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Today's talk

Renormalization group corrections to axion couplings are not negligible
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Yellow: Tree-level prediction in DFSZ models, Green hatch: +RG effects



A flash review of PQ mechanism and axion

B Axion is predicted in a solution to the Strong CP problem
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» a(x) = NG boson from a chiral U(1) PQ symmetry breaking
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» a(x) = NG boson from a chiral U(1) PQ symmetry breaking

B Two classes of benchmark (invisible) axion models (vpyw < 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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Axion couplings to matter and radiation

2
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f=p;n.¢ R .
\ "a-1% mixing (GG term)
A A
Cp,n — Aucu,d + Adcd,u ~+ ASCS —_ ( M ud } Ma d.u ) PQ"EM Gnomaly
ny, My m, ny

» completely fixed by C; (yqcp) and PQ charges
» normally take C; (uocp) = Cr(f)

but... since IMQCD <<f;l , Cf (IuQCD) — Cf (]Ca) + ACf (IMQCtha)

large log corrections from
RG evolution



Running of DFSZ axion couplings

H [Bauer et al. 2012.12272; Choi et al. 2106.05816]

v Matching with an axion effective Lagrangian in the GKR basis
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H [Bauer et al. 2012.12272; Choi et al. 2106.05816]
v Matching with an axion effective Lagrangian in the GKR basis
14 Cy.® = Xy.& (PQ charge)
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Running of DFSZ axion couplings

H [Bauer et al. 2012.12272; Choi et al. 2106.05816]
v Matching with an axion effective Lagrangian in the GKR basis
1. Cy.® = Xy.& (PQ charge)
d,a — Bhns g5 a . ~
_ LORR — ZF cyp by + ce®TiDFD | + 4 ZFuF
No running f ( ¢=q§L,... v @:Hz;[ * ) A:;WB 3272 f 407
| (- aﬂ PO = =0)
MBsm Cw(mBSM) = Cw(f o) v Heavy scalars H A°. H* are integrated out
HEW Cyr=cs, —Cyf, v h,W,Z,t are integrated out
ff_ e’ =
HQCD Cr(Hoep) = Cr(f,) + ACy (Hoceps Mesm) v Matching with L 2f Z Crfy'ysf + C',y 7 30m2 FF

f=p,n.e
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Running of DFSZ axion couplings

[Bauer et al. 2012.12272; Choi et al. 2106.05816]

v Matching with an axion effective Lagrangian in the GKR basis

Cy,d = Xy,@ (PQ charge)
o ] o N
[OKR _ %a (w Z Co by + Z cq)cI)TzDNCI)) + Z 33?2 ;’;FAFA

No running —qr L., d=H, Ho,... A=G,W.B
| Z—
| (o8, =0)
cy(MmBsm) = ¢y (fa) v Heavy scalars HY, AY, H* are integrated out
Cyr=cs, —Cyf, v h,W,Z, t are integrated out
ff_ e’ n
Cr (Hocp) = Cr () + AG (poep; Mesm) v Matching with £ 2 fa f ; 6 Cr " ysf + Cy~ 7 30m2 FF

RG corrections crucially depend on the heavy Higgs scale
instead of PQ scale (1 TeV < mpay < fo)



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)

I”]f a T3,f r é independent of
fermion species 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) G (f)

Analytical approximation
(~2% precision)

4 z
rl=rl —rl~—0.541n(y/x — 0.52)

ry=rL+r;~38x10""In*(x — 1.25) = 0 | (mBSM>
with x = log,
GeV



RG effects on hadronic axion couplings

® DFSZ1: g, H,up, G, H,dy, I, H,ep
® DFSZ2: g,H,up, G, H.dp, [, H,ep
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RG effects on hadronic axion couplings

® DFSZ1: g, H,up, G, H,dy, I, H,ep

® DFSZ2: g, H,uy, g, Hody, [[Hiep Al 2|
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tree couplings vanish at 3 ->0

RG corrections do not

Coupling

(DFSZ1)

Coupling (DFSZ2)

Approx. Correction

“I"AC, = 07094 I(x) cos2 B |

I I i I
----- Tree-level coupling _-
+ RG corrections
mgsm = 109 GeV
mgsm = 1 TeV
-__1 __________
Py
S
(=
>
O
=
©
=
1
L [ L1 1 I
1071 10° 10

tan [

’)’=§_1'92 ’)’=§_1-92 ACy_O
- .

0.0'_ . l X) = ln — 052
: --------- Tree-level coupling | (%) (\/_ )
| \ + RG corrections tan IB =V / Vs

—0.1 mgsm = 10° GeV
' mgsy = 1 TeV
»n —0.2F o
E
c
i -
-0.3} =
- ®
L=
_04llC
L _ =
107" 10° 10!
tan (3



035F
0.30F
025"
0.20 -

0.15

0.10

0.05E

RG effects on leptonic axion couplings

RG corrections do not

) Coupling (DFSZ1) | Coupling (DFSZ2) | Approx. Correction
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RG effects on leptonic axion couplings

® DFSZ1: g, H,uy, G, H.dy, [, Hoep
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Impact on Axion Phenomenology

fa|GeV]
® RGB bound: |C,| £1.65x107°(m, /eV)™! 10° 108 107
[ | llII|III | | |Illll I | |Ill
59 10 — ¥
@ SN1 O87A: La < Ly =3 X 10 6I'g/S - - - i Tree-level coupling
§ ; 1 +RG: Red Giants
" : ] B +RG: SN 1987A
L, = ¢ — Csy X 10" erg/s  axion emission rate ]
a Q.
=
g -
Con = 1.4 (G5 + 1.3C5 + 0.11C)C5)  [Lellaet al. 2211.13760] :
NN — NNa " e J
3 - | | ~~~
l + 7N = Na [Carenza et al. 2010.02943; Choi et al. 2110.01972] § - Ll e
' g 1072 107! 1
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® Hot Dark Matter (g, )
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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 N N :
» At the tree level, this suppression is realized by | \ — RGE
generation dependent PQ charge for quarks such that 057 --- NoRGE

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

(ii) V22/V12 = tan’f =2 [Alves, Weiner (2017), Alves (2020)]

— These relations are modified at low energy scales
by the RG corrections (see figure)

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




Summary

B RG effects to DFSZ axion couplings have been assessed:

Cr(2GeV) =~ G (f) + 15 ¢ rs (mgsu) G, (f)

ry=r,—r;~—0.54 In(y/x —0.52) with x = logy, (

u

mMpsm

GeV

)

B You can apply those effects to any other (DFSZ-like) axion models!

» your axion model predictions might be changed (e.g. axion nucleophobia)

Thanks for your attention
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Axion interactions to matter and radiation

a a 0,0
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

1
Co = 5(Cp+Cn) =0.22(Cu + Ca — 1) = 0.035C,
1 mq — Ty,
_t 6a(c. —
1 o (7
Cs ~ —0.43sin” B + 0.64 ( fftq — T )
3 Mg+ my
C, = cos? I3 e

C, = sin® /3



Renormalization group equations (1/2)

B Urw < U < MBSm

where
A7) deg, _ 1., t t r oyt /oyt = —2Tr(3Y/c,, Y, - 3Yic), Ya - Yic| Y.)
( ﬂ) leg/.l — E{CqLaquu + Yde}_ YuCuRYu _ YdCdRYd YH u-qr—u d“q " d e~ ¢
' vt r vt ' vt
9 1\ 1 +2Tr(3Yuc, Y} — 3Yuc), Y, — Yec, Y1),
+ SQ’SCG + EQ'ZCW + EQ'ICB _ﬂq YH 1, 'EG = cc —TI‘(C;R n CZZR . 2C,qL),
dc, 8 = / /
(47r)2d10£ﬂ ={c},.. Y1 Y.} - 2Y)c, Y, — (Saﬁc(; + ga%cB) 1 cw = cw +Tr (3¢, +¢j,),
o 1 / / / 4 /
_B,yu1, Cp =Cp — Tr(§(8cuR + 2cdR ch) +2c,, ch).
dc’ )
d / / — |~
(471)2d1 R _ {cdR, Y;Yd} — ZY;ch Y; — (SCL’ECG + gcx%cB) 1 | | | |
08 > Axion-Higgs coupling ¢ is removed at any scale by
~Bavnl, performing an axion-dependent hypercharge rotation:
dc; 1 9 3 .
{ ’ , ~ ~ —
(471')2d10g14u — 5{6‘&, YeYeT} — YeCeRYeT + (ECZ%CW + ECL’%CB) 1 l/j — @ lCH,BWa/fl// (ﬁl// — Yl///YH)
—Beyn 1,
dc » This redefines all axion-fermion couplings as
(47T)2d10:'u = {c,,, YiY.} = 2Y]c, Y. — 6aicp1 - B.yu 1, ¢, = €, = ¢, — P,Cy , which you see in the RGEs



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 ”
i k] G e
L
where ; - )

[Bauer, Neubert, Renner, Schnubel, Thamm, 2012.12272]

) = 1= ) Con®u—my).
q

_ C
W) = - =2 zf] N.Q2CH (WO — my),



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

falGeV]
B DFSZ2 model: e Ll i

T 7 i I3 ]TT|I1lTj M J [IITTT i b= 48 ]ITT

» axion-electron coupling is not suppressed in the T | L e ot
: 0 - I +RG: Red Giants
small tanf region: C,(f,) = — ¢;/3 e

= 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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