Muon Collider Physics

E. Eichten
Fermilab

Neutrino Factory and Muon Collider Collaboration Meeting
February 1, 2007 UCLA



OUTLINE

[} Landscape - 2020

[} Beyond the Standard Model
[] Narrow States
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Landscape for 2020
Energy Frontier Facilities

[] Existing facilities:
® | HC with luminosity or energy upgrade
® |LC - with potential upgrades

[] Options:

® |epton collider in multi Tev range.
CLIC or Muon collider
- Energy, Luminosity, Polarization!?

® hadron collider in hundred TeV range
VLHC
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Comparison of Muon Collider and CLIC
(same Vs and £ )

Present theoretical studies of physics potential of multi-TeV
muon colliders are inadequate.

For many processes the cross sections are essentially the
same as for CLIC.

For scalars (eg h,A, H) with fermion mass dependent
couplings, the muon collider has advantage of s-channel
single production.

Especially for SUSY options, lepton beam polarization is
useful.

For muon collider, the effects of muon decay backgrounds
and required angular cuts needs detailed study.



Today

] All data consistent with Standard Model - but:

O incomplete
e dark matter

* neutrino masses and mixing .
» new fields v or new interactions KVCHTHV (seesaw)

* baryon asymmetry
» more CP violation

] experimental hints
* higgs mass
* muon (g-2)

] theoretical questions

* origin of mass:

» naturalness and higgs
* gauge unification:

» new interactions
* gravity: strings and ED
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Standard Model Cross Sections
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[(JFor Vs > 500 GeV
muon collider

e Above SM thresholds:

* R essentially flat:
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Luminosity requirements:

Ao’ 86.8 tb

one unit of R: OQED (ILLJr,u_ — e+e_) — —

35 s(TeV?)

Vs =1.5 TeV £ F
Luminosity per year % ;
L = 10°* ecm “sec”’ wf_

— 100 fb~tyear™!
3860 events/unit of R s B -
Processes with R 2 0.01

can be studied 510 K events per year
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SM extensions

two Higgs doublets
Higgs triplets
Higgs singlets

new weak gauge
interactions

new fermions

NFMCC

Landscape for 2020
Theoretical Physics

SUSY

SUGRA, gauge or
anomaly mediated

MSSM, NMSSM,
Split SUSY

R parity violation?
SUSY breaking?

New Dynamics

Technicolor, ETC,
walking TC

topcolor

little Higgs models

compositeness
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Extra
Dimensions

Gravity
Randall-Sundrum
Universal ED

KK modes?
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SM and Extensions

Theoretical issues
® Higgs boson couplings SM?
® Scalar interaction coupling SM?

® Any additional scalars! EWV doublets,
triplets or singlets ?

® More fermions!?

® Addition gauge interactions !

® Where’s the next scale!? GUT?



Studying the SM Higgs boson:

® Higgs coupling proportional to fermion mass

® Various processes available:

NFMCC

» s-channel direct production: h (V's = mp)
» associated production: Zh (see figure)
» R~0.12
» search for invisible h decays
» Higgsstrahlung: tth
» R~ 0.01
» measure top coupling
» WHEW* fusion : VpVy h (see figure)
» R~ 1.1 sIn(s) (sinTeV?) (mn=120 GeV)
» study some rare decay modes

» measure Higgs self coupling

UCLA Jan 28 - Feb 1,2007
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Fine energy resolution (AE/E) is
possible for muon colliders

o (vV3) = 4rl'(h — ;;,u) ['(h — X)
S Py BT

o s = (7 MeV) (o.(i%) (100€eV>

)
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=, — % Ftot<< .
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h

Measuring SM Higgs width directly
requires: AE/E < 0.002% with an
integrated lumonisity > 2 pb-!
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Figure 7: The effective cross section, &, obtained after convoluting o, with
the Gaussian distributions for R = 0.01%, R = 0.06%, and R = 0.1%, is
plotted as a function of /s taking mj;, = 110 GeV. Results are displayed
in the cases: hgyr, h? with tan 3 = 10, and AY with tan3 = 20. In the
MSSM h° cases, two-loop/RGE-improved radiative corrections have been
included for Higgs masses, mixing angles, and self-couplings assuming m; =
1 TeV and neglecting squark mixing. The effects of bremsstrahlung are not

included in this figure.
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Higgs reconstruction - ZH (CLIC)
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e’e” or u'u” Collisions
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FIGURE 6. Pair production of heavy Higgs bosons at a high energy lepton collider. For
comparison, cross sections for the lightest Higgs boson production via the Bjorken process
utu= — Z* — Zh® and via the WW fusion process are also presented.
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Two Higgs doublets (MSSM)

hO

HO
AO

whu=, bb tt ZZ WTW- ZAY
—sina/cosfB cosa/sinfF  sin(f—a)  cos(f— «)
cosa/cosB  sina/sinfB  cos(f —a) —sin(F — a)
—ivstan 8 —ivs/ tan 8 0 0

® decoupling limit ma® >> mz°:

h couplings close to SM values
HO H* and A® nearly degenerate in mass
HO small couplings to VV, large couplings to ZA°

For large tan, H® and A° couplings to charged leptons and
bottom quarks enhanced by tanf8. Couplings to top quarks
suppressed by |/tanp factor.



® good energy resolution is needed
for H? and A° studies:

for s-channel production of H°:
[/'M= 1% at tanf = 20.

nearby in mass need good energy
resolution to separate H and A

can use bremsstrahlung tail to see
states using bb decay mode



H and A Total Width Contours
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Figure 20: Contours of H? and A total widths (in GeV) in the (m 40, tan j3)
175 GeV and included two-

parameter space.

loop/RGE-improved radiative corrections using my

We have taken my

1 TeV and neglecting

squark mixing. SUSY decay channels are assumed to be absent.



Separation of A® & H° by Scanning
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FIGURE 4. Plot of bb final state event rate as a function of /s for m 40 = 350 GeV, in the
cases tan 3 = 5 and 10, resulting from the HY, A° resonances and the bb continuum background.
We have taken L = 0.01 fb~! (at any given +/s), efficiency € = 0.5, m; = 175 GeV, and included
two-loop/RGE-improved radiative corrections to Higgs masses, mixing angles and self-couplings
using m;-= 1 TeV and neglecting squark mixing. SUSY decays are assumed to be absent. Curves
are given for two resolution choices: R = 0.01% and R = 0.06%
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w'u” Bremsstrahlung Tail MSSM H° A° Production
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FIGURE 5. Taking /s = 500 GeV, integrated luminosity L = 50 fb~!, and R = 0.1%, we
consider the bb final state and plot the number of events in the interval [m; —5 GeV, mz+5 GeV],
as a function of the location of the central m,; value, resulting from the low v/é bremsstrahlung
tail of the luminosity distribution. MSSM Higgs boson H? and A° resonances are present for
the parameter choices of m40 = 120, 300 and 480 GeV, with tan3 = 5 and 20 in each case.
Enhancements for m 40 = 120, 300 and 480 GeV are visible for tan 8 = 20; tan( = 5 yields
visible enhancements only for m 0 = 300 and 480 GeV. Two-loop/RGE-improved radiative
corrections are included, taking m; = 175 GeV, m> = 1 TeV and neglecting squark mixing.

SUSY decay channels are assumed to be absent.
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Other extensions of the standard moc
New fermions and gauge bosons

Littlest Higgs model -
charge (2/3) quark T (EWV singlet),
new W, Z, and A gauge bosons,
Higgs triplet

ATLAS study LHC [hep-ph/0402037]

T observable for m(T) < 2.5TeV
For W, Z, and A dependent on mixing
parameters --> see figures

Muon collider will allow detailed study.
high luminosity
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Supersymmetry

Theoretical issues

® What is the spectrum of superpartner masses?
Dark matter candidates!?

® Are all the couplings correct?

® What is the structure of flavor mixing interactions!?
® Are there additional CP violating interactions?

® |s R parity violated?

® What is the mechanism of SUSY breaking?

® VWhat is the mass scale at which SUSY is restored?



CLIC detailed study - CERN report 2004
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Fig. 5.2: Overview of the updated proposed CMSSM benchmark points in the (mo,m4/2) planes, superposed on the strips

allowed by laboratory limits and the relic density constraint, for ;4 > 0 and tan 8 = 5, 10, 20, 35, 50, and for < O and

tan 3 = 10, 35 [8]
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Fig. 5.1: Examples of mass spectra of updated post-LEP benchmark points [8]. Sparticles that would be discovered at the LHC,
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Fig. 1.1: Bar charts of the numbers of different sparticle species observable in a number of benchmark supersymmetric scenarios

at different colliders, including the LHC and linear e

+

e~ colliders with various centre-of-mass energies. The benchmark

scenarios are ordered by their consistency with the most recent BNL measurement of g, — 2 and are compatible with the

WMAP data on cold dark matter density. We see that there are some scenarios where the LHC discovers only the lightest

neutral supersymmetric Higgs boson. Lower-energy linear e

+

e~ colliders largely complement the LHC by discovering or

measuring better the lighter electroweakly-interacting sparticles. Detailed measurements of the squarks would, in many cases,
be possible only at CLIC.
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e Point C has very low masses, and is representative also of points A, B, D, G, I, L. In these cases, the
LHC would have discovered the H=*, as well as seen the h, and also the gauginos )2(1), )28 and )ﬁt,
the charged sleptons, the squarks and the gluino. A 1-TeV linear collider would enable the detailed
study of the h” and of the same gauginos and sleptons, and it might discover the missing gauginos
in some of the scenarios. However, one would require CLIC, perhaps running around 2 TeV, to
complete the particle spectrum by discovering and studying the heavy Higgses and the missing
gauginos. CLIC could also measure more precisely the squarks and in particular disentangle the
left- and right-handed states and, to some extent, the different light squark flavours.

e Point J features intermediate masses, much like point K. Here, the LHC would have discovered all
the Higgs bosons, the squarks and the gluino, but no gauginos or sleptons. The 1-TeV e e~ linear
collider would study in detail the h° and could discover the ég, jir and 7, but other sparticles
would remain beyond its kinematic reach. CLIC3000 could then study in detail the heavy Hig-
gses, as discussed in the previous chapter. It would also discover and study the gauginos and the
missing sleptons, and even observe in more detail a few of the lighter squarks that had already been
discovered at the LHC. However, to see the remaining squarks at a linear collider would require
CLIC to reach slightly more than 3 TeV.

e Point E has quite distinctive decay characteristics, due to the existence of heavy sleptons and
squarks. In this situation, the LHC would have discovered the h°, all squarks and the gluino. The
gauginos are in principle accessible, but their discovery may be made more difficult by their pre-
dominant decays into jets, contrary to the previous benchmark points, and sleptons would remain
unobserved. At a 1-TeV eTe™ linear collider, the detailed study of the h° and of the gauginos
could be undertaken. The discovery of the first slepton, actually a ., could be made at CLIC3000,
which could also study the three lightest squarks. The discovery and analysis of the heavy Higgses
would then require the CLIC energy to reach about 3.5 TeV, which would also allow the discov-
ery of all sleptons and the observation of all squarks. A detailed analysis of the accuracy in the
determination of the smuon mass at /s = 3.8-4.2 TeV is presented later in this chapter.



e Point H has quite heavy states, as does scenario M. The LHC would only discover the h", all other
states being beyond its reach, so the LHC might leave the existence of supersymmetry as an open
question! At point H, a 1-TeV linear collider would discover the lighter 7 and the LSP y, but no
other sparticles. A 1-TeV linear collider would discover no sparticles at point M. However, CLIC
at 3 TeV would be able to discover most of the gauginos and sleptons. The CLIC sensitivity to the
smuon mass, using both a muon energy technique and a threshold scan, is discussed later. On the
other hand, to discover all the squarks, £7¢~ collisions in excess of 5 TeV would be needed. There
is currently no e™ e~ project aiming at such energies, and we recall that neutrino radiation would
become a hazard for a i+ 11~ collider at such a high energy.

e Along the lines defined by the WMAP constraints, the reach in supersymmetric particles for a
given collider and the phenomenology of their decays change significantly. As we discuss later, the
CLIC reach for the dilepton decay signature of a heavier neutralino, yo — £7£~  is significantly
greater than that of the LHC or a 1-TeV linear collider. Additionally, we have chosen a point at
my /2 =750 GeV and tan § = 10 to study the potential accuracy in the determination of the mass
of the sleptons and of the )Zg. This point is located at the limit of the sensitivity of the LHC and
of a 1-TeV linear collider for probing the heavy neutralinos and the slepton sectors, and represents
the limit of the coverage of the full supersymmetric spectrum at CLIC at 3 TeV.

e As in the case of a 1-TeV ete™ linear collider, a photon collider option for CLIC would extend
the discovery range for heavy Higgs bosons. Additionally, it would allow one to discover all four
Higgs bosons in scenarios E, H and M, for a 3-TeV collider, and also in F, for a 5-TeV collider.
The detection of heavier MSSM Higgs bosons at a CLIC-based ~+y collider is discussed in more
detail in the previous section.

SUSY is a strong case for a lepton collider
in the TeV range.



New Strong Dynamics

Theoretical issues

® What is the spectrum of low-lying states!?

® What is the ultraviolet completion? Gauge
group! Fermion representations!

® What is the energy scale of the new
dynamics!?

® Any new insight into quark and/or lepton
flavor mixing and CP violation?



Technicolor, ETC, Walking TC, Topcolor, ...

Technipions:
do(ptp~ — mpormy — ff) 000 £ E
dz N oo [ ]

Ny <Cqumumf> s
2 ) =
27 F; (s — M2 )>+s12, 2
100 | —
do(p*p~ — 7' — gg) i
dz - °0 ]
CT['T (OﬂmM@SNT(j) ? 82 i ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘
327T3 F% (S _ MgT)Q + s F72rT 109.9 109.95 M,bbl(lc?ev) 110.05 110.1

Figure 1: Cross sections for u*pu~ — 7% — bb (upper curve) and 7% — bb.
Statistical errors only are shown for a luminosity of 1pb~' per point. Cuts
and efficiencies are described in the text. The solid lines are the theoretical
cross sections (perfect resolution).
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Technirhos:

Can have nearby vector
resonances that interfere:

Would need the fine
resolution to disentangle
states

102 = B
—_ ]lO]l [
o C 7
N - 3
b C 5

109 —

1071 1 1 1 1 ‘ 1 1 1 1 ‘ 1 1 1 1 ‘ 1 1 1 1 ‘ 1 1 1 1 ‘ 1 1 1 1
208 209 210 211 212 213 214
M_ee (GeV)

Figure 2:  Cross sections for p*p~ — pr, wr — ete™ for M,, = 210 GeV

and M, = 211 GeV (higher-peaked curve) and 209 GeV. Statistical errors
only are shown for resolutions and luminosities described in the text. The
solid lines are the theoretical cross sections (perfect resolution).

Common case with new strong dynamics



Contact Interaction

0.08 i A=30TeV solid —> W
B _dash — AA
9° - . - 0.06
L= A2 MLriejn + NerirIR + MLriLir] o, o
0.02
( do ) - ( do ) ” 0K
A — ~dcosd EW+A dcosf / LW ~0.02 [
o ( do ) u
dcosf /) EW —0.04 —
-0.06 —
008 Vs = 500 GeV
AngUIarcutnOtan|Ssue —-0.1 IR NI A R NI N N N RO A B B
—1 -0.5 0 0.5 1
TABLE 2. 95% CL limits (in
TeV) for different on the scatter- COsS <®>
ing angle 6 cuts (1/s = 500 GeV,
L=7fb"1).
|cosf| < | 6| .8 ] .9 .95
LL 26 | 29 | 31 | 32
RR 24 | 28 | 30 | 30
VvV 50 | 54 | 56 | 57
AA 28132 | 34| 35
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Fig. 6.22: Limits on the scale A of contact interactions for CLIC operating at 3 TeV (dashed histogram) compared with a 1 TeV
LC (filled histogram) for different models and the p = (left) and bb (right) channels. The polarization of electrons P_ is

taken to be 0.8 and that of positrons P4+ = 0.6. For comparison, the upper bars in the right plot show the sensitivity achieved

without positron polarization. The influence of systematic uncertainties is also shown.
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Extra Dimensions

Theoretical issues

® How many dimensions!?

® Which interactions (other than gravity)
extend into the extra dimensions?

® At what scale does gravity become a strong
interaction!?

® What happens above that scale!?



LHC discovery - Detailed study at
muon collider

® A variety of models - nonrenormalizable
effective theories at low energies.

® Arkani-Hamed, Dimopoulos, Dvali model:
L

M4
® Randall-Sundrum model: warped extra

dimensions
» two parameters:

» effective contact interaction o )\

o (fb)

» mass scale o first KK mode;
» width « 5D curvature / effective 4D
Planck scale. B R R R B

1000 2000 3000
Vs (GeV)




Narrow States
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Narrow resonances in lepton colliders:
vital role in precision studies

State BR(u ™) I'/M
$(1.019) 29x107*  3.98 x 107 Kaons CPV
J/1(3.097) 59x 1072  3.02x 107° ID-D*9 35-D,D* 2D - D,
Y (9.460) 2.5 x 1072  5.71 x 107° 4S-B factory, tau, charm
7°(91.19) 3.4x107%  2.74 x 107% precision tests - SM
IF h°(115) 2.5 x 107 2.78 x 107" Higgs couplings - EW

O O O @ O

Universal behavior

2J + 1 4m I'2/4
(251 +1)(2S2 + 1) k? | (E — Ey)?2 +T12/4
B(pt ) B(visibl
s Ry = (27 + 1)3 20K )2 (visible)

U(E) — BinBout

beam spread { (E — Ey)? AEM
eXp (_ 9 )
V2o 20 — AFEn/Eon = 2In(2)0
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® |ikely candidates:
® scalars: h, H9, A, ...

® gauge bosons: Z’

Rpear/ (RI+1)

® new dynamics:
bound states

e ED:KK modes

AE om/T

Assuming AEcm/Ecn= 0.01%
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Outlook and Opportunities

[] The physics potential for a lepton collider at V's ~ 3 TeV and
integrated luminosity ~| ab-!/yr is outstanding.

(] Narrow s-channel states played an important role in past
lepton colliders. If such states exist in the multi-TeV region,
they will play a similar role in precision studies for new
physics.

A detailed study of physics case for multi-TeV lepton
] y of phy p
colliders is needed:

* Must be able to withstand the real physics environment
after ten years of running at the LHC.

 Dependence on initial beam [electron/muon, polarization
and beam energy spread] as well as luminosity should be
considered.
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