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Summary of the Very Large Hadron Collider Physics and DetectorSubgroup

D. Denisov and S. Keller
Fermilab, P.O. Box 500, Batavia, IL 60510, USA

ABSTRACT . SUMMARY OF WORK DONE AT

_ . _ SNOWMASS
We summarize the activity of the Very Large Hadron Collider
Physics and Detector subgroup during Snowmass 96. Membel#8 this section, we briefly summarize the work that was done
of the group: M. Albrow, R. Diebold, S. Feher, L. Jones, Rluring the workshop by the different members of the group.
Harris, D. Hedin, W. Kilgore, J. Lykken, F. Olness, T. Rizzo, V. F. Olness: “Can we use the current distribution function
Sirotenko, and J. Womersley. sets?”. The upper limit for the factorization scalg, of the
parametrized version of CTEQ3M is 10TeV. The set still can re-
turn values at higher value ¢f. The Bjorkens and Q variation
. INTRODUCTION behave as expected, with thg, ¢, andgg fluxes dominating
at high, intermediate, and low Bjorkenh+espectively. Only the

Considering the long lead time for accelerator projects it Ygl_enced-quarkdistribution seem to b_ehgve a_lbnormaly: itstarts
important for us to investigate possible options for colliders beSINY at10TeV fow ~ 5. The other d|str|but_|ons appear to be
yond the LHC. This subgroup was motivated by #ueelerator fine in that range. The_ momentum sum rule is a good check that
work ['g:] that has been started on new technologies for a po%?—n be performed. It is off F’y about 5% at 10TeV and by about
LHC Very Large Hadron Collider (VLHC):jZ]. 15% at 100TeV. In conclusion, for the current leveboturacy

needed, CTEQ3M seems to be adequate. It would be conve-

Th‘? goal of this su_bgroup was _to start_ the discussiqn fibnt if, in the future, CTEQ and other groups would generate
physics and detector issues associated with a VLHC with & that can be used up to 100 TeV.

energy in the center of mass of the order of 100 to 200 TeV an(g_ Keller: “W' production”. This simple example can be used

; ; 34-35, -2 .—1 ; ;
a Ium|n0_5|ty up tol0 em s Obviously, physics and to illustrate the basic features of going to higher energy. The
detector issues, along with acceleratomteslogy and budget same couplings as for th& are used, only the mass is changed.

constraint, must guide us to select appropriate and realistic Eg"lng the narrow width approximation one can easily derive the
ergy and luminosity for such a machine. Defining the phySi?éllowing expression for the cross section:

goals of a post-LHC accelerator is not trivial. As is well known,
the last largely unexplored sector of the Standard Model (SM), 1 U dey

the Higgs sector, will be investigated over the next decade by (Fem) ~ 25— Z/Mgv, —Fa(e1, Q) Fp(22,Q), (1)
the Tevatron, LEP, and LHC. Itis therefore likely that any post- emoap SE,s

LHC machine will be built to explore Physics beyond the SMWhereE is the center of mass energy of the collida, is
At this point in time, we do not have any experimental eviden(t: cm '
for the physics beyond the SM, and it is therefore difficult t
make the case for a specific acceleratordmel the LHC. Our
goal is to make the case for R&D on accelerator and detec

technologies that would allow us to build a VLHC with a Ioweinelrucr:ﬁﬁ(s); tOf;h:lefgstgyog% ?;?g‘:;etﬂ:'rfzgg nl;]gze a)sa n
cost than current methods. o cm

) _ ) ) order to maintain a constant number of events. The luminos-
We have to investigate different models/scenarios of phys!?ﬁmust be increase by a factor of about 200 when going from

beyond the SM and understand their implications for a VLHGe | HC energy of 14 TeV to a VLHC at 200 TeV! However,
Itis important to provide luminosity requirement versus the egyjs is only true if the rest of the expression in Efy. 1 is kept
ergy of the machine for fixed physics_ goal(s). It seems thatéenstant, in other word iMy / E.,, is kept constant and the
be successfull any new accelerator will need to pratigsics at ) evolution of the distribution function is neglected. Keeping
ascale at least an order of magnitude larger than the LHC. he ratioMyy+ / E.,,, constant is synonymous of maximizing the
We had a few meetings before Snowmass where we defimadchine potential: with a luminosity 200 times bigger than at
possible topics to work on during Snowmass. For the physi¢g LHC, a VLHC at 200 TeV would also investigate a mass
issues we used the EHL@ [3] paper as a guide. As the physifshe W’ that is about 14 times bigger than at the LHC. On
that will be probed by this machine is not yet known, a multthe other hand, if the goal is to compare the physics potential
purpose detector was discussed. of different machines then the physics goaly;: in this case)
should be fixed. Increasing the energy then reduces the value of
Bjorken- probed. This dramatically increases the cross section

fe parton distribution function of partaninside of the proton
((Dor anti-proton) and:; the Bjorkens of the partons. From this
%(Ipression the scaling rule that is often used can be explained:



because of the increase in the distribution function at small extended gauge models. Here too a VLHC would increase the
For example, forMy» = 25TV, with eachdoubling of the mass search reach by an order of magnitude from-ttadeV
energy from 50 to 200 TeV, there is roughly an increase in thenge at the LHC to the- 50 TeV range. 3) Higlp; dipho-
cross section by a factor of 10 and therefore a reduction byom events with large invariant masses put constraints on flavor-
factor of 10 in the integrated luminosity needed to discover tirependeni gy~ contact interactions. Constraints on the cor-
W' at that fixed mass. For this particular process, a VLHC esponding ™ e~~~ contact interaction already exist from LEP.
E.n = 200TeV and a luminosityC = 103*em ™25~ is equiv- Constraints on the scale associated with these contact interac-
alentto a VLHC at.,, = 1007V and£ = 10%*cm~2s~1. tions are improved by a factor of about 8 and 5 compared to the
Obviously, even without increasing the luminosity compared tmunds provided by the LHC for the case of constructive and
the LHC, a VLHC with a center of mass energy in the 100 tdestructive interference, respectively. In the three cases studied,
200 TeV range will probe physics at a scale higher than at ttie signal is initiated by such that there is an improvement in
LHC. the mass or scale reach df@ut20 — 40% when switching to a
W’ production is also a usefull example to compare jthe pp collider.
and pp options. W' is produced through ag pair and itis  R. M. Harris [5]: “Discovery Mass Reach for Excited Quarks
therefore expected that for large values\éf, . thepp will have at Hadron Colliders”. If quarks are composite particles then
the advantage over the option, because the valence-valencexcited states are expected. For an integrated luminosity of
flux is bigger than the valence-sea flux at high BjorkerFhe 100fb=! (103*em~2s~1! for a year) the mass reach is increased
cross section is at most 3—4 times largepgrthan inpp at high from 6TeV at the LHC to 18 (31, 52) at the VLHC for an energy
Bjorken-x, for My ~ E..,/2.. The luminosity for thesp op- inthe center of mass of 50TeV (100TeV, 200 TeV). Suppose that
tion can therefore be decreased at most by the same factor,thatLHC sees a classic signal of new physics: an excess of high
this advantage should be gauged against the potential lossefoergy transverse energy jets (assuming that we can rule out the
other processes. excess as due to the parton distribution functions). This would
J. Lykken: “Supersymmetry and the VLHC". There is a corbe strong evidence of new physics, but the nature of this new
sensus opinion that if weak-scale SUSY exists, the LHC will splysics would not be that clear. If the source of new physics
it and that the LHC and a 1-1.5 TeV NLC are sufficient to dis compositeness, we would then expect to see excited quark.
a good job on s-particle spectroscopy. On the other hand, &@f's assume that we expect an excited quark at a mass around
SUSY discovery immediately implies the existence of at leadbTeV. We would then need to decide wich machine to build
two new physics scales beyond the weak scale: the dynamieafind that excited quark. Although a 50TeV machine would
SUSY breaking scale (hidden sector) and the messenger so&leuire a luminosity of about)* f5=*, a 100 TeV and 200 TeV
In SUGRA models these scales are close to the Planck scale wedld only require about0 /5= and1fb~. The current wis-
not accessible, but in gauge-mediated models the hidden sed@n that a factor of 2 in energy is worth a factor of 10 in lu-
scale can be in the ran@@’ — 10* TeV and the messenger scaléninosity is valid between the two higher energy machine. The
is likely in the rangel 0 — 100 TeV if one assumes that the gluindactor is much bigger between the lowest and the two highest.
mass is in the 100-1000 GeV range. If SUSY is discovered, weD. Hedin: “Thoughts on Designing Detectors for the VLHC".
will know if it is gauge-mediated versus gravity-mediated froBimple scaling rules require a general purpose detector which is
distinctive signatures likg) — ~ + gravitino, which can be larger than LHC detectors. However, considering that the cost
seen at LEPII or the Tevatron. Measuring tiiglifetime from  of a detector is roughly proportional to its (sizé) is difficult
displaced vertices at LHC can tell us the scale of the messengerimagine how detectors larger than CMS or ATLAS can be
If this scenario is correct, we may get a “no-loose” theorem fbuilt. However, large portion of the project cost is actually hid-
aVLHC. den within physicists and engineers salaries. In order to mini-
W. Kilgore (with M. Peskin): “Multiple Production of¥’s mize these costs we should not start from scratch, but consider
andZ’s”. In the event of a strongly coupled electroweak synio recycle the detector(s) with appropriate changes. If we con-
metry breaking sector, multiplé” and Z production could be sider CMS as an example, elements such as the magnet, muon
large enough to dominate the + » jets cross section at large iron, muon chambers and maybe even the calorimeters can be
at a VLHC. This would be similar to multiple pion productiortised at a VLHC, while DAQ, electronics, inner tracking and
in QCD but would involve the “pions”ife. longitudinali¥’s trigger systems would have to be replaced.
and Z's) of the strongly interacting symmetry breaking sector V. Sirotenko: “QCD jets at a VLHC”. As usual, soft pro-
and would help to characterize that sector. cesses will be a background to many processes of interest.
T. G. Rizzo [4]: “Searches for Scalar and Vector Leptoquarkeue to the large cross section, these soft interactions deter-
Searches for New Gauge Bosons, and ConstrainjgpnCon- mine the detector environment: occupancy, radiation doses, etc.
tact Interactions”. 1) Both scalar and vector leptoquarks sholdd THIA 5.7 was used in order to simulate proton-proton col-
easily be discovered at the LHC if their masses are not in digions with a center of mass energy of 200TeV with cut pa-
cess of the 1-2 TeV range. A VLHG collider) with an en- rameter?;(min) > 25GeV . The following results have been
ergy of 200TeV in the center of mass and a integrated lungibtained:
nosity of 1026~ would increase the search significantly by a) charged particle multiplicity170 for all || and 50 for
an order of magnitude to the 10-20 TeV range. 2) The sealgh< 3 per event;
reaches for new gauge bosons are summarized for a variete bj) the P, spectra of charged particles is as expected very soft,



the average value is around 0.8 GeV; ns interval between beam crossings.

c) total energy flow foitn| < 3 is around 250GeV per event. R. Diebold [6]: “Physics per buck”. A simple model to char-
In the central region energy flow indal x 0.1 tower is 0.03GeV acterize the cost-benefit ratio, the “physics per buck”, for the
per event. Energy fluxes vs detector rapidity were simulatesnergy of future accelerator is described. The paysics capa-
There are concerns about thecuracy of PYTHIA at such high bility is assumed to be proportional to the logarithm of the ratio
center of mass energy and about the sensitivity of the resultsadithe beam energies for the new and old facilities, whereas the

the choice of the’; (min) cut parameter. cost is assumed to have a fixed component plus one that is lin-
J. Womersley: “Physics and detector issues for an O(100Te8ar With the energy of the beam. The production of hea¥y™
pp collider”. If we assume that a luminosity of = (the sameV’ model already mentioned in this section) is used

103%em=2s=1 will be required for the physics, and a buncl&s a benchmark for the physics goal. The optimization model
spacing time of 20 ns, then we will have 2000 interactions périnsensitive to details and shows a broad maximum as a func-
crossing or around0® charged tracks ify|<2.5. Therefore of tion of accelerator energy, with a slow dependence on the ratio
order107 tracking elements would be required to obtain an o€f fixed to linear costs for the facility. The model supports the
cupancy of a few percent; at a radius of 1 m, this would me&ammon wisdom and past choices of energy increases by a fac-
1 mn? pixels, or 100um? at 10 cm radius. For 10 trackingtor of roughly 3 to 15. Different aspects of the approval process
layers the total channel count would b&® and so even with a for @ machine beyond the LHC are also discussed. The need
few $/channel, the cost would be very high. Electron identifto have a successfull LHC program is stressed, along with the
cation in the presence of this large charged particle flux will tged for internationalization, {md the careful control of costs.
very difficult: the probability to find a “track stub” in front of M. Albrow and L. W. Jones:[7]: “Forward Physics with the
an electromagnetic calorimeter energy cluster is 20-100%, Rigetron”. It is argued that provision should be made for a
almost all7®’s would look like electrons. A central magnetigdetector engineered to cover the complete final-particle phase
field is then an advantage to bend slow particles and provides®ce, i.e. to be sensitive to all rapidity including small angle,
E/p match. To determine muon momenta, the sagitta must figgward physics. The agenda of such a detector would include
measured. Since it is propotionalBox L2/p, to have a momen- & full range of physics topics, mostly related to QCD. Rapid-
tum resolution comparable with the LHC detectors at 10 tim#é¥ gap physics should not be compromised, including hard sin-
higher momentum one could improve the coordinate precisigle diffraction, and especially the study of multi-TeV pomeron-
by a factor of 10 (but the ATLAS/CMS goal is already 50 mipomeron interactions. The physics goals also relate to ultra high
cron), increase the magnetic field by a factor of 10§#0 T!) energy cosmic ray observations. Such a detector would require
or increase the detector size by a factor of 3. Some combinatibiong straight sectiort{ ~ 2 km) in the accelerator design,

of the above three possibilities is probably the best option. and would work at a relative low luminosity(10%!em=2s~1)

D. Denisov: “Detector issues for 100-200TeV pp collider'With on average one (or less) interaction per crossing. The CDF
A high Pr general purpose detector which can be built bas@fd/or DO detectors could be recycled as central detectors, and
on today technology is considered. Heavy objects are produé’e‘éﬁ”es of forward detectors would cover large rapidities. Such
almost at rest and the acceptance for their detectionopgus @ detector should be included in the planning at an early stage
tional to the covered solid angle. The total cross section &t it influences the lattice and tunnel design.
100TeV is about 150mb with an average number of charged par-
ticles per collision around0? (]n|<3). There are three major 1. CONCLUSIONS
elements in modern detectors: tracking, calorimetry and muon
system. Tracking is required for electron identification. Oc- Obviously, the work that was done during Snowmass is not
cupancy and aging are two major problems for tracking. Firany way completed, it is a start. The following conclusions
£ = 103%¢m~2s~! there would be of the order df)* tracks Should be considered within that context.
per crossing, assuming bunches are 20ns apart. Algdude- As the EHLQ i?;] paper pointed out in its conclusions more
tector elements would be needed to keep occupancy low fothan a decade ago, there is no specific landmark in siglutrize
10 layers tracking detector. A magnetic field in the central rthe 1 TeV electroweak scale. We still don’'t have any experi-
gion could bend soft particles away from the central region antental evidence for physics beyond the SM, and therefore no
reduce occupancy and radiation doses on the central trackigar-cut physics goal(s) for @tcelerator bgond the LHC.
Calorimetry resolution is just getting better with the increaseTo be succesfull any post-LHC accelerattwosld explore
in energy and thickness has to increase only as the logarithoales at least an order of magnitude larger than the LHC.
of the energy. The aging is the most serious problem for ther the examples studied during this workshop, a Very Large
calorimetry, along with underlying minimum bias events fluddadron Collider with an energy in the center of mass of 200
tuations. High pressure gas ionization calorimetry looks vefgV and a luminosity of 03*cm=2s~! would achieve that goal,
promizing for VLHC applications, its radiation hardness is vemgrobing scales 5-10 times larger than the LHC (14 TeV and
good. Muon detection is not at all trivial. Utilization of muonl0®*em=2s71).
radiation at such high energy may be a better choice than thEor the collider energy range considered, a doubling of the
standard saggita measurement. Typical parameters for theeimergy is equivalent or better than an increase in the luminos-
teraction region should be in the following range: 10 microity by a factor of 10. This seems to contradict one of EHLQ
perpendicular to the beam axis, 1 m along the beam, and 10e@@clusions that stated the exact oposite for energy in the cen-



ter of mass above 40 TeV. However, the scales considered [8] For more information and to register see: _ httpiyx-
that work were an order of magnitude smaller than here. As the www.fnal.gov/conferences/vihc/VLHCworkshop.html or send e-
scale considered increases, an increase in the energy becomesmail to: denisovd@fnal.gov or keller@fnal.gov.

more important than an increase in luminosity and of course at

the limit of that argument "no increase in luminosity can com-

pensate for center of mass energy below the treshold for new

phenomena” (cf. EHLQ).

The advantages gfp collisions overpp collisions is limited
to the production of heavy objects through a quark—antiquark
initial state. The question here is wether or not the large lumi-
nosity required can be achieved for gheoption.

The physics studies can be separated in two groups. The first
was centered around production models, comparingeiduehr of
different colliders for the discovery of new particles. The sec-
ond considered different scenarios of physics beyond the Stan-
dard Model that have a chance to reveal themselves over the
next decade (before a VLHC) and studied their implications for
a VLHC. For future studies, we think that it will be more inter-
esting to concentrate on the second group.

VLHC detectors seem feasible using known technologies.
There are many challenges, like keeping the total number of
tracks per crossing down to a manageable level, measuring
multi-TeV muons and finding materials that can sustain the
large radiation doses (possibly up to Trad in the forward region).
Considering the projected cost of LHC detectors, it is clear that
detectors should not be ignored in the overall cost of the project.
If the cost of the VLHC detectors stays at the same level than for
the LHC, there is even an optimization to do: an increase in the
accelerator energy increases its cost, but allows to decrease the
luminosity (for fixed physics goal(s)) and therefore more than
likely to decrease the cost of the detectors.

The effort started at this workshop will continue. Since the
workshop we had a few meetind_é [8] and a first workhop specif-
ically adressing the physics and detector issues associated with
a \Very Large Hadron Collider will be held at Fermilab on March
13-1519971[9].
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