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Introduction

« SMEFT: systematic framework for describing effects of heavy new physics
on “low-energy” observables involving SM particles only

 Assumes SM gauge group and EWSB hold up to some high scale

Increasing mass

Ayvy > VEwsg

Previously expected enrches for

¢ BUt What |f the SM 1S eXtended by d n‘:‘?vg:;;r;t];&res \ heavy particles with

. : . : 0 large couplings
light new particle with feeble inter-

with SM fields? Are there any

implications for SMEFT?

Searches for light Terra incognita

particles with small
couplings

Decreasing coupling
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Introduction

» |f the new particle is described by a renormalizable Lagrangian (D < 4
operators), the answer is NO:

> for observables involving SM fields only, the effects of the new particle can be
absorbed into the renormalized SM parameters

> only trace of its existence lies in its contributions to the 3-functions of the SM
parameters, which are small in the case of weak coupling

e Statement is rather generic, but an important exception exists

« BSM theories featuring light new particles with only higher-dimensional
interactions with the SM give rise to different, more interesting effects!

Axions and axion-like particles
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Motivation for ALPs

Axions and axion-like particles (ALPs) are well motivated theoretically:

> Pecceil-Quinn solution to strong CP problem: [Peccei, Quinn (1977); Weinberg (1978); Wilczek (1978)]

O
ST

a a, v S a a,uv
GMVG I GMVG _I_ [ ] L] L]

L= Ifa87r

- introduce scalar field ® = |®| e!*//« charged under a new U(1)ra

> QCD instantons break the continuous shift symmetry to a discrete subgroup:

V(P minimum has 0 + (a)/f, = 0

modulo 21t

= generates an ALP mass!
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Motivation for ALPs

Axions and axion-like particles (ALPs) are well motivated theoretically:

>

>

M. Neubert

Peccei-Quinn solution to strong CP problem

more generally: ALPs as pseudo Nambu-
Goldstone bosons of a spontaneously
broken global symmetry

light ALPs can be promising Dark Matter
candidates or mediators to the dark sector

low-energy processes are important in
constraining the ALP couplings to the SM
fields

NPKI Workshop, Busan — 9 June 2023
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Effective ALP Lagrangian

» Assume the scale of global symmetry breaking A = 4x f is above the
weak scale, and consider the most general effective Lagrangian for a

pseudoscalar boson a coupled to the SM via classically shift-invariant
interactions, broken only by a soft mass term: [Georgi, Kaplan, Randall (1986)]

2 e / hermitian matrices
ma,O a _
£D<5 (8 a)(@“a) 5 CLQ | f Z @DFCF’)/M@DF
F
ds @ - Q2 @ 1A Fruv,A a1 @ -~
GCL G'ul/’a W WN , B y B
+ CGG A f UV + CWWw A f —+ CBRB e f "

* Couplings to Higgs bosons arise in higher orders only: [DObre;;ld;msgirgr,n'\rga(tggf;)]ﬁoom:

£D>6 C Céh

2 * (0,0)(0"a) 610 72 Moo @’ o+ .
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Effective ALP Lagrangian

A useful alternative form of the Lagrangian involves non-derivative couplings:

1 mz L o .

L= = 5 (0,a)(0"a) 2’0 a® — % (ngYd drp + QoY,ur + LoY,.ep + h.c.)
4 ~a Auva a I Yy ruv,l a LY
+ CGG ?G,UJ/ G + CWW fWW WHY _I_CBB ?B,uu B*

Where: [Bauer, MN, Renner, Schnubel, Thamm (2020)]
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Effective ALP Lagrangian

Direct searches for ALPs are strongly model dependent:

> sensitivity to many different ALP couplings entering the production, decay and
lifetime of the ALP

> branching fractions assuming a single non-zero coupling at A = 4xf, with f = 1 TeV:

" CGG - CQ - Cd

: \_TT : e :
E l’—\ - 'X\ : 5
1 i N i
- | i v i
! A
- I i
E I = (A =
F ! : L > ]
: : N lvll B
I | I [
|
- CC

10

103 1072 107! 1 10 103 102 107! 1 10 1073 1072 107! 1 10 103 1072 107! 1
m, [GeV] m, [GeV] m, [GeV] m, [GeV]

[Bauer, MN, Renner, Schnubel, Thamm (2021)]

L - == hadrons
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Effective ALP Lagrangian

Direct searches for ALPs are strongly model dependent:

> sensitivity to many different ALP couplings entering the production, decay and
lifetime of the ALP

> searches probe high-dimensional parameter spaces = need for strong model
assumptions, e.g. existence of a single non-zero ALP coupling (strong biases)

> long-lived ALPs and ALPs decaying into hadrons or heavy fermions can escape
detection

Indirect searches (effects of virtual ALPs) offer a promising alternative!
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ALP—-SMEFT interference

It Is well-known that one-loop diagrams with virtual ALP exchange can be
UV divergent. This was first studied in the context of (g — 2);

[Marciano, Masiero, Paradisi, Passera (2016); Bauer, MN, Thamm (2017)]

10
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cor /A [TeV™']

| excluded by
| BaBary’
- search

m2 ()2
p pups
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UV finite UV divergent
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2 2
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v mﬂ m#

2 3
e (lnﬂ_2+52+§)}

my

needs a D=6 counterterm not
contained in the ALP effective Lagrangian

(A = 4rf)
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ALP—-SMEFT interference

Schematically:

~
1
7 Y
1 (47 f)? 2
— Fln mg X o "
SMEFT

(9 — 2)u

Consistent effective field theory:

1 o>5 1 (>
Legg = LM 7 Larp LSMEFT

f

direct searches Indirect searches
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ALP—-SMEFT interference

Irrespective of the existence of other new physics, the presence of a light
ALP provides source terms 3§, for the D=6 SMEFT Wilson coefficients:

[Galda, MN, Renner (2021)]

2499 x 2499 entries ALP source terms

* Global new-physics searches using SMEFT can serve as indirect probes of
the ALP couplings

e Exciting prospect: constrain all ALP couplings in a model-independent
way, insensitive to the ALP lifetime and branching fractions!
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ALP—-SMEFT interference

Systematic study of divergent Green’s functions with ALP exchange
[Galda, MN, Renner (2021)]

Operator class Warsaw basis Way of generation

Purely bosonic

X3 yes direct —
X?2D? no direct
X2H? yes direct —
X H?D? no —
HS yes — EOM
H*D? yes — EOM
H?D* no —

Single fermion current

W2XD 7@ _
V2 D3 no == o
\ -’ ~
VX H yes direct — ‘. e AN
V2 H? yes direct ~ EOM = — —> > ‘—é —> 3—5—
: : . u ok

V?H?*D yes direct ~ EOM A A A Y
2 H D2 no - : : 5 5

4-fermion operators

(LL)(LL) yes — EOM

(RR)(RR) yes — EOM T > 0 > 0 > 0
(LL)(RR) yes direct EOM J/ J/ J/
(LR)(RL) yes direct — ‘\ A ‘\ Y ‘\ A
(LR)(LR) yes direct — Q) o> p Q) o> " " i O
B-violating yes — —

[Grzadkowski, Iskrzynski, Misiak, Rosiek (2010)]
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ALP—-SMEFT interference

Systematic study of divergent Green’s functions with ALP exchange

[Galda, MN, Renner (2021)]

Sample calculation: UV divergences of the three-gluon amplitude

2
B Céa

A(gg(9)) =

4
140.(Q0) + 3 (@oa) — 202 (G, G | + it

Source term for Weinberg operator:

M. Neubert

Eliminate redundant operator Qg = (D*G,,)" (D, G“*)"
using the EOMs:

A a a — a 7 a 2
Qa2 g: (Q%T Q + ay, T u + dv,T*d)

1 1 1 1
— gg [Z ([Qgé)]prrp + [Qéz)]prrp) - 2_]\/'6 [Qc(lil)}pprr + 5 [Quu} prrp 2_]\/'0 [Quu] pprT

+2 Q4

i|pp7”f’ i|pp?"’l“

1 1
* 5 [Qdd} prrp B 2_]\[0 [Qdd] pprT +2 [Q((Ji)]pprr +2 [QSZ)

[Grzadkowski, Iskrzynski, Misiak, Rosiek (2010)]

— generates further source terms
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ALP—-SMEFT interference

One-loop results for the ALP source terms in the Warsaw basis:

Operator class

Warsaw basis

Way of generation

Purely bosonic

X3
X?2D?
X*H?

X H?D?

J2
H*D?
H?D*

yes
no
yes
no
yes
yes

no

direct -
direct

direct -

— EOM
— EOM

[Grzadkowski, Iskrzynski, Misiak, Rosiek (2010)]

M. Neubert

Sq =89,Cép Sz =0
SW:8ggC§VW, SW:
SHW:_2g§C€I/W7 SHW:O
Sup = —24; Cpp, Spg =0
Saws = —49192 Cww Cpp SHWB =0

_§ 2 2
SH_S)\92CWW7
2 2 8 9.2 2
Suo = 295 Cyyrw + 3 9 Vi Cip
32
SHD = 39% Vi Chp -

NPKI Workshop, Busan — 9 June 2023




ALP—-SMEFT interference

One-loop results for the ALP source terms in the Warsaw basis:

Operator class Warsaw basis Way of generation S = —ig 17; Chvw
Single fermion current . =
5 Sep = —2ig1 (V. + V) Y. Cpp
VXD " N S 1ig. Y, C
W2 D3 o - uG = —FYs Yu Laa
VX H yes direct — S = —192 Y, Coyw
2H3 es direct EOM . ~
v y , Sus = —2ig1 (Yo + V) YuChi
V2*H?*D yes direct EOM | N
W2H D? no — Sac = —4igs Yy Caa
Saw = =192 Yq Cww
Sap = —2ig1 Vo + Vi) YaCpp

Y
Y
[ 8
Y
Y
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ALP—-SMEFT interference

One-loop results for the ALP source terms in the Warsaw basis:

Operator class Warsaw basis Way of generation : ’
1) _ v vt 222 2
Single fermion current Sui = 4 YoY, + 3 91 Vu VL Cpp1
2 l ~ & 4
i oo Sl = 3 VoY + 563 Gy 1
Y? D3 no —
. l ~.~ 16
VX H yes direct — Sy, = -5 YJYQ 4+ 5 g% ViV, 01233 1
V2 H? yes direct EOM
. l /1~ & ~ = 16
V2*H?*D yes direct EOM | SE; =7 (YdeT _ YquuT) 4+ = g% Vi Yo 01233 1
?*H D? no — : A
Sty =1 (V¥ + ¥ ¥]) + 5 g3 G 1
l ~. = 16
> > \\3 > —>—J/—) :\\b—)— 1 v iy 16 2 2
" " d i Q iu :Q Sua=—=Y, Y+ =9 VuViCgp1l
A A A Y 2 3
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ALP—-SMEFT interference

One-loop results for the ALP source terms in the Warsaw basis:

Operator class Warsaw basis Way of generation

Single fermion current

V2 XD no —

Y? D3 no — | | A

VX H yes direct — Sey = —QYSYJYG—§}QY;TE—§Y;1’;TY;+§QSC%WY;

V2 H? yes direct EOM N 1 oy

V2H?D yes direct ~ EOM | Sun = —2Y,Y,Y, - §YuYuTYu - §YuYUYu T3 9 Ciyw Yu

2 17 12

¢ HD 1810 — - -‘-N 1 - N-‘- 1 N-‘- - 4 ) )

Sun = —2YaY[ Vi~ JVaY] Vi~ Y] Vat S 3 Gy Y,
> > \b > —>—‘/—) = \3—)—
d i Q U Q
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ALP—-SMEFT interference

One-loop results for the ALP source terms in the Warsaw basis:

Operator class Warsaw basis Way of generation 5 q
_ A2 2 _ O 2452 2
4-fermion operators [ ll]PrSt 3 92 Cwrw (200 0sr = OprOst) + 3 91 Y1 U Opr O

LL)(LL — EOM 2 2 3

(LL)(EL) yes 5] = 5.9 Chs (Gr = 37 b ) + 5 93 Chip G
(RR)(RR) yes — EOM c
(LL)(RR) yes direct EOM 4(3) 2 2

B —gSC Ot Ogr + = g5 C2rvr 0 O
(LR)(RL) yes direct — S0 et = g e aa g vz TWw st

R direct — 1 16
(LR)(LR) yes 1Hee [Sl(q)]prst = - 91 ViV Chp Opr st
B-violating yes — —
(3 4
[ lq )] prst § gg C‘%VW 51)"" 5375
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ALP—-SMEFT interference

One-loop results for the ALP source terms in the Warsaw basis:

Operator class Warsaw basis Way of generation S
O 2752 12
4-termion operators [See] prst 3 91 YV, Cgp 0prOst
LL)(L — 4 1 8
(@L)(L_L) yes EOM [Suu]prst =2 g2 C2,, <5pt Ogr — i O 58t) +3 G2 V202, 0,04
(RR)(RR) yes — EOM c
(LL)(RR) yes direct EOM [S ] B % > 2 (6 5 1 s ) +§ 21202 5 5
(LR)(RL) yes direct — Wlprst — 3 s ~ G | OptOsr L st 3 91 ¥a~ BB OprOst
(LR)(LR) yes direct - 16 ;
B-Violating yes — S [ €U] prst — ? 91 ye yu CBB 5pr 5515
16
[Sed] prst — ? 9% yeyd C%B 5pr63t
16
[S?(Lil)]prst — ? g% yuyd C%B 5p7“ 6875
16

8
[S’L(Ld)] prst — ? gg CéG 5p7“ 5St
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ALP—-SMEFT interference

One-loop results for the ALP source terms in the Warsaw basis:

Operator class Warsaw basis Way of generation [ Sle]prst (Y; ) 3 (f/j)sr n ? Ry C% LGl
4-termion operators 16
(LL)(LL) yes - EOM [Slu]prst - 3 91 YL Vu OBB Opr Ost
(RR)(RR) yes — EOM 16 )
A Sl == C2 . 5,0,
(LL)(RR) yes direct EOM [ ld] prst g 1 1 V1V BB ¥prvst .
(LR)(RL) yes direct — 16 5
Sqe = — 91 YoYVe Cp 0pr0s
( R)( ) yes direct — [ q ]pfrst 3 gl Q BB Yp t
1 - - 1 = ~ 16
B-violating yes [Sq(i)]p , = (Kb) t(Y;j) - 91 Vo, CBB 0y Ot
TS Nc p ST 3
SO oY) (V) 4+ D226,
y :/ — - ) 0 - ) y :/ -~ 4) 0 prst U pt u ) gp 3 S GG YprYst
( A ( Y ( A
L o L G A A NG ) WL I E O oS0 NP
Q) g ") o2 > e~ )Q qd prst NC d pt d ) sr 3 91 QRQYdYBB YprUst
(8) S\ (vt 16 5 s
[Sqd ]prst =2 (}fd)pt (lfd )sr T ? gS CGG pr ¥st

M. Neubert
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ALP—-SMEFT interference

One-loop results for the ALP source terms in the Warsaw basis:

Operator class Warsaw basis Way of generation [ Sledq_ —— _9 (ffe )pr (f/j)st
4-fermion operators (1) ~ ~
_ [Squqd_ prst = —2 (Y;L)pr (Y;l) st
(LL)(LL) yes — EOM 5
(RR)(RR) ves _ EOM Squqi) ss = 0 (starts at 2 loops)
(LL)(RR) yes direct EOM -Sl(l) _ 9 (i}) (]N/' )
( L R) (RL) yes direct — - tequdprst pr st
(LR)(LR) yes direct — :Sl(g q)u_ . 0 (starts at 2 loops)
B-violating yes — —

With very few exceptions, all operators in the Warsaw basis are generated at
one-loop order in the ALP model!

M. Neubert NPKI Workshop, Busan — 9 June 2023 21



ALP constraints from SMEFT fits

Assuming the SM plus a light ALP (and nothing else), model-independent
constraints on ALP couplings can be derived from global SMEFT fits using
data on electroweak precision observables, top physics, Higgs physics, and
low-energy precision measurements

> have implemented the ALP source terms in the RGEs for the D=6 SMEFT operators
in DsixTools, running from A = 4xf down to the scale of the measurements

> perform leading-log resummation in all couplings, combined with tree-level matrix
elements

>~ Caveat: neglect matching corrections at the scale /A, which would require a concrete
UV completion of the ALP model
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ALP constraints from SMEFT fits

95% CL (dark) and 99% CL (light) limits on ALP couplings from an individual fit (blue) and a global
analysis marginalizing over the remaining parameters (orange): [Biekétter, Fuentes-Martin, Galda, MN: to appear]

95% CL dark f=1TeV
09% CL light

3.0

[\
-

—
-

|

—
——
——
—t—

]
]

| 1 parameter

|
t—\
-

limits on C'/ f [TeV ']
|

' global

|
o
-

Coc  Cww Cpp  C, C4/20 C./20
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ALP constraints from SMEFT fits

Limits on ALP couplings obtained using the leading-log approximation (green) vs. the full one-loop RG

evolution (red): [Biekotter, Fuentes-Martin, Galda, MN: to appear]
30 : 3 - -
— f=1TeV ) 1T~ — [V - .
T 20 . 8 N 17 i .
> — T — o) > 5 —
é. 1.0 | = 1 ) é 3 :
Sy | L3 3 ol 1l e
QO : [ [ S S 0T T |
> 00 I S S 00— I [T
S 10 " : : 3T F .
S ead S 7 B %
2—%0 50 | leading log X, . leading log NS —o | . leading log )
920 g YR ) =S 3 :

- | resummed " -1 X ; | resummed - - | resummed |
= o o O 200 -3 « o -0 « o
Cac Cww Cpp Cy Cq/20C./20 LE  Higgs top  combi LE  Higgs top combi
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ALP constraints from SMEFT fits

Indirect 95% CLM limits on ALP—boson couplings from ALP-SMEFT interference (red) compared to
highly model-dependent direct bounds from flavor, beam-dump and collider experiments as well as
supernova data. Direct bounds assume all other couplings to be zero. The light grey region is

obtained from bounds on the ALP-photon coupling and assumes a 100% a — yy branching ratio:
[Biekotter, Fuentes-Martin, Galda, MN: to appear]

Cecl/f [TeV]
Cwwl|/f [TeV 1]
Cpg|/f [TeV™1]

1072
10~ f=1TeV "
107° ' ' ' '
1072 100 1 10 10*® 10°
mg |GeV]
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ALP constraints from SMEFT fits

Indirect 95% CLM limits on ALP —fermion couplings from ALP-SMEFT interference (red) compared to
highly model-dependent direct bounds from flavor, beam-dump and collider experiments as well as
supernova data. Direct bounds assume all other couplings to be zero. The light grey region is

obtained from bounds on the ALP-photon coupling and assumes a 100% a — yy branching ratio:
[Biekotter, Fuentes-Martin, Galda, MN: to appear]

1071

102

1072}
d —4

f=1TeV 10 | J=1TeV

- ' ' ' ' ' 10~ ' ' ' '

1072107 1 10 10% 10° 1072 10 1 10 10®> 103

mg |GeV] mg |GeV]

Cel/ f [TeV™]

Cul/ f [TeV™]
Cyl/ f [TeV ™
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Summary

Axions and axion-like particles belong to a class of BSM particles which
interact via higher-dimensional operators with the SM

They are an interesting target for searches in high-energy physics, using
flavor, collider and precision probes; however direct searches are strongly
model dependent

Even a light ALP provides source terms for (almost) all D=6 SMEFT
operators: ALP-SMEFT interference

Indirect searches thus provide a complementary way to constrain ALP
couplings using global fits to precision data
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