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The number of observed muon neutrinos

Physics beyond the Standard Model

= The expected number of events without neutrino oscillation
s The expected number of events with neutrino oscillation
wmefem The observed number of events in Super-Kamiokande
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The Landscape of (new) physics

g New physics has to be...
Q.
>
S ... very heavy
SMEFT
Leptoquarks > cons
Supersymmetry

Hopeless ... (light and) very weakly

interacting with the SM

Axion-like

articles
Mass P
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Outline

* A (very brief) intro to effective field theory
* Axion-like particle (ALP) EFT
 ALP-SMEFT interference
* Indirect bounds on ALP couplings from the SMEFT

SM + X

* (Global analysis
 Comparison with direct bounds
* |nterpretation in terms of UV models

Based on 2307.10372 with
Anne Galda, Javier Fuentes-Martin and Matthias Neubert

Anke Biekotter - JGU Mainz



Effective field theory - EFT

FT -
ée

Describe NP by higher-order
iInteractions of SM fields

e [T HC

Hierarchy of scales
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EFTs from the bottom-up

[review: Brivio, Trott (1706.08945)]

* Proper, renormalisable

SM Higgs quantum field theory
fields doublet * Minimal assumptions
on UV completion
* Universal language for
data interpretation
59 operators (MFV) P
e (6) ¥ (8) . . .
L = Loy + Z A_; Oi 4 Z ﬁ Oj N Odd dimensions violate lepton or baryon number
2 J
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EFTs from the bottom-up

[review: Brivio, Trott (1706.08945)]

* Proper, renormalisable

SM Higgs quantum field theory
fields doublet * Minimal assumptions
on UV completion
* Universal language for
data interpretation
59 operators (MFV) P
L= Lan + Z %O§6> 4 zx03('8) 4., Odd dimensions violate lepton or baryon number
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Warsaw basis

[Grzadkowski et al. (1008.4884)]

1: X3 2. H® 3: H4D? 5: W2H® + h.c.
Qa | FABCGIGEGS  Qy | (HIHY  Quo | (HUH)OHH)  Quy | (H'H)(pe,H)
Qs | fABCGAGErPGSH Qup | (H'D,H) (H'D,H) Qu.u | (H'H)(gu,H)
Qw | /KWW IPW ik Qan | (H'H)(gpd, H)
= | KW I I Kn
4: X2H? 6: v2XH + h.c. 7:¢2H?D
Que | H'HGA,GA™ Qew | (lyo* e )T!HW], 4 (H'i'D o H) (")
ue | HYHGA GAw Qe (I,o"ve,)HB,,, 3) (HfiDLH)(lpT Vi1,
Quw | HHHWIL W™ Q. | (g™ T4u,)H G4, Qe (H'i'D ,H) (&, e,)
pi | HHEHWLW Q| (g u)r! HW], QL (H'iD . H)(@v"a,)
Qus | H'HBLB"  Qus | (30"u,)HB,, Q% | H'DLH) @G v e,)
HE H'H E,,,,B“" Q4 (cjpa“"TAdr)H G’f},, QHu H*z(B H)(pyHu,)
Quwp | HIFTHWL B  Quy | (quo™d,)r ! HW!, Qa (HY'D . H)(d,y"d,)
wivp | HITTHW!, B Qas | (g,0""d,)H B, Quua + hc. | i(H'D,H)(u,y"d,)
8:(LL)(LL) Plus another 24 four-fermion
Qs ([p%lr)(l‘”#lt) operators


https://arxiv.org/abs/1008.4884

Confronting the SMEFT with data

[Anisha et al.
(2111.05876)]

di-Higgs [Brod et al. (Gambit) (2203.03736)]

[Almeida et al.
(2108.04828)]
ggF [Dawson et al.
(2007.01296)]
[Brivio et al.
(2208.08454)]

[Ethier et al. (2105.00006)]
[Elis et al. (2012.02779)] _—"

[Aebischer et al.
[Greljo et al. e t+H/V VH WBF 2102.08954
(2104.02723) ( )
(2303:061 59)i tt(+ets) Ethier et al. (2101.03180)]

diboson

| Bellan et al. (2108.03199)]
single top

FCNC
tt+V [de Blas et al. (2204.04204)]

e
Adapted from Ken Mimasu Anke Biekaétter - JGU Mainz 8
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Global fits

[Anisha, Bashi, Banerjee, AB, Chakrabortty, Patra, Spannowsky (2111.05876)]

See also fits from other collaborations (see previous slide for references)

- 95% Credible Intervals

Individual Fits
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[Anisha, Bashi, Banerjee, AB, Chakrabortty, Patra, Spannowsky (2111.05876)]

See also fits from other collaborations (see previous slide for references)

Global fits
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https://arxiv.org/abs/2111.05876

Exploiting the ALP-SMEFT interference

Can we give SMEFT fits a second life for light new physics?

Based on 2307.10372 with
Anne Galda, Javier Fuentes-Martin and Matthias Neubert




AXxions

Baker et al. (hep-ex/0602020)]
L=0_—"G, G
87"' E 50 - - B up
uw ~\.\ {
. SR I B 2 55 2% H
Why is the theta term so small? z | T HH—-
m = " -
-100 ] . : i
-10 0 10 20 *
R.-1 (ppm)

Electric dipole moment of the neutron

a
— (g a Ga,uu
= (0-7) ¢

Dynamical solution to the strong CP problem

Peccei, Quinn (refl, ref2)]
Weinberg] [Wilczek]

Me fo = const.

Anke Biekotter - JGU Mainz 12


https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.40.279
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.38.1440
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.16.1791
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.40.223
https://arxiv.org/abs/hep-ex/0602020

Axion-like particles EFT with an additional light d.o.f.

and at dimension 5

* Featured in many BSM scenarios: “Higgs portal” dark matter, Peccei, Quinn (ref1, ref2)]
composite Higgs models, ... Weinberg]  [Wilczek]

» Consider a generic ALP with effective Lagrangian [Brivio et al. (1701.05379)]

[Bauer et al. (1708.00443)]

0,a
. | E (SM)H
. Shift symmetry @ — a + ao, Lagrangian terms: Ja
1 m2 oHa _ oHa >
[,gc1§5 =5 (0,a)(0"a) 2’0 a’ - Z YrCF Y VF + Co T (¢‘LzDM gb)
F
Qs d 4 YUV, a Q2 d A trrpuv,A a1 a DU
+ Ca G = fGMVG’u + CWW = fWMVW,u + CBRB e fBW/B’u :

Anke Biekotter - JGU Mainz 13
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Axion-like particles
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Current status - 2D fits

Assumptions of

* Production mode
e Lifetime

* Branching ratios

[O’Hare (axion limits)]
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https://cajohare.github.io/AxionLimits/

2D axion-like bounds Luc limits

» pp — @ =YY
— 18_2 Mass-dependent (resonance search)
|
> 103 | B
O nd Assuming BR(a = v7) = 100%
10
Q s BR(a — ZZ)?
— 10 BR(a — Z7)?
107
&0 1077
10~° Supernova limits
107

Can be changed (or invalidated) if
10° 10!? o — ete~ decay possible

[O’Hare (axion limi ma [eV]

Anke Biekotter - JGU Mainz
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ALP Lagrangian

D<5
L —

m

2
a

1 p
eff 5 (8 CL)(@ CL)
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s ~
+ Caa GZV GHY 4 CWW

4 f

D<5 a YUY,a 4
Z’SM—I—ALP T CGG f G,ul/ G T C1VVVV s
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f
Cy — CQ Yu),

cx =cx1s  Flavor universal

~
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f
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¢FCF YuWF + Cg Ta (
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ALP Lagrangian

Six free parameters in the flavor-universal case

CGG? CWW) CBB) C”Lw Cd7 Ce

a Yuv,a a 17UV a D LY
,Cgl\%SALP:CGG?GZVG’M’ -I-CWW?W:‘VWM ’A—l-CBB?BW/B“

a

f

~ ~ ~

Y =i(Yu cu — cq Yu), =i(Yacg —cqYa), Ye=1i(Yece —crYe)

(QﬁYuuR—'_QH?ddR_I_[_JH?€€R+h.C.)

cx =cx1s  Flavor universal

~ ~ ~

Yo =i(cy —c)Yy = —1C Yy, Yg=1i(cqg—cq)Ya=—1CyqYy, Y.=1i(ce—cr

Anke Biekotter - JGU Mainz
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Marciano, Masiero, Paradisi, Passera (1607.01022)]
Bauer, Neubert, Thamm (1704.08207)]

Virtual ALP exchanges

* Virtual ALP exchange induces UV-divergent one-loop graphs
* Dimension-6 operators required as counterterms

Y ¥
U G S > e
V ,/'a a\\\ V Nl/E V
V V

Anke Biekotter - JGU Mainz 17



https://arxiv.org/abs/1607.01022
https://arxiv.org/abs/1704.08207

Renormalisation Group Evolution

Physics does not rely on an arbitrary energy scale X

dc d
dlogp  dlog

Z Ci(1)O; (1) = 0

RGE for SMEFT + ALP

d  SMEFT _ _SMEFTSMEFT _ _ i
dlogp 7t J (47 f)2

Anke Biekotter - JGU Mainz
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[Galda, Neubert, Renner (2105.01078)]

ALP-SMEFT interference

Virtual ALP exchanges contribute to (almost) all D6 SMEFT operators

ug > | pp—— > | pp——
Ga e ” '0. - .'0
ANPNNANRNN /\/\A/\;\NW wxéxlvvvw d 5 ¢ b » ¢
[ . [ .
\ / \ / \ /
N - 7 N - 7 N - 7

\ A \ Y
TSR 7
Gauge-Higgs RS
.......... O g \""’.;Q
ormion-Higgs Four-fermion
7 ¢ 0 d i é u é/ Q u ! Q
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https://arxiv.org/abs/2105.01078

Source terms

[Galda, Neubert, B

enner (2105.01078)]

 ALP contributes source terms for D6 SMEFT Wilson coefficients

d C«?;SMEFT
d log i

_ SMEFT oSMEFT _ Si
e (4 f)

ALP extension of DsixTool coming soon!

Suywnp = —4 g192 CwwCnn,

Spg =10,
S =0,
Spp =0,
Spive =0

Independent of ALP mass

[Bakshi, Machado-Rodriguez, Ramos (2306.08036)]

Anke Biekotter - JGU Mainz

for p < 4mf
1l 16 .
S}}i’ =4 Y.Y+ .39% VeV, Cap 1l
o 1. 4
Sin = 1 Y.Y+ 59‘2?(Ynsz 1
| 16 , T A
SHe—_ﬁ},et});‘F?g‘f:)/HJ/eC‘]z;Bl
(1)_1 T i Vb T e 16 2 2
SHq*Z Y. Y, -Y.Y, +?glyHyQ(YBB]-,
(3) 1 /=~ <t S ot 4 9
Siﬁzr}:zl( Y, +YuYu)+§92(ww1
1 oo 16
SHy = 9 YJK: 3 gf Vi Vu C;B 1
loio 16 .
SHd=—§Y,}Yd+§gfy,,ydc,g31,
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Source terms [Galda, Neubert, Renner (2105.01078)]

 ALP contributes source terms for D6 SMEFT Wilson coefficients

d  SMEFT _ _SMEFTSMEFT _ _ i
dlogp ° J* J (47 f)2

ALP extension of DsixTool coming soon!

S =10, Sya =10,
Suw = —24g5 C3 S .~ =0
HW — 92 “ww gw — Y
2 2
Sup = —291 Upp, Sug =0,
Sawnp = —4g192 Cww Cpn , Spiwg = 0.

Independent of ALP mass

[Bakshi, Machado-Rodriguez, Ramos (2306.08036)]  Anke Biekétter - JGU Mainz
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Source terms [Galda, Neubert, Renner (2105.01078)]

 ALP contributes source terms for D6 SMEFT Wilson coefficients

d CSMEFT . SMEFTCSMEFT L Sz
" DT T gy

d log i

ALP extension of DsixTool coming soon! CSMEFT () — @

Suc =0, Sya=0, poeseeprsanamn  (VSMEFT (1) # 0
Srw = —295 Cyw , Suw =0, '
SHBZ—QQ?C%B, SHEZO?

ALP running induces non-zero SMEFT

Suwnp = —49192 Cww Cbn , Suwre =0.

Independent of ALP mass

[Bakshi, Machado-Rodriguez, Ramos (2306.08036)]  Anke Biekétter - JGU Mainz

coefficients!
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Exploiting the ALP-SMEFT interference

Observables used
* Low energy:

* Electroweak precision
observables (EWPO)

e Parity violation experiments

* Lepton scattering
: [Falkowski et al. (1706.03783)]
* Higgs

 fOp [Elisetal (2012.02779)]

Anke Biekotter - JGU Mainz

Six free parameters

CGG7 CWW7 CBB) CU7 Cd7 Ce

. 1op
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https://arxiv.org/abs/1706.03783
https://arxiv.org/abs/2012.02779

A global analysis

limits on C/ f [TeV "]

3.0

2.0

1.0

0.0

—1.0

—2.0

—3.0

95% CL dark
09% CL light

| 1 parameter

——

olobal

Cea

OWW

——

CBB Cu

Anke Biekotter - JGU Mainz

AN=Anf

O(1) limits on ALP
couplings for / =1 TeV

Interplay between
couplings is relatively
small

23



Correlations

Dominant constraints
» Cca : Higgs + Top
« Cww : LE + Higgs
« UpB:low energy

« Cy:low energy

« Cq:low energy
« Ce:low energy

2.
= 0. OO
S
_9 |
0.9
g0 () O A = 4 f
0.5 f=1TeV
S
1
S 0 == O O
4 combi
_8.
—2.—1. 0. 1 —2. 0. 2 —0.5 0 0.5
Caa Cww CBB

Anke Biekotter - JGU Mainz
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Correlations

Dominant constraints
» Cca : Higgs + Top
« Cww : LE + Higgs
« UpB:low energy

« Cy:low energy

« Cq:low energy
« Ce:low energy

Anke Biekotter - JGU Mainz
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Correlations

Dominant constraints
» Cca : Higgs + Top
« Cww : LE + Higgs
« UpB :low energ

4 )

o Uy :low energy | Why?

.

« Cq:low energy
o Ce:low energy

Anke Biekotter - JGU Mainz
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LL
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o : : _
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G ) ~ Ty Lo (%)
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95% CLon C,/f [TeV ]

Strongest bound from low energy
Absent at LL order

10

—10

| [
_ l I
B leading log _
B | resummed _
LE Higgs top combi



LL approximation - Cu

d 3o 3 A Yo" Yo"
Cup = ( 2 ) Crp + — [023]33 1Chulss

dIn p T 872 T T

d (1) 2
dln Chiglas|= —mar O +
d
u)33|= 2 y
dln,u CH ]33 WOétCu+

CHD strongly constrained from
measurement of W boson mass

Anke Biekotter - JGU Mainz

95% CLon C,/f [TeV ]

10

—10

| [
_ l I
B leading log _
B | resummed _
LE Higgs top combi
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LL approximation - CGG (

Small) experimental anomaly in CMS

Higgs STXS causes deviation at 95% CL

2598?/75048 2 2 M
C In® —

T GG A

100 o2 o 1
S 02 13_

3 GG

Cuclszz(p) D

Cra(p) D

CHG (Higgs-gluon coupling) and CuG (top-
gluon coupling) strongly constrained
through gluon-fusion Higgs production

T B

95% CL on ng/f [TeV_l]
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Light gray bounds with
additional assumptions

Comparison with direct bounds

1n—1
10
1072}

10-3 | a7y
10 Flavor
1074}

107° l l l l
1072 107 1 10 10* 10°

meq |GeV]

Cecl/f [TeV™
Cpg|/f [TeV1]

Cwwl/f [TeV™1]

Mariotti, Redigolo, Sala, Tobiok (1710.01743)]
Bonilla, Brivio, Machado-Rodriguez, de Troconiz (2202.03450)]

Bauer, Neubert, Thamm (1708.00443)]
Bauer, Neubert, Renner, Schnubel, Thamm (2110.10698)]

Anke Biekotter - JGU Mainz 28



https://arxiv.org/abs/1708.00443
https://arxiv.org/abs/2110.10698
https://arxiv.org/abs/1710.01743
https://arxiv.org/abs/2202.03450

Light gray bounds with
additional assumptions

Comparison with direct bounds

10* 10*
10° 10°
e 102 — 10’
= =~ 10 > 10
= = S
= ; 1071 = 10"
_% >~ 1072 : o 1077} :
L~ Qv
O i jgi R ©) :‘g_z Flavor o
- Flavor B
1072 100 1 10 10* 103 1072 100 1 10 10* 103
m, |GeV] mg [GeV]
Mariotti, Redigolo, Sala, Tobiok (1710.01743)]
Bonilla, Brivio, Machado-Rodriguez, de Troconiz (2202.03450)] ALP-SMEFT interference
Bauer, Neubert, Thamm (1708.00443)] tests unconstrained parameter
Bauer, Neubert, Renner, Schnubel, Thamm (2110.10698)] space
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Comparison with direct bounds - fermions

T T
2 2
= =
= =
: ~
o} o
107* " Flavor
107° | | | | |
102107 1 10 10* 10° 10°
mg |GeV]

[Esser, Madigan, Sanz, Ubiali (2303.17634)]

[Bauer, Neubert, Renner, Schnubel, Thamm (2110.10698)]
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101
102
107° "
10-4! SN
107° | ' | '
0210t 1 10 10* 10°
mg |GeV]
BaBar (1406.2980)]

Cel/ f [TeV™]

AB, Chala, Spannowski (2203.14984)]
Lucente, Carenza (2107.12393)]

Essig, Harnik, Kaplan, Toro (1008.0636)]
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https://arxiv.org/abs/2107.12393
https://arxiv.org/abs/1008.0636

Can | translate these limits for UV axion models?

Matching a UV model onto an EFT would lead to additional SMEFT
operators. What is the influence of those?
[Arias-Aragon, Quevillon, Smith (2211.04489)]

KSVZ DFSZ
[Kim-Shifman-Vainshtein-Zakharov (1979, 1980)] [Dine-Fischler-Srednicki-Zhitnitsky (1980, 1981)]
Vector-lik

eClo e Spalar SHDM
quark singlet
Boson-philic Fermion-philic
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https://linkinghub.elsevier.com/retrieve/pii/0550321380902096
https://www.osti.gov/biblio/7063072
https://linkinghub.elsevier.com/retrieve/pii/0370269381905906
https://arxiv.org/abs/2211.04489

KSVZ model

[Kim-Shifman-Vainshtein-Zakharov (1979, 1980)]

Log=—y"q, HQRr + h.c.

Qr,r~ (3,1)_1/3

Lxsvz = Lsm + 0,87+ QilDQ —yo (SQLQr + h.c.)
A
+ ps|SI? = TSP~ Asu|SIP(H'H) + Log

Vol
VLQ decay
Vector-like quark @
: 1 ia(x)

ZI Q Mq =yq [/V2, M = s f?
--a
Integrate out
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https://linkinghub.elsevier.com/retrieve/pii/0550321380902096

KSVZ model - EFT Con— 4 2 HOn + b

¢ = —Yq 4qr,

At scale A: ALP couplings and SMEFT contributions

Limits on f can be obtained for fixed CGG and CBB from

* one-parameter ALP fit

Additional Limits on scalar parameters and portal
\e f/Asg > 2.8 TeV
e /Mg| < 0.1TeV !

Anke Biekotter - JGU Mainz
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DFSZ model

Two-Higgs doublet model + scalar singlet () = £ 17 +p()]e 7,

Two options for relation to
SM Yukawas

Lorsz O |D,Hy|? + |D, Hs|? +0,8|> — (GH, Ty ur + §Hy Ty dg ++ h.c.)

A A
—m7i |H1|? — m3|Ha|? 21 Hy|* 22 |Ho|* — A3 |Hy|?|Ha|* — Ay |HY Hy|?

A
+us|S2 = 22181t = A, [SPIHL = Asa, S Hal? = Asm,, [(H]Hp)S? + e

Heavy particles ® and °
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DFSZ model - EFT

DFSZ| ¢ =24 N
Ca=-2,  DFSZIl €Ce=-2 @2) o @I)

Mixing angle &

— 25

-
|
O N
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DFSZ model - EFT

Cul/J < 1/TeV DFSZ| ¢, = -2
Cy, = —2s;, Cy = —2¢ DFSZ || C.=-24

3.0

[\
-

—_
-

|
—_
-

| 1 parameter

limits on C'/ f [TeV ']
|

|
o
-

Caec Cww CUpgp C. Cy4/20 C,./20
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DFSZ model - EFT
Mixing angle &
Cul/f < 1/TeV DFSZ | ¢ =25 H H
: : ( 1> _ R(a) (q})

C.=-25,|  Ca=-2%  DFSZIl Cc=-2 o

LErT D CuH (ta[Yul?" [Quel?™ — t5 " [Ya]?" [Qau]”" — na [Ye]" [Qen]™" + h.c.)

Mg
[Yu*]sr [Yu]p 1 (1)1prst (8)1prst [Yd*]sr [Yd]pt t;Q 1 (1)1prst (8)1prst
M(% 6 [Qqu ]p + [Qqu ]p M(% 6 [qu ]p + [qu ]p
D/e*]sr Dfe]pt 77(2)4 rSs 1 T S 1 TS S T 1 rs
(@l = g (el Y (@l = V)™ [Ye]” tama [QLL, 1

C A2, f2 Yukawa
YT Y e (Queag” e ) + T Qe — S gy,
> : suppressed
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DFSZ model - EFT
Mixing angle &
Cul/f < 1/TeV DFSZ | ¢ =25 H H
: : ( 1> _ R(a) (q})

C.=-25,|  Ca=-2%  DFSZIl Cc=-2 o

LErT D CuH (ta[Yul?" [Quel?™ — t5 " [Ya]?" [Qau]”" — na [Ye]" [Qen]™" + h.c.)

Mg
[Yu*]sr [Yu]p 1 (1)1prst (8)1prst [Yd*]sr [Yd]pt t;Q 1 (1)1prst (8)1prst
M(% 6 [Qqu ]p + [Qqu ]p Mc% 6 [qu ]p + [qu ]p
[1/6*]37“ D/;]pt 77(234 rSs 1 T s 1 TS S T 1 rs
(@l = g (el Y (@l = V)™ [Ye]” tama [QLL, 1

C A2, f2 Yukawa
YT Y e (Queag” e ) + T Qe — S gy,
> : suppressed

ALP couplings and SMEFT operators depend on same parameters (¥ and f
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DFSZ models - results

izl P23
10 - X
[ DESE j S1: negligible scalar parameters
8 ! S2: profiling of scalar parameters
= 6}
= | :
= gf \ - .
- :j Limits on f dominated by
N \ SMEFT contributions
0 m/4 /2
@
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DFSZ models - results

10
8
~ 6
2
=
=y
Y

)zl T 23
. DFSZ \
F s \
0 A m/4 /2
XY
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C, = —25°

84

Cul/f < 1/TeV

S1: negligible scalar parameters

S2: profiling of scalar parameters

Limits on f dominated by
SMEFT contributions

35



Conclusions

* (Almost) mass-independent bounds on
ALP couplings

* Interesting reuse of SMEFT analyses ;i
 Complementary to direct bounds and =

competitive for high ALP masses 2
» Interpretation in terms of UV models 0,

WOrks . [GoV]

Thank you for your attention!
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