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The MoEDAL experiment
▪MoEDAL is an LHC experiment 

located in LHCb cavern.

▪ It’s mainly a passive detector.

▪ It’s designed to search for magnetic 

monopoles.

▪ It can also detect long-lived charged 

particles with cτ >= 2m

▪MoEDAL detects only slowly moving 

particles with β < 0.15*|Q|.

▪ The higher the charge the more 

particles it can detect.

▪ There is practically no background in 

MoEDAL
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Model selection  
[M. Hirsch et al; Phys. Rev. D 101, 095033 (2020)]

Equation (9) represents a rough estimate for the true value
of the width in the case m2

S1
≫ m2

S3
and mH3þ ≫ mW .

The second important decay mode of H3þ is the four-
body decay: H3þ → lþα l

þ
β l

þ
γ νδ. This decay proceeds via

diagrams involving the exotic fermions F2þ
k and F3þ

k ,
such as, for example, H3þ → lþγ ðF2þ

k Þ$ → lþγ νδðH2þ
i Þ$ →

lþα l
þ
β l

þ
γ νδ. In principle, the width contains a double sum:

summing over the different charge states F2þ
k and F3þ

k , as
well as over the generation k. For the latter, we define an
effective reduced coupling:
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Note that in case all mFk
≡mF the effective hmFi simply

reduces to mF and can be taken out from the sum. With
Eq. (11), the four-body decay width can be estimated to be
very roughly
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with4 c3 ∼ ð1=4Þ. Note that there is a contribution to
four-body final states with γ ¼ δ from a diagram with
H3þ → ðWþÞ$lþα lþβ → lþα l

þ
β l

þ
γ νγ . This diagram can be esti-

mated from Eq. (9), but replacing fð3Þ → fð4Þ and
multiplying the width by BrðW → lþ νÞ. The two dia-
grams can interfere; thus, the approximate expressions
become unreliable if both diagrams give numerical values
of the same order of magnitude.
If mS3 < mS1 and mS3 < mF1

, H4þ has only four-body
decays. There are two different final states to consider:
H4þ → lþα l

þ
β l

þ
γ l

þ
δ and H4þ → lþα l

þ
β W

þWþ. The decay to

charged leptons proceeds through similar diagrams as
discussed for H3þ → lþα l

þ
β l

þ
γ νδ above; see also Fig. 2.

The partial width is therefore estimated as

ΓðH4þ → lþα l
þ
β l

þ
γ l

þ
δ Þ ≃

c4
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with c4 ∼ ð1=4Þ, again simply fitted to the numerical result.
The decay H4þ → lþα l

þ
β W

þWþ is caused by two differ-
ent kinds of Feynman diagrams; see Fig. 2. The vertex
HHWW ∝ g22, whileHHW ∝ g2∂μ. AssumingH2þ

2 ≃ S1 is
much heavier than H2þ

1 ≃ S2þ3 and further simplifying
mH4þ ≃mH3þ ≃mH2þ

1
, the middle diagram in Fig. 2 is

estimated to generate a width of the order of

ΓðH4þ → WþWþlþα l
þ
β Þ ∼

1

fð4Þ
ðg22 sin θjðheeÞαβjÞ2
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We stress that this approximation fails rather badly if
mH4þ ≃mH3þ ≃mH2þ

1
is not true.

Finally, consider the case in which one of the exotic
fermionic states is the lightest new particle:mF1

< mS1 ,mS3 .
Electroweak radiative corrections generate a small mass
splitting between the F3þ and F2þ members of the F1;2;5=2

multiplet(s). Using the results of Refs. [25,26], we estimate
ΔM ¼ mF3þ −mF2þ ∼ 1.6 GeV for mF ≳ 500 GeV. The
F3þ then has a two-body decay mode F3þ → F2þ þ πþ,
with a width of order (2–3) meV, again using the formulas of
Refs. [25,26]. Thus, F3þ decays cannot be long lived.
For F2þ, on the other hand, the main decay channel is to

three standard model leptons. This width is estimated as
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We now turn to a discussion of the numerical results.

FIG. 2. Feynman diagrams for the decays H4þ → lþγ l
þ
δ l

þ
α l

þ
β and H4þ → WþWþlþα l

þ
β .

4We have estimated only the contribution from one diagram
and adjusted the prefactor c3 to fit the absolute value of the
numerical output of MadGraph5 version 2.3.3 [24], see the next
section, since Eq. (12) is used only to understand the parameter
dependence of the width.
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!+

<latexit sha1_base64="SVU5ptE3WfF8fd1LTqV43W8o1f4=">AAAB7nicZVDJSgNBEK2JW4xb1KOXxhAQhDARXI5BLx4jmAWSMfR0apI2PQvdPUIY8g+eBAXx6v948m/sTCZi4oOCx3tVVNVzI8GVtu1vK7eyura+kd8sbG3v7O4V9w+aKowlwwYLRSjbLlUoeIANzbXAdiSR+q7Alju6mfqtJ5SKh8G9Hkfo+HQQcI8zqo3U7KIQD6e9Ysmu2CnIf1LNSAky1HvFr24/ZLGPgWaCKtWp2pF2Eio1ZwInhW6sMKJsRAfYMTSgPionSa+dkLJR+sQLpalAk1T9O5FQX6mx75pOn+qhWvam4q9XXlilvSsn4UEUawzYbJMXC6JDMv2d9LlEpsXYEMokN8cSNqSSMm0SKqQpXMyfXybzFJpnlep5xb6zS7XrLI88HMExnEAVLqEGt1CHBjB4hGd4hTcrsl6sd+tj1pqzsplDWID1+QOxXY8S</latexit>

!+

<latexit sha1_base64="xNGlXCE5Er8oHp/vnGHxT7zgg8I=">AAAB8nicZVDLSgMxFM3UV62vqks3wVJwVZKCfeyKgghuKtgHtqVk0rQNzWSGJCOUoTuXLl2JCuLWtT/iyqV/YqZVsXrgwuGce7n3HjcQXBuE3p3EwuLS8kpyNbW2vrG5ld7eqWs/VJTVqC981XSJZoJLVjPcCNYMFCOeK1jDHR3HfuOKKc19eWHGAet4ZCB5n1NirHQ57EZtlyh4MummMyiHEMIYw5jgYgFZUi6X8rgEcWxZZCrw4+z+9fqm2k2/tXs+DT0mDRVE6xZGgelERBlOBZuk2qFmAaEjMmAtSyXxmO5E04snMGuVHuz7ypY0cKr+noiIp/XYc22nR8xQ//Vi8cfLzq0y/VIn4jIIDZN0tqkfCmh8GP8Pe1wxasTYEkIVt8dCOiSKUGNTSk1TKExfhf/Jdwr1fA4f5tC5jeMIzJAEe2AfHAAMiqACTkEV1AAFEtyCB/DoGOfOeXKeZ60J52tmF8zBefkEUBqU8g==</latexit>

hF̄
<latexit sha1_base64="p4+jy8GvCaB6lSZ1RSy1rXIRS6U=">AAAB7XicZVBNS0JBFJ1nX6Z9WNGqzZAJrmRGyI+dFERLg54KKjJvHHVw3gcz8wJ52C8IWgUJ0bYf1Kp/07xnRdaBC4dz7uXee5xAcKUR+rBSa+sbm1vp7Ux2Z3dvP3dw2FJ+KCmzqS982XGIYoJ7zNZcC9YJJCOuI1jbmV7GfvuOScV971bPAtZ3ydjjI06JNpI9GURX80Euj0oIIYwxjAmuVpAh9XqtjGsQx5ZBvnG8eLgvnmWbg9x7b+jT0GWepoIo1cUo0P2ISM2pYPNML1QsIHRKxqxrqEdcpvpRcuwcFowyhCNfmvI0TNTfExFxlZq5jul0iZ6ov14s/niFlVV6VOtH3AtCzTy63DQKBdQ+jF+HQy4Z1WJmCKGSm2MhnRBJqDYBZZIUKsmr8D/5TqFVLuHzEroxcVyAJdLgBJyCIsCgChrgGjSBDSjg4BE8g4XlW0/Wi/W6bE1ZXzNHYAXW2yfKupFw</latexit>

hF

L-conserving L-violating 

<latexit sha1_base64="xNGlXCE5Er8oHp/vnGHxT7zgg8I=">AAAB8nicZVDLSgMxFM3UV62vqks3wVJwVZKCfeyKgghuKtgHtqVk0rQNzWSGJCOUoTuXLl2JCuLWtT/iyqV/YqZVsXrgwuGce7n3HjcQXBuE3p3EwuLS8kpyNbW2vrG5ld7eqWs/VJTVqC981XSJZoJLVjPcCNYMFCOeK1jDHR3HfuOKKc19eWHGAet4ZCB5n1NirHQ57EZtlyh4MummMyiHEMIYw5jgYgFZUi6X8rgEcWxZZCrw4+z+9fqm2k2/tXs+DT0mDRVE6xZGgelERBlOBZuk2qFmAaEjMmAtSyXxmO5E04snMGuVHuz7ypY0cKr+noiIp/XYc22nR8xQ//Vi8cfLzq0y/VIn4jIIDZN0tqkfCmh8GP8Pe1wxasTYEkIVt8dCOiSKUGNTSk1TKExfhf/Jdwr1fA4f5tC5jeMIzJAEe2AfHAAMiqACTkEV1AAFEtyCB/DoGOfOeXKeZ60J52tmF8zBefkEUBqU8g==</latexit>

hF̄
<latexit sha1_base64="p4+jy8GvCaB6lSZ1RSy1rXIRS6U=">AAAB7XicZVBNS0JBFJ1nX6Z9WNGqzZAJrmRGyI+dFERLg54KKjJvHHVw3gcz8wJ52C8IWgUJ0bYf1Kp/07xnRdaBC4dz7uXee5xAcKUR+rBSa+sbm1vp7Ux2Z3dvP3dw2FJ+KCmzqS982XGIYoJ7zNZcC9YJJCOuI1jbmV7GfvuOScV971bPAtZ3ydjjI06JNpI9GURX80Euj0oIIYwxjAmuVpAh9XqtjGsQx5ZBvnG8eLgvnmWbg9x7b+jT0GWepoIo1cUo0P2ISM2pYPNML1QsIHRKxqxrqEdcpvpRcuwcFowyhCNfmvI0TNTfExFxlZq5jul0iZ6ov14s/niFlVV6VOtH3AtCzTy63DQKBdQ+jF+HQy4Z1WJmCKGSm2MhnRBJqDYBZZIUKsmr8D/5TqFVLuHzEroxcVyAJdLgBJyCIsCgChrgGjSBDSjg4BE8g4XlW0/Wi/W6bE1ZXzNHYAXW2yfKupFw</latexit>

hF

<latexit sha1_base64="epIQ859C43RgSSZrhLRCbD8nggU=">AAAB8XicZVDLSsNAFJ3UV219VMWVm8Fa6CoksS93RTcuK9hWaUOZTKbt0MmDmYlQQv0Cd64KCuLWz3Hl3zhpVKweuHA4517uvccJGRXSMD60zMrq2vpGdjOX39re2S3s7XdEEHFM2jhgAb9xkCCM+qQtqWTkJuQEeQ4jXWdykfjdO8IFDfxrOQ2J7aGRT4cUI6mk2z5TrS4aVAeFoqGfNWpWpQYN3TDqpmUmxKpXTivQVEqCYvNw/nBfPsm3BoX3vhvgyCO+xAwJ0TONUNox4pJiRma5fiRIiPAEjUhPUR95RNjx4uAZLCnFhcOAq/IlXKi/J2LkCTH1HNXpITkWf71E/PFKS6vksGHH1A8jSXycbhpGDMoAJu9Dl3KCJZsqgjCn6liIx4gjLFVIuUUK6avwP/lOoWPpZlU3rlQc5yBFFhyBY1AGJqiDJrgELdAGGHjgETyBZ01oc+1Fe01bM9rXzAFYgvb2CWx/kt4=</latexit>

λ5

<latexit sha1_base64="W0jA1X3DL9s3ZaIitpBaDyVD0oQ=">AAAB6nicZVDLSgNBEOyNrxhfUY9eBkPAU9gVfByDXnKMYh6QLGF2MpsMmZ1ZZmaFsOQPPAkK4tU/8uTfONlsxGhBQ1HVTXdXEHOmjet+OYW19Y3NreJ2aWd3b/+gfHjU1jJRhLaI5FJ1A6wpZ4K2DDOcdmNFcRRw2gkmt3O/80iVZlI8mGlM/QiPBAsZwcZK9w00KFfcmpsB/SdeTiqQozkof/aHkiQRFYZwrHXPc2Pjp1gZRjidlfqJpjEmEzyiPUsFjqj20+zSGapaZYhCqWwJgzL190SKI62nUWA7I2zG+q83F3+86soqE177KRNxYqggi01hwpGRaP43GjJFieFTSzBRzB6LyBgrTIxNp5SlcLl8/i9ZptA+r3kXNffOrdRv8jyKcAKncAYeXEEdGtCEFhAI4Qle4NXhzrPz5rwvWgtOPnMMK3A+vgF4VI0w</latexit>

H
<latexit sha1_base64="W0jA1X3DL9s3ZaIitpBaDyVD0oQ=">AAAB6nicZVDLSgNBEOyNrxhfUY9eBkPAU9gVfByDXnKMYh6QLGF2MpsMmZ1ZZmaFsOQPPAkK4tU/8uTfONlsxGhBQ1HVTXdXEHOmjet+OYW19Y3NreJ2aWd3b/+gfHjU1jJRhLaI5FJ1A6wpZ4K2DDOcdmNFcRRw2gkmt3O/80iVZlI8mGlM/QiPBAsZwcZK9w00KFfcmpsB/SdeTiqQozkof/aHkiQRFYZwrHXPc2Pjp1gZRjidlfqJpjEmEzyiPUsFjqj20+zSGapaZYhCqWwJgzL190SKI62nUWA7I2zG+q83F3+86soqE177KRNxYqggi01hwpGRaP43GjJFieFTSzBRzB6LyBgrTIxNp5SlcLl8/i9ZptA+r3kXNffOrdRv8jyKcAKncAYeXEEdGtCEFhAI4Qle4NXhzrPz5rwvWgtOPnMMK3A+vgF4VI0w</latexit>

H

<latexit sha1_base64="WH03yCjhAMwea1IaxXm9Wg3uN7c=">AAAB6XicZVDJSgNBEK2JW4xb1KOXxhDwFGYEl2PQiwcPCZgFkiH0dGqSJj0L3T1CGPIFngQF8eonefJv7EwmYvRBweO9KqrqebHgStv2l1VYW9/Y3Cpul3Z29/YPyodHbRUlkmGLRSKSXY8qFDzEluZaYDeWSANPYMeb3M79ziNKxaPwQU9jdAM6CrnPGdVGat4PyhW7Zmcg/4mTkwrkaAzKn/1hxJIAQ80EVarn2LF2Uyo1ZwJnpX6iMKZsQkfYMzSkASo3zQ6dkapRhsSPpKlQk0z9PZHSQKlp4JnOgOqx+uvNxR+vurJK+9duysM40RiyxSY/EURHZP42GXKJTIupIZRJbo4lbEwlZdqEU8pSuFw+/5csU2if15yLmt20K/WbPI8inMApnIEDV1CHO2hACxggPMELvFoT69l6s94XrQUrnzmGFVgf3yibjQo=</latexit>

L
<latexit sha1_base64="WH03yCjhAMwea1IaxXm9Wg3uN7c=">AAAB6XicZVDJSgNBEK2JW4xb1KOXxhDwFGYEl2PQiwcPCZgFkiH0dGqSJj0L3T1CGPIFngQF8eonefJv7EwmYvRBweO9KqrqebHgStv2l1VYW9/Y3Cpul3Z29/YPyodHbRUlkmGLRSKSXY8qFDzEluZaYDeWSANPYMeb3M79ziNKxaPwQU9jdAM6CrnPGdVGat4PyhW7Zmcg/4mTkwrkaAzKn/1hxJIAQ80EVarn2LF2Uyo1ZwJnpX6iMKZsQkfYMzSkASo3zQ6dkapRhsSPpKlQk0z9PZHSQKlp4JnOgOqx+uvNxR+vurJK+9duysM40RiyxSY/EURHZP42GXKJTIupIZRJbo4lbEwlZdqEU8pSuFw+/5csU2if15yLmt20K/WbPI8inMApnIEDV1CHO2hACxggPMELvFoT69l6s94XrQUrnzmGFVgf3yibjQo=</latexit>

L

<latexit sha1_base64="fugtvyngzM+yqogeWlGC0ZM41zk=">AAAB63icZVDLSgNBEOyNr5j4iIonL4MxkFPYKD6OQS8eIzEPMEuYncwmQ2Z2l5lZISzxC/QkKIpXv8iTf+Nkk4iJBQ1FVTfdXW7ImdK2/W2llpZXVtfS65nsxubWdm5nt6GCSBJaJwEPZMvFinLm07pmmtNWKCkWLqdNd3A19pv3VCoW+Ld6GFJH4J7PPEawNlKt1jnp5PJ2yU6A/pPylOQr+2+PD8WjbLWT+2p3AxIJ6mvCsVJ3ZTvUToylZoTTUaYdKRpiMsA9emeojwVVTpycOkIFo3SRF0hTvkaJ+ncixkKpoXBNp8C6rxa9sfjrFeZWae/CiZkfRpr6ZLLJizjSARo/jrpMUqL50BBMJDPHItLHEhNt4skkKZzNnl8ksxQax6Xyacm+MXFcwgRpOIBDKEIZzqEC11CFOhDowRO8wKslrGfr3fqYtKas6cwezMH6/AF7CJAG</latexit>

S3

<latexit sha1_base64="c1+d/6rr4rHnUHcb2Tp+siqQSwc=">AAAB7nicZVDLSgNBEOz1GeMr6tHLYAh4CrOCj2NQEI8RzAOSJcxOZpMxs7PLzKwQlvyDJ0FBvPo/nvwbJ5uNmFjQUFR1093lx4Jrg/G3s7K6tr6xWdgqbu/s7u2XDg6bOkoUZQ0aiUi1faKZ4JI1DDeCtWPFSOgL1vJHN1O/9cSU5pF8MOOYeSEZSB5wSoyVml2fKHTbK5VxFWdA/4mbkzLkqPdKX91+RJOQSUMF0brj4th4KVGGU8EmxW6iWUzoiAxYx1JJQqa9NLt2gipW6aMgUrakQZn6dyIlodbj0LedITFDvexNxV+vsrDKBFdeymWcGCbpbFOQCGQiNP0d9bli1IixJYQqbo9FdEgUocYmVMxSuJg/v0zmKTTPqu55Fd/jcu06z6MAx3ACp+DCJdTgDurQAAqP8Ayv8ObEzovz7nzMWlecfOYIFuB8/gBvp47n</latexit>

F̄
<latexit sha1_base64="iOPTqUlubRO7WuxfYGzYMWR49vQ=">AAAB6XicZVDJSgNBEK2JW4xb1KOXxhDwFGYEl2NQEI8JmAWSIfR0apImPQvdPUIY8gWeBAXx6id58m/sTCZi9EHB470qqup5seBK2/aXVVhb39jcKm6Xdnb39g/Kh0dtFSWSYYtFIpJdjyoUPMSW5lpgN5ZIA09gx5vczv3OI0rFo/BBT2N0AzoKuc8Z1UZq3g3KFbtmZyD/iZOTCuRoDMqf/WHEkgBDzQRVqufYsXZTKjVnAmelfqIwpmxCR9gzNKQBKjfNDp2RqlGGxI+kqVCTTP09kdJAqWngmc6A6rH6683FH6+6skr7127KwzjRGLLFJj8RREdk/jYZcolMi6khlElujiVsTCVl2oRTylK4XD7/lyxTaJ/XnIua3bQr9Zs8jyKcwCmcgQNXUId7aEALGCA8wQu8WhPr2Xqz3hetBSufOYYVWB/fH32NBA==</latexit>

F

<latexit sha1_base64="75FDIhTQBVkfZ725R/J6dghIHGU=">AAAB63icZVBdSwJBFL1rX6Z9WNFTL0Mm+CS7QR+PUi89GuYH6CKz46iDs7PLzGwgi/2CegqKotd+UU/9m8ZVI+3AhcM593LvPV7ImdK2/W2lVlbX1jfSm5ns1vbObm5vv66CSBJaIwEPZNPDinImaE0zzWkzlBT7HqcNb3g98Rv3VCoWiDs9Cqnr475gPUawNlK12nE6ubxdshOg/8SZkXz58O3xoXiSrXRyX+1uQCKfCk04Vqrl2KF2Yyw1I5yOM+1I0RCTIe7TlqEC+1S5cXLqGBWM0kW9QJoSGiXq34kY+0qNfM90+lgP1LI3EX+9wsIq3bt0YybCSFNBppt6EUc6QJPHUZdJSjQfGYKJZOZYRAZYYqJNPJkkhfP588tknkL9tOSclexbE8cVTJGGIziGIjhwAWW4gQrUgEAfnuAFXi3ferberY9pa8qazRzAAqzPH3f+kAQ=</latexit>

S1

<latexit sha1_base64="J6O9HNRAy56kjrRL6lwdG6DgZ+k=">AAAB8HicZVDLSgNBEOyNrxhfMR69DIaAIISN8XUMevEY0TwgWcPsZDYZMju7zMwKYcknePGioCBe/R1P/o2TTSImFjQUVd10d7khZ0rb9reVWlpeWV1Lr2c2Nre2d7K7uboKIklojQQ8kE0XK8qZoDXNNKfNUFLsu5w23MHV2G88UKlYIO70MKSOj3uCeYxgbaTmbad8Hx+djDrZvF20E6D/pDQl+Uq+nBPPj9VqJ/vV7gYk8qnQhGOlWiU71E6MpWaE01GmHSkaYjLAPdoyVGCfKidO7h2hglG6yAukKaFRov6diLGv1NB3TaePdV8temPx1yvMrdLehRMzEUaaCjLZ5EUc6QCNv0ddJinRfGgIJpKZYxHpY4mJNhllkhTOZs8vklkK9eNi6bRo35g4LmGCNOzDARxCCc6hAtdQhRoQ4PAEr/BmSevFerc+Jq0pazqzB3OwPn8AIDGSKA==</latexit>

S+4
3

<latexit sha1_base64="J6O9HNRAy56kjrRL6lwdG6DgZ+k=">AAAB8HicZVDLSgNBEOyNrxhfMR69DIaAIISN8XUMevEY0TwgWcPsZDYZMju7zMwKYcknePGioCBe/R1P/o2TTSImFjQUVd10d7khZ0rb9reVWlpeWV1Lr2c2Nre2d7K7uboKIklojQQ8kE0XK8qZoDXNNKfNUFLsu5w23MHV2G88UKlYIO70MKSOj3uCeYxgbaTmbad8Hx+djDrZvF20E6D/pDQl+Uq+nBPPj9VqJ/vV7gYk8qnQhGOlWiU71E6MpWaE01GmHSkaYjLAPdoyVGCfKidO7h2hglG6yAukKaFRov6diLGv1NB3TaePdV8temPx1yvMrdLehRMzEUaaCjLZ5EUc6QCNv0ddJinRfGgIJpKZYxHpY4mJNhllkhTOZs8vklkK9eNi6bRo35g4LmGCNOzDARxCCc6hAtdQhRoQ4PAEr/BmSevFerc+Jq0pazqzB3OwPn8AIDGSKA==</latexit>

S+4
3

<latexit sha1_base64="k8VgroPbCIGeQL2TrKNVvHWW+Y8=">AAAB8HicZVDLSgNBEOz1GeMrxqOXwRAQhLBr8HEMevEY0TwgWcPsZDYZMju7zMwKYcknePGioCBe/R1P/o2TTSImFjQUVd10d3kRZ0rb9re1tLyyurae2chubm3v7Ob28nUVxpLQGgl5KJseVpQzQWuaaU6bkaQ48DhteIOrsd94oFKxUNzpYUTdAPcE8xnB2kjN2075Pjkujzq5gl2yU6D/xJmSQqVQzovnx2q1k/tqd0MSB1RowrFSLceOtJtgqRnhdJRtx4pGmAxwj7YMFTigyk3Se0eoaJQu8kNpSmiUqn8nEhwoNQw80xlg3VeL3lj89Ypzq7R/4SZMRLGmgkw2+TFHOkTj71GXSUo0HxqCiWTmWET6WGKiTUbZNIWz2fOLZJZC/aTknJbsGxPHJUyQgQM4hCNw4BwqcA1VqAEBDk/wCm+WtF6sd+tj0rpkTWf2YQ7W5w8eq5In</latexit>

S+3
3

<latexit sha1_base64="Kyw2sMixvZSxJHPzc3l9dXGVkZ0=">AAAB8HicZVBdSwJBFL1rX2ZfZo+9DIkQBLKr9PEo9dKjUX6AbjI7jjo4O7vMzAay+BN66aWgIHrt7/TUv2lcNdIOXDiccy/33uOFnClt299WamV1bX0jvZnZ2t7Z3cvu5+oqiCShNRLwQDY9rChngtY005w2Q0mx73Ha8IZXE7/xQKVigbjTo5C6Pu4L1mMEayM1bzvl+/ikNO5k83bRToD+E2dG8pV8OSeeH6vVTvar3Q1I5FOhCcdKtRw71G6MpWaE03GmHSkaYjLEfdoyVGCfKjdO7h2jglG6qBdIU0KjRP07EWNfqZHvmU4f64Fa9ibir1dYWKV7F27MRBhpKsh0Uy/iSAdo8j3qMkmJ5iNDMJHMHIvIAEtMtMkok6RwNn9+mcxTqJeKzmnRvjFxXMIUaTiEIzgGB86hAtdQhRoQ4PAEr/BmSevFerc+pq0pazZzAAuwPn8AHSWSJg==</latexit>

S+2
3

<latexit sha1_base64="ecLw0Fo2a351tL/E+/pEBXmPYVY=">AAAB8HicZVDLSgMxFM3UV62vWpdugqUgCCVTbW13RTcuK9oHtGPJpGkbmskMSUYoQz/BjRsFBXHr77jyb8xMVaweuHA4517uvccNOFMaoQ8rtbS8srqWXs9sbG5t72R3cy3lh5LQJvG5LzsuVpQzQZuaaU47gaTYczltu5Pz2G/fUqmYL671NKCOh0eCDRnB2kidq759Ex2VZv1sHhXLyK5VKhAVEbJPqrYhtVrViNA2Sox8PX+cEw93jUY/+94b+CT0qNCEY6W6Ngq0E2GpGeF0lumFigaYTPCIdg0V2KPKiZJ7Z7BglAEc+tKU0DBRf09E2FNq6rmm08N6rP56sfjjFRZW6WHViZgIQk0FmW8ahhxqH8bfwwGTlGg+NQQTycyxkIyxxESbjDJJCpXkVfiffKfQKhXtchFdmjjOwBxpsA8OwCGwwSmogwvQAE1AAAf34Ak8W9J6tF6s13lryvqa2QMLsN4+AYPXkm0=</latexit>

S+2
1

<latexit sha1_base64="ecLw0Fo2a351tL/E+/pEBXmPYVY=">AAAB8HicZVDLSgMxFM3UV62vWpdugqUgCCVTbW13RTcuK9oHtGPJpGkbmskMSUYoQz/BjRsFBXHr77jyb8xMVaweuHA4517uvccNOFMaoQ8rtbS8srqWXs9sbG5t72R3cy3lh5LQJvG5LzsuVpQzQZuaaU47gaTYczltu5Pz2G/fUqmYL671NKCOh0eCDRnB2kidq759Ex2VZv1sHhXLyK5VKhAVEbJPqrYhtVrViNA2Sox8PX+cEw93jUY/+94b+CT0qNCEY6W6Ngq0E2GpGeF0lumFigaYTPCIdg0V2KPKiZJ7Z7BglAEc+tKU0DBRf09E2FNq6rmm08N6rP56sfjjFRZW6WHViZgIQk0FmW8ahhxqH8bfwwGTlGg+NQQTycyxkIyxxESbjDJJCpXkVfiffKfQKhXtchFdmjjOwBxpsA8OwCGwwSmogwvQAE1AAAf34Ak8W9J6tF6s13lryvqa2QMLsN4+AYPXkm0=</latexit>

S+2
1
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Model-1 description 

S1(1, 1,2) → S̃1(3̄, 1,4/3)
S3(1, 3,3) → S̃3(3̄, 3,7/3)
F(1, 1,5/2) → F̃(3̄, 2,11/6)
F(1, 1, − 5/2) → F̃(3̄, 2, − 11/6)
heeeeS†

1 → hededS̃†
1

It is possible to modify the 
model to obtain a coloured 
version (Model-2): 

▪ Lepton number violation and scalar 
mixing through 


▪  breaks BSM parity (for  
the lightest BSM particle is stable)


▪  and  mix and form  
mass eigenstates


▪For  there exist 
long-lived charged scalars


▪ In the study we vary  , 
fit  from data, fix  
fix other couplings to small 
values —> mass degeneracy

λ5 ≠ 0
hee hee → 0

S1 S3 S2+
1,3, S3+

3 , S4+
3

mS3
< mS1

, mFi

λ5 & mS3

hFhF̄ mS1
& mFi

ℒBSM = ℒkin

−[(hee)ij
ec

i ec
j S†

1 + (hF)ij
LiFjS†

1 + (hF̄)ij
LiF̄jS3 + h . c . ]

−[λ5HHS1S†
3 + h . c . ]

+λ2 |H |2 |S1 |2 + λ3a |H2 | |S3 |2 + λ3b |HS3 |2 + λ4 |S1 |4

+λ6a |S†
3 S3 |2 + λ6a |S3S3 |2 + λ7 |S1 |2 |S3 |2



Analysis workflow
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SARAH

SPHENO

Fast Simulation 
Framework

decay width in 

m vs. λ5 plane

signal in 
m vs. cτ

signal in

m vs. λ5 plane

MadGraph

signal estimation

parameter scan



Signal estimation
▪ Because no background, the signal thresholds considered are low:


▪ ,  ,   


▪ The signal is estimated by  

▪  is the production cross-section for pair of particles of mass m

▪  is particle’s three-velocity,  is its threshold value


▪ summation over i includes two particles created in an event


▪
 is the probability to reach 

the detector, where  is 1 if particle’s track crosses with and NTD 
panel, and 0 otherwise.

N ≥ 1 N ≥ 2 N ≥ 3

Nsig(m, τ) = σ(m) ⋅ L ⋅ ⟨∑
i

Θ (βth − βi) P( ⃗β i, τ)⟩
MC

σ(m)
⃗β i βth = 0.15 × |Q |

P( ⃗β i, τ) = ϵ( ⃗β ) ⋅ exp (−
LNTD( ⃗β )

γβcτ )
ϵ( ⃗β )
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▪MoEDAL detects particles with 
β < 0.15*|Q|

▪ Drell-Yan s-channel production  

—> spin conservation disallows 
small β for scalars


▪ No suppression for photon-fusion 
production

▪ s-channel photon-mediated 

production∝|Q|2

▪ photon fusion ∝|Q|4, crucial 
for highly charged particles 

▪ photon-fusion more 

significant for heavier 
particles, because it allows to 
produce slow particles

▪ 2-fold advantage: larger 

cross-section and lower β

β thresholds
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Run-3

HL-LHC

MoEDAL detection reach (model independent)
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Model-1 — detection reach

Run-3 HL-LHC



colour singlet — experimental constraints

10

colour (anti)triplet — experimental constraints

(Nsig ≥ 1)Nsig ≥ 3

(estimation)



Conclusions
▪MoEDAL can study selected neutrino mass generation 

models, e.g. model by M. Hirsch et al.

▪ The model predicts long-lived multi-charged particles 

for intermediate values of λ5 parameter.

▪MoEDAL Run-3 can compete with ATLAS in searches 

only for , however, the window is small (40 GeV).

▪MoEDAL HL-LHC can compete with current ATLAS 

constraints for .

▪ For these particles MoEDAL can scan a wide range of 

model’s parameters

S±4

S±3, S±4, S̃±7/3, S̃±10/3
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Physics program of the MoEDAL experiment

▪Magnetic Monopoles and Dyons 
▪ Scenarios with extra dimensions

▪ Highly Ionising Multiparticle Excitations

▪ Doubly Charged Massive Stable Particles

▪ Electrically Charged Massive (Meta-)stable Particles in 

Supersymmetric scenarios

▪ Highly Ionising particles in different scenarios 
▪…
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Motivation
▪ "Vanilla" SM does not contain right-handed neutrinos, 

hence neutrinos are massless

▪ Experiments confirmed that neutrinos are massive 
▪ Need to augment SM by a mechanism leading to neutrinos 

having mass

▪ Neutrino mass originates from dim-5 operator:    




▪ This operator can be effectively constructed by integrating 
out heavy mediators from the full theory

▪ Two popular choices:

▪ Seesaw Mechanism with right-handed neutrinos

▪ Radiative neutrino mass generation 

ℒ ∋
1
Λ

(LHLH) +
1
Λ

(LHLH)* =
< H >2

Λ
(νν + ν̄ν̄)
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▪Radiative neutrino mass generation via 
effective dimension-5 operator

▪Lepton Number Violation

▪Predicts multi-charged particles

▪Some of the multi-charged particles can 

be long-lived and detected by MoEDAL

Model selection  
[Martin Hirsch et al.’20]
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▪ Lepton number violation and scalar mixing through 


▪  breaks BSM parity (for  the lightest BSM particle is 
stable)


▪  and  mix and form  mass eigenstates


▪For  there exist long-lived charged scalars

λ5 ≠ 0
hee hee → 0

S1 S3 S2+
1,3, S3+

3 , S4+
3

mS3
< mS1

, mFi

ℒBSM = ℒkin

−[(hee)ij
ec

i ec
j S†

1 + (hF)ij
LiFjS†

1 + (hF̄)ij
LiF̄jS3 + h . c . ]

−[λ5HHS1S†
3 + h . c . ]

+λ2 |H |2 |S1 |2 + λ3a |H2 | |S3 |2 + λ3b |HS3 |2 + λ4 |S1 |4

+λ6a |S†
3 S3 |2 + λ6a |S3S3 |2 + λ7 |S1 |2 |S3 |2

Model-1 description  
[Martin Hirsch et al.’20]
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mν ≈ 0.05 ( λ5

10−6 ) ( hF

10−2 ) ( hF

10−2 ) ( 1TeV
Λ ) eV

▪  — mass scale of heavy particles in the model

▪ 


▪ Neutrino masses require  to be small, but do not fix the ratios of 
these parameters

▪ For what values of  there are long-lived particles in the model? 

Λ
λ5 ≪ 1

λ5hFhF

λ5, hF, hF

Model-1 description  
[Hirsch et al.’20]

H H

LL

hFλ5 hF
1

32π2Λ

Equation (9) represents a rough estimate for the true value
of the width in the case m2

S1
≫ m2

S3
and mH3þ ≫ mW .

The second important decay mode of H3þ is the four-
body decay: H3þ → lþα l

þ
β l

þ
γ νδ. This decay proceeds via

diagrams involving the exotic fermions F2þ
k and F3þ

k ,
such as, for example, H3þ → lþγ ðF2þ

k Þ$ → lþγ νδðH2þ
i Þ$ →

lþα l
þ
β l

þ
γ νδ. In principle, the width contains a double sum:

summing over the different charge states F2þ
k and F3þ

k , as
well as over the generation k. For the latter, we define an
effective reduced coupling:

!!!!
X

k

"
hγkF h

δk
F̄ þ hδkF h

γk
F̄

mFk

#!!!!≡
!!!!

$
hγδFF̄
mF

%!!!!: ð11Þ

Note that in case all mFk
≡mF the effective hmFi simply

reduces to mF and can be taken out from the sum. With
Eq. (11), the four-body decay width can be estimated to be
very roughly

ΓðH3þ→ lþα l
þ
β l

þ
γ νδÞ≃

c3
fð4Þ

!!!!

$
hγδFF̄
mF

%!!!!
2 jðheeÞαβj2

m4
H2þ

2

m7
H3þ ; ð12Þ

with4 c3 ∼ ð1=4Þ. Note that there is a contribution to
four-body final states with γ ¼ δ from a diagram with
H3þ → ðWþÞ$lþα lþβ → lþα l

þ
β l

þ
γ νγ . This diagram can be esti-

mated from Eq. (9), but replacing fð3Þ → fð4Þ and
multiplying the width by BrðW → lþ νÞ. The two dia-
grams can interfere; thus, the approximate expressions
become unreliable if both diagrams give numerical values
of the same order of magnitude.
If mS3 < mS1 and mS3 < mF1

, H4þ has only four-body
decays. There are two different final states to consider:
H4þ → lþα l

þ
β l

þ
γ l

þ
δ and H4þ → lþα l

þ
β W

þWþ. The decay to

charged leptons proceeds through similar diagrams as
discussed for H3þ → lþα l

þ
β l

þ
γ νδ above; see also Fig. 2.

The partial width is therefore estimated as

ΓðH4þ → lþα l
þ
β l

þ
γ l

þ
δ Þ ≃

c4
fð4Þ

!!!!

$
hγδFF̄
mF

%!!!!
2 jðheeÞαβj2

m4
H2þ

2

m7
H4þ ;

ð13Þ

with c4 ∼ ð1=4Þ, again simply fitted to the numerical result.
The decay H4þ → lþα l

þ
β W

þWþ is caused by two differ-
ent kinds of Feynman diagrams; see Fig. 2. The vertex
HHWW ∝ g22, whileHHW ∝ g2∂μ. AssumingH2þ

2 ≃ S1 is
much heavier than H2þ

1 ≃ S2þ3 and further simplifying
mH4þ ≃mH3þ ≃mH2þ

1
, the middle diagram in Fig. 2 is

estimated to generate a width of the order of

ΓðH4þ → WþWþlþα l
þ
β Þ ∼

1

fð4Þ
ðg22 sin θjðheeÞαβjÞ2

m4
W

m5
H4þ :

ð14Þ

We stress that this approximation fails rather badly if
mH4þ ≃mH3þ ≃mH2þ

1
is not true.

Finally, consider the case in which one of the exotic
fermionic states is the lightest new particle:mF1

< mS1 ,mS3 .
Electroweak radiative corrections generate a small mass
splitting between the F3þ and F2þ members of the F1;2;5=2

multiplet(s). Using the results of Refs. [25,26], we estimate
ΔM ¼ mF3þ −mF2þ ∼ 1.6 GeV for mF ≳ 500 GeV. The
F3þ then has a two-body decay mode F3þ → F2þ þ πþ,
with a width of order (2–3) meV, again using the formulas of
Refs. [25,26]. Thus, F3þ decays cannot be long lived.
For F2þ, on the other hand, the main decay channel is to

three standard model leptons. This width is estimated as

ΓðF2þ
1 → lþα l

þ
β νδÞ ≃

jðhFÞδ1ðheeÞαβj2

512π3

m5
F2þ
1

m4
S1

: ð15Þ

We now turn to a discussion of the numerical results.

FIG. 2. Feynman diagrams for the decays H4þ → lþγ l
þ
δ l

þ
α l

þ
β and H4þ → WþWþlþα l

þ
β .

4We have estimated only the contribution from one diagram
and adjusted the prefactor c3 to fit the absolute value of the
numerical output of MadGraph5 version 2.3.3 [24], see the next
section, since Eq. (12) is used only to understand the parameter
dependence of the width.
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Equation (9) represents a rough estimate for the true value
of the width in the case m2

S1
≫ m2

S3
and mH3þ ≫ mW .

The second important decay mode of H3þ is the four-
body decay: H3þ → lþα l

þ
β l

þ
γ νδ. This decay proceeds via

diagrams involving the exotic fermions F2þ
k and F3þ

k ,
such as, for example, H3þ → lþγ ðF2þ

k Þ$ → lþγ νδðH2þ
i Þ$ →

lþα l
þ
β l

þ
γ νδ. In principle, the width contains a double sum:

summing over the different charge states F2þ
k and F3þ

k , as
well as over the generation k. For the latter, we define an
effective reduced coupling:
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Note that in case all mFk
≡mF the effective hmFi simply

reduces to mF and can be taken out from the sum. With
Eq. (11), the four-body decay width can be estimated to be
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with4 c3 ∼ ð1=4Þ. Note that there is a contribution to
four-body final states with γ ¼ δ from a diagram with
H3þ → ðWþÞ$lþα lþβ → lþα l

þ
β l

þ
γ νγ . This diagram can be esti-

mated from Eq. (9), but replacing fð3Þ → fð4Þ and
multiplying the width by BrðW → lþ νÞ. The two dia-
grams can interfere; thus, the approximate expressions
become unreliable if both diagrams give numerical values
of the same order of magnitude.
If mS3 < mS1 and mS3 < mF1

, H4þ has only four-body
decays. There are two different final states to consider:
H4þ → lþα l

þ
β l

þ
γ l

þ
δ and H4þ → lþα l

þ
β W

þWþ. The decay to

charged leptons proceeds through similar diagrams as
discussed for H3þ → lþα l

þ
β l

þ
γ νδ above; see also Fig. 2.

The partial width is therefore estimated as
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with c4 ∼ ð1=4Þ, again simply fitted to the numerical result.
The decay H4þ → lþα l

þ
β W

þWþ is caused by two differ-
ent kinds of Feynman diagrams; see Fig. 2. The vertex
HHWW ∝ g22, whileHHW ∝ g2∂μ. AssumingH2þ

2 ≃ S1 is
much heavier than H2þ

1 ≃ S2þ3 and further simplifying
mH4þ ≃mH3þ ≃mH2þ

1
, the middle diagram in Fig. 2 is

estimated to generate a width of the order of
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We stress that this approximation fails rather badly if
mH4þ ≃mH3þ ≃mH2þ

1
is not true.

Finally, consider the case in which one of the exotic
fermionic states is the lightest new particle:mF1

< mS1 ,mS3 .
Electroweak radiative corrections generate a small mass
splitting between the F3þ and F2þ members of the F1;2;5=2

multiplet(s). Using the results of Refs. [25,26], we estimate
ΔM ¼ mF3þ −mF2þ ∼ 1.6 GeV for mF ≳ 500 GeV. The
F3þ then has a two-body decay mode F3þ → F2þ þ πþ,
with a width of order (2–3) meV, again using the formulas of
Refs. [25,26]. Thus, F3þ decays cannot be long lived.
For F2þ, on the other hand, the main decay channel is to

three standard model leptons. This width is estimated as

ΓðF2þ
1 → lþα l
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β νδÞ ≃
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We now turn to a discussion of the numerical results.

FIG. 2. Feynman diagrams for the decays H4þ → lþγ l
þ
δ l

þ
α l

þ
β and H4þ → WþWþlþα l

þ
β .

4We have estimated only the contribution from one diagram
and adjusted the prefactor c3 to fit the absolute value of the
numerical output of MadGraph5 version 2.3.3 [24], see the next
section, since Eq. (12) is used only to understand the parameter
dependence of the width.
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<latexit sha1_base64="dWokyiLzYHSPg/9UPkogHhbyiQI=">AAAB63icZVDLSgNBEOyNrxhfUY9eBkNAEMKu4OMY9OIxonlAsobZyWwyZGZ2mZkVQsgneBIUxKtf5Mm/cbLZiIkFDUVVN91dQcyZNq777eRWVtfWN/Kbha3tnd294v5BQ0eJIrROIh6pVoA15UzSumGG01asKBYBp81geDP1m09UaRbJBzOKqS9wX7KQEWysdN98PO0WS27FTYH+Ey8jJchQ6xa/Or2IJIJKQzjWuu25sfHHWBlGOJ0UOommMSZD3KdtSyUWVPvj9NQJKlulh8JI2ZIGperfiTEWWo9EYDsFNgO97E3FX6+8sMqEV/6YyTgxVJLZpjDhyERo+jjqMUWJ4SNLMFHMHovIACtMjI2nkKZwMX9+mcxTaJxVvPOKe+eWqtdZHnk4gmM4AQ8uoQq3UIM6EOjDM7zCmyOcF+fd+Zi15pxs5hAW4Hz+AFRmjbI=</latexit>

W+

<latexit sha1_base64="SVU5ptE3WfF8fd1LTqV43W8o1f4=">AAAB7nicZVDJSgNBEK2JW4xb1KOXxhAQhDARXI5BLx4jmAWSMfR0apI2PQvdPUIY8g+eBAXx6v948m/sTCZi4oOCx3tVVNVzI8GVtu1vK7eyura+kd8sbG3v7O4V9w+aKowlwwYLRSjbLlUoeIANzbXAdiSR+q7Alju6mfqtJ5SKh8G9Hkfo+HQQcI8zqo3U7KIQD6e9Ysmu2CnIf1LNSAky1HvFr24/ZLGPgWaCKtWp2pF2Eio1ZwInhW6sMKJsRAfYMTSgPionSa+dkLJR+sQLpalAk1T9O5FQX6mx75pOn+qhWvam4q9XXlilvSsn4UEUawzYbJMXC6JDMv2d9LlEpsXYEMokN8cSNqSSMm0SKqQpXMyfXybzFJpnlep5xb6zS7XrLI88HMExnEAVLqEGt1CHBjB4hGd4hTcrsl6sd+tj1pqzsplDWID1+QOxXY8S</latexit>

!+

<latexit sha1_base64="SVU5ptE3WfF8fd1LTqV43W8o1f4=">AAAB7nicZVDJSgNBEK2JW4xb1KOXxhAQhDARXI5BLx4jmAWSMfR0apI2PQvdPUIY8g+eBAXx6v948m/sTCZi4oOCx3tVVNVzI8GVtu1vK7eyura+kd8sbG3v7O4V9w+aKowlwwYLRSjbLlUoeIANzbXAdiSR+q7Alju6mfqtJ5SKh8G9Hkfo+HQQcI8zqo3U7KIQD6e9Ysmu2CnIf1LNSAky1HvFr24/ZLGPgWaCKtWp2pF2Eio1ZwInhW6sMKJsRAfYMTSgPionSa+dkLJR+sQLpalAk1T9O5FQX6mx75pOn+qhWvam4q9XXlilvSsn4UEUawzYbJMXC6JDMv2d9LlEpsXYEMokN8cSNqSSMm0SKqQpXMyfXybzFJpnlep5xb6zS7XrLI88HMExnEAVLqEGt1CHBjB4hGd4hTcrsl6sd+tj1pqzsplDWID1+QOxXY8S</latexit>

!+

<latexit sha1_base64="epIQ859C43RgSSZrhLRCbD8nggU=">AAAB8XicZVDLSsNAFJ3UV219VMWVm8Fa6CoksS93RTcuK9hWaUOZTKbt0MmDmYlQQv0Cd64KCuLWz3Hl3zhpVKweuHA4517uvccJGRXSMD60zMrq2vpGdjOX39re2S3s7XdEEHFM2jhgAb9xkCCM+qQtqWTkJuQEeQ4jXWdykfjdO8IFDfxrOQ2J7aGRT4cUI6mk2z5TrS4aVAeFoqGfNWpWpQYN3TDqpmUmxKpXTivQVEqCYvNw/nBfPsm3BoX3vhvgyCO+xAwJ0TONUNox4pJiRma5fiRIiPAEjUhPUR95RNjx4uAZLCnFhcOAq/IlXKi/J2LkCTH1HNXpITkWf71E/PFKS6vksGHH1A8jSXycbhpGDMoAJu9Dl3KCJZsqgjCn6liIx4gjLFVIuUUK6avwP/lOoWPpZlU3rlQc5yBFFhyBY1AGJqiDJrgELdAGGHjgETyBZ01oc+1Fe01bM9rXzAFYgvb2CWx/kt4=</latexit>

λ5

<latexit sha1_base64="O82/rFHDjG1BpLPnc7FQwYtW3Uw=">AAAB6XicZVBNSwMxEJ31s9avqkc9BEvB05IqansrevHYgv2AdinZNNuGZrNLkhXK0l/gSVAQr/4kT/4b062KtQ8GHu/NMDPPjwXXBuNPZ2V1bX1jM7eV397Z3dsvHBy2dJQoypo0EpHq+EQzwSVrGm4E68SKkdAXrO2Pb2d++4EpzSN5byYx80IylDzglBgrNYb9QhG7uFrBF1W0TMouzlCsnUCGer/w0RtENAmZNFQQrbtlHBsvJcpwKtg030s0iwkdkyHrWipJyLSXZodOUckqAxREypY0KFP/TqQk1HoS+rYzJGak/3sz8dcrLawyQcVLuYwTwySdbwoSgUyEZm+jAVeMGjGxhFDF7bGIjogi1Nhw8lkKV9mraJn8pNA6d8uXLm7YOG7mcUAOjuEUzqAM11CDO6hDEygweIRneHHGzpPz6rzNW1ec75kjWIDz/gVNJY3Y</latexit>g
<latexit sha1_base64="O82/rFHDjG1BpLPnc7FQwYtW3Uw=">AAAB6XicZVBNSwMxEJ31s9avqkc9BEvB05IqansrevHYgv2AdinZNNuGZrNLkhXK0l/gSVAQr/4kT/4b062KtQ8GHu/NMDPPjwXXBuNPZ2V1bX1jM7eV397Z3dsvHBy2dJQoypo0EpHq+EQzwSVrGm4E68SKkdAXrO2Pb2d++4EpzSN5byYx80IylDzglBgrNYb9QhG7uFrBF1W0TMouzlCsnUCGer/w0RtENAmZNFQQrbtlHBsvJcpwKtg030s0iwkdkyHrWipJyLSXZodOUckqAxREypY0KFP/TqQk1HoS+rYzJGak/3sz8dcrLawyQcVLuYwTwySdbwoSgUyEZm+jAVeMGjGxhFDF7bGIjogi1Nhw8lkKV9mraJn8pNA6d8uXLm7YOG7mcUAOjuEUzqAM11CDO6hDEygweIRneHHGzpPz6rzNW1ec75kjWIDz/gVNJY3Y</latexit>g

<latexit sha1_base64="2f1KZlS78Luhhntz1NzY1555tQg=">AAAB7nicZVDLSgNBEJyNr5j4iIonL4MxkFPYFXwcg148RjAPSJYwO+lNRmdnl5lZISzxCzx4EiKIV//Hk3/jZJOIiQUNRVU33V1exJnStv1tZVZW19Y3spu5/Nb2zm5hb7+hwlhSqNOQh7LlEQWcCahrpjm0Igkk8Dg0vYfrid98BKlYKO70MAI3IH3BfEaJNlJj0E0ARt1C0a7YKfB/4sxIsXo4fn4qn+Rr3cJXpxfSOAChKSdKtR070m5CpGaUwyjXiRVEhD6QPrQNFSQA5SbptSNcMkoP+6E0JTRO1b8TCQmUGgae6QyIHqhlbyL+eqWFVdq/dBMmoliDoNNNfsyxDvHkd9xjEqjmQ0MIlcwci+mASEK1SSiXpnA+f36ZzFNonFacs4p9a+K4QlNk0RE6RmXkoAtURTeohuqIonv0gsbozYqsV+vd+pi2ZqzZzAFagPX5A21Jkcg=</latexit>

hee

<latexit sha1_base64="SVU5ptE3WfF8fd1LTqV43W8o1f4=">AAAB7nicZVDJSgNBEK2JW4xb1KOXxhAQhDARXI5BLx4jmAWSMfR0apI2PQvdPUIY8g+eBAXx6v948m/sTCZi4oOCx3tVVNVzI8GVtu1vK7eyura+kd8sbG3v7O4V9w+aKowlwwYLRSjbLlUoeIANzbXAdiSR+q7Alju6mfqtJ5SKh8G9Hkfo+HQQcI8zqo3U7KIQD6e9Ysmu2CnIf1LNSAky1HvFr24/ZLGPgWaCKtWp2pF2Eio1ZwInhW6sMKJsRAfYMTSgPionSa+dkLJR+sQLpalAk1T9O5FQX6mx75pOn+qhWvam4q9XXlilvSsn4UEUawzYbJMXC6JDMv2d9LlEpsXYEMokN8cSNqSSMm0SKqQpXMyfXybzFJpnlep5xb6zS7XrLI88HMExnEAVLqEGt1CHBjB4hGd4hTcrsl6sd+tj1pqzsplDWID1+QOxXY8S</latexit>

!+
<latexit sha1_base64="SVU5ptE3WfF8fd1LTqV43W8o1f4=">AAAB7nicZVDJSgNBEK2JW4xb1KOXxhAQhDARXI5BLx4jmAWSMfR0apI2PQvdPUIY8g+eBAXx6v948m/sTCZi4oOCx3tVVNVzI8GVtu1vK7eyura+kd8sbG3v7O4V9w+aKowlwwYLRSjbLlUoeIANzbXAdiSR+q7Alju6mfqtJ5SKh8G9Hkfo+HQQcI8zqo3U7KIQD6e9Ysmu2CnIf1LNSAky1HvFr24/ZLGPgWaCKtWp2pF2Eio1ZwInhW6sMKJsRAfYMTSgPionSa+dkLJR+sQLpalAk1T9O5FQX6mx75pOn+qhWvam4q9XXlilvSsn4UEUawzYbJMXC6JDMv2d9LlEpsXYEMokN8cSNqSSMm0SKqQpXMyfXybzFJpnlep5xb6zS7XrLI88HMExnEAVLqEGt1CHBjB4hGd4hTcrsl6sd+tj1pqzsplDWID1+QOxXY8S</latexit>

!+

<latexit sha1_base64="SVU5ptE3WfF8fd1LTqV43W8o1f4=">AAAB7nicZVDJSgNBEK2JW4xb1KOXxhAQhDARXI5BLx4jmAWSMfR0apI2PQvdPUIY8g+eBAXx6v948m/sTCZi4oOCx3tVVNVzI8GVtu1vK7eyura+kd8sbG3v7O4V9w+aKowlwwYLRSjbLlUoeIANzbXAdiSR+q7Alju6mfqtJ5SKh8G9Hkfo+HQQcI8zqo3U7KIQD6e9Ysmu2CnIf1LNSAky1HvFr24/ZLGPgWaCKtWp2pF2Eio1ZwInhW6sMKJsRAfYMTSgPionSa+dkLJR+sQLpalAk1T9O5FQX6mx75pOn+qhWvam4q9XXlilvSsn4UEUawzYbJMXC6JDMv2d9LlEpsXYEMokN8cSNqSSMm0SKqQpXMyfXybzFJpnlep5xb6zS7XrLI88HMExnEAVLqEGt1CHBjB4hGd4hTcrsl6sd+tj1pqzsplDWID1+QOxXY8S</latexit>

!+

<latexit sha1_base64="SVU5ptE3WfF8fd1LTqV43W8o1f4=">AAAB7nicZVDJSgNBEK2JW4xb1KOXxhAQhDARXI5BLx4jmAWSMfR0apI2PQvdPUIY8g+eBAXx6v948m/sTCZi4oOCx3tVVNVzI8GVtu1vK7eyura+kd8sbG3v7O4V9w+aKowlwwYLRSjbLlUoeIANzbXAdiSR+q7Alju6mfqtJ5SKh8G9Hkfo+HQQcI8zqo3U7KIQD6e9Ysmu2CnIf1LNSAky1HvFr24/ZLGPgWaCKtWp2pF2Eio1ZwInhW6sMKJsRAfYMTSgPionSa+dkLJR+sQLpalAk1T9O5FQX6mx75pOn+qhWvam4q9XXlilvSsn4UEUawzYbJMXC6JDMv2d9LlEpsXYEMokN8cSNqSSMm0SKqQpXMyfXybzFJpnlep5xb6zS7XrLI88HMExnEAVLqEGt1CHBjB4hGd4hTcrsl6sd+tj1pqzsplDWID1+QOxXY8S</latexit>

!+

<latexit sha1_base64="xNGlXCE5Er8oHp/vnGHxT7zgg8I=">AAAB8nicZVDLSgMxFM3UV62vqks3wVJwVZKCfeyKgghuKtgHtqVk0rQNzWSGJCOUoTuXLl2JCuLWtT/iyqV/YqZVsXrgwuGce7n3HjcQXBuE3p3EwuLS8kpyNbW2vrG5ld7eqWs/VJTVqC981XSJZoJLVjPcCNYMFCOeK1jDHR3HfuOKKc19eWHGAet4ZCB5n1NirHQ57EZtlyh4MummMyiHEMIYw5jgYgFZUi6X8rgEcWxZZCrw4+z+9fqm2k2/tXs+DT0mDRVE6xZGgelERBlOBZuk2qFmAaEjMmAtSyXxmO5E04snMGuVHuz7ypY0cKr+noiIp/XYc22nR8xQ//Vi8cfLzq0y/VIn4jIIDZN0tqkfCmh8GP8Pe1wxasTYEkIVt8dCOiSKUGNTSk1TKExfhf/Jdwr1fA4f5tC5jeMIzJAEe2AfHAAMiqACTkEV1AAFEtyCB/DoGOfOeXKeZ60J52tmF8zBefkEUBqU8g==</latexit>

hF̄
<latexit sha1_base64="p4+jy8GvCaB6lSZ1RSy1rXIRS6U=">AAAB7XicZVBNS0JBFJ1nX6Z9WNGqzZAJrmRGyI+dFERLg54KKjJvHHVw3gcz8wJ52C8IWgUJ0bYf1Kp/07xnRdaBC4dz7uXee5xAcKUR+rBSa+sbm1vp7Ux2Z3dvP3dw2FJ+KCmzqS982XGIYoJ7zNZcC9YJJCOuI1jbmV7GfvuOScV971bPAtZ3ydjjI06JNpI9GURX80Euj0oIIYwxjAmuVpAh9XqtjGsQx5ZBvnG8eLgvnmWbg9x7b+jT0GWepoIo1cUo0P2ISM2pYPNML1QsIHRKxqxrqEdcpvpRcuwcFowyhCNfmvI0TNTfExFxlZq5jul0iZ6ov14s/niFlVV6VOtH3AtCzTy63DQKBdQ+jF+HQy4Z1WJmCKGSm2MhnRBJqDYBZZIUKsmr8D/5TqFVLuHzEroxcVyAJdLgBJyCIsCgChrgGjSBDSjg4BE8g4XlW0/Wi/W6bE1ZXzNHYAXW2yfKupFw</latexit>

hF

L-conserving L-violating 

<latexit sha1_base64="xNGlXCE5Er8oHp/vnGHxT7zgg8I=">AAAB8nicZVDLSgMxFM3UV62vqks3wVJwVZKCfeyKgghuKtgHtqVk0rQNzWSGJCOUoTuXLl2JCuLWtT/iyqV/YqZVsXrgwuGce7n3HjcQXBuE3p3EwuLS8kpyNbW2vrG5ld7eqWs/VJTVqC981XSJZoJLVjPcCNYMFCOeK1jDHR3HfuOKKc19eWHGAet4ZCB5n1NirHQ57EZtlyh4MummMyiHEMIYw5jgYgFZUi6X8rgEcWxZZCrw4+z+9fqm2k2/tXs+DT0mDRVE6xZGgelERBlOBZuk2qFmAaEjMmAtSyXxmO5E04snMGuVHuz7ypY0cKr+noiIp/XYc22nR8xQ//Vi8cfLzq0y/VIn4jIIDZN0tqkfCmh8GP8Pe1wxasTYEkIVt8dCOiSKUGNTSk1TKExfhf/Jdwr1fA4f5tC5jeMIzJAEe2AfHAAMiqACTkEV1AAFEtyCB/DoGOfOeXKeZ60J52tmF8zBefkEUBqU8g==</latexit>

hF̄
<latexit sha1_base64="p4+jy8GvCaB6lSZ1RSy1rXIRS6U=">AAAB7XicZVBNS0JBFJ1nX6Z9WNGqzZAJrmRGyI+dFERLg54KKjJvHHVw3gcz8wJ52C8IWgUJ0bYf1Kp/07xnRdaBC4dz7uXee5xAcKUR+rBSa+sbm1vp7Ux2Z3dvP3dw2FJ+KCmzqS982XGIYoJ7zNZcC9YJJCOuI1jbmV7GfvuOScV971bPAtZ3ydjjI06JNpI9GURX80Euj0oIIYwxjAmuVpAh9XqtjGsQx5ZBvnG8eLgvnmWbg9x7b+jT0GWepoIo1cUo0P2ISM2pYPNML1QsIHRKxqxrqEdcpvpRcuwcFowyhCNfmvI0TNTfExFxlZq5jul0iZ6ov14s/niFlVV6VOtH3AtCzTy63DQKBdQ+jF+HQy4Z1WJmCKGSm2MhnRBJqDYBZZIUKsmr8D/5TqFVLuHzEroxcVyAJdLgBJyCIsCgChrgGjSBDSjg4BE8g4XlW0/Wi/W6bE1ZXzNHYAXW2yfKupFw</latexit>

hF

<latexit sha1_base64="epIQ859C43RgSSZrhLRCbD8nggU=">AAAB8XicZVDLSsNAFJ3UV219VMWVm8Fa6CoksS93RTcuK9hWaUOZTKbt0MmDmYlQQv0Cd64KCuLWz3Hl3zhpVKweuHA4517uvccJGRXSMD60zMrq2vpGdjOX39re2S3s7XdEEHFM2jhgAb9xkCCM+qQtqWTkJuQEeQ4jXWdykfjdO8IFDfxrOQ2J7aGRT4cUI6mk2z5TrS4aVAeFoqGfNWpWpQYN3TDqpmUmxKpXTivQVEqCYvNw/nBfPsm3BoX3vhvgyCO+xAwJ0TONUNox4pJiRma5fiRIiPAEjUhPUR95RNjx4uAZLCnFhcOAq/IlXKi/J2LkCTH1HNXpITkWf71E/PFKS6vksGHH1A8jSXycbhpGDMoAJu9Dl3KCJZsqgjCn6liIx4gjLFVIuUUK6avwP/lOoWPpZlU3rlQc5yBFFhyBY1AGJqiDJrgELdAGGHjgETyBZ01oc+1Fe01bM9rXzAFYgvb2CWx/kt4=</latexit>

λ5

<latexit sha1_base64="W0jA1X3DL9s3ZaIitpBaDyVD0oQ=">AAAB6nicZVDLSgNBEOyNrxhfUY9eBkPAU9gVfByDXnKMYh6QLGF2MpsMmZ1ZZmaFsOQPPAkK4tU/8uTfONlsxGhBQ1HVTXdXEHOmjet+OYW19Y3NreJ2aWd3b/+gfHjU1jJRhLaI5FJ1A6wpZ4K2DDOcdmNFcRRw2gkmt3O/80iVZlI8mGlM/QiPBAsZwcZK9w00KFfcmpsB/SdeTiqQozkof/aHkiQRFYZwrHXPc2Pjp1gZRjidlfqJpjEmEzyiPUsFjqj20+zSGapaZYhCqWwJgzL190SKI62nUWA7I2zG+q83F3+86soqE177KRNxYqggi01hwpGRaP43GjJFieFTSzBRzB6LyBgrTIxNp5SlcLl8/i9ZptA+r3kXNffOrdRv8jyKcAKncAYeXEEdGtCEFhAI4Qle4NXhzrPz5rwvWgtOPnMMK3A+vgF4VI0w</latexit>

H
<latexit sha1_base64="W0jA1X3DL9s3ZaIitpBaDyVD0oQ=">AAAB6nicZVDLSgNBEOyNrxhfUY9eBkPAU9gVfByDXnKMYh6QLGF2MpsMmZ1ZZmaFsOQPPAkK4tU/8uTfONlsxGhBQ1HVTXdXEHOmjet+OYW19Y3NreJ2aWd3b/+gfHjU1jJRhLaI5FJ1A6wpZ4K2DDOcdmNFcRRw2gkmt3O/80iVZlI8mGlM/QiPBAsZwcZK9w00KFfcmpsB/SdeTiqQozkof/aHkiQRFYZwrHXPc2Pjp1gZRjidlfqJpjEmEzyiPUsFjqj20+zSGapaZYhCqWwJgzL190SKI62nUWA7I2zG+q83F3+86soqE177KRNxYqggi01hwpGRaP43GjJFieFTSzBRzB6LyBgrTIxNp5SlcLl8/i9ZptA+r3kXNffOrdRv8jyKcAKncAYeXEEdGtCEFhAI4Qle4NXhzrPz5rwvWgtOPnMMK3A+vgF4VI0w</latexit>

H

<latexit sha1_base64="WH03yCjhAMwea1IaxXm9Wg3uN7c=">AAAB6XicZVDJSgNBEK2JW4xb1KOXxhDwFGYEl2PQiwcPCZgFkiH0dGqSJj0L3T1CGPIFngQF8eonefJv7EwmYvRBweO9KqrqebHgStv2l1VYW9/Y3Cpul3Z29/YPyodHbRUlkmGLRSKSXY8qFDzEluZaYDeWSANPYMeb3M79ziNKxaPwQU9jdAM6CrnPGdVGat4PyhW7Zmcg/4mTkwrkaAzKn/1hxJIAQ80EVarn2LF2Uyo1ZwJnpX6iMKZsQkfYMzSkASo3zQ6dkapRhsSPpKlQk0z9PZHSQKlp4JnOgOqx+uvNxR+vurJK+9duysM40RiyxSY/EURHZP42GXKJTIupIZRJbo4lbEwlZdqEU8pSuFw+/5csU2if15yLmt20K/WbPI8inMApnIEDV1CHO2hACxggPMELvFoT69l6s94XrQUrnzmGFVgf3yibjQo=</latexit>

L
<latexit sha1_base64="WH03yCjhAMwea1IaxXm9Wg3uN7c=">AAAB6XicZVDJSgNBEK2JW4xb1KOXxhDwFGYEl2PQiwcPCZgFkiH0dGqSJj0L3T1CGPIFngQF8eonefJv7EwmYvRBweO9KqrqebHgStv2l1VYW9/Y3Cpul3Z29/YPyodHbRUlkmGLRSKSXY8qFDzEluZaYDeWSANPYMeb3M79ziNKxaPwQU9jdAM6CrnPGdVGat4PyhW7Zmcg/4mTkwrkaAzKn/1hxJIAQ80EVarn2LF2Uyo1ZwJnpX6iMKZsQkfYMzSkASo3zQ6dkapRhsSPpKlQk0z9PZHSQKlp4JnOgOqx+uvNxR+vurJK+9duysM40RiyxSY/EURHZP42GXKJTIupIZRJbo4lbEwlZdqEU8pSuFw+/5csU2if15yLmt20K/WbPI8inMApnIEDV1CHO2hACxggPMELvFoT69l6s94XrQUrnzmGFVgf3yibjQo=</latexit>

L

<latexit sha1_base64="fugtvyngzM+yqogeWlGC0ZM41zk=">AAAB63icZVDLSgNBEOyNr5j4iIonL4MxkFPYKD6OQS8eIzEPMEuYncwmQ2Z2l5lZISzxC/QkKIpXv8iTf+Nkk4iJBQ1FVTfdXW7ImdK2/W2llpZXVtfS65nsxubWdm5nt6GCSBJaJwEPZMvFinLm07pmmtNWKCkWLqdNd3A19pv3VCoW+Ld6GFJH4J7PPEawNlKt1jnp5PJ2yU6A/pPylOQr+2+PD8WjbLWT+2p3AxIJ6mvCsVJ3ZTvUToylZoTTUaYdKRpiMsA9emeojwVVTpycOkIFo3SRF0hTvkaJ+ncixkKpoXBNp8C6rxa9sfjrFeZWae/CiZkfRpr6ZLLJizjSARo/jrpMUqL50BBMJDPHItLHEhNt4skkKZzNnl8ksxQax6Xyacm+MXFcwgRpOIBDKEIZzqEC11CFOhDowRO8wKslrGfr3fqYtKas6cwezMH6/AF7CJAG</latexit>

S3
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▪ If  and  and   
then can be long-lived and will have only 4-body decays


▪ For  or  big, one of the decay channels will get large decay 
width and will be short-lived


▪ Because we have an upper constraint on  it is enough to have 
 with an intermediate value when  is fitted from neutrino data


▪ All diagrams lead to 4-body final states, are therefore phase-space 
suppressed 

▪ If S1 is heavy, all diagrams are suppressed 
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Equation (9) represents a rough estimate for the true value
of the width in the case m2

S1
≫ m2

S3
and mH3þ ≫ mW .

The second important decay mode of H3þ is the four-
body decay: H3þ → lþα l

þ
β l

þ
γ νδ. This decay proceeds via

diagrams involving the exotic fermions F2þ
k and F3þ

k ,
such as, for example, H3þ → lþγ ðF2þ

k Þ$ → lþγ νδðH2þ
i Þ$ →

lþα l
þ
β l

þ
γ νδ. In principle, the width contains a double sum:

summing over the different charge states F2þ
k and F3þ

k , as
well as over the generation k. For the latter, we define an
effective reduced coupling:

!!!!
X

k

"
hγkF h

δk
F̄ þ hδkF h

γk
F̄

mFk

#!!!!≡
!!!!

$
hγδFF̄
mF

%!!!!: ð11Þ

Note that in case all mFk
≡mF the effective hmFi simply

reduces to mF and can be taken out from the sum. With
Eq. (11), the four-body decay width can be estimated to be
very roughly

ΓðH3þ→ lþα l
þ
β l

þ
γ νδÞ≃

c3
fð4Þ

!!!!

$
hγδFF̄
mF

%!!!!
2 jðheeÞαβj2

m4
H2þ

2

m7
H3þ ; ð12Þ

with4 c3 ∼ ð1=4Þ. Note that there is a contribution to
four-body final states with γ ¼ δ from a diagram with
H3þ → ðWþÞ$lþα lþβ → lþα l

þ
β l

þ
γ νγ . This diagram can be esti-

mated from Eq. (9), but replacing fð3Þ → fð4Þ and
multiplying the width by BrðW → lþ νÞ. The two dia-
grams can interfere; thus, the approximate expressions
become unreliable if both diagrams give numerical values
of the same order of magnitude.
If mS3 < mS1 and mS3 < mF1

, H4þ has only four-body
decays. There are two different final states to consider:
H4þ → lþα l

þ
β l

þ
γ l

þ
δ and H4þ → lþα l

þ
β W

þWþ. The decay to

charged leptons proceeds through similar diagrams as
discussed for H3þ → lþα l

þ
β l

þ
γ νδ above; see also Fig. 2.

The partial width is therefore estimated as

ΓðH4þ → lþα l
þ
β l

þ
γ l

þ
δ Þ ≃

c4
fð4Þ
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m4
H2þ

2

m7
H4þ ;

ð13Þ

with c4 ∼ ð1=4Þ, again simply fitted to the numerical result.
The decay H4þ → lþα l

þ
β W

þWþ is caused by two differ-
ent kinds of Feynman diagrams; see Fig. 2. The vertex
HHWW ∝ g22, whileHHW ∝ g2∂μ. AssumingH2þ

2 ≃ S1 is
much heavier than H2þ

1 ≃ S2þ3 and further simplifying
mH4þ ≃mH3þ ≃mH2þ

1
, the middle diagram in Fig. 2 is

estimated to generate a width of the order of

ΓðH4þ → WþWþlþα l
þ
β Þ ∼

1

fð4Þ
ðg22 sin θjðheeÞαβjÞ2

m4
W

m5
H4þ :

ð14Þ

We stress that this approximation fails rather badly if
mH4þ ≃mH3þ ≃mH2þ

1
is not true.

Finally, consider the case in which one of the exotic
fermionic states is the lightest new particle:mF1

< mS1 ,mS3 .
Electroweak radiative corrections generate a small mass
splitting between the F3þ and F2þ members of the F1;2;5=2

multiplet(s). Using the results of Refs. [25,26], we estimate
ΔM ¼ mF3þ −mF2þ ∼ 1.6 GeV for mF ≳ 500 GeV. The
F3þ then has a two-body decay mode F3þ → F2þ þ πþ,
with a width of order (2–3) meV, again using the formulas of
Refs. [25,26]. Thus, F3þ decays cannot be long lived.
For F2þ, on the other hand, the main decay channel is to

three standard model leptons. This width is estimated as

ΓðF2þ
1 → lþα l

þ
β νδÞ ≃

jðhFÞδ1ðheeÞαβj2

512π3

m5
F2þ
1

m4
S1

: ð15Þ

We now turn to a discussion of the numerical results.

FIG. 2. Feynman diagrams for the decays H4þ → lþγ l
þ
δ l

þ
α l

þ
β and H4þ → WþWþlþα l

þ
β .

4We have estimated only the contribution from one diagram
and adjusted the prefactor c3 to fit the absolute value of the
numerical output of MadGraph5 version 2.3.3 [24], see the next
section, since Eq. (12) is used only to understand the parameter
dependence of the width.

ARBELÁEZ, COTTIN, HELO, and HIRSCH PHYS. REV. D 101, 095033 (2020)

095033-4

Equation (9) represents a rough estimate for the true value
of the width in the case m2

S1
≫ m2

S3
and mH3þ ≫ mW .

The second important decay mode of H3þ is the four-
body decay: H3þ → lþα l

þ
β l

þ
γ νδ. This decay proceeds via

diagrams involving the exotic fermions F2þ
k and F3þ

k ,
such as, for example, H3þ → lþγ ðF2þ

k Þ$ → lþγ νδðH2þ
i Þ$ →

lþα l
þ
β l

þ
γ νδ. In principle, the width contains a double sum:

summing over the different charge states F2þ
k and F3þ

k , as
well as over the generation k. For the latter, we define an
effective reduced coupling:
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Note that in case all mFk
≡mF the effective hmFi simply

reduces to mF and can be taken out from the sum. With
Eq. (11), the four-body decay width can be estimated to be
very roughly
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with4 c3 ∼ ð1=4Þ. Note that there is a contribution to
four-body final states with γ ¼ δ from a diagram with
H3þ → ðWþÞ$lþα lþβ → lþα l

þ
β l

þ
γ νγ . This diagram can be esti-

mated from Eq. (9), but replacing fð3Þ → fð4Þ and
multiplying the width by BrðW → lþ νÞ. The two dia-
grams can interfere; thus, the approximate expressions
become unreliable if both diagrams give numerical values
of the same order of magnitude.
If mS3 < mS1 and mS3 < mF1

, H4þ has only four-body
decays. There are two different final states to consider:
H4þ → lþα l

þ
β l

þ
γ l

þ
δ and H4þ → lþα l

þ
β W

þWþ. The decay to

charged leptons proceeds through similar diagrams as
discussed for H3þ → lþα l

þ
β l

þ
γ νδ above; see also Fig. 2.

The partial width is therefore estimated as

ΓðH4þ → lþα l
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with c4 ∼ ð1=4Þ, again simply fitted to the numerical result.
The decay H4þ → lþα l

þ
β W

þWþ is caused by two differ-
ent kinds of Feynman diagrams; see Fig. 2. The vertex
HHWW ∝ g22, whileHHW ∝ g2∂μ. AssumingH2þ

2 ≃ S1 is
much heavier than H2þ

1 ≃ S2þ3 and further simplifying
mH4þ ≃mH3þ ≃mH2þ

1
, the middle diagram in Fig. 2 is

estimated to generate a width of the order of

ΓðH4þ → WþWþlþα l
þ
β Þ ∼

1

fð4Þ
ðg22 sin θjðheeÞαβjÞ2
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We stress that this approximation fails rather badly if
mH4þ ≃mH3þ ≃mH2þ

1
is not true.

Finally, consider the case in which one of the exotic
fermionic states is the lightest new particle:mF1

< mS1 ,mS3 .
Electroweak radiative corrections generate a small mass
splitting between the F3þ and F2þ members of the F1;2;5=2

multiplet(s). Using the results of Refs. [25,26], we estimate
ΔM ¼ mF3þ −mF2þ ∼ 1.6 GeV for mF ≳ 500 GeV. The
F3þ then has a two-body decay mode F3þ → F2þ þ πþ,
with a width of order (2–3) meV, again using the formulas of
Refs. [25,26]. Thus, F3þ decays cannot be long lived.
For F2þ, on the other hand, the main decay channel is to

three standard model leptons. This width is estimated as

ΓðF2þ
1 → lþα l

þ
β νδÞ ≃

jðhFÞδ1ðheeÞαβj2
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We now turn to a discussion of the numerical results.

FIG. 2. Feynman diagrams for the decays H4þ → lþγ l
þ
δ l

þ
α l

þ
β and H4þ → WþWþlþα l

þ
β .

4We have estimated only the contribution from one diagram
and adjusted the prefactor c3 to fit the absolute value of the
numerical output of MadGraph5 version 2.3.3 [24], see the next
section, since Eq. (12) is used only to understand the parameter
dependence of the width.
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<latexit sha1_base64="t1wov17RtABQ+X12t9QXvTlHk2A=">AAAB8HicZVDLSgNBEOz1GeMrxqOXwRAQhLBr8HEMevEY0TwgWcPsZDYZMju7zMwKYcknePGioCBe/R1P/o2TTSImFjQUVd10d3kRZ0rb9re1tLyyurae2chubm3v7Ob28nUVxpLQGgl5KJseVpQzQWuaaU6bkaQ48DhteIOrsd94oFKxUNzpYUTdAPcE8xnB2kjN2075Pikfjzq5gl2yU6D/xJmSQqVQzovnx2q1k/tqd0MSB1RowrFSLceOtJtgqRnhdJRtx4pGmAxwj7YMFTigyk3Se0eoaJQu8kNpSmiUqn8nEhwoNQw80xlg3VeL3lj89Ypzq7R/4SZMRLGmgkw2+TFHOkTj71GXSUo0HxqCiWTmWET6WGKiTUbZNIWz2fOLZJZC/aTknJbsGxPHJUyQgQM4hCNw4BwqcA1VqAEBDk/wCm+WtF6sd+tj0rpkTWf2YQ7W5w8es5In</latexit>

S3+
3

<latexit sha1_base64="57k/OrmRo4waPBTg+vlRAmSkp8U=">AAAB8HicZVDLSgNBEOyNrxhfMR69DIaAIISN8XUMevEY0TwgWcPsZDYZMju7zMwKYcknePGioCBe/R1P/o2TTSImFjQUVd10d7khZ0rb9reVWlpeWV1Lr2c2Nre2d7K7uboKIklojQQ8kE0XK8qZoDXNNKfNUFLsu5w23MHV2G88UKlYIO70MKSOj3uCeYxgbaTmbad8H58cjTrZvF20E6D/pDQl+Uq+nBPPj9VqJ/vV7gYk8qnQhGOlWiU71E6MpWaE01GmHSkaYjLAPdoyVGCfKidO7h2hglG6yAukKaFRov6diLGv1NB3TaePdV8temPx1yvMrdLehRMzEUaaCjLZ5EUc6QCNv0ddJinRfGgIJpKZYxHpY4mJNhllkhTOZs8vklkK9eNi6bRo35g4LmGCNOzDARxCCc6hAtdQhRoQ4PAEr/BmSevFerc+Jq0pazqzB3OwPn8AIDqSKA==</latexit>

S4+
3

<latexit sha1_base64="jwSRf0PdxFs1q+7swJkTxla9gGs=">AAAB8HicZVDLSgMxFM3UV62vWpdugqUgCCVTbW13RTcuK9oHtGPJpGkbmskMSUYoQz/BjRsFBXHr77jyb8xMVaweuHA4517uvccNOFMaoQ8rtbS8srqWXs9sbG5t72R3cy3lh5LQJvG5LzsuVpQzQZuaaU47gaTYczltu5Pz2G/fUqmYL671NKCOh0eCDRnB2kidq759E5WOZv1sHhXLyK5VKhAVEbJPqrYhtVrViNA2Sox8PX+cEw93jUY/+94b+CT0qNCEY6W6Ngq0E2GpGeF0lumFigaYTPCIdg0V2KPKiZJ7Z7BglAEc+tKU0DBRf09E2FNq6rmm08N6rP56sfjjFRZW6WHViZgIQk0FmW8ahhxqH8bfwwGTlGg+NQQTycyxkIyxxESbjDJJCpXkVfiffKfQKhXtchFdmjjOwBxpsA8OwCGwwSmogwvQAE1AAAf34Ak8W9J6tF6s13lryvqa2QMLsN4+AYPekm0=</latexit>

S2+
1

<latexit sha1_base64="2f1KZlS78Luhhntz1NzY1555tQg=">AAAB7nicZVDLSgNBEJyNr5j4iIonL4MxkFPYFXwcg148RjAPSJYwO+lNRmdnl5lZISzxCzx4EiKIV//Hk3/jZJOIiQUNRVU33V1exJnStv1tZVZW19Y3spu5/Nb2zm5hb7+hwlhSqNOQh7LlEQWcCahrpjm0Igkk8Dg0vYfrid98BKlYKO70MAI3IH3BfEaJNlJj0E0ARt1C0a7YKfB/4sxIsXo4fn4qn+Rr3cJXpxfSOAChKSdKtR070m5CpGaUwyjXiRVEhD6QPrQNFSQA5SbptSNcMkoP+6E0JTRO1b8TCQmUGgae6QyIHqhlbyL+eqWFVdq/dBMmoliDoNNNfsyxDvHkd9xjEqjmQ0MIlcwci+mASEK1SSiXpnA+f36ZzFNonFacs4p9a+K4QlNk0RE6RmXkoAtURTeohuqIonv0gsbozYqsV+vd+pi2ZqzZzAFagPX5A21Jkcg=</latexit>

hee

<latexit sha1_base64="dWokyiLzYHSPg/9UPkogHhbyiQI=">AAAB63icZVDLSgNBEOyNrxhfUY9eBkNAEMKu4OMY9OIxonlAsobZyWwyZGZ2mZkVQsgneBIUxKtf5Mm/cbLZiIkFDUVVN91dQcyZNq777eRWVtfWN/Kbha3tnd294v5BQ0eJIrROIh6pVoA15UzSumGG01asKBYBp81geDP1m09UaRbJBzOKqS9wX7KQEWysdN98PO0WS27FTYH+Ey8jJchQ6xa/Or2IJIJKQzjWuu25sfHHWBlGOJ0UOommMSZD3KdtSyUWVPvj9NQJKlulh8JI2ZIGperfiTEWWo9EYDsFNgO97E3FX6+8sMqEV/6YyTgxVJLZpjDhyERo+jjqMUWJ4SNLMFHMHovIACtMjI2nkKZwMX9+mcxTaJxVvPOKe+eWqtdZHnk4gmM4AQ8uoQq3UIM6EOjDM7zCmyOcF+fd+Zi15pxs5hAW4Hz+AFRmjbI=</latexit>

W+

<latexit sha1_base64="dWokyiLzYHSPg/9UPkogHhbyiQI=">AAAB63icZVDLSgNBEOyNrxhfUY9eBkNAEMKu4OMY9OIxonlAsobZyWwyZGZ2mZkVQsgneBIUxKtf5Mm/cbLZiIkFDUVVN91dQcyZNq777eRWVtfWN/Kbha3tnd294v5BQ0eJIrROIh6pVoA15UzSumGG01asKBYBp81geDP1m09UaRbJBzOKqS9wX7KQEWysdN98PO0WS27FTYH+Ey8jJchQ6xa/Or2IJIJKQzjWuu25sfHHWBlGOJ0UOommMSZD3KdtSyUWVPvj9NQJKlulh8JI2ZIGperfiTEWWo9EYDsFNgO97E3FX6+8sMqEV/6YyTgxVJLZpjDhyERo+jjqMUWJ4SNLMFHMHovIACtMjI2nkKZwMX9+mcxTaJxVvPOKe+eWqtdZHnk4gmM4AQ8uoQq3UIM6EOjDM7zCmyOcF+fd+Zi15pxs5hAW4Hz+AFRmjbI=</latexit>

W+

<latexit sha1_base64="SVU5ptE3WfF8fd1LTqV43W8o1f4=">AAAB7nicZVDJSgNBEK2JW4xb1KOXxhAQhDARXI5BLx4jmAWSMfR0apI2PQvdPUIY8g+eBAXx6v948m/sTCZi4oOCx3tVVNVzI8GVtu1vK7eyura+kd8sbG3v7O4V9w+aKowlwwYLRSjbLlUoeIANzbXAdiSR+q7Alju6mfqtJ5SKh8G9Hkfo+HQQcI8zqo3U7KIQD6e9Ysmu2CnIf1LNSAky1HvFr24/ZLGPgWaCKtWp2pF2Eio1ZwInhW6sMKJsRAfYMTSgPionSa+dkLJR+sQLpalAk1T9O5FQX6mx75pOn+qhWvam4q9XXlilvSsn4UEUawzYbJMXC6JDMv2d9LlEpsXYEMokN8cSNqSSMm0SKqQpXMyfXybzFJpnlep5xb6zS7XrLI88HMExnEAVLqEGt1CHBjB4hGd4hTcrsl6sd+tj1pqzsplDWID1+QOxXY8S</latexit>

!+

<latexit sha1_base64="SVU5ptE3WfF8fd1LTqV43W8o1f4=">AAAB7nicZVDJSgNBEK2JW4xb1KOXxhAQhDARXI5BLx4jmAWSMfR0apI2PQvdPUIY8g+eBAXx6v948m/sTCZi4oOCx3tVVNVzI8GVtu1vK7eyura+kd8sbG3v7O4V9w+aKowlwwYLRSjbLlUoeIANzbXAdiSR+q7Alju6mfqtJ5SKh8G9Hkfo+HQQcI8zqo3U7KIQD6e9Ysmu2CnIf1LNSAky1HvFr24/ZLGPgWaCKtWp2pF2Eio1ZwInhW6sMKJsRAfYMTSgPionSa+dkLJR+sQLpalAk1T9O5FQX6mx75pOn+qhWvam4q9XXlilvSsn4UEUawzYbJMXC6JDMv2d9LlEpsXYEMokN8cSNqSSMm0SKqQpXMyfXybzFJpnlep5xb6zS7XrLI88HMExnEAVLqEGt1CHBjB4hGd4hTcrsl6sd+tj1pqzsplDWID1+QOxXY8S</latexit>

!+

<latexit sha1_base64="epIQ859C43RgSSZrhLRCbD8nggU=">AAAB8XicZVDLSsNAFJ3UV219VMWVm8Fa6CoksS93RTcuK9hWaUOZTKbt0MmDmYlQQv0Cd64KCuLWz3Hl3zhpVKweuHA4517uvccJGRXSMD60zMrq2vpGdjOX39re2S3s7XdEEHFM2jhgAb9xkCCM+qQtqWTkJuQEeQ4jXWdykfjdO8IFDfxrOQ2J7aGRT4cUI6mk2z5TrS4aVAeFoqGfNWpWpQYN3TDqpmUmxKpXTivQVEqCYvNw/nBfPsm3BoX3vhvgyCO+xAwJ0TONUNox4pJiRma5fiRIiPAEjUhPUR95RNjx4uAZLCnFhcOAq/IlXKi/J2LkCTH1HNXpITkWf71E/PFKS6vksGHH1A8jSXycbhpGDMoAJu9Dl3KCJZsqgjCn6liIx4gjLFVIuUUK6avwP/lOoWPpZlU3rlQc5yBFFhyBY1AGJqiDJrgELdAGGHjgETyBZ01oc+1Fe01bM9rXzAFYgvb2CWx/kt4=</latexit>

λ5

<latexit sha1_base64="O82/rFHDjG1BpLPnc7FQwYtW3Uw=">AAAB6XicZVBNSwMxEJ31s9avqkc9BEvB05IqansrevHYgv2AdinZNNuGZrNLkhXK0l/gSVAQr/4kT/4b062KtQ8GHu/NMDPPjwXXBuNPZ2V1bX1jM7eV397Z3dsvHBy2dJQoypo0EpHq+EQzwSVrGm4E68SKkdAXrO2Pb2d++4EpzSN5byYx80IylDzglBgrNYb9QhG7uFrBF1W0TMouzlCsnUCGer/w0RtENAmZNFQQrbtlHBsvJcpwKtg030s0iwkdkyHrWipJyLSXZodOUckqAxREypY0KFP/TqQk1HoS+rYzJGak/3sz8dcrLawyQcVLuYwTwySdbwoSgUyEZm+jAVeMGjGxhFDF7bGIjogi1Nhw8lkKV9mraJn8pNA6d8uXLm7YOG7mcUAOjuEUzqAM11CDO6hDEygweIRneHHGzpPz6rzNW1ec75kjWIDz/gVNJY3Y</latexit>g
<latexit sha1_base64="O82/rFHDjG1BpLPnc7FQwYtW3Uw=">AAAB6XicZVBNSwMxEJ31s9avqkc9BEvB05IqansrevHYgv2AdinZNNuGZrNLkhXK0l/gSVAQr/4kT/4b062KtQ8GHu/NMDPPjwXXBuNPZ2V1bX1jM7eV397Z3dsvHBy2dJQoypo0EpHq+EQzwSVrGm4E68SKkdAXrO2Pb2d++4EpzSN5byYx80IylDzglBgrNYb9QhG7uFrBF1W0TMouzlCsnUCGer/w0RtENAmZNFQQrbtlHBsvJcpwKtg030s0iwkdkyHrWipJyLSXZodOUckqAxREypY0KFP/TqQk1HoS+rYzJGak/3sz8dcrLawyQcVLuYwTwySdbwoSgUyEZm+jAVeMGjGxhFDF7bGIjogi1Nhw8lkKV9mraJn8pNA6d8uXLm7YOG7mcUAOjuEUzqAM11CDO6hDEygweIRneHHGzpPz6rzNW1ec75kjWIDz/gVNJY3Y</latexit>g

<latexit sha1_base64="57k/OrmRo4waPBTg+vlRAmSkp8U=">AAAB8HicZVDLSgNBEOyNrxhfMR69DIaAIISN8XUMevEY0TwgWcPsZDYZMju7zMwKYcknePGioCBe/R1P/o2TTSImFjQUVd10d7khZ0rb9reVWlpeWV1Lr2c2Nre2d7K7uboKIklojQQ8kE0XK8qZoDXNNKfNUFLsu5w23MHV2G88UKlYIO70MKSOj3uCeYxgbaTmbad8H58cjTrZvF20E6D/pDQl+Uq+nBPPj9VqJ/vV7gYk8qnQhGOlWiU71E6MpWaE01GmHSkaYjLAPdoyVGCfKidO7h2hglG6yAukKaFRov6diLGv1NB3TaePdV8temPx1yvMrdLehRMzEUaaCjLZ5EUc6QCNv0ddJinRfGgIJpKZYxHpY4mJNhllkhTOZs8vklkK9eNi6bRo35g4LmGCNOzDARxCCc6hAtdQhRoQ4PAEr/BmSevFerc+Jq0pazqzB3OwPn8AIDqSKA==</latexit>

S4+
3

<latexit sha1_base64="jwSRf0PdxFs1q+7swJkTxla9gGs=">AAAB8HicZVDLSgMxFM3UV62vWpdugqUgCCVTbW13RTcuK9oHtGPJpGkbmskMSUYoQz/BjRsFBXHr77jyb8xMVaweuHA4517uvccNOFMaoQ8rtbS8srqWXs9sbG5t72R3cy3lh5LQJvG5LzsuVpQzQZuaaU47gaTYczltu5Pz2G/fUqmYL671NKCOh0eCDRnB2kidq759E5WOZv1sHhXLyK5VKhAVEbJPqrYhtVrViNA2Sox8PX+cEw93jUY/+94b+CT0qNCEY6W6Ngq0E2GpGeF0lumFigaYTPCIdg0V2KPKiZJ7Z7BglAEc+tKU0DBRf09E2FNq6rmm08N6rP56sfjjFRZW6WHViZgIQk0FmW8ahhxqH8bfwwGTlGg+NQQTycyxkIyxxESbjDJJCpXkVfiffKfQKhXtchFdmjjOwBxpsA8OwCGwwSmogwvQAE1AAAf34Ak8W9J6tF6s13lryvqa2QMLsN4+AYPekm0=</latexit>

S2+
1

<latexit sha1_base64="2f1KZlS78Luhhntz1NzY1555tQg=">AAAB7nicZVDLSgNBEJyNr5j4iIonL4MxkFPYFXwcg148RjAPSJYwO+lNRmdnl5lZISzxCzx4EiKIV//Hk3/jZJOIiQUNRVU33V1exJnStv1tZVZW19Y3spu5/Nb2zm5hb7+hwlhSqNOQh7LlEQWcCahrpjm0Igkk8Dg0vYfrid98BKlYKO70MAI3IH3BfEaJNlJj0E0ARt1C0a7YKfB/4sxIsXo4fn4qn+Rr3cJXpxfSOAChKSdKtR070m5CpGaUwyjXiRVEhD6QPrQNFSQA5SbptSNcMkoP+6E0JTRO1b8TCQmUGgae6QyIHqhlbyL+eqWFVdq/dBMmoliDoNNNfsyxDvHkd9xjEqjmQ0MIlcwci+mASEK1SSiXpnA+f36ZzFNonFacs4p9a+K4QlNk0RE6RmXkoAtURTeohuqIonv0gsbozYqsV+vd+pi2ZqzZzAFagPX5A21Jkcg=</latexit>

hee

<latexit sha1_base64="SVU5ptE3WfF8fd1LTqV43W8o1f4=">AAAB7nicZVDJSgNBEK2JW4xb1KOXxhAQhDARXI5BLx4jmAWSMfR0apI2PQvdPUIY8g+eBAXx6v948m/sTCZi4oOCx3tVVNVzI8GVtu1vK7eyura+kd8sbG3v7O4V9w+aKowlwwYLRSjbLlUoeIANzbXAdiSR+q7Alju6mfqtJ5SKh8G9Hkfo+HQQcI8zqo3U7KIQD6e9Ysmu2CnIf1LNSAky1HvFr24/ZLGPgWaCKtWp2pF2Eio1ZwInhW6sMKJsRAfYMTSgPionSa+dkLJR+sQLpalAk1T9O5FQX6mx75pOn+qhWvam4q9XXlilvSsn4UEUawzYbJMXC6JDMv2d9LlEpsXYEMokN8cSNqSSMm0SKqQpXMyfXybzFJpnlep5xb6zS7XrLI88HMExnEAVLqEGt1CHBjB4hGd4hTcrsl6sd+tj1pqzsplDWID1+QOxXY8S</latexit>

!+
<latexit sha1_base64="SVU5ptE3WfF8fd1LTqV43W8o1f4=">AAAB7nicZVDJSgNBEK2JW4xb1KOXxhAQhDARXI5BLx4jmAWSMfR0apI2PQvdPUIY8g+eBAXx6v948m/sTCZi4oOCx3tVVNVzI8GVtu1vK7eyura+kd8sbG3v7O4V9w+aKowlwwYLRSjbLlUoeIANzbXAdiSR+q7Alju6mfqtJ5SKh8G9Hkfo+HQQcI8zqo3U7KIQD6e9Ysmu2CnIf1LNSAky1HvFr24/ZLGPgWaCKtWp2pF2Eio1ZwInhW6sMKJsRAfYMTSgPionSa+dkLJR+sQLpalAk1T9O5FQX6mx75pOn+qhWvam4q9XXlilvSsn4UEUawzYbJMXC6JDMv2d9LlEpsXYEMokN8cSNqSSMm0SKqQpXMyfXybzFJpnlep5xb6zS7XrLI88HMExnEAVLqEGt1CHBjB4hGd4hTcrsl6sd+tj1pqzsplDWID1+QOxXY8S</latexit>

!+

<latexit sha1_base64="SVU5ptE3WfF8fd1LTqV43W8o1f4=">AAAB7nicZVDJSgNBEK2JW4xb1KOXxhAQhDARXI5BLx4jmAWSMfR0apI2PQvdPUIY8g+eBAXx6v948m/sTCZi4oOCx3tVVNVzI8GVtu1vK7eyura+kd8sbG3v7O4V9w+aKowlwwYLRSjbLlUoeIANzbXAdiSR+q7Alju6mfqtJ5SKh8G9Hkfo+HQQcI8zqo3U7KIQD6e9Ysmu2CnIf1LNSAky1HvFr24/ZLGPgWaCKtWp2pF2Eio1ZwInhW6sMKJsRAfYMTSgPionSa+dkLJR+sQLpalAk1T9O5FQX6mx75pOn+qhWvam4q9XXlilvSsn4UEUawzYbJMXC6JDMv2d9LlEpsXYEMokN8cSNqSSMm0SKqQpXMyfXybzFJpnlep5xb6zS7XrLI88HMExnEAVLqEGt1CHBjB4hGd4hTcrsl6sd+tj1pqzsplDWID1+QOxXY8S</latexit>

!+

<latexit sha1_base64="SVU5ptE3WfF8fd1LTqV43W8o1f4=">AAAB7nicZVDJSgNBEK2JW4xb1KOXxhAQhDARXI5BLx4jmAWSMfR0apI2PQvdPUIY8g+eBAXx6v948m/sTCZi4oOCx3tVVNVzI8GVtu1vK7eyura+kd8sbG3v7O4V9w+aKowlwwYLRSjbLlUoeIANzbXAdiSR+q7Alju6mfqtJ5SKh8G9Hkfo+HQQcI8zqo3U7KIQD6e9Ysmu2CnIf1LNSAky1HvFr24/ZLGPgWaCKtWp2pF2Eio1ZwInhW6sMKJsRAfYMTSgPionSa+dkLJR+sQLpalAk1T9O5FQX6mx75pOn+qhWvam4q9XXlilvSsn4UEUawzYbJMXC6JDMv2d9LlEpsXYEMokN8cSNqSSMm0SKqQpXMyfXybzFJpnlep5xb6zS7XrLI88HMExnEAVLqEGt1CHBjB4hGd4hTcrsl6sd+tj1pqzsplDWID1+QOxXY8S</latexit>

!+

<latexit sha1_base64="xNGlXCE5Er8oHp/vnGHxT7zgg8I=">AAAB8nicZVDLSgMxFM3UV62vqks3wVJwVZKCfeyKgghuKtgHtqVk0rQNzWSGJCOUoTuXLl2JCuLWtT/iyqV/YqZVsXrgwuGce7n3HjcQXBuE3p3EwuLS8kpyNbW2vrG5ld7eqWs/VJTVqC981XSJZoJLVjPcCNYMFCOeK1jDHR3HfuOKKc19eWHGAet4ZCB5n1NirHQ57EZtlyh4MummMyiHEMIYw5jgYgFZUi6X8rgEcWxZZCrw4+z+9fqm2k2/tXs+DT0mDRVE6xZGgelERBlOBZuk2qFmAaEjMmAtSyXxmO5E04snMGuVHuz7ypY0cKr+noiIp/XYc22nR8xQ//Vi8cfLzq0y/VIn4jIIDZN0tqkfCmh8GP8Pe1wxasTYEkIVt8dCOiSKUGNTSk1TKExfhf/Jdwr1fA4f5tC5jeMIzJAEe2AfHAAMiqACTkEV1AAFEtyCB/DoGOfOeXKeZ60J52tmF8zBefkEUBqU8g==</latexit>

hF̄
<latexit sha1_base64="p4+jy8GvCaB6lSZ1RSy1rXIRS6U=">AAAB7XicZVBNS0JBFJ1nX6Z9WNGqzZAJrmRGyI+dFERLg54KKjJvHHVw3gcz8wJ52C8IWgUJ0bYf1Kp/07xnRdaBC4dz7uXee5xAcKUR+rBSa+sbm1vp7Ux2Z3dvP3dw2FJ+KCmzqS982XGIYoJ7zNZcC9YJJCOuI1jbmV7GfvuOScV971bPAtZ3ydjjI06JNpI9GURX80Euj0oIIYwxjAmuVpAh9XqtjGsQx5ZBvnG8eLgvnmWbg9x7b+jT0GWepoIo1cUo0P2ISM2pYPNML1QsIHRKxqxrqEdcpvpRcuwcFowyhCNfmvI0TNTfExFxlZq5jul0iZ6ov14s/niFlVV6VOtH3AtCzTy63DQKBdQ+jF+HQy4Z1WJmCKGSm2MhnRBJqDYBZZIUKsmr8D/5TqFVLuHzEroxcVyAJdLgBJyCIsCgChrgGjSBDSjg4BE8g4XlW0/Wi/W6bE1ZXzNHYAXW2yfKupFw</latexit>

hF

<latexit sha1_base64="NAqs5GJE82xEAV/5VjGP8eHEp2M=">AAAB7nicZVDLSsNAFL2pr1pfVZduBktBEEqi+FgWBXFZwT6gjWUynbRjJ5MwMxFK6D+4EhTErf/jyr9xmqZi64ELh3Pu5d57vIgzpW3728otLa+sruXXCxubW9s7xd29hgpjSWidhDyULQ8rypmgdc00p61IUhx4nDa94fXEbz5RqVgo7vUoom6A+4L5jGBtpMbNQ3J6PO4WS3bFToH+EycjJchQ6xa/Or2QxAEVmnCsVNuxI+0mWGpGOB0XOrGiESZD3KdtQwUOqHKT9NoxKhulh/xQmhIaperfiQQHSo0Cz3QGWA/UojcRf73y3CrtX7oJE1GsqSDTTX7MkQ7R5HfUY5ISzUeGYCKZORaRAZaYaJNQIU3hfPb8Ipml0DipOGcV+84uVa+yPPJwAIdwBA5cQBVuoQZ1IPAIz/AKb1ZkvVjv1se0NWdlM/swB+vzB3OTjuo=</latexit>

F 3+

<latexit sha1_base64="pTbYwvDZLWjKATCkX3OjcXGnBP8="></latexit>

Γ ∝

∣∣∣∣∣hee ·
hF̄hF

m2
S1/F

∣∣∣∣∣

2
<latexit sha1_base64="MYf3EL9t8VjUrqomv7VjU5dUB2w="></latexit>

Γ ∝

∣∣∣∣∣hee ·
g2λ5

m2
S1/F

∣∣∣∣∣

2

L-conserving L-violating 

Γ ∝ hee
hFhF̄

mFm2
S1

2

Γ ∝ hee
λ5⟨H⟩2

m2
S1

m2
W

2



▪ If  then  has two relevant 
decays:


▪ 


▪ 


▪ Similar behaviour as for .


▪ For  there is


▪ 


▪

mS3
< mS1

, mF1
S3+

3

S3+
3 → lllν, Γ ∝ hee

hFhF̄

mFm2
S1

2

S3+
3 → Wll, Γ ∝ hee

λ5⟨H⟩2

m2
S1

mW

2

S4+
3

S2+
3

S2+
3 → llνν, Γ ∝ hee

hFhF̄

mFm2
S1

2

S2+
3 → ll, Γ ∝ hee

λ5⟨H⟩2

m2
S1

2

S1(1, 1,2) → S̃1(3̄, 1,4/3)
S3(1, 3,3) → S̃3(3̄, 3,7/3)
F(1, 1,5/2) → F̃(3̄, 2,11/6)
F(1, 1, − 5/2) → F̃(3̄, 2, − 11/6)
heeeeS†

1 → hededS̃†
1

It is possible to modify the 
model to obtain a coloured 
version (Model-2): 



Analysis workflow
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SARAH
SPHENO

model

mass spectrum 
mixing matrices

scalar 2-body decays

fermion 3-body decays

Fast Simulation 
Framework decay width in 


m vs. λ5 plane

signal in 
m vs. cτ

events
events

signal in

m vs. λ5 plane

MadGraph

signal estimation



Signal estimation
▪ Because no background, the signal thresholds considered are low:


▪ ,  ,   


▪ The signal is estimated by  

▪  is the production cross-section for pair of particles of mass m

▪  is particle’s three-velocity,  is its threshold value


▪ summation over i includes two particles created in an event


▪
 is the probability to reach 

the detector, where  is 1 if particle’s track crosses with and NTD 
panel, and 0 otherwise.

N ≥ 1 N ≥ 2 N ≥ 3

Nsig(m, τ) = σ(m) ⋅ L ⋅ ⟨∑
i

Θ (βth − βi) P( ⃗β i, τ)⟩
MC

σ(m)
⃗β i βth

P( ⃗β i, τ) = ϵ( ⃗β ) ⋅ exp (−
LNTD( ⃗β )

γβcτ )
ϵ( ⃗β )
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▪ largest xs for coloured particles

▪ s-channel photon-mediated 

production∝|Q|2


▪ photon fusion ∝|Q|4, crucial for 
highly charged particles

▪ associated production through 

s-channel

▪ best β distribution for coloured particles


▪ Drell-Yan s-channel production —> spin 
conservation disallows small β for 
scalars


▪ large β —> large energy cost —> 
smaller xs for high masses


▪ photon fusion enables slowly moving 
scalars
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Current experimental constraints — 
Model-1
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Decay length for Model-1

mS1
= 3 TeV mS1

= 10 TeV
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Coloured model — hadronisation
▪Free parameter k 
▪Spin-1/2 mesons: Prob=k 


▪ 

▪ 


▪Spin-0 baryons: Prob=2/3(1-k) 

▪ 

▪ 

▪ 

▪ 


▪Spin-1 baryons: Prob=1/3(1-k)

▪ 

▪

S̃ + uL/R (+2/3)
S̃ + dL/R (−1/3)

S̃ + ūLūR (−4/3)
S̃ + d̄Ld̄R (+2/3)
S̃ + ūLd̄R (−1/3)
S̃ + d̄LūR (−1/3)

S̃ + ūLd̄L (−1/3)
S̃ + ūRd̄R (−1/3)
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MoEDAL read for hadrons in Model-2



34

Decay length for Model-2

mS1
= 3 TeV mS1

= 10 TeV
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Current experimental constraints— 
Model-2
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Conclusions
▪MoEDAL can study selected neutrino mass generation 

models, e.g. model by M. Hirsch et al.

▪ The model predicts long-lived multi-charged particles 

for intermediate values of λ5 parameter.

▪MoEDAL Run-3 can compete with ATLAS in searches 

only for , however, the window is small (40 GeV).

▪MoEDAL HL-LHC can compete with current ATLAS 

constraints for .

▪ For these particles MoEDAL can scan a wide range of 

hee and λ5 parameters

S±4

S±3, S±4, F±3, S̃±7/3, S̃±10/3
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Outlook

39


