Pseudoscalar transition form factors the muon (g — 2) and P — £¢ decays

Pseudoscalar transition form factors

the muon (g — 2) and P — ¢ decays

Pablo Sanchez-Puertas
sanchezp@kph.uni-mainz.de

Johannes Gutenberg-Universitit Mainz
In collaboration with P. Masjuan

Hadronic Contributions to New Physics Searches
Puerto de la Cruz, Tenerife (Spain), 29t" September 2016

sjonannes GUTENBERG THE LOW-ENERGY FRONTIER ( ) P RiSMA

UNIVERSITAT MAINz OF THE STANDARD MODEL



Pseudoscalar transition form factors the muon (g — 2) and P — £¢ decays

Outline

Hadronic light-by-light: pseudoscalar pole contribution
A transition form factor for the HLbL
Updated pseudoscalar pole contribution

P — 0¢ decays: further information and new physics

ok L=

Summary & Outlook



Pseudoscalar transition form factors the muon (g — 2) and P — £¢ decays

Hadronic light-by-light: pseudoscalar pole contribution

Section 1

Hadronic light-by-light: pseudoscalar pole

contribution




Pseudoscalar transition form factors the muon (g — 2) and P — £¢ decays

Hadronic light-by-light: pseudoscalar pole contribution

The current (g — 2), status

= (116 591 826(57)) x 10~ New Physics?

;xp = (116 592 091(63)) x 1011 only 3¢

X _ —11
2P — a5M — (265(85)) x 10




Pseudoscalar transition form factors the muon (g — 2) and P — £¢ decays

Hadronic light-by-light: pseudoscalar pole contribution

The current (g — 2), status

= (116 591 826(57)) x 10~ Future (g, — 2) experiments

fj‘P = (116 592 091(63)) x 10~ !¢ Fermilab & J-PARC: precision

P — %M = (265(85)) x 10711 da, =16 x 1071




Pseudoscalar transition form factors the muon (g — 2) and P — £¢ decays

Hadronic light-by-light: pseudoscalar pole contribution

The current (g — 2), status

= (116 591 826(57)) x 10~ Future (g, — 2) experiments

fj‘P = (116 592 091(63)) x 10~ !¢ Fermilab & J-PARC: precision

P — %M = (265(85)) x 10711 da, =16 x 1071




Pseudoscalar transition form factors the muon (g — 2) and P — £¢ decays

Hadronic light-by-light: pseudoscalar pole contribution

The current (g — 2), status

= (116 591 826(57)) x 10~ Future (g, — 2) experiments
fj‘P = (116 592 091(63)) x 10~ Fermilab & J-PARC: precision
2 — 2 = (265(85)) x 10~ 52, — 16 x 1011

Order Res:'tx)wn Improve on the QCD side

aHvP-LO 6 923

af\/}"NLO *984(7)

allVP-N?LO 12.4(1)

aiILvaL() 116( )

a:}LwaNLO 3(2)

a2ep 6 956(57)

Davier et al ('12), Hagiwara et al ('11), Kurz
et al ('14) Jegerlehnner Nyffeler ('09, '14)
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Hadronic contributions: Hadronic Light-by-Light

o Not direct connection to data
e Dispersive proposals recently (much involved)
e Multi-scale problem — more difficulties

e Devise non-perturbative approach to QCD!
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Hadronic contributions: Hadronic Light-by-Light

o Not direct connection to data
e Dispersive proposals recently (much involved)
e Multi-scale problem — more difficulties

e Devise non-perturbative approach to QCD!

E. de Rafael (1994): large-N. + xPT
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For the most general HLbL integral the Green's function

NP7 (p1, P2, p3, pa) = /d4x;ei”"x’ (Q TU"(a)i” ()i (x3))7 (xa) } )



Pseudoscalar transition form factors the muon (g — 2) and P — £¢ decays

Hadronic light-by-light: pseudoscalar pole contribution

HLbL: the pseudoscalar-pole contribution

For the most general HLbL integral the Green's function
N%P7 (p1, p2, p3, pa) = /d4x,-e"’""x" Q| T{"(xa)j” (x2)i” (x3)i7 (xa) } 12)

At low energies insert lowest-lying intermediate states (close to pole):

Q] T{"(0)" 02)} [P) (PI T{j*(0)j7 (xa) } 1)
q* — m% + ic

v i--x-i
N#°% (py, p2, p3, pa) :/d4xiep’ i + ..
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Hadronic light-by-light: pseudoscalar pole contribution

HLbL: the pseudoscalar-pole contribution

For the most general HLbL integral the Green's function
N%P7 (p1, p2, p3, pa) = /d4x,-e"’""x" Q| T{"(xa)j” (x2)i” (x3)i7 (xa) } 12)

At low energies insert lowest-lying intermediate states (close to pole):

I|FP’Y v* (p17p2)| €po’y5

P1yP2s + crossed + ...
(p1+ p2)? — mp

nul/pa(ph P2, P3, p4) = iﬁmjaﬂplum

Related to physical process! Graphically, it looks like

kop .k

a3, A q2. v

P,V
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Hadronic light-by-light: pseudoscalar pole contribution

HLbL: the pseudoscalar-pole contribution

For the most general HLbL integral the Green's function

NP7 (p1, P2, p3, pa) = /d4x;ei”"x’ (Q TU"(a)i” ()i (x3))7 (xa) } )

At low energies insert lowest-lying intermediate states (close to pole):

| Fpoyen (P2, P32
Miep‘”‘;pmpzzw crossed + ...

v = A
M%7 (py, o, P3s Pa) = i€*P pyapos (p1 + p2)2 — m3

Related to physical process! Experimentally, it looks like

T o - -
400 CIE (b)
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5 ool | [ ‘

= 200 F JL 7 200 - =
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Hadronic light-by-light: pseudoscalar pole contribution

HLbL: the pseudoscalar-pole contribution

e Plug previous result into HLbL (g — 2), contribution

o,

e After some fun with loops and algebra [JN Phys.Rept., 477 (2009)]
oo +1
e = 220 (2)" [ duden [ dry/1-E01GE
T/ Jo Jo1

o [P (QF @5)Fpy(Q3,00h(Q, @a.t) | Frr —v(Q12-Qg)FP*V'(Qs«O)h(QIvQ2vt)]
Q+m: QG+ m
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Hadronic light-by-light: pseudoscalar pole contribution

HLbL: the pseudoscalar-pole contribution

e Plug previous result into HLbL (g — 2), contribution

e After some fun with loops and algebra [JN Phys.Rept., 477 (2009)]
oo +1

e = 220 (2)" [ duden [ dry/1-E01GE
0

3 . Joa
o [P (QF @5)Fpy(Q3,00h(Q, @a.t) | Frr u(o%.o%)F»v—(OéO)Iz(OI,Oz,t)]
Q+m: QG+ m

e Without the transition form factors Fr -+ (Qf, Q3) integrands look like
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Hadronic light-by-light: pseudoscalar pole contribution

HLbL: the pseudoscalar-pole contribution

e Plug previous result into HLbL (g — 2), contribution

e After some fun with loops and algebra [JN Phys.Rept., 477 (2009)]
e~ 25 (2) [7 daude / dtv/1- 20} Q3

x[ Py (QF, QF)Fpyy (Q3,0 )h(Qthdf)Jr Fe, »v(Qf-sz)Fuv—(Q?O)lz(Qhstt)]
Q+m: QG+ m

e Without the transition form factors Fr«+(Q%, @3) integrands look like

We reduced everything to an |ntegra| |nv0|vmg physical input
Deég:{iptlon for space-like Fp. -~ (Q?, Q3), spgclal,ly below 2 GeV-
Incorporate hlgh -energy descrlptlon (otherwise (@1, @2, t) diverges)
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Section 2

A transition form factor for the HLbL
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Describing the TFF |: First principles

2
—High Energies: pQCD § =0 2F
QLITOO F’rr’y’y*(or Qz) = Qig

L 2F,
: 202y £

Qlli,noo F""Y*’Y*(QvQ )_ 3Q2

M\N\/\L Guarantee convergence!

—Low Energies: xPT @

o

o

M - @0
' Fryy(0,0)=(472F,)
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e Data not always available were required — extrapolation reliability?

e How to systematically improve to arbitrary known precision?
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Describing the TFF Il: Model approaches

—Lagrangian-based

e Nice overall picture, but not precision

e Ok, they are models (not full QCD), problem is uncertainty estimate

—Phenomenological Data-based

e Experiment is full QCD — Fit it with a model
e Data not always available were required — extrapolation reliability?

e How to systematically improve to arbitrary known precision?

—Data-based

e Data based, in principle full QCD

e In practice most of QCD contributions = Not full Q2 reconstruction
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Objectives and strategies

—What do we need?

A model-independent approach for pseudoscalar transition form factors
(at least in the euclidean space-like region)

—What is the philosophy?

Toolkit allowing full use of data & QCD constraints on form factors

—How to implement for single-virtual case?
We propose to use Padé Approximants

—How to implement the double virtual Form Factor?
Generalize our approach to bivariate functions: Canterbury Approximants
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Objectives and strategies

—How to implement for single-virtual case?
We propose to use Padé Approximants
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Padé Approximants: Introduction to the method

Given a function with known series expansion
Fpyry<(Q%) = Fpyp(0)(1 + bp Q% + cpQ* +...) e
Its Padé approximant is defined as

2
Pu(@%) = m = Fpyye(0)(1+ bp Q%+ cpQ* + ... + O(Q*)VHMHY)

Convergence th. = Model-independency

Increase {N, M} = Systematic error estimation

_ FP’Y’Y*(O)

0 —_—
A= 1-bpQ?

= Fpy (0)(1+bp Q2 +O( Q%)) WML —

’ Correct implementation!
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Padé Approximants: Results
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Padé Approximants: Results
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Objectives and strategies

—How to implement the double-virtual Form Factor?
Generalize our approach to bivariate functions: Canterbury Approximants
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What about the double-virtual Fp.«(QF, Q3) ?

o Generalization of Padé apps. — Canterbury apps. (Chisholm 1973)

For a symmetric function with Taylor expansion
2 2y _ 2 2 4 4 2 "2
Fpyenys(Q1, @) = Fpyy(0,0)(1 + c10(Qf + Q3) + c20(Q + @) + 11 Q1 Q5 +...)

Its Canterbury appproximant is defined as

Tn(Q2,Q2) I ai;QY QY
N2 02) = M\ ¥2) J
M(Q1> Q2) QM(Q127 Q22) Z[’y[ bk,/Q%k 022/

Fulfilling the conditions that

M ) N oo

2i ~2) 20 )2 2k 2! 2v 26
Zb,-ijl’ 2JZCa,ﬁolanﬁ_Zak,lQl 2 :deﬁQn 2
ij «a, k.l ¥,0

0<~+0 < M+N
0 <~ < max(M, N),
0 < ¢ <max(M, N)
dys= 0 1<~ <min(M,N),
0=M+N+1—~.

dys= 0
dys= 0
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What about the double-virtual Fp.«(Q%, Q3) ?

—Simplest approach: C?(Q2, Q3)

FPW(O»O)
1—bp(QF + Q3) + (2b3 — ap1,1) QT Q5

CO(Q7,Q3) =
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What about the double-virtual Fp.«(Q%, Q3) ?

—Simplest approach: C?(Q2, Q3)

FPW(O»O)
1—bp(QF + Q3) + (2b3 — ap1,1) QT Q5

C(QF, @) =
—Reconstruction

1.Reproduce original series expansion = low energies

CL(QE, Q3) = Fpyy(0,0)(1 4 bp(QF + Q3) + ap11QF Q3 + ...)
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What about the double-virtual Fp.«(Q%, Q3) ?

—Simplest approach: C?(Q2, Q3)

FPW(O»O)

0 2 2\
GQn @) = 3= bp(Q2 + Q2) + (2b% — ap.11)Q2Q2"

—Reconstruction

1.Reproduce original series expansion = low energies

2.Reduce to Padé Approximants

Fpy+(0,0)

0/ A2 Ay
Cl(Q 70)_ 17bPQ2

= PY(Q%) = Fp,,(0,0) & bp determined
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What about the double-virtual Fp.«(Q%, Q3) ?

—Simplest approach: C?(Q2, Q3)

FPW(O»O)

0 2 2\
GQn @) = 3= bp(Q2 + Q2) + (2b% — ap.11)Q2Q2"

—Reconstruction

1.Reproduce original series expansion = low energies
2.Reduce to Padé Approximants (already determined)
3.Systematically implement double virtuality: ap.1 1 (Exp. unknown)
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What about the double-virtual Fp.«(Q%, Q3) ?

—Simplest approach: C?(Q2, Q3)

FPW(O»O)

0 2 2\
GQn @) = 3= bp(Q2 + Q2) + (2b% — ap.11)Q2Q2"

—Reconstruction

1.Reproduce original series expansion = low energies

2.Reduce to Padé Approximants (already determined)

3.Systematically implement double virtuality: ap.1 1 (Exp. unknown)
3a. xPT leading logs suggest factorization at low energies

Fp++(0,0)
(1+bpQ7)(1+ bpQ3)

C(QF, @3)|ypT =

v (apaa = b;za) Factorization
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What about the double-virtual Fp.«(Q%, Q3) ?

—Simplest approach: C?(Q2, Q3)

FPW(O»O)

0 2 2\
GQn @) = 3= bp(Q2 + Q2) + (2b% — ap.11)Q2Q2"

—Reconstruction

1.Reproduce original series expansion = low energies
2.Reduce to Padé Approximants (already determined)
3.Systematically implement double virtuality: ap.1 1 (Exp. unknown)
3a. xPT leading logs suggest factorization at low energies
3b. Can incorporate QCD constraints from OPE

FP"/’Y(Ov 0)

C(QF, @) ope = T4 bp(Q2 + Q2)

v (apaa = 2b,2>) OPE



Pseudoscalar transition form factors the muon (g — 2) and P — £¢ decays
A transition form factor for the HLbL

What about the double-virtual Fp.«(Q%, Q3) ?

—Simplest approach: C?(Q2, Q3)

FPW(O»O)

0 2 2\
GQn @) = 3= bp(Q2 + Q2) + (2b% — ap.11)Q2Q2"

—Reconstruction

1.Reproduce original series expansion = low energies
2.Reduce to Padé Approximants (already determined)
3.Systematically implement double virtuality: ap.1 1 (Exp. unknown)
3a. xPT leading logs suggest factorization at low energies
3b. Can incorporate QCD constraints from OPE

Theoretically, we expect ap.11 € {b% + 2b3}
Precise value ultimately from experiment (implements low energies)
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What about the double-virtual Fp.«(Q%, Q3) ?

—Next element: C}(Q%, Q3)

Fpy,(0,0)(1 4 a1 (@7 + QF) + 011 Q7 Q3)
1+ 51(QF+ Q2) + Bo(Qf + Q) + P1,1Q7 Q2 + B2 1 Q7 Q3(QZ + Q3) + £22QF Q5

G(Q.@3) =
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What about the double-virtual Fp.«(Q%, Q3) ?

—Next element: C}(Q%, Q3)

@2 Q2) = Fpyy(0,0)(1 + 1 (QF + Q3) + 011 A Q3)
2T 4 5@+ Q2) + B QF + Q) + BriQRQE + o1 QZQE(@2 + @2) + 22 QF R

—Reconstruction

1.Reduce to Padé Approximants
Fp+4+(0,0), 01, B1, B2 — from PAs
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What about the double-virtual Fp.«(Q%, Q3) ?

—Next element: C}(Q%, Q3)

Cl(Q2 QZ) _ FP“W(O: 0)(1 + (‘*1(012 + 022) + al,lleQQZ)
20T 1 51(QF + @F) + F2(QF + QF) + BriQI @3 + B21Q7Q3(QF + Q) + o2 QF QS

—Reconstruction

1.Reduce to Padé Approximants
Fp+4+(0,0), 01, B1, B2 — from PAs



Pseudoscalar transition form factors the muon (g — 2) and P — £¢ decays
A transition form factor for the HLbL

What about the double-virtual Fp.«(Q%, Q3) ?

—Next element: C}(Q%, Q3)

Fp(0,0)(1 + a1(Q2 + Q3) + 01,1 Q2Q2)

1 2 2\
G Q) = T T ) T Q@+ Q)+ A B+ B PR T Q) T Bl

—Reconstruction

1.Reduce to Padé Approximants
2.Reproduce the OPE behavior (high energies)

2
Frvrer = 503(2F0) (1 § g + O(@(@)) = a2 = 0,00, o
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A transition form factor for the HLbL

What about the double-virtual Fp.«(Q%, Q3) ?

—Next element: C}(Q%, Q3)

CI(Q2 Q2) — FP’YW’(O' 0)(1 + O‘l(Q]% + 022) + a1 Q%Q22)
PRI 14 51(Q2 + @2) + o QF + QF) + friQR @ + B2 1 R QR3(Q2 + @3)

—~Reconstruction
1.Reduce to Padé Approximants
2.Reproduce the OPE behavior (high energies)

3.Reproduce the low energies (ap.11)



Pseudoscalar transition form factors the muon (g — 2) and P — £¢ decays
A transition form factor for the HLbL

What about the double-virtual Fp.«(Q%, Q3) ?

—Next element: C}(Q%, Q3)

CI(Q2 Q2) — FP’YW’(O' 0)(1 + O‘l(Q]% + 022) + a1 Q%Q22)
PRI 14 51(Q2 + @2) + o QF + QF) + friQR @ + B2 1 R QR3(Q2 + @3)

—~Reconstruction
1.Reduce to Padé Approximants
2.Reproduce the OPE behavior (high energies)

3.Reproduce the low energies (ap.11)
Previous estimate b3 < api11 < 2b2 = limited if avoiding poles
Be generous: all configurations with no poles = ap1'; < ap1,1 < ap1:



Pseudoscalar transition form factors the muon (g — 2) and P — £¢ decays
A transition form factor for the HLbL

What about the double-virtual Fp.«(Q%, Q3) ?

—Next element: C}(Q%, Q3)

CI(Q2 Q2) — FP’YW’(O' 0)(1 + O‘l(Q]% + 022) + 11 Q%Q22)
DR T B (@2 + Q)+ QR+ Q)+ @@+ B P2+ @)

—Reconstruction

1.Reduce to Padé Approximants
2.Reproduce the OPE behavior (high energies)

min

H max
3.Reproduce the low energies (aP;L1 <api1< 3P;171)
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A transition form factor for the HLbL

What about the double-virtual Fp.«(Q%, Q3) ?

—Next element: C}(Q%, Q3)

CI(Q2 Q2) — FP’YW’(O' 0)(1 + U‘]-(Q]% + 022) + a1 01?022)
U4 B8 ( Q4 Q) + Aa(QF + QF) + fra QP2 + o1 QRR3(QF + Q)

—~Reconstruction
1.Reduce to Padé Approximants
2.Reproduce the OPE behavior (high energies)

min

3.Reproduce the low energies (ap1'; < ap11 < apTY)

and implemented
Full use of and constraints
Double-virtual data for ap.1 1 (and 62) desirable
up to required precision (C3(Q7, Q3) — Cn,1(Q7, Q3))
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Updated pseudoscalar pole contribution

Section 3

Updated pseudoscalar pole contribution
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Updated pseudoscalar pole contribution

Seeing is believing: toy models and systematics

— Regge Model— —Logarithmic Model—

Regge 2 N2
FWD,),*,),* ( Q1 ) QQ )

2 2 /12
) 21 Q2 ) M2 Q2 log 2 N2} _ Fpyy M 14+Qf /M
e, PO vt Froy(Q1 Q) = G2z In ( Tigh e
i ()

o o ac @ g g g
LE 552 507 604 60.6

4
LE 567 644 66.1 66.8
OPE 657 608 60.7 60.7 OPE

65.7 673 675 67.6

Exact 60.7

Exact 67.6




Pseudoscalar transition form factors the muon (g — 2) and P — £¢ decays

Updated pseudoscalar pole contribution

Seeing is believing: toy models and systematics

—Logarithmic Model—

—Regge Model—
) M24Q2 ) M2y Q2 log 2 02} — FpyyM? <1+Qf/M2)
e g gy s T ()] O8G0 = T
noee (QL Q2) = 07752 V(1)
o o ac @ g g G
LE 552 59.7 60.4 60.6 LE 567 644 66.1 66.8
OPE 65.7 60.8 60.7 60.7 OPE 65.7 67.3 675 67.6
Exact 60.7

Exact 67.6

The convergence result is excellent!

The OPE choice seems the best — high energy matters

Still, low energies provide a good performance

Error ~ difference among elements — Systematics!
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Updated pseudoscalar pole contribution

Pseudoscalar-pole contribution: Final results

aHLhL,P % 101t

Fact (ap;1,1 = bp) OPE (ap;,1 = 2b3)

54.0(1.1)F(2.5)p.[2.7):  64.9(1.4)(2.8)5, [3.1]¢
13.0(0.4)(0.4)5, [0.6].  17.0(0.6)F(0.4)5, [7]:
12.0(0.4)¢(0.3)5,,[0.5]:  16.0(0.5)(0.3)s,, 6]

79.0(2.8]; 97.9[3.2);




Pseudoscalar transition form factors the muon (g — 2) and P — £¢ decays

Updated pseudoscalar pole contribution

Pseudoscalar-pole contribution: Final results

el 2 2\___
Cl (Ql ’ Q2 )
aff”""" x 101 Fact (ap;1,1 = bp) OPE (ap;,1 = 2b3)

70 54.0(1.1)F(2.5)p, [2.7]c  64.9(1.4)£(2.8)5,[3-1]¢
13.0(0.4)£(0.4)5, 0.6 17.0(0.6)¢(0.4)s, [7]:

0 12.0(0.4)F(0.3)5,,[0.5]:  16.0(0.5)£(0.3)s,, (6]
Total 79.0[2.8]: 97.9[3.2],
1 2 2
—G(Qf, Q)—

a}:‘LbL‘P % 101] a;;\iill a?’mlxl
x° 63.9(1.3).(0)s[1.3]: 62.9(1.2),(0.3)5[1.2]
) 16.6(0.8).(0)5[0.8]: 16.2(0.8).(0.5)5[0.9]¢
0 14.7(0.7)1(0)5[0.7] ¢ 14.3(0.5)1(0.5)5[0.7]¢

93.4[1.7);

Total 95.2[1.7);
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Updated pseudoscalar pole contribution

Pseudoscalar-pole contribution: Final results

ag““""’ x 1011 Fact (ap;1,1 = bp) OPE (ap;1,1 = 2b3)
0 64.9(1.4)F(2.8),[3.1]¢
n
n
Total

—G(QF, &)—

allLbLiP o 1011 BTy BT
0 63.9(1.3).(0)5[13]e{L.0}sys  62:9(12)1(03)5[1.2]{2.0}4ys
7
o
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Updated pseudoscalar pole contribution

Pseudoscalar-pole contribution: Final results

ag““""’ x 1011 Fact (ap;1,1 = bp) OPE (ap;1,1 = 2b3)
0
n 17.0(0.6)F(0.4)p, [7]¢
n
Total

—G(QF, &)—

allLbLiP o 1011 BTy BT
7(0
n 16.6(0.8),(0)5[0.8]¢{0.4) s 16.2(0.8),(0.5)5{0.9]¢{0.8)
M
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Updated pseudoscalar pole contribution

Pseudoscalar-pole contribution: Final results

aff”""" x 101 Fact (ap;1,1 = bp) OPE (ap;,1 = 2b3)
0
n
7 16.0(0.5)F(0-3)s,, [6]¢
Total

—G(QF, &)—

allLbLiP o 1011 BTy BT
7(0
7
oy 14.70.7).(0)s[0.7)e{13}ys  14.3(0.5)L(05)5[0.7]e{L.T}oys




Pseudoscalar transition form factors the muon (g — 2) and P — £¢ decays

Updated pseudoscalar pole contribution

Pseudoscalar-pole contribution: Final results

ag““""’ x 1011 Fact (ap;1,1 = bp) OPE (ap;1,1 = 2b3)
0
n
n
Total 97.9[3.2],

—G(QF, &)—

HLDL;P 11 min max.
ay x 10 P11 P11
0
n
’
U

Total 05.2[1.7){2.7} oy 93.4[1.7]¢ {45} ys




Pseudoscalar transition form factors the muon (g — 2) and P — £¢ decays

Updated pseudoscalar pole contribution

Pseudoscalar-pole contribution: Final results

el 2 2\___
Cl (Ql ’ Q2 )
aff”""" x 101 Fact (ap;1,1 = bp) OPE (ap;,1 = 2b3)
0
n
n
Total 97.9[3.2],

—G(QF, &)—

allLbLiP o 1011 BTy BT
7(0
7
o
Total 95.2[1.7]{2.7} oy 93.4[L.7]:{4.5}ys

—Final Result (preliminary)
an ™ = (63.4]1.3]{2.0} + 16.4[0.9]{0.7} + 14.5[0.7]{1.7}) x 10" = 94.3[1.7]{4.5} x 10~ *



Pseudoscalar transition form factors the muon (g — 2) and P — £¢ decays

Updated pseudoscalar pole contribution

Pseudoscalar-pole contribution: Final results

el 2 2\___
Cl (Ql ’ Q2 )
aff”"‘vp x 1011 Fact (ap;1,1 = bp) OPE (ap;1,1 = 2b3)
0
n
n
Total 97.9[3.2],
_ 1 2 2\ ___
G(Qr, Q)
allLbLiP o 1011 BTy BT
0
n
o
Total 95.2[1.7]¢{2.7} ys 93.4[1.7)¢{4.5}4ys

—Final Result (preliminary)
am™ = (63.4(2.4) + 16.4(1.1) + 14.5(1.8)) x 10! = 04.3(4.8) x 10~

What has been achieved?
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Updated pseudoscalar pole contribution

— Final Updated Result Sa5; P =16 x 1071 __

a™ = (63.4(2.4) + 16.4(1.1) + 14.5(1.8)) x 101 = 94.3(4.8) x 10~



Pseudoscalar transition form factors the muon (g — 2) and P — £¢ decays
Updated pseudoscalar pole contribution

— Final Updated Result Sa5; P =16 x 1071 __

a™ = (63.4(2.4) + 16.4(1.1) + 14.5(1.8)) x 101 = 94.3(4.8) x 10~

® Updated value meeting future exp. precision (if da, ", then 11x 107

exp

e 7 and 7’ relevant, of the order of §af;



Pseudoscalar transition form factors the muon (g — 2) and P — £¢ decays
Updated pseudoscalar pole contribution

— Final Updated Result sa, P =16x 10711 __

a™ = (63.4(2.4) + 16.4(1.1) + 14.5(1.8)) x 101 = 94.3(4.8) x 10~

® Updated value meeting future exp. precision (if da, ", then 11 x 107

exp

e 7 and 7’ relevant, of the order of §af;

__ Previous KN Result Sag P =16 x 10711 _

ap™" = (58(10) + 13(1) + 12(1)) x 10" = 83(12) x 10~

e Intended for §a, = 63 x 10™'!; no systematics (N — 30%7?)

KN: Phys.Rev., D65, 073034 (2002); GLCR: Phys.Rev., D89, 073016 (2014)



Pseudoscalar transition form factors the muon (g — 2) and P — £¢ decays
Updated pseudoscalar pole contribution

— Final Updated Result sa, P =16x 10711 __

a™ = (63.4(2.4) + 16.4(1.1) + 14.5(1.8)) x 101 = 94.3(4.8) x 10~

® Updated value meeting future exp. precision (if da, ", then 11 x 107

exp

e 7 and 7’ relevant, of the order of §af;

e Full use of current data with systematics and good data description

__ Previous KN Result Sag P =16 x 10711 _

ap™" = (58(10) + 13(1) + 12(1)) x 10" = 83(12) x 10~

e Intended for §a, = 63 x 10™'!; no systematics (N — 30%7?)

e Old data-base: new preciser data exists

KN: Phys.Rev., D65, 073034 (2002); GLCR: Phys.Rev., D89, 073016 (2014)



Pseudoscalar transition form factors the muon (g — 2) and P — £¢ decays
Updated pseudoscalar pole contribution

— Final Updated Result sa, P =16x 10711 __

a™ = (63.4(2.4) + 16.4(1.1) + 14.5(1.8)) x 101 = 94.3(4.8) x 10~

® Updated value meeting future exp. precision (if da, ", then 11 x 107

exp

e 7 and 7’ relevant, of the order of §af;

e Full use of current data with systematics and good data description

e Full QCD constraints, also for the 1 and 7’

__ Previous KN Result Sag P =16 x 10711 _

ap™" = (58(10) + 13(1) + 12(1)) x 10" = 83(12) x 10~

e Intended for §a, = 63 x 10™'!; no systematics (N — 30%7?)
e Old data-base: new preciser data exists

e 5 7/ factorized: roughly 6 x 107" shift

KN: Phys.Rev., D65, 073034 (2002); GLCR: Phys.Rev., D89, 073016 (2014)



Pseudoscalar transition form factors the muon (g — 2) and P — £¢ decays
Updated pseudoscalar pole contribution

— Final Updated Result sa, P =16x 10711 __

a™ = (63.4(2.4) + 16.4(1.1) + 14.5(1.8)) x 101 = 94.3(4.8) x 10~

® Updated value meeting future exp. precision (if da, ", then 11 x 107

exp

e 7 and 7’ relevant, of the order of §af;

e Full use of current data with systematics and good data description

e Full QCD constraints, also for the 1 and 7’

— Recent GLCR Result sa; P =16 x 10711 _
an™ = (57.5(0.6) + 14.4(2.6) + 10.8(0.9)) x 10~ 1! = 82.7(2.8) x 10~

® There are no systematic errors included above (Nc — 30%?7?)

® No data used for the n,n" but SU(3)-symmetry

KN: Phys.Rev., D65, 073034 (2002); GLCR: Phys.Rev., D89, 073016 (2014)



Pseudoscalar transition form factors the muon (g — 2) and P — £¢ decays
Updated pseudoscalar pole contribution

— Final Updated Result sa, P =16x 10711 __

a™ = (63.4(2.4) + 16.4(1.1) + 14.5(1.8)) x 101 = 94.3(4.8) x 10~

® Updated value meeting future exp. precision (if da, ", then 11 x 107

exp

e 7 and 7’ relevant, of the order of §af;

e Full use of current data with systematics and good data description

e Full QCD constraints, also for the 1 and 7’

__ Possible improvements

® Double virtuality measurements (ap.1,1, 62): BESIII

® Lattice results

e 7°: SL at BESIII & KLOE-2; TL at NA62, A2

e p’: SL at BESIII, Belle Il & GlueX; TL at NA60 & A2
e n': SL at BESIII, Belle Il & GlueX; TL A2

KN: Phys.Rev., D65, 073034 (2002); GLCR: Phys.Rev., D89, 073016 (2014)
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P — 7¢ decays: further information and new physics

Section 4

P — 00 decays: further information and new

physics
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P — 7¢ decays: further information and new physics

P — 0¢ decays: a brief introduction

Up:s) e Probes the (double virtual) TFF

e Clean check assuming no NP

oy, s) e Alternatively, deviation — NP
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P — 7¢ decays: further information and new physics

P — 0¢ decays: a brief introduction

Up,s)

BR(P — ) 5 (e
BR(P = vy)

oy, s)

J

20 [y, (K2qP = (k- q)?) Fyere (K2, (g — K)?)
—7T2q2/dk k2(q—k)2((p—k)2_m§) .

e The process is low-energy dominated

e UV divergent for a constant TFF
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P — 7¢ decays: further information and new physics

P — 0¢ decays: a brief introduction

Up,s)

BR(P — ) 5 (e
BR(P = vy)

oy, s)

J

2% [ (K¢ — (k- q)) Foyere (K2 (q — K)2)
f lq— k2 ((p— kP —m)

Ideal case for our approach

Previous comments apply to this case, but novelties ...
e —m? < Q2 < oco: care with 1y and 7/

e Loop integral approximations: not admissible for the 7,7’
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P — 7¢ decays: further information and new physics

Systematics errors: toy models (1)

Prediction for the reconstructed C?

Fp~~(0,0)
0/N2 N2\ _ Pyy\Ys . 2 2
Cl (Ql’ Qz) - 1_ bP(Qf T Q22) ¥ (Zb% — ap;l’l)Q1202 f aP;l,l c (bP72bP)
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P — 7¢ decays: further information and new physics

Systematics errors: toy models (1)

Prediction for the reconstructed C?

FP'y'y(O’O)

02 N2) — : 2 512

Cl(Qla Qz) 1 bP(le T sz) + (2[),2:, — 3P;1,1)Q12022'3P;1’1 € (vasz)
B Regge Log

BR(P — £¢) Fact OPE Exact Fact OPE Exact

70 —ete” x 108 6.218 6.080 6.138 5996 5.869 5.869



Pseudoscalar transition form factors the muon (g — 2) and P — £¢ decays

P — 7¢ decays: further information and new physics

Systematics errors: toy models (1)

Prediction for the reconstructed C?

0(n2 02 Fp1,(0,0) . 2 52
O ) = T 0y + @~ amamy@rag 7 © 2P
Regge Log
BR(P — £¢) Fact OPE Exact Fact OPE Exact
70— efe” x 10° 6.218 6.080 6.138 5.996 5.869 5.869
n—ete” x10° 4950 5.064 5.012 4.614 4717 4.626
n— ptu~ x 105 4.844 5151 4.992 5461 5.880 5.859

Ok for the desired 5% precision we are aiming for 7%, n



Pseudoscalar transition form factors the muon (g — 2) and P — £¢ decays

P — 7¢ decays: further information and new physics

Systematics errors: toy models (1)

Prediction for the reconstructed C?

F
CO(0%, @) = e 0

- rap.11 € (b3,2b3
T be(QF + Q3) + (255 — apan)@2Q5 it © (0P 207)

Regge Log
BR(P — £¢) Fact OPE Exact Fact OPE Exact
70— efe” x 10° 6.218 6.080 6.138 5.996 5.869 5.869
n—ete” x10° 4.950 5064 5.012 4614 4.717 4.626
n—putp™ x10° 4844 5151 4.992 5461 5889 5.859
n —ete” x 1019 1.825 1.781 1.754 1.469 1.437 1.472
n = ptp~ x10° 1518 1.407 1.266 1.419 1.405 1.319

Ok for the desired 5% precision we are aiming for 7%, n
Does not seems to apply for the 7’ ... recall —m? < Q? < !
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P — £¢ decays: further information and new physics

Systematics errors: toy models (I1)

We have been neglecting a new feature: hadronic thresholds

Never considered in previous calculations:

(1) Can our approach deal with it?
(2) Associated C? systematic error?



Pseudoscalar transition form factors the muon (g — 2) and P — £¢ decays

P — £¢ decays: further information and new physics

Systematics errors: toy models (I1)

We have been neglecting a new feature: hadronic thresholds

Never considered in previous calculations:

(1) Can our approach deal with it?
(2) Associated C? systematic error?

Factorized ansatz Fp,-,(q3,G3) = Fp.(q3) X Fpyr(G3)
'EP’Y*’Y(S) = ¢cppGp(s) + cpw Gu(S) + cpy Gy(s)

With Gy (s) fulfilling appropriate analytic and unitary constraints
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P — £¢ decays: further information and new physics

Systematics errors: toy models (I1)

We have been neglecting a new feature: hadronic thresholds

Never considered in previous calculations:

(1) Can our approach deal with it?
(2) Associated C? systematic error?

M2
Gp(s) = -

M3~ S+96N2,j-'2 (ln(u )+8r: —3 ()3In( (33))

D. Gomez Dumm, A. Pich, J. Portoles '00
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P — £¢ decays: further information and new physics

Systematics errors: toy models (I1)

We have been neglecting a new feature: hadronic thresholds

Never considered in previous calculations:

(1) Can our approach deal with it? It works for the loop integral
(2) Associated C? systematic error?

oF 100F T
b
[ @ ‘ ~
i hd ! & 50
oo | 8 .
51 8 N
N o bo—d <4 } B 20
m db-d—b- @ } a
g: Wo—>—3 } g 10
0 Ao o—o——d ! 8
ur 2 os
ol Wwee oo of o
130 s
3 - y : Y 01 23 45 6 7 8 910111213

s
o
Y
o
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o
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o
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[N/N+1]
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P — 7¢ decays: further information and new physics

Systematics errors: toy models (I1)

We have been neglecting a new feature: hadronic thresholds

Never considered in previous calculations:

(1) Can our approach deal with it? It works for the loop integral
(2) Associated C? systematic error? From realistic unitary model

BR(P — £4) toy model  C?  Error (%)
(n — ee) x 107° 5.410 5.418 0.16
(n— ppu) x 1075 4.494 4527 074
(' —ee)x10°1° 1705  1.883 9
(7 — pp) x 1077 1195  1.461 18




Pseudoscalar transition form factors the muon (g — 2) and P — £¢ decays

P — 7¢ decays: further information and new physics

Systematics errors: toy models (I1)

We have been neglecting a new feature: hadronic thresholds

Never considered in previous calculations:

(1) Can our approach deal with it? It works for the loop integral
(2) Associated C? systematic error? From realistic unitary model

BR(P — £4) toy model  C?  Error (%)
(n — ee) x 107° 5.410 5.418 0.16
(n— ppu) x 1075 4.494 4527 074
(' —ee)x10°1° 1705  1.883 9
(7 — pp) x 1077 1195  1.461 18

(3) Final systematic eror: (Fact+OPE)|pana @ Threshold|y,
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P — 7¢ decays: further information and new physics

Final Results

BR Our result (OPE=+Fact) Exp
70— eTe™ x 10° (6.20 = 6.35)(4) 7.48(38)
n—ete” x 10° (5.31 = 5.44)(4) <23x10°
n— ptp~ x 10° (4.72 + 4.52)(5) 5.8(8)
< 56

8)
6) -

n — ete™ x 101°

(1.82 + 1.87)(1
n = ptp x 107 (

(1.36 + 1.49)(2

P. Masjuan, P. Sanchez, JHEP 1608 (2016) 108
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P — 7¢ decays: further information and new physics

Final Results

BR Our result (OPE=+Fact) Exp
70— eTe™ x 10° (6.20 = 6.35)(4) 7.48(38)
n—ete” x 10° (5.31 = 5.44)(4) <23x10°
n— ptp~ x 10° (4.72 + 4.52)(5) 5.8(8)
< 56

8)
6) -

n — ete™ x 101°

(1.82 + 1.87)(1
n = ptp x 107 (

(1.36 + 1.49)(2

e Approximate results = large systematics; similar for LO xPT

P. Masjuan, P. Sanchez, JHEP 1608 (2016) 108
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P — 7¢ decays: further information and new physics

Final Results

Exp

BR Our result (OPE=+Fact)

7° — ete” x 108 (6.20 + 6.35)(4)

(5.31 = 5.44)(4)
)

n—ete” x10°
(4.72 = 4.52)(5)

n— ptp~ x 10°

<23x10°

< 56

8)
6)

n — ete™ x 101°

(1.82 + 1.87)(1
n = ptp x 107 (

(1.36 + 1.49)(2

e Approximate results = large systematics;

P. Masjuan, P. Sanchez, JHEP 1608 (2016) 108

similar for LO xPT
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P — 7¢ decays: further information and new physics

Final Results

BR Our result (OPE=+Fact) Exp
7° — ete” x 108 (6.20 + 6.35)(4)
n—ete” x 10° (5.31 = 5.44)(4) <23x10°
n— ptpT x 10° (4.72 =+ 4.52)(5)
< 56

8) <
6) -

n — ete™ x 101°

(1.82 + 1.87)(1
n = ptp x 107 (

(1.36 + 1.49)(2

e Approximate results = large systematics; similar for LO xPT

e Recent RC studies imply lower BR for 79 [ T. Husek, K. Kampf,
J. Novotny, '14; P. Vasko, J. Novotny '11 ]

P. Masjuan, P. Sanchez, JHEP 1608 (2016) 108
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P — 7¢ decays: further information and new physics

Experimental implications (briefly)

Implications on HLbL

0 +o—)|RC 0 ; HLbL;7°
BR(7° — eTe7 )|, = 60% reduction on a,

Requires ap.; 1 < 0 and 42 > OPE ... — ptu~ strongly opposed
i1, n—p p

Double virtual measurement = Smoking Gun! (BESIII)

P. Masjuan, P. Sanchez, arXiv:1504.07001 & JHEP 1608 (2016) 108
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P — 7¢ decays: further information and new physics

Experimental implications (briefly)

Implications on HLbL

BR(7 — eTe™)|EC, = 60% reduction on aHLbL‘“O
Requires ap.1,1 < 0 and 62> OPE ... 17 — ptu~ strongly opposed

Double virtual measurement = Smoking Gun! (BESIII)

Implications on New Physics: Pseudoscalar/Axial

e Results for generic couplings obtained
e Many constraints exist, but could be (eg. 8Be* — 8Be e*e~ decays)
e LFV tests, but avoid LO xPT or approx. not suitable

7OONA62 ? ") — ptp~OLHCb ? K, — 0(@NA62 ?

P. Masjuan, P. Sanchez, arXiv:1504.07001 & JHEP 1608 (2016) 108
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Summary & Outlook

e Systematic data-driven TFF description [Canterbury approximants]
e Full use of SL and low-energy TL data + theory constraints

e New value a/’;”-b’-?“’"*"l = 94.2(5.4) x 10~ including systematics
e Error meets future experiments da,, ~ 16 x 107! requirements

e Reanalysis of P — ¢ decays: interesting experimental results

e Improvement: double-virtual measurements y*v* — P BESIII

e User friendly and potential tool for experimentalists/lattice
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Inputs for reconstructing the TFFs

Fpyy bp cp dp Poo
(GevTh) (GeV)
70 0.2725(29) 0.0324(12)(19) 0.00106(9)(25) — 2F,
n  0.2738(47)  0.576(11)(4)  0.339(15)(5)  0.200(14)(18) 0.177(15)
7 0.3437(55)  1.31(3)(1) 1.74(9)(2) 2.30(20)(12)  0.255(4)
7St 0.2738(47)  0.60(6)(3) 0.37(10)(7) — 0.160(24)
7St 0.3437(55)  1.30(15)(7) 1.72(47)(34) — 0.255(4)
ChPT . ChPT .
uark Loo N VMD .
Quark L BE . Quark Loop | .
. BL| .
Disp . Rel, —— RyTL .
f\)ﬁﬂﬁ.ﬁmz S Disp . R:l.— ——
Lep[(?ELig — A;:ial Anun(l]r .
"o . epton =G’ —_—
L]\ILAES% —— ! CELLO —_—
WwAsA —_— Besin |- S
Our Work — Our Work - ——
()‘2 Ll‘4 ().‘6 ()‘8 l.‘U U‘S 1.0 1.5 2.0 25
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Backup

Inputs for reconstructing the TFFs

Fpyy bp cp dp Poo
(Gevh) (GeV)
70 0.2725(29) 0.0324(12)(19) 0.00106(9)(25) — 2F,
n  0.2738(47) 0.576(11)(4) 0.339(15)(5)  0.200(14)(18) 0.177(15)
7 0.3437(55)  1.31(3)(1) 174(9)(2)  2.30(20)(12)  0.255(4)
7St 0.2738(47) 0.60(6)(3) 0.37(10)(7) — 0.160(24)
7St 0.3437(55)  1.30(15)(7) 1.72(47)(34) — 0.255(4)
ChPT . cheth o
YMD . [ .
Quark LogE . . . mf; .
PA ,SL—dRa)g . R?(%: . °
Di?pls.pliell{dz' e PA SL-data S
Al Ao . Axpils% Rel.| .
CELLO — ol ¢
N0 e P ko] S
) —— CLEO|- N —
AoVASA — BESIII | —
Our Work [ ‘ - ‘ ‘ Our Work' e ‘ ‘
0.2 0.4 0.6 0.8 1.0 05 1.0 15 2.0 25
b
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Step I: pry*,y(Qz) and Padé Approximants

Series expansion from data-fitting: robustness

Accuracy test: compare to the low-energy time-like region
e Convergence expected below threshold at \/q2 = 2m, = 0.280 GeV
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Step I: pry*,y(Qz) and Padé Approximants

Series expansion from data-fitting: robustness

Accuracy test: compare to the low-energy time-like region

e Convergence expected below threshold at \/q2 = 2m, = 0.280 GeV
e Compare to later released A20MAMI data (n — veTe™)

S = This Work: Data = = This Work: Data
= This Work: Fit (po=1)| (@) = S (b)
o A2,2011
--=- TL calculation SNAccnn
- — - Padé approxim. DT calculation
1 1| *
1 1 1 1 1 1 1 1
0 0.1 0.2 0.3 0.4 0.5 0.1 0.2 0.3 0.4 0.5
m(Il) [GeV/c?] m(I') [GeV/c?]
Excellent results even above threshold

e Understood due to mm P-wave smooth discontinuity (q? — 4m?2)3/2
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Step I: pry*,y(Qz) and Padé Approximants

Series expansion from data-fitting: robustness

Accuracy test: compare to the low-energy time-like region

e Convergence expected below threshold at \/q2 = 2m, = 0.280 GeV
e Confirmed by brand new NA60 data (n — yutu™)

IF,I?

= This Work: Data

This Work: Fit (po=1)] (@)
o A2,2011

== TL calculation

IF,I?

=  This Work: Data

(b)
—— This Work: Fit (p0=1)
o NAG6O, In-In

Padé approxim.

- DT calculation

!
0.1

1
02 03 04 05
m(I'r) [GeV/c?]

0.11 D.l2 0.13
m(I'l) [GeV/c?]

0.l4 0.5
Excellent results even above threshold

e Understood due to mm P-wave smooth discontinuity (q? — 4m?2)3/2



Pseudoscalar transition form factors the muon (g — 2) and P — decays

Backup

Step I: pry*,y(Qz) and Padé Approximants

Series expansion from data-fitting: robustness

Accuracy test: compare to the low-energy time-like region
e Convergence expected below threshold at \/q2 = 2m, = 0.280 GeV
e Compare to later released BESIII data (' — yete™)

100.0
50,00 |- Our prediction

« BESIII dataon ' - ye'e"
10.0}
5.0

”E”“Z

1.0
0.5

0.0 02 0.4
Vs [Gev]

Excellent results even above threshold
e Understood due to mm P-wave smooth discontinuity (q? — 4m?2)3/2
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Step I: pry*,y(Qz) and Padé Approximants

Series expansion from data-fitting: robustness

Accuracy test: compare to the low-energy time-like region
e Convergence expected below threshold at \/q2 = 2m, = 0.280 GeV
e Compare to PJ fits to DR-like

~
=
S a0l
S
=
& 20
S
*g 15|
5 [}
1O} 2m,,
0.0 0.1 0.2 0.3 0.4 0.5
V¢ [GeV]

Excellent results even above threshold
e Understood due to mm P-wave smooth discontinuity (q? — 4m?2)3/2
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Incorporating further OPE terms

1 2F; 8 62
2
Fr = gz 3 |1~ g gz TO(s(@)]
~— ~——
OPE! OPE? OPE3?
Regge Model Log Model
Q g g Q g g

LE 55.2 59.7 60.4 606 56.7 644 66.1 66.8
OPE! 65.7 60.8 60.7 60.7 657 673 675 67.6
OPE? — 606 607 607 657 673 675 67.6
OPE3 — 608 60.7 60.7 657 67.3 675 67.6

Fact 546 573 57.4 575 546 603 613 616
FitOPE  66.3 62.7 61.1 608 79.6 71.9 69.3 68.4
Exact 60.7 67.6

62 =0.20(2) [sum-rules] ; 1,1 = 30% for SU(3)¢ and large-N,
Fpyy =1:1.00:1.26 bpmp?=1:1.08:0.80 Po =1:0.96:1.38
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A baby problem: Light pseudoscalars

Given the relevant QCD scale My > mp, my, approximations are possible

2 im 1 15 2 ) Be—1 5 /oo 3 m% - > 2
~ Lh— (—2+ 4L =2 d@ = (L _E o . (@
Alme) = o8 M 5, (4 METI '2(1+Be>> il 9% m2y Q2 Oy (@9

P. Masjuan, P. Sanchez, arXiv:15040.07001 [hep-ph]
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A baby problem: Light pseudoscalars

Given the relevant QCD scale My > mp, my, approximations are possible

(

2
my

2 2
me+Q

— Fro . (QF oz))

P. Masjuan, P. Sanchez, arXiv:15040.07001 [hep-ph]
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Backup

A baby problem: Light pseudoscalars

Given the relevant QCD scale My > mp, my, approximations are possible

i 1 (1 2 Be —1 5 oo 3 m? o
A(m2g) ~ im e (2™ 4 2 / do> (M _E . (@2, Q7
(o) = g, e & T TR (s, i Jo o \miqz  Froarr (@9

® Singularity from ~~ % suppression
energies peak
® Peak at lepton mass
IR regulator ~ In(m2)

® High energies, Fr~~ dominates
UV regulator ~ —In(A2)

0.000 0.005 0.010 0.015
Q (GeV)

P. Masjuan, P. Sanchez, arXiv:15040.07001 [hep-ph]
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A baby problem: Light pseudoscalars

Given the relevant QCD scale My > mp, my, approximations are possible

i 1 (1 2 Be —1 5 oo 3 m? o
A(m2g) ~ im L L2l ™ 2 / do> (M _E . (@2, Q7
(o) = g, e & T TR (s, i Jo o \miqz  Froarr (@9

|
=)

Contribution
I 50
. o

Contribution
50%

Kernel(Q?)

|
.

80%

90%
30%
20%

10%
0.000 0.005 0.010 0.015
Q (GeV)

|
<

0.0 012 014 016 0.8 1.0
Q (GeV)

P. Masjuan, P. Sanchez, arXiv:15040.07001 [hep-ph]



Pseudoscalar transition form factors the muon (g — 2) and P — £¢ decays
Backup

A baby problem: Light pseudoscalars

Given the relevant QCD scale My > mp, my, approximations are possible

1 2 Be —1 5 oo 3 m? o
m2g) ~ L+ ) 2 ,,+/ dQ2 [ =t _F o . . (Q% Q%
Almzo) = 25,75, \a 2 2\ 1+ s, Nk 99 m2yQz Oty % e

- -1
2 ~
S & —10
D) E
z -0 2 102
2 e -10°
00 02 04 06 08 10 00 02 04 06 08 10
Q [GeV] Q (GeV)
—Calculation Requires
2 2 . . -
Fpy«y+(Qf, @3) description energies

P. Masjuan, P. Sanchez, arXiv:15040.07001 [hep-ph]
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New Physics contributions

L= ﬁ > mach (74’4751() +2myecF (7i75f) P

—A(¢?) = A(q?) + 225 (M\A + AD)

2
4aemFP’Y’Y

a_ alFBa_ ay,FBia, a. FB 5a
M=c —(cu—cd)+—(cu+cd)+?\f2cs :

Fg
F‘I\'

_Py 4 PR per
(cs)-i-,__ Cs |-

F
cP F3
Y [Fi(cf_c;m

o(p) p)
v (> <
W) )
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New Physics contributions

L= ﬁ > mach (74’4751() +2myecF (7i75f) P

BR(7° — ete™) (140.001 | — ) + ] —+—2 cd
. C 5
£ \*u d ll MZ/m2 ’

2.11cfcl
T meml)

N +0.003 Al A A A A 0.89cfcf
BR(y' =t ) [ 1+ (19:003) |0-72¢/ (! + ff) + 1.61c/ ¢ + T2 vz )

RG22 ) (1 (9880) [0l + ) - 1.276ch

o(p) p)
v (> <
W) )
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xPT at higher orders: leading logs

i 1

1 71'2 . ﬁg—l 5 my
SR e} ) B Y i
A=t te lat et 12(1+6e)} 2" "(u)“‘(“)

Results from yPT at LO

0 —ete™ n—ete” n— ptp n — ete” n — putu~
XG) (253 :299) (500 6.46) (3.29 - 3.82) (142 14.9) 1 2.5/ (561 6.31) 1 0.751
X(1)m,  (2.53+2.99) (2.66 < 3.12)

- (2.16 + 2.62)
x(Wuy  (2.53+2.99) (550 +6.05) (3.11+3.64)

(16.8 +17.7) +7.09i  (6.56 <+ 7.35) + 2.12i

Higher order corrections are clearly required
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xPT at higher orders: leading logs

. 1

Fpyeye(af,a3) = 1 (q1 +a3)+ 15 (ai +az) + (q1q2)+(9 (%) :
~
LO NLO NNLO

I (kg — (k- a)?) G, )
A(qz’m?)i7r2q2/d4kk2(q—k)2((p—k)2—m§) |: +F+F+ i|

E.ALO(qz,m?)+ANLO(q2,m%)-‘,—ANNLO(qZ,mZ)—f—...,

ANEO (G2, ) = (¢ — 10m2) (L= L) + o (4m? — 2); L = In(m?/A2)
ANNLO (g2 2y 126me* —g* —8m3q? N 26m2q? +7q* —702m}
e 12/ 720\4 ’
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xPT at higher orders: leading logs

. 1

Fpyeye(af,a3) = 1 (q1 +a3)+ 15 (ai +az) + (q1q2)+(9 (%) :
~
LO NLO NNLO

I (kg — (k- a)?) G, )
A(qz’m?)i7r2q2/d4kk2(q—k)2((p—k)2—m§) |: +F+F+ i|

E.ALO(qz,m?)+ANLO(q2,m%)-‘,—ANNLO(qZ,mZ)—f—...,

A(q®, m2) — A(q®, m2) ~ AMO(q?, m2) — AMC (¢, m?)

2 2 2 2 2
q my, 10mu A

1+ 2 V(2 (2.
MY ( +4/\2) ”<mg>+ 32 "\ m2
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