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Feebly-interacting particles

Light new physics?

e Spin-0: scalars,
axion-like particles

* Spin-1/2: heavy
neutral leptons

Hopeless » Spin-1: dark photons

[Robert’s talk]

Known SMEFT

Coupling

[adapted from Martin Bauer]

Mass
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https://indico.belle2.org/event/12273/contributions/79671/

Outline

 Light (pseudo-)scalars Interplay between experiments
* Belle Il phenomenology Reinterpretability
* Global analyses HepData

Fast simulation

How can we test this model?

v

Which models can we test?
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https://www.hepdata.net/

Light scalars - motivation

Does Dark Matter (DM) receive its mass via a coupling to a scalar particle?

Is there a whole Dark Sector? T reheating temperature
Iy percolation temperature

Dark Higgs and SM Higgs could mix

[Madge et al. (2306.14856)]
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® — —sinfh+ cosf ¢

Pulsar Timing Array (PTA) data | :_ ,_E %’/ Y T, -M—L-E

compatible with a light scalar N, PT g}_@p_ﬂ‘)_“’::
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https://arxiv.org/abs/2306.14856

AXxions

Baker et al. (hep-ex/0602020)]
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Electric dipole moment of the neutron
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Dynamical solution to the strong CP problem

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

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

Axion-like particles - motivation

A spontaneously broken
continuous symmetry gives rise to 12 < 0 2
massless spin-0 fields.

V(g) = 1°0'o + A(o'¢)

6= (f+s)e! Shift symmetry
a — a—+ Qg
m3 = 4\ f? = |p|? Re¢
m?2 =

Im ¢

[Bauer (PADUA23)]
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https://indico.dfa.unipd.it/event/673/contributions/914/

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

and at dimension 5

* Featured in many BSM scenarios: “Higgs portal” dark matter,
composite Higgs models, ...

» Consider a generic ALP with effective Lagrangian

0,a
. Shift symmetry @ — a + ao, Lagrangian terms: Ja

(SM)*

1 m2 oM a Ota , .+
Lgcf<5 5 (8 a)(@“a) 2’ a2 | Z wF CE ’Y,uwF —+ Co 7 (¢T2DM ¢)
Os a ~ 042 a LA a1 a ~
G¢ GHYA WA WHvs B, B*" .
+ CGG i f O + Cww i f + CBB I fon
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Peccei, Quinn (refl, ref2)]
Weinberg] [Wilczek]

[Brivio et al. (1701.05379)]
[Bauer et al. (1708.00443)]

[Stefania’s talks]


https://arxiv.org/abs/1701.05379
https://arxiv.org/abs/1708.00443
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.40.223
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

Example: axion-like-particles

QCD axion

9703409, 0009290, 1411.3325, 1504.06084,

Solves (9 — 2), anomaly
1 708.00443, 1908.00008

1604.01127, 1606.03097

103 "
_ Heavy axion
1 /
T | LSW
> . CAST
+

= 03t _

< 10 SUMICO

> 4

&

) _
PNGB in supersymmetric
or composite models
0902.1483, 1312.5330,1702.02152,2104.11064

[Thamm (LHCP24)]

ALP mass range
covered by Belle |l
interesting in the context
of

- Heavy axions

- Pseudo Nambu
Goldstone bosons
from SUSY, composite
Higgs

- 9-2

DM candidate ma [GeV) Interplay of experiments/

Andrea Thamm
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observations crucial
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https://indico.cern.ch/event/1253590/contributions/5844084/

Phenomenology of (pseudo-)scalars

Production Lifetime Decay




(Pseudo-)scalar production at Belle li

Rare meson decays

Sizeable top/W couplings lead to
loop-induced decays

K™ —-71"¢
BT - KT¢

Mixing with SM particles

) o a
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(Pseudo-)scalar decays

[s/Sin? 6 (GeV)

[Ferber, Grohsjean, Kahlhofer (2305.16169)]

TT

N
10
scalar mass my (GeV)
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Photons, leptons, hadrons

Known hierarchy for a scalar
mixing with the SM Higgs

For a general (pseudo)scalar, the
hierarchy of the various decay
channels might be different

What if we are not Iin a
minimal scenario?

11


https://arxiv.org/abs/2305.16169

ALPs at colliders
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https://arxiv.org/abs/2312.01942

ALPs at colliders

Colliders

JaX X
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[ATLAS (2312.01942)]
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https://arxiv.org/abs/2312.01942

ALPs at colliders
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https://arxiv.org/abs/2312.01942

ALPs at colliders
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https://arxiv.org/abs/2312.01942

ALPs at colliders
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JaX X

Beam dumps



https://arxiv.org/abs/2312.01942

ALPs at colliders

Beam dumps

JaX X
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https://arxiv.org/abs/2312.01942

ALPs at colliders

Beam dumps

107
| JaxXX | Decays
1Y — _ VN
10 f .\ too early
eTe” —inv. + ¥ N
107} ;
—1 - _
10 V5 = 139fb ! -
O 95% CL i
%?O H— Za
10—2 2% a decays before L,, = 33 mm .
A | Decays
X k' Coul/A=04Tev-! -
10-31 ' 22 lia-0atev- - too late
- ahll = |Csu|/A=01Tev"!
e |Conl/A =0.05 TeV-!
T T R T T T T T T 3
iy Decay length Lq mg,
m, [GeV] ( L, > ( Be )
cX — X
[ATLAS (2312.01942)] P Lget P I'a Ldet

Anke Biekotter - JGU Mainz


https://arxiv.org/abs/2312.01942

ALPs at colliders
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https://arxiv.org/abs/2312.01942

2D bounds
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https://arxiv.org/abs/2312.01942

Limits on ALPs

[Belle | (2306 02830) [Belle Il (2007.13071)]
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https://arxiv.org/abs/2306.02830
https://arxiv.org/abs/2007.13071

[Alda, Levati, Paradisi, Rigolin, Selimovic (2407.18296)]

ALPs and scalars couplings to tau leptons
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https://arxiv.org/abs/2407.18296

Light scalar mixing with the SM Higgs

[Ferber, Grohsjean, Kahlhofer (2305.16169)]
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[AB, Diaz Carmona, Schwaller (WIP)]
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https://arxiv.org/abs/2305.16169

Light scalars

2M?z
U

Lmix = sin 0 Z w¢ff -+ sin 6
U
f

L=Csoff+Cw My¢W, W

sin 6@

Anke Biekotter - JGU Mainz

[AB, Diaz Carmona, Schwaller (WIP)]

- NAG2 (inv)
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Light scalars

[AB, Diaz Carmona, Schwaller (WIP)]

2M?z
U

'Cmix = sin 0 Z ﬂ¢ff -+ sin 6
U
f

L=Croff+ Cw MW, W+

Anke Biekotter - JGU Mainz 18



Light scalars

[AB, Diaz Carmona, Schwaller (WIP)]

B 2M2 10+
Lonix = 500> TLGFf 4 sing =W oW W
ral v 1.
107
L = Cf ¢]?f + Cw .7\4{/[/¢VV:_VV_”u % 10—2 i
1077
Same production cross section, .
_ - T - Ty - mw
Different decay rate s (T A=, Ge=ans
1077 10~
Lepton couplings increased by factor 10 Mg [GeV]
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Light scalars

[AB, Diaz Carmona, Schwaller (WIP)]

B 2M2 104'
Lonix = 500> TLGFf 4 sing =W oW W
¢ (V) (V) 1.
107"
_ r T oM
L=Croff+Cw MwoW W 5 102
1077+
Same production cross section, .
_ m - my - (A
Different decay rate - ey O = 10025, Gy = 2=
10~ 10!
Lepton couplings increased by factor 100 mg [GeV]
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Light scalars

[AB, Diaz Carmona, Schwaller (WIP)]

) 2 10
Lonix =50y Lo f +5in6 2Miy W o
; U U 1
10~
_ r TN M
1072 F949 (inv)
Same production cross section, 10—4l NAG (i)
. - T - T - My
Different decay rate - ey O = 10025, Gy = 2=
10~ 10~
Lepton couplings increased by factor 100 my [GeV]
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Likelihoods and statistics

Global analysis: Combination of results from different observables/experiments
Correlations (also between experiments)

Publishing likeltihoods would be a big help for phenomenologists!  [Lorenz talki

[Belle 1l (2007.13071)] N e
> |
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1072 | eesyy S
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— 2| | Belle N e
| Q/ﬂ 0.5 Paay
%) . § 0
2 % —0.5; Ve v/
< \ e
& g | 10
4, 1L
Dﬁ O;_ ™ L
_4! I
g|ay|Z|=O _gl lil ,

L1 L | ! ! ! ! ! T ‘ ! ‘ ! ‘ ! ‘
10° 101 ~92.-1. 0. 1. 2 —2. 0. 2. —0.5 0 0.5
Caa Cww Cgn
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https://indico.belle2.org/event/12273/contributions/79673/
https://arxiv.org/abs/2007.13071

Rei nterp retation e Different kinematics compared to SM processes: two vs three-body decay

&(Bﬁl*ihv\
e.g., for the invisible ALP % A
Assumption:
ABa — 1mv) =1

[Intermezzo] B - K®a( — uu) at LHCb

e A caveat of searches for long-lived particles (such as ALPs) decaying into visible final
states is the dependence of the signal yields on the lifetime (very model-dependent!).

[Dobrich et al. "18]

o Good examples are the searches of B - K®a( — uu) by LHCb, which provide not only [Olcyr's talk]
the limit on the branching fraction but also its dependence on the lifetime (7,):

[LHCb, 1508.04094,1612.07318]
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1000 2000 3000
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https://indico.belle2.org/event/12273/contributions/78335/

ALP-SMEFT interference

Anke Biekotter - JGU Mainz

[Galda, Neubert, Renner (2105.01078)]

@ @
— — s
vy ‘a as Sy
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~ 1/¢
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https://arxiv.org/abs/2105.01078

ALP-SMEFT interference

ALP running induces non-zero SMEFT
coefficients!

Anke Biekotter - JGU Mainz

[Galda, Neubert, Renner (2105.01078)]

~ 1/¢
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https://arxiv.org/abs/2105.01078

2D ALP limits

Limits from ALP-SMEFT
Interference

[Galda, Neubert, Renner (2105.01078)]

Cul/f [TeV™]

—2.—1. 0. 1.
Caa Cww (BB
Anke Biekotter - JGU Mainz  [AB, Fuentes Martin, Galda, Neubert (2307.10372)] 22



https://arxiv.org/abs/2307.10372
https://arxiv.org/abs/2105.01078

Global fits - LHC + flavor

200

200

CVlVW / fa [Te\/"l]

—000

—2000 0 2000

CBB/fa [Te\/_l]
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300 MeV ALP

LHC

Same-sign diboson
Z boson width

Flavor

[Bruggisser, Grabitz, Westhof (2308.11703)]
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https://arxiv.org/abs/2308.11703

Reinterpreting the limits for UV axion models

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

eclo e Scalar SHDM .
quark singlet singlet
Boson-philic ALP Fermion-philic ALP

Anke Biekotter - JGU Mainz 24


https://doi.org/10.1103/PhysRevLett.43.103
https://linkinghub.elsevier.com/retrieve/pii/0550321380902096
https://www.osti.gov/biblio/7063072
https://linkinghub.elsevier.com/retrieve/pii/0370269381905906

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://doi.org/10.1103/PhysRevLett.43.103
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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Have we seen first hints of new light scalars already?

[Tobioka’s talk]
1.70 [Swallow et al. (NA62)]
Average  2.90  [Belle Il (2311.14647)] i . .
- | M éBNLé
| —— Belle II (362 fb"!, combined) g g g g g g g
I 2.3+0.7 This analysis : : : : : : :
I : E E E
| Belle II (362 fb'!, hadronic)
: 1.14+1.1 This analysis |__’_| NA62 2016 18
| — Belle II (362 fb'!, inclusive)
I 2.740.7 This analysis 5
o S e i —e—N A62 2021 -22
| ’
: Belle (711 fb!, semileptonic) N : : _
I 1.04+0.6 PRD96, 091101
I : : : :
Bell 11 fb!, hadroni 5 '|| o— " ;
i_ ¢ 2.9?:1% <P7RD87, 1111(;3 ¢ rOHlC) E NA62 201 6 22
| BABAR (418 fb'!, semileptonic '
: 0.24+0.8 PRD8<2, 112002 ) SM [JHEP 09 (2022) 148]
: BABAR (429 fb!, hadroni a
T S e ron) |l SMI[EPJC 82 (2022) 7, 615]
l — — — — ||||||||||IIII|IIII|IIII|IIII|IIII|IIII
2 4 0 8 10 ) 10 15 20 29 30 35 40
10° x Br(BT™—K " vp) B(K'—n vv)x10"

See e.g. [Altmannshofer et al. (2311.14629)], [McKeen, Ng, Tuckler (2312.00982)], [Fridell, Ghosh, Okui, Kohsaku (2312.12507)]
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https://indico.cern.ch/event/1447422/
https://arxiv.org/abs/2311.14647
https://arxiv.org/abs/2311.14629
https://arxiv.org/abs/2312.00982
https://arxiv.org/abs/2312.12507
https://indico.belle2.org/event/12273/contributions/79663/

Conclusions

* Belle |l offers an ideal environment to test light new physics with
a variety of couplings

» Global analyses could help identifying interesting scenarios and
untested parameter space

* Results could easily be re-interpreted in UV complete scenarios

o Publication of likelihoods and details on kinematics would be a
big help

Anke Biekotter - JGU Mainz 28



Conclusions

* Belle |l offers an ideal environment to test light new physics with
a variety of couplings

» Global analyses could help identifying interesting scenarios and
untested parameter space

* Results could easily be re-interpreted in UV complete scenarios

o Publication of likelihoods and details on kinematics would be a
big help

Thank you for your attention!
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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 &
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DFSZ model - EFT

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

84

Cul/f < 1/TeV

S1: negligible scalar parameters

S2: profiling of scalar parameters

Limits on f dominated by
SMEFT contributions
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ALP Lagrangian

a

derivative Léﬁi ALP = CGG 7

basis g

GZVGCL’MV + CWW

| 7 Z &F CFr quwF
F

v

a

f
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ALP Lagrangian

a

f

. . a ~ a ~ ~
derivative LOT Aip = CGG?GZVGQ’“V + CWW?W;‘VWA»W + cpp— B, B"

basis e
I f ZwF Cr fVuwF
F
* wF%wF—I—i%chF
pseudoscalar Lorirace = Coc % G4, G"" + Cww % WA WA 4 Cp % B,, B
basis - (@ Yuun + QHYydn + LHY, o+ hc)

~ ~ ~

Yy = i(Yy cy —cq Yu), = i(Ygca —cqQYa), Ye=i(Yece —cLYe)
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ALP Lagrangian

a

fBWBW

derivative £330 = coe=G2, G + ch%WfVVVA’“” +cBB

fo
basis o )
| fa Z@DF CFr ”Yule
F

* wF%%DFﬂLi%CFlDF

£D§5 — g ek G,LLV,a +C g WA W,LLI/,A e g B 5 BMV
pseudoscalar ~sM+aLe =G g Hur ww 5 Wi BB 5 By
bﬂSlS _% (Qﬁ”:&UR+QH&dR+EH£GR+hC>

~ ~ ~

Cu — €Q Yu), =i(Yaca —cqYa), Ye=i(Yece—crYe)

cx =cx1s  Flavor universal

~ ~ ~

Yo =i(cy —c)Yy = —1C Yy, Yg=1i(cqg—cq)Ya=—1CqYy, Y.=1(ce—cp)Ye=—1C.Y,
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Marciano, Masiero, Paradisi, Passera (1607.01022)]

IndireCt ALP effECtS Bauer, Neubert, Thamm (1704.08207)]

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

¢ ¢
G A G G W _} 1
V ,/'a a\\\ V N1/€ V
|4 |4
Requires D6 operator

as counterterm

SMEFT!
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ALP as a solution for g - 2 discrepancy


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

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)]
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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

Comparison with direct bounds - fermions

[AB, Fuentes Martin, Galda, Neubert (2307 10372)]
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https://arxiv.org/abs/2303.17634
https://arxiv.org/abs/2110.10698
https://arxiv.org/abs/1406.2980
https://arxiv.org/abs/2203.14984
https://arxiv.org/abs/2107.12393
https://arxiv.org/abs/1008.0636
https://arxiv.org/abs/2307.10372

Light gray bounds with
additional assumptions

Comparison with direct bounds

[AB, Fuentes Martin, Galda, Neubert (2307.10372)]
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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)]
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https://arxiv.org/abs/1708.00443
https://arxiv.org/abs/2110.10698
https://arxiv.org/abs/1710.01743
https://arxiv.org/abs/2202.03450
https://arxiv.org/abs/2307.10372

Light gray bounds with
additional assumptions

Comparison with direct bounds

[AB, Fuentes Martin, Galda, Neubert (2307.10372)]

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
:_0—5 Flavor . :0 5 | | |
02100 1 10 10 108 02100 1 10 10 108
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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https://arxiv.org/abs/1708.00443
https://arxiv.org/abs/2110.10698
https://arxiv.org/abs/1710.01743
https://arxiv.org/abs/2202.03450
https://arxiv.org/abs/2307.10372

A gIObaI anaIySIs [AB, Fuentes Martin, Galda, Neubert (2307.10372)]
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https://arxiv.org/abs/2307.10372

ALPs and tops @ colliders

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

Axion-Top coupling constraints

ALP collider

<

ttCL (IHV) Anke Biekoétter - JGU Mainz

see also
[Phan, Westhoff (2312.00872)]

[Blasi, Maltoni, Mariotti, Mimasu,
Pagani, Tentori (2311.16048)]

tt most relevant at
high ALP masses
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