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® QCD Axion: Solution to the strong CP problem:

Locp D QS—SG‘I’“”GZW 0 = 6 — arg(det(Y,Yy)) < 10710
7r
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Introduction
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Introduction

® QCD Axion: Solution to the strong CP problem:
Locp D H;I—SG“’WGZW 0 = 6 — arg(det(Y,Yy)) < 10710
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Peccei-Quinn mechanism
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¢ Axion-Like-Particles (ALPs): do not solve strong C'P, more general
pseudoscalars
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Introduction

® QCD Axion: Solution to the strong CP problem:

Locp D H;I—SG“’WGZW 0 = 6 — arg(det(Y,Yy)) < 10710
7r

Peccei-Quinn mechanism

o) 8T

a Qs a,uv oa
cg(e—f)a e,

¢ Axion-Like-Particles (ALPs): do not solve strong C'P, more general
pseudoscalars

® Dark matter candidates!
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Introduction

e Motivation

® Effects of ALPs in low energy QCD
® Formalism of axion-meson interaction

® Objectives

® Axio-hadronic decays: n/n’ — nra
® Study of axion-meson interactions in the early universe

® T Ta
* Km+ Ka
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ALP-QCD Lagrangian

N-quark QCD Lagrangian:

1 S iy S
Loop =~ GGy, +0D — M)q + 0 GG,
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ALP-QCD Lagrangian

N-quark QCD Lagrangian:
Locp = — ;G G, + QD — M)g + 002G G,
4 " 8w a
Axion-Like-Particle (ALP) Lagrangian:
a as

LDOL — L Sgumwgae
2 Lqop AT v
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ALP-QCD Lagrangian

N-quark QCD Lagrangian:
1 . «o =
Loop = = 3G G, + (D — M)g+ 0 -GG,

Axion-Like-Particle (ALP) Lagrangian:

~ 1 1
a4 (8)[8 GG, + 5(8Ma)2 — —m2a?

LDL —-—
QeD W ST 2
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ALP-QCD Lagrangian

N-quark QCD Lagrangian:
1 . «o =
Loop = = 3G G, + (D — M)g+ 0 -GG,

Axion-Like-Particle (ALP) Lagrangian:

a (8)45 Ga,,uuévzy +

LDL -
QCD ~ F o
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ALP-QCD Lagrangian

N-quark QCD Lagrangian:
1w . s o
EQCD = _ZGa"LL G/C.Ltl/ + Q(Zw - M)q + egG ® GZV

Axion-Like-Particle (ALP) Lagrangian:

a oy
o 8T

LS Loep — GG, +
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ALP-QCD Lagrangian

N-quark QCD Lagrangian:
1 . «o =
Loop = = 3G G, + (D — M)g+ 0 -GG,

Axion-Like-Particle (ALP) Lagrangian:

a o ~ 1 1 o*a
LD Locp — ——G" G + =(d,a)? — =m3a® — —7
QCD e v T 2( .) 2m0a 27, qcyuYs4
Equivalent ALP Lagrangian:
1 . ~ 1 1 o*a _
LD = GG, + q(ilp — M(a))q + 5O )2 - 5mgcﬂ ~ o, T
a
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Chiral Perturbation Theory

Leading order Large-N. xPT Lagrangian:

F? ; F? ; ; 1. 5.,
£ = ((D)(DU)) + — Ot +xU) — S MG;
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Chiral Perturbation Theory

Leading order Large-N. xPT Lagrangian:

F? ; F? ; ; 1. 5.,
£ = ((D)(DU)) + — Ot +xU) — S MG;

DU = 82/{—1 {cL{}

X = 2By exp (—7,](,(1/1) M exp (—zfan> = 2By M(a)
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Chiral Perturbation Theory

Leading order Large-N. xPT Lagrangian:

F? ; F? . 1. 5.,
LD T((DHU)(D“L{) >+T<XU +Xx U>*§Mo¢0

Leading order yPT-ALP Lagrangian:

F2

£ Ziauoun) + 2

(M(a)Ut + M(a)Ttt) — %M§¢%+

f(aua)((‘)"a) - %m%az—

- z—(@ a)(@UtoruU — usrut) +

7 (a a)(0"a) (@ + adau')

f2
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Axion-meson mixing

For the neutral fields, ¢ = (ag, ¢3, ¢s, ¢0)T:

| 1 1
£ S(0up) K(0"0) = 5¢" M # Z (i) (0" 0i) — 5y
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Axion-meson mixing

For the neutral fields, ¢ = (ag, ¢3, b8, ¢o)” :
L }a I GL —ETMZ _122
D S(0up) K (0"0) = " Mo # Z (0upi) (0" 0i) — i,

Mixing: Field redefinition ¢ — ppnys = (a, 70,1, 7)
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Axion-meson mixing

For the neutral fields, ¢ = (ag, ¢3, b8, ¢o)” :
L }a I GL —ETMZ '_122
D S (0up) K (0"0) = 5 mlxw#z (0upi) (0" 0i) — i,

Mixing: Field redefinition ¢ — ppnys = (a, 70,1, 7)

6-angle parameterization of R € R*:

R = Re(0any ) R5(0an) Ra(Oar ) R3(Orry ) R2(0y) R1 (O )
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Axion-meson mixing

For the neutral fields, ¢ = (ag, ¢3, ¢s, ¢0)T:

| 1 1
£ S(0up) K(0"0) = 5¢" M # Z (i) (0" 0i) — 5y

Mixing: Field redefinition ¢ — ppnys = (a, 70,1, 7)

6-angle parameterization of R € R*:
R = Rﬁ(gan/)Rg, (Han)R4(9a7r)R3 (Gﬁn’)RQ(eﬂn)Rl (97777/)

Small angle dependence:

Oy X e(my —mg) ~0.01, O,p x f— <1
a
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Axion-meson mixing

Axion mass:
Bomy,mgm

N
+

m

m

¢ fa2 My Mg + My Mg + MgMs
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Axion-meson mixing

Axion mass:

2
9 9 I Bomygmgms
m, = mgy+—

f& mumq + mums + mams

Field mixing:

ps = co8 (O )0 + Sin (O )1 + [0SOy )0y + SN (O )0y |70 + Yanaa
¢o = — sin(0, )1 + €080y )0 — [SI0(Oyy ) Oy — O8Oy ) Oy 170 + Yarya
¢3 =1 = O] = Oyl + Yama

ap = a+ hem® + hyn' + huyn
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Axion-meson mixing

Axion mass:

2
9 9 I Bomygmgms
m, = mgy+—

f& mumq + mums + mams

Field mixing:

ps = co8 (O )0 + i (O )1 + [0SOy )0y + SN (O )Orery |70 + Vet
¢o = —sin(0py )1 + €080y )0 — [SI0(Oyyy ) Oy — OS (O ) Oy 170 + Yary
¢3 =1 = Oryt) = Oyl + Yara

ap = a+ hem® + hyn' +
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One axion amplitudes

P \\\\k;l P a
e
P2 - k\;\\ P3

3
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One axion amplitudes

P1 \\\\k’;l a
/

/ &k,
P2 - k\;\\ P3

3
a Py
A=chyap+ 2+ (cf P vap) (ka - k1)+
CaP2 " CaP a
+ ( f +C ol /YaP> (ka : k:Q) - ( f + C FaiP '7aP> (ka : kS)_

— e yap(ky - ko) + e P yap (b - ks) + e yap (ks - ks)
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Application: neutral n/n’ decays
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Application: neutral n/n’ decays

. ’ Css
A= Cs,Yar + CZ{YCLn + 024’70177’ +

Ja
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Conclusions and outlook

e Conclusions

® Theoretical study of insertion of ALPs in xPT at LO
® Formal calculation of axion-meson mixing, including isospin breaking
corrections

® Complete parameterizations of 4-body amplitudes with 1 to 4 axions
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Conclusions and outlook

e Conclusions

® Theoretical study of insertion of ALPs in xPT at LO
® Formal calculation of axion-meson mixing, including isospin breaking
corrections

® Complete parameterizations of 4-body amplitudes with 1 to 4 axions

e QOutlook

® Beyond LO (xPT@NLO, resonances, FSI...)

® Application of this framework to cosmological problems

® Axion search with phenomenological n/n’ decay analysis
(n— mrl™i—,...)
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There is only kinetic mixing with the axion at LO:

K(QSQ,QSB) = 604/5') 0576 = 07378
F
K(a,dp) = E@)\ﬁ)

2
K(a,a) =1+ 2F]02(02>
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There is only kinetic mixing with the axion at LO:

K(¢a7¢ﬁ):6a/3a OC,BZO 3,8

K(a,0:) = 5 (0Aa)
2
K(a,a) =1+ 2F]02(02>

At a LO in 1/f,, we take A = K1/2:
A((Zsa?qsﬁ) = 5a57 a?lﬁ = 07 378
A(a, ¢p) = I (CM%)

A(a,a) =1
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Decays of interest for axion searches

ALP-lepton and ALP-photon terms:

oHa- a Qem - ~
Larp D —2—lcl’yu75l — —ECVFWFW
a

I Ja 87

n/n’ decays of interest:

n/n — rra* — wryy
n/n — wra* — 7wl

W —ntna* — 2(r T )70
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Four-field Lagrangian

1

B a

_ 6F_<}am<q>3> T3 (0u) €0, 9, 0" 0]+
e By e 4 0,0 (. 9 0 +
Tap My 16z TN B
BoF CL3 <(M_1)2‘1)> + B0F12 (14 <(M—1)3>

T 6rE (M) 247 M1yt
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Introduccidn

Neutrinos

Modelo Estandar Fisica de Particulas D . .-
Interacciones débiles

Oscilaciones de neutrinos

® Asimetria materia-antimateria y violacién de CP

Fermiones de Dirac/Majorana

Caracterizacién de fenédmenos astrofisicos y cosmoldgicos

Fuentes de neutrinos
® Naturales: rayos cédsmicos, neutrinos cosmoldgicos, decaimiento S...

e Artificiales: centrales nucleares, aceleradores (decaimiento 7)...

Noé Duarte Gonzélez IMPRS Recruitment Workshop July 2025 6/21



@ Interaccidn eldstica neutrino-nucledn

Noé Duarte Gonzélez IMPRS Recruitment Workshop July 2025 6/21



Interaccidn elastica neutrino-nucledn

vi+n — l+p
Y l
/\/(
n b
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Interaccidn elastica neutrino-nucledn

Seccién eficaz

_ ISP

do
T(I)inc

dNs, S = —z’/d4X Hy,(X)
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Interaccidn elastica neutrino-nucledn

Seccién eficaz

_ ISP

do =
T(I)inc

dNs, S = —z’/d4X Hy,(X)

Hamiltoniano electrodébil

2
Hy(X) = <g> JOTAL (X)
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Interaccidn elastica neutrino-nucledn

Seccién eficaz

Eli

do =
T(I)inc

dNs, S = —z’/d4X Hy,(X)
Hamiltoniano electrodébil

2
Hy(X) = > T (X)

(53

Corriente lepténica
TN = (1 = 25),
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Interaccidn elastica neutrino-nucledn

Seccién eficaz

Eli

do =
T(I)inc

dNs, S = —z’/d4X Hy,(X)
Hamiltoniano electrodébil

2
Hy(X) = > T (X)

<2f M)

Corriente lepténica
TN = (1 = 25),

4-potencial hadrénico

eZQ(X _Y)

Al (X) = [[av [ dQ D@ G
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Interaccidn elastica neutrino-nucledn

Propagador bosén W

1 QuQv 9uv
w — I o
DuQ) = Q> — M2, +ie (_g"” + M2, > Tz,
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Interaccidn elastica neutrino-nucledn

Propagador bosén W

1 QuQv 9uv
w — I o
DuQ) = Q> — M2, +ie (_g"” + M2, > Tz,

Corriente hadrdnica

M?
J;E,N) = \/;upfuun, F,u S <177M77577M757UNV>
pLn
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Interaccidn elastica neutrino-nucledn

Propagador bosén W

1 QuQv 9uv
w — I o
DuQ) = Q> — M2, +ie (_g"” + M2, > Tz,

Corriente hadrdnica

M?
J;E,N) = \/;upfuun, F,u S <177M77577M757UNV>
pLn

)
]‘_W = Fl‘ﬁ' + FIJ = <F1’YM + WFQUMVQV) + (GP75QM + GAPYMFYE))
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Interaccidn elastica neutrino-nucledn

Seccién eficaz )
do _ Gy |pi| , 1

diﬁ - 47_‘_2 E recﬁl,bl/W)u'l/
1
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Interaccidn elastica neutrino-nucledn

Seccién eficaz )
do _ Gy |pi| , 1

diﬁ - 47_‘_2 E recﬁl,bl/W)u'l/
1

Tensor leptdnico
ﬁ,uu = My, My Z J;Sl)TJISZ)

Sv»S1
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Interaccidn elastica neutrino-nucledn

Seccién eficaz
do _ G% |pl -

dQ 47T2E recilu W

Tensor leptdnico
ﬁ,uu = My, My Z J;Sl)TJISZ)

Sv»S1

Tensor hadrénico

f (N)F gV
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Factores de forma hadrénicos

i
Fl\L/ = (Fl')’u + WF2UMVQ1/>
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Factores de forma hadrénicos

i
Fl\L/ = (Fl')’u + WF2UMVQ1/>

Conservacidon corriente vectorial — Relacién con los factores EM
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Factores de forma hadrénicos

i
Fl\L/ = (Fl')’u + WF2UMVQ1/>

Conservacidon corriente vectorial — Relacién con los factores EM

Factores EM de Sachs: G%”, G7
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Factores de forma hadrénicos

i
Fl\L/ = (Fl')’u + WF2UMVQ1/>

Conservacidon corriente vectorial — Relacién con los factores EM
Factores EM de Sachs: G%”, G7

Factores débiles

(Gh = GB)+7(Gh —Gl) . _ (Ghy—Gi) = (G~ Gp)

= 2(1+7) ’ 2(1+7)
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Factores de forma hadrénicos

Parametrizacion dipolar de Galster

Gp - GD(QQ)a 7EL' =
Ghy = mGp(Q?), G4 = unGp(Q?)
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Factores de forma hadrénicos

Parametrizacion dipolar de Galster
Gh = Gp(Q%), GE =0
Gl = mGp(Q?), Gy = Gp(Q?)

Factor dipolar

GD(Q ) = (1 + |Qz|) , My =0.843 GeV

V
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Factores de forma hadrénicos

Parametrizacion dipolar de Galster

G = Gp(Q%), Gp=0
Ghy = mpGp(Q%), Gfy = G p(Q?)

Factor dipolar

GD(Q ) = (1 + |Qz|) , My =0.843 GeV

V

Parametrizaciones de Gary-Kriimpelmann y GKeX
Se extienden hasta |Q?| ~ 10 GeV incluyendo pQCD y mesones vectoriales
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Factores de forma hadrénicos

L = (GP°Q" + Gar'y”)
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Factores de forma hadrénicos

G 4: Estructura axial

uo_ 5 HAD
T (GPV QY+ Gary ) — { G p: Estructura pseudoescalar

Noé Duarte Gonzélez IMPRS Recruitment Workshop July 2025 13 /21



Factores de forma hadrénicos

G 4: Estructura axial
T — S M HAD
A (GPV QY+ Gary ) — G p: Estructura pseudoescalar

Estructura axial

20\ 2 = —1.267
o) ga
GA(Q%) = (1 + | |) ;
A(Q%) = ga M2 My =1.03 GeV
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Factores de forma hadrénicos

G 4: Estructura axial

uo_ 5 HAD
T (GPV QY+ Gary ) — { G p: Estructura pseudoescalar

Estructura axial

21\ 72 = —1.267
ga
A(@7) =ga My = 1.03 GeV
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Interaccion QE neutrino-ntcleo

VM+(A?Z) — :U’_+p+(A_LZ)
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Interaccion QE neutrino-ntcleo

VM+(A?Z) — :U’_+p+(A_LZ)

Y

(A-1,2)
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Interaccion QE neutrino-ntcleo

VM+(A?Z) — :U’_+p+(A_17Z)
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Interaccion QE neutrino-ntcleo

Dinamica nuclear
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Interaccion QE neutrino-ntcleo

Dinamica nuclear

do _ GF |ﬁ‘ 72
|:dQ:|s 4 E frec HVW
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Interaccion QE neutrino-ntcleo

Dinamica nuclear

|:d0':| _ GF |ﬁ‘ di_ F‘pl| W,u,u
rec .UV

a9 Zr 1P S
. = 1w B, e T4 T it B,
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Interaccion QE neutrino-ntcleo

Dinamica nuclear

|:d0':| _ GF |ﬁ‘ di_ F‘pl| W,u,u
rec .UJ/

a9 Zr 1P S
. = 1w B, e T4 T it B,

Gas de Fermi relativista (RFG)
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Interaccion QE neutrino-ntcleo

Dinamica nuclear
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Interaccion QE neutrino-ntcleo

Dinamica nuclear

do GF D1 do F p| -
el I ' 0 SWHY e T WH
|:dQ:|s 4 E frec Ny — dQ 47T2E rec .U
Gas de Fermi relativista (RFG)
Relacién de scaling
1 N
LA il 7 7AT.7
w kp fRFG(Qz[)) 2RWsn
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Interaccion QE neutrino-ntcleo

Funcién de scaling

Frr() = 5(1— 4?)0(1 —4?)

Noé Duarte Gonzélez IMPRS Recruitment Workshop July 2025 16 /21



Interaccion QE neutrino-ntcleo

Funcién de scaling

Frr() = 5(1— 4?)0(1 —4?)

Clases de scaling

Noé Duarte Gonzélez IMPRS Recruitment Workshop July 2025 16 /21



Interaccion QE neutrino-ntcleo

Funcién de scaling

Frr() = 5(1— 4?)0(1 —4?)

Clases de scaling

® Primera clase: f sélo depende de ¢ mediante

Noé Duarte Gonzélez IMPRS Recruitment Workshop July 2025 16 /21



Interaccion QE neutrino-ntcleo

Funcién de scaling

Frr() = 5(1— 4?)0(1 —4?)

Clases de scaling
® Primera clase: f sélo depende de ¢ mediante

® Segunda clase: f es independiente de la especie nuclear

Noé Duarte Gonzélez IMPRS Recruitment Workshop July 2025 16 /21



Interaccion QE neutrino-ntcleo

Funcién de scaling

Frr() = 5(1— 4?)0(1 —4?)

Clases de scaling
® Primera clase: f sélo depende de ¢ mediante
® Segunda clase: f es independiente de la especie nuclear
® Clase cero: fr,=fr=f

Noé Duarte Gonzélez IMPRS Recruitment Workshop July 2025 16 /21



Interaccion QE neutrino-ntcleo

Funcién de scaling

Frr() = 5(1— 4?)0(1 —4?)

Clases de scaling
® Primera clase: f sélo depende de ¢ mediante
® Segunda clase: f es independiente de la especie nuclear
® Clase cero: fr,=fr=f
® Superscaling: todas las condiciones previas
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Interaccién QE neutrino-ntcleo: scaling

Superscaling approach (SuSA)
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Interaccién QE neutrino-ntcleo: scaling

Superscaling approach (SuSA): Funcién scaling fenomenolégica

b1

fsusa(¥) = 1+ p%(w _ p3)2](1 + ep41/))
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b1

fsusa(¥) = 1+ p%(w _ p3)2](1 + ep41/))

Observaciones experimentales

® Ruptura scaling (clase 0)
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Superscaling approach (SuSA): Funcién scaling fenomenolégica

P
[1+p3(¢ —p3)?] (1 + era?)

fsusa(y) =

Observaciones experimentales

® Ruptura scaling (clase 0)

Jr(@) > fL(¥)

® Mejor ajuste incluyendo RMF
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Interaccién QE neutrino-ntcleo: scaling

Superscaling approach (SuSA): Funcién scaling fenomenolégica

P
[1+p3(¢ —p3)?] (1 + era?)

fsusa(y) =

Observaciones experimentales

® Ruptura scaling (clase 0)

Jr(@) > fL(¥)

® Mejor ajuste incluyendo RMF

SuSAv2: mejora de SuSA con efectos teéricos de RMF

Noé Duarte Gonzélez IMPRS Recruitment Workshop July 2025 17 /21



® Resultados

Noé Duarte Gonzélez IMPRS Recruitment Workshop July 2025



Resultados

sk — Galster+RFG | |
- -GKeX+SuSAv2
= —FE, =0.75 GeV | |
= E, = 1.25 GeV
w0
§ L —F, =175 GeV | |
% 6
&)
S5 f
£
3 4+ i
s
)
o3 i
SN
Sl=
oL . el }, ! N .
0.2 0.4 0.6 0.8 1 1.2 14 1.6 1.8
pu (GeV)

Noé Duarte Gonzélez IMPRS Recruitment Workshop July 2025



Resultados

(Galster+RFG)/(GKeX+RFG)

—FE,=0.75 GeV —E, = 1.5 GeV
—FE,=1GeV —FE, =175 GeV

1021 T~ B, = 1.25 GeV i

1.01+ \ ,

1.03; T

1- i
[t
0.99 |
0.98 |
0.97
0.96 L 1 1 1 1 1 1
0 0.2 0.4 0.6 0.8 1 1.2 14 1.6 1.8
pu (GeV)

Noé Duarte Gonzélez IMPRS Recruitment Workshop July 2025 19/21



Resultados

(Galster+SuSAv2)/(GKeX+SuSAv2)
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Resultados
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® Conclusiones
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Conclusiones

® Estudio de la interaccidn eldstica neutrino-nucleén y la dependencia
con los factores de forma hadrdnicos

® Anilisis de la interaccidn cuasieldstica neutrino-nicleo y su relacién
con la interaccién neutrino-nicleo en modelos de scaling

® Comparaciéon de predicciones tedricas que caracterizan los factores de
forma y el modelo nuclear
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