
Logo

Closing in on new chiral leptons @ LHC

Some biased comments about NP physics + recent results based on 

“Light vectors coupled to anomalous currents with harmless Wess-Zumino terms”, 
L. Di Luzio, MN, C. Toni, 
JHEP, arXiv:2204.05945

“Closing in on new chiral leptons at the LHC”, 
D. Barducci, L. Di Luzio, MN, C. Toni

JHEP, arXiv: 2311.10130

15 April 2024, IRN Terascale @ LNF 



New Physics
Experimental evidences:

• Neutrino masses
• Dark Matter
• Baryon Asymmetry of the Universe
• (Gravity)

Theoretical problems/puzzles/hints:
• Hierarchy or Naturalness problem
• Flavour puzzle
• Strong CP problem
• Family replication
• GUT
• …..

What is the energy scale of New Physics at its coupling to the Standard Model? 
Can we study it on shell?
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Coupling vs Mass Range
Why?

- SUSY
- Composite Higgs

Why? Why not 

- Didn’t find NP at high energy

- Some problems can be 

addressed in this regime: 
axions, portal to DM sector, 

etc.

- Ideas for new experiments 

on smaller scale that LHC 

- No “No-Lose Theorem”

UV completing the 
light NP physics 

could be 
phenomenologically 

important! 



Light New Vector and (Anomalous) Currents
Background:
- D’Hoker, Farhi, 1984
- Preskill 1991
- Feruglio, Masiero, Maiani 1992

New constraints for light vectors:
- Dror, Lasenby, Pospelov 1707.01503
- Dror, Lasenby, Pospelov 1705.06726

Other pheno aspects, example DM:
- Ismail, Katz, Racco 1707.00709

UV renormalizable models:
- Michaels, Yu 2020.00021 

Consider, for example, a light vector coupled to the baryon number current: 

SM + X EFT is non-renormalizable  and the current is anomalous at quantum level:

Naively, NP physics at low energy implies two parameters: the coupling and the mass  

(Notation: X=Z’ interchangeably 
in what follows)

A=3/2

EFT must be completed at a scale 

UV physics implies the presence of  
Wezz-Zumino terms in the EFT: (Need also to specify 

regularisation of loop diagrams)

[Preskill 1991]



Energy / Mass Enhancement
Generically,  there are E/mx enhancements of the longitudinal polarisation of X leading to strong bounds.

Triangle WZ term 

Tree level 
current

�(A ! BX) / g2X
m2

X
<latexit sha1_base64="qoBt5hJD9joueOeAe0wSuByRDkA="></latexit>

example from 1707.01503

Constraints from: 
B ! KX
K ! ⇡X
Z ! �X

<latexit sha1_base64="S0uyBuECc40CR42kRF+J6l5gbBM="></latexit>

Very strong constraints! 

However there is a specific point in the EFT 
that do not exhibit this behaviour 

What kind of UV physics is associated with 
that? 



Anomalons
The light vector can be elementary or composite. If elementary, it is associated to a conserved symmetry and the current have to be 

non anomalous. In the UV we need new states to cancel the mass indipendent part of the triangular diagram:

Extra states are called anomalons in what follows. NP carries quantum 
number under both the SM gauge symmetry and the new symmetry

Anomalons are chiral with respect to the full group SM x U(1). The E/m enhancement is due to longitudinal d.o.f

Goldstone term disappear if the 
Anomalons take mass from EW only

Anomalons have to pick up a 
mass from EW and/or U(1) 

symmetry breaking

Chiral fermions cannot get an explicit mass term.

Enhancement can be 
understood with the 
equivalence theorem

HfLfR and/or SfLfR
<latexit sha1_base64="mP5/4/J1bLsn8Yl0z4OiFwlITMg="></latexit>

S / ei⇠
<latexit sha1_base64="na/Qwdb17dKdHcUiUf8wdZRjtvo=">AAACB3icbVC7TsNAEDyHVwgvQ0qaExESVWQHJCgjaCiDIA8pNtH5sgmnnO3T3RoRWfkAvoIWKjpEy2dQ8C84wQUkTDWa2dXsTqCkMOg4n1ZhaXllda24XtrY3NresXf3WiZONIcmj2WsOwEzIEUETRQooaM0sDCQ0A5GF1O/fQ/aiDi6wbECP2TDSAwEZ5hJPbt8TT2lY4UxhdtUUO9BTHp2xak6M9BF4uakQnI0evaX1495EkKEXDJjuq6j0E+ZRsElTEpeYkAxPmJD6GY0YiEYP50dP6GHiWFZugJNhaQzEX5vpCw0ZhwG2WTI8M7Me1PxP6+b4ODMT0WkEoSIT4NQSJgFGa5F1grQvtCAyKaXAxUR5UwzRNCCMs4zMclqKmV9uPPfL5JWreoeV2tXJ5X6ed5MkeyTA3JEXHJK6uSSNEiTcDImT+SZvFiP1qv1Zr3/jBasfKdM/sD6+AYmwJkG</latexit>



A Class of Renormalizable Models

- All gauge anomalies have to cancel

- SM quantum number set by a single parameter Y

- Charges are such that anomalons don’t couple to S

- Mass purely from EW

Two important phenomenological implications:

1) non-decupling New Physics

Manom = y vp
2
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Manom . 600 GeV
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2) very large coupling to the Higgs 

(y =
p
4⇡)

<latexit sha1_base64="qcfuT4lwjyQQYJhpzDcVZ/KMMd0=">AAACBHicbVC7TsNAEDyHVwgvAyXNiQgpNJEdIkGDFEFDGSTykGIrOl824ZTzg7t1pMhKy1fQQkWHaPkPCv4FO7iAhKlGM7va2fEiKTRa1qdRWFldW98obpa2tnd298z9g7YOY8WhxUMZqq7HNEgRQAsFSuhGCpjvSeh44+vM70xAaREGdziNwPXZKBBDwRmmUt80K9NLRz8oTOrUicTstG+Wrao1B10mdk7KJEezb345g5DHPgTIJdO6Z1sRuglTKLiEWcmJNUSMj9kIeikNmA/aTebJZ/Qk1gxDGoGiQtK5CL83EuZrPfW9dNJneK8XvUz8z+vFOLxwExFEMULAs0MoJMwPaa5EWgnQgVCAyLLkQEVAOVMMEZSgjPNUjNOOSmkf9uL3y6Rdq9pn1dptvdy4ypspkiNyTCrEJuekQW5Ik7QIJxPyRJ7Ji/FovBpvxvvPaMHIdw7JHxgf33ZCl4I=</latexit>

Anomalons are heavy leptons with exotic charges. 

No QCD charge is allowed, because of Higgs 
overproduction at the LHC



Higgs Physics
Main effects are the radiative two-body decays of the Higgs into gauge bosons:

- Diphoton contribution can be consistent only if 

- In 2204.05945, clean prediction for the Z-photon channel 

|Y | ⇡ 3

2
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RZ� ⇡ 2.1
<latexit sha1_base64="GSXDrY01737sY/hdlq1ZdZLsxDw=">AAACCnicbVC7TsNAEDzzDOEVQKKhOREhUUU2IEEZQUMZEAmIOIrWxxJO3NmnuzUiMvkDvoIWKjpEy09Q8C84JgWvqUYzu9rZiYySjnz/3Rsbn5icmi7NlGfn5hcWK0vLLZekVmBTJCqxZxE4VDLGJklSeGYsgo4UnkbXB0P/9Aatk0l8Qn2DHQ29WF5KAZRL3crqcTc7D3ugNQxCMMYmt3yrFnQrVb/mF+B/STAiVTZCo1v5CC8SkWqMSShwrh34hjoZWJJC4aAcpg4NiGvoYTunMWh0nazIP+AbqQNKuEHLpeKFiN83MtDO9XWUT2qgK/fbG4r/ee2ULvc6mYxNShiL4SGSCotDTliZF4P8QlokgmFy5DLmAiwQoZUchMjFNG+qnPcR/P7+L2nlzW3Xto52qvX9UTMltsbW2SYL2C6rs0PWYE0m2B17YI/sybv3nr0X7/VrdMwb7aywH/DePgExYpoZ</latexit>

- BSM contributions independent from the mass of new states when 

h ! Z� and h ! ��
<latexit sha1_base64="prm48dxuL4ngqyCA7QqePof7dmU=">AAACKnicbVBNLwRBEO3xbX0tji4dG4mDbGYQHIWLI4lF7Gw2Nb1ldXT3TLprhEz2n/gJfoUrJzcRNz9E71iJr7rUq1evUlUvyZR0FIYvwdDwyOjY+MRkZWp6ZnauOr9w4tLcCmyIVKX2LAGHShpskCSFZ5lF0InC0+Rqv98/vUbrZGqO6TbDloaukRdSAHmqXd265DGl/JzHXdAafIE3ZHXB4zUOpuNTj39KvgRlaldrYT0sg/8F0QDU2CAO29W3uJOKXKMhocC5ZhRm1CrAkhQKe5U4d5iBuIIuNj00oNG1ivK/Hl/JHfgLMrRcKl6S+H2iAO3crU68UgNdut+9Pvlfr5nTxU6rkCbLCY3oLyKpsFzkhJXeOOQdaZEI+pcjl4YLsECEVnIQwpO5d7Li/Yh+f/8XnKzXo436+tFmbXdv4MwEW2LLbJVFbJvtsgN2yBpMsDv2wB7ZU3AfPAcvweundCgYzCyyHxG8fwCB7KWw</latexit>

mh ⌧ Manom
<latexit sha1_base64="Wvrn1SYSGmrR91kTBVuf+wZI2M8=">AAACBHicbVA9SwNBEN3z2/h1ammzGASrcBcFLUUbGyGCSYQkHHPrRJfs7h27c4FwpPVX2GplJ7b+Dwv/i5d4hV+verw3w7x5caqkoyB492Zm5+YXFpeWKyura+sb/uZWyyWZFdgUiUrsdQwOlTTYJEkKr1OLoGOF7XhwNvHbQ7ROJuaKRin2NNwa2ZcCqJAi39fRHe8qxS+iHEyix5FfDWrBFPwvCUtSZSUakf/RvUlEptGQUOBcJwxS6uVgSQqF40o3c5iCGMAtdgpqQKPr5dPkY76XOaCEp2i5VHwq4veNHLRzIx0Xkxrozv32JuJ/Xiej/nEvlybNCI2YHCKpcHrICSuLSpDfSItEMEmOXBouwAIRWslBiELMio4qRR/h7+//kla9Fh7U6peH1ZPTspkltsN22T4L2RE7YeeswZpMsCF7YI/sybv3nr0X7/VrdMYrd7bZD3hvn+eTl8s=</latexit>

See also Bizot, Frigerio

arXiv:1508.01645



Higgs to Z gamma
[ATLAS & CMS 2309.03501]

This motivated us to study further the phenomenology of chiral leptons in 2311.10130 (JHEP)



Direct Searches of Anomalons
Recap: interesting case when new states have SM quantum number:

|Y | ⇡ 3
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Stable anomalons give charged tracks at the LHC

MQ=2e > 1030 GeV
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MQ=e > 600 GeV
<latexit sha1_base64="ayZk7hc/plQZEU0xa8a5gsMUqp4=">AAACD3icbVC7TsNAEDyHVwgvA2WaExESVWQHBDSgCApokBKJPKQkis6XTTjl/NDdGhFZLvgEvoIWKjpEyydQ8C84xgUEphrN7Gp3xgmk0GhZH0Zubn5hcSm/XFhZXVvfMDe3mtoPFYcG96Wv2g7TIIUHDRQooR0oYK4joeWMz6d+6xaUFr53jZMAei4beWIoOMNE6pvFq35UP4GYntJDy6JdhDtUbkQvoBn3zZJVtlLQv8TOSIlkqPXNz+7A56ELHnLJtO7YVoC9iCkUXEJc6IYaAsbHbASdhHrMBd2L0hAx3Q01Q58GoKiQNBXh50bEXK0nrpNMugxv9Kw3Ff/zOiEOj3uR8IIQwePTQygkpIc0VyJpB+hAKEBk08+BCo9yphgiKEEZ54kYJnUVkj7s2fR/SbNStvfLlfpBqXqWNZMnRbJD9ohNjkiVXJIaaRBO7skjeSLPxoPxYrwab9+jOSPb2Sa/YLx/AVYzmyc=</latexit>

Adapting and rescaling the ATLAS analysis arXiv:2303.13613

Adapting and rescaling the CMS analysis arXiv:1609.08382

Unstable anomalons are present for some specific U(1) charge assigments and Y = �3

2
<latexit sha1_base64="BDDoIOwI17L29VV6x/EWbEeGjhI=">AAACAHicbVC7TsNAEDyHVwivACXNiQiJhshOkKBBiqChDBJ5oMRE68smnDg/dLdGiqw0fAUtVHSIlj+h4F9wTApImGo0s6udHS9S0pBtf1q5hcWl5ZX8amFtfWNzq7i90zRhrAU2RKhC3fbAoJIBNkiSwnakEXxPYcu7v5j4rQfURobBNY0idH0YBnIgBVAq3d6cHXUHGkRSHSeVca9Ysst2Bj5PnCkpsSnqveJXtx+K2MeAhAJjOo4dkZuAJikUjgvd2GAE4h6G2ElpAD4aN8lSj/lBbIBCHqHmUvFMxN8bCfjGjHwvnfSB7sysNxH/8zoxDU7dRAZRTBiIySGSCrNDRmiZ1oG8LzUSwSQ5chlwARqIUEsOQqRinPZTSPtwZr+fJ81K2amWK1fHpdr5tJk822P77JA57ITV2CWrswYTTLMn9sxerEfr1Xqz3n9Gc9Z0Z5f9gfXxDbDelp8=</latexit>

There is a mixing with the SM charged leptons:

Doubly charged states decays into same-sign lepton pair via:

Adapting and rescaling the ATLAS analysis arXiv:1710.09748MQ=2e > 600 GeV
<latexit sha1_base64="cjAhHSBCi4Z+XlXBABl/mRiM7XU=">AAACEHicbVC7TsNAEDzzDOFloITiRIREFdkBAQ0oggIapEQiDymJovNlE045n627NSKy3PAJfAUtVHSIlj+g4F9wQgpImGo0s6vdGS+UwqDjfFozs3PzC4uZpezyyuraur2xWTVBpDlUeCADXfeYASkUVFCghHqogfmehJrXvxj6tTvQRgTqBgchtHzWU6IrOMNUats71+24fFqAhJ7RI8ehTYR71H5ML6GatO2ck3dGoNPEHZMcGaPUtr+anYBHPijkkhnTcJ0QWzHTKLiEJNuMDISM91kPGilVzAfTikcpEroXGYYBDUFTIelIhN8bMfONGfheOukzvDWT3lD8z2tE2D1pxUKFEYLiw0MoJIwOGa5FWg/QjtCAyIafAxWKcqYZImhBGeepGKV9ZdM+3Mn006RayLsH+UL5MFc8HzeTIdtkl+wTlxyTIrkiJVIhnDyQJ/JMXqxH69V6s95/Rmes8c4W+QPr4xvPZJtj</latexit>

Model is perturbative excluded when considering a more refined bound using unitarity for Yukawa coupling Manom . 400 GeV
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(Models that explains a possibile large effects in Z-photon can be constructed starting from this benchmark)



LHC and Non Decoupling New Physics
- In absence of New Physics, old fashioned solutions of the hierarchy problem cannot be ruled out

- This is because SUSY and Composite Higgs model can be continuously deformed to the SM

lim
f!1

Composite Higgs = SM
<latexit sha1_base64="zTmIOVXyVd7ohNceHAO0/RkNDBQ="></latexit>

- What is getting worst is the little hierarchy problem.  (The tuning of the heavy NP parameters to 
get the EW scale)

- Non-decoupling New Physics does not have such smooth limit.

Manom = y vp
2
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- LHC is closing completely the window for new chiral fermions 

Manom . 400 GeV
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Conclusions

- BSM physics exists, but experimental data does not favor any specific physics scenario.


- Traditional solutions to the hierarchy problem remain relevant despite requiring finer tuning.


- There is a growing interest in light and weakly coupled new physics, though its justification is 
arguable. However some models are very interesting and motivated. 


- When considering light new physics, it is crucial to bear in mind an ultraviolet (UV) completion 
of the low-energy effective field theory (EFT).


- For instance, a light vector coupled to anomalous currents may exhibit E/mass enhancement 
but an explicit UV model can circumvent this feature by predicting that new fermions are chiral 
and acquire mass from the Higgs VEV.


- New chiral fermions are heavily constrained by LHC searches, if not entirely ruled out.



Backup



Perturbative Unitarity
• Unitarity (an axiom of QFT), focus 2 —> 2 scattering

beyond quantum field theory arguments. Finally, some aspects of partial wave unitarity for the
di-photon excess which partially overlap with our work have already been discussed in [16–18],
however with a di↵erent focus with respect to our analysis.

The rest of the paper is structured as follows: Sect. 2 contains a brief recap of partial wave
unitarity arguments, which we first apply in Sect. 3 to the EFT case where the di-photon
resonance itself is the only new degree of freedom beyond the SM. In Sect. 4 we then con-
sider weakly-coupled benchmark models with either new fermionic or scalar degrees of freedom
coupling to the di-photon resonance and inducing the EFT operators in the low-energy limit.
Our main results are summarized in Sect. 5. Finally, some relevant technical details of our
computations can be found in Appendix A.

2 Brief review on partial wave unitarity
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Let us denote by Tfi(
p
s, cos ✓) the matrix element of a 2 ! 2 scattering amplitude in

momentum space, defined via

hf |T |ii = (2⇡)4�(4)(Pi � Pf )Tfi(
p
s, cos ✓) , (5)

where T is the interacting part of the S-matrix, S = 1+ iT . The dependence of the scattering
amplitude on cos ✓ is eliminated by projecting it onto partial waves of total angular momentum
J (see e.g. [19–21])
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where d
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is the J-th Wigner d-function appearing in the Jacob-Wick expansion [22], while
µi = �i1��i2 and µf = �f1��f2 are defined in terms of the helicities of the initial (�i1,�i2) and
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factor related to the momentum (to the fourth power) of a given particle in the center of mass
frame. The right hand side of Eq. (5) must be further multiplied by a 1p
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factor for any identical

pair of particles either in the initial or final state.
When restricted to a same-helicity state (zero total spin), the Wigner d-functions reduce to

the Legendre polynomials, i.e. dJ00 = PJ . In practice, we will only focus on J = 0 (d000 = P0 =
1), since higher partial waves typically give smaller amplitudes. Hence, the quantity we are
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where the sum over h is restricted to 2-particle states, which slightly underestimates the left
hand side. For i = f Eq. (9) reduces to
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Hence, aJii must lie inside the circle in the Argand plane defined by (cf. also Fig. 1)

�
Re aJii

�2
+

✓
Im a

J
ii �

1

2

◆2


1

4
, (11)

which implies

|Im a
J
ii|  1 and |Re aJii| 

1

2
. (12)

Under the assumption that the tree-level amplitude is real, Eq. (12) suggests the following
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In fact, a Born value of Re aJii =
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ii = 0 needs at least a correction of 40% in order to

restore unitarity (cf. Fig. 1).
In reality, one expects to have issues with perturbativity even before saturating the bound

in Eq. (13), which is hence understood to be a conservative one. Stronger constraints can be
obtained by considering the full transition matrix connecting all the possible 2-particle states,
which amount to applying Eq. (13) to the highest eigenvalue of |Re (aJif )
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3 E↵ective field theory of a di-photon resonance

Assuming a scalar resonance S, the observed LHC di-photon excess can be accommodated in
terms of the e↵ective Lagrangian expanded around the broken electroweak (EW) vacuum2
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The pseudo-scalar case leads to analogous conclusions as far as unitarity bounds are concerned, hence in

the following we will not consider it separately.
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In the narrow width approximation the prompt S production at the LHC can also be fully
parametrized in terms of the relevant decay widths
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s is the LHC pp collision energy and CPP parametrize the relevant parton luminosities

(their values for
p
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8 TeV and 13 TeV LHC data singles out heavy quark annihilation (P = s, c, b) or gluon fusion
(P = g) as the preferred S production modes [23]. In the following we consider in turn either
gg and �� induced processes or alternatively bb and �� rates. The remaining possibilities lie
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This best fit value corresponds to an assumed resonance width of �S/MS ' 0.06. In the narrow resonance

limit the current data imply a somewhat small signal of �(pp ! S ! ��) ' 3 fb.
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• In practical perturbative calculations S-matrix unitarity is 
always approximate

- signals breakdown of perturbative expansion

•Works both in the EFT and in explicit renormalizable models

S = 1 + iT
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