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The most important slide
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1. The high energy, collimated neutrino flux from muon decays at a MuC will enable highly precise forward target DIS 
measurements.

2. The setup will allow for exceptionally sensitive measurements of CKM matrix elements, surpassing current standards.

3. Even when including estimates of additional sources of uncertainty (theory, experiment), by exploiting the large 
event rates and the shape information across the kinematic coverage there are strong prospects for precision CKM 
measurements.

4. This analysis will benefit from parallel MuC studies:

1. Additional observables and constraints.

2. Experiment design.

3. Estimation of systematics, …
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MuC for the Standard Model and beyond

Theory Experiment
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The MuC is a revolutionary proposal to explore the Universe at the most fundamental level.



MuC for the Standard Model and beyond
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The physics program at a MuC is very broad:

Precision SM measurements at high energies (Higgs physics, EW, …).

2504.21417

Direct and indirect searches of new physics (EFT, DM, ALPS, …).



MuC neutrinos
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The muon beam offers excellent precision and discovery potential, but there is more …

Via muon decay, we have access to collimated, high energy, neutrino beams. 

The potential of the physics opportunities using a neutrino beam from a MuC has 
been characterised in the past [e.g. 9907.033].

In what follows, we will explore the potential of MuC neutrinos in the context of 
quark mixing via the Cabibbo-Kobayashi-Maskawa (CKM) matrix. 

The neutrino beam can interact with a forward target via deep inelastic scattering (DIS) 
and enable high precision measurements. 

9907.033



The CKM matrix
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It can be regarded as a rotation between quark mass and weak eigenstates

The elements of the matrix are fundamental SM parameters. 

(We will devote our attention to the first 2 rows of the CKM matrix).
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Why measure it?

- It mediates flavour changing transitions in quarks.

- Direct source of CP violation in the SM.

- Further constrain the Cabibbo angle anomaly:

- Constrain new physics from rare meson decays:

- Shed light on the inclusive/exclusive tension in b to c transitions. 

- …

The CKM matrix
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The CKM matrix
The current precision boundary:

(We also include the weak mixing angle as our setting will also be able to constrain it) 
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MuC neutrino flux
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Muons decaying in the straight section near the MuC interaction point produce an extremely collimated 
high energy neutrino beam

[2504.21417]



The # of neutrinos that decay in the straight section:

MuC neutrino flux
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The number of neutrinos can estimated from the MuC target parameters [2504.21417]. 
We consider a 10 TeV MuC. 

Muons per bunch: 
<latexit sha1_base64="R8MiyXTJmOehNbUm4RJ1zyzhCUY=">AAACE3icbVDLSgMxFM34rPU11aWbYBHcWGaKVJdFN66kgn1AO5ZMmmlDM0lIMmod+hku3epHuBO3foDf4E84087Cth64cDjnXs7l+JJRbRzn21paXlldW89t5De3tnd27cJeQ4tIYVLHggnV8pEmjHJSN9Qw0pKKoNBnpOkPL1O/eU+UpoLfmpEkXoj6nAYUI5NIXbtwDTtISiUeoevcxW553LWLTsmZAC4SNyNFkKHWtX86PYGjkHCDGdK67TrSeDFShmJGxvlOpIlEeIj6pJ1QjkKivXjy+hgeJUoPBkIlww2cqH8vYhRqPQr9ZDNEZqDnvVT8z2tHJjj3YsplZAjH06AgYtAImPYAe1QRbNgoIQgrmvwK8QAphE3S1kyKocOnk4CMeIh42o4738UiaZRLbqVUuTktVi+ynnLgAByCY+CCM1AFV6AG6gCDB/ACXsGb9Wy9Wx/W53R1ycpu9sEMrK9fFrmd3g==</latexit>

N ⇡ 1012

Injected every:
<latexit sha1_base64="wAuRfyFrA7C+qewskkWzDNEy6c8=">AAACInicbVBNS8NAEN34Wb+rHr0sFsGLNSlSPRa9eFSwWmhC2WwndelmE3Yn0hh69Zd49Ko/wpt4EvwH/gmT2oO2Phh4vDfDzDw/lsKgbX9YM7Nz8wuLpaXlldW19Y3y5ta1iRLNockjGemWzwxIoaCJAiW0Yg0s9CXc+P2zwr+5A21EpK4wjcELWU+JQHCGudQpU+cw6GR6SF0WxzoaULtaoy51EQaYGeDDTrliV+0R6DRxxqRCxrjolL/cbsSTEBRyyYxpO3aMXsY0Ci5huOwmBmLG+6wH7ZwqFoLxstEnQ7qXK10aRDovhXSk/p7IWGhMGvp5Z8jw1kx6hfif104wOPEyoeIEQfGfRUEiKUa0iIV2hQaOMs0J41rkt1J+yzTjmIf3ZwuK/v1BAKkKmSrScSazmCbXtapTr9YvjyqN03FOJbJDdsk+ccgxaZBzckGahJMH8kSeyYv1aL1ab9b7T+uMNZ7ZJn9gfX4D326kGw==</latexit>

1/fr ⇡ 0.2 sec

<latexit sha1_base64="d4w0VtBeEqxkcjw0isgBzITfecw=">AAACEXicbVDLSsNAFJ34rPXRqEs3g0VwY0lEqt0V3bisYB/QxjKZTtqhk0mYuRFi6Fe4dKsf4U7c+gV+gz/h9LGwrQcuHM65l3M5fiy4Bsf5tlZW19Y3NnNb+e2d3b2CvX/Q0FGiKKvTSESq5RPNBJesDhwEa8WKkdAXrOkPb8Z+85EpzSN5D2nMvJD0JQ84JWCkrl2o4A7tRYBd5yGrjHDXLjolZwK8TNwZKaIZal37p9OLaBIyCVQQrduuE4OXEQWcCjbKdxLNYkKHpM/ahkoSMu1lk8dH+MQoPRxEyowEPFH/XmQk1DoNfbMZEhjoRW8s/ue1EwiuvIzLOAEm6TQoSASGCI9bwD2uGAWRGkKo4uZXTAdEEQqmq7kU4MOns4ClMiRyZNpxF7tYJo3zklsule8uitXrWU85dISO0Sly0SWqoltUQ3VEUYJe0Ct6s56td+vD+pyurlizm0M0B+vrFwkvnLs=</latexit>

9 · 109

Angular spread 

per second:

per year :
<latexit sha1_base64="c/diK0oBtrj/G5lt92COHyNTxeM=">AAACEXicbVDLSsNAFJ3UV62PRl26GSyCG0siUnVXdOOygn1AG8tkMmmHTiZh5kaIoV/h0q1+hDtx6xf4Df6ESduFbT1w4XDOvZzLcSPBNVjWt1FYWV1b3yhulra2d3bL5t5+S4exoqxJQxGqjks0E1yyJnAQrBMpRgJXsLY7usn99iNTmofyHpKIOQEZSO5zSiCT+mb5CveoFwK2rYfUro37ZsWqWhPgZWLPSAXN0OibPz0vpHHAJFBBtO7aVgROShRwKti41Is1iwgdkQHrZlSSgGknnTw+xseZ4mE/VNlIwBP170VKAq2TwM02AwJDvejl4n9eNwb/0km5jGJgkk6D/FhgCHHeAva4YhREkhFCFc9+xXRIFKGQdTWXAnz0dOqzRAZE5u3Yi10sk9ZZ1a5Va3fnlfr1rKciOkRH6ATZ6ALV0S1qoCaiKEYv6BW9Gc/Gu/FhfE5XC8bs5gDNwfj6BR9unMk=</latexit>

9 · 1016

<latexit sha1_base64="Gsyd/SOuxtHm9NZ2Gx3BXPVM4vI=">AAACGXicbVA9SwNBEN3zM8avqIWFzWIQbAx3Imop2lhGMCrkQtjbzCVLdveO3TkxHvdLLG31R9iJrZW/wT/hJqYw6oOBx3szzMyLUiks+v6HNzU9Mzs3X1ooLy4tr6xW1tavbJIZDg2eyMTcRMyCFBoaKFDCTWqAqUjCddQ/G/rXt2CsSPQlDlJoKdbVIhacoZPalc3QCkX9WkBDGiLcYa4M6xS0Xan6NX8E+pcEY1IlY9Tblc+wk/BMgUYumbXNwE+xlTODgksoymFmIWW8z7rQdFQzBbaVjx4o6I5TOjROjCuNdKT+nMiZsnagItepGPbsb28o/uc1M4yPW7nQaYag+feiOJMUEzpMg3aEAY5y4AjjRrhbKe8xwzi6zCa2oOjf78Uw0IrpwqUT/M7iL7narwWHtcOLg+rJ6TinEtki22SXBOSInJBzUicNwklBHskTefYevBfv1Xv7bp3yxjMbZALe+xef4KBJ</latexit>

⇠ 0.1 mrad
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Each neutrino crossing the target has a probability of interaction of 

It increases with the mass of the fixed target and the energy of the neutrino.

<latexit sha1_base64="ElsCxkjvDcBUB5ST2RPa91kO+Ow="></latexit>

pint ' 6⇥ 10�12 ⇢ · L
g cm�2

E⌫

TeV

MuC neutrino flux

In what follows, we consider a target of 1 ton (similar to current experiments, e.g. FASERnu at the LHC). 

At present, no neutrino detector design exists for this forward target experiment (glad to discuss!) 

Now, some kinematics…



Neutrino DIS
15

Manuel Morales-Alvarado | Quark mixing from muon collider neutrinos

Consider the charged current (CC) diagram: With the kinematics:

(Momentum transfer)

(Parton momentum fractions)

DIS double differential cross section:



Neutrino DIS
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We have both (muon and antielectron) neutrino contributions…

… and also the neutral current contributions! 

+
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An additional consideration: the neutrino beam is not monochromatic, we need to account for the energy 
distribution of the neutrinos. 

The cross section acquires an extra kinematic 
dependence due to the variable neutrino energy:

Neutrino DIS
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A representative distribution would look like:

Neutrino DIS

(We have integrated over the 
neutrino spectrum!)

So far, we have been modelling the neutrino beam, but 
we are still missing a key ingredient: the target. 

We can describe it in terms of parton distribution functions (PDFs).



Parton distribution functions

- Some intuition. Consider the proton PDF of the up quarks:

<latexit sha1_base64="OH2yuK5RWmKSbkyTrsC3t+MH3OM=">AAACEnicbVDLSsNAFJ3UV62vqEs3g0WoC0sivjZC0Y3LCvYBbQiT6aQdOpmEmUkxhvyFS7f6Ee7ErT/gN/gTTtssbOuByz2ccy/3cryIUaks69soLC2vrK4V10sbm1vbO+buXlOGscCkgUMWiraHJGGUk4aiipF2JAgKPEZa3vB27LdGREga8geVRMQJUJ9Tn2KktOSapu+mcVZ5PIbXMIa6u2bZqloTwEVi56QMctRd86fbC3EcEK4wQ1J2bCtSToqEopiRrNSNJYkQHqI+6WjKUUCkk04+z+CRVnrQD4UuruBE/buRokDKJPD0ZIDUQM57Y/E/rxMr/8pJKY9iRTieHvJjBlUIxzHAHhUEK5ZogrCg+leIB0ggrHRYM1cUHT6d+CThAeKZTseez2KRNE+r9kX1/P6sXLvJcyqCA3AIKsAGl6AG7kAdNAAGI/ACXsGb8Wy8Gx/G53S0YOQ7+2AGxtcvqlSdCw==</latexit>

fu(x) = u(x)

<latexit sha1_base64="wGnpoiuISqdmp6W2/Tuup68uxg0=">AAACBXicbVDLTsJAFJ3iC/GFunQzkZjgQtIaX0uiG5eYWCCBhkyHKUyYTpuZWyM2rF261Y9wZ9z6HX6DP+EAXQh4kpucnHNv7r3HjwXXYNvfVm5peWV1Lb9e2Njc2t4p7u7VdZQoylwaiUg1faKZ4JK5wEGwZqwYCX3BGv7gZuw3HpjSPJL3MIyZF5Ke5AGnBIzkJrj8eNwpluyKPQFeJE5GSihDrVP8aXcjmoRMAhVE65Zjx+ClRAGngo0K7USzmNAB6bGWoZKETHvp5NgRPjJKFweRMiUBT9S/EykJtR6GvukMCfT1vDcW//NaCQRXXsplnACTdLooSASGCI8/x12uGAUxNIRQxc2tmPaJIhRMPjNbgA+eTgI2lCGRI5OOM5/FIqmfVpyLyvndWal6neWURwfoEJWRgy5RFd2iGnIRRRy9oFf0Zj1b79aH9TltzVnZzD6agfX1C9iAmPQ=</latexit>

u(x) PDF: the ‘probability’ of finding an up-quark in the 
proton carrying a fraction x of the momentum of 

the proton.

NNPDF, 2109.02653
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<latexit sha1_base64="Zf17opOgLiyHp9kWkWdRVbW9EX0=">AAACB3icbVDLSsNAFJ34rPVVdelmsAh1YUlEqsuiG5cV7APaUCaTSTtkZhJmJtIY+gEu3epHuBO3fobf4E84bbOwrQcuHM65l3vv8WJGlbbtb2tldW19Y7OwVdze2d3bLx0ctlSUSEyaOGKR7HhIEUYFaWqqGenEkiDuMdL2wtuJ334kUtFIPOg0Ji5HA0EDipE2UjupjM6gP+qXynbVngIuEycnZZCj0S/99PwIJ5wIjRlSquvYsXYzJDXFjIyLvUSRGOEQDUjXUIE4UW42PXcMT43iwyCSpoSGU/XvRIa4Uin3TCdHeqgWvYn4n9dNdHDtZlTEiSYCzxYFCYM6gpPfoU8lwZqlhiAsqbkV4iGSCGuT0NwWTcOn84CkgiMxNuk4i1ksk9ZF1alVa/eX5fpNnlMBHIMTUAEOuAJ1cAcaoAkwCMELeAVv1rP1bn1Yn7PWFSufOQJzsL5+AYlxmeU=</latexit>

u(x)dx
# of up quarks carrying a momentum fraction 
between x and x +dx
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- PDFs describe the structure of protons (nuclei) in terms of elementary constituents.

- PDFs are dynamical quantities … and are very important in our setup.



Parton distribution functions
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PDFs cannot be calculated from first principles and have to be 
extracted from fits to data. 

For our analysis we adopt PDF4LHC21, a combined PDF fit 
of individual collaborations.



Parton distribution functions
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Finally, we can model proton targets and isoscalar targets. 

The latter case is just built from linear combinations of the proton PDF. 

Proton PDFs, Q = 100 GeV
Isoscalar target 

The latter case is just built from linear combinations of the proton PDF. 

Going back to the observable…



Neutrino DIS
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The final CC muon neutrino distribution is given by 

And analogous for electron antineutrino (change spectrum and parton channels).

spectrum parton kin. CKM CKMPDF PDF

However, to reconstruct the outgoing parton we need to be able to account for fragmentation functions. The 
aim is to estimate uncertainties coming from the tagging of the final state.



Fragmentation functions
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We work with D* meson and B-hadron fragmentations. 

Some intuition:

1706.09857

: the ‘probability’ that a parton of type q hadronises into a 
hadron of type H carrying a fraction z of its momentum at 

an energy scale Q2.

2210.06078
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Neutrino DIS complete
Going back to our CC example:

And we are ready to carry out the statistical analysis. 

spectrum parton kin.

CKM CKMPDF PDFFr. Fr.



Observables
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In CC:

- Inclusive counts 

- Ratio of c- and - tagged events over the inclusive count

In bins of                      :

In NC:

- Inclusive counts 

- Ratio of c- and - tagged events over the inclusive count

Nuisance parameters account for PDF, fragmentation, luminosity uncertainties, etc.



CKM determination
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More specifically, 



CKM determination
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More specifically, 



CKM determination
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More specifically, 



CKM determination
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More specifically, 

We see a strong improvement in precision (even in with extra sources of uncertainty).

This improvement is driven by the high statistics of the neutrino flux and the exploitation of correlations and shape 
information (from the PDFs, spectrum, parton level kinematics)



CKM determination
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νμ+νe on N
68%CL

PDG
CC (stat)
CC
CC+NC
0.039 0.040 0.041 0.042 0.043

0.0035

0.0036

0.0037

0.0038

0.0039

0.0040

0.0041

|Vcb|

|V
ub
|

νμ+νe on N
68%CL

PDG
CC (stat)
CC
CC+NC

0.214 0.216 0.218 0.220 0.222 0.224 0.226
0.965

0.970

0.975

0.980

|Vcd|

|V
cs
|

νμ+νe on N
68%CL

PDG
CC (stat)
CC
CC+NC

0.9732 0.9734 0.9736 0.9738 0.9740 0.9742
0.2230

0.2235

0.2240

0.2245

0.2250

0.2255

|Vud|

|V
us
|

Constraints on CKM elements (profiled over the nuisance and other elements):

We see a good improvement in precision (even in the presence of systematics).



CKM determination - proton target
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We find similar results (except a mild deterioration of         to be further studied).
<latexit sha1_base64="YsTz7rneO7SIHAuJdlyAVYeDAus=">AAACCHicbVDLSsNAFL3xWeur6tLNYBHcWBKR6rLoxmUF+4A2lMl00g6dTMLMRIhpfsClW/0Id+LWv/Ab/AmnbRa29cCFwzn3cu89XsSZ0rb9ba2srq1vbBa2its7u3v7pYPDpgpjSWiDhDyUbQ8rypmgDc00p+1IUhx4nLa80e3Ebz1SqVgoHnQSUTfAA8F8RrA2Unvc7KWxysa9Utmu2FOgZeLkpAw56r3ST7cfkjigQhOOleo4dqTdFEvNCKdZsRsrGmEywgPaMVTggCo3nd6boVOj9JEfSlNCo6n6dyLFgVJJ4JnOAOuhWvQm4n9eJ9b+tZsyEcWaCjJb5Mcc6RBNnkd9JinRPDEEE8nMrYgMscREm4jmtmg2ejr3aSICLDKTjrOYxTJpXlScaqV6f1mu3eQ5FeAYTuAMHLiCGtxBHRpAgMMLvMKb9Wy9Wx/W56x1xcpnjmAO1tcv1uubQg==</latexit>

|Vus|

Still, the improvement over current precision is very strong. 



CKM determination
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To be further explored:

- Additional sources of theory uncertainties (higher order contributions, mass effects, …)

- Reconstruction of event kinematics and tagging/fragmentation….

- Nuclear corrections in parton densities, isospin symmetry breaking effects…

- …

The analysis we have presented goes forward in parallel with other aspects of the MuC physics 
programme.
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Summary - the most important slide
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1. The high energy, collimated neutrino flux from muon decays at a MuC will enable highly precise forward target DIS 
measurements.

2. The setup will allow for exceptionally sensitive measurements of CKM matrix elements, surpassing current standards.

3. Even when including estimates of additional sources of uncertainty (theory, experiment), by exploiting the large 
event rates and the shape information across the kinematic coverage there are strong prospects for precision CKM 
measurements.

4. This analysis will benefit from parallel MuC studies:

1. Additional observables and constraints.

2. Experiment design.

3. Estimation of systematics, …
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Thank you for your attention!
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Extra



PDFs - strangeness
37

Manuel Morales-Alvarado | Quark mixing from muon collider neutrinos

To marginalise over methodological uncertianty we adopt the 
recommended PDF4LHC21 set 



MuC PDFs
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Considerable reduction of uncertainties predicted. 


