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WHAT KIND OF MUON COLLIDERS?

Electrically Neutral

Vector Boson Fusion (VBF)
w/o s-Channel Background
(e.g, WTW ™, qq )

v
v

Special Advantage

Resonant s-Channel
Production

Flavor Physics

pt Cooling Technology
Already Exsists!

Disadvantage

@ Cooling Technology
Needed

Lower Energy

Suppression From Extra
Vertex...?

[ See, e.g.: The muon Smasher’s guide; Al Ali et al.; 2021,
UTRISTAN; Hamada, Kitano, Matsudo, Takaura, Yoshida; 2022 ]
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THE TOTAL CROSS SECTION OF ™t — ™ W™ h1,,

* \VBF generally enhanced as ~ log (s/M%), but need extra coupling!

° ,u+,u+: Collinear emission of photon — Collinear divergence (regulated by muon mass)

 Num. instabilities in num. phase-space integral of event generator MadGraph

e Equivalent Photon (Weizsacker-Williams) Approximation for collinear photons

July 9t 2024

W

Lukas Treuer (KEK, SOKENDAI) — Higgs Production at p+ p+ Colliders

VS.




THE EQUIVALENT PHOTON APPROXIMATION

Intermediate photon quasi

on-shell ——> factorization! //
V4 -

2
0O = ORPA AO'non—factorizable (q )

— /dx(ay(a:S) fryye(@) + 0(1/5’;))
/N

Partonic cross Parton Distribution
section Function (PDF)

[ Improving the Weizsacker-Williams approximation in electron-
proton collisions; Frixione, Mangano, Nason, Ridolfi; 1993 ]
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THE NEW CALCULATION SCHEME

Phase-space of lepton
emitting photon

/
d3p, d3o B / do
E, d3pi/E,

||
&
)
O,
(@]
gk
_|_
&
—
O,
O,
<5

pT <pr(pcut) pT >pr(pcut)
= 0 ut _|_ ut
pr < piY pr > piY

/\ ,\ [ Similar procedure “matrix element matching” in: The

EPA MadGra P h Effective Vector Boson approximation in High-Energy

Muon Collisions; Ruiz, Costantini, Maltoni, Mattelaer;
2022 ]
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RESULTS FOR HIGGS PRODUCTION =1/ 2

Cross Section (fb)

102

101 4

Cross Section vs. py

leut) yalues for Representative Center-of-Mass Energies vs

Data from MadGraph (high-pt) Calculation for u* u* — u* v, W* h
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RESULTS FOR HIGGS PRODUCTION =1/ 2

Cross Section vs. pi Values for Representative Center-of-Mass Energies Vs
Data from MadGraph (high-pr) Calculation for u* pu* — p* 5, W* h

Cross Section (fb)

10°
P Values (GeV)

=

Numerical instability
when pp < my
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RESULTS FOR HIGGS PRODUCTION =2/ 2

Cross Section vs. Center-of-Mass Energy for Single Higgs Production via W Boson Fusion at u* u* Colliders

Comparison of Different Processes, Calculation Methods, and Polarizations P,

Lead. Log

-
-
-——
-——
-
-
-

Cross Section (fb)

~ 83 Y, of events detectable!

'100 | | | | - '1(|)1
Center-of-Mass Energy (TeV)

utu~: W Boson Fusion
with P, =0 (Comparison)

Leading-Log Approx. + Z
With P,= +0.8

Leading-Log Approx. + Z
With P, =0

Full Calculation
with P, = +0.8

Full Calculation
with P, =0

IWW in MadGraph + Z
with P, = +0.8

IWW in MadGraph + Z
with P, =0

utu*:ZBoson Fusion
with P, = +0.8

utu*:Z Boson Fusion
with P, =0
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EVOLUTION WITH TRIPLE LOGARTHIMS

* Approximations
* Photon and W boson collinear
e Fusion of longitudinal W-boson polarizations dominates

Photon-W Cross Section W PDF Photon PDF
\ \, f wt <
Optput—sputo, wn(s) = /dfﬂ dy Fw ju+ W) Fyyut (@)
(14 P,+)at S s 1 S ;
— log — | log 5| — 5 (log 5
47Tm%V sin” Ow mi, (mh + mW) 3 (mh + mW)

Three logarithms! Only one for u* ™~ |

[ See, e.g.: Improving the Weizsacker-Williams approximation in electron-proton collisions; Frixione, Mangano, Nason, Ridolfi; 1993;
The Effective Vector Boson Approximation in High-Energy Muon Collisions; Ruiz, Costantini, Maltoni, Mattelaer; 2022;

Electroweak Splitting Function and High Energy Showering; Chen, Han, Tweedie; 2018;

Theory of e+e- Collisions at Very High Energy; Peskin; 1988

Higgs boson production in ey collisions; Hagiwara, Watanabe, Zerwas; 1992 ]
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CONCLUSION

e Calculation of "™ — p= W™ hv, not straightforward due to collinear
divergences of intermediate photon

e DT-separated calculation scheme works well!

e Total cross section only factor of ~ 2 smaller than for " 11—, despite naive
suppression! — Ennhancement from three collinear/soft logarithms

e Also important for other high-energy lepton colliders

 Comparable cross section + well-detectable final state + available cooling
technology ...

— M+M+ collider is a great Higgs factory!
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BACKUP
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MUON COLLIDER TECHNOLOGY

dN 1 1

* Why is cooling so important? — =L .0, L~ — ~ —
t O-T 6 v.OeV
Laser o
® Cooling 122nm, 355nm
e 2
* 1 :lonization cooling ”%8 I+ le o @ —
; - = P %
e 1" 1 Ultra-cold muons via muonium T n—— | Ultraslow
muons
. : Mu production
* Polarization target B

* 1 : Possible, but big luminosity loss (energy selection, cooling)

117 : Achievable without luminosity loss

[ See, e.g.: Re-Acceleration of Ultra Cold Muon in J-PARC Muon Facility; Kondo et al.; 2018 (*);
Polarized Beams in a Muon Collider; Cline, Norum, Rossmanith; 1996;
Demonstration of colling by the Muon lonization Cooling Experiment; 2020 ]
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DERIVATION OF EPA PDF

Hard process Electron 7qu2dy

N/ /
1 WeT,, 43
8k-p q*  (2m)32F

« Consider e(p) +p(k) = e(p’) + X doep =

* Real photon — current conservation = ¢, W"" = q W"" =¢"T,, = q¢"T,, =0

« 1" fully determined, IV, structure determined up to coefficients

* Assume factorization, integrate over ¢* = do,, = op(4, k)f,se)(y)dy

o) QEM 1 1 14+ (1—y)? in
— flg ) — - [27713 (q2 — q2—) + ” log q2

[ Improving the Weizsacker-Williams approximation in electron-
proton collisions; Frixione, Mangano, Nason, Ridolfi; 1993 ]
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pPT-CUT SCHEME: EPA PART

/ Note \ From kinematics:
2 / 2
- = —0p)
2 mgy2
qgnin§q2§qr2nax§0 qmax__l_y
‘qgnin’ Z ‘qunaX‘

1—y

1 cu 2
: S T U (H 0 S,

(cut) - 1 (p(Tcut)>2 14 (1 —y)? <pSfCUt)>2 + m? yZ-

14 5 out « m _ y - y

— f~§ »Pr (y) = 2€7T —2 ” (out) 2 + ” log m2 2
e f
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