PHASM(G)442/2016 Model Answer§™ ™™

1. (a) [Unseen].
BT decay

u
b

¢ for D°, u for n°

v(,’
(4]
(b) [Covered in lectures but unseen for this particular example].
For quark vertices:
—i 2LV (1= 9°), or V.
(1 mark for getting the complex conjugate, V;(V.}) right). (3]
For lepton vertex:
—i %5 (1 —7°) g
(Missing % factors and the "minus” sign will not lose marks.)
(¢) [Unseen)].
Using the definition Prv = 1 (1 —~%) v = vg we have
1
177“5 (1 — 75) v = vytug
Also, v = v, + vg. Therefore we need to evaluate vy, y*vr and vy vg. [2]
For vyy*vgr we have:
1 1 1
T P B 5\ A0 p " Y _ = tA0 AP A ) _
vyfor = 2(1+7)v7 2(1 v)v—4v7 (1 7)7 (1 v)v—
= 1@7“ (1 +75) (1 - 75) v = 1177“ (1 - (75>2> v=20
4 4
where we used (75)2 = 1. (3]
Similar arguments lead to:
1 2
5oty ma _ AP
URY"VR = U7 (1 fy) v#0
Therefore,
1
177’”5 (1 - 75) v = vy vp

as required. [1]
The significance of this result is that it shows that only right chiral anti-
particle states participate in the weak interaction. [1]
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(d) [Unseen)].

Most convenient to use natural units. From the Fermi Golden Rule:
I = |My|* x PS

where My; is the matrix element of the process and PS is the phase space.
The energy scale of a decay is low compared the mass of the exchanged boson,
Myy. Therefore ¢* < M3, and My; o< g*/Mj,, where g is a dimensionless
coupling constant. Hence, |M;|* oc g* My o< [E]

[ has units of [E] and so PS must have units of [E]°. Since the relevant
energy scale is the mass of the B-meson, Mp, we have I' oc M3.
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[Part marks]

(a) [Covered in lectures].
The spin-averaged matrix element is obtained by averaging over the initial
spin states and summing over the final spin states:

1
(|Mpl") = 1 (IMgal® + [Mpr|® + [Myg|” + My *) =
1
=" (2 (14 cos6)® +2(1 — cos 6)2) =t (1 + cos® 9) = (47a)” (1 + cos® 9)
4
(3]
(b) [Unseen)].
We will work in the centre-of-mass frame and use the notation from the dia-
gram below:
p3_v
e~ P R 1/6<1; e+
whe
At /s = 30GeV we can neglect the electron and muon masses. Hence,
P1 = (E,0,0,E) P2 = (E,0,0,—E)
ps = (F,FEsind,0,Ecosf) py=(F,—Fsind,0,—F cosf)
giving,
prop2=2E% py-ps=E*(1—cos); pi-ps=E*(1+cosf);
(2]
Therefore we can write:
2 2
2 (p1-p3)” + (p1-pa)
(M) = 2¢* 2
(p1 - p2)
(2]
Using the definitions s = (p; + p2)?, t = (p1 — p3)?, u = (p1 — ps)?, and
neglecting the fermion masses, i.e. p? & 0, we can write:
2 4 u?
(|Myi|*) = 2¢* ( 2 )
(1]



(c¢) [Covered in lectures].
From the calculations in (a) the cross-section dependence on cos 6 should look
as follows:

My >+ | Mig|*  |Mgg|* + My
A

v

-1 cosf +1

In reality the distribution is slightly asymmetric due to contribution of higher
order QED and Z exchange.

(d) [Unseen)].
The QED calculation of the e™e™ annihilation to muons and quarks is the
same giving the total cross-section expression o = %—?2 2 where @ is the
electric charge of the final state particles. The difference between the cross-
sections with muons and hadrons in the final state comes from quark electric
charges and three possible colour charges. Therefore:

' -s3% 0

o(ete™ — hadrons

R:
o(ete” = ptp~)

At the centre-of-mass energy /s = 30 GeV all quark pairs can be produced
apart from the top quark, i.e. uu,dd, ss, c¢, bb. Hence,

4 1 1 4 1)__11
3

R:3X<9+9+9+9+9

(e) [Involves synthesising few ideas given in lectures].

The main components of a typical collider detector are pixel detector, tracker,
electromagnetic and hadronic calorimeters, muon chambers. Muons will leave
tracks in all of the detector subsystems and hadrons will not go beyond the
hadron calorimeter.

Hadrons will produce showers of secondary particles with characteristic lateral
and longitudinal profiles. Muons only lose energy by ionisation and are the
most penetrating charged particles. They will produce straight long tracks
and, unlike hadrons, will get to the outermost muon detectors.

(f) [Briefly discussed in lectures].
Hadrons containing b-quarks live sufficiently long to travel a few mm before
decaying. The decay products of the b-quark can emerge at a relatively large
angle to the original b-quark direction creating a displaced secondary vertex.
Jets from b-quarks can be identified by resolving the secondary and primary
vertices using high precision silicon microvertex detectors.
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3.

[Part marks]

(a) [Unseen)].

The hermitian conjugate of u 4 is:

= ViE (o (22)") = ViETem (G (85))

Up
since (G- )" = (& - p) (Helicity is observable/hermitian). [1]
s =B (s (55)) (253, ) -
(E-l—m) XA
7 p)?
=(F
(E +m) (XAXA+XAXA < E+m) >>
Using formulae given in the cover sheet we have:
(@-p)° = (p- D) +1i6 - (0 x p) =1’
and therefore
(@-p*  p*  E*-m* E-m
(E+m)?2 (E+m)2 (E+m)?2 E+m
. (3]
Finally, given that XEXA = ( 10 ) ( 0 > = 1 we have
E—m
fua = (E <1 ) = 2F
uhusa=(E+m)(1+ om
(1]
Normalisation is proportional to energy to take into account relativistic con-
traction, particle density increases by v = E/m. [1]
(b) [Unseen)].
In the massless limit u, = _ X4 (omitting the normalisation). [1]
(G- D)xa
p_Y(ap O XA _L( @ pxa \ _1((F-Dxa
= N o A == - A\2 —
2\ 0 7-p )\ (G-Dxa 2\ (@-D)*xa 2 XA
since (¢ - p)* = (p)? = 1. 1]
On the other hand we have:
1'}/5UA :1 0 1 XA :1 (5'15)XA
2 2\ 1 0 (0-P)xa 2 XA
(1]

and therefore hu, = %7% A
The significance of this result is in the fact that it shows that in the massless
: (1]

limit the chirality operator, %75 , and the helicity operator, h, are the same



(¢) [Covered in lectures].

~ NN
~ N Y
NI
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| r
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(d) [Mostly covered in lectures]. o
If ) transforms as ¥ — 1€’ then 1 transforms as 1y — e~?. Looking at
each term in the Lagrangian:

i@v“@uw — i&e’ieefy’@u (weiw) = jipe 01 (ei@"auw + z’eaueei%) =
= i)y O — ey 9,00
The second term is
eAu@/_w“w — eAue_ieeg/_w“eiegib = eAug/_w“@/)
is unchanged. It is obvious that iF w ' is also unchanged. Hence, Logp —

Logp — epy"d,01 is not invariant.

(e) [Covered in lectures].
Consider a transform of the form A, — A, + 0,0.
Then:

e A" — e Ay + ey 9,00

and this cancels the gauge invariance violating term in (d).

(3]

(3]
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4.

(a)

()

[Unseen)].
The electron-neutron structure function expression can be obtained by replac-
ing the proton PDFs with neutron PDFs and using the isospin symmetry, i.e.
uP(z) = d"(x):
on 4 - 1 _ _

Fi"(z) = g |[d(x) +d(@)] + 5 [u(@) + a(x) + s(2) + 5(2)]
where the strange quark content for the nucleons is the same since it comes
from the sea.

[Unseen].
Using the expressions for Fy”(x) and F§™(x) we have:

/01 [F5P(z) — FQ‘E”(I)]daC _ ;/Ol(u(m) — d(z) + a(z) — d(z))dz

T

Writing the quark PDF's in terms of valence and sea contributions and as-
suming that the quark and anti-quark sea contributions are the same, i.e.
us(z) = u(z) and dg(z) = d(x), the expression becomes:

/01 — ; H) de = 1 /Ol(uv(x)—dv(5”)4'“5(33)—d5($)+u($)_d($))d$ -

= ;/Ol(uv(:c) — dy(z) + 2u(x) — 2d(x))dz = ; + g/ol(ﬂ(x) — d(z))dz

where we have used [j uy(z) = 2 and [ dy(z) = 1.
The measured value can therefore be interpreted as

/Ol(u(x) — d(z))dz = ‘;’ [(0.24 — 0.33) +0.03] = —0.14 £ 0.05

demonstrating that there is a deficit of @ quarks relative to d quarks in the
proton.

[Covered in lectures].

The production of the Higgs boson (and other "new” particles) comes from
collisions between partons (the Higgs production in the LHC it is dominated
by gluon-gluon fusion). The cross-section depends on partons PDFs. Un-
certainty in PDF translates directly into uncertainty in the Higgs production
cross-section.

(2]

(1]

(3]

2]
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(d) [Involves synthesising few ideas covered in lectures].
Example diagrams are below. Other suitable diagrams will be accepted.

Higgs production Higggs decay to photons

(e) [Unseen)].
Consider the Higgs decay to two photon with four-momenta, P, = (Ey,p;)
and P, = (E,, p). The Higgs invariant mass is m3 = (P, + Py)>.
Therefore,

mi:P12+P22+2P1P2:O+0+2E1E2—2E1E2COSH

since m, = 0 and E, = |p,|.
Finally,

0
m; = 2E,Ey(1 — cos ) = 4E, B, sin® <2>

(f) [Covered in lectures].
Two photons would leave no tracks in the central tracking detector.
They will deposit energy in the electromagnetic calorimeter. The resulting
shower profiles are consistent with their EM origin.
The reconstructed invariant mass is consistent with the mass of the Higgs
boson.

(3]

(1]

2]

1]

(3]



d.

(a) [Involves synthesising few ideas covered in lectures].
(No need to have coupling constants on the diagrams).

Ve Ve Ve e

gz

9z

(2]
(b) [Unseen)].
Only left-handed chiral currents participate in the CC- interaction, while both
left- and right-handed chiral currents contribute to the NC part of the inter-
action. (1]
Since the final states are the same the amplitudes of the left-handed chiral
currents for the CC and NC diagrams are added up, M + MNC. (1]
The spin-averaged matrix element for the mixed NC + CC interaction must
average over LL and LR contributions:
1 2 2
2 cc c c
(IM[ycice) = B {(MLL + My ) + (MIiVR)
(1]
Finally, using gz/mz = gw/mw and the expressions for individual matrix
elements we have:
1| (g%s g2s\’ g2s1 2
M| =[P 4,22 ) + [crZEli= (1 + cosb* =
<| |NC+CC> 2 [(m%{/ LmQZ Rm2Z2 ( )
1 9%/32 2 2 2
== (I+cp) + —cn (14 cos) }
2 my,
(2]
(c¢) [Involves synthesising few ideas covered in lectures].
v
e
0
Ve
]
The neutrino is produced in a LH chiral state and the anti-neutrino is pro-
duced in a RH chiral state. Because neutrinos are almost massless the chiral
states effectively correspond to helicity states. Therefore the decay will result
in a J = 1 final state (students can illustrate that with a diagram). This
violates conservation of angular momentum and therefore forbidden. [2]
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(d)

[Unseen)].
Using energy and momentum conservation in the pion rest frame we can write:

m.=E,+E, 0=p,+p

In terms of four-vectors:
Pﬁ = (Pu + P,,)Z

2 2 -
my =m,, + 2E,E, — 2p,.p,

since P? = m? = 0. Using the energy and momentum conservation relations

above:
m? =m? +2(m, — B,)E, +2|p, |’

T =

=m; +2m.E,

Finally,
Y E_mi—mi_1402—1062 30 MeV
YT T om, . 2.140 €

[Covered in lectures].

The CP-violating phase in the PMNS matrix is linked to the v, <+ v, oscilla-
tions via 613 mixing angle.

A long-baseline beam of v, and 7, can be established with a far detector
looking at the appearance of v, and ..

By comparing v, — v, and v, — 7, oscillation probabilities one can establish
the phenomenon of CP-violation and measure the corresponding phase.

[Covered in lectures].

The observation of neutrinoless double beta decay, Ov3p.

In order for this process to occur two conditions must be met: i) the emitted
neutrino can turn into an anti-neutrino to take part in the second inverse
p-decay; ii) the neutrino flips its helicity as it turns into an anti-neutrino.
The first condition cannot happen for Dirac particles and the second for mass-
less particles.
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