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An electron-muon collider: what can be probed with it?
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Collisions of electrons against muons provide a very clean environment for many beyond SM signals. We consider the case of two-to-two
flavor changing processes that are absent in the SM. The sensitivity efitbalider to the four-fermion dimension six operators is about
the same order of magnitude as the one based on low energy measurements.
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1. Introduction 2. Two-to-two processes

At tree level, the SM predicts only two kinds of these pro-
The collision of muons vs. electrons to search for physics beduction processes: elaséc ut — e~ p+ ande™ ™ anni-
yond the Standard Model has been considered for some timailation into two neutrinos; as shown in Fig. 1. Emission of
For example, Lepton Flavor Violation (LFV) at very low en- an additional photon is the only possibility for two-to-three
ergy collisions of a few GeV (Center of Mass energy) wasprocesses and the p+ collider thus provides such a clean
presented in Ref. [1] back in 1997, and even up to presergnvironment that in Ref. [10] it is shown that even a process
times there is significant interest in new physics effects of theéhat does not involve flavor violation like Higgs production
muon lepton that can be probed at the low energy MUonEand decay tdb can be a competitive probe of tiébb cou-
machine [2]. Nevertheless, high energy collisions of order Ipling.
or more TeV have also been considered of interest back inthe \with the idea of taking advantage of the (almost) ab-

same year 1997 [3]. On the other hand, studies that were n@ence of SM backgrounds for two-to-two processes we turn
based on LFV were presented in Refs. [4—7]. Recently, as thgy attention to four-fermion couplings that involve the
prospect of a muon collider has become more compelling dUBair and two other leptons or quarks [11]. These couplings
to the very high energies that could be achieved [8], the inzan e probed with low energy measurements fike> ey,

terest on high energy. collisions has been broughtup again ;- _, ¢-c+c~ anduA — eA conversion reactions in nu-
by [9] in 2020 and by [10] in 2021. Clearly, observation of ;|g; [12].

LFV processes is a topic of prime interest: in Ref. [9] a heavy

Z' with generic couplings to leptons was considered and it Th_e fra_mew_o rk that we use Is the SM effective La-
is found that the=— = — e+~ process that violates fla- grangian with dimension six operators that is known as the

vor number by two units would give better constraints on theWarsawbass [13]. There are 13 four-fermion operators that

Z' ne coupling than the low energy rare muon decays. Sim-mVOIVe theey. pair.
ilarly, in Ref. [10] the authors propose the construction of a
high energyey collider that could be a better probe of, not
only a flavor changing coupling likéf e, but even of the

SM Hbb vertex as compared to the LHC.

In this talk, we refer to a study on two-to-two processes
at apte collider for center-of-mass (CM) energies of or-
der a few TeV [11]. In Ref. [11] we consider four-fermion
ueff effective interactions and obtain limits from a non-
observation off f final states in two-to-two interactions. In
addition, we consider the dimension 6 flavor changing mag-
netic dipoleeyy coupling as well as the dimension 8 contact ;" \\ wr
termepyy for thee™u™ — ~+ annihilation process. In this
case we have done a signal vs background analysis at detecteture 1. The tree level SM processesdn it collisions with 2
level to further validate our prediction on the sensitivity. or 3 final state particles.
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Q = Lyulr @y ar, Qz(3) = Ly gy gy, TABLE |. The ratio of limits based on low energy observables and
I limits from theey collider.
Qll = p"}/,ulrlsfyulta Qee = ép7u6r557H6t7

B ~ B _ CQ CLow/CColl CLDw/CCO”
Qeu - €p’Yﬂ6rU57“Ut, Qed - €p’)’#€rd37“dt, . R S .
_ _ e pt = pp e pt =TT
Qe = lyyulresyter, Quu = lpyvulr sy ut, Cy 0.34 0.69
Qua = Zqulrczswltdta Qqe = ij'YMQTés'Yuety Cee 0.34 0.69
L W _p, Cie 1.20 1.19
Qredq = lperdsar, Qlequ = e rejkds e pt — s e ut — bb
7 K 1)
Qlequ = lialwe“ GJ'/CQEUNVUI‘/ : 1) Clq 0.96 1.50
i S c® 0.37 1.50
The prst are fermion family indices that we have set as Iq . :
2154 for 7 = 1,2, 3 that is all the charged leptonsy(r), the Cia 119 1.50
down quarks dsb) and the up quarksug). (Top quark pro- Coe 1.19 1.50
duction belongs to the case of two-to-four processes.) Forleft ¢, 0.95 1.51
helicity massless fermions we halvandg doublets, whereas Clody 5.8 x 10~ 019

right helicity fermions are denoted asu andd [13]. We then
show four types of cross sections depending on the helicities

eiu*%cé - — =

of the collidinge™ and ™. Ciu 0.53
A general expression of the cross section for colliding Cew 0.54
beams with some degree of polarization is written as: o 0.05
equ
14+P-1+P, @) —4
S + AR i, 6.4 x 10
2 2
1=Pe-1-Pu+ )
0—— Ciyy Cee > 288 x 1077,
2 2
— 1 —
N 1+27967 1 279,# o Cledq »Clody, > 1.92 x 1072,
-2
1-P, 1 _|_,P#+ Cie , Cr ,Ciq qu > 1.66 x 1077, (4)
2 g Tt ) QIE) -
Ceu s Cea ,Cy)), O > 1.66 x 1072,
The dimension 6 operators of EQ) {yield the following ‘
cross sections: Cl(j(;u > 0.83 x 1072
04+
o - 4|Cle| +N |Cledq|
1234 In Table I, we show the comparison between these limits
TN, |Cz 2 + N |Cz 2, and those based on low energy measurements. It should be

equ equ

noted that for the latter, theA — eA conversion in nuclei is
the most sensitive probe [12]. Without thisi — eA input
the limits in Ref. [12] would be much weaker and the rela-

04— 4 2 2
=-|C fNCC
3| €€| + 3 | eu|

g
e 4 4 tive sensitivity shown in Table | would favor the potential
+ ch|Ced|2 + = N|Cl?, (3)  of theeu collider. The limits for the first family fermions are
3 not shown in Table | but can be seen in Ref. [11]. They turn
9= ,|C” 1+ |Cz 1+ éN |Cl(1) K out to be two or three orders of magnitude weaker than those
01234 3 reported in Ref. [12].

In addition to the dimension six operators, we have also
included some of the four-fermion dimension eight operators
Where thes__ term does not appear for the flavor index as-that were also addressed in Ref. [14]:
signment2111, but the operators that generate, would
also genera}tg,, with the aSS|gnmen‘lt211: . (8) = I,He, I, He,, Qg)e =, Ho" e, l,Ho e,

By requiring that the value of & coefficient be enough
to yield _the minimum0.04fb of_ production Cross section, Ql(ggdl =l,He,qsHd,, Ql(fiq =l,He,usH g,
we obtain the following lower limits foilz, = 100, E B
3000 GeV: Qleqd3 = lpHUlLVeTQSHUquta (5)

: 4 4
+ gNc|q<;>\2 + 3 NelCuul® + S Nel Cual”
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FIGURE 2. Diagrams for the signal process u™ — 7.

whereH is the Higgs doublet [14]. The dimension 8 opera-  They yield the total cross sections:

tors of Eq. 6) yield the following cross sections: 36242

4 o+ 014 = (|Cearl’ +[Cearl?) 2mA4
Ohd 4y U ( (8))2 (8) |2 (8) |2
oraa; er2) = g ([Cie [” 4 NelCregan|” + NelCreuq| = (|Coarl? + [Connl?) 4.320b,  (10)

16 8 16 8 v
+ ENC‘CI(&I)M? + 3C(Tz)e|2) o__+oyy = (lCeAAL|2 + |CeAAR\2) e 5?

T 119 = (|C. 240, 2) 0.02061D,
Oyt (6262) _ % (|Cz(es)2 + NC|C§§Z)82> . (6 (| e AAL| |Ceanr| )
01234 4 3 3 where the numerical value on the second line is independent

of the collision energy, but the numerical value on the fourth
line is taken at/s = 1.095 TeV.

Based on the same minimum cross section requirement as
for the four-fermion operators, we find that the coefficients
aAL(R) andC.44r(r) Should be of ordef.1 and V2 re-
spectively for a measurable signal.

The current limit fromu — e~ is of order5 x 10~ for
3. The processe—/ﬁ — vy the dipole coef_figienCeAL(R). However,_ f_o_r theepyy con-

tact term coefficienC, 4 41,(r) the sensitivity frompyA —
We now consider the magnetic dipole operat@rs; and eA transitions is six orders of magnit.ude_less stringent:
Q.w of the Warsawbasis. We are only interested in the ef- Ceaar(r) < 3.2 [17]. We observe that in this case thg
fective couplings that involve the photon, so let us focus orfollider yields the highest sensitivity as compared to the low

the FCNC magnetic dipole operator that arises from a com&Nerdy measurements. _ _
bination ofQ, 5 andQ.w: We now perform a complete analysis of e ™~ sig-

nal, taking into account the SM backgrounds, to corroborate
7 the sensitivity estimated fo€. 41,(ry and Ceaar(r), for a

detailed discussion we refer to Ref. [11]. First of all, we
wherel, is the left-handed doublet with the muon aad point out that, as mentioned above, the amplitudes squared
the right-handed singlet of the electron. In Fig. 2 we showfor e"u* — 77 do not depend on the polar angle. That
the corresponding Feynman diagrams. Another contributiof’€ans that in terms of rapidity, for instange= y3 in the

The scale\ was chosen to be 4 TeV in Ref. [11]n this case
the relative sensitivity is much lower for thg: collider, see
Table 4 in Ref. [11]. In the following section, we consider
the other case of two-to-two processes where the final state
a pair of photons.

QeA = luo-uyeeHFuV ’

comes from the dimension 8 operdtor CM frame we have the differential cross section:
do  do dcg 4exp(2y) (11)
- ww — = =00 =5
Qean = e HF*F,, . (8) dy  deg dy (1 +exp(2y))?

This operator generates an effecti counling as shown with ay a constant. The shape of the rapidity distribution in
P 9 tye)y ping the CM frame is then centered around zero with a width of

in Fig. 2. We have two chiral versions for each Operator'approximatelyz units. In the lab frame, the rapiditiesare
(Qear,Qear) and Qeaar, Qeaar) referring to left-handed ; . : , ' _
and right-handed electron, respectively [11]. shifted with respect to thosg in the CM frame [11]:

Both operators give rise to amplitudes that do not depend y=1y" —yo, with 4o = =1In < I ) —170, (12)
on angles: 2 E,
2 wherey, = 1.7 is the shift valuqfoEu/Ee = 30. The muon
Z IMP? = (|Cear? + |Cearl?) e2p483 beam goes in the direction efk and so the event products
, usually appear on the backwards hemisphere.

2 oy V7 3 The background processes are giverby™ — vy, v,

(& e 74 . 9 _ ) . k nee
+ (|C aarl” +|Ceannl ) Il ©) aswellase™ ™ — e~ e, v.. For illustration one diagram
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FIGURE 3. Representative diagrams fer ™ — ~~ background processes.

for each process is shown in Fig. 3. Being two-to-four pro-
cesses the pair should have a drastically different kinemat- TasLE II. Cumulative effects of the cutd®) on the cross sections
ics and be very easy to be separated from the sigisalln for the signal and background processe&at= 100 GeV,E,, =
particular, we point out three clear differences: In the two-3 TeV. Cross sections given in units of fb.
body signal process the Chty energies are fixed at half of P. P. cuts ol JCY P Cmee
the total: £ = E; = ./s/2, whereas in the background
process photon pair only part of the total energy is available
and not necessarily shared equally. Regarding transverse mo0-0 0.0 Cox 216 0.0103 ~ 0.0049  0.073
menta, for the signal process we hagegr + pir| = 0, but 0.0 00 Cop 216 0.0103 0.0015  0.0081
for the background$psr + pyr| = £r which has a con- 00 00 Co-s 204 0.0097 3x10~° 0.0011
tmuogs range of values. Thirdly, the_flnal-state photons,_m 04 08 Coi 28 0.0136 0.0014 0.081
the signal process, are very central in the CM frame, with
Y3 4l = |ys.a + yo| < 2.5 for the vast majority.

'We have simulated the signal and background processes?-4 08  Co-s 269 0.0128 1x10"° 0.0038
with MADGRAPH 2.6 [18], with beam energigd,, E,,) = o ] o
(100, 3000), (150, 4500) and (200, 6000) GeV. We then havéfficiency for photon identification to be no less than 90%, so

0.0 Co 2.16  0.0103 770.2 426.6

04 08 Co2 269 0.0128 0.00043 0.0082

Vs = 1.095, 1.643 and 2.191 TeV, respectively. that detector effects should be modest.
Based on the previous considerations, we have applied 1he important exception to this, however, is the back-
the following set of phase-space cuts: ground process ut — e~ et 1, that in Table Il seems

to be not much smaller tham%), but which must actually

Co s psr,par > 1.0 GeV, be adjusted for the electron-photon misidentification proba-

Cy : B3, E; >500.0 GeV, bility. In order to settle this issue, we carried out a detector

cot . . simulation using Delphes 3.4 [19] and we observed a signif-
Ca:pr" = |P3r + Par| <200 GeV, icant reduction of two orders of magnitude from the values
Cs < lys + vol, lya + yo| < 1.75  GeV. (13) shown in Table Il once the misidentification is taken into ac-

_ ) ) count. For a more detailed discussion we refer the reader to
The cutCy is necessary to control infrared divergences. Asget. [11].

expected, the cut€’; 5 3 in Eq. (13) have negligible effects

on the signal cross section, but they substantially decrease )

the cross section for the backgrounds. 4. Conclusion
The effect of the cutsl@) on the cross sections for the

signal and background processes is illustratedzat £,,) — In conclusion, arey collider would be able to provide direct
w) — . . . . . .
(100, 3000) GeV in Table II. evidence or limits for flavor changing. reactions, and with

the absence of so much SM background activity, it would
even become a good experiment to test flavor non-violating
processes like Higgs production and decay.

The cross sectionﬁﬁy) refers to the signal process with
only the trivalenteu~y vertex and the Wilson coefficients
Cear, = Cear = 1. Similarly, a%) refers to the signal
produced by theu~yy vertex and the coefficientS. 441 =
C.aar = 1. The numerical results agree with0j. Acknowledgments
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. The scale could have been chosen to have a different value, and

it is easy to translate the limits presented from one scale to an-
other. Strictly speaking, we do not know what the actual scale
of new physics is, and sometimes the bounds provided in th
literature refer to the operator coefficient divided/&¥in units
TeV~2. Sometimes\ is set equal to 1 TeV.

The common framework of the effective SM Lagrangian con-
tains operators of dimension higher than 4. There is one possi-
ble dimension 5 operator, but it is at dimension 6 that a long list
of phenomenologically relevant operators appear [13]. Then,
there are a few operators of dimension 7 [15], but they do not

generate the two-photon vertex of our interest. For such, we 2.

have to refer to the list of dimension 8 operators [16].
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