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* Oexpt = Osm + Owp
= Better measurements, Better computations
= Worst case: Better SM




Theory of light mesons and an ALP: AxPT

_ PSM a
* Laxer = Liypr + Layer
= L3Nor — Only SM-like fields
= Two qualitatively different modifications:

Fields redefined due to mixing with a

Interactions of a source interactions of m°, 7
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Far UV

" This we know N I

SM particles, SM symmetries EWSM

ALP (a), symmetries of a FZW
SM
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I Match currents (tree level)
= Chiral Lagrangian + ALP, AxPT — NPQCD
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Overview of operators

= Shift symmetric (a = a+x) I
» aGG aWiW aBB ‘Far uv
v £0,a[qT5q] + L R] NI
EWSM
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Overview of operators

= Shiftsymmetric (o — a+x) NI
» aGG aWiW aBB ‘Far uv
© F0,a(qTlql + L R] NI
EWSM

» The mass term — U
s gmga® EWSM
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Overview of operators

» aGG aWiW aBB Far UV
- to.alaTg] + Lo R] i

EWSM
= Themassterm _—
e’ BAWSM

Kk kK 5k K >k k %

> Shift symmetric (0 — a + x) ‘unmmmm

= Periodic symmetry ? (a — a + 2¥) NPOCD
= aGG aWW aBB, +aGv qj, Q

I e.g., Leading terms of sin(a), cos(a)
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Basis and ground rules

= SU(3). x SU(3)r — SU(3)y (flavor) HUHn
‘ Far UV

EWSM
2N

K K 3k ok ok k >k k

NPQCD

Symmetries & Lagrangians




Basis and ground rules
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Basis and ground rules

= SU(3). x SU(3)r — SU(3)v (flavor) LU
* NoaGG ‘ Far UV
- gp — €9/ogq (any axial I
EWSM
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Basis and ground rules

= SU(3). x SU(3)r — SU(3)v (flavor) LU
* NoaGG ‘ Far UV
- gp — €9/ogq (any axial I
EWSM

= EW symmetric basis u
* ug, d; same footing EWSM
= Only t} allowed for SU(3), -
NPQCD

= No FCNC
= NoTgh
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The operators, finally.

LY, C,0°
) 1 I
O;: E@La - g, tv*qL
) 1 e
Og: E@La - qpt'v*gr
) a _ .
Olg : £ q.tMar

a _ )
Ow: —f—-qLQW”mqui
a

a _ o .
Oz: == - (@.0f gL + qrQF Y Gr) J7
a
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G- modification

* V(a) = —u2(a)H'H + A(a) (HTH)?
— v—v(a)
— Gr— GF(G) = GF(]. + Cy 0)

— GgifJ " = Gea)jis ™" = Ge(1+Cwa)jis ™"
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ALP-Quark Lagrangian

L2 gy (0, +L)g +L—>R T
+5LMQR+"' Far UV
NI
EWSM
14(a) = (1+Cuf) QU+ 5 ctty EYUSM H
Ri(a) = %7 3y Cif —
NPQCD !

M= 50 (1+ it + - )M
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Current Matching

U — 2imt e B L
T=OP\ TR )R T ‘FarUV
i
2 EWSM

S = —I?WTr[UI,t"a“UW] +- e/
PASM
Oul_ 5 ifz f B TR A
gt qL—>—Ea‘LaTr[U,r " Uy | EXEITTIEN

NPQCD |
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Chiral Lagrangian

2imata W
Upr = exp( 2 ) s L3 Ux Ry ‘ Fal’ UV
TN
£ . , EWSM

Lo ZTr[|8uU7r—/(LMU7r—U7rRM)\ | —u
+A—f3'Tr[MUIr] 4 ohe ot PISM
2 ETTTTTTTS

NPQCD !
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Power Counting

= pu/A (Chiral Lagrangian) N
= mg/N (Breaking operators) ‘ Far UV
:_ HETEEEEEEET
QEM (EM)
= Gr (Electroweak) EWSM u
= £=f,/f, (ALP) EVVSM
EXTITITIA

» Weworkat &’ NPQCD Y
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Field Redefinition

70 70
= Lyp=0,(m" n a)KO, [n |+ (7 n a)M| n
a a

70 70

- N | — Rumass X Rkinetic | 7

a a

- RMass X RKinetic =

0 1 0 0 0 V v v 0
14e|l -1 0 0|40 0 v |+&|v v 0
0 0 O v v 0 0 0 V

= v/ = Functions of Wilson coefficients, C;
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Meson Masses

Mﬂ-:l: = 2Bom + Ao,

2
M2, = 2By {1+ 56 (3(:3 2V/3C5C A )] ,
M: = Bo (ms + my) + A,
Mf2<° =M%° = By (ms + my),

2 4 1, 2
M'n:gBO ms+5m 1+ZC8-

4M2 — M2 — 3M2

Bowo ="y =0~ 280G+

Observables
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Form Factors: Field Redefinitions
= (flOwli) = Fi(p - P)gu + Fa(p - P)Puqy + -+

Observables .



Form Factors: Field Redefinitions
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Form Factors: Field Redefinitions
= (FlOwl) = Fi(p-p)gu, + F(p - P)pua. +

= (1 (pa) 5K () = % [fK*;f;;(q ) Qu+ () au
= (T (pr)[5VuulK(px)) = + o 7. (@) Qu+ ffo’er (@%) qu
QP =pl 4+ qu=pK—Pr

ffwo (0) _ 2Cs [3 3 8
fKOm- (0) =1- \/§€ —¢ 8 [CA + Clr + 2\/§CLR}
+

= f'™°(0) = 0atLO in the SM
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Form Factors: Field Redefinitions
= (FlOwl) = Fi(p-p)gu, + F(p - P)pua. +

bl

- <w°(pw)|§wuu|K+(pK)>z%[f”g;’a(q)ou+f'<+ (@) 0

= (T (pr)[5VuulK(px)) = + o 7. (@) Qu+ ffo’er (@%) qu
QP =pl 4+ qu=pK—Pr

f" (0)
7 (0)
= f'™°(0) = 0atLO in the SM

=1- V3~ €5 [G+ G+ 2V3CH]

— Modified differential width spectra <+
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Semileptonic K* decay: SM

= The decay channel: Kt — 7%y

= Lagrangian:
L = iGrVsy [K%(m +/3n) — 8K (o + \/§n)] iy

= Amp squared:
—2
’AlKB = ZGIZ:’VEU‘ZCCOI'(ZH : pe H * pul - Hzpe . pUZ)’

Hu = P8 (1) Qu + '3 (1) qu
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K" — w%v: AxPT

- 0’1@ . (KT0.a —0uK*a)j*, iGFV§u§(CR—2iCW)
- (’),2{2+3 . (K*Oua+ 9uK*a) iGFVgug(CR+2iCW)
- (9;;3 . Oka (B,KTK™ — KT,K7) é% (Cr +V/3C%)
- O;Z L QKT — 2f GeVgy
| Cr = Ci+/3C
K* ,’/a+ K* ,3/ w
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Form Factors: New operators

) 4
FKEmO _ (00 2.(2) +,(09 +,(0) 9
Re (f—',,-( " (q2)> - ( K+7|-o +€ O‘K+7ro) [1 + >\K+.,roM_$r + >\K+7r° M}
O‘(2+) 0 4.0
1+& 2‘0)“] 1 tu(@).
Qs o

w0 ) (550 | 2502) ©9 | -9
Re (ff 7 (qz)) - (65K+1r0 +£ 6K+7r°) [1 + >\K+ﬂ-0 M2 + >‘K+ﬂ-0 M]
2 B;(<2+)7r0 Ktml, 2
1+¢ VI
K4r7r0
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(2)
a
1+2¢ g)”o] (2H - pg H - pu, — H*py - pu,),

Kt 0

T2
‘A‘KB = 2G/%'|V§u|2Ccor

0
H, = ff?l\rfl (t) Qu +

6O @
1+£2<55K{0)° - )| g,

K+ 0 K+ 0

. dr /dE
* LO: SM-BSM &2

= B — £ mass suppressed

" qulyty ~my




Strategy

= Get lattice computations for FF parameters
= ETM collaboration
= Get differential data from experiments

* K/m — mlv distribution from NA48/2
= Total rate from PDG

= Get Gr and V5, from other places
Vg, fromKt — 2ty

Observables 22



= NA48/2

:. K;’Kl—;
= ~ 10°
reconstructed

100 150 200 250
E,, [MeV]

100 150 200
E,, [MeV]




525K+7r0 ~ KA:@;O) Fit )\%(7(:0 F1t> M(O) (A;W(;) SM >‘?<4(7(33'SM>}
~ 0.01 +0.04

Total width— o
Diff. width— G

No 3 from e (m.)

0.00

202
a0

1602.04113



Flat Directions

B L D iGs €| (), +ia,) (KF0,8 — 9,K*a)

+ (B0, +i82,) . (ke |,

oy, = F(C);
fﬁ)a =g (G); i.e. for the pion case
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Flat Directions

B L D iGs €| (), +ia,) (KF0,8 — 9,K*a)

+ (B0, +i82,) . (ke |,

ey = F(C);
f(i)a =g (G); i.e. for the pion case

= Careful analysis gives different condition for pion phobia
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= Add up amplitudes to get an idea of underlying theory
= Inthe SM:

+ 70 2 K+ 2
e go)| +3 |50 = 1

= Completeness of basis (Also think of Cabbibo angle etc)

= The same sum in the AxPT:
~ p) -t p)
« [ o) + 3 0)| =
& (C3 + V/3Cs)” + o3y
16 16t
= The first term is expected

= These sums can tell us about the structure of the theory

Observables 26



= Low lying ALPs modify xPT in non-trivial ways

= These modifications can be observed and categorized
= Meson mass spectrum
» Differential widths
* Sumrules

= The search for these modifications will complement

direct searches
= More precise computations needed

» Derivation of the modified Lagrangian
+ Precise computations of the SM parameters
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Thank You

Questions/Inputs/Critique?
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