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Today's talk

Renormalization group corrections to axion couplings are not negligible

fa|GeV] fa|GeV] fa|GeV]
1072 100 108 1012 100 108 1012 1070 108

SN 1987A

|gae‘

107

106 10~* 102 1 106 104 1072 1 106 104 102
mMe|eV] mMe|eV] mMe|eV]

Yellow: Tree-level prediction in DFSZ models, Green: +RG effects

1



A flash review of PQ mechanism and axion

B Axion is predicted in a solution to the Strong CP problem

a(x) a;

f, 8«

a - R
ZLocp D 0 S—;GWG”” — G, G" (alf,y =0 atthe QCD vacuum

» a(x) = NG boson from SSB of a chiral U(1) PQ symmetry

B Two classes of benchmark (invisible) axion models (vgyw < f,):

DFSZ axion: SM quarks and Higgses charged under PQ.  [zhitnitsky (1980), Dine, Fischler, Srednicki (1981)]
Minimally requires 2HDM + 1 scalar singlet. SM leptons are also PQ charged.

KSVZ axion: All SM fields are neutral under PQ. [Kim (1979), Shifman, Vainshtein, Zakharov (1980)]
QCD anomaly induced by new quarks that are vector-like under SM and chiral
under PQ. Singlet scalar breaks PQ.



Axion couplings to matter and radiation
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Axion couplings to matter and radiation
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Axion couplings to matter and radiation
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b Cf = Cf(MQCD) (f=u,d,s,e)

> A a5 = N1Griysq | N)
@ : Normally we take C;(uqcp) = C;(f,), and once an explicit

axion model is chosen, axion couplings are determined by
UV inputs (e.g. PQ charges of fields), but ...
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Axion couplings to matter and radiation
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Normally we take C;(uocp) = C;(f,), and once an explicit
axion model is chosen, axion couplings are determined by

UV inputs (e.g. PQ charges of fields), but ...

since //tQCD <<fa , Cf (//tQCD) — Cf (fa) T ACf (//tQCD;fa)

corrections from RG evolution



Running of DFSZ axion couplings

H [Bauer et al. 2012.12272; Choi et al. 2106.05816]
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Running of DFSZ axion couplings
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Running of DFSZ axion couplings

# [Bauer et al. 2012.12272; Choi et al. 2106.05816]
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Running of DFSZ axion couplings

# [Bauer et al. 2012.12272; Choi et al. 2106.05816]
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Running of DFSZ axion couplings

# [Bauer et al. 2012.12272; Choi et al. 2106.05816]
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RG correction crucially depend on the heavy Higgs scale
instead of PQ scale (1 TeV < mpqy < f.)



RG corrections in DFSZ axion models

In the DFSZ models, the leading contribution arises from top loop diagrams induced by
axion-top coupling C,

C;(2GeV) = Ci(f,) + 1t (mgsy) C, (f)
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RG corrections in DFSZ axion models

In the DFSZ models, the leading contribution arises from top loop diagrams induced by
axion-top coupling C,

C;(2GeV) = Ci(f,) + 1t (mgsy) G (f)

Analytical approximation
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RG corrections in DFSZ axion models

In the DFSZ models, the leading contribution arises from top loop diagrams induced by
axion-top coupling C,

C;(2GeV) = Ci(f,) + 1t (mgsy) G (f)

Analytical approximation r f = T3,f I3

proportional to weak isospin!

m
ro=rh+rh~3.8x 107 In*(x — 1.25) with x = log ( G’?}“)




RG corrections in DFSZ axion models
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RG corrections in DFSZ axion models

RG corrections do not
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Impact on Axion Phenomenology
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Impact on Axion Phenomenology
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Application to other axion models

: . [Di Luzio, Mescia, Nardi, Panci, Ziegler, 1712.04940]
m Nucleophobic axion [Di Luzio, Mescia, Nardi, SO, 2205.15326]

» Strong SN1987A bound is relaxed if Cy, =~ 0 sl \ v _'

» At the tree level, this suppression is realized by \ — RGE

generation dependent PQ charge for quarks such that

--- No RGE

(i) N =Ny, Noyg = — Nz,q (N: PQ-QCD anomaly)

(ii) \;22/\;12 = tan’f =2 [Alves, Weiner (2017), Alves (2020)]

— These relations can be modified by the RG effects
at low energy scales (see figure)

» Axion nucleophobia keeps holding after including the
RG effects, albeit with a fairly different VEV ratio




Summary

B RG corrections to DFSZ axion couplings depend on heavy Higgs scale migq\
» non-negligibly large even if mgq, = 1 TeV

P Cp + C,,C,,C_receive large RG corrections, while Cp + C, doesn't

» Some DFSZ axion bounds were underestimated

B Applications to other axion models

» axion nucleophobia operates in a fairly difference parameter space before and after
including the RG effects

Thanks for your attention
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Axion interactions to matter and radiation
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Li=Cyom—F"Fu+ Y C; = Fytys f «— RGB bound (C,), SN1987A (NN — NNa)
31 fa, Pl 214
f 7 (20“7ro7r+7r_ - ¥t — nnt ot <~ HDM bound (ar < 7zr)
0,0
+ Cry T (in* py*n — in"ny"p) < SN1987A (N — Na)
Ha(_ + . A+ — A0, AO
+ CnA o (p A, +Ap+nA, + A, n) +..., <~ SN1987A (A-resonance)
C =2 1oy Z_wTG
N N Co
2
C]Z' — = ggglcf% JZ'N \/_g 1C3 CNA - 3C3
CO 3 — _(Cp T Cn)




Axion couplings to SM fields

B Axion effective Lagrangian in the Georgi-Kaplan-Randall basis:

GKR _ 9u i )
LT = —f ( E Cyp Y ) + E coP zD“@) + E A% 3 fFAFA

¢:qL,£L,... (I):Hl,HQ,... A:G,W,B

» U(1)pq non-linearly realized: a - a + af

» Heavy O(f) radial mode ignored
> At u = f, one can take this basis by performing axion-dependent field redefinition 9 — e~ “¥#%//4)

-> axion couplings correspond to PQ charge of fields and PQ-(gauge)”2 anomaly coefficients

Coyp,» = Xy, &

ca =Y 2Xy, TrT3(YRr) — Y 2Xy, TrT3(¢r)
YR P




Axion couplings to nucleons
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Renormalization group equations (1/2)

B Urw < U < MBSm

where
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Renormalization group equations (2/2)

B lUgcD < U< HUEW

(4 d(CA)u — _16 8 2 ~
)? dlogpn CG — 3 TemCy > » add threshold corrections at the EW scale
d(C%);; 2 5
4 Tlogu = ~16%:% = 3y G o) = mew) = G hew) + Acy, — Acy,
, d(C2);
(47)° = —602,,Cy , N ”
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[Bauer, Neubert, Renner, Schnubel, Thamm, 2012.12272]
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Perturbative Unitarity Bounds

mpsM = fa

B Small tanf3 leads low Landau pole scales

» Impose perturbative unitarity on Higgs-mediated fermion
2 — 2 scatteringuptou =7, :

= Ythf M < \/ 167/ 3 [Di Luzio, Kamenik, Nardecchia (2016)]

(region left to the black line is excluded)

» Yukawa couplings are RG-evolved from m, to f,, while
appropriately matching with the 2HDM at y = mgq\



Astrophysical bounds in DFSZ2 model
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» axion-electron coupling is not suppressed in the T | L e ot
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= RG effect less important for the RGB bound
than in the DFSZ1 model

tan

» Hadronic couplings are unchanged
= RG effect is unchanged for the SN1987A bound
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