Uncovering microscopic origins of axions by

low energy precision physics

Sang Hui Im (IBS-CTPU)

K. Choi, SHI, H. ]J. Kim, H. Seong, JHEP 08 (2021) 058, 2106.05816

GGl axion workshop, Florence, Italy
May 12th, 2023



Outline

* Classification of possible UV physics for axions
KSVZ-like models
DFSZ-like models

String-theoretic models

* RGE of axion couplings

* UV-characteristic patterns of low energy axion
couplings



Strong CP problem and QCD axion

g2
3272

Y HQru$ + ygH*Qrds + 0GG

Non-observation

‘ 0 = 0 + arg det (yuyq) < 1071Y  of neutron EDM

[Abel et al ’20]
CPV in the QCD sector

while Jdckn = arg det [yuyq];aydyji} ~ 0(1)

The QCD vacuum energy is minimized at the CP-conserving point (8 = 0).

B [Vafa, Witten ’84]
Vocp = —A4QCD cos 6

2
_ g2 a -
Promote 6 to a dynamical field (=QCD axion) : 3, 5 (9 + f_) GG

[Peccei, Quinn ’77, Weinberg ‘78, Wilczek 78] 3



QCD axion lagrangian

, 2 a 3 See lectures by G.Villadoro
S 174
L= (0ua)” + 392 CG_GGM G in the last training week
a 9 A A, Ol t=p ey
AP~ A ol ID ISR DT
4 A=W,B,... @ \y=q.pl,... d=H,...

UDpg: alzr) = a(z)+«a

broken by c; # 0 non-perturbatively
» m2 ~ C2 My Mg m?rf?%
“ G (my + md)2 fg

The axion couplings to the other SM particles
Cw, Cp, Cq, Cp, Cyy are UV model-dependent.




Axion-Like Particles (ALPs)

Cousins of the QCD axion, while not being necessarily involved in solving the
strong CP problem (so their couplings to gluons can be 0)
Ubiquitous in many BSM scenarios, in particular, string theory

[Arvanitaki, Dimopoulos, Dubovsky, Kaloper, Marsh-Russell, ‘09]

L5 I 95, a 9% A A | Oua Fop b
5( Ma) — 5Mad + — fa 327T2CAF FW—I—K chw o ¢+Zc¢¢ iDH ¢
(0 ¢

i) approximate shift symmetry U(1)py a(z) — a(z)+c (c € R)

: ALP can be naturally light.

i) periodicity C‘](j?) _ a](jf) Lo

. fa characterizes typical size of ALP couplings
up to UV-dependent dimensionless coefficients ¢y, ¢y, €. s




KSVZ model

Kim ’79, Shifman,Vainshtein, Zakharov ’80
(See the lecture by A. Ringwald)

Introduces a heavy new fermion @ charged under the SM gauge
groups

(p+ fa)e ia/ fo

&\H

yPQQ° + h.c. P =

Y,
<(I)>: fa mQ—\/ifa fa

G-

U(l)pQ P — (I)eza(_ % — E + a) Q — Qe—ia/27 Q° — ch—ia/z

SM fields are not charged under linearly realized U(1)p,.



y®QQ° + h.c. | UL)pg: @ = de(= f_ = f_ Fa), Q= Qe 2, Qf = Qieiol?

Q%Qe_ia/Qfa, Qc_>ch—ia/2fa

: axion-dependent field redefinition
proportional to the PQ charge

$

2
c G g N
Lo > me) = 5 fa = Q@+ Qlare) + 7 AP,
ca = 2t1(T3(Q))
U(l)PQ E — E Ta : Dynkin index

‘ Below the exotic heavy fermion mass scale

a 94 - “KSVZ-like models”

_ Apv A
Lol <mQ) = Ja EA: 3272 Ak b : vanishing tree-level couplings

to the SM fermions
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DFSZ model

Dine, Fischler, Srednicki 81, Zhitnitsky 80
(See the lecture by A. Ringwald)

The axion couples to the SM sector at tree-level through the Higgs
portal.

YuuHQLHy + yad3QrHy + yee LHy + A®*H, Hy + h.c.

1 .
b =—(p+ fa)e" Ve
\@(p fa)e

U(L)pg: © — @', Hy — Hye %, df — dpe™™, ef — efe’™®

Some of SM fields are charged under linearly realized U(1)p,.



YuuSQrHy + yad$QrHy + yee R LHy + ANO?H, Hy + h.c.

Upg: & — @', Hy— Hge %, df — d5e™®, ef — ehe™™

H;— Hde_ﬂ“/f“, dp — d%eﬁa/f“, er — efqeﬂa’/fa
: axion-dependent field redefinition

proportional to the PQ charge
oua g2

a

% . gl 1 B,uVB
327‘(’ 6faG G 3272 6fa

g
Log(pp > mps) = —2 (dg&“dCR + eg(f”e% — HQ;iD’“‘Hd)

U()pg: f %EjLO‘

After Z-boson integrated out,
tg = (Hy)/(Hqa)

4

8@

“DFSZ-like models”
: 0(1) tree-level couplings

v gl v .
327r GfGGM G = 372 16faFM Fius to the SM fermions

Lefr(pn < mz) = ((:2 uIyPysu + 55 d v ysd + s5 ety e)

Ja
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String-theoretic models Witten '84

m ) : harmonic p-form on

C ot y"™) = a(zh)Q
[m1m2--mp]< y") (") [mamz..mp (y the compact internal space

4D axions identified as zero modes of
higher-dimensional p-form gauge field

Axion chiral superfield (7 : volume

o :
I'=7+ia modulus of p-cycle dual to ()

=

3 U(1)pg: a — a-+ const

SUSY-preserving
compactification  \- : remnant of a higher-dimensional gauge symmetry
5C[m1m2..mp] — a[ml*/\7712,..,77110]
» K = Ko(T +T*) + Z;(T + T*)®}®;
4D Low energy Fa=cAT Zroc (T + T wr ~O(1) scaling weight

of @,

effective action ca ~ O(1) Conlon, Cremades, Quevedo ‘06 10



K = KO(T + T*) + Z](T + T*)(I)7(I)[

Fa=cal Zroc (T+ T wy~0O(1) ca~0(1)

‘ T =71+1a

M? &
Log = =07 Ko (9ua)” + ;—iaua (zp}&“m + qﬁ}z’D%I) icATFAWFA + R I
~0(1) —l: ~0(1)
T = 5 ~ O(1)
CAGA

String-theoretic axion couplings to matter fields and gauge fields are
comparable to each other.

Canonical a _ Mp |0%Ky
. . a % 2 fCL - 2
normalization ST fa 7 2

cAgAa
672,

FA,U,V FA

1 1
Log = ——FA“”FA + = (0ua)* + wr

4g% 9 (1&}6“@[)} + ¢}iBM¢I)

CA
3212 fq
~0(g*?/16m?)
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Comparison of tree-level axion couplings to
the SM fermions

o,a o2 ,
2 Z C\II\IJT’}/ Y5 W + 39702 7 C,VF'M F,w Cy ™~ O(l)
4 p= u,d,e a

 DFSZ-like models: C§ ~ 0(1)
» KSVZ-like models: C§ = 0
* String-theoretic models: C§ ~ 0(g?/16m?)

At tree-level, those three classes of high energy physics show clearly
different patterns that they may be distinguished by precision measurements.

Yet radiative corrections have to be carefully taken into account in order

to see whether it is indeed possible, especially for discriminating string-
theoretic models from KSVZ-like models.
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Running of axion couplings by Yukawa interactions

K Choi, SHI, CB Park,SYun ’I7, Camalich, Pospelov,Vuong, Ziegler, Zupan 20
Heiles, Konig, Neubert ’20, Chala, Guedes, Ramos, Santiago 20

a

H
e e B v ” 0
8MG, t t gz‘ a Auv A
i chw U“erachH H]! zD“H +; 327T2 f — FH F
dCQ3 ~ fy y2nt
dlnp — 16mw27"
dCUC g ng = Cy¢ + Co + Ccy
uS0.H » 5 o SY 20 3 3 a
YeusQsHa diny  8x2/t™ = 0 for KSVZ-like models
dew, 3 2y + 0 for the DFSZ model
dlnp — 8r27t

below p = my+
¢ = {1 for non-SUSY models
y =

2 for SUSY models 13



Running of axion couplings by gauge interactions

Srednicki ’85, S Chang and K Choi '93

" K Choi, SHI, CS Shin ’20,
Chala, Guedes, Ramos, Santiago 20
QCA Bauer, Neubert, Renner, Schnubel, Thamm 20
7-[-2
Oua Zc Yloty + Y en, HTzD“H & pAw A
£ v e 327r A7 v
2
dC¢ 3 92
_ A C ~ ~
= - — | = CA = CA — E Cy/y!
gauge A i
2
dCHa f Z 3 ( 124 ) (H ) N + O
e —CH _ A Q CA o _ o o
dIn |00 — 9 \ 8712 for field-theoretic axions
below the mass scale of
¢, = 1 for non-SUSY models cy = 0 for non-SUSY models the heaviest 1,0'
2/3 for SUSY models 2/3 for SUSY models

C4(®) : quadratic Casimir 14



Numerical results

For mgey = 101% GeV and tan 8 = 10,

—————

Cul2GeV) = Culfa) 4 0.28n4(fu)l4 177 86(fa) + 0528w (fa) + 0,086 25 (fa)) x 107,
Cy(2GeV) ~ Cy(fa) +0.31 nt(fa) [19 40G(fa) + 0.23 5W(fa) +0.0047 5B(fa)] X 10_3,i
)

_________________

____________________________________________________

N,

vt Mpsm 2
gz U I, =~ 03 mella) (“17) & (fa) In 2~ (107~ 1072)2 (£)

mg
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AC, in KSVZ-like models

Srednicki ’85
S Chang and K Choi ’93
Bauer, Neubert, Renner, Schnubel, Thamm 20

w4

Y,
X

_______________________________________________
~~~~~~

Cu(my) =~ [0 84 ci - 0.03 ¢ [+ 0.28 ey + 0.10 CB} x 1073 (KSVZ with MSSM)

Ce(me) ~ [o 83cq |- 0.03 g+ 0.54cw +0.13 cB} x 1073 (KSVZ with SM),

~

______________________________________________________

Previously ignored because (%>3y20G In (ﬁ) ~ 1073
my

it is at three-loop level. 16



RG correction :

ACy = rg(mpsy) ne(fa) + 2 rg (Mpsnm) €4(fa)

A=GW,B
100 | | | | | | LRRLL IR 100 E T | | | | | | T
107" 4 107" 4
10721 1072 ¢ :
Sl 10_3— ti; > 0 10_3;:7 -
1074} : 107" ¢ :
£ 3 tan 8 = 10 ]
107°F 107° msusy = 10 TeV | -
10_6 i cocml el cvod vl el vl vl el ||||||:| 10_6 )
108 1010 1012 104 1016 108 1010 1012 104 1016
mgpsy [GeV] Mmpsy [GeV]
| — oy, — 0§ — o — ]

A few factor difference in the previous numerical values for
different mggqy, from 107 GeV to 101° GeV
(can be quite much smaller for mgg),~1 TeV: Maurizio’s talk).
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Summary: axion couplings including loops

q,?
DFSZ-likemodels = ----- > a@or Wexotic
a
q,t

q,t ‘Ff
KSVZ-like models << |

q,?
String-theoretic models o ~J A
q,?
18



Consequences in low energy observables

Axion couplings to the photon, electron, neutron, and proton below GeV

Gar

gap

Gan

Yae

2

2

12

2

12

2

Gan _ Gap _
“ Ayt ysn + o w m“%p]
n my

1 - Gae _
Zga’yaE B+ a,ua [2m6 evyHyse + om

21 fq
mp
Ja
mp
Ja
Mn
Ja
Mn
Ja

mMe . .
f—Ce(me), Cortona, Hardy,Vega,Villadoro ‘15

Qem 1 ( 2m, +4my ) Qem 1 ( )
— — ~ — —1.92
cw + cB 3, + my o . cw + cB cG ),

My, + My My, + My

<C’uAu + CyAd — (

(plunysulp)

st Ay

(0.90(3) Cu(2GeV) — 0.38(2) Cy(2 GeV) — 0.48(3) cG) ,

My, mq
M _ A A _
My + My Aut My, + My d) CG) L <p|d’y“’y5d|p>

A\ J

(0-90(3) Ca(2 GeV) — 0.38(2) Cu(2GeV) — 0.04(3) e ). i Ad

(CdAu + CyAd — (
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Taking into account the radiative corrections with the choice of parameters

fa = 1010 Ge\/, tﬁ = 10, and Meysy = 10 TeV,

mp,
Jan == K {

Mme
Jae > E {

/

O(1), DFSZ-like
§ —0.48¢cq + (0.5cy + 0.05¢p) x 1073, KSVZ-like
\ —0.48¢cq + 0.7wfgéUT x 1072, String
(0(1), DFSZ-like

—0.03¢cg + (0.5¢cp — 0.15¢5) x 1074,  KSVZ-like
| —0.03¢cg +0.63wrggyp x 1072,

String

"

O(1),
(cq + 0.4ey + 0.15¢g) x 1073,
| (ca + 0.4ew +0.15¢p) X 1072 + wiggyp x 1072,

DFSZ-like
KSVZ-like
String

For the string-theoretic model, a universal scaling weight w; is assumed.

Ex) w; = %, w;géyr ~ 0.25 in a type-lIB string Large Volume Scenario
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(Qem/2TMy) X |Gan/ Gar|

Distinguishing the models of an axion by

coupling ratios

For QCD axion (c; # 0),

10!
10°

107"

Yap

sl s
1012

fa [GeV]

FUTTTI SRR ETTIT S WU V11T N
108 1010

s

LAl L1l
1014

wuul

i l.lllj
10'6

mp

~S ———

(G /2TM00) X [Gacf Qanl

fa

101:-

100}

—h
B

1072

103

10_4 LA AL LAl

regardless of the classes of models

1

——

Green : DFSZ-like model (DFSZ-1 with tan f = 10 and my+ = 10 TeV)

Red : String-theoretic model

Black : KSVZ-like model (dashed : m, = 1073 £, solid ‘Mo = fa)

21



For ALPs with (c; = 0),

101 URALLLL m ma i m ) T L BLARARLL S s L e a2 101

S 1077 ] S 107°F 3

X 102§ i X 107%f 1
& 1073 ] :5 1073 -
& 104 JEERESRREEEEEET 1 & 1074k -
e E 3 ™ B SR e 3

§ 1075k E g 1075 JEREEEE E

) E 3 = E 3
R [ P STV SRR SOOI Sy [\ el P R SR BV R

108 10" 10" 10" 10" 108 10 10 10  10'®
fa [G(’\'] fn [Ge\'r]

~ 101 e LR BB EARLLLL PR L LR PRUR LI, LR R LA L | "”'7'5"‘ — 101 L (PALLL S DL SRR RRARLLL, PRDLIL PRI AL, PR LU LR .

g i T 53 i Green : DFSZ-like model
S 10% 1 2 10% 2
3 g ] T3 i E . .
S 101 1 S0 i Red:String-theoretic model
& 3 2% *  Black : KSVZ-like model
£ 1073k 1 £ 107%¢ =

= F ] = F E . — —3
§ 107 & 1074} . (dashed:mqy =10 far
“Z 10-5 “E 105t = i

5 107 1§ 107 psesewswswememmm—== solid :mg = f)
22 1070 i il el il sl s ~ 1076 k7. " :
10° 107 a0 dgis e 10° 10 10”10 10

fa [GeV] fa [GeV]

_(- 101 AL AL LA LA AL A, A R, IR _(_ 101 AL AL LA TELA G LA o RO AL REULLLL T il BRAAL
S b 4 I~ - 4
= 10} 1 < 10 3
5 107" 5 107" ;
= 3 1 = 4 E
X 1072F 4 X 1072f 4
—_ E = (e :
s 107% el £ 107°F E
= —4F e et 9 k= - _—-—:_—mi
& 1074F 1 & 107* === E
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g 1075 3 § 1075k E
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- 10_6 wid sind al — 10_6 i wd = sl

10 10" 10* 10" 10 10" 10"

fa [GeV] fa [GeV]
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Summary

Axions are theoretically well-motivated new particles which may be an
important clue for underlying UV physics when they are discovered.

In principle, we have three possible classes of UV physics for axions, showing

clearly different patterns of axion couplings to SM particles at tree-level.
We have carefully examined the leading loop effect on those patterns.

We find that as for QCD axion, it may be challenging to discriminate string-
theoretic models from KSVZ-like models if not impossible. For this, the

axion-electron coupling plays an important role.

On the other hand, for ALPs without gluon coupling, it is much more
promising to distinguish among the three classes of models by various

precision measurements of low energy axion couplings.

Maurizio will continue discussion on astro/cosmological implications of

running couplings of the DFSZ-QCD axions. ’3



Part 2:

Phenomenological Implications

DFSZ axion

M. Giannotti, S. Owaka, E. Nardi, L. Di Luzio, F. Mescia, G. Piazza

GGI, May 10, 2023



Corrections to couplings

The leading contribution to the running axion couplings arises from top loop diagrams
induced by the axion-top coupling C,

Cy(2GeV) =~ Cy(f )+ 7 \ty(mBSM) C(f) (¥ =u,d, e)

These can be expressed in terms of [C — %coszﬁ

<H > | .
tanﬁ — u — Vu/vd $ Cd,s,b = — Slnzﬁ
<H,> l 3
1




Corrections to couplings

The leading contribution to the running axion couplings arises from top loop diagrams
induced by the axion-top coupling C,

Cy(2GeV) =~ Cy(f )+ r \ty(mBSM) Ct(fa)l (¥ =u,d, e)

This terms measures the
corrections induced from
the high energy

Corrections may be significant (depend on mggqy and on other parameters of the theory)



Corrections to couplings

Possible qualitative phenomenological changes

Cp(2GeV) = Cy(f)+ ry(mpsy) C(f,)

This may be zero and yet This may be finite

This is the case of C, in the DFSZ axion for small tan 8

(WY =u,d,e)



Corrections to couplings

Cy(2GeV) ~ Cy(f,)+ ru(mpsy) C(f.) (¥ =u,d,e)

= unavoidable additional uncertainty

... but there are some general results



Corrections to couplings

Cp(2GeV) = Cy(f)+ ry(mpsy) C(f,)

Analytical Approximations

ry(mggy) = 1y, — ry~ —0.541n (\/; — O.52>

m
Wlth X = loglo < BSM)

ri(mgsn) = 1+ 1238 %107 In* (x — 1.25) = 0 GeV

1

t o~ t
r(mggy) =~ — 5 3



Corrections to couplings

Cp(2GeV) = Cy(f)+ ry(mpsy) C(f,)

Analytical Approximations

Large
ry(mggy) = 1y, — ry~ —0.541n (\/; — O.52>
m
” ; ” PG Wlth X = loglo < BSM>
ri(mgsy) = 1l 4+ 1~ 3.8x 107*In* (x — 1.25) ~ 0 GeV
4 1 4
r(mgsy) =~ — =13
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Corrections to couplings

Cp(2GeV) = Cy(f)+ ry(mpsy) C(f,)

Analytical Approximations

Small

m
Wlth X = loglo < GBS\l\//I>
C

r(mgey) = 7 — '~ — 0.541n <\/} _ o.sz)

ri(mggy) = rh+ rh =~ 3.8 X 107*1In* (x — 1.25) ~ 0

5

ré(mBSM) = — I3



DFSZ axions: Explicit Results

Coupling (DFSZ1) | Coupling (DFSZ2) | Approx. Correction
Co = -0.20 Co =~ -0.20 ACy =0
C; ~ -0.43 sin’B | C3 ~ —0.43 sin’B | ACz ~ —0.121(x) cos?
C, = 1sin’p C, = —3cos’f AC, ~ 0.094 I(x) cos?f
C,=8-19 C,=2-192 AC, =0 lx) = In (\f - 0'52)
! | T | T T T
035+ | 0.0 :I_ | | |
& T _ B — Tree-level coupling
030-® , AN ,
= % X + RG corrections ]
-0.1- \ 9 |
025 ——_OZJ I/ \\ mgsm € [1 TeV,10 GeV] ]
L ® / - \ 1
Q / I \ ]
020" 2 7 : \ |
) a ! > ~02r> N :
0.15% i 2 \ 1
[ | m——— Tree-level coupling = b C — C C
/ _ 1o \ -_— -
0.10- / +RG corrections 0.3 I % b, 3 p n
/I masw € [1TeV, 10°GeV] £ \ c
0.05 - / £ AN :
g —04L% N, ~
000=--"" j e T T j
ol Ll Lol Lol ol Laald Lol Lol
107! 10° 10! 102 107! 10° 10! 10?
tan (3 tan (3




DFS/Z axions

(‘t

Corrections vanish

Coupling (DFSZ1) | Coupling (DFSZ2)|| Approx. Correction ] (an 3
at large tan
Co = -0.20 Co = —0.20 ACy =0
C; ~ -0.43 sin’B | C3 ~ —0.43 sin’B || AC3 ~ —0.121(x) cos?
C, = 1sin’p C, = —3cos’f3 AC, ~ 0.094 I(x) cos* B
C,=8-19 C,=2-192 AC, =0 ix) = In (\f - 0'52)
T | T T T
035~ | 0.0 :l_ | | |
: ‘? /”——_— R N Tree-level coupling
030-® , _
I S o + RG corrections 1
0.25 [ 0 / 0.1 mgsm € [1TeV, 10°GeV] i
(B / :
.e /] L
02052 7 : \
d-) ey ! » —0.2 _E ‘\‘
0.15- / - 8 \
- / R \
[ ] =———- Tree-level coupling I 3 W
F / _ L \
0.10- A + RG corrections 03 I % N
l / mgsm € [1TeV, 10°GeV] | o) \
0.05 — /I | r g \
o —041% N,
000=-""" _ R
el L | \ | ol | Ll |
107! 10° 10! 10? 107! 100 10! 102
tan (3 tan (3
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Red Giant Branch (RGB) bound

—1
m
|Ce|§1.65x10‘3< )
eV

Update to the latest
published results

[there are, however, more
stringent results.

= Q. Straniero Talk]
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Detection of DFSZ axions

fa|GeV]
10 108 107
The solar flux of DFSZ axions has | LI S LA S A B LA
always a g,, component. 10% e == - Standard ' ' =
- RG: IAXO |
The helioscope detection - RG:BabylAXO | ; 1
potential is necessarily higher : :
than expected 0F : | : 3
Q C [ I : ::‘
= - ; : : 1
< - : : N
~+ . ! !
i ' | ]
] % :

]O I— | Lol THEEE! ' l lllllﬂ
1073 102 107! 1

me|eV]
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Detection of DFSZ axions

The solar flux of DFSZ axions has
always a g,, component.

The helioscope detection
potential is necessarily higher
than expected

falGeV]
10% 107
I 1 1 1] [ 1:] | 1 1 ] 1 IT 1T 1
10% £ ' =
[ me==- Standard 5
- RG: XENONNT i
10 E
SSEE: '. -
= A :
i i ]
3

10_1 [ | Lo

1 107! 1

mgleV]
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Supernova (SN) bound

falGeV]
10° 108

10’

-

—

—

—

Tirmrrra I 1 IITTIII Ll I I]TTI

llllllll

= @G. Lucente talk, 102
) o 172 g

Con = 1.4 (C5 +0.11 CyC3 + 1.3 C5) [
This translates in the bound 10
D, 2

mo =B

m, < ——, with S )

Con
The C; dependence comes 10!

mostly (not exclusively) from 1073

pion interactions.
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----- DFSZ 1 Standard
N RGE: Red Giants
B RGE: SN 1987A

Small but non-negligible
dependence on mggy

| lllllllI

1072 10
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Hot DM bound

fa|GeV]

108 107

I T T T T

Axion-pion coupling « C;, HDM bound
receives large corrections. 10] """ IAM
| B RGE Corrections

= the HDM bound depends on 5!
the unknown mgqy, scale '

Q.
-
o
+~
1
Unitarized thermal rate based on the 05!
Inverse Amplitude Method
[L.DiLuzio, J.Martin Camalich, G.Martinelli,
J.A. Oller, G. Piazza (2023)] e
0.01 0.05 0.10

me|eV]
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Conclusions

* Radiative corrections may modify signitficantly the coupling
for specific models and hence their phenomenology.

* In an age where the axion detection is a realistic possibility,
we should take into account such theoretical effects in
assessing the instrument sensitivities and phenomenological
constraints.
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