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Axions and Axion-Like Particles (ALPs)

Well-motivated candidates for

== The solution of the strong CP-problem

[Peccei, Quinn (1977); Weinberg (1978); Wilczek (1978)]

= A contribution to a,’ - aﬁM =420
[B. Abi et al. (2021)]

= Dark Matter

[Preskill, Wise, Wilczek (1983)]

[1] https://indico.cern.ch/event/484258/attachments/1213724/1771273/HTJCX .pdf (20/11/2021)
Anne Galda (JGU Mainz) Theorie Palaver January 18, 2022




Effective Lagrangian for the Axion-Like Particle

Assume an ALP a that is

e classically shift symmetric (a — a + ¢) @ a gauge singlet

e a pseudoscalar e massive with mass m,

most general Lagrangian:

[H. Georgi, D. B. Kaplan, L. Randall:
Phys.Lett.B 169 (1986) 73-78]
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e classically shift symmetric (a — a + ¢) @ a gauge singlet

e a pseudoscalar e massive with mass m,

most general Lagrangian:

[H. Georgi, D. B. Kaplan, L. Randall:
Phys.Lett.B 169 (1986) 73-78]
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kinetic and mass term
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Effective Lagrangian for the Axion-Like Particle

Assume an ALP a that is

e classically shift symmetric (a — a + ¢) @ a gauge singlet

e a pseudoscalar e massive with mass m,

most general Lagrangian:

[H. Georgi, D. B. Kaplan, L. Randall:
Phys.Lett.B 169 (1986) 73-78]

m? I
0 a <o
Lﬁﬁﬁ——(& a)(0"a) — ; a2+TZchFyﬂwF
+ CGG——Ga G’uva +wa——WA W”VA +CBBﬂ§B VB’W
nf M 4r f 4 fH

coupling to chiral fermion multiplets F

cr: hermitian matrices in generation space

— allow for flavor off-diagonal couplings
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Effective Lagrangian for the Axion-Like Particle

Assume an ALP a that is

e classically shift symmetric (a — a + ¢) @ a gauge singlet

e a pseudoscalar e massive with mass m,
most general Lagrangian: l [H. Georgi, D. B. Kaplan, L. Randall:
Phys.Lett.B 169 (1986) 73-78]

2
05 21 o e Moo » 0a W w
2% = 5 (Gua)'a) - —22a +TZ FCF Y. Wr

a1 a =
+ CGG——Ga Gwa +wa——WA W”VA +CBB4—7BM,B”V
T

/ 4o f

L 4

coupling to gauge fields G2, Wy, B,y

G2 = 3 P G2, dual field strength tensor
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Alternative Form of the Effective Lagrangian

Assume an ALP a that is

e classically shift symmetric (a — a + ¢) @ a gauge singlet

e a pseudoscalar e massive with mass m,

alternative form of the Lagrangian: l [M. Bauer, et al.: arXiv:2012.12272]

1 m2 1
a,
L0 = 5 (0.a)(0"a) - Ta2

_2 (O[_¢ Vd dr + O[_(} AYu up + L(b AYe er +h.C.)

+ Coa2 G3,G"% + Cosa . BB + Cow Wi, WA

f f

= effective Higgs-Fermion-Fermion-ALP vertex!

Yo=i(Yaca—caYs), Coc=% [CGG + 3Tr(cq + €y — Zco)] etc.
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ALP-SMEFT Interference

virtual ALP exchange induces UV-divergent one-loop graphs,

ﬁrst Studied in the case Of (g - 2);1 [Marciano, Masiero, Paradisi, Passera (2016);
Bauer, Neubert, Thamm (2017)]

L1 % 110 !
vy a A SV ~ 1/€
\%4 |4
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ALP-SMEFT Interference

virtual ALP exchange induces UV-divergent one-loop graphs,

firSt Studied in the case Of (g - 2)# [Marciano, Masiero, Paradisi, Passera (2016);
Bauer, Neubert, Thamm (2017)]

L1 % 110 !
vy a A SV ~ 1/€
\%4 |4

16
== requires local dimension-6 operators - .
as counterterms! v
— generated independently of the
ALP-mass at A! vEX¢
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Standard Model Effective Field Theory

basic idea: SM is the IR limit of the full theory.  Buchmier, wyler (1986)]
— describe the UV theory in terms of higher dimensional SM operators

Lsverr = Lom+ x Ls+ 75 Lo+ = % & Ci(d)(ﬂ) Qi(d)(ﬂ)
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Standard Model Effective Field Theory

basic idea: SM is the IR limit of the full theory.  Buchmier, wyler (1986)]
— describe the UV theory in terms of higher dimensional SM operators

ju]
Q

Cu) Q1 ()

7

all possible Operators
of dimension d

1 1 1
Lovierr = Lsm+ x Lo+ 7z Lo+ %,\—.

1]
—_
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Standard Model Effective Field Theory

basic idea: SM is the IR limit of the full theory.  Buchmier, wyler (1986)]
— describe the UV theory in terms of higher dimensional SM operators

Lsverr = Lom+ x Ls+ 75 Lo+ = % & C,-(d)(,u) Qi(d)(ﬂ)

Wilson coefficients
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Standard Model Effective Field Theory

basic idea: SM is the IR limit of the full theory.  Buchmier, wyler (1986)]
— describe the UV theory in terms of higher dimensional SM operators

Ny
1 1 d d
Lovirr = Lswi+ % Ls+ e Lo+ = % b Cw) Q¥ ()
i=1
Energy Energy Energy
ci™ (M) CM(E) ™ ()
M M M
- F
14
(O (a1)) (@) (O ()
—+m — m —-— m

(a) (b) (c)
[arXiv:1901.06573 [hep-ph]]
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Running of Wilson Coefficients

W, Factorization Scale u is arbitrary!
< non-observable quantity

>
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Running of Wilson Coefficients

W, Factorization Scale u is arbitrary!
< non-observable quantity

dCi(w)

d Qi(u
dlogy Qi) + C('u)dlogy =
define:
dQi(w)

dlogy )’u(ﬂ)oj(ﬂ)

anomalous dimension matrix

RG Evolution Equation:

dCi(u)

diogu = Vi (ll)Cj(,u)
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SMEFT Warsaw Basis

.. . . R Grzadk ki, Isk ki, Misiak, Rosiek (2010
minimal dimension-6 basis: 59 operators (Grzadkonsi, skrzynsi, Msiak, Rosiek (20101

XS Lpﬁ and ¢4D2 w2lp3
Qe | fAPCGHGEGSH | Q, (pfp)? Qe ('0) (loerep)
Qz | FABOGRGEGS | Quo | (P')Dele) | Que | (910)@ud)
Qw | eTEWIWIWEr | Qup | (¢'D0)" (0'Dyp) | Qap ©"0) (Gpdrp)
Qw | KWW oW e (LL)(LL) (RR)(RR) (LL)(RR)
X2 2 Qu (T vule) Tsy1e) Qee (Epuer) (€ er) Qe (f,,v,‘lr)(én“h)
P 08 | @ne)@re) | Qu | @rne)@ru) | Qu | () @ntu)
Qo | PleGua Quw | G| 00 | (qria)arr'a) | Qu | Grd)drd) | Qu| Gt
Quz | ¢'eGuG™ | Qs | o) QF | (ob)@re) | Qu | @Eue)@ruw) | Qw| Goe)esre)
Qew | PloWLW | Que | (G0 QF | Grrl)@rr'a) | Qu |  Ewe)dard) | QR | @)@ w)
Q| PeWLWI | Quy | (Go* Qi | @adord) | QR | @49 (@ T w)
Qo W9BLBY | Qus | (G0 QU | @ T ) (diy T dy) QE: @) deds)
Qo5 to B, B" Quc | (g™ Qut | @.T"9,)(dr*T"d,)
B ¥ Sy a6 | B T h (RL) and (LR)(ER) B-violating
Quws w*ffwyjuB“" Qav | @0 T Genda) | Qo ey [(d2)TCu?] [(q2)TC]
Q¢WB WTTI‘PWL,BW Qup (g0 sz:{;d (@ur)ein(@idy) Quau e [(g27)7Cq*] [(u2)TCer)
Qz{m (BT, )ejp(@TAd) || Quqq Ple s [(429)7CaP] [(qrm)TCL2]
Q| Beden(@uw) | Quun o7 [(d2)TCuf] [(u))TCel)
QP | Boweein(@dom )
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ALP-SMEFT Interference

consistent treatment of the 1/¢ poles:
embedding of the ALP model in SMEFT via

Leg = Lsm + Larp + LsMEFT

ALP contributes source terms to the D = 6 SMEFT Wilson coefficients

S CSMEFT foru < 4nf

MEFT >SMEFT _ Si
dinu fi =

S
—Yiji (arf)2

[AG, Neubert, Renner: 2105.01078]
— SMEFT Wilson coefficients are
generated at the scale A = 4nf
independent of the ALP mass!
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ALP-SMEFT Interference: systematic study

Consider a redundant basis of D = 6 SM-operators.

./

Compute all amputated, one-loop divergent
Green’s functions with virtual ALP exchange.

./

Renormalize the bare Wilson coefficients.

./

[ Apply the SM EoM to project onto Warsaw basis.
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ALP-SMEFT Interference: systematic study

Consider a redundant basis of D = 6 SM-operators.

Three different classes of operators:

Purely bosonic Single fermion current 4-fermion operators
| X | VXD (LL)(LL)
X2D? ) _

D3 RR)(RR

— ”’2 (RR)(RR)

S Y2 H? (LR)(RL)

H4D2 ’lpZHZD (ZR) (LR)
[ H2D* | | Y2HD? | B-violating

blue: operator NOT present in Warsaw basis
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ALP-SMEFT Interference: systematic study

Consider a redundant basis of D = 6 SM-operators.

./

Compute all amputated, one-loop divergent
Green’s functions with virtual ALP exchange.

./

Renormalize the bare Wilson coefficients.

./
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ALP-SMEFT Interference: systematic study

Some example diagrams ...

Purely bosonic
X3 } Mﬂ/\EV\nN méwn/»
ANRANANANARNNL
X2D? AN AN N
X2H?
XH?D?
HG
H*D?
H?D*
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ALP-SMEFT Interference: systematic study

Some example diagrams ...

Purely bosonic

X3
X2D?

S BV SV 2 O

HG
H*D?
H?D*
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ALP-SMEFT Interference: systematic study

Some example diagrams ...

Single fermion current

2 XD
¢2D3 N ,

PXH }
¢2H3
Y2H2D
1/J2HD2
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ALP-SMEFT Interference: systematic study

Some example diagrams ...

Single fermion current

2 XD
¢2D3
’LﬁzXH /' . , .
¢2H3
Y2H2D
1/J2HD2
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ALP-SMEFT Interference: systematic study

Some example diagrams ...

Single fermion current

W2XD

¢2D3

g Q g Q 4 d

sxn Y 7Y Y
¢2H3 o =

2 2 e u 7 u

w H D } (\\ >Q (\\ >Q

2 H D? P a
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ALP-SMEFT Interference: systematic study

Some example diagrams ...

4-fermion operators

Anne Galda (JGU Mainz)

Theorie Palaver
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ALP-SMEFT Interference: systematic study

Example: Classes X2 and X2 D?

Purely bosonic
X3 W/\gwﬂ/v «Aéwn/»
ANRNANNARAN
X2p2 e e a
X?2H?
XH*D*? Feynman Diagrams: ZDALP
HG
H4D2
H?D* Weinberg-operator: fA2°Gi GErGSH

i A

(r )2

2

A(99(6)) = = [10,(Q0) + § (@as) — 202 (G5,G7) | + e

redundant operator: Qg s = (D?G,,)* (D, G“H)"
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ALP-SMEFT Interference: systematic study

Example: Classes X2 and X2 D?

Purely bosonic
X3 W/\gwﬂ/v «Aéwn/»
ANRNANNARAN
X2p2 e e a
X?2H?
XH*D*? Feynman Diagrams: ZDALP
HG
H4D2
H?D* Weinberg-operator: fA2°Gi GErGSH

i A

(r )2

2

A(99(6)) = = [10,4Q0) + § (@as) — 2m2 (G5,G7) | + e

redundant operator: Qg s = (D?G,,)* (D, G“H)"
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ALP-SMEFT Interference: systematic study

What about Qg = (D,G,,)" (DPGH)" 2

\/

related via the Bianchi identity D, Gg, + D, Gog + Dg G, =0
to the Weinberg- and the Qg 2-operator via

29,Qc + @G,l - 2@(;,2 =0

= Need to consider only Qg »!
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ALP-SMEFT Interference: systematic study

Consider a redundant basis of D = 6 SM-operators.

./

Compute all amputated, one-loop divergent
Green’s functions with virtual ALP exchange.

./

Renormalize the bare Wilson coefficients.

./

[ Apply the SM EoM to project onto Warsaw basis.
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From Diagrams to Source Terms

(Qa) + 2(Qa2) —2m2(G G/‘Vva)]+finite

A(99(g)) = —75 =S %a

To cancel the 1/e terms, the bare Wilson coefficients must contain

49s ~2 (1 e
CG,0347,, Cq (E+InM2+...

M: characteristic mass scale of the UV theory
In u2: generic for one-loop diagrams in dimensional regularization

. d 89s
Thus, after removing the pole: gz Calk) 2 (4,rgf)2 CZs
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From Diagrams to Source Terms

(Qa) + 2(Qa2) —2m2(G G/‘Vva)]+finite

A(99(g)) = —75 =S %a

To cancel the 1/e terms, the bare Wilson coefficients must contain

49s ~2 (1 V'
CG,0347,, Cq (E+InM2+...

M: characteristic mass scale of the UV theory
In u2: generic for one-loop diagrams in dimensional regularization

. d 89s
Thus, after removing the pole: gz Calk) 2 (4,rgf)2 CZs

d_ ~SMEFT _  SMEFT ~SMEFT _ _S;
ding Ci Yi G = Gnp  fOTu < 4nf
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ALP-SMEFT Interference: systematic study

Consider a redundant basis of D = 6 SM-operators.

./

Compute all amputated, one-loop divergent
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Transformation to the Warsaw Basis

Example: @‘Gg = (D*G,,)"* (D, G“")" W\évwv wévv\m

need the SM equation of motion
D, GPHE = — g (QL Y2 QL + Ur Y tq ug + dr v 12 dR)

Thus,
Qa2 = g2 (QLy" 12 QL + Ug ¥y t? ug + dg ¥ t? dg)?

1 1 3 1 1 1
= gg [Z ([Qt(yq)]prrp + [Qéq)]prrp) - 2_Nc [Qc(,1q)]pprr + E [Quu]prrp - 2_Nc[Quu]pprr

1 1
+ 5 [Qdd]prrp - Z_NC [Qdd]pprr + 2[08?,)]pprr + 2[0((;2]pprr + 2[01(31)]pprr

= Contribution to purely fermionic operators!
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Transformation to the Warsaw Basis

Operator class

Warsaw basis

Way of generation

Purely bosonic

Single fermion current

X3 yes direct — V2 XD no —
X*D?* no direct ¥2D3 no -
X yes direct o V2 XH yes direct —
XH*D? no —

o yes - EOM Y2 H? yes direct ~ EOM
HAD? ves o EOM Y2H?D yes direct EOM
H?D* no — 2 HD? no =

4-fermion operators
(LL)(LL) yes — EOM
(RR)(RR) yes — EOM
(LL)(RR) yes direct ~ EOM
(LR)(RL) yes direct —
(LR)(LR) yes direct —
B-violating yes — —

Anne Galda (JGU Mainz)

Theorie Palaver
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I Operator @ Source Term D
Qe BTG CLIGHC 8 (o 5g2)
Q | mImGrGrGk 0
Qu | ;e KWW WK 8 (o )"
o
0
0
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Qup | sie'o BB
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Operator Q

af

=2 (“:1"4’-“)2
() (%)
%3 (o 2)" 20 (cn )"
@932 (o 20\
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Q| o) riew,
Y

o | alioera)en,.
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Qu | Qo) TdW],

Qs | @i
i

Qg | (@ ) G
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Qs 9@ d) 9B
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Nearly the whole
Warsaw basis is
sourced by the ALP
at one-loop order!




Contributions to the g-Functions

From X3 and X2 D? diagrams ~~nannns W\Aéﬂnw w\éww

A(gg(g)) = Ci 49:(Qc) + - (QG 2) — GZ,,G‘“”“)} + finite

< divergent terms contribute to the Z-factors G2 | = Z¢/* G2

2 2 . — 2
576 = SMa_Cee entersin A0 = U Za, s

drf)? e -
(4rf) Doy = 22,22 25"

with e = —2a,59((a)

2

B ({ai}) = Bsm({eu}) + ( )Céc
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g UV Running of the
< Dipole Coefficients



Dipole Operators above the Weak Scale

Lswierr 2Clp Q'3 010 B Uy + Clp Q¢ 01 B diy + ClpL'p 0,y B €L,
+ CZWQ'TAg;SO'W WXVU'R + CZWQ’TAd) Ty Wﬁ\wdjﬂ
+ CZWI:iTA¢ Ty W’Af"e’R

+C Q¢ 0, G tady + CL Qg 0 G tal

Wilson coefficients C;,: 3 x 3 matrices in aw_ o Q
generation space vg

quark-sector dipole operator
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Dipole Operators above the Weak Scale

Lswierr 2Clp Q'3 010 B Uy + Clp Q¢ 010 B diy + ClpL'p 0,y B €L,
+ CZWQ'TAg;SO'W WXVU'R + CZWQ’TAd) Ty Wﬁ\wdjﬁ.
+ CZWI:iTA¢ Ty W’Af"e’R

+C Q¢ 0, G tady + CL Qg 0 G tal

'

Wilson coefficients C;’"/: 3 x 3 matrices in aw_ o Q
generation space vg V-8B

quark-sector dipole operator
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Dipole Operators above the Weak Scale

Lswierr 2Clp Q'3 010 B Uy + Clp Q¢ 01 B diy + ClpL'p 0,y B €L,
+ CZWQ'TAg;SO'W WZVU'R + CZWQ’TAd) Ty Wzvdjﬁ.
+ CZWI:iTA¢ Ty Wzve’R

+C Q¢ 0, G tady + CL Qg 0 G tal

'

Wilson coefficients C;’"/: 3 x 3 matrices in aw_ o Q
generation space vg VoW

quark-sector dipole operator
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Dipole Operators above the Weak Scale

Lswierr 2Clp Q'3 010 B Uy + Clp Q¢ 01 B diy + ClpL'p 0,y B €L,
+ CZWQ'TAg;SO'W WXVU'R + CZWQ’TAd) Ty Wﬁ\wdjﬁ.
+ CZWI:iTA¢ Ty W’Af"e’R

+C Q¢ 0, G tady + CL Qg 0 G tadl

'

Wilson coefficients C;’"/: 3 x 3 matrices in aw_ o Q
generation space vg V=g

quark-sector dipole operator
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UV Evolution in the presence of an ALP

quark-sector:

Anne Galda

& X

S =291Cs(Ya+Yq)(Yq€q—CaYq)
Sqw = g2 Cuww (Yq€q — €q¥y)
Sq6 =49sCsa (Yq€q—Ca¥q)
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UV Evolution in the presence of an ALP

quark-sector:

1 ¢
qr 'a qr | Q.

S =291Cs(Ya+Yq)(Yq€q—CaYq)
Sqw = g2 Cuww (Yq€q — €q¥y)
Sq6 =49sCsa (Yq€q—Ca¥q)

g=u,d
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UV Evolution in the presence of an ALP

quark-sector:

& X

S =291Cs(Ya+Yq)(Yq€q—CaYq)
Sqw = g2 Cuww (Yq€q — €q¥y)
Sq6 =49sCsa (Yq€q—Ca¥q)

g=u,d
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Mixing of Cyg, Cqw and Cyg

mixing between the dipole Wilson coefficients:
[E. Jenkins et al: arXiv: 1310.4838, 1312.2014]

[ < QCD-effects mix Cqa, Cqw and Cqs
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Mixing of C,y and Cgy

mixing between the dipole Wilson coefficients:
[E. Jenkins et al: arXiv: 1310.4838, 1312.2014]

at ~ as
for instance: g CdV
I,' Yy = %/
v, Ql §¢d,‘§ , Q
Yy=2Yo=1Ys="1  Ya=1
< the Higgs mixes Cyy and Cgy ]
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Mixing with other SMEFT coefficients

[E. Jenkins et al: arXiv: 1310.4838, 1312.2014]
generated for instance via:

dp
. Vi —_——
four-fermion operator: . AR
‘ o
@ o o
Vv
Vv Vv
QL
|
19

Weinberg operator:

u’H
a;

Vv
AR
< .
%
]
6V Vol
i ’

T T RN,

<

QHv(v)-type
operator:
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UV Evolution in the presence of an ALP

BUT that's not the end of the story...! =]
[

— The ALP generates more SMEFT operators that mix
into the evolution of the 4-fermion operators! E.g.:

+ ..
dicggod o« § since these coefficients themselves
mix with more SMEFT operators!

= Nearly the whole SMEFT operator basis mixes into the
evolution of the Wilson coefficients of the dipole operators!
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Application: Top Chromo-Magnetic and -Electric Moment

Chromo-magnetic and chromo-electric dipole moments:
.~ O3 yng .~ g3 v
Leﬂ“=llq_qo' G taq+’dq_q0'uv75€’y taqg,
2mg © T8 2mg a

top quark:

i = - yfV N ReC, Eh——y/t\—zﬁmcgg

Neglecting contributions « a1, @ and y; with i # t:

S33

15 17, 9a
g% C% = 4;gz+( st - 185) C%2+ 52 y,(Ca+iCq) + 224 (Cra+iChg)

Relevant source terms: S22 = 4gsy;cyCae and Sg = 8gsC3;
— both real-valued!
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Application: Top Chromo-Magnetic and -Electric Moment

Chromo-magnetic and chromo-electric dipole moments:
~ O3 _ v Lo O3 %
= f1g —— Gy taq+idy — Gy taq,
L Mq 2mq qounwG, 13 q+ qzmqqo-uVVS a laqg
top quark:

fit = — y’v 17 Recd, dt——y/’\—zfimcﬁg

d
o Im C% =0

- no contrlbutlon to d;!
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Application: Top Chromo-Magnetic and -Electric Moment

Chromo-magnetic and chromo-electric dipole moments:

N _ .~ O3
Ler = fiq 2g_n:;q qo'vagy tag+iag Zg_%qUuVVSGZV taqg,

top quark:
R v2
fir = - ” 17 Recd, dt———SmC
150, 17a 33 9 gs ¥t Sie
— (¢t _ 11%s 9as s
G_( 8n 12”)%6‘0” + 7 YtCG"‘ 4n? CHG+(4ﬂf)
#ﬁu Ca =& Ca 4?5)
d _(8ar _ Tas QsYt 33
dinu CHG_(Zn 271) CH %GC

N\ = 4n f: scale of global symmetry breaking
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Application: Top Chromo-Magnetic and -Electric Moment

Chromo-magnetic and chromo-electric dipole moments:

N _ .~ O3
Ler = fiq 2g_n:;q qo';szgy tag+iag Zg_%qUuVVSGZV taqg,

top quark:
. v2
/,[t = yt %e CUG ) dt = __Sm C
150, 17a 33 9 gs ¥t Sie
— (15ar _ 1/as Zds =
‘( Br 1271) Re Clg+ a7 V1 Ca+ 5z CHe +
_ 15(15 _Sg
dlnu CG = Ca * Gty
d _ (3 _ ﬁ QSYt 33
i CHa = (2n 2n) Cha + ReC,

not sourced
directly
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Application: Top Chromo-Magnetic and -Electric Moment

To lowest logarithmic order: [AG. Neubert, Renner: 2105.01078]

Cyt ngln— - —

8 m? 4nf  9a 4rf
o t S A2 |2
0 ~ — C2 . In2 ==
t (471f)2 my 4n c™ ]

1TeV

2
f :| ctt: ALP-top coupling
below EWSB

~ —(5.87¢cy Cag — 1.98C55) X [

for my(m;) = 163.4 GeV, as(m;) = 0.1084 and f = 1 TeV
Combined with experimental bounds from CMS (2019) this gives:

~0.68 < (cit Cag — 0.34 C25) x [”fe"]z <2.38 (95%CL)

Comparable to the strongest bounds following from collider and flavor physics
for my > 1GeV!
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Summary and Outlook

In this talk, we have ...

v seen the ALP Lagrangian and an alternative form for the coupling to
the SM

v analyzed the effects of an ALP on the D = 6 SMEFT operators

v solved the RG equation of Cﬁg to lowest logarithmic order
— model independent framework for studying virtual ALP
contributions to precision measurements

Open Tasks:

I Get an exact solution to the RG evolution equations by solving them
numerically.
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mea Take Home Message

@ ?

The ALP generates SMEFT
operators above the weak
scale by means of
inhomogeneous source terms.

? L 2
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Thank You!



