ALP—-SMEFT Interference

Matthias Neubert
MITP, Johannes Gutenberg University, Mainz

based on work with Anne Galda & Sophie Renner
JHEP 06 (2021) 135 [arXiv:2105.01078]

Workshop on the Standard Model and Beyond
Corfu, Greece, 28 August—8 September 2022

>
f\a’f‘] t Mainz Institute for
” Theoretical Physics



remembering Graham Ross



Introduction

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

 Assumes the SM gauge group and electroweak symmetry breaking hold

up to some high scale Ay > Vewsp noeasng mas
Previously e}(pected cenrchos for
» But what if the SM is extended by a new particlaie heavy partiies with

light new particle with feeble inter-
actions with SM fields”?

Searches for light Terra incognita

particles with small
couplings

Decreasing coupling
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Introduction

* Are there any implications for SMEFT if the SM is extended by a weakly
coupled light new particle and nothing else?

» |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 parameters of the SM Lagrangian

> 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
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Introduction

The situation described above 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!

Most important example:

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_ [ ] o L[]

L= Ifa87r

- introduce scalar field ® = |®| ¢'*/ /e charged under a new U(1)pa

> field gets a VEV from spontaneous symmetry breaking:

V(P)

shift symmetry: a — a + const.
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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_ [ ] o 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:

i 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:

> Peccei-Quinn solution to strong CP problem ] S ' B
|

> more generally: ALPs as pseudo Nambu- | Y ity
Goldstone bosons of a spontaneously I CAST -
broken global symmetry S

bS]
%

<,
HB stars %

>

> light ALPs can be promising Dark Matter = 107
= | SN1987a
)

candidates or mediators to the dark sector

> low-energy processes are important in 107}
constraining the ALP couplings to the SM | Cosmology
fields |

[Bauer, MN, Thamm (2017)]
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Effective ALP Lagrangian

» Assume the scale of global symmetry breaking A = 4xf 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)]

9 8'““ / hermitian matrices
ma a
£D<5 (8 a)(9"a) 9 = a’ - E VpCpY R
CYS a a ~ 1 &2 a A ~ A a{]_ a _
G, G W WH B,, B"
+ CGG A f UV + CWWwW A f Y -+ CBRB e f 0

* Couplings to Higgs bosons arise in higher orders only: [Pebrescu, Landsberg, Matchey (2000);
£D>6 C CC/Lh

- Bauer, MN, Thamm (2017)]
[ * (0,0)(0"a) ¢l - T Moo 2t - fZSh (0"a) (¢'iD, ¢+ h.c) dlo + ...
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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® — % (Q(bYd dr + QoY,ur + LoY.er + h.c.)
A ~a Auva a I Yy ruv,l a LY
+ CGG ?G,uu 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

> 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

)
T T T T T

/A [TeV™!]

eff
Yy

C
2

M. Neubert

cor /A [TeV™']
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| BaBary’
- search

2 ()2
p s
| 00 = 735 {K““(“ ) = 62
- my, = 1.5GeV
o 1 — 45>

-5
/A [TeV™']

Y Y

UV finite UV divergent

A

2 2

2\ 9
hl(m—> O lln”—+52+3—h2<%

2 2
v mﬂ m#

: 3
Cup nyZ (hl’u—2 —|—52 + 5)}

my

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

(A = 4rf)
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ALP—-SMEFT interference

Schematically:

v
1
7 Y
\ a .
\; L (rf)3 2
/ _
14 14 14 — 12 In m2 X L u
a
SMEFT
(9 — 2)u
Consistent effective field theory:
I >5 1 _(»>6
Leg = Lon »CALP | ESM SFT
f 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 §; for the D=6 SMEFT Wilson coefficients:

[Galda, MN, Renner: 2105.01078]

2499 x 2499 entries ALP source terms

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

* 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

Operator class

Warsaw basis Way of generation

Purely bosonic

X3 yes direct —
X2D? no direct
X2H? yes direct —

X H?D? no —

HS yes — EOM
H*D? yes — EOM
H?D* no —

Single fermion current
b2XD no —
Y2 D3 no —
V2 X H yes direct —
V2 H? yes direct ~ EOM
V2 H?*D yes direct EOM
2HD? 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 — —

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

[Galda, MN, Renner: 2105.01078]

\ /7 N\
> > > R e SN S S
i:0 0 i
A A A Y
> o > > Oer—> > >
7 7 . 7
d-, Q u, “ Q d -, Q
- l = l
\ A \ Y \ A
\ 0: \ 0: \
> g’y > g’y > gl
Q d Q u u 9]
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ALP—-SMEFT interference

Systematic study of divergent Green’s functions with ALP exchange

[Galda, MN, Renner: 2105.01078]

Sample calculation: UV divergences of the three-gluon amplitude

4

_ Y 4
3

A(gg(g)) =

[498 (06) + 2 (D) —2m2 (G, Gw’a>] + finite

Source term for Weinberg operator:

SG — SQSCéG

M. Neubert

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

A S a — a 7 a 2
Qoo X g2 (Q%T Q + a4y, Tu + dv,T*d)

1 1 1 1
— g«z [Z ([Qgé)]prrp + [Q((]?C;)]prrp) - 2_]\/'6 [Qc(lil)}pprr + 5 [Quu} prrp 2_]\/'0 [Quu] pprT

+2 QL

i|pp7”f’ i|pp?"’l“

1 1
* 5 [Qdd} prrp B 2_]\76 [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)]
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Sa =89,Cép Sz =0
SW:8ggC§VW, SW:
SHW:_2g§C€VW7 SHW:O
Sup = —24; Cpp, Spg =0
Saws = —49192 Cww Cpp SHWB =0

_§ 2 2
SH_S)\92CWW7
2 2 8 912 2
Suo = 29; Cyyw + 3 9 Vi Cip
32
SHD = 39% Vi Ch -
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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 = —ig 17; Crvw
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 — Suv = —192 Y, Coyw
2H3 es direct EOM . ~
v 4 , Sus = —2ig1 (Yo + V) YuChi
V2*H?*D yes direct EOM | N
W2H D? no — Sac = —4igs Yy Caa
Saw = —1g2 Yqa Cww
Sag = —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 . r
1) _ vyt 20 2 2
Single fermion current Shi = A YooY + 3 1 YV Cpp 1
2 - l =~ = 4
v " Siil = 7YY + 5 03 Gl
Y? D3 no —
: l ~.~ 16
VX H yes direct — Sy, = -5 YJYQ 4+ = g% VoV, 01233 1
V2 H? yes direct EOM
: l /&~ = ~ = 16
V2*H?*D yes direct EOM | SE; — _ (YdeT _ Yqu) 4 g% Vi o 01233 1
E—— 4 3
Vv HD no — . A
Sty =1 (V¥ + ¥ ¥]) + 5 g3 G 1
l ~. = 16
e Sua= ¥+ 0 2y
i iQéqu Hd 2dd 31HdBB
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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 = —2Y6Y6TY6—§1Q12T1@—§Y;12T1@+§QSC§VWY;

V2 H? yes direct EOM N 1 oy

V2H?D yes direct ~ EOM | Sun = —2Y, Y'Y, - §YuYL,TYu - §YuYJYL T3 9 Ciyw Yu

2 17 12

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

Sun = —2YaY[ Vi~ JYaY]Ya— Y] Va+ S 3 Gy Y,
> > \b > —>—‘/—) = \3—)—
d i @ 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
_ 2 2 2 v12 12
4-fermion operators [ ll]PrSt N § 92 CWW (26p Osr = 6p " 6St) i § & yL CBB 5pr O
L)(LL — EOM 2 2 3
(LL)(EL) yes 5] = 3.9 Chs (G = 3 b ) + 5 793 Chip G
(RR)(RR) yes — EOM c
(LL)(RR) yes direct EOM 4(3) 2 2
i - —gSC’ Ot Ogr + = g5 Corvr 0 O
(LR)(RL) yes direct — S0 et = g e aar g vz TWw st
LR direct — 1 16
(LR)(LR) yes 1Hee [Sl(q)]prst = 91 VYo 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 22 2
4-fermion operators [See] prst 3 g1 V. Cgp Opr 0
LL)(L — 4 1 8
(LLKLL) yes EOM [Sun] o = 5 92 Clc <5pt Osr = 7 Opr 53,5) + - V20,0, 04
(RR)(RR) yes — EOM 3 c 3
(LL)(RR) yes direct EOM 4 5 ( 1 ) 8 oy
_ = —gq.C Opt O OprO0st | + = Cor 0pr0s
(LR)(RL) yes direct — [ dd] prst 3 Is ~aa | Opt L ¢ 3 91 Ya Cp Opr Ost
(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”l(il)]prst — ? g% yuyd C%B 5p7“ 6875
16

8
[S%(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; ) y (i};)sr . %6 P VLY, C% 5 0 Ot
4-termion operators 16
(LL)(LL) yes — EOM [Sl“]prst 3 91 YeVu O Spr s
(RR)(RR) yes — EOM 16
_ S = — C% 5 6,04
(LL)(RR) yes direct EOM [ ld] prst 91 Y1 ViCpp OprOst
(LR)(RL) yes direct — 16 5
S e — 5 y ye C 0 7“58
(LR)(LR) s dict i)yt = 7 91 Ya e O OO
B-violat; — — | S 16
-violating yes [Sé}}]pmt = A (Yu)pt(yj)s o 91 Vo Vu CBB Opr Ost
c 3
SO oY) (V) 4+ 022,60
d://—t-..%:Q u://*. )Q d:/’J""'.:Q prst U pt u ) gp 3 S GG YprYst
( A ( Y ( A
s ] S e = v (Vo) (%), + 5 62 V0D Ol 50
Q) S Q) o —>——e )Q qd prst Nc d pt d ) sr 3 gl QRVYd“YBB YprUst
(8) < St 16 5
Sad s = 2(Ya) , (Yd), + = 95 Ci Opr O
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ALP—-SMEFT interference

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

O tor cl W basis Way of ti 1 _ % Yl
perator class arsaw basis ay of generation [ Siedq —_— _9 (Ye )pr (Y;i )St
4-fermion operators (1) 1 ~ ~

_ _ [Squqd_ prst = =2 (Yu)pr (}fd) st
(LL)(LL) yes — EOM 5) -
(RR)(RR) ves - EOM [Squqd_ prst — 0 (starts at 2 loops)
(LL)(RR) yes direct EOM - (1) 7 Ny y

T D . _Slequ_ prst 2 (}/e)pr (Kb) st
(LR)(RL) yes direct — -
(LR)(LR) yes direct — — :Sl(j 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!
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Top chromo-magnetic moment

Sample application: chromo-magnetic dipole moment of the top quark

L ry a a | /lt g e ale! a | ZCZ\t gy a a
Litg = gs (tv“T tG, o, ta™ Tt G, A >, tot s T tGW>
ith- V2 A V2
with: [y = Jt ReC: dy = Jt Im O3

gs gs

ALP-induced contribution follows from the solution of:

d S5 15a; 17« %o} sy
R 033 — uG | ¢ S e 033 | S O | S tC
dln G (47 f)? (871’ 127T> “Hud ATt Yia fr2 HG
d SG 15045
Co = | C
dlnp ¢ (47 f)? Ar ¢
d Sth 7&3 Js Yy 29
Chg = Crg A ReC
dinp ~H¢ ( o0 21 > HG T 75 g
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Top chromo-magnetic moment

At leading logarithmic order, one finds:  [Galda, MN, Renner: 2105.01078]

A 8m? inf  Qa, ., . o 4mwf
~ ] In® —
a (47Tf)2 _Ctt OGG t TNt 41 OGG t T |
1 TeV]”
~ — (5.87cy Ca — 1.98C2) - 1073 x fe

Combined with experimental bounds from CMS (2019), we obtain:

1 TeV]”
—0.68 < (e Cae — 0.34C2) % fe <238  (95% CL)
color dipole Weinberg 3-gluon
operator operator

Comparable to strongest bounds following from collider and flavor physics!
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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 a global fit to precision data: electroweak precision test,

top and Higgs physics, flavor physics, (g —2),, ...
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