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What is a “parton’?

Recall the hadron colliders: pp(p) collision at Tevatron or LHC

“Hard” Scattering

outgoing parton

proton proton

underlying event

underlying event
initial -state
radiation

final-state
radiation

outgoing parton

Factorization formalism: PDFs ® partonic cross sections

O(AB = X) = ¥, [ dradasfu a(ras Q5 00, Q)5 (ab > X) +

m a, b are the' partons " from the beam particles A and B.
m fu 4 (fy/B) are PDFs, defined as the probabilities of finding partons a (b) from
the beam particles A (B) with the momentum fractions z, (z3).
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The simplest parton: photon inside of a lepton

“Equivalent photon approximation (EPA)"[Fermi, Z. Phys. 29, 315 (1924), von Weizsacker, Z. Phys. 83, 612 (1934]
Treat photon as a parton constituent in the lepton [E. J. Williams, Phys. Rev. 45, 729 (1934)]
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Applications of EPA at high-energy lepton colliders

What are the dominant processes at a high-energy lepton collider?
m Annihilation: £¢~ — (¢~ tt1~, qg, Wr W~, and Compton: y/ — y¢
m Yy fusion: yy — TTT7, g, W W™ (Backups for other high-energy processes]

Some typical cuts:
m Detector angle: Oy = 5°(10°) < |n| < 3.13(2.44)

m Threshold: m;; > 20 GeV
m A pp cut to avoid the nonperturbative hadronic production (detais come later

[Drees and Godbole, PRL 67, 1189; Chen, Barklow, and Peskin, hep-ph/9305247; T. Barklow, et al., LCD-2011-020]
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Go beyond the EPA at high-energy lepton colliders

We have been doing: We complete:

m Above lgcp: QED®QCD
q/g €MErge [T. Han, Y. Ma, KX, 2103.09844]

u EPA a[r;d ISR [7 / / A
S B _didde AN

s

o+ : :‘7 m Above ugpw = Mz: EW®QCD
= Y v p EW partons emerge (r. tan, v. Ma, kx,
m “Effective W Approx.” (EWA) o

: ) vy
[G. Kane, W. Repko, and W. Rolnick, PLB 148 (1984) 367]

[S. Dawson, NPB 249 (1985) 42] - N Z]W V/Z]W -

a7 < )f 1w /i : i/ ; ; /': :/,m

¥/ Z]W v/ Z|W VZIW T A/e/ZIW jaizw f A/ZIW

m {7/~ annihilation

In the end, every content is a parton, i.e. the full SM PDFs.
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The PDF evolution: DGLAP

m The DGLAP equations

dfs o I
— — P @f
g @? & ; v

m The initial conditions
Joe(z,m) = 8(1 —x)

m Three regions and two matchings

momy < Q < UQCD: QED

mQ = HQCD S1 GeV: fq o< qu®f7afg =0

® lgep < Q < upw: QED®QCD

mQ=ugw=Mz: f=fi=fw=fz=fz=0

B Upw < @: EW®QCD.

B C%/V S%V —2¢cw Sw fy
fws | = S%/V C%V 2¢w Sw Iz
w3 cwsw  —cwsw  cly—sk ) \fyz

m We work in the (B, W) basis. The technical details can be referred to the
backup slides.
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The QED®QCD PDFs for lepton colliders

Electron beam

—Q =30 GeV
--Q =50 GeV

10°

Muon beam

—Q =30 GeV
--Q =50 GeV

m Electron beam: 10°
fevapf% ffseaafmfg 10?
m Scale uncertainty: 10% for f, /. s wk
m The averaged momentum fractions &
<£Cl> = fzfl(m)d:c = 10%¢
Q(e¥) €al Y lsea q g 10!
30 GeV | 96.6 | 3.20 | 0.069 | 0.080 | 0.023
50 GeV | 96.5 | 3.34 | 0.077 | 0.087 | 0.026 102 .
Mz | 96.3 | 3.51 | 0.085 | 0.097 | 0.028 107 10°°
. 3
u MUO" beam' f“val’f'}" fksea’fq7f.‘] 10
m Scale uncertainty: 20% for fy/, 107}
m The averaged momentum fractions 5 ;|
(i) = [zf;(x)dz 8 &
“;; 10
Q(“t) Hoal Y lsea q 9 101
30 GeV | 98.2 | 1.72 | 0.019 | 0.024 | 0.0043
50 GeV | 98.0 | 1.87 | 0.023 | 0.029 | 0.0051 102 ‘
Mz | 97.9 | 2.06 | 0.028 | 0.035 | 0.0062 10 107

1071

10°
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EWPDFs of a lepton

m The sea leptonic and quark PDFs

t
v:Z(vi—l—\'/,-), lsea = lyy + Z (i +0;) Z qi+ Q)
7 'L‘?éeval
There is even neutrino due to the EW sector, every constitute is a parton!

10° . . . 10°
Electron beam O Muon beam
102 /% —Q=3TeV 10% pOSSs L Z,v]Z —Q=3TeV
--Q=5TeV AN --Q=5TeV
S 10t S 10t
cy N
o100 = 10°
107! 107!
102 . . = N 102 . . . .
104 10-° 1072 10! 10° 1074 10-2 1072 107! 10°
xT xT

m All SM particles are partons (v Han, v. Ma, kx, 2007 14300]

m W (Zy) does not evolve: Bjorken-scaling restoration: fy, (z) = 9212,

m The EW correction can be large: ~50% (100%) for fy/c (f4/u) due to the
relatively Iarge SU(Z) gauge coupling. [T. Han, Y. Ma, KX, 2103.09844]

m Scale uncertainty: ~ 15% (20%) between @ =3 TeV and Q =5 TeV
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Parton luminosities at high-energy lepton colliders

Consider a 3 TeV e ¢~ machine and a 10 TeV u*u~ machine
m Partonic luminosities for
CHe v, vy, 49, ¥4 Y9, 94, and gg
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m The partonic luminosity of yg+ yq is ~ 50% (20%) of the yy one
m The partonic luminosities of ¢q, gq, and gg are ~ 2% (0.5%) of the yy one
m Given the stronger QCD coupling, sizable QCD cross sections are expected.

m Scale uncertainty is ~ 20% (50%) for photon (gluon) initiated processes.
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Yy —hadrons at CLIC

m Large photon induced non-perturbative hadronic production
[Drees and Godbole, PRL 67 (1991) 1189, hep-ph/9203219]
[Chen, Barklow, and Peskin, hep-ph/9305247; Godbole et al., Nuovo Cim. C 03451 (2011)]
B Oyy hadrons May reach micro-barns level at TeV c.m. energies
B Oy/_, hadrons May reach nano-barns, after folding in the yy luminosity

m The events populate at low pp regime
So we can separate from this non-perturbative range via a pp cut.

P (GeV]
P;[GeV]

10
10"
10
10* L. L 1 N 102
10* 10° 102 10" Ty 10* 10° 102 10" Ty
(a) Pythia sample (b) SLAC sample

[T. Barklow, D. Dannheim, M. O. Sahin, and D. Schulte, LCD-2011-020]
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Di-jet production at possible lepton colliders

m High-pp range [pr > (4++/s/3TeV) GeV]: perturbatively computable
YY—4qq, Y9 — 94, Y4 — 99,
a9 — qq (99), 99 — 9¢ and gg — gg (q7).
m Large o, In(Q?) brings a 6% ~ 15% (30% ~ 40%) enhancement if
Q=V3/2— Q=3

10* ‘ ‘ 102 ‘ ‘
efe, |nj| <3.13 whu, |nyl < 2.44 B
Total jj
Total jj ota” 33
10° 99 — Jj 99 — jj
10! ==
o 94— 99 . < - 99— 94
S . o ———
19 Vg~ 94 10° N 74 = 99
10 10% x (ee — qq) - e
el W 10 x (up — q7)
P Yy W 101
3 5 9 11 13 15 3 5 9 11 15
Vs [TeV] Vs [TeV]

m Including the QCD contribution leads to much larger total cross section.
m gg initiated cross sections are large for its large multiplicity;

B gq initiated cross sections are large for its large luminosity.

m Yy initiated cross sections here are smaller than the EPA results.
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Refresh the picture of high-energy lepton colliders

What is the dominant process at a high-energy muon collider?
m Quark/gluon initiated jet production dominates

EPA: q/g PDFs:
10° . 10t
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Di-jet distributions at a muon collider

Rather a conservative set up: 6 = 10°

m Some physics:
Two different mechanisms: p™ = annihilation v.s. fusion processes
m Annihilation is more than 2 orders of magnitude smaller than fusion process.
m Annihilation peaks at m;; ~ 4/s;
m Fusion processes peak near m;; threshold.
m Annihilation is very central, spread out due to ISR;
m Fusion processes spread out, especially for yq and yg initiated ones.
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Inclusive jet distributions at a

muon collider
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m Jet production dominates over WIW
production until pp > 60 GeV;

m WW production takes over around
energy ~ 200 GeV.

m QCD contributions are mostly
forward-backward; vy, vq, and yg
initiated processes are more isotropic.
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Summary and prospects

EWPDF is important and necessary:

m At very high energies, the collinear splittings dominate. All SM particles
should be treated as partons that described by proper PDFs.
m The large collinear logarithm needs to be resummed via solving the DGLAP
equations, so the QCD partons (quarks and gluons) emerge.
m When @ > My, the EW splittings are activated: the EW partons appear, and the
existing QED®QCD PDFs may receive big corrections.

A high-energy muon collider is an EW version HE LHC
m There are many directions to work on: SUSY, DM, Higgs, etc.

m Two classes of processes: y ™~ annihilation v.s. VBF
[T. Han, Y. Ma, KX, 2007.14300]
m The main mechanisms of hadron production:
m Low pp range: non-perturbative yy initiated hadronic production dominates
[Chen, Barklow, and Peskin, hep-ph/9305247; Drees and Godbole, PRL 67, 1189, T. Barklow, et al., LCD-2011-020]
m High pp range, perturbative ¢ and g initiated jet production dominates

[T. Han, Y. Ma, KX, 2103.09844]
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EPA for high-energy electroweak processes

What do people expect from a high-energy lepton (muon) collider?

[T. Han, Y. Ma, KX, 2007.14300]
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General features: Vs [TeV]

The annihilations decrease as 1/s.
ISR needs to be considered, which can give over 10% enhancement.
The fusions increase as In”(s), which take over at high energies.

YY — WT W™ production has the largest cross section.

The large collinear logarithm In(s/m?) needs to be resummed, set @ = v/3/2,
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Solving the DGLAP: Singlet and Non-singlet PDFs
The singlets

L= Z (f&"'f[)a fu= Z (fuz+fﬂz)7 b= Z (fdﬂ'fa)

i=e,U,T 1=U,C i=d,s,b

The non-singlets

m The only non-trivial singlet f. ns = fe — fe

m the leptons

feons = fo, = f7,(1=2,3), firz =fe —fa, fras =fe —fz;
m the up-type quarks
fui,NS :fuz 7fﬁi7 fu,lQ :fu 7fc’
m and the down-type quarks
fa;Ns = fa, — fa;s farz =Ta—Tss fans =fa—fo-

Reconstruction:

o+t @Ne=Ofens ., . . . _fu—fens
g = - R
fumfu=fo=fi= L L Ja=fy=fo=f == fy = fD.
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The QED®QCD case

m The singlets and gauge bosons (L = log Q?)

fr Py 0 0 2N, Py 0 fr
d fu 0 Puw 0 2N,Pyy 2N Py fu
1 o|l=10 0 Pgg 2NgPgy 2NgPsy | ® | fD
Jy Py Py Pyg Pyy 0 Iy
Jq 0 Pgu Pga 0 Pyq Jq

m The non-singlets
d
— =P .
qr/ns =Py ®Ins
m The averaged momentum fractions of the PDFs: f; ., fy, fosen> for [y

() = [ afi(a)da, ¥ (m) =1

7

o) _ Ne|Eulel+R)+EE+R)] a3
<stea> ~ e? +Zi#€val(e€2i + 62) - 5

[val
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The DGLAP for the full SM

f0£ P 0 0 0 0o P¥ P¥, 0 O+
70+ 0 Poy O 0 0 Pop Pow Pog s
fo* 0 0 P% 0 0 P 0 0 s
d | so+ 0 0 0o P¥ 0 Pl 0 P 0=
ar fgi o o o o P OPE 0 PO|® fgi
el b mhe PRboPSH R, PR 0 0| |
for Py, Plo 0 0 0 0 P, 0 fur
o o PS5 0 PY P% 0 0 Py o
1+ 1+ 1+

) (Te L b P\ (0

i J = (l)i P&Q P&W PQM ® /

W\ )\ fre Pww )

fBW PML PMQ 0 PMM fBW

d 2+ 2+ 2+
ﬁfw =Pyww @ fww

The splitting functions can be constructed in terms of Refs.

[Chen et al., 1611.00788, Bauer et al., 1703.08562, 1808.08831]

4/6




The EW parton luminosities at a high-energy muon collider

m All SM particles are partons when the machine energy is high

m We are able to determine the partons with their different polarizations

15 3.0 V3 [TeV] 15 30

V5 =30 TeV

[T. Han, Y. Ma, KX, 2007.14300]
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The full picture: Semi-inclusive processes

Just like in hadronic collisions:
Ut u~ — exclusive particles + remnants

10°

prpm =X

104E — i

5 10 15 20 25 30
V3 [TeV]

[T. Han, Y. Ma, KX, 2007.14300]
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