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o Neutron decays because of the weak interaction, mediated by W=+ (whose neutral
counterpart is the Z°)

e Fermi and Gamow-Teller transitions

o Lifetime determined by the Fermi constant, CKM mixing matrix element and
available phase space

e Mass comes from binding, but quark masses are much smaller

B. Ananthanarayan Strings to LHC IV



Feynman paper

500

To

Caterornia Fnse

UPPOSIE all de
to clectre
har.

metry are due
ehinis ad the mass
e nouiron

u in o

ron masses for & cut-off A of about

crative valu

£ the proton

EDITOR

or, the complex of virtual mesons pi
o the ©
i

sresumed to be nasociated
rect ihat W suificien dy hish Cnerey
of = T o iy

of the mnes
o or Coupting with the clec

magnet At high energy.
We conclude that SF the deviations from
13 be duc molely to coupli o

Fevnman. Phye: ev. 79, 705 (1948). W,

ke Tt
RS

Tt et
l||u hin in
mile and

. i
TR PR e

R R

antrm /i f [ vw—gtp o 0] w—x
T

rern

aaz

A1 o cut
and Ec

=
F .n.,.,.n.‘....
15500

o 1, ¢
natead ‘of

count

from Nuclei™

N iserkaien Catetornia

stically

ity of

>Tat the Unive
pore in colla

{ scaveering,

ch rough at bes

thou
implies that the )
e peveran s & anmump’
_:P""" o “;;'yh"j s, The of the polarization o
Tergo whe s (ABEABY
” o jaia - @
terpreted in - Tere 4 and 5 represent (he seattoring amplicuc creaponding to
he uy ad Spin dependent parts of the intoractio
on i value o e differontiad
omn section l,-../,m Ty amplitude, 7, for a
Gepende ring iy be 1 by i e n(..., s
Than Gnly the 2P,

Mmay provide the convergence at encrgies of order

B. Ananthanara

an

small wngles
Tor 3()() ey neutrona incident on carbion, for example, u s
well spin-orbit interaction’ (R =1.441><10"1s cm) of 2-Mev depch
Fives & Pok o o A0 percent Thoush this is
Probably an overcatimate, 1t suggests that the existe £ small

e Abprosimately Droportional to the ot

Strings to LHC IV




Ne  _ 8
* | Laco = X Palin* (9 = igs A G2) — mpip, — > G, 6

a=

B. Ananthanarayan Strings to LHC IV



Ne  _ 8
* | Laco = X Palin* (9 = igs A G2) — mpip, — > G, 6

a=

o Fields: v/

n

j=1,2,3, n=1,...Nf (quarks), G2

[

a=1,.. 8 (gluons)

B. Ananthanarayan Strings to LHC IV



Ne o _ 8
o | Looo = 3 Paliv" (O — igs X G) — malipy — 1 3 G2, GH?
n=1 a:l

o Fields: ¢/, j=1,2,3, n=1,..Nf (quarks), G?

[

a=1,.. 8 (gluons)
. G, = 0.G — 8,G, — gsfuncGL G

N, fabe:  SU(3) generators and structure constants

B. Ananthanarayan Strings to LHC IV



Ne o _ 8
o | Looo = 3 Paliv" (O — igs X G) — malipy — 1 3 G2, GH?
n=1 a:l

o Fields: ¢/, j=1,2,3, n=1,..Nf (quarks), G?

[

a=1,.. 8 (gluons)
. G, = 0.G — 8,G, — gsfuncGL G

N, fabe:  SU(3) generators and structure constants
. 2 82 2 P
® The strong coupling: as(p’) = 7= p°: renormalization scale

B. Ananthanarayan Strings to LHC IV



Ne o _ 8
o | Looo = 3 Paliv" (O — igs X G) — malipy — 1 3 G2, GH?
n=1 a:l

o Fields: ¢/, j=1,2,3, n=1,..Nf (quarks), G?

[

a=1,.. 8 (gluons)
. G, = 0.G — 8,G, — gsfuncGL G

N, fabe:  SU(3) generators and structure constants
. 2 82 2 P
® The strong coupling: as(p’) = 7= p°: renormalization scale

® Renormalization Group Equation (RGE):

B. Ananthanarayan Strings to LHC IV



Ne o _ 8
o | Looo = 3 Paliv" (O — igs X G) — malipy — 1 3 G2, GH?
n=1 a:l

o Fields: ¢/, j=1,2,3, n=1,..Nf (quarks), G?

[

a=1,.. 8 (gluons)
. G, = 0.G — 8,G, — gsfuncGL G

N, fabe:  SU(3) generators and structure constants
. 2 82 2 P
® The strong coupling: as(p’) = 7= p°: renormalization scale

® Renormalization Group Equation (RGE):

2O ey o S B, as) =

du? >0 iy

B. Ananthanarayan Strings to LHC IV



Ne o _ 8
o | Looo = 3 Paliv" (O — igs X G) — malipy — 1 3 G2, GH?
n=1 a:l

o Fields: ¢/, j=1,2,3, n=1,..Nf (quarks), G?

[

a=1,.. 8 (gluons)
. G, = 0.G — 8,G, — gsfuncGL G

N, fabe:  SU(3) generators and structure constants
. 2 82 2 P
® The strong coupling: as(p’) = 7= p°: renormalization scale

® Renormalization Group Equation (RGE):

las( ) o 2
”2¥ = B(a) = = B (@D, a(u?) = 22D
w j=0 g

e [ calculated to four loops in MS scheme: Larin et al (1997), Czakon (2005)

Bo=9/4, B1 =4, [»=10.0599, (3 = 47.228 (Nf = 3)

B. Ananthanarayan Strings to LHC IV



Ne o _ 8
o | Looo = 3 Paliv" (O — igs X G) — malipy — 1 3 G2, GH?
n=1 a:l

o Fields: ¢/, j=1,2,3, n=1,..Nf (quarks), G?

[

a=1,.. 8 (gluons)
. G, = 0.G — 8,G, — gsfuncGL G

N, fabe:  SU(3) generators and structure constants
. 2 82 2 P
® The strong coupling: as(p’) = 7= p°: renormalization scale

® Renormalization Group Equation (RGE):
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e >0 &

e (3 calculated to four loops in MS scheme:  Larin et al (1997), Czakon (2005)
Bo=9/4, B1 =4, [»=10.0599, (3 = 47.228 (Nf = 3)
e One-loop solution (important for our discussion):
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o Contrast with status of agep known to 7 part in 1019 (see R. Bouchendira et al.,
Phys. Rev. Lett. 106 (2011) 080801) from recoil of rubidium atom when it
absorbs a photon

o Other sources AC Josephson effect and quantum Hall effect
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e Measurements from different energies spectacularly confirm RG running of
coupling constant as predicted by QCD

e Jet production and DIS NLO only
e Lattice computations

o HPQCD collaboration: long distance quantities with Wilson loops and then
connects to ag via T/ — T mass difference

e JLQCD collaboration: Adler function
e DIS: HERA data using PDFs
o Heavy quarkonia decays

e Hadronic final states of ete™ annihilations
e Hadron collider jets
o Electroweak precision fits

e For a comprehensive look, see S. Bethke: arXiv:1210.0325; also see EPJ Web
Conf. 120 (2016) 07005
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® Total hadronic width: measured by ALEPH, OPAL, Heavy Flavour Averaging Group

__ T[r — hadrons +v,]

R~ = 3.4771 £ 0.0084

Tt —p 47, ]

® Theoretical expression:

N
Rrv/a = ?SEVv'Vud'Z [1+5(°) +5Ew+26£5)} J
D>2

o 5 which is the dominant perturbative QCD correction admits an expansion in powers of a

= determination of c at a low scale (M, = 1.78 GeV)
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as from 7-decays

The inclusive hadronic decay width of the 7 lepton provides one of the most
precise measurements of the strong coupling.

The perturbative corrections are large enough to give a good experimental
sensitivity.
The perturbative corrections have been calculated to fourth order in as.

The nonperturbative corrections are predicted to be small and can be verified by
experiments.

The dominant theoretical uncertainty resides in the higher-order perturbative
corrections and improvement of the perturbative series through renormalisation
group method.

Here we provide a third scheme and study its implications

Accelerate the convergence of the Borel series using conformal mapping
techniques

Stable predictions with reduced errors
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e The Adler function should not depend on sz but the dependence is still present for a
truncated series

® A new scheme that captures the renormalization group effects in a novel manner (improved
fixed-order perturbation theory)
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as(M?) = 0.3378 + 0.00464yp, £ 0.0042pc 5% (c5.1)

+0.0005 +0.000085
Z6.0004(scale) T oo0080 (B4)-

e Combining in quadrature the errors we write our prediction as
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Borel and Renormalization Group Summed Perturbation Theory

Choice of the renormalization scale

e The Adler function should not depend on sz but the dependence is still present for a
truncated series

® A new scheme that captures the renormalization group effects in a novel manner (improved
fixed-order perturbation theory)

With this input we obtained from the above phenomenological value of 5O the prediction

as(M?) = 0.3378 + 0.00464yp, £ 0.0042pc 5% (c5.1)

+0.0005 +0.000085
Z6.0004(scale) T oo0080 (B4)-

Combining in quadrature the errors we write our prediction as

as(M?2) = 0.338 + 0.010.
Gauhar Abbas, BA and Irinel Caprini, Phys. Rev. D 85 (2012) 094018

Improvement using conformal maps in the Borel plane
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Choice of the renormalization scale

e The Adler function should not depend on sz but the dependence is still present for a
truncated series

® A new scheme that captures the renormalization group effects in a novel manner (improved
fixed-order perturbation theory)

With this input we obtained from the above phenomenological value of 5O the prediction
as(M?) = 0.3378 + 0.00464yp, £ 0.0042pc 5% (c5.1)

+0.0005 +0.000085
Z6.0004(scale) T oo0080 (B4)-

e Combining in quadrature the errors we write our prediction as
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Choice of the renormalization scale

e The Adler function should not depend on sz but the dependence is still present for a
truncated series

® A new scheme that captures the renormalization group effects in a novel manner (improved
fixed-order perturbation theory)

With this input we obtained from the above phenomenological value of 5O the prediction
as(M?) = 0.3378 + 0.00464yp, £ 0.0042pc 5% (c5.1)

+0.0005 +0.000085
Z6.0004(scale) T oo0080 (B4)-

e Combining in quadrature the errors we write our prediction as
as(M?2) = 0.338 + 0.010.

Gauhar Abbas, BA and Irinel Caprini, Phys. Rev. D 85 (2012) 094018

® Improvement using conformal maps in the Borel plane

Average of these values: as(M2) = 0.31974%5, BRGS

With conservative power-corrections, this is modified to

‘ as(M2) = 0.31915 97 BRGS‘
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Light quark masses

e The 1 dependence of the MS “running mass” () is given by the renormalization group
equation

2 @t

where ~ is the anomalous dimension now known to 4-loop order
® v =4, o =202/3 — 20N, /9, ... Ny=number of active quark flavors
® Lattice gauge theory gives ab initio determination of quark masses
® Light quark masses obtained from sum rules and R,
e H. Leutwyler, arXiv:0911.1416; 0808.2825
e Customary to report the light quark masses as p = 2 GeV
® m,/my is of crucial importance, since m, = 0 would imply absence of strong CP problem
® Sum rules for quark masses: comes from hadronic 7 decays and hadronic spectral functions
e See PDG review by A. V. Manohar and C. T. Sachrajda
® Famous Physics Reports of Gasser and Leutwyler, Phys. Rep. 87 (1982) 77
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Light quark masses for chiral perturbation theory

e If my 4 — 0, then the QCD Lagrangian has an SU(3). X SU(3)r symmetry
® Spontaneously broken by condensates (gq) # 0

® Spectrum has 8 (approximate) Goldstone bosons
e Explicit breaking of symmetry mqgq, g = u,d, s
® Expansion in powers of mg and p? (chiral perturbation theory)
L]
MZ = (my + mg) x [{0]Gu|0)| x Fig
® where

(0ldy"vsulm™) = ip" Fr

and F is known from the 7,2
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Light quark masses for chiral perturbation theory

e If my 4 — 0, then the QCD Lagrangian has an SU(3). X SU(3)r symmetry
® Spontaneously broken by condensates (gq) # 0

Spectrum has 8 (approximate) Goldstone bosons

Explicit breaking of symmetry mqgq, ¢ = u,d, s

® Expansion in powers of mg and p? (chiral perturbation theory)

¢ 1
M2 = (my + my) x |(0]Tul0)]| x =

® where

(0ldy"vsulm™) = ip" Fr

and F is known from the 7,2

To first order we have the mass relations (for pion mass this has been confirmed spectacularly
on the lattice)

mfro = B(my+ my)
miy = B(my+ my) + Dey
mig = B(ms+ my)
m,2<+ =  B(ms+ my)+ Dem
1
mfl = 53(4’”5 + my + mg)
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2 2 2 2
Zmﬂ_U mﬂ_++mKJr mKO — 056
m, 2 2 2 -

d mKO mK+ +m7r+

2 2 2
ms _ M0ty 01

m 2 2 2
d mKO mK++m_ﬂ_Jr
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2 2 2 2
Zmﬂ_U mﬂ_++mKJr mKO — 056
myg 2 2 2 -
d mKO mK+ +m7r+

2 2 2
A T 201

ms _
m 2 2 2
d mKO mK+ erﬂ_Jr

® This is to lowest order in chiral perturbation theory.
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2 2 2
Zmﬂ_U mﬂ_++mKJr

3
IS

’”f(o = 0.56
= 0.5
2 2 7

md Mo T M+ T+

2 2 2
ms _ meo M tm 201
mg " m2 -

" 3
KO ™ Mic+ T

® This is to lowest order in chiral perturbation theory.

my 2+ 1 ms 271
mgy @\mg) 7

® The combination

where ) .
, m;—m" 1

@ =T = (ma ot ma).
m; — mg 2

is left invariant by certain chiral transformations.
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uark ratios

°
2 2 2 2
my Zmﬂ_U;mﬂ_+2+mK+27mKo — 056
™ - .
d mKO mK+ +m7r+
2 2 2
ms _ meo M tm 201
myg T m2 —m2 2 - -
d mKO et erﬂ_Jr

® This is to lowest order in chiral perturbation theory.

® The combination
my 2 1 ms 2
) o = =1,
mgy Q2 \my
where ) .
, m;—m" 1
@ =T = (ma ot ma).
m; — mg 2
is left invariant by certain chiral transformations.
® Yields an ellipse in the quark mass ratio plane
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Yields an ellipse in the quark mass ratio plane

o Ellipse is well determined by chiral perturbation theory, but no individual quark mass ratios
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® This is to lowest order in chiral perturbation theory.

my 2+ 1 ms 271
mgy @\mg) 7

® The combination

where ) .
, m;—m" 1
@ =T = (ma ot ma).
m; — mg 2

is left invariant by certain chiral transformations.

Yields an ellipse in the quark mass ratio plane

o Ellipse is well determined by chiral perturbation theory, but no individual quark mass ratios

e Sources of information are 7 — 37 ratio and K™ — K° mass difference
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uark ratios

°
2 2 2 2
my Zmﬂ_U;mﬂ_+2+mK+27mKo — 056
™ S S S E— .
d mKO mK+ +m7r+
2 2 2
ms _ meo M tm 201
myg T m2 —m2 2 - -
d mKO et erﬂ_Jr

® This is to lowest order in chiral perturbation theory.

my 2+ 1 ms 271
mgy @\mg) 7

® The combination

where ) .
, m;—m" 1
@ =T = (ma ot ma).
m; — mg 2

is left invariant by certain chiral transformations.

Yields an ellipse in the quark mass ratio plane
o Ellipse is well determined by chiral perturbation theory, but no individual quark mass ratios
e Sources of information are 7 — 37 ratio and K™ — K° mass difference

® Absolute normalization of the quark masses comes from use of sum rules and 7-decay
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2 a2
2 mg —m N my + my
Q= 20 M=

my — m3 2
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® 1 — 37 is forbidden in the limit of iso-spin conservation

e Extraction of the double ratio
Qz— mg—Fn2 e my + my
Tm—-m2’ 2
d u

gives an ellipse in the m,/mgy vs. ms/my plane

m, _ 4Q°—S°+1
mg  4Q2+S52 -1’
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® 1 — 37 is forbidden in the limit of iso-spin conservation

e Extraction of the double ratio

2 a2
2 mg —m N my + my
Q= 20 M=

my — m3 2

gives an ellipse in the m,/mgy vs. ms/my plane

m, 4Q*—-S*+1

j— — ms
my  AQ2+S2 -1’ m
e Amplitude for the decay
1 ME(My — M2
A(s, t,u) = —MM(L t, u)

QT e/3M2F2

with the Mandelstam variables s, t, u satisfying s + t + u = Mf] + I\/Iio + 2M,2ri'
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e Extraction of the double ratio

gives an ellipse in the m,/mgy vs. ms/my plane

L]
mu_4QZ—52+1 _ms
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e Amplitude for the decay
1 ME(My — M2
A(s, t,u) = —MM(L t, u)

@ ev3AM2F2
with the Mandelstam variables s, t, u satisfying s + t + u = Mf] + I\/Iio + 2M,2ri'

e Width for n — 7t 7~ 70 today is 295 + 20 eV revised from 197 & 29 eV in 1982. Increase
due to increase in total decay width relative to n — 2+
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e Width for n — 7t 7~ 70 today is 295 + 20 eV revised from 197 & 29 eV in 1982. Increase
due to increase in total decay width relative to n — 2+

e New Dalitz plot measurements from KLOE; BESIII and J/W samples, see M. Ablikim et al.,
Phys.Rev.Lett. 118 (2017) no.1, 012001
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e Width for n — 7t 7~ 70 today is 295 + 20 eV revised from 197 & 29 eV in 1982. Increase
due to increase in total decay width relative to n — 2+

e New Dalitz plot measurements from KLOE; BESIII and J/W samples, see M. Ablikim et al.,
Phys.Rev.Lett. 118 (2017) no.1, 012001

® New rescattering effects

Q = 21.3 4+ 0.6, see Colangelo et al., Europhysics conference, 2011
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® 1 — 37 is forbidden in the limit of iso-spin conservation

e Extraction of the double ratio
Qz_mg—Fn2 m_mu+md
2 27 -
my — m3 2

gives an ellipse in the m,/mgy vs. ms/my plane

L]
mu_4QZ—52+1 _ms
my  4AQ2+S2—-1"" " M
e Amplitude for the decay
1 ME(My — M2
A(s, t,u) = —MM(L t, u)

@ ev3AM2F2
with the Mandelstam variables s, t, u satisfying s + t + u = Mf] + I\/Iio + 2M,2,i'

e Width for n — 7t 7~ 70 today is 295 + 20 eV revised from 197 & 29 eV in 1982. Increase
due to increase in total decay width relative to n — 2+

e New Dalitz plot measurements from KLOE; BESIII and J/W samples, see M. Ablikim et al.,
Phys.Rev.Lett. 118 (2017) no.1, 012001

® New rescattering effects
® @Q = 21.3 4+ 0.6, see Colangelo et al., Europhysics conference, 2011

o Consistent with estimate from the violation of Dashen’s theorem (the electromagnetic mass
difference of kaons and pions), see BA and B. Moussallam, JHEP 0406 (2004) 047
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e Solution of the strong interactions on the computer (Kenneth Wilson)

e Solution of the Euclidean action using computer simulations and Monte-Carlo
algorithms

e Fermions on the lattice and chiral symmetry
e Huge advances in the last several decades

e Enormous multi-national collaborations across the world computing properties
such as masses, decay constants, condensates,...

o Different collaborations use different realizations of the action: e.g., perfect
actions, clover-leaf actions, ....

o Different realizations of fermions: e.g., Wilson fermions, Susskind fermions,
Neuberger-Narayanan fermions, domain-wall fermions, overlap fermions,
staggered fermions,...

o Different collaborations use different approximations, e.g., quenched
approximation...

o Effort must be devoted to harmonize all the findings (FLAG reports)
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results and observables

o For a recent useful review, see J. Bijnens and G. Ecker, arXiv:1405.6488
o (Partial) QED corrections as well as u-d mass splitting

o FLAG 1 report: G. Colangelo et al., Eur. Phys. J C 71 (2011) 1695

o FLAG 2 report: S. Aoki et al., Eur. Phys. J C 74 (2014) 9

e Major advantage is reduction of uncertainties since the lattice now have
sufficiently fine spacing

e Sum rules, etc., not likely to be able to reduce uncertainties
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Process is one of the key processes in the anomaly sector of QCD
Coupling of quarks to the electromagnetic field
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Otherwise determined by the anomaly (see Bernstein and Holstein, Reviews of Modern
Physics, 85 (2013) 49)

rx® - 2y) = ( ) (—) =7.760eV(r = 0.838 x 10~ %)

Primex experment at JLab, I. Larin et al., Physical Review Letters, 106 (2011) 162303
[ =7.82+ 0.14(stat.) + 0.17(syst.) eV

http://www.jlab.org/primex/

Principle of the experiment was given by H. Primakoff, Phys. Re. 31 (1951) 899.

The principle is that a collision of a gamma-ray with a nucleus and the virtual photons
surrounding the nucleus to produce a virtual pion that then decays into two photons
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e Otherwise determined by the anomaly (see Bernstein and Holstein, Reviews of Modern
Physics, 85 (2013) 49)

rx® - 2y) = ( ) (—) =7.760eV(r = 0.838 x 10~ %)

® Primex experment at JLab, I. Larin et al., Physical Review Letters, 106 (2011) 162303
e [ =7.82+ 0.14(stat.) £ 0.17(syst.) eV

® http://www.jlab.org/primex/

® Principle of the experiment was given by H. Primakoff, Phys. Re. 31 (1951) 899.

® The principle is that a collision of a gamma-ray with a nucleus and the virtual photons
surrounding the nucleus to produce a virtual pion that then decays into two photons

® Line shape of the detected gamma-ray gives the width of the pion

® Direct lifetime measurement done by James Cronin and collaborators
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Primakoff paper

LETTERS TO

Walter and Barratt! examined and identified the absorption
spectra of Lis, Nas, Ky, Rbs, Css, LiK, LiRb, LiCs, NaK, NaRb,

molecule is complicated by the
existence of Na; and Liz band systems in the regions of the visible,
aca infrard and ultravioet, Since th probabily of malecular

the concentration of
et o o

ind the other at 8 4 bigh vapor presare toicrease {he propabiity
of gbervng the Nali moleu
T our capertment ™ hlhmm ‘metal was placed in an absorption

A nickel side tube was connected 10 the absorption cell o contain
the sodium. Heating units were arranged around the absorption
ccl and side tube t control the temperature of the sodiam and
lithium metals independently.

‘The lithium metal was maintained at 850°C. A series of absorp-
tion spectrograms was then taken with the sodium at tempera-
tures of 435, 460, 485, and 510°C, respectively. A similar procedure
s used fo malntining contant bigh sodium with ncresing
lithium vapor press

“The resuls of this esperiment confrm the previous wrk of
Waltr s1d Barmat. No bands atsiuiable o 8 Nall molecle
ere abaerved In the regon 3000 1o 80004, No apl;n:lml\ is
available, particularly as it is the or
the complee set o binary ‘molecula s, atems abiainable with the
alkali

Photo-Production of Neutral Mesons in Nuclear
Electric Fields and the Mean Life of
e Neutral Meson*
xorrt
Laboratory for Nuclear Science,

R o Tt Comtriiin
ary 2, 1951

Massachusetts
ooty

T has now been well established experimentally that neutral
mesons () decay into two photonst Theortically, this
twophoton type of decay huplic sero 29 spi , the
decay b bosn interpreted as procecding through the mechanism
of the creation and subsequent radisive recombinaton of &
virtual proton antiproton pair Whatever th actual mechan
of the (two-photon) decay, its mere implies an eﬂccuv:
-

THE EDITOR

899

and # is a dimensionless constant determined by the decay
hanism.

obtain n immediately (by a first-order perturbation
z'nlculauan) in terms of the mean life, 7, of a neutral =-meson at

ot xtuct/2h, @

The effective interaction of Eq. (1) can now be used for a
calculation of the probability of the inverse process: #? production
in phote photon colision, o, fo the calulation o the proba-
bility of the more interesting process: = pi collision
o & photon with an extemal approsmatey stue slctic feld:
e, the Coulomb fied of a (slow y recoing) nuclus. The tota
cross section o for this last process 3 S oder pertrby
tin treatment of Eq. (1), vmpamml to i

obtai
4 ».
(E)(;) 3 ; s for Axchempc
(22)) e,

.:u.«&‘zae)(l)', [ )

I Eqs (9) and () M Do MAT1 =/ ar, respctvely,
the momenta of the incident photon and produced neutral
x-meson; the angular distribution of the mesons is strongly
collimated about the direction of the incident photon if M>>uc.
In deducing Eq. (3), it has been supposed that the nuclear protons
remain approximately at rest during time intervals of the order

et

@)

o320

of several periods of the incident clectromagnetic wave [since
el an =/t and that the probabity of inding
pair o protons a distance r apartis (—,/1(),

|

Whete RehOZ0W/ut s the muciea radive. T i seen from
) and () that the clectric felds of the Z protons contribute
Vesbereally” o the +* peoduction, ooes the photon energy
exceeds §(22)lc

Thus, if 7 i less than, say, 107V sec, Eq. (4) Inticte that s 2*
term should be observable in the total cross section for production
of neutial v-mesons in photontracleus collzios. e
far been experimentally detected,? one can set a very
on 72 r>5X 101" sec. An approximate upper
limit of X 10°M sec seems to be indicated by cosmic-ray data.®

3 Awiated by the ot progra o the OXR nd AEC.

$Omleave fom Washidiuon Universey St Eogi, Misourl

! :(embeu:lr Punofhr o seler By Kev? 7000 1559 Pty
MERN "7, 343 (1930); D C. Peasee, Helv. Phys.

y
o

cth 23, 845 (19501 we excuds the poss e 4 spi being >1.
AU Bictmbercer. Biys. Rev. 70, 1160 (1945, and other elerences quoted

“farshak, Tamor, and_ Wightman. Phys. Rev. 80, 765, 766 (1950);
K Beueckner, Phya. Rev, 70, 41 187 (19%

s o % deca b virtual proton anti-

i€ lor ctamle o1 m;nn. Ta e ‘bekween the meson

vl wm feidy i e SRS Terence S
ot
. (1) fovolves the one:

interacton between the 7 wave ld, , lnd
wave field, E, H, representable in the form.

Intracton Encrgy Deasity mn(h/s) (b VBB, (1)
Here ¢ has been assumed pseudoscalar, the factors A/uc and
() are introduced for dimensional reasons (u=rest mass of #?),

e s BT (el N o e marmber o huces b vk
S ey, Sk SH (i 8t e 6 null bt
volume, anc % Eq. (4))
v/r' = reN o2k [+ (uce/R)1) s 64 0323(63/ M) (/)N K1
servations of Stinberger, Panofky, and Stller quoted by R. F.
Moty B e, 80, 453 (150
i Hioope. and Ring, PR Mag. 41, 701 (19501
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Neutral pion width with chiral corrections

F(n°-> YY) Chiral Calculations

B - P |
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r(eV)
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Predictions of the width with chiral corrections due to 7° — 1 mixing. Results to Goity, Bernstein
and Holstein; Ananthanarayan and Moussallam; Kampf and Moussallam
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Summary of the widt
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Summary of the neutral pion width measurements
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Pion-nucleon sigma term

® Another key symmetry breaking parameter is the pion-nucleon sigma term

® Allows one to bridge the gap from the quark level to the nucleon level

® Besides being a fundamental parameter, it is of consequence for dark matter searches
® |t is an input for dark matter simulation packages such as MicroOmegas

® See recent work of A. Crivellin, M. Hoferichter and M. Procura, Phys. Rev. D 89 (2014)
054021

o Clarifies the role of the term in determination of the scalar couplings to DM
® Provides a clean separation of 2 flavor and 3 flavor sector for scalar couplings f, and f4

e “Blind spots” where new physics scenarios evade experimental bounds are where the iso-spin
violating couplings appear to be important

® For the MSSM studied in detail in Andreas Crivellin, Martin Hoferichter, Massimiliano
Procura, Lewis C. Tunstall, JHEP 1507 (2015) 129
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Determination of CKM matrix elements

® The electro-weak sector involves the interaction of the quarks with the Higgs condensate

dAar .l Y
Ly =-Y; Q[,‘i’de - Yy QL.E¢ UR;

o Physical states obtained by diagonalizing Y“*¢ by 4 unitary matrices VL”’;:

® The charged-current W interactions couple to physical u and d quarks with coupling
involving the CKM matrix

Ve Vs Vi
Vekm = Vaa Vo Vo
Viek Vis  Va

® Note: best |V,4| measurement comes from super-allowed Fermi nuclear decay

® For reviews on Vs from T-decay, see A. Lusiani, arXiv:1411.4526; from lattice, see V. Lubicz,
arXiv:1309.2530; fom kaon decays, see C. Bloise, PoS GQL2010 (2011) 016

B. Ananthanarayan Strings to LHC IV



Kaon semi-leptonic decays

B. Ananthanarayan Strings to LHC IV



Kaon semi-leptonic decays

® Recent review: V. Cirigliano et al., Rev. Mod. Phys. 84 (2012) 399

B. Ananthanarayan Strings to LHC IV



Kaon semi-leptonic decays

® Recent review: V. Cirigliano et al., Rev. Mod. Phys. 84 (2012) 399

® The semi-leptonic decays are the processes K — wlv; (and 7 — wKv;).

B. Ananthanarayan Strings to LHC IV



Kaon semi-leptonic decays

® Recent review: V. Cirigliano et al., Rev. Mod. Phys. 84 (2012) 399
® The semi-leptonic decays are the processes K — wlv; (and 7 — wKv;).

® The matrix element for ng has the structure:

T= %VLI“Fj(pQP)
1" =a(pu )" (1 — vs)v(pr)
FHG P = (5K (P) = (64 Pf 0+ (p = P -(0)

B. Ananthanarayan Strings to LHC IV



Kaon semi-leptonic decays
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® The semi-leptonic decays are the processes K — wlv; (and 7 — wKv;).

® The matrix element for ng has the structure:

T= %VLI“Fj(pQP)
1" =a(pu )" (1 — vs)v(pr)
FHG P = (5K (P) = (64 Pf 0+ (p = P -(0)

e Neutral Fg(p’7 p) defined without the 1//2

Recent review for isospin violation, A. Kastner and H. Neufeld, European Physical Journal
C57 (2008) 541.
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Kaon semi-leptonic decays

® Recent review: V. Cirigliano et al., Rev. Mod. Phys. 84 (2012) 399
® The semi-leptonic decays are the processes K — wlv; (and 7 — wKv;).

® The matrix element for ng has the structure:
GF * + 1
T= EVuSI“Fu (P, p)

1" = u(pu)y" (1 = ys)v(p1)
1
FHp',p)u = (7°(p")[37uul K" (p)) = E((P' + P)ufe(t) + (p— P )uf- (1)

e Neutral Fg(p’7 p) defined without the 1//2

Recent review for isospin violation, A. Kastner and H. Neufeld, European Physical Journal

C57 (2008) 541.
e f.(t),t = (p’ — p)? is known as the vector form factor as it is the P-wave projection of the

crossed channel matrix element (0|3, u| K7, in).
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Kaon semi-leptonic decays

Recent review: V. Cirigliano et al., Rev. Mod. Phys. 84 (2012) 399
The semi-leptonic decays are the processes K — 7lv; (and 7 — 7wKv7).

The matrix element for ng has the structure:
GF |«
T= EVuSI“F:(plv P)

1" = u(pu)y" (1 = ys)v(p1)
1
FHp',p)u = (7°(p")[37uul K" (p)) = E((P' + P)ufe(t) + (p— P )uf- (1)
Neutral Fg(p’7 p) defined without the 1//2
Recent review for isospin violation, A. Kastner and H. Neufeld, European Physical Journal
C57 (2008) 541.
fi(t),t = (p’ — p)? is known as the vector form factor as it is the P-wave projection of the
crossed channel matrix element (0|3, u| K7, in).

The scalar form factor

B(t) = Fr(8) + o (1)
K

™

is the analogous S-wave projection
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The value f;(0) comes from theory.

Chiral theorems for the scalar form factors which are related to Fr /Fg.
® The slope and curvature parameters are determined from fitting to Dalitz plot distributions.

® More recently from 7 decays. BELLE has fitted them with resonances in the time-like region
on the unitarity cut.

® Solutions of Muskelishvili-Omnes equations for form factors using phase shift information and
some additional inputs to self- consistently generate them. Work of Moussallam, group of
Jamin, Oller, Pich, Boito, Escribano
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Kaon decays continued

The value f;(0) comes from theory.

Chiral theorems for the scalar form factors which are related to Fr /Fg.
® The slope and curvature parameters are determined from fitting to Dalitz plot distributions.

® More recently from 7 decays. BELLE has fitted them with resonances in the time-like region
on the unitarity cut.

® Solutions of Muskelishvili-Omnes equations for form factors using phase shift information and
some additional inputs to self- consistently generate them. Work of Moussallam, group of
Jamin, Oller, Pich, Boito, Escribano

e £, (0) =1 in the limit of my = m, = ms (SU(3) limit). Corrections to the relation due to
SU(3) breaking ~ 20%. Even smaller due to Ademollo-Gatto theorem (symmetry breaking
effects are 2nd order in the breaking term)
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appears in the expression for rates and Dalitz plot densities.
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appears in the expression for rates and Dalitz plot densities.

Recent determinations from the lattice, e.g., RBC+UKQCD collaboration [P. A. Boyle et al.,
Physical Review Letters 100 (2008) 141601] gives ;. (0) = 0.964(5). They use 2+1 flavour of
dynamical wall quarks.

Crucial work by H. Leutwyler and M. Roos, Zeitschrift fiir Physik, C25 (1984) 91.

Review on method of unitarity bounds: Gauhar Abbas, BA, I. Caprini, |. Sentitemsu Imsong,
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B. Ananthanarayan Strings to LHC IV
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e Crucial for knowledge of Cabibbo-Kobayashi-Maskawa matrix as the combination £} (0) V,s
appears in the expression for rates and Dalitz plot densities.

® Recent determinations from the lattice, e.g., RBC+UKQCD collaboration [P. A. Boyle et al.,
Physical Review Letters 100 (2008) 141601] gives ;. (0) = 0.964(5). They use 2+1 flavour of
dynamical wall quarks.

Crucial work by H. Leutwyler and M. Roos, Zeitschrift fiir Physik, C25 (1984) 91.

® Review on method of unitarity bounds: Gauhar Abbas, BA, I. Caprini, |. Sentitemsu Imsong,
and S. Ramanan, Eur. Phys. J. A 45 (2010) 389.

Gauhar Abbas, BA, Irinel Caprini and I. Sentitemsu Imsong, Phys. Rev. D 82 (2010) 094018

L s e e o B R
—e— Ki; decays, FlaviaNet 2010
0.2254 + 0.0013
K, decays, FlaviaNet 2010
@ 12 y
Sa 0.2252 + 0.0013
CKM unitarity
L
= 0.2255 + 0.0010

—e— T - Kv/T - TV, HFAG 2012
0.2229 + 0.0021
—e— T - Kv, HFAG 2012
0.2214 + 0.0022
—e— T - sinclusive, HFAG 2012
0.2173 + 0.0022
—e—i T average, HFAG 2012

. . . 0.2202 + 0.0015
0.215 0.22 0.225 HFAG-Tau
IVl Winter 2012

Summary of CKM matrix elements
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CKM summary from FLAG

—rc2013 Vsl Vgl
T
:_ s | | xAal
~
) | L
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jrd —p— o
~
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Z|
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L[} ! 1
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e : —5
o &
0.22 0.23 0.973 0.975

Summary of CKM matrix elements from FLAG report
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M plane summary from F

FTAG2013

1 fatcice results for 7,/
[ tateice results for £.(0), N

B Gattice results for fy. /1,
[ attice results for N, =2 +1 combined
[ 1attice results for N, =2, combined
unitarity
nuclear § decay

Allowed regions in the CKM matrix element plane
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CP violation in the light quark sector

e Brief review of CP violation

o C(=charge conjugation), P(=parity) and T(=time reversal) are three discrete
symmetries of the special theory of relativity

o Weak interactions violate parity, e.g., neutrinos are left-handed
o CP violated in K-meson system (1964), K, — 2 (Cronin, Fitch and Turlay)
o Now established in B-meson system (Kobayashi and Maskawa)

o Electric dipole moments of elementary particles also implies T and CP violation
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e For a (somewhat old) review, see V. Cirigliano, Eur. Phys. J. C 33 (2004) s01,
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CP violation in the K sector

o CP violation first detected in the neutral kaon system in 1964

e CP violation in ‘mixing’ (€) vs. CP violation in ‘decay’ (€’)

o K| — 2w, 7,

o asymmetry in decay planes of 777~ and eTe™ in K| — ntmr~ete™
e ‘Superweak’ (¢’ =0) vs. ‘milliweak’ (SM is milliweak)

e Measurement of |799/n+—|?, involving branching ratios to neutral and charged
pions

e Now measured by NA31: Re(e¢//e) = (3.3 £1.1)10~3 and now KTeV gives
(2.07 £ 0.28)103

e For a (somewhat old) review, see V. Cirigliano, Eur. Phys. J. C 33 (2004) s01,
$333-s336

e Work remains to be done in the analysis of short-distance vs. long-distance effects

e Lattice could also improve the status
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Neutron Electric Dipole Moment

o The discrete symmetries of C, P and T

e Manifestation is a permanent electric dipole moment of an elementary particle
o Electrons, quarks, receive contributions from loops in the SM

o |Imperceptibly small

e Quark edm can give rise to edm for the neutron

o Best upper bound is 2.9 x 1020 e-cm

e Imposes constraints on the Ogcp parameter of the strong CP sector

e Experiments with ultra-cold neutrons

e S. K. Lamoreaux and R. Golub, J. Phys. G 36 (2009) 104002
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e M. Benayoun et al., arXiv:1407.4021 ‘(g — 2),.: Quo vadis?’
® Brookhaven experiment:
http://www.g-2.bnl.gov/
o 27P(= £52) = 11659208.9(6.3) x 10~ *°
® Improvement by a factor of 4 envisaged for future experiments

® Theoretical error dominated by hadronic uncertainties
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® New milestone achieved with reassembly in summer 2014

® Next milestone would be cooling of superconducting coils and storage-ring magnet, spring
2015 [no updates available on web-site]

® Highly uniform, essentially pure 1.45 T dipole field throughout the circumference

® 3.1 GeV muons produced from pion-decay enters the magnetic field along a nearly field-free
path

Pulsed kicked redirects the incoming muons to the ring's storage volume

Four electric quadrupoles provide vertical focusing without disturbing the magnetic field

® g-2 measurement based on polarized muons being injected and precession being studied, with
parity violating weak decay being the spin analyzer

® Since the electrons from the decay have less energy than the muon, they curl into the storage
ring

Arrival time is measured as a function of time after injection, and oscillation on top of an
exponentially falling rate gives precession frequency

® http://cerncourier.com/cws/article/cern /58931
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the g — 2 of the muon, both theory and experiment

tests of CP conservation in, e.g, the neutron dipole moment

improvements of knowledge of symmetry breaking including, e.g., the pion-nucleon
sigma term with implications to dark matter searches

® This is indeed a precision science, unprecedented in history of particle physics.
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