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The gauge group of strong and electroweak interactions in Nature could be any of the four that share the same

Lie algebra, SU3). X SU2);, xU(l)y/Z,= G, with Z, = {ZG, Z5,7,, Zl}. Each of these cases allows in its
spectrum for the matter fields of the SM but also for new distinctive representations, e.g. under the assumption
that q; possesses the minimum possible hypercharge in Nature, G, allows for particles with a multiple of pe/6
for electric charge. This letter discusses how these new possibilities in the spectrum could be used to tell the SM

group apart.

1. Introduction

Group theory and symmetry permeate all of particle physics and pro-
vide the foundation for our most fundamental theory of nature. The

group

G=SUQB),xSUQ), xU(l)y, 1

and its six elementary representations to be found in Nature (and in
Table 1) are often showcased as the minimum set of mathematical con-
structs that suffice to explain the majority of our experience of the
universe, gravity excluded. The simplicity of the theory that arose from
the distilled experimental effort of many decades is a most remarkable
fact indeed, yet such an exhibit should come with a note: G is one of
the four groups compatible with observation [1,2]. Three other compact
groups share the same Lie algebra of G and lead to the same pertur-
bative dynamics yet are different in their global structure. The reader
might be tempted, having read this far, to dismiss the note and discus-
sion of groups as purely academic; it is not so. As pointed out in [2]
and elaborated in this letter, the discovery of new fractionally charged
particles will help us tell apart the true group of gauge interactions.
Fractional-charge particles themselves have been discussed in the
literature and searched for experimentally for many decades. They ap-
pear in embeddings of GUTs [3] and in string theory realisations [4,5],
and their phenomenology was studied and put against experiment [6],
while cosmology sets stringent constraints if the universe ever got hot
enough for them to thermalise [7]. The current theory approach offers
a different light on these theories [2,8-10], but it also breaks from the
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background in which fractional-charge particles emerged to reduce the
problem to its essential components with no reference to theories be-
yond the SM.

The structure of this letter is as follows: sec. 2 introduces the concept
of locally identical but globally different groups to apply it to the SM
group, sec. 3 discusses the different representations for each group and
derives the quantisation conditions on electric charge while sec. 4 stud-
ies the phenomenology of fractionally charged particles. A summary is
to be found in sec. 5 while additional results are placed in the appendix.

2. The gauge groups of the Standard Model

The Lie algebra that characterises the interactions of charged parti-
cles and mediators in a gauge theory and determines the perturbative
S-matrix is, in general, shared by several groups. These groups differ by
whether the zentrum or centre Z, i.e. the set of elements that commute
with every other element, is present or partially absent.

SU(2) vs SO(3). An illustrative example is the case of SU(2) and
SO(3). Both groups are locally the same and so the generators of each
satisfy

SUQ) : % %l e, Ok
@): 207 | Tk (2
SOQ) : [T;.T;] = i€ Ty . 3)

with o; the Pauli matrices and 7; the hermitian anti-symmetric matrices
in 3 dimensions T, = —T; with tr(T;T;) = 26;. The crucial difference

lies in the centre, SU(2) has Z(SU(2)) = Z, = {1,¢} with the element
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Table 1

Table with SM representations and our convention for
hypercharge. When conveying the same information
not in table format we will have that e.g. g; is in

3.2)y6-
qr Ug dg ‘L eR H
U(l)y 1/6 2/3 -1/3 -1/2 -1 1/2
SUQ2), 2 1 1 2 1 2
SUQ3), 3 3 3 1 1 1
0o
0F 0 0 0
1 | 1 1
i N+l1e 1 1
1 1 1 1
N. 1 1 1
1 1 1 1
: : : N-1¢
1 1 1 1
1 1 1 1
| | | |
1 1 1 1
1 1 1 1
! |
1 1 1 1
1 1@ 1 1
1 1 1 1
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Fig. 1. Possible representations in the plane of n-ality vs U(1) charge for U(N).

¢ in the fundamental representation being —1. On the other hand SO(3)
has no non-trivial centre, Z(SO(3)) =1 (i.e. the element ¢ is missing);
if one sets off from the identity in the same direction in both groups,
say Exp(iao3/2) in SU(2) and Exp(iaT3) in SO(3), one would reach &
for a =2z in SU(2) or circle back to the identity for SO(3). One might
then be tempted to write:

SU(_2)

S0Q3)= 7 4
2

i.e. the quotient of SU(2) by Z,, and one would be right. The application
of one such expression is as follows: take the numerator, SU(2), and
remove the centre by keeping only those representations R that do not
‘see’ it, i.e. £R = R and so in this case the fundamental of SU(2) in
eq. (2) is discarded and the Pauli matrices as generators with it. For this
letter, the lesson to be taken away is that taking the quotient restricts the
possible representations and one does obtain a different group.

U(1) x SU(N) vs U(N). One more example to gear up to the Stan-
dard Model case is U(N) and U (1) X SU(N). Here we can use intuition
first and then connect to the centre discussion. Take the action on a
fundamental representation F

F — €90/ Ta0" = ¢1000r oiTut" | 5)

where 8,0, are N? real group parameters, T, the SU(N) generators,
QO the U(1) charge operator and Q. the charge of F. There is some
arbitrariness in the charge Q definition; what are not arbitrary how-
ever are the charge ratios. For U(N) one has that U(1) and SU(N)
actions are tied in and one can obtain any other representation combin-
ing fundamental representations. An example is a SU(N) singlet with
U(1) charge obtained by taking the asymmetric combination of N fun-
damentals which would transform as

det(F, ..., FN) 5 ¢0NCF get(F, ... ,FV)y, (6)

that is, for U(N) the minimum nonzero charge of a SU(N) singlet is N
times that of a fundamental Q ¢ = NQp. In contrast for U(1) X SU(N)
no such correlation between SU(N) and U (1) charges exists.

To connect with the centre discussion we note first that for SU(N)
the generalisation of the SU(2) result is Z(SU(N)) = Zy with the first
nontrivial element being e?*"~!/N where ny is the n-ality of the repre-
sentation, a positive integer mod N (1 for the fundamental, 2 for the
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symmetric, O for the adjoint etc) whereas U(1) is its own centre. In the
case of U(N) however all these elements are not distinct, the action of
Z can be always ‘undone’ by a U(1) action with 6, = —2z/(QrN).
This can be put in operator form in that the element

£ = 27NN /N g=2710/QFN) | 100
acting on U () representations returns the identity, i.e.

U(N): ER=R, ®8)

ny(R) Or _
27r< N —QFN>—27rZ. 9

One of the solutions to this equation returns the result derived above
for Qg/QOF in U(N) while others can be found systematically; the
first few are shown in Fig. 1. Lastly, the element ¢ generates the cen-
tre Zy = {1,6,52, LLEN ‘1} and the condition of invariance under &
equates invariance under Z (if £R = R it follows &R = R with p in-
teger) so that the equation above is the result of the relation

U(1)x SU(N)

UN) = >
N

(10)
This second example shows how taking the quotient with an abelian
factor in the numerator quantises and correlates charge with n-ality.

Quantisation of charge however also follows in U(1). Consider in-
creasing the phase in a U(1) transformation on the elementary particle
F until we circle back to the identity e9rf =1 ie. Q6 =2x. For con-
sistency the same transformation in any other charged state with charge
Q; should also be the identity so Q;0/0 6 = Z. In this regard it is useful
to express U(1) (a.k.a. S1) as the N — 1 limit of eq. (10)

u@) R
Ul)="—r—r = ————, 11
o Z, @n/Qp)Z an
0er, 0~0+ 2L, (12)
Or

that is: the real line with an equivalence relation. The seemingly re-
dundant numerator on the left hand side is Z, = §(N — 1) = e=27Qi/Cr
which is only truly redundant, and the equation above sensical, when
equalling the identity, i.e. if charge is quantised in units of Q. In the
context of U(1) X SU(N) one can understand this requirement since the
zentrum Z, is present but for it to be a group it should be closed, i.e.
the generating element in eq. (7) should satisfy &V = ¢=27Q/Qr =1,

N =3 in the shoes of an experimentalist. Having outlined the dif-
ferences in the spectrum of these theories, it is pertinent to turn to a
thought experiment on how to determine the true gauge group. Con-
sider an experimentalist who has discovered a fundamental of SU(3)
with charge O under an abelian group. They might have found this par-
ticle after breaking apart some bound state and observed that it behaves,
insofar as they can test it, as an elementary particle, and that every other
state they know of has charge an integer multiple of Q. It is natural to
then take Q as the minimum possible quanta of charge. The spectrum
of U(3) and U(1) X SU(3) with this assumption is shown in Fig. 2. The
pattern for U(3) charges shows correlation with the non-abelian group
and if we found say a singlet with charge Q -, we would have to conclude
our group is U(1) X SU(3). On the other hand if one discovers a new el-
ementary particle in a singlet representation with charge 40, while it
would be evidence for U(3), one could not rule out SU(3) x U(1).

This discussion however relies on the assumption of having found the
minimum quanta, which can be dropped or better still disproven if the
experimentalist happens to discover another particle in the fundamental
with charge a fraction of Qp, let us call it F’ with charge Q. The dis-
cussion of U (1) quantisation lends itself to accommodate this possibility
readily; after all who is to know one has found the smallest charge? The
discussion in eq. (11) can be changed by taking O — O acknowledg-
ing we had misidentified the minimum quanta and instead O/ Q’F =Z.
It is perhaps not so evident but equally the case that fractional charges
can be accommodated in U (3). Indeed one might have that the original
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Fig. 2. Two lattices of representations in the charge vs triality plane for both
U(3) (black entries) and U(1) x SU(3) (blue and black) compatible with an
experimentally observed representation marked in green.

discovery was the next-to-minimal charge for a fundamental, the entry
in green in the RHS lattice of Fig. 2, which allows for a more elemental
charge of O /4. One need not stop there, the original fundamental F
could be two periods above the elementary charge which would there-
fore be Q /7 with another representation in between of charge 4Qr /7.
We label these possibilities with a compositeness degree k, which is an
integer that labels how many fundamental representations with charge
smaller than the observed Q exist as

for k>0 2k fund. reps 3 with |Q;| < |QF| (13)

for k<0 2|k| — 1 fund. reps 3 with |Q;| < |QF]| (14)

A few notes on the compositeness degree: (i) k can be negative since the
spectrum of charges extends to negative values -an illustration of this
case is given in the appendix- Fig. 8, (ii) for the case of U(1), negative
k values however can be mapped to positive k (the lattice is symmetric
under Q — —(Q), and we consider only k > 0 without loss of generality
and (iii) this is a group theoretical index, if k # 0, F can be built out of
smaller representations but it does not mean F is necessarily a bound
state. One has that possible charges for a fundamental representation
for each k are

U(1)xSU(3) UQ@B) (15)
g _ n ’ 1+ 3m’ (16)
Of 1+k 1+3k

with n, m integers. The generating element for Z, depends on k, as can
be obtained by rescaling the charge Q in eq. (7)

g(k) e2in3[3 ,=27i(1+3K)Q/(BQF) aa7)

While the spectrum of charges gets ever more crowded for larger k,
at finite order there are charges in U(1) x U(3) that cannot be ‘faked’
by U(3) and the minimum possible charge for each case and degree of
compositeness is shown in Table 2. On the other hand the limit kK —» oo
can be taken as a circle S! of ever larger radius that approaches R itself.

The culprit for the opening of this door to a vertiginous descent is of
course the U(1) factor; for a non-abelian group the smallest represen-
tation is unambiguously identified, in the abelian case one cannot be
sure just looking at the electric spectrum. One would need other type of
observations to put a halt to this free fall; a possibility is evidence for
a larger broken non-abelian group that contains U (1) as done in grand
unified theories, another would be the detection of a monopole so that
Dirac’s quantisation fixes the smallest possible charge.
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Table 2
Inverse possible minimum U (1) charge for U (1) X SU(3) (first row)
and U(3) (last two rows) as a function of the compositeness degree

(cd).
G\ cd(lk] 0 1 2 3 ek
UDXSUB)  Qp/Omn 1 2 3 4 1+k
U@®) 0:/0,, 1 4 7 10 ... 143k
-2 -5 -8 1+3k

A word on notation; the largest group with a given Lie algebra is the
universal cover, the set of representations common to all possible groups
is the electric root lattice and the spectrum of possible representations
(Wilson lines) is correlated with the spectrum of 't Hooft lines [11].
Indeed in the framework of generalised symmetries that has brought
renewed attention to the global structure of groups and new ideas to
phenomenology [12,13], the centre is associated with an electric one-
form discrete symmetry whereas taking the quotient makes a one-form
magnetic symmetry emerge [8]. Equivalently, one can understand the
quantisation of charge as the consequence of a discrete one form sym-
metry. Let us note that the explicit form of this symmetry depends on
what we have termed compositeness degree.

The Standard Model group. The case of the Standard Model starts
from the universal cover, which is what is usually referred to by the
SM group G in eq. (1), which has centre Z, compatible with all SM
representations. Taking the quotient by each of the possible subgroups
yields G,

G,=SUR), xSUQ), xU()y/Z,, (18)
Z, 0]
z 1,¢

I R R N -
zy {1t %)

26 {1’§s§27§3’§4555}

The fact that each of these cases is a distinct group is emphasized by
identifying that

Ge=G/Zg=SWUB)xU(2), (20)

=G/Z,=UR)x SU(Q), (21)
G,=G/Z,=SUQB)xU(2), (22)
G =G/Z,. (23)

Where by the quotient by Z;, we mean the condition that &g, be a rep-
resentation of the identity. These four possibilities were laid out in [1]
and more recently in the context of generalised symmetry in [2].

The elements of the discrete groups do depend on the compositeness
degree k, one has that for k = 0 all groups can be given in terms of & [2],
which is not the case in general

£= o27(1+6K)Qy i ,2zin, /3 Himny, (24)
o= A (143Kk)Qy i paxin, /3 (25)
£s = O7(1+26)0y i imng (26)
o= o127(1+00Qy i 27)

where n,, (ny) is the n-ality under SU(3), (SU(2);) of the representa-
tion &, acts on. The fact that there is a centre at all is nontrivial; take
k =0, the procedure that lead to eq. (7) can be used to fix the U(1)y
factor in & to make say the left handed quark doublet invariant under
its action. It is then not guaranteed but is in fact the case that all other
five SM representations are also invariant as can be corroborated with
Table 1.

The distinction between groups, for the same matter content, is a
global one and they all yield the same perturbative dynamics. Paradox-
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ical as it might seem, let us review now this perturbative dynamics for
later use. The covariant derivative reads

D, =0, +ig A} T, ,, (28)
where A stands for gauge bosons in the SM and i runs through
colour, isospin and hypercharge; A; = {G,W,B}, g = {gc,g,gy},
T, = {TC,TL, QY} where Qy is the hypercharge operator with eigenval-

ues given in Table 1. Our convention for the normalisation of generators
in the fundamental representation is the usual

)
tr (T, (F)T, 5(F) = 22 29

thatis T, , = 1,/2, Ty ; = 0, /2 with 4 (¢) the Gell-Mann (Pauli) matri-
ces. The field strength can be obtained from the commutator of deriva-
tives as

(D, D1 =ig Fi T g, (30)

and the gauge boson EoM reads

DY Fv’: = g[J;’”, 31)

where g;J ; =—0L /dAL , and in particular

Tl =Y oy T,y +iH (T, , D"~ D" T, )H . (32)
w

It is also useful to note that the bosonic part of the current is, after EWSB
and in the unitary gauge

g W+h?z
JE_& 1T~ 33
Y e, 4 (33)
Ho__8WEh? [ e,Wi,
JL,a_ Cw 4 V4 (34)

where as usual tan(,,) = gy /g and Z =, W3 —s,,B.
3. Spectrum for each group

This section determines the possible spectrum of representations for
each group. For illustration purposes this is first done for the simplest
case, k =0, to later give the results for general k.

3.1. Null compositeness degree

Let us first discuss the case of compositeness degree k = 0. The con-
dition for taking the quotient by Z, translates into selecting matter
representations insensitive (invariant) under the action of Z iy Consid-
ering all elements in a specific Z, can be given by integer powers of a
generating element (the first non-trivial term in eq. (19)), it suffices that
representations are invariant under the generating element. Explicitly,
the conditions on the spectrum for each group and a certain representa-
tion R read

ne nr
G : ER=R, ?+7+QY=Z, (35)
2n,
Gs: 5(2)R =R, 3 +20y =7, (36)
np
G, : .{,‘(3)R =R, > +30y =27, (37)
G, : (o R=R, 60y =Z. (38)

The case of G| where the zentrum is present and the quotient is
the identity, as elaborated in sec. 2 does still imply a constraint on the
spectrum; indeed for Z to be a group &% = &) = 1 which is only true if
charge is quantised in units of Oy (q;).

Each condition above leads to a discrete set of hypercharges, which
can be visualised in a lattice as in Fig. 3. The possible representations
will have electric charges given by
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Fig. 3. Constituent block of the lattice of allowed hypercharges and n-alities for
each SM group G, and compositeness degree 0. The lattices are periodic in all
three directions, with the period for hypercharge being p/6 for G,. Represen-
tations allowed in G4 are marked black and are common to all G, the rest are
given in different colours. Note that given the periodicity of the G, lattice, ev-
ery possible representation in G, is also allowed in G,.

Oem=T13+0y, (39)

that is, the eigenvalue of the SU(2); Cartan sub-algebra plus hyper-
charge. The values for these eigenvalues are most accessible with the
analogy to ordinary spin where n; signals the fermionic or bosonic
character, i.e. whether the representation has semi integer or integer
eigenvalues for any given spin direction respectively. The familiar re-
sult is,

Ty _{(nL=1) % me2Z+1

meZzZ “40

Eigen. ~ | (n, =0) m
It is illustrative to use this input on the defining condition of the gen-
erating element of Z, to leave invariant any state, not necessarily ele-
mentary. Substituting hypercharge for electric charge and weak isospin,
in the case of Gy in eq. (35) as an example,
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Table 3
Allowed colour-neutral magnetic charges for
k =0 for each group G,.

Gs G, G, G,

min[Q,, (1, =0)] 1 12 1/3  1/6

min[g,,, (n, = 0)] 1 2 3 6
Qem
Ge@--------——— - @-------—------ o---->
1
G,@------ ®o------@------ o------ o---->
0 1/2
G,0---@---0----0----@---@---0---->
20 1/3

Go-0-0-0-90--0-0-
0 1/6

- -0 -0--90-0-90--0-)

Fig. 4. Electric charge spectrum for hadrons and leptons in the case k =0.

ne ny
Z=§+Qem+(7—rh3), (41)
= Lom
72" o, + (ny=1) 5 mewZ+1 2
3 (np=0) -m meZ
so weak isospin drops out of the equation to leave
nC
Gy : Qem=Z—?. (43)
Similar manipulations for Gpge in egs. (36)-(38) lead to
. 1 e
G : Oem = EZ -3 (44)
1
G, Oen = EZ’ (45)
1
G, : Ocm = EZ' (46)

The result of charges being p/6 for colour neutral states, i.e. leptons and
hadrons, follows in each G,. It is worth pointing out that this quanti-
sation condition for charge makes it direct to derive the results of [2]
for the charges of (colour and isospin neutral) monopoles from Dirac’s
quantisation condition Q,,,8,,, = Z. The magnetic charges that follow
are given in Table 3 while the spectrum of electric charges is depicted
in Fig. 4.

3.2. Arbitrary compositeness degree
For general k one has the forms of the different groups given in

egs. (24)-(27) so that the procedure above follows giving the allowed
representations in each case:

Gy : ER=R, % 7L +(1+6k)Qy = 47
0

Gy : o R=R, S5 +2014300y =7, (48)

G, : s R=R, % +3(1 4200y =7, (49)

G, : £oR=R. 6(1+ )0y =Z. (50)

while the electric spectrum is again independent of weak isospin and
reads,

. 1 ¢
Go : Oem = Tr 60 6k) (Z ?) G
0 : Oem = 30530 3k) < > (52)
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Table 4
Inverse minimum electric charge for colour neutral states for
each group and compositeness degree k.

G\ cd 0o 1 2 3 T
Ge: e/Opn 1 7 13 19 1+6k
-5 -11 -17
Gy e/O0,y 2 8 14 20 2+ 6k
—4 -10 —-16
G,: e/Qmn 3 9 15 21 346k
-3 -9 —-15
G, : e/Onn 6 12 18 24 6+ 6k
G:  Op=———7 53)
2 emT 31 +2k)
1
Gy: = VA 54
! Cen = 14 ) G4
Which can be given as a single equation for G, as
P 2n,
=—"r (z-=). 55
Cem 6(1+pk)< , > %)

It is notable that the minimum possible charge for a lepton or hadron,
shown in Table 4 has a value unique to each group and k.

4. All elemental quarks and leptons

The SM matter content is compatible with all G, choices while e.g.
G5 allows for half-charge leptons and hadrons. One cannot build such
half-charge particles in the SM, i.e. the full possible spectrum for G,
is not spanned by SM representations. One is missing more elemental
fields, where by elemental we mean the following: a set of elemental
fields spans, with the operation of representation combination and conjugate
transform, all the possible charges in the (n.,n; , Qy) lattice. As such a basis
for elemental fields is not unique yet it is natural to choose the basis
with the smallest length (or dimension for the non-abelian part of the
representation) for its vectors. Such a basis for G¢, with k =0, would
consist of SM fields

Gg: ér ¢, dg
(1, D1, (1,2)12, 3, Dy (56)

It is theoretically agreeable that in this case Nature would have chosen
to start the particle puzzle with the smallest components; the rest of the
fermions, q; , ug, being required by anomaly cancellation and the Higgs
doublet H for massive particles. As for the other group choices, bases
for k =0 could be

Gy . = A Q

(1,12, (1,2)5, B, Dyys» (57)
G,: by A )

(1, D3, (1,2)1 6, 3, 1o, (58)
G, (o} A ®

(1,1)1/6,(1,2)0, 3, 1). (59)

It should be noted nonetheless that as part of the freedom in basis choice
one can also span all representations with a single fractional charge field
and two SM fields. The case with k # 0 would have bases with smaller
hypercharge readily obtainable from egs. (47)-(50).

The discovery of one of these particles, or any of the other parti-
cles characteristic of a given group, would narrow down the choice of
possible SM groups. At present no sign for new particles, despite the ex-
pectations, is currently established. In this work we take that to be the
case due to extra particles being heavier than the scales probed in past
laboratory experiments. In this circumstance, inferring the presence of
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Table 5

Minimal combination of one SM
field and several fractional-charge
fields that make up an invariant

operator.
G3 GZ Gl
g, QA A®  ®A®
ug = pHIC] [ololololC)
d; 20 o &de
‘, A AGDD
er 555 bddDDD
H XA ADODD

such particles could be direct, via their production at the energy fron-
tier at LHC, or indirect via low energy effects. Both cases are largely
determined by the gauge group properties that define the new states.

For concreteness in the remainder of this section let us focus on case
of k =0, the generalisation to other k is straightforward.

Other than gauge interactions, the new fractional-charge particles
can couple to SM fields via invariant operators, akin to the Yukawa terms
in the SM. When considering the composition of such operators, one can
organise them by the number of fractional fields and SM fields. Due to
their fractional i.e. more elementary nature, these new fields cannot
couple linearly, this result can be derived based just on electromagnetic
invariance and n-ality conservation. Take a fractional state, say a Q,,, =
1/3 lepton and couple it to n,, , electron, up quark and down quark
fields. Invariance demands

1 2n, ny
0=§+ne+T—?, n,+ny; =0mod3, (60)
O=%+ne+Z+nu, (61)

where in the second line we subbed the triality condition on the charge
conservation condition to obtain a relation with no solution for n; € Z.
It follows that an invariant operator requires at least 2 fractional-charge
fields which is a result that we can also translate into the necessary
stability of (at least the lightest of) these fractional-charge states. Indeed
the equation above can be taken as the charge conservation condition
that forbids the decay.

As for the couplings to one SM particle, possible combinations of op-
erators are shown in Table 5 for the different groups. Renormalisable
couplings would either be of the Yukawa type or in an extended scalar
potential depending on the spin of the new particles. Given the range
of choices and unknowns, here we assume these other couplings are
subleading to the gauge couplings and deffer their study to a more com-
plete phenomenological exploration. In addition to the assumption of
gauge couplings dominating the interaction of the new states, we also
assume that, if scalar, new states do not acquire a vacuum expectation
value and do not partake in electroweak symmetry breaking. The case
in which they do affect EWSB is nonetheless of interest and would fall
in the class of non-decoupling physics with HEFT\SMEFT low energy
limit which we leave for future study, noting some results are already
derived in ref. [14]. Lastly we consider arbitrary gauge group repre-
sentations but restrict to spin 0 and 1/2 for the new states, in the case
of fermions we take Dirac fermions with both chiralities on the same
representation but relaxing this assumption would yield the same or-
der of magnitude results. Anomaly cancellation is a relevant question
which we do not address here, let us simply note that non-perturbative
anomalies have been shown to cancel for these groups [9,10,15,16].

The phenomenology of these particles will be studied both in the
regime where they can and cannot be produced at the LHC. We find it
useful in order to adopt a single theory approach to both cases to inte-
grate the new particles out in the path integral so that the low (high)
energy effects can be studied with the real (imaginary) resulting effec-
tive action. Consider a complex scalar, where in the following we will
use Fr to refer to new fractional charge fields,
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Fig. 5. The diagram in the effective action relevant for Drell-Yan production
of new particles. The heavy mass limit of the real part of this diagram in turn
determines certain operators in the EFT.

Zp[A] = / D¢D¢+eiS+5¢TS(2)6¢+(‘)(5¢/73) , (62)

(2]
— Ce—csTrlog(—SS ))(] +0O(n)), (63)

where log(C) = iS+constant, s labels the spin, O(#) signals 2-loop cor-
rections, and for a scalar of mass M

444
d’td’x tr, 64)
Qm* —
with tr a trace over each gauge sector and ¢ = 1. The case of a fermion

involves instead a grassmanian integral and the log trace of the Dirac
operator which can be brought into the form above as

~8P =~ -iDy + M2, Tr=

—Sﬁ; =—y"(¢, —iD)y" (¢, —iD,)+ M, (65)

where we have dropped a term i[y D, M ] assuming the effective mass to

be a constant. Let us define the generating functional contribution from
fractional-charge particles

iWg = log(Zg, [Al/ Zr,[0)), (66)

so that, in effect
log(Zp,[A]) = —¢,Tr (log(-=SP[A])) , 67)

s (68)

_ | complex scalar 1
- fermion -1/2

The phenomenology of fractional-charge particles to be studied in the
remainder of this section can be all derived from W;,, both in the case
in which they can be produced directly 4.1 and when their mass is too
high for production 4.2.

4.1. Production of fractional-charge particles

Given the gauge group representation of the new states, production
rates are determined up to the unknown mass M. The prediction for
the partonic cross section will be derived here via the optical theo-
rem rather than the otherwise straightforward direct computation. This
route is chosen so that the connection between high and low energy
is made more direct and for ease of manipulation of the group theory
algebra. In particular here we distinguish the cases of the new parti-
cles having colour, a case in which their production is dominated by
G + G — Fr + Fr, and being colour neutral where instead production is
approximated as Drell-Yan (DY). One can obtain the total cross section
from the imaginary part of the effective action (as shown in Fig. 5) but
also the differential cross section via Cutkosky’s rules as given in the
appendix. The partonic cross section in each case reads

qu—n‘lMA—)qq
bpy = (Im () “573” , (69)
Fwd
.1 .
066 = ;Im (M(}I’G—»GG)Fwd ) (70

where our convention for the invariant matrix element M in terms of
the S-matrix is S = 1 —iM(27)*6*(Zp), Fwd stands for the forward limit,
Mng is the contribution to the gluon four point amplitude with internal
Fr states, and I, is
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5 We[0]

— ()5t w2
A = e+ O, (%))

Evaluation of each expression is carried out by taking the effective
action of eq. (66) and the SM action in the path integral. This procedure
does not require Feynman diagrams though it is straightforward to as-
sign one to each term in the computation. In the following let us outline
the computation for DY with this method since we believe there is some
value in doing so; the generating functional reads

4od —(¢—id+M>-V(A
W, =icg d’cd xtrlog( ( i)y + " )>

Qn)t — —(¢ —i0)2 + M2

died*x -1 1 "
=i i . S— VI 72
i€, | o t_r; . <M2—(f_,-a)z ( )> 72)

where, suppressing gauge group indices,

V(A)={(¢-i0),.8A"T} +(gA,T). (73)

There is an ambiguity in the left or right operation of the free propa-
gator which can be solved expressing the logarithm as an integral of
the inverse, see [17]; here however conservation of momenta ensures
the choice does not matter. The contribution to eq. (69) that will have
an imaginary piece comes from the second term in the expansion of
eq. (72), and it reads (using that the variation wrt to the Fourier trans-
form of A is 6A(x)/6A(k) = e**) for a complex scalar

8w 3/ d*td*x —i

tr[{(f - ia)wgiemxTi,a}

SAK) A 22m)* M?— (£ —i0)*—
1 : ikx
Ve {(Z—i0),.ge Ti,b}]
+(u,a < v,b) (74)
—ig? / diyexorn [ 4
@zt

QF +p+2k),0 + k), tr (T; . T; )
X MI DM — (10D

The integration over four space returns the momentum conservation
Dirac delta so that

de Cf=p),@f —pu (TiT})

(75)

I =—ig? , 76
R B T ) 7o
whereas the fermionic result is
4
) d*¢
H{:l‘v _Zlgi (271,)4
(¢ -p), Q¢ —p), +*n,, —pp,| tr (TIT]
X[ u v Hv vu]_( a b)' 77

(M2 = £2)(M? = (¢ - p)*)

The remaining trace is over all gauge indices, e.g. if the argument of the
trace is a product of colour generators one has

E(Tc,aTc,b) = dL (R)tr(Tc,aTc,b) ’ (78)

where d; (R) is the dimension of the SU(2) representation R. The re-
maining ordinary trace returns the Dynkin index, I(R), which is a func-
tion of the representation R,

(T}, T, ) = LRI, 79)

and is fully specified by our convention for the fundamental I(F) = 1/2.

The imaginary part of the loop integral in egs. (76), (77) is a branch
cut out of a logarithm, so that if one assembles the partonic cross section
as obtained with the pdfs, the hadronic cross section for a proton-proton
collision reads, for Drell-Yan mediated by SU(2); bosons,

rald ;[ dxdy
L= / o KO T[T, TG0 (80)
a
for hypercharge,
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dxdy . 5
/ 5 ® ggy,qlv,_fq,.fq, 1)

212
mayQyd.dy
O .~-v =
qq.Y 6s

where § = xys, f, =Diag(f,. f4) and f, /G are the quark pdfs, y stands
for chirality, a,, = g%/47, ay = g)Z, /4z and the function K is for scalars
and Dirac fermions,

P®
-

Ko(3)=0(5%) (82)

3a
Ky 2(5) =08 (2/3(5) - 2@) : ©3)

with

2
ﬂ(§):\/1—4%. (84)

The case of a new fractional particle with colour reads instead

24,47 [ dxd
LT / XY b D feLG). (85)

766 = sd, xy
with f; being the gluon pdf and the function L for a complex scalar
and Dirac fermion read

_n2 _p4
Ly =0(5?) [ﬁz zﬁ 1 2ﬂ atanh(f) (86)
3-52 (1-p°7

+r <ﬁT - Tatanh(/})) ,
Ly =0(8%) [2atanh(ﬂ) - %] -2L,, (87)
where

_1 l+x _ L(Ad)d.(R)
atanh(x)—ilog(l_x>, r:m. (88)

The estimates for hadronic cross sections at the LHC are then, for the
particles in egs. (57)-(59), shown in Fig. 6.

Once produced, these particles would not decay into SM states only;
they would either be stable or decay to other fractional and SM states. As
such the characteristic signal of these particles is charged particle tracks
in the detector, either leptonic or hadronic, quite unlike conventional
BSM searches. The hadronic case seems more challenging to distinguish
from background but still singular enough. Current analyses exist and
e.g. rule out a spin-1/2 ¥ particle with mass in the range 50-60 GeV
and a E particle of the same spin with mass 50-600 GeV both at the 2¢
level [18]. Other results could be applied to particles in other represen-
tations, but here we do not aim at a comprehensive phenomenology,
rather at a sketch of the main features that characterise fractionally
charged particles. We instead direct the interested reader to the follow-
ing work released after our pre-print, [19], which does consider bounds
on a more comprehensive set of fractionally charged particles. On this
note we close this section by noting that one such fractionally charged
particle could account for the excess in deposited energy d E/dx ob-
served at ATLAS [20] with 3.3¢ significance; this has been shown for
Qe > 11in [21] and we see no obstacle for the present Q. <1 case to
also be accommodating of the excess.

4.2. Low energy effects

The focus of phenomenology is in fractional-charge representations
which as discussed in sec. 4 cannot couple to SM particles linearly. This
implies, in the absence of SSB in the new sector, that the effects of
these new particles at low energies start at one loop, as one can de-
rive diagrammatically. The effects at this order are given by equating
the generating functional of eq. (66) to the effective action and expand-
ing for large M; a universal formula is available, see e.g. [17,23], and
returns for a scalar field,
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Cross Section (pb)

600 1000 2000
Mass of New Particle, M (GeV)

Fig. 6. Hadronic cross section at LO against mass for the different representa-
tions in egs. (57)-(59) at the LHC at 13.5 TeV. The pdfs are taken from [22].
The colours on this plot relate to the different representations as: E in red, X in
grey and @ in purple. A, A are both in shown orange as the o,,; contribution
is significantly larger than o,y . In green are both ©,Q as o again as the dif-
ference in hypercharge is insignificant. The line is solid if the representation is
fermionic and dashed for scalar. The dotted section of the fermionic E is an ex-
ample of an exclusion by the LHC from [18]. See text for additional details.

TE% =Wp(D < M) = icTr(log[-S® (D < M)))
[ edtx [(D,,[DM, D'])?

= T
(4rR = 60M?

_[D,.D,IID". DD, D, ]
90 M2
+OM™). (89)

The case of particles with spin follows the same steps and leads to

i 3 vp
2 iaz g FmF FW
E(as(gD”Fyv) - 3

Lyg=- : (90)

4r)2M?2120

where for massive particles of spin 0, a; =2, a; ; =4 and for spin 1/2
Dirac particles, a; = 16, a; ; = —8. The last term will produce maximal
helicity violating triple gauge couplings which are insensitive to the hy-
percharge of the new particle; as such in isolation they do not contain
information about quantised charges. We therefore concentrate on the
first term above which reads, after using the EoM,

Ly 3—% l[acJPT? +ay J] 0] +aydydy], (o1
where
2 4
- (4‘::;3% . a-= Iic : 92)
ap = % , ay = 0y (gy)*. (93)

The effect on £ ocp is to add four-fermion operators, but for £ ;¢ gy
after expanding the Higgs current as in egs. (33), (34), one obtains also
contributions to the masses and couplings of massive vector bosons; to-
gether with the SM terms they read,

£Lo- %Wf][ﬂ(l —ay) + he. ©9
SVl
g 2 2
— =Zl(c;, —aro)Jy 3 — (s, —ayd)Jyl, (95)

w

where J; _ =(Jp | +iJy,), and

2.2
M%V:%(l—aL(S), (96)
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Fig. 7. Correlation for deviations from the SM in the ratios of egs. (101), (102).
Green is for SU(2); singlets (e.g. ®,E,%,Q,0, see egs. (57)-(59)) blue is for
hypercharge singlets in nontrivial SU(2), reps (e.g. A in eq. (57) orange is for
A= (1,2)]/6, purple is for (1,2)5/6, gray is for (1,2),; and black is for (1,2),. The
bands show the experimentally allowed values, with the error dominated by I'y,,
and here given with 95% CL taken from [24].

,  gh?
MZ=E(1_QL5_QY6)' 97)
w

The ratio of a; and ay takes a discrete set of values for G, that can be
used to infer the quantum numbers of the new particle. This ratio cannot
be determined by a single observable given ¢ is a free parameter but it
can be determined by the correlation between two observables as Fig. 7
illustrates.

The first step in obtaining the prediction is to define our input
scheme; indeed our theory parameters are not only ayé,ay 6 but also
v,g,s,, and we can exchange these three for three observables: the Fermi
constant as measured in nuclear physics, the W mass and the fine struc-
ture constant as:

Gp= 1 s (98)
V2
My = 820 - L% (99)
W= 2 7
4ra,, 1
Sp=————=5,(1+=4a,0), (100)
2My, (V26 )12 2

which are valid at tree level and order 6. Next we substitute g,s,,,v
for My,,5,,,G in our theory predictions, the observables we choose to
display the correlation with are

3
| M3Ty,
3 = Py (1+éay), (101)
6 M TV
2 5
1 A =2)M3Ty, )
prs = g“—z =(1-1éay), (102)

5 inv
MWFZ

which maximise the possible range for the slope of theory predictions
to 90 degrees, see Fig. 7. One can make the correlation between observ-
ables §-independent as

pr3 =1 +r,,(1=prs)), (103)
20%d
P =~ L (104)
Iy
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In Fig. 7 we illustrate the correlation that would follow from each of

the fractional-charge particles discussed in sec. 4. The correlation shown

here is not chosen for the observables with the best sensitivity, but rather

as an illustrative example. In this sense it is worth noting that the cor-

rection to the ratio of electroweak gauge boson masses
2

Pp = L =1 +5ay+foaL5,

= 105
(1-52)M2 (105)

given 6 > 0, does have the right sign to account for an anomalously
high W mass compared with the Z mass as reported by CDF [25]; far
less trivial would be to show this can be done consistently with other
precision electroweak measurements.

5. Summary

The Lie algebra that characterises perturbatively gauge interactions
in the Standard Model is shared by four groups G, = SU(3), x SU(2) X
U(y/Z, with Z, = {26, Z5,72,,7, } Each choice has a characteris-
tic possible lattice of representations with its most experimentally ac-
cessible property being the electric spectrum. For G, and degree k of
compositeness, Qy(q;) can be split into |1 + p k| representations and
the minimum quantum for electric charge of hadrons and leptons is
pl6(1 + pk)]~!, which reduces to p/6 if the hypercharge of ¢, is in-
divisible. If these fractionally charged particles exist, (i) the lightest of
them would not decay and their production at the LHC would be sig-
nalled by fractionally charged heavy particle tracks, (ii) if lighter than
the scale of inflation they would be present in a relic abundance and
(iii) their effects at low energy, in the absence of SSB in the new sector,
are loop suppressed and could be disentangled by ratios of Wilson co-
efficients. While these particles have received attention in the past, we
believe their clear connection to the SM gauge group question calls for
more systematic searches in the quest to answer one of the most funda-
mental questions in particle physics.
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Appendix A. Negative compositeness degree

As an illustration of a negative compositeness degree consider the
case in the LHS of Fig. 8 where the observed state F happens to have
charge a negative multiple of the elementary charge, our example being
U(3), the multiple is —2. The RHS of Fig. 8 instead corresponds to the
group U(1) X SU(3) where the same could have happened but now the
spectrum in blue would also allow for charges Q' = Q/2 and 0 for a
SU (3) fundamental.

Appendix B. Group theory invariants
Here the group theory invariants that appear in the cross sections

of egs. (80), (81), (85), (88) are given for any representation of the SM
group.

Physics Letters B 863 (2025) 139354

U@®3) U()xSsu@)
9 9
e S S
I T S

Fig. 8. Negative compositeness degree example for U(3) on the left and U (1) X
SU (3) on the right with the green entry being the observed representation, while
black and blue entries represent other allowed representations for each group.

One can classify the representations of SU(2) by an integer n, the
number of fundamental representations symmetrised to obtain the rep-
resentation. One has
IL(n)z%l(’;z). (B.1)
In terms of spin, one can trade n = 2J for the familiar result d,(n =2J) =
2J +1 and the Casimir 31, /d, = J(J +1) while n; = nmod2=2J mod 2
i.e. one for ‘fermions’, zero for ‘bosons’. For SU(3) one needs two inte-
gers for the number of fundamental » and anti-fundamental m represen-
tations that build up R. Freudenthal’s formula gives

d;(n)=n+1,

_ (m+Dn+Dn+m+2)

d.(n,m) > s (B.2)
I.(m,n) _ (m® + 13 +3(m + n) + mn)
d (n,m) 41 ' ®3

In terms of these one has n, = n—m mod 3.

The literature often quotes results instead of arbitrary representa-
tions for a given group, for arbitrary N in SU(N) for a given repre-
sentation. The relation is dy(Ad) = NZ -1, dy(F)= N, I(F)=1/2,
I(Ad) = N. Another often times used invariant is the Casimir C, defined
and related to the Dynkin index as:

Y T,(RIT,(R)=C(R)1, (B.4)
C(R)A(R) =I(R)d(Ad). (B.5)
Appendix C. Differential cross sections

The text in egs. (80)-(88) gives the hadronic cross sections in terms
of the integrated partonic cross section. The differential partonic cross
sections can be obtained with Cutkosky’s rules. Here we give the differ-
ential form for the functions that make up the cross sections, starting
with K| for scalars s=0,

2
Kozg(ﬂz)/ﬁ2<ﬂ_M_> (C.1)

s 52 s
— a2 dry _
=0(p )/Tw(tl) (C.2)

where t; =t — M?, u; =u— M? and r is the group invariant given in
eq. (88). For Dirac fermions
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dt tu M?
Kip=200 | = (1-2(Lt-=— c3
2 (ﬁ)/s< <s2 d ©3
dr _
= T2(1—a>(t1)). (C.4)
For the G + G — Fr + Fr process for scalar new particles
2 dt, uty
Ly=0") [ —|1——r) (), (C.5)
s 52
1 M3 M?s
t)==-— 1- s C.6
> 2 t1”1< tl”l) ©©
and for Dirac fermions
dt uyt 2
Li,=200% [ =L (1--LL Y oy ) . c.7
1/2 (ﬁ)/ 5 < 2" e o(t)) (o))

It is interesting to note that the positive definite nature of cross section
demands r < 4 which is of course in agreement with SU(N) where the
largest r is for the fundamental with r(F) =2N2/(N% —1).

Data availability
No data was used for the research described in the article.

References

[1] Joseph Hucks, Global structure of the standard model, anomalies, and charge quan-
tization, Phys. Rev. D 43 (1991) 2709-2717.

[2] David Tong, Line operators in the standard model, J. High Energy Phys. 07 (2017)
104.

[3] Murray Gell-Mann, Pierre Ramond, R. Slansky, Color embeddings, charge assign-
ments, and proton stability in unified gauge theories, Rev. Mod. Phys. 50 (1978)
721.

[4] Xiao-Gang Wen, Edward Witten, Electric and magnetic charges in superstring mod-
els, Nucl. Phys. B 261 (1985) 651-677.

[5] Gregory G. Athanasiu, Joseph J. Atick, Michael Dine, Willy Fischler, Remarks on
Wilson lines, modular invariance and possible string relics in Calabi-Yau compacti-
fications, Phys. Lett. B 214 (1988) 55-62.

10

Physics Letters B 863 (2025) 139354

[6] Martin L. Perl, Eric R. Lee, Dinesh Loomba, Searches for fractionally charged parti-
cles, Annu. Rev. Nucl. Part. Sci. 59 (2009) 47-65.

[7] Paul Langacker, Gary Steigman, Requiem for an FCHAMP? Fractionally CHArged,
massive particle, Phys. Rev. D 84 (2011) 065040.

[8] Ofer Aharony, Nathan Seiberg, Yuji Tachikawa, Reading between the lines of four-
dimensional gauge theories, J. High Energy Phys. 08 (2013) 115.

[9] Joe Davighi, Ben Gripaios, Nakarin Lohitsiri, Global anomalies in the Standard
Model(s) and beyond, J. High Energy Phys. 07 (2020) 232.

[10] Zheyan Wan, Juven Wang, Beyond standard models and grand unifications: anoma-
lies, topological terms, and dynamical constraints via cobordisms, J. High Energy
Phys. 07 (2020) 062.

[11] Gerard ’t Hooft, On the phase transition towards permanent quark confinement,
Nucl. Phys. B 138 (1978) 1-25.

[12] Clay Cordova, Sungwoo Hong, Seth Koren, Kantaro Ohmori, Neutrino Masses from
Generalized Symmetry Breaking, 11 2022.

[13] Clay Cordova, Sungwoo Hong, Seth Koren, Non-Invertible Peccei-Quinn Symmetry
and the Massless Quark Solution to the Strong CP Problem, 2 2024.

[14] Hao-Lin Li, Ling-Xiao Xu, The Standard Model Gauge Group, SMEFT, and General-
ized Symmetries, 4 2024.

[15] Iiaki Garcia-Etxebarria, Miguel Montero, Dai-Freed anomalies in particle physics,
J. High Energy Phys. 08 (2019) 003.

[16] Joe Davighi, Nakarin Lohitsiri, Anomaly interplay in U(2) gauge theories, J. High
Energy Phys. 05 (2020) 098.

[17] Brian Henning, Xiaochuan Lu, Hitoshi Murayama, How to use the Standard Model
effective field theory, J. High Energy Phys. 01 (2016) 023.

[18] Aram Hayrapetyan, et al., Search for fractionally charged particles in proton-proton
collisions at /s = 13 TeV, 2 2024.

[19] Seth Koren, Adam Martin, Fractionally Charged Particles at the Energy Frontier: the
SM Gauge Group and One-Form Global Symmetry, 6 2024.

[20] Georges Aad, et al., Search for heavy, long-lived, charged particles with large ioni-
sation energy loss in pp collisions at \/E =13 TeV using the ATLAS experiment and
the full Run 2 dataset, J. High Energy Phys. 2306 (2023) 158.

[21] Gian F. Giudice, Matthew McCullough, Daniele Teresi, dE/dx from boosted long-
lived particles, J. High Energy Phys. 08 (2022) 012.

[22] Jon Butterworth, et al., PDF4LHC recommendations for LHC Run II, J. Phys. G 43
(2016) 023001.

[23] Aleksandra Drozd, John Ellis, Jérémie Quevillon, Tevong You, The universal one-
loop effective action, J. High Energy Phys. 03 (2016) 180.

[24] Combination of CDF and DO Results on the Width of the W boson, 3 2010.

[25] CDF Collaboration, High-precision measurement of the w boson mass with the cdf ii
detector, Science 376 (6589) (2022) 170-176.


http://refhub.elsevier.com/S0370-2693(25)00114-5/bibC7EF320D5C2729170CE8234A630C9E73s1
http://refhub.elsevier.com/S0370-2693(25)00114-5/bibC7EF320D5C2729170CE8234A630C9E73s1
http://refhub.elsevier.com/S0370-2693(25)00114-5/bib8A36B76BBB0E7A423C6AC6F68C61F31Es1
http://refhub.elsevier.com/S0370-2693(25)00114-5/bib8A36B76BBB0E7A423C6AC6F68C61F31Es1
http://refhub.elsevier.com/S0370-2693(25)00114-5/bib56C996266D298AA24A0F00AA7AB5CB6Cs1
http://refhub.elsevier.com/S0370-2693(25)00114-5/bib56C996266D298AA24A0F00AA7AB5CB6Cs1
http://refhub.elsevier.com/S0370-2693(25)00114-5/bib56C996266D298AA24A0F00AA7AB5CB6Cs1
http://refhub.elsevier.com/S0370-2693(25)00114-5/bib33B837878A527060D75CD9534E1E8909s1
http://refhub.elsevier.com/S0370-2693(25)00114-5/bib33B837878A527060D75CD9534E1E8909s1
http://refhub.elsevier.com/S0370-2693(25)00114-5/bibCBB3D938F55045C1961AA6F5D8ED79F4s1
http://refhub.elsevier.com/S0370-2693(25)00114-5/bibCBB3D938F55045C1961AA6F5D8ED79F4s1
http://refhub.elsevier.com/S0370-2693(25)00114-5/bibCBB3D938F55045C1961AA6F5D8ED79F4s1
http://refhub.elsevier.com/S0370-2693(25)00114-5/bibAC2287948E53170D9605F25CBB2A02D6s1
http://refhub.elsevier.com/S0370-2693(25)00114-5/bibAC2287948E53170D9605F25CBB2A02D6s1
http://refhub.elsevier.com/S0370-2693(25)00114-5/bib83F475DB8328BFCD6392A3BE32A7863As1
http://refhub.elsevier.com/S0370-2693(25)00114-5/bib83F475DB8328BFCD6392A3BE32A7863As1
http://refhub.elsevier.com/S0370-2693(25)00114-5/bib265E29EBA1B1E13F2CB0B91A8A7BD260s1
http://refhub.elsevier.com/S0370-2693(25)00114-5/bib265E29EBA1B1E13F2CB0B91A8A7BD260s1
http://refhub.elsevier.com/S0370-2693(25)00114-5/bib1EEC5B9202C1EB0E5D2B75B517D06D7Cs1
http://refhub.elsevier.com/S0370-2693(25)00114-5/bib1EEC5B9202C1EB0E5D2B75B517D06D7Cs1
http://refhub.elsevier.com/S0370-2693(25)00114-5/bib14C2DF4239092D370798C52DEC61D8D8s1
http://refhub.elsevier.com/S0370-2693(25)00114-5/bib14C2DF4239092D370798C52DEC61D8D8s1
http://refhub.elsevier.com/S0370-2693(25)00114-5/bib14C2DF4239092D370798C52DEC61D8D8s1
http://refhub.elsevier.com/S0370-2693(25)00114-5/bib75F31FAF94574FA2AA84678CC9061F6Bs1
http://refhub.elsevier.com/S0370-2693(25)00114-5/bib75F31FAF94574FA2AA84678CC9061F6Bs1
http://refhub.elsevier.com/S0370-2693(25)00114-5/bib621CB6118A5E9BB409D31527F1A16044s1
http://refhub.elsevier.com/S0370-2693(25)00114-5/bib621CB6118A5E9BB409D31527F1A16044s1
http://refhub.elsevier.com/S0370-2693(25)00114-5/bibD6AACC58F13C8DBAF18438C1C1528C50s1
http://refhub.elsevier.com/S0370-2693(25)00114-5/bibD6AACC58F13C8DBAF18438C1C1528C50s1
http://refhub.elsevier.com/S0370-2693(25)00114-5/bibBE3AA65EE65024BDB68387C649A025C1s1
http://refhub.elsevier.com/S0370-2693(25)00114-5/bibBE3AA65EE65024BDB68387C649A025C1s1
http://refhub.elsevier.com/S0370-2693(25)00114-5/bib2C813148DEEC5723B729935340D0E422s1
http://refhub.elsevier.com/S0370-2693(25)00114-5/bib2C813148DEEC5723B729935340D0E422s1
http://refhub.elsevier.com/S0370-2693(25)00114-5/bibDD17D7FCCA3C24BCC5437CA677E87C1Bs1
http://refhub.elsevier.com/S0370-2693(25)00114-5/bibDD17D7FCCA3C24BCC5437CA677E87C1Bs1
http://refhub.elsevier.com/S0370-2693(25)00114-5/bibCD628E11529F2D899561B35994644D7Ds1
http://refhub.elsevier.com/S0370-2693(25)00114-5/bibCD628E11529F2D899561B35994644D7Ds1
http://refhub.elsevier.com/S0370-2693(25)00114-5/bib363765C5DBF582E68B79C5F95D3C6E69s1
http://refhub.elsevier.com/S0370-2693(25)00114-5/bib363765C5DBF582E68B79C5F95D3C6E69s1
http://refhub.elsevier.com/S0370-2693(25)00114-5/bib035ED0019A36C2EB2EAAB74E6035476Bs1
http://refhub.elsevier.com/S0370-2693(25)00114-5/bib035ED0019A36C2EB2EAAB74E6035476Bs1
http://refhub.elsevier.com/S0370-2693(25)00114-5/bibEF033CBD399B97905C56EB8DB7782DF8s1
http://refhub.elsevier.com/S0370-2693(25)00114-5/bibEF033CBD399B97905C56EB8DB7782DF8s1
http://refhub.elsevier.com/S0370-2693(25)00114-5/bibEF033CBD399B97905C56EB8DB7782DF8s1
http://refhub.elsevier.com/S0370-2693(25)00114-5/bib93459E857B253B5DE05EAC196343EFEAs1
http://refhub.elsevier.com/S0370-2693(25)00114-5/bib93459E857B253B5DE05EAC196343EFEAs1
http://refhub.elsevier.com/S0370-2693(25)00114-5/bib36AD0014B33AFD1DC6632FB71B1ED7D0s1
http://refhub.elsevier.com/S0370-2693(25)00114-5/bib36AD0014B33AFD1DC6632FB71B1ED7D0s1
http://refhub.elsevier.com/S0370-2693(25)00114-5/bib7D3A113E2203A0EA578BBD429910E623s1
http://refhub.elsevier.com/S0370-2693(25)00114-5/bib7D3A113E2203A0EA578BBD429910E623s1
http://refhub.elsevier.com/S0370-2693(25)00114-5/bib4442FDA646660A27EC4D3AAAD2D8A382s1
http://refhub.elsevier.com/S0370-2693(25)00114-5/bib677128C804DBFBAEF08545452EDCF8D0s1
http://refhub.elsevier.com/S0370-2693(25)00114-5/bib677128C804DBFBAEF08545452EDCF8D0s1

	Fractional-charge hadrons and leptons to tell the Standard Model group apart
	1 Introduction
	2 The gauge groups of the Standard Model
	3 Spectrum for each group
	3.1 Null compositeness degree
	3.2 Arbitrary compositeness degree

	4 All elemental quarks and leptons
	4.1 Production of fractional-charge particles
	4.2 Low energy effects

	5 Summary
	Declaration of competing interest
	Acknowledgements
	Appendix A Negative compositeness degree
	Appendix B Group theory invariants
	Appendix C Differential cross sections
	Data availability
	References


