Historical example: By

T T

W5 0737200 - Average LLV 20T (NF=24T) ]
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oo 07240084 —— ALV 2009 (Np=2+1) i
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0.738£0.055 | JLQCD 2008 (Np=2 |
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00 0832018 b———e——  HPQCD 2006 (Np=2+1) )
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0.87+0.061 b—a—i Becirevic 2003 (Np=0 1
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- [ 0.8630.058 b JLQCD 1997 (Np=0 :
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Semi-leptonic (exclusive) form factors:Basics

— il T
T=(AI‘V|Heﬂ-|B> Heff ,\/5' Jﬁadron"lepton,p,
__ CF ¥
T TF Ve T BsA
L,=0 ")y, (1—3y>u(yv), \)i o~

H*=<{ Alay*(1—y>)b|B ) . e'9°3")'b(1701)
There are two conventional parametrizations:
: Y\p&b&‘@ Hi=f (¢ pg+p F+f_(g)pg—p 4 (4)
BQ‘\“\M":L ) \ ' and —> (\V\l
g'g . ?R\) Q“ mﬁ—mi

H:E=f_ (g% (pptp V— pE (pp—p4 V"
- 2.2 b m\
Vel > V(‘& (‘Iv\o) +Folg A —p 7 ¢
q
(mg—m2)folgH)=(mi—m3)f . (gD +q (gD, (5)
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:

 S.L. decays involving a t* have an additional helicity amplitude (for D
@I, G

Val'ple* (, @2)' ) 2 ey [ 1.0 3
dqg - 967{'377]% 1_ (’H'H" +’H“| +|H00‘ ) 1+ 2q2 +§q2 t

q2

For Drv, only Hy, and H, contribute!
» To test the SM Prediction, we measure

R(D) = [B=>Dwv)  ppy LB D*“’) Leptonic t
['(B —Dtv) ['(B—D (v) decays only

Several experimental and theoretical uncertainties cancel in the ratio!

* BB events are fully reconstructed:
» full reconstruction of hadronic B decay: Btag (tag efficiency improved)

» reconstruction of DU and e* or u* (extend to lower momenta’

» no additional charged particles
» kinematic selections: a? > 4 Ge\?



Decay Nsig Noorm R(D™)

B(B = D¥tv) (%) Elo

D7,  34+60 1995+£55  0.429 + 0.082 £ 0.052
DY 7, 639+62 8766+ 104 0.322 £ 0.032 £ 0.022
D7, 17713l 986 £ 35  0.469 £ 0.084 £ 0.053

D*+T v, 25227 318661  0.355 £ 0.039 £ 0.021
189 £ 63 2981 £65 | 0.440 £ 0.058 £+ 0.042

888 £ 63 11953 £ 122 | 0.332 £ 0.024 £ 0.018

0.99 £ 0.19 £ 0.13 4.
1L.71 £ 017 £ 0.13 0.
101 £0.18 £ 0.12 3.4

1.74 £0.19 £ 0.12 10.:

omparison with SM calculation; ~ LirTH C‘ﬂ‘\*‘\m 31,{6 BABAR

R(D) R(D)
BABAR 0.440£0.071  0332%0.029

M 0.297 £{0.017) 0.252

Difference 200 2.70

R{(ID*)

1e combination of the two measurements 03
).27 correlation) yields ¥2NDF=14.6/2, |

v Drnh = R Q viN-4 11




ﬁ

:

A charged Higgs (2HDM type II) of spin 0 couples to the T and will only affect H,
-..
H:EOM — oM (1 forDv b ¥
- + for D*tv =
LK
-

This could enhance or decrease the ratios R(D*) depending on tanf/m,,
We estimate the effect of 2DHM, accounting
for difference in efficiency, and its uncertainty

The data match 2DHM Type Il at
tanp/m,=0.44 +0.02 for R(D)
tanp/m,=0.75+0.04 for R(D*)

However, the combination of R(D) and R(D*)
excludes the Type I 2HDM in the full

tanp-my, parameter space with a probability




BaBar, PIRL109.101802(20|2) |
Belle, PRD92,072014(2015)
LHCb, PRL115,111803(2015)
Belle, PRD94,072007(2016)

Belle, arXiv:1612.00529 +
Average

[ I
.
»

= SM Predictions

Ay* = 1.0 contours

: 11/1s
B R(D™) by HFAG /

R(D)=0.300(8) HPQCD (2015)
R(D)=0.299(11) FNAL/MILC (2015)

R(D*)=0.252(3) S. Fajfer et al. (2012)

lllll%lll

BABAR

0.25

mrsEiE l,}

| Moriond EW 2017 |

THEORY ERROR

IIIIII II'"‘III Ij

P(x’)=67.4% ]

U CR ES 17 mpnE) 2

Egp P\ﬁ‘ﬂ,m discrepancy from the SM remains
— All the experiments show the larger R(D(*)) than the SM

Belle deviations quite mild

0.3

0.5
R(D)

vIf

Rencontres de Moriond EW 2017

0.6

<

* More precise measurements at Belle Il and LHCb are essential
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_ W~ /H~
R(D™) ['(B — D*)rp)
['(B — D™ up)
% 5F | ——— BaBar, PRL109 IOIISO”I(”OII”’) N
= ) — abar, ’ (U1l ) —
Q 0- [ == Belle, PRD92,072014(2015) Ay~ = 1.0 contours T
a4 - LHCb, PRL115,111803(2015) o s -
0 45~ = Belle, PRD94,072007(2016) m— erage of SHOpredicions. o
"7 [ == Belle, PRL118,211801(2017) R(D) =0.299 = 0.003 .
= LHCb, PRL120,171802(2018) R(D*) = 0.258 = 0.005 -
04 [ : Average ]
035 7 el do —
0'3 :_ [ 20 i
025F e ml— . :
C , SM tension, 3.80 -
02 | | POO) = T4% —
0.2 0.3 0.4 0.5 0.6
f lab/N R(D)
rom Fermilab/MILC (2015), HPQCD (2015)
Jul 24, 2018 S. Hashimoto (KEK/SOKENDAI)

0-
\Z

B{ W }D(*)

Ry

Lattice inputs used
forlform factors
(together with exp
data)
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RBC-UKQCD [WITZEL, JUTTNER, TSANG, FLYNN, LEHNER, IZUBUCHI + AS]

In final stages

1.3

1.2f

1.1}

1.0k 0.005 0.010 0.015 0.020 0.025 0.030 0.035 0.040 0.045

0.9}

0.8}

0.40
0.35f

. ! L L L L 0.30 1 ! L 1 ! ! L
9.0 9.5 10.0 10.5 11.0 115 12.0 0.005 0.010 0.015 0.020 0.025 0.030 0.035 0.040 0.045

¢ /GeV* 7 /GeV?

Figure 4. Chiral-continuum extrapolation for semi-leptonic form factors for B, — D,/v (left) and B, — K/{v (right).
Performing a simple pole-ansatz for B; — D, we directly fit the phenomenological form factors f+ and fo. For B - K
we use heavy meson chiral perturbation theory and show the fit to the “lattice” form factors f| and fi. The colored
data points show results for our lattice calculations obtained at three values of the lattice spacing, whereas the black lines
with the gray error band shows the chiral-continuum extrapolation. Only the statistical uncertainties are shown and no

kinematical constraints are imposed. Ea M # Y, 4 0*'5;'\ & 9 (’})
™) 2 W\U‘T‘T‘f g K
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28 39. Statistics

T)’D (2206

Table 39.1: Area of the tails o outside +0 from the mean of a Gaus

distribution.
o ) o )
0.3173 lo 0.2 1.28¢0
4.55 x102 20 0.1 1.640
2.7 x107° 30 0.05 1.960
6.3x107° | 40 D 0.1 2.580
5.7x10 5o 0.001 3.290
2.0x10~? 60 10~ 3.890
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RBC.—WK@ cd

\

BaBar had. tag
0440 £0.058 £0.042

Belle had. tag

1,375 £0.064 £ 0,026
Average

0.407 £0.039 +0.024

PRD94,094008(2016)
0.299 £0.003

FNAL/MILC (2015)
0.299 £0.011

HPQCD (2015)
0300 +0.008

N\
L
> I~
S~

2.30

R(D)

BaBar had. tag
0,024 £0.018

B II I d l 1g
0 +0.015
H II 1

302 0.01
B Il i| dr n 1 l(
LHU m n| l [

IIIU

A\,e ge
0.306 + (llHnm?

Q\'l Pl d verage
005
1RD 95 (7017) 115008

-»
JHI:.P I7ll( 017) 061
0.260 + 0.008 T

—8

JHEP 1712 (2017) 060
0.257 £ 0.005

HFLAV
1 1

0.2

W (t polarization) fs7
Js |, Thasy nnO LS

leo el ek d  Status of R(D™)) results
R Themj routh D otimon b QEP nodiaivecom mw‘”L

S’f RIOUS

‘/

Cb, PRL115,111803(2015)
Belle, PRD94,072007(2016)
Belle, PRL.118,211801(2017)
LHCb, PRL120,171802(2018)

@D Average

[25

LHCb 0.2

PITENT Ly VER

Ay* = 1.0 contours

== Average of SM predictions

R(D) =0.299 = 0.003
R(D*) = 0.258 = 0.005
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Concerns on SM-theory

Good news is that lattice[FERMIL-MILC] study largely confirms pheno calculations for
RD but with somewhat larger [¥4%)] errors; our RBC-UKQCD finalize very soon.

Radiative corrections for sure on lattice corrections still need to be done;
their errors ~5% [should be checked] need to be included on all latt determinations

For B=>D" no complete lattice study so far; 4 rather than 2 FF, so, from the lattice
perspective, anticipate appreciably larger errors than for B=>D.

Therefore, O(1%) errors in RD* (and in fact smaller than in RD) never made much
sense.

Recent phenomenological studies of Bernlochner, Ligeti, Papﬁcc’i and Robinson; Bigi,
Gambino and Schacht and of Jaiswal, Nandi and Patra are very timely and greatly

appreciated; errors 0(3%) await lattice confirmation; likely an underestimate for

a variety of reasons. T

These theory errors.on RD* are likely to be tooas D* is spin-
one and proper quantum —mechanical [coherent] treatment requires

production and decay vertices cannot be factorized
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Comments/Reservations pros & cons on Expts p1 of 2

* For RD(*), B=> D(*) T v; most experimental results are with 1
=>UVV ...i.e 2V’s.....so D** potential contamination is a
serious problem, in my view, as | have been stressing for past
few years

 These D** et al BGs cannot be reliably estimated by using
GISW etc models. They should be measured

* Itis important to note that both LHCb and Belle
measurements of RD* with tau=>hadron + nu are essentially
consistent with SM estimates.

* It'd be very useul if BABAR would also provide their RD(*)
with tau=> hadron + nu

 The importance of more precise experimental numbers from
both methods cannot be over-emphasized; results from
LHCb Run-Il and beyond and Belle(ll) are eagerly awaited.




. /4
4. Muonic R(D*) measurement -/ 15/26

B. — JhTu b b W%
C

20\ K on 201} _
Greg Ciezarek,
on behalf of the LHCDb collaboration

)

Candidates / ( 0.6 GeV/c!

L CFpe
e Measured using very similar techniques to R(D*), on run 1 data

¢ Ry, =0.714+0.17+0.18 REMPIVL TSSue
e ~ 20 from SM PR’m ARIL\/ E)(f7'ﬂL

e But nearly as far from consistency with R(D*)

e LHCb-PAPER-2017-035(Run 1 data) /. S&f 2 TH 2 734+

MRy~ 265015 Fest
NTWOLLY A /R Bounk Shiz
Qu,TE RD BM'S ,/WeihaiLecturell;soni—BNL 7 /\/ - 25



Lepton universality tests

 Inthe SM, ratios él-l“r Vhtﬁ/ow Su ¥ U~

b s p. _ JAUBT = K¥ptp]/dg” - dg” “Qmu'
T IK - [dU[BT — Ktete]/d¢? - dg? nalios
VS ~— L

only differ from unity by phase space — the dominant SM processes
couple equally to the different lepton flavours.

« Theoretically clean since hadronic uncertainties cancel in the ratio.

» Experimentally challenging due to differences in muon/electron
reconstruction (in particular Bremsstrahlung from the electrons).

= Take double ratios with B—»JAV X decays to cancel possible sources
of systematic uncertainty.

= Correct for migration of events in g2 due to FSR/Bremsstrahlung
using MC (with PHOTOS).

W
T. Blake ' o5



Lepton Flavour Universality

e In the SM all leptons are expected to behave in the sa Arantza Ova nguren

B(BT — Ktutu™)
— =1.000 + O(m2/m,?) (SM
Rk B(B" 5 Kiete ) (m,*/my?) (SM)

[PRL 113 (2014) 151601]

e Experimentally, use the B*—K*J/\y(—e*e’) and SafF T 7T LHCb 3
B*—>K* J/y(—p*w) to perform a double ratio > -{» :
= 30p B* >K*ete ]
e Precise theory prediction due to = sof ]
cancellation of hadronic form factor uncertainties é F
E -
I e A A B B -::EIO
~ | -LHCb -m-BaBar —aBelle LHCbH &) 3
{ sk E 5000 5200 5400 5600
1 * . m(K*ete”) [MeV/c?]
[ + ] 1 GeV <2< 6 GeV
T SM 1
[ —e=— ] -
o : Ry = 0.7451009 (stat) + 0.036 (syst)‘
0:- e — Consistent, but lower, than the SM at 2.6c
0 5 10 15 20 -5

q? [GeV?eH]



Arantza Oyanguren
Lepton Flavour Universality

LHCb, JHEP08(2017)055

e Results:

B I T ' L '[ L l T ] 2-{) i T T 1 T l T T L4 l l
%ok L0
1 U - . ST PP — o—
= [ Y moe ] =Xy 1.5 - |
» ] ) i
0.8 - - . i
L L I = ~ : W
0.6 - { ® LHCH 5 1.0 [ ettt s —
3 BIP ; i 2
041 ¥ CDHMV 7] FI" ; ' . ]
i ® EOS 0.5 ® LHCh ]
0.2 ® flav.io R B BaBar A
X ]JH()I) e IC :LHCb A Belle
1)1 SR el T PR S 0.0 ——n— —
0 1 3 4 5 6 0 5 10 15 20
2 G V2 4 2 [ 21 4
q [GeV7/c] q [GeV7/c]
BIP [EPJC 76 (2016) 440)
w COHMYV [JHEP 04 (2017) 016] @ LHCb [PRL 113 (2014) 151601

m EOS [PRD 95 (2017) 035029]
¢ flav.io [EPJC 77 (2017) 377]
o JC [PRD 93 (2016) 014028]

Low g2 [0.045-1.1 GeV?2]:

Central g%: [1.1-6 GeV2]:

SMy =0.922(22)
Ry« = 0.66 T {01 (stat) £ 0.03 (syst)

A Belle [PRI 1[);(”;')(” o| 1]
m BaBar [PRD 86 (2 ]’l\l 12]

on( W) €MEA
L‘f:ﬂm oc‘;/.agaw)“ 7

— Consistent, but lower than the SM at

SM y = 1.000(6)
R0 = 0.69 = 047 (stat) £ 0.05 (syst)

2.1-2.36 (low g2) and 2.4-2.5¢ (central g2)

C ! TSNORL ebal 2 ELT C



Reg. RK(*) mu/e UV

* Needless to say its of profound importance, if true
* |f true not just B=>K, B=>K* but also Bs=> phi,
B-baryon decays should show it

e Current statistics is marginal; more final states are
needed and even more important other experiments
esp. BELLE (ll) confirmation is essential

* This can take years as Br are O(10°) so not easy even
for Belle-lI;

 however, Belle-Il will be able to do RXs...inclusive and
that maylikely have more sensitivity for them

 OTOH, LHCB will have Bs and B-baryons with more
data
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REMAIN CONCERNED‘ Or anoj}(yr”l”%;fems”. }L)ngw V&

contributions =
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KV\S,& MM\M, D Ths. [IM&/CLWE)

e Another hint of deviation (at a level of more than 3¢), for a particular neutral-

A
current decay mode is evinced by B; — guu [8,62,63]. L HC (,
S ——————

(2.582037 £0.08 + 0.19) x 107* GeV ™ (exp.)

d
db = d_quR(BS e ¢)uﬂ) q2e[|:6]Gev2 =

(4.81 +£0.56) x 1078 GeV ™2 (SM).
(6.2.3)

where ¢* = m;,. Intriguingly, the ¢* region where this measurement has relatively

low error (and data is quoted) is virtually the same as that for R and R =™, This

OnrmliCl w74 be vent el
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Comments on Theory

For RD and RD¥*, non-lattice pheno efforts are on
good, theo. grounds based on HQS but sym breaking
is always difficult to reliably ascertain.

This is why precise lattice results esp for B=>D* are
needed.

For FCNC B=>K(*) Il, LUV tests theory is essentially
irrelevant so long as m_I1>0(1 GeV)

FCNC, B=>K(*) ll, absolute measured rates vs SM,
theory is not reliable because of serious LD, non-
perturbative contaminations

THEREFORE extremely important for expts to provide

R_Bs(phi) as well as R’s for baryonic modes.



RD(*) => RK(*)

Q«QL\LV | ™ Clwvg_@ QMMI
A (Y Ly Yerbex Hre >
N %65&24,
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NOW FEW WORDS ON MUON G-2






Classical Picture

Quantum Picture

(Dirac Equation for EM potentiaD

[iy'” (a‘“ t+ieA, ) — m]q) =0
(g-factor- _ _ _ (Larmor Precession )
' *  Spin-1/2 point particles (particle rest frame):
— q |- * Leads to Pauli Theory Y - g .
u=g 2_ S \_ * Predictsg=2 ) ;=T=g(—)§XB
\_ m \ At 2m )
Quantum Field Theory L g
® (LO WEAK)
Picture y Wiakter: W g
rAnomaIy ) (Dirac Theory) (LO QED) /_\
,=872 o=
.2 +
\" Predicts g # 2) !




Non-perturbative QCD dominates SM muon g-2

(1]

unce rta l nty- Contribution a, [x10] éa, [x1017]
QED incl. 4-loops + 5-loops 116584 718.86 | 0.03
Largest source of SM error [—>(hadronic LO VP 6 894.6 32.5)
hadronic LbL 103.4 28.8
Op’glcal Theorem : Hadronic HO VP -87.0 0.6
Im IT,..4(q°) Opnaa(q) 2 | Weak to 2-loops 153.6 i e |
’
Theory 116591 783 43
— « y (Had) Experiment 116592091 | 63
p g e B The. - Exp. (4.00 difference) | -306 76
state cross section 2
. had. LOVP _ alny = dS R . [% ;
Analyticity a, = , 5 448 A
| 3 4m- o
y & '7[ T LS

for low energies

Optical Theorem [Can obtain from data}\

(LO HVP)

R(S) ) ()'(e+€_ o hadrons)
ole*e=dup) (4]7:&2 / 35)
[at tree level ]/ x> (1 — x)

(38
[Amplifies Tow energy]/]< (S) mi fo . X+ (S / mi ) (1 — x)

o(e*e=>»hadrons) 4

[1] F. Jegerlehner, arXiv:1804.07409 [hep-ph].



BNL muon storage ring was moved to Fermilab.

UL Map | sat | Ter

b A
[1] C. Polly, GM2-doc-4096 32
[2] C. Polly and E. Swanson, GM2-doc-4284



Tensions in Experiment

NU-CLEOc

e KLOE-KT %_.

BESII

® BABAR %‘-

. SND

L]

o CMD-2

I 1 i |
¢ 360 370 380 390

a,7(0.6-0.9 GeV) (10°"°) [Davier, KEK (2018)]

R-ratio data for ee — 7 exclusive channel, /s = 0.6 — 0.9 GeV region
Significant tension between KLOE and BABAR
Other experiments not precise enough to favor either

Avoid tension entirely by computing precise lattice-only estimate of a,'jVP

Use lattice QCD to inform experiment, resolve discrepancy



Error Budget RQ’C"“KG@/fRL 20/$

a, 7 conm wosen 902 9(1.4)5(0.2)c(0.1)v(0.2)a (0-2)z 649.7(14.2)s(2.8)c(3.7)v (1.5) (0.4)2(0.1)5as(0. 1) 56
gt conm, { bowla 27 0(0 2)5(0.0)c(0.1)A(0.0)z 53.2(0.4)5(0.0)c(0.3) A (0.0)z
& comm Bsespin 1 3.0(0.0)s(0.1)¢(0.0)z(0.0)m 14.3(0.0)s(0.7)c(0-1)z(0.0)m
g, % diac, isoapin .0(0.1)5(0.0)c(0.0)v(0.0)A(0.0)z —11.2(3.3)s(0.4)v(2-3)1
q,QED: conn 0.2(0.2)5(0.0)c(0.0)v(0.0) 4 (0.0)2(0.0) 5.9(5.7)s(0.3)c(1.2)v(0.0)A (0.0)z(1.1)g
auQLD dise —0 2(0.1)s(0.0)c(0.0)v(0.0)4 (0.0)z(0.0)e —6.9(2.1)5(0.4)c(1.4)v(0.0)a (0.0)z(1.3)e
a,™" 0.1(0.2)5(0.0)c(0.2)v(0.0)A (0.0)z(0.0) pas 10.6(4.3)s(0.6)c(6.6)v (0.1)a (0.0)z(1.3)Eas
a, " O 931 9(1.4)5(0.2) ¢ (0.1)v(0.3)a (0-2)2(0.0)m 705.9(14.6)s (2.9)c:(3.7)v (1.8) (0.4)2(2.3)1.(0.1) pas
(0.1)g64(0.0)m
a, 3D SIB 0.1(0.3)5(0.0)c(0.2)v(0.0)A (0.0)z(0.0)£(0.0) gas 9.5(7.4)s(0.7)c(6.9)v(0.1)A (0.0)z(1.7)&(1.3) Eas
a,orete 460.4(0.7)rsT(2.1)RSY
Ay 692.5(1.4)s(0.2)c(0.2)v(0.3) A (0.2)z(0.0)£(0.0) as 715.4(16.3)s(3.0)c(7.8)v(1.9)a(0.4)2(1.7)e(2.3)L
(0.0)5(0.1)c(0.0)5(0.0)5(0.0)m (0.7)rsT(2.1)rsY (1.5)E45(0.1)E64(0.3)5(0.2)c(1.1)5(0.3)5(0.0)m

TABLE I. Individual and summed contributions to a,, multiplied by 10'°. The left column lists results for the window method

with tg = 0.4 fm and t; = 1 fm. The right column shows results for the pure first-principles lattice calculation. The respective

uncertainties are defined in the main text. [BI um et al., (2018)]

Full program of computations to improve total uncertainties:

Reduce statistical uncertainties on light connected contribution

P
» Compute QED contributions
» Improve lattice spacing determination
>

Finite volume and continuum extrapolation study
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(97, o 0ff P Ll

[
TMC 2013 | — . - i
iuﬂ\f HPQCD 2016 |- —t+H— |
[ Mainz 2017 |-+ t — =
he BMW 2017 | ] CLehen
BC/UKQCD 2018 |- ey | L s»L
RBC/UKQCD 2018 |- <« Rbt-
LMNT 2011 |- - | kP
[\ DHMZ 2012 |- HEH 1 PY%ERID
£ L DHMZ 2017 |- M _
Jegerlehner 2017 | HEH -
NT 2018 | = { LA, wa
No new physics |- | 1 | 1 J|—l—1l - W{T/ﬂﬂ"

610 630 650 670 690 710 730 750 BY TBLM

a, x 1 0'° /\/aobq
SummARY: C- LEHNER (BNL uhitecpNL

e latticd result so that it can distinguish

the “no Lew ysics” results from ghe clyster of precise R-ratio results.
[
Lumc Qm\(mw\, 0}/0?]}&
t Il; soni-BNL
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Personal take on g-2

If you take pheno estimate of hadronic VP
contributions via use of R-ratio method
deviation for BNL-expt ~3.6 o so likely culprit is
under-estimate error on theory of around »2%;
though recently RBC-UKQCD lattice hybrid
method finds support for this pheno estimate

Need to wait on pure lattice result after another
factor of 4-5 reduction in error, may take
another ~2 years

By that time improved experimental results
should also become available

Final verdict may need another 2-3 years



Fermilab Muon g-2 Experiment publication plan:

* 3 generations of a, publications

— ™~2 x BNL data (~400 ppb) collected in FY18 with 2019 publication goal %/
— 5-10 x BNL data (~200 ppb) collected over FY18+FY19 with 2020 publication goal ... caveat that we now
enter unknown regime

— 20+ x BNL data (~140 ppb) collected by end of FY20 with 2021 final publications goal

*  Muon EDM and CPT/LV physics results in at least two generations d
3“a, pub
. 2" a pub |
1**a, pub !

cv1s 20 )

2 caveats to publications plan:

*  BNL publications lagged 2-3 years behind acquiring data
— Understanding systematics and fixing for next run take priority

— However, we benefit from BNL experience and analysis tools much more advanced

* Likely 2020 running will be required to complete p* statistics
Fermilab Accelerator Experiments' Run Schedule

FY 2017 FY 2018 FY 2019 FY 2020

NuMI

BNB

|Muon Camp

SY 120

22




POSSIBLE CONNECTION OF G-2 TO
OTHER FLAVOR ANOMALIES



MUON MAY NOT BE JUST A HEAVY
ELECTRON: KILE, KOBACH AND AS

RO



Table 1
Constraints on lepton-flavor violating and conserving processes.
For the last four obserlables, the experimental null results are

given in terms of a dimension-6 operator, suppressed by two or- K,‘l f k’ﬂﬂ C"
ders of A, which can be interpreted as the nominal scale of new /
physics. *ﬁ S
Observable Limit FK 020 ’{
Br(jt — 3e) <1.0x 10712 [1] I
t Br(;t — ey) <5.7x 10713 [1] \y
]:Stﬁmm. Br(t — 3e) <2.7x 1078 [1] SW
6 Br(t e putpu™) < 2T v T ]
. Br(t —» et~ ) <l 1072 )
&mSl‘hV‘ Br(z — p—ete) <1.8x 1078 [1] 5'—
Br(t — ute~e™) <1.5x 1078 [1] m ‘
“ Br(t — 311) <2.1x 1078 [1]
,{—' Br(t — uy) <4.4x 1078 [1] o
Bi(T — ey) <3.3x 1078 [1] . n
(3,2) JA—e conversion AZ 103 TeV [5] *ﬂ
- My ete” > ete™ A 25 TeV [3] \Iﬂ\m
ete”™ = utp~ A 2 5TeV [3]

:}—w*r AZ4TeV [3] 4‘&
AV | PR ) 10 L NP

To- - ¢ ALD pyeR ey Y
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MODEL INDEPENDENT IMPLICATIONS OF RD(*)
ANOMALIES FOR [LHC] COLLIDER EXPERIMENTS

47



* In a nut-shell B-experiments seem to find
anomalous behavior in the underlying b=>c tau nu

* This necessarily [by XSym] implies there should be
analogous anomaly in g+ ¢ => b tau nu...=>pp =>
b tau nu

* Thus it immediately leads to inescapable search
channels for possible NP at the high energy
frontier for ATLAS & CMS and these are urgently
urged
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Implications of anomaly for colliders

At low energies, the effective 4-fermion Lagrangian for
the quark-level transition 6 — c¢77 in the SM is given by

—Log = 4@\2@, (&7 Prb) (Fy* Prv-) + Hee. <4>5'n"
6 0fS
‘' E 5 M) i
\/ é‘ Ovp, = (@"Pr.rb) (Ty.PLV) (5)
gl & 0Os.. = (@Prib) (7PLy) (6)

Op = (o™ Pph){Ta e, Prit) » (7)
S e
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Backgrounds and such

 Anomaly implies BSM signals in pp=> b tau nu..with tau
=> | + nu’s....FOR ATLAS, CMS!

* There is SM contribution too[though suppressed by
Vcb~0.04] but in addition there is potentially a huge
background from W+j with about ~T% misidentification

of light jets as b’s...At 13TeV, SM+BG (with cuts)XS=1.5pb

 signal XS for Vector (scalar) case for A/[1TeV]~ gNP~1 is
about 1.1(1.8)pb @13TeV ...With 300/fb may b probe to
~ 4TeV ...Moreover, distinctive kinematic distributions
can b exploited with say pts=T00 GeV, Mbl>200 GeV to
enhance searched for higher mediator massesJ S Te v/



Xsymm implications of anomalies for colliders pw/

Ry« ANOMALY: A POSSIBLE HINT FOR ... PHYSICAL REVIEW D 96, 095010 (2017)
m SM m Vector = Scalar m SM m Vector = Scalar
10000 [T T T T T 10000f
@8 @8
2 8000} 2 8000}
(0] [
@ i
S 6000} 'S 6000}
8 [ 8
= 4000f = 4000}
E r £
S 2000r S 2000}
0 : : = 0 Ly
0 200 400 600 800 1000 0 200 400 600 800 1000
P (GeV) o4 (GeV)
m SM m Vector = Scalar m SM m Vector = Scalar
10000+ 10000f
8 @8
2 8000} 2 8000}
(0] [
@ ! O
S 6000} S 6000}
8 I
= 4000} = 4000}
E €
S 2000t S 2000}
0 . 0 —
0 500 1000 1500 2000 0 200 400 600 800 1000
My, (GeV) MET (GeV)

FIG. 1. Normalized kinematic distributions for the pp — btv — b& + Fr signal and background.

EXPECT DISTINCTIVE NP CONTRIBUTIONS IN COLLIDERS
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ILLUSTRATIVE EXAMPLES OF BSMS



Minimal Leptoquark Explanation for the R,.,, Ry, and (g — 2) » Anomalies

Martin Bauer' and Matthias Neubert™

We show that by adding a single new scalar particle to the standard model, a Te V-scale leptoquark with the
quantum numbers of a right-handed down quark, one can explain in a natural way three of the most striking
anomalies of particle physics: the violation of lepton universality in B — KZ ¢~ decays, the enhanced

B — D"z decay rates, and the anomalous magnetic moment of the muon. Constraints from other precision
measurements in the flavor sector can be satisfied without fine-tuning. Our model predicts enhanced

B — K" up decay rates and a new-physics contribution to B, — B, mixing close to the current central fit value.
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leptoquark interactions follow from the Lagran;gian
‘C(/) - (D,L{d)).;‘D,L(d) - M(zf)‘(/)|2 - gh(/)|(I)|2‘(/)|2
+ QAMit, Lop* + G R egp” + H.c., (3)

where @ is the Higgs doublet, AXR are matrices in
flavor space, and ¢ = Ci! are charge-conjugate spinors.

) —V ¢ —— f
o 5 ) — ’
: ; 0
'i ¢ (s) 'i u
™ (v) "
FIG. 1. Tree-level diagrams contributing to weak decays. FIG. 3. Loop diagrams contributing to (¢ - 2)” and 7 -
W ¢
H avava e S S —— —
v t v L
---------- h o — ]
b ) M ) p

G. 2. Loop graphs contributing to » — su™ u~ transitions.
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ANOMALY: POSSIBLY A HINT FOR
(NATURAL) SUSY-WITH RPV



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 3 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 [and respectable]

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

ANTA NI PN — - O.-':‘-~ + O‘
H k
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FIG. 2. RG evolution of the gauge couplings in the SM,
MSSM and with partial supersymmetrization.
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For addressing RK(*) in RPV, see e.g. Das et al , 1705.09188

|
|
|
£
|
|

FIG. 1: Representative diagrams for b — st~ transition in R-parity violating interactions.

g-2 with RPV has a long history, see, e.g.Kim, Kyae and Lee, PLB 2001

e £ PLTRONNSWOFER ¥DEVA AS) aeexomiming wp i i LighE of
et L pmowalion  WORK |N P gness
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13.9 Summary

BABAR Py Buk /4

Table 13-6. Model-dependent effects of new physics in various processes.
CP Violation DO-DY
Model B9-13" Mixing ‘ Decay Ampl. Rare Decays Mixing
MSSM O(20%) SM No Eftect B — Xy—vyes No Effect
Same Phase B — X, 0"1l” —no
SUSY — Alignment 0O(20%) SM O(1) Small Effect Big Effect
New Phases
SUSY - O(20%) SM o) No Effect No Effect
Approx. Universality New Phases
R-Parity Violation Can Do Everything Except Make Coffee ?/
MHDM ~ SM/New Phases | Suppressed B— Xy, B— Xe17 Big Effect
2HDM ~ SM/Same Phase | Suppressed B — Xy No Effect
Quark Singlets Yes/New Phases Yes Saturates Limits Q=2/3
Fourth Generation | ~ SM/New Phases Yes Saturates Limits Big Effect
ILRM-V; = Vg No Effect No Effect B — Xv.B — X,I7 ]~ | NoEffect
-V # Vg Big/New Phases Yes B = X,v,B = X,I"1~ | No Effect
DEWSB Big/Same Phase No Effect | B — X/, B — X — svv | Big Effect

though in many cases further data may limit the available parameter space. In the more exciting
eventuality that the results are not consistent with Standard Model predictions, the full pattern of
the discrepancies both in rare decays and in C'’-violating effects will help point to the preferred
extension. and possibly rule out others. In either case there is much to be learned.
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CONSTRAINTS: TIGHTENING EXPT’S
NOOSE AGAINST SPECIFIC MODELS



The wealth and power of the
experimental data

* Our version of RPV3 ability considerably
clipped

* And potentially may face trouble



constraints
+ Direct searchesvia pp — bb — THT Tt

Indirect constraints considered due

Also B, =>Tv....

To a/c (within 10) of expt for RD(*) needs largish A’333 ~1 — 2 range
with quite heavy sbottoms but such large couplings develop landau

pole below GUT scale.We require couplings stay perturbative below
GUT so with A’333 <1,

— TAKE HOME: This version of RPV is actually (surprisingly) well
constrained

— With improved measurements RD(*) in RPV3 may be difficult
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N BoKwy /4 Bonmw ™ R, +Rp B B B directsearches
N Zcouplings 7 tdecays

Asig=Ngzs=0 B =0, Bz =000

500 600 700 800 900 1000 500 600 700 800 900 1000

mi. (GeV) mi (GeV)

N335 =09, A5, =0.01

M35y =09 ; A5p4=-0.05

500 600 700 800 900 1000 500 600 700 800 900 1000

m; (GeV) m; (GeV)
R R

FIG. 3. RPV parameter space satisfying the R (., anomaly and other relevant constraints.
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B-Kvy Bonvy ™ R, +Rp B B n dircclxcurchcs))

N Zcouplings 7 7decays
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FIG. 3. RPV parameter space satisfying the R . anomaly
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ALTMANNSHOFER, BHUPAL DEV, and SONI ?R’D 20171
0.40F | i ' i

] HFAG dec2016
-, R — ; RD=.403+-
_ oS ' .040+-.024

RPV3 allows
RD=(.254-.371)
RD*=(.220-.320)

Contrast Fuentes-

o2 030} y |
Martin: R HFAG

RD*=.310+-
.015+-.008

OF LHCb 06/06/17
RD* 0.305
04 05 06
RS Ensured that all RPV3 couplings

o _ stay perturbative up to GUT
m FIG. 4. The SM predictions (red), experimental world average

(green), and accessible values in our RPV-SUSY scenario (blu)

p@i:gf ‘0! (.,/ in the Ry vs. Rp- plane. For the SM, bearing in mind recent

N works [17,20,22] we are taking (R}M, R3M) = (0.299 +0.011,
§ 0.260 £ 0.010).

region obtained by scanning wit

sbottom mass 680-1000Gev, 0<A333<2;|A323|<0.1;|A313|<0.3
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A NEW WAY TO TEST LUV IN THE
BELLE-II ERA [LHCB?]



Testing LUV in the era of Belle-II

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

Toru lijima @

S SuperKEKB/Belle |

New intensity frontier facility at KEK

C a}ﬂo * Target luminosity ; Lpeak = 8 x I035cm_-2s-I
: = ~|010 BB, T*T- and charms per year !

Shoj Line > 50 ab"

Peak Luminosity Trends (e+e- collider) SuperKEKB

10%
" 40 tims bigher /] New phys.cs discover

- luminosity KEKB Lpeak (KEKB) t t |[ y | th yh
- e potential is no less than when
i — | we moved
i ] f From Tevatron to LHC!!!

200 xuo A0

e

The first particle collider after the LHC !

~



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...

Weihai Lecture Il; soni-BNL
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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
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Role of lattice esp in FlavPh and in CP searches

* For RD Fermilab/Milc with error ~4% most reliable to date [but
needs QED rad corr] ..our[RBC-UKQCD] will be completing soon
Bs=>Ds and Bs=K semi-lep form factor...R-ratios to an excellent
approx same as B=D, pi

* Delta mK, epsilon_K[LD], rare K decays..concrete examples where
new technique for handling matrix elements of non-local
operators suitable for calulating LD contributions developed by
RBC-UKQCD. How to extend this to havier heavy-light systems.

* This talk illustrates with a simple example that becomes relevant
in the high luminosity days of Belle-Il and possibly for LHCb



Bit more on lattice

Should be recognized that w/o input from the lattice its highly
questionable if experimental measurement from B-factories
alone could have achieved the current precsion of the Unitarity
test for the KM mecanism of CP violation.

That is of course the past

Clearly QCD is [will be] an integral part of SM [BSM]; there is
no escape

With the anticipated larger data samples from Belle-ll and LHCb

[upgrades] + constant improvements in lattice calculations we can
be sure that precise determination of numerous entities will
continue so that more stringent tests of the SM and more
powerful searches for BSM can be performed
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Advances in lattice techniques

Xu’s talk ...~6 years ago, RBC-UKQCD developed new
methodology for calculating matrix elements of non-local
operators

[Almost] Every Weak Interaction loop in SM has some non-local. non-

erturbatjve contribution and it escapes usual OPE §
P -L*ﬂ,a‘ D P (‘” ) O\T {w
iy R Ktsrtyy i
S~
By now RBC-UKQCD has studied 3 examples : 1. A mK; 2. eK_ LD A 5,/
3. Rare K-decays N\ &£/, PELY.

=>in O(6 months) error on A mK will be reduced to 15-20% for the

15t time and thus we’ll have a new observable to test the SM

Bearing in mind Belle-ll and LHCb [upgrades], slowly we are now
making attempts to extent applications to charm and B-physics

Weihai Lecture Il; soni-BNL 73



LD processes and bilocal matrix elements from LQCD

Hadronic matrix element for the 2"9-order weak interaction

[ e (T [0u(1)0x(0)] 1)

_ Z{ floil\/‘/ (117_:|02|i) N <fo/2\/|/r.])_<201|i)}(1_ e(Mi-EnT)

@ For E, > M;, the exponential terms exponentially vanish at large T

@ For E, < M;, the exponentially growing terms must be removed

Euclidean time = exponentially growing contamination |

10 /27



Testing LUV in the era of Belle-I|

Il. On the lattice technical front, RBC-UKQCD collab 6/ Ds = J@X

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 oo\,El QA/”‘) AS

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

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

[6:76 ﬂﬂ(ﬁ@ﬂéﬂ AV 0°
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Radiative leptonic decays of heavy-light mesons

Nom- b /V " "

(Rec-uked ) \
gam, iseng 0 S/ - |Eh DOMINANT
K j&i‘) S (,.;)"7’”
ékm)(\.) g,/b/ " f CO’V\'t'/\l
HY PERFINE
kf'?j’:’):?/ *u U N+ b | Toow s | ko™

C'QZS&AOM-{'XAFT S.h-. ‘-\-'-r'i_%’)_‘)/PRL—'lo,\?-/
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Radiative leptonic decays of heavy-light mesons

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

In contrast, the 3-body final state such as Ds, B+ => | nu gamma
are important corrections to pure leptonic decays | + nu have
whose importance 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 the naive quark model [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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Fig. 2. B — £~ by normalized energy spectra are shown. Solid line is for the photon energy,
the dashed is for the neutrino energy (which is directly related to invariant mass o

dashed curve represents the neutrino energy spectrum while the dash-dot curv
lepton energy since in this case the roles of the lepton and neutrino are reversed.
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The radiative leptonic B-meson decay amplitude!

_ GrV, _— B _
A(B™ = ylig) = Fﬁ“%emwv(1—va)ufuvy(1—va)b|13> (2.1)

can be written in terms of two form factors, Fy and Fj, defined through the Lorentz
decomposition of the hadronic tensor

Tou(p.0) = =i [ d' P QT {5 (@) a0, (1 = WO} B (p+ )
Uy Uy
(pv)
Here p and q are the photon and lepton-pair momenta, respectively, so that p + ¢ = mpv

is the B-meson momentum in terms of its four-velocity. In the above ji, = 3 q €q97nq I8
the electromagnetic current. The v,v, term is fixed by the Ward identity [9, 17]

= urpp V' Fv + z'[ — gu(pv) + Uﬂ]),,]FA -1 femp + py-terms. (2.2)

( a[w) D‘:'S(b

Bereke etad
90964943 o

PTw = —ifpmpu, (2.3)
10 1 GeV
Ao 0.291552 GeV as(j0) 0.348929

0 (1.5 £0.5) GeV M mp/2 =+ 2my,
my, (4.8 £0.1) GeV A mpg — my

AL/ 0.5+0.1 20 + A, (0.25 £ 0.15) GeV?
50 (1.5+0.1) GeV? M? (1.25 £ 0.25) GeV?

(@u)(po) —(240 £ 15 MeV)?
mp 5.27929 GeV mp 0.77526 GeV
Gp 1.166378 x 1075 GeV~2 B 1.638 x 107125
s (1920 £4.3) MeV [23] | [Vp|™ | (3.70 £0.16) x 10~2 [24]

7£S- GENONM

/03

% den- e

Table 1. Central values and ranges of all parameters used in this study. The four-flavour Aqep
parameter corresponds to ag(mz) = 0.1180 with three-loop evolution and decoupling of the bottom

quark at the scale my,.
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On the lattice

* On the lattice this calculation of B* [Ds’]=>l vy is rather similarton® =>2
v [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



| . /‘f Em &
M (py, pe) =i / d*xe™(0| T{j,(x)j,(0)}|7°(q 7Em (1)
Nm’[s 5uua3P1P2 Tr;/(m P1 Pz) ) (2)
Pz (u) Y £ 2
: h:’ E ] \&7 c\f (Em /T?l( o’ ‘W‘ﬂ'”Z

M (pr. o) / dixe {Z [ dte B 1015, (0)1m) ()1 )

+Z / B0, 5 ) 0 ) (7)
‘JM( pl)‘7r ( )> <,__;

n - , 0 P

t —{00ju(=P1)Im)(lj,,(0)|7"(q)) . - (8)

with j,(t.X) = e, (X)e M, E, = E, - E, 4, Hn) = E,[n), and

i, (5) = / o™, (%) 9



M) = [P e 0T 505001 ) (10
-3 [t 0 0 )
+3) / S B O ()
)51

_|_

~Pa[n) (nlj, (0)"(q) . (12)

with Euclidean j,(t,x) = e"j,(X)e™™ and where both integrals converge as long as

—E < w < E,,. With this restriction of domain of 442; we can therefore relate Mmkowskl
and Euclidean space

_—

Mmink _ Meucl . (13)
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fvs t2 A,";z.- t1- —P1

| | | |
’}Li-tl-_l-j ’}5-t7r-€l ’}i/-t2 Q '\/5-t77-61
1 |

Figure 1: 7° — ~7 diagram A (left) and B (right). There are additional disconnected

diagrams not yet drawn here. ﬁ_

-

L —i/d“xeip"(OlT{jp(X)J’fV(0)}\3_(P +Q)) (19)

v, Y
—-‘ b u V\/ u u
Yu t1, —P vs.te, P + Q Wt vs,te, P + Q

b b

Figure 3: Radiative leptonic B decay diagram A (left) and B (right). There are
additional disconnected diagrams not yet drawn here.



C some lattice
Details in back pages

0.25 = | T | A{JII-T’_ILQ/_,L\/

pz | S - vs5.tp, P+ @

0.15

01t . . ,i) 1'\35“, J

0.05 | }
1

O+ + + + + + + + + = Tf€5+++++++['v‘O(\)(%‘
tB-’$2=12, u=3, v=3, FliagramA, P=(0,|0,0), Q=(0,0,0) F—— DNL’Y S-C\T“j—\’ 4

-0.05 Y
-10 -5 0 5 10 S) 'F”‘\a
Show 3" e "PX(0| T {j. (X, t1); (0, t2)}|B~ (P + Q)) for m; = 139
~ -1 _ .
MeV, mp ~ mp, a - =1.73 GeV/ M'DNF, ms: "")L:'-?{ ’C:O)j

A9%9C
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0.25

0.2
0.15

mi“' DSS 3
Mﬁe‘:ﬁ;’m 0.05

-0.05

—+ + + + + o+ + + =+

1
T

==

tgt,=12, u=3, v=3, diagram A, P=(1,0,0), Q=(-1.0.0)
| |

b

Vs B2 —-P

b

”p5-?‘13-13+é

T oF o+ o+ o+ 4+ +

—t—
]

-10 -5

0
ty -t

5 10

2 2P rgutle §

£ Moy Pac Seq of

Chiyvre, Strm¢
\\uv.\bv 'ttm })bQ

(«kw\m-v

T R™O

Show Y. e~ PX(0| T{j. (%, t1);Y (0, t2) }|B~(P+Q)) for m; = 139
MeV, mg ~ mp, a ! = 1.73 GeV
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0.4

0.35

0.3

0.25

0.2

0.1

0.05

-0.05

-0.1

=

L R TR N

= I F = f ; z £
tgt,=12, u=3, v=3, diagram B, P=(0,0,0), Q=(0,0,0)
| | | | |
-10 -5 0 5 10
t1't2

Show 3z e~ PIX(0| T{ji.(%. t1)jV (0, t2)}| B~ (P + Q)) for m, = 139
MeV, mg ~ mp, a—! = 1.73 GeV
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0.3 ,

0.25

0.2 |

0.15 |

0.1 F

0.05 | {

OEHHHH o et of

-0.05 |
-0.1

-0.15 | =

tB—t2=12, u=3, v=3, diagram B, P=(1,0,0), Q=(-1,0,0) +—+—
0.2 L | | |
-10 -5 0 5 10

t-t

Show ", e "PX(0| T{ju (X, t1);Y (0, t2)}| B~ (P+ Q)) for m, = 139
MeV, mg ~ mp, a1 = 1.73 GeV




ANOTHER CLASS OF IMPORTANT
TESTS IN THE ERA OF BELLE-II
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Belle Il will push many limits below 107 :

LHCb, CMS and ATLAS have very limited capabilities.

LHC high pt: The modes t=>uy and T =2 u h+ h-
provide important coriStraitits'on H—->ur o
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LFUV WiTHBOs—= K*0 p+p-

+ Heavily suppressed b — dll transition in Standard Model _
arXiv:1804.07167,

_ iti in BO
complementary to b — sll transitions in B% decays RUN 142, 4.6 fb-
« Evidence of 3.40 (38 + 12 events) consistent with prediction W
OI\'G B(B?— K*utp™) = [2.9 £ 1.0 (stat) £ 0.2 (syst) & 0.3 (norm) .
coéRens 1yl © PF
Sk LHCb ]
% 25 ¢ Data -
S ] 2 — Fit
BLI K* o 20 B =Kt
b ‘ { ' d = B —= K utu-
' ' ' : 15 || Ab —=pK utus
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’ Z/ B 2 10 .
H = A
= 35
<
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- Angular anaIySIS with upgraded LHCb detector s 7 ) [Mew‘" ]
- SenS|t|V|ty with Run3 possibly better than current B4 measurement
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Near future outlook

LHCb has so far only used Run 1 data
Plenty more data from Run 2 available but needs to be analyzed

Belle-ll with large amount of data and some new important channels
starting about a year from now

Expect better experimental results on RD(*), RK(*) including additional
channels relevant for LUV in the coming 1-3 years.

Improved theory calculations for RD(*), off and on the lattice anticipated
in < 1year

Lattice g-2 improved results will continually come perhaps once/[6
months] for next several years....global effort including a lot from our
RBC-UKQCD

Fermilab g-2 new results in ~ < 1 year and then more in the foll 2-3 years.

Improved lattice results for eps’ from our RBC-UKQCD in a few
(O(6))months



Summary
e Although over 3 sigma anomalies in each class of sl cc, fcncand in g-2 ; DO
NOT THINK as yet THESE PROVIDE COMPELLING EVIDENCE FOR LUV

* In each case have reservations....A plausible resolution may well be few
exptal results suffer from few sigma fluctuations and also possibly
underestimated theory errors....

* Need improvements in theory and even more so in expt. For example for
RD(*) possibility of appreciable systematic difference between tau => | nu nu
and tau => hadrons + nu must be removed..This requires more data

e Belle-ll, Lhcb-Run Il [upgrade] and new Fermilab g-2 expt[X2BNL already!]
are all very timely

e Esp. Belle-ll, huge new gorilla for searching NP
* Therefore should think of lattice calculations to facilitate “old/new tests

in addition to improving accuracy of traditional FF calculations in sl cc and
FCNC

* As a simple example suggest Ds, B+ => tau/l nu gamma a distinct and
powerful avenue to test LUV (and CP) for tau/mu/e many ways

* Direct CP null tests,K, D, B =>pi+ pi0; SM prediction needed from lattice

« D, B=>pi[K] Il diff rate[high m_IlI] and dir-CP; again SM prediction needed
from lattice; experimental measurements will be useful to motivate theory
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- PHYSICAL REVIEW D VOLUME 32, NUMBER 9 1 NOVEMBER 1985

Application of chiral perturbation thery to K — 2 decays »

Claude Bernard, Terrence Draper,” and A. Soni
Department of Physics, University of California, Los Angeles, California 90024

H. David Politzer and Mark B. Wise
Department of Physics, California Institute of Technology, Pasadena, California 91125
(Received 3 December 1984)

Chiral perturbation theory is applied to the decay K —2. It is shown that, to quadratic order in
meson masses, the amplitude for K—27 can be written in terms of the unphysical amplitudes

K —m and K—0, where 0 is the vacuum. One may then hope to calculate these two simpler ampli-
fiides with lattice Monte Carlo techniques, and thereby gain understanding of the AI =-;- rule in K

decay. The reason for the presence of the K—0 amplitude is explained: it serves to cancel off
unwanted renormalization contributions to K—m. We make a rough test of the practicability of

which does not require a determinatign of the quark masses.

i oy Jrippu D T

these ideas in Monte Carlo studies. We also describe a method for evaluating meson decay constants 0 7m
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PHYSICAL REVIEW D VOLUME 56, NUMBER 1 1 JULY 1997

/V] d:\v a‘(’d (:j W 6\’\@ QCD with domain wall quarks ’ S+ 51?1\ “Lt./m
% 1
04“’ y 3& S h(NYNN Department of Physics, Brooll;jm}i!:::u;\(af?iﬁrﬁnﬁ::mrj; Upton, New York 11973 w(h @ u @

(Recerved 27 November 1996)

O" .g }\ o\ (\‘)' R“ We present lattice calculations in QCD using Shamur’s variant of Kaplan fermions which retain the con ’ 7 7

tinuum SU(N); X SU(N)z chiral symmetry on the lattice in the limit of an infinite extra dimension. In par-

ticular, we show that the pion mass and the four quark matrix element related to KKy mixing have the
expected behavior in the chiral limit, even on lattices with modest extent in the extra dimension. e.g,
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PHYSICAL REVIEW D 68, 114506 (2003)

!

‘ S* GM A ckﬁ\, Kaon matrix elements and CP violation from quenched lattice QCD; The 3-flavor case é
T. Blum,' P. Chen,” N. Christ” C. Cristian” C. Dawson,” G. Fleming,** R. Mawhinney,” S. Ohia,*' G. Siegen.” A. Soni? 2 V é

QJD u] P Vot M, Winge,* L, Wod d Y, Znesow \’9 ﬂ i

S %\-} RIKEN-BNL Resoarch Center; Brookhnn National Laboratory, Upian, News York 11975, USA

“Physics Department, Colwnbia University, New York, New York 10027, USA 'l . a
; Physis Departnent, Brookhaven Natonal Laborators, Upon, New Yok 11973, USA 0 ¢ M
h \K\ ’b \A Q *Instinge for Particle and Nuclear Studies, KEK, Tduda, Iharaki, 3050801, Japan

SIBM Research; Yorktown Heights, New York 10598, USA

(Received 19 July 2002; published 30 December 2003) N l\) '
We report the results of a calculation of the K— 7 matrix elements relevant for the A7=172 rule and €'/¢ bl’) g'O‘ﬂ/\S .

in quenched lattice QCD using domain wall femtions at a fixed lattice spacing ¢ ~'~2 Gk, Working in the

F \W\d : three-quark effective theory, where only the u, d, and s quarks enter and which is known perturbatively 1o
D \"3 WN"‘ next-Go-leading onler, we caleule the lawice K- and K—{0) matrx clemems of dimension six, four-

fenion operators. Through lawest onder chirul perurbadion theory these yield K— 7 matrix elements, which

’ \\ we then nommalize (o continuum values through a noaperturbative renomalization wochnique, For the mtio of T 7
C\\'\\ S‘ mﬁ,\o \ jsospin amplitudes | Ag|/|4, we find a value of 25.3+ 1.8 {statistical emror only) compared to the experimental J g. t~
(Jl" \

) vahue of 2.2, with individual isospin ampliwdes [066-20% below the experimental values, For ¢'/¢, using

& PS S known central values for standard model parameiers, we cakeulate (—4.0£2.3)X 10™* (siatistical emor only)

compared to the cument experimenial average of (17.2:+1.8) 1074, Bocause we find a. lange cancellation [
between the /=0 and /=2 coniributions (o €'/¢, the result may be very semsitive (o the approximations w\ L D
employed, Among thess ane the use of quenched QCD, lowest order chiral partumbation theory, and continuum
’ perturbation theory below 1.3 GeV. We also cakeulae the kaon B parameter By and find By 75(2 GeV)
q% -—'\p> =0532(11), Although currently unable to give a reliable systematic emor, we have control over statistical
N errors and more simulations will yield information about the effects of the approximations on this first-

2Bl Collabomitom | %ﬁﬁgg (T
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ABLE XLIX. Our final values for physical quantities using
one-loop full QCD extrapolations to the physical kaon mass (choice

2) and a value of ©=2.13 GeV for the matching between the lattice
\(\I Q and continuum, The errors for our calculation are statistical only, 2=

g é uantity Experiment This calculation
\i:ﬂy (statistical errors only)
- ﬁrﬁo(cev 3.33x1077 (2.96+0.17)x 1077
NI A(GeV) 1.50x 1078 (1.172+0.033)X 1078
o 222 (25.3%1.8)

Re(e’/e) (153+2.6)X1074(NA 48)  (—4.0+23)x10™*
(20.72.8) X 10" {KTEV) N

W MsONE e
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Direct K-> 7irr (a la Lellouch-Luscher), using finite fa M;t
¥ 59“
volume correlation* functions, [ o W/O ’MSW;

ChPT] RBC initiates around 2006 ™3
C Ny b M,[ \M)w& )EMW’

* Allows to bypass Mai-Testa theorem 1
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Results for
e e f my
- Using Re(A ) and Re(A ) from and/our lattic value for QC

PRI m(A andthephas shifts © SK-""D

0) 2) © ’
R ¢ R iwe'27%) [TmA,  ImA, LARGE
¢ (g) = e{ /- |:R€A2 - ReAOH CANCELLATION!!

RBC-UKQCD PRU15 = —
EDITOR’S CHOICE 1'38(5'15)(4@ x 1077,
16.6(2.3) x 10

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

e The continuum and our lattice
determinations of strong ph
it P]““S '

= (5+W < JZH K P{
Ot = =0pT—=
.o olbioB 2«
S CS [
¢€\.*|1 to R “KO

Fortunately, due to the central value of the combination
dy — g + m/2 — ¢ and to the large uncertainties in the
determination of the various matrix (lumnts these two
choices \ ield almost identical results; fe

Lener, Lgmas 3, 508-080]




~ek ending
PRI. 118, 022002 (2017) PHYSICAIL REVIEW LETTERS 13 TANUARY 5017
Isoscalar zzr Scattering and the & Meson Resonance from QCD ,
Raul A. Briceno.'"" Jozef J. Dudek.'? " Robert G. Edwards."¥# and David J. Wilson™¥
(for the Hadron Spectrum Collaboration)

180

150 mL = 391 MeV

120
m, = 236 MeV

5o 90

expt.

60} B }

0 ] ] ] ] ] 1 ]
0.01 0.03 0.03 0.07 0.09 0.11 0.13

p? | GeV?




fbCA%0D PRI 20k

TABLE II. Representative, fractional systematic grrars for the

individual operator contributions to Re(A,) and Im(A). lﬁWa. X
¥ 20

Description Error Description Error V( 4 &
“’_ﬁ Finite lattice spacing ~ 12% Finite volume 1%

Wilson coefficients 12% Excited states < 5%

Parametric errors 3% Operator renormalization 15%6-,

Unphysical kinematics <3% Lellouch-Liischer factor  11%

Total (added in quadrature) 21%

Roy phomsetitis by Toame Wowy i 2018
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[

{gﬂ‘ 7/?» @E_‘lﬁ:‘

9 —7.12(1.90)(0.46) x 10~'*  —2.43(0.65)(0.16) x 10~'?
10 7.57(2.72)(0.71) x 107'%  —4.74(1.70)(0.44) x 10~ *?
Tot 4.66(0.96)(0.27) x 10" —1.90(1.19)(0.32) x 10~ "

i Re(Ap)(GeV) Im(Ap)(GeV) LM
1 1.02(0.20)(0.07) x 10~° 0
\,. 2 3.63(0.91)(0.28) x 10~7 0
3 —1.19(1.58)(1.12) x 10~ ° 1.54(2.04)(1.45) x 10—“-
9 4 —1.86(0.63)(0.33) x 10~ 1.82(0.62)(0.32) x 10-”
5 —8.72(2.17)(1.80) x 10~ 1.57(0.39)(0.32) x 102 ‘} (
) ‘é‘ﬁ 3.33(0.85)(0.22) x 10~ —3.57(0.91)(0.24) x 10~ = N m’“
7 2.40(0.41)(0.00) x 107" 8.55(1.45)(0.00) x 10~
8 —1.33(0.04)(0.00) x 107" —1.71(0.05)(0.00) x 10~
(
(
(

TABLE 1. Contributions to Ag from the ten continuum, MS
operators Q;(pu), for p = 1.53 GeV. Two statistical errors are
shown: one from the lattice matrix element (left) and one
from the lattice to MS conversion (right).
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cobwmatys  —3Fypr L4 K168 bV
Re (A ) 150(4)31;&13( )sys X 10_8 GeV Systematic errors in ImAy/ReAy I8 | 64° | cont

13 NPR (nonperturbative) | 0.1% | 0.1% | 0.1%
= -0, X : , DU [ o
() 699(20)Stat(84)8ys 10 GeV NPR (perturbative) 7.6 % 6.7 % (7.6 %

Finite volume corrections 3.5 % | 3.5 % 3.5 %
10%, 12% total errors on Re, Im! Unphysical kinematics | 1.8 % | 4.6% | 4.6
™ Wilson coefficients 12.0 %|10.5 %[12.0%
Derivative of the phase shuft | 0 | 0 | 0

Total .T%113.7% 115.3%

« Systematic error completely
dominated by perturbative
error on NPR and Wilson ~2

COEfﬁClentS'. / : [ABLE XIIL: Systematic error breakdown for ImAy/ReAs.
« Future considerations:

 Higher order PT calculation w ’ LSM [ a&foﬂllﬂ M

of NPR and Wilson coeffs

« Step-scaling NPR to highe.r -lj& QW‘ N | LF‘TBE
energy scale. e’“\ D
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Dissecting 3/2 Amp on the

3.0
Simplest basic 25
step is ) '
Significantly S
different J

from
phenomenologi 0.5
cal

0.0

1.0+

lattice

$
éé §§§§
[ QQQmmmmmm°®0000®0°°° ]

0 4 8 12 16 20 A4

T (V)

| DRAMATIC
| CANCENAT m}l
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3.0

2.5

2.0

1.5

02,2 (A, t) [109]

1.0

0.5

0.0

o A7

% 0 4 8 12 16 20 24
t

F1C. 2 Contractions (1), -2) and (1) + (2) as functions of
t from the simulation at physical kinematics and with

A=24.

QCDOC 10 Tf
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2.0

1.8-mmmmm‘”““mﬂmmmmEE :
6 gl
1.6 + -
D 14f i
o 12t -
4 10 —OQ" oo, .
§' 0.8 F eeesee@eee@eeﬁgg0 -
0.6 - @ e @ -
04 F  —@ e i
02 ®|+@ Il_e_'l ] | ] ] |

0 2 4 6 & 10 12 14 16 18 20

FIG. 3: Contractions (1), -2 and (1) + (2) as functions of
t from the simulation at threshold with m, ~ 330 MeV

and A = 20.

t
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Mass depends of ReA2, AO

0™ GeV] m [MeV) my M) Redy 1% ] Redo 107 Gel %

fRL
2ol

notes

16° Twasaki
1 Twasaki

[DSDR
Experiment

) ) sml) e s 01
)6 o) e BRI 100
L) 120(L1) SIL3G0) 1385

U0 0L LY B B

threshold caleulation
threshold caleulation
physical kinematics

TABLE L Summary of simulation parameters and results obtained on three DWE ensembles,

decreases significantly as the

pion mass is lowered towards its physical
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Compare 4, and 4,/22.5

, Ay/22.5

A,

6E-08

SE-08

4E-08

3E-08

2E-08

|E-08

0

o
[
st o +
0 100 200 300 400 500

My

0 A2
mA0/22.5
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Improyﬁments in lattice €
determination underway for past ~3

ears :
* Statistics X[ >~ 5] Xow aimir[g"‘v‘cyr“w% I "{'3;)

e Systematics.....some alreélﬂ done..

. /
* EM+ isospin.... S'E‘m‘-\.o)ﬁ’ Qgiq) : jt‘k o\
* Completely diff metho%(s) C{":'y'”'
* A) excited pipi ;E%Pé“m

‘- B) Revisit Ch'BbeDS'PW /gq) LMII’D"'A'S
v LoXIT

o\ &, wLo
P.H | : LW 'Dm"@b ok

|



Bl s

EXPECTATIONS FOR IMPROVED
9‘\ INATI%A{ F IMAO IN ANOTHER
~3 YEARS......
~10/(5T),15/(sn—> 18% (TOTAL)



THANK YOU ALL!



Recent results from LHCb
PRL 118 (2017) 191801

* Updated analysis using combination of Run2 data (1.4 /fb) & Run1l data (3/fb)
- new signal isolation

— better rejection of di-hadron background due to better particle ID

- Background rejection improved using new multivariate analysis (BDT)

* Theoretical uncertainties (on V., fz.) well below statistical error

B(BY— utu)=(3.0£0.6195)x 107

s 000 Tl =
= " . q b LHCb —_— B .
Fir rvation ingl 2 ¥ =
sto_bse at'o byas.gc.a. S TS ceee B o>
experiment with7.8 ¢ Slgnlflcance >3] = S Combinatorial —
c EFE1r W e BY, — h*h" ]
0 . \ 10 l: [ mm -B(i — (K )ty =
—= - ~— E (s) 0
B(B — U U ) < 34X 10 7 15k cumis BY s p0y E
\ . _5 3 Ay pUY, X
No evidence S 10 OB Ity
S sk E
Smaller compared to Runl measurement - | I‘l‘ [;E
| LY. <IN,

. 5000 5200 5400 5600 5800 60(
m . _[MeV/e2]



CPV in charm a powerful null test

« All CP asymmetries in charm should be vanishingly small [how
small? ..Devil is in ....] AACP[pipi — KK] a case in point. Some
theorists 1%t predicted any non-vanishing

measurement would signal genuine NP. This is based on naive
thinking w/o understanding of non-perturbative effects. Consensus
now is only if its >1% a compelling case for NP

 D=>pi+ pi0 is another very interesting case.

K+, D+, B+ => pi+ pi0 are all vanishingly small....subject to
considerable non perurbative corrections —{)_
{1.2

&u‘tQED EU an #’”\A 41‘(9\ A3=0
'EAK ISo§ tor L

A, p (B+) > A, ()7 A(K) >N
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Summary+Outlook [1 of 3]

Neutrinos: MiniBoone seems to suggest support for LSND and sterile neutrino(s) but it is not
yet clear if their background is all under good control.

T2K and Nova: both seem to prefer non-vanishing Delta_CP and normal hierarchy but
significance of each measurement is somewhat marginal

Icecube discovery of astrophysical neutrinos and the beginning of neutrino astronomy are
extremely noteworthy developments

Reactor Nu’s + many other interesting topics...see Werner et al

Belle-Il’s going on the air + much more data from LHCb [upgrades] are extremely significant for
flavor physics and CP violation and their potential for discovery of new phenomena cannot be
over-emphasized despite [or because of the] the null results from LHC.

In particular there are several very interesting anomalies indicating possible violations of LU.
Given how earth shattering such a discovery would be, we must exercise all the caution and
care that we can muster. The current indications are NOT Compelling:

There are some issues in theoretical predictions for R’s indicating LUV in charge current semi-
leptonic decays but these are currently dwarfed by experimental errors. A key issue for
experiments is resolve any potential difference between tau=> hadron + nu vs tau=>mu/e nu
nu’. Here BaBar’s input for 15t method would be helpful. Also since B to D theory is more firm,
more expt input on B to D tau/l nu would be very helpful

Weihai Lecture Il; soni-BNL 120



Summary and Outlook ...p.3

It may well be that BNL's observed g-2 signals of possible NP
were just a precursor to these observations in B decays.

Lattice progress in g-2 by RBC-UKQCD as well as global efforts are
impressive ...But needs to reduce errors further by ~X4 in pure
lattice method...Expect next reduction X2 in <™ year

Fermilab new expt and new data X2 BNL at hand is potentially
extremely important input in <~ 1 year.

g’: RBC-UKQCD should be able to appreciably improve their 2015
result of ~2.1 sigma consistency with expt, in another ~6 months

Personally, this is the ~36th year of trying to tame this really wild
beast; so it’d be welcome indeed.

There is now an exciting and may be even a revolutionary
possibility that one or more of these avenues will show
significant departure from SM in ~ 1-2 years



XTRAS



+ We have measured the ratio .
LHCb muonic

K,..(D*)=BR(B°—D™tv)/BR(B"—D"31) using PRL 115 (2015) 111803 ~—-——
the 3n(n°) hadronic decay of the t lepton. LHCb 3-prong | i
LHCb-PAPER-2017-017 e
0.285+0.019+0.029 f
« The result regarding R(D*) is compatible LHCb average 5
. - 0306 = 0.016 = 0.022 : :
with all other measurements and with the Fajfor et al. (SM) ; '
SM, having the smallest statistical error. PRD 85 (2012) 094025 '
I 1 | 1 1 | 1 1 : 1 | I 1 1 1 1 I
« This analysis was made possible due to 0.1 02 03 0.4
the unique LHCb capabilities for R(D*)
separating secondary and tertiary
vertices with excellent resolution.
06/06/17 A. Romero Vidal 45
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World average

. Using BR(BO—>D*HV ) = (493 +0.11 )% [PDG-2016] We measure: LHCb-PAPER-2017-017
R(D*) = 0.285 + 0.019(stat) = 0.025(syst) + 0.014(ext) BaBar had g
PRD 88 (2013) 072012 —_—
0.332=0.024= 0018
* In combination with the muonic LHCb measurement: ?%:;;2‘1558;’) o
R(D*) = 0.336 + 0.027 + 0.030, PRD 94 (2016 072007 —
0302+ 0.030=0011
o Belle 1-prong
the LHCb average is: 03T L 005 00 T
D\ | B s |
R_jcp(D*) = 0.306 = 0.016 + 0.022 0,336+ 0,027 0030 |
* 2.1c above the SM. i[l:llgtli}?zﬂ-\ll)’?lt{l-‘gz(ll?-UIT -
0.285+0.019 = 0.029
+  Naive new WA: 0306 00166 0022 ——
+ R(D*)=0.305=0.015 Faforetal M)
* 3.4c above the SM. 0252+0003 |
| 1 | | | | 1 | | | ‘ 1 1 | 1 |
+ Naive R(D)/R(D*) combination at 4.16 from SM. 0.1 02 03 04
R(D*)
06/06/17 A. Romero Vidal 43
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SUMMARY of. Theo (olcudbons
R(D)=0.300(8) HPQCD (2015) my TakeH
Ly / € R(D)=0.299(11) FNAL/MILC (2015) X < AW

}/ I 0.299 + 0.003 Bernwochyer Lol 2017 |
I Iy 0.299 4+ 0.0037-Bie! etal 2o

)X " | R(D*)=0.252(3) S. Faifer et al. (2012),
¢ ’ ’\L
/7. 0.257 4 0.003 bombochwen et N
< e:t
4[. R(D*) = 0.258"7  fissy
QD)Q/N-'I{(’&'D&O é

Weihai Lecture Il; soni-BNL 125




Reg DM
* Proven to be exceedingly difficult for direct

detection ................... => fig

 Remarkably, the only compelling evidence of
DM that so far we have is gravitational !



I v ol +—rrr
) -
- Ji. \=
10% 1c\e %
{ ‘\ PO
—39}) \ CoGeNT
& 10 : 5 ‘ . (2012)
= 40 O \\ B CDMS Si
o, 10 '» e N - 2013) -
— ' o o :Qx\v 2 /,/’ ) c
- \ N )
o 107411} % "\\;‘:‘\ — T, WPL
‘4: “‘ \\_; 3 . :‘Q 3 _
3 10742 "¢ A o8 \\\
il ‘\?O@ \\ v ! 1.\ &
Eﬂ \.'fCD ¥ 1 ; \ .)t 3 T “-j[:lﬂ ‘l‘f
a 10_43 \‘b'\ y 1 .\‘ cDELN ii"‘—:" s
5 ooy, SSvoag B\ N i,
put 10—44 Be ) 0 \ \-._“\
' Neutrinos iRy, GETVER) SN AL
.,—% 10745 g :‘"\‘ o~ WP T
a & ..-
] 10—46
A
g 10—47
10—49,
10—5()._ .

100

10
WIMP Mass [GeV/c?]

o 10

< 10—2

] 10—3
4 10—4

(20‘\'2\ | 5
2012 — 10~
ourP L
O 12) g
yenoml 2 1077
¥ > “!!:ajld """"""

o (b Ay --=- 108
....L\;z@?—é&o e 10
SIe T L COMS =T
G 2Tt 110

WIMP-nucleon cross section [pb]

127



Lepton Flavored Dark Matter
J. Kile, A. Kobach and A. Soni (10!5’)

* Dark matter only interacts with normal -
(detector) matter via loop effects which are
suppressed. Makes direct detection of dark
matter more difficult (explains negative

findings.) ,‘\’\\a‘t*/\o-%




DM: an unorthodox view

Nature does NOT care whether we can detect
It via direct detection or not. Nature really only cares about
simplicity
Only way we know to generate mass dynamically is via SU(N) ;
fermions are an unnecessary complications so pure SU(N).
That has lowest lying scalar and pseudo scalar glueballs..favored
mass and N is m~0.1 to 10 KeV with N>>1 see Yue Zhang and AS
2016 + 2 more

As a result, dark SU(N) stars with masses of O(10°-108)x

Solar mass resulting from Bose-Einstein condensation.

Such SUN-gluonia Dark stars only interact gravitationally naturally

explaining
the grav. Observation and negative findings via other methods
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Motivation and Introduction

The magnetic moment of the muon

In interacting quantum (field) theory g gets corrections

1ot qy
o= ) = (”Y” Fi(q®) + —— Fz(q2)>

which results from Lorentz and gauge invariance when the muon is
on-mass-shell.

F2(0) = =——=a, (F1(0) =1)

(the anomalous magnetic moment, or anomaly)

Tom Blum (UConn / RIKEN BNL Research Center) Lattice calculation of the hadronic contributions to the muon a



Motivation and Introduction

The magnetic moment of the muon

Compute these corrections order-by-order in perturbation theory by
expanding (g?) in QED coupling constant

e2 1 N
o = —=——+...
4 137
S
N N TN N
.,g\‘»\NV‘ /1/‘“2 y’N”\_ /Lq,{). YJN:‘_\HV ,.,/M”-' ?M\ - Ju
S > [4 > g 7 7 < <‘ 2
S . .3 S . .3 s . s S8
: :
[0 052 a2 ()53

- &

Corrections begin at O(«); Schwinger term = s- = 0.0011614. ..

hadronic contributions ~ 6 x 10> times smaller (leading error).

Tom Blum (UConn / RIKEN BNL Research Center) Lattice calculation of the hadronic contributions to the muon a



Motivation and Introduction

New experiments + new theory = (7) new physics

muon anomaly a, provides important test of the SM
» BNL E821: a,,” accuracy is 0.54 ppm
» Fermilab E989, start is ~ 3 years away, goal is 0.14 ppm
» J-PARC E34
» a,(Expt)-a,(SM) = 287(63)(51) (x10711), or ~ 3.60

» |If both central values stay the same,

» E989 (~ 4x smaller error) —~ 50
» E989+new HLBL theory (models+lattice, 10%) —~ 60
» E989-+new HLBL +new HVP (50% reduction) —~ 8o

» Big discrepancy! (New Physics ~ 2x Electroweak)

» |attice calculations crucial

Tom Blum (UConn / RIKEN BNL Research Center) Lattice calculation of the hadronic contributions to the muon a



Pieces of Muon g — 2 Theory Prediction

Contribution

Value x10*  Uncertainty x10%

QED 11 658 471.895 0.008
EW 15.4 0.1
HVP LO 692.5 2.7
HVP NLO —9.84 0.06
HVP NNLO 1.24 0.01
Hadronic light-by-light 10.5 2.6
Total SM prediction 11 659 181.7 3.8
BNL E821 result 11 659 209.1 6.3
Fermilab E989 target ~ 1.6

Experiment-Theory difference is 27.4(7.3) = 3.70 tension!
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Tom Browder FPCP2018

First hadronic event observed by Belle Il
K. Akai, SuperKEKB/Belle Il status, ICHEP2018, July 9, 2018

Hor.izolnn_l Beam-Beam Kick

NNNNNNN

First collision

rf22018_4_25_0_42_54 dat

02 O
03} %
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Toru lijima @

st SuperKEKB/Belle I

New intensity frontier facility at KEK

Target luminosity ; Lpeak = 8 x 103>cm-2s-!
= ~1010 BB, T*T- and charms per year !

Line > 50 ab-!
Peak Luminosity Trends (e+e- collider) SUperKEKB
18 pmm T
LTI
— KEKB

| ; j4| L peak (KEKB)
[PEP-IT] =) | x| 034cm-2s-
g w T DADNE o

o L _ s r/‘

"

DORIS; ' o? LEP I
1970 1980 1990 Year 2000 2010 pilt =

10e 1 ~ e e

The first particle collider after the LHC !
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REVIEWS OF MODERN PHYSICS, VOLUME 81, OCTOBER-DECEMBER 2009

New physics at a Super Flavor Factory

Thomas E. Browder”
Department of Physics, University of Hawaii, Honolulu, Hawaii 96822, USA

Tim Gershon'
Department of Physics, University of Warwick, Coveniry CV4 7AL, United Kingdom
Dan Pirjol*

National Institute for Physics and Nuclear Engineering, Department of Particle Physics,
077125 Bucharest, Romania

See also T. Gershon + AS,JPG’07

Amarijit Soni¥
Physics Department, Brookhaven National Laboratory, Upton, New York 11973, USA

Jure Zupan'

1. Jusak Tandean @ fpcp2018

2. Marco Gersabeck @fpcp2018

NULL TESTS........FOR DETAILED
DISCUSSIONS SEE ABOVE

TLVGTRATIVE £xgmeLE S
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Bernlochner, Ligeti, Papucci and Robinson, 1703.05330

Scenario e« R(D) R(D¥) Correlation
E st 0.292 £0.005  0.255 4 0.005 41% S‘M K ‘d“j‘/‘a“
L.,—1+SR 0.291 £0.005  0.255 & 0.003 57%
NoL 0.2734+0.016  0.250 & 0.006 49%
NoL+SR 0.2954+0.007  0.255 % 0.004 43%
Lu>1 0.298 £0.003  0.261 & 0.004 19% tobk
Lus1+SR 44% k,'('p\ _
th:Ly>1+SR 0.306 +0.005  0.256 & 0.004 337 -~
Data [9] 0.403£0.047 031040017  —23% 0-2?,1' ."S
Refs. [48, 52, 54] | 0.300 % 0.008 —
Ref. [53] 0.299 4 0.00 — —
Ref. [34] — Nisandzic, PRD’12

TABLE IV. The R(D) and R(D*) predictions for our fit scenarios, the world average of the data,
and other theory predictions. The fit scenarios are described in the text and in Table I. The bold

numbers are our most precise predictions.

Very timely & useful phenomenological study by BLPR 2017
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