FINAL SUBATOMIC PHYSICS

20 Apr 2016

For this exam you are allowed to use your book {Subatomic Physics by Henley and Garcia},
the lecture notes and a simple calculator. Other materials are not allowed.

Start the solution of each exercise on a different sheet of paper.

You may use natural units (e = =G = kg = 1).

Remember: ¢ == 3. 10% m/s and #i = 6.6 - 1071% eV/s,

Exercise 1: Energy loss of heavy quarks

Heavy quarks can lose energy via gluon emission (radiative energy loss), both
in vacuum and in the hot dense medium produced in heavy-ion collisions.
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Figure 1. Heavy quark radiating a gluon.

a) Let's first consider the vacuwm case, depicted in fig. 1: prove that the
angle at which the wirtual gluon is emitted is given by:
2Fw — mZc?

1
2\/ (w? ~ micY(E} ~ m3ct)

where m, and w are the mass and the energy of the virtual gluon, m, and
F; the mass and the initial energy of the quark.

cosf =

b} From more detailed QCD caleulations of gluon emission probability, it
emerges that the radiation is suppressed for |6} < m,/FE, (so-called dead
cone effect). How would you discriminate between a beauty and a charm
quark with an energy of e.g. 10 GeV?

Hint: remember that m, = 1.29 GeV/c* and my = 4.2 GeV/ %,



In the Quark Gluon Plasma (QGP) produced in heavy-ion collisions, another
important mechanism of parfon energy loss is through successive elastic col-
lisions with the quarks of the QGP (collisional energy loss). The interplay
between radiative and collisional energy loss leads, experimentally, to the
phenomenon of jet guenching.

¢} {optional) Do you expect a chiarm jet, i.e. originating from a charm quark,
to be suppressed more or less than a beauty jet, within the QGP?

Suppose now that the propagating parton is a charin quark, which eventually
hadronizes in a DY meson. The DY decays as:

D’ - K o+at,

d) Work in the center-of-mass frame of the DY and express the energy of the
kaon as a function of the masses of the three particles and the energy of
the pion.

¢) Explain how vou could experimentally reconstruct this particular decay
of the 1'% meson:
Dt s DVt

The lifetimes of these particles are 7p.+ = 71072 s and 7po == 4 - 10713
s. Assume to be able to discriminate a secondary decay vertex! from the
primary vertex® as long as they are spatially separated by > 50 pm, due
to limited detector resolution.

Exercise 2: Pentaquark

On 13 July 2015, the LHCD collaboration at CERN reported the observa-
tion of a resonance in the decay of bottom Lambda baryons {A]), which is
consistent with the formation of a pentagquark state. Although its existence
was predicted already in the early days of the quark model (Murray Geil-
Mann, 1964), it has been experimentally challenging to detect it, up to the
point that some physicists were conjecturing new proprieties of quarks that
prevented such combinations.

The A} is a neutral baryon containing a bottom quark; it mainly decays as:

AL s U KT .

‘the point where a secondary particle decays
¥ . - . . - -
Ithe point where the first interaction happens, i.e. where the D'V is created

f o}




The guark component of each of those particles is reported ia table helow:

A boud
Jiw i e
K- 8.1
7 Cut,d

a) Write down the following quantum mumbers of the participants: baryon
number (B), strangeness (S), isospin {f3).
Which forces are involved in this decay?

b) Knowing that the spin states (v} spin = 1S;S.)) of the participants are:

Adem = [1/2,£1/2), [J/W) 0 = 110,51) 0 [K7 ) = 10,00,

which values of orbital angular momentum (|3)_,, = |L; L.)) can the final
system (J/¥ + K~ + p) assume? Why? By definition [AD)_, = |0;0}.
Hint: remember that the COTlSCT‘T}Fd quantum number is always the total
angular momentum, J = L + S.

¢) (optional) Draw the Feynman diagram of such decay.

The pentaquark was discovered observing the invariant mass spectrum of
the J/U + p system (fig. 2). Two states were thus identified: F*(4380) and
P (4450}, with spin 3/2 and 5/2, respectively®. The widihs of the resonances
are T'(4380) = 205 MeV and T'(4450) = 39 MeV. The decay chain goes as:

Al ey K74 P ey K74 /U 4

d) Explain why a “bump” in the invariant mass spectrum of the decay prod-
ucts can be interpreted as a particle being created. What are the quantum
numbers of the pentaquark states? What are their lifetimes?

e} (optional) What do you think all the different A particles that contribute
‘to the J/W + p invariant mass spectrum are? .
N.B.: with the notation A, one indicates that the qurm’. flavor contmf 18
fired to the one of the Ag. I'n which quantum numbers can they differ from
the latter?

= « 0 . 2]
dthe number in parentheses reler to the mass, in MeV/e?
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Figure 2: J/¥ -+ p invariant wmass spectrum. The total fit (red poinis) is
the sum of the components listed in the legend. The contribution of the
pentaquarks are shown by hatched histograms.

Consider now the decay of a A} through the pentaquark ground state (£27(4380)),
so that the final system (K~ -+ J/W +p) will have S = 2 and L = 1. Assume
the A? to be polarized: [AD)_ . == |1/2;+1/2).

spin

£) IEP(|J/¥) 0 = 19;5:)) is the probability of finding the J/\¥ in the spin
state |97 5;), compute the ratios:

P(lJ/T)

P(

spin '1; +1>} P("]/‘p)spin = 11; ml))
Jf‘II}SPiH = liﬂ 0)) ’ P(l'j/‘l’}spin = E19>) -

Hint: use the Clebsch-Gordan coefficients given in fig. 3.

g} Along the same lines, compute the ratio hetween the probability that
the spins of A} and p are aligned and the probability that they are anti-
aligned.
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