M2 NPAC Academic year 2022-2023

Final exam of Particle Physics
Monday February 6 2023

Duration: 3 hours
8 printed pages

Allowed material: PDG booklet, simple calculator.
Solve on two separate sheets exercise I-II and exercises III-IV.

Approximate duration per exercise:
Ex. L 20 min. Ex. II: 70 min.
Ex. III: 20 min. Ex. IV: 70 min.

Exercise 1
Short questions on the lectures and general understanding

Reply shortly and succinctly to the questions below. The shortest answer that details in a
comprehensive manner all the relevant arguments is the best.

1. Explain the role of the BEH mechanism in the Standard Model: why is it introduced (the
issues to solve and the way they are solved)? Do we have any experimental proof that this
mathematical conception is actually realised?

2. Using the relations in the appendix, show that the spinor u transforms by the parity operator
into u' = y%u, and that @’ = u'. Explain.

3. In the context of QCD and hadron collisions, define and explain what is an infrared-safe
observable. Give an example and a counter-example of such an observable, along with a
short explanation.

4. An observable that drew much attention from particle physicists recently is the ratio

(Bt — Ktutu™)

Ry —
K7 T(B+ = Ktete)

measured in intervals of the invariant mass of the dilepton (u*pu~ or eTe™) system. What is
the approximate expected value for this observable in the standard model? Use qualitative
arguments to explain your answer. Why is this observable interesting to measure?



Exercise 11
Z production at ete™ colliders

In this exercise, we consider the interaction e"et — ff, where f is a fermion, at LEP or SLC.
LEP and SLC were e~ et colliders, SLC had in addition the capability of polarizing the electron
beam. We consider the energy /s = 91.2 GeV and as a consequence we neglect the EM
interaction.

e? = dra a=1/128 (1)
s2 =sin?60, = 0.23 my = 91.2 GeV
The couplings of the Z boson to fermions are given by:

f:. € ]'X_ : 26 2
Ix Zcos@wsinéwx(f3 @y sin w)’ (2)

with X € [L, R]. The Feynman rules are given in the appendix. We will note Px the projector
on the chirality X.

1. Z boson partial and total widths

(a) What are the values of [ fg( ., Qy, for the following particles: vy, py, cx, bx for
X € [L,R].

(b) Draw the Feynman diagram for the decay Z — f _f and the corresponding matrix
element. We note p and p’ the 4-momenta of f and f, respectively.
(c) In the SM, what are the values of I'(Z — frf1) and I'(Z — frfr)? Justify.

(d) We quote T = I'(Z — fifr) and T = T(Z — frfs). We remind you that for a
two-body decay:
BT 1) = M7 > [P ®)
as? ©327m2m ‘

We quote Ax = u(p)y* Px v(p')e (Z) for X € [L, R] and we remind you that | AL|* =
| Ag|*> = 2m%. Compute the value of T' and T} as a function of my, gk (justify any
approximation if need be).

(e) Compute the numerical value of I'(Z — v.7). Quid of the other neutrino families?
Compare this result to the PDG value: I'(Z — invisible) = 499.0 £+ 1.5 MeV.

(f) We define the fermion left-right asymmetry as:

_ -1

= ———=. (4)
I + 17

Ay

Define Ay as a function for gf. Explicit your result as a function of e, Oy, Iz{ =17 f§
and Q.

(g) Find the numerical value of A..



2. Z boson production

The SLC collider had a polarized electron beam. The polarization is defined as:

Nt —N_

Pe= o —— >
Nf+NZ

(5)

with NY (N_) the number of electrons with a positive (negative) helicity.

(a) Draw the Feynman diagram for the process e"e™ — Z* — ff. Write the corresponding
matrix element as a function g5 and g{:.

(b) Define a potential connection between helicity and the chirality for fermions at play in
this reaction.

(c) We note
o dofy; =do(e e}, — fo,R)’ dofpp =do(ege — fRf_;L),
o do'p; =do(egpe; — frfr), do’pr =do(egpef — frfL)-
What is the value of do/ = do(ejet — ff) as a function for the aforementioned
do’xy 7 Same question for do/ g = do(eze™ — ff).

(d) With a polarized beam, the cross section is given by:

doy _ do(eme™ = ff) 3 9
pp— Toosd =3 91 [(1+ cos®0)(1 — PeAe) +2 cos (A, — P.)Ay] 56)

with A., A; defined in Eq. (4), and ajoc the total cross section for fermion f in the case
of an unpolarized beam, P, = 0.

Which value of P, would you need to measure aj; (justify without any computation)?
Same question for ai.

Demonstrate that the total cross section o; from Eq. 6 is not sensitive to Ay.
Propose a method that would allow to measure A (even if P, = 0).
Compute the total cross sections o, for P, = +|P.|.

Propose an asymmetry to determine A, and compute this asymmetry as a function of

A. and |Pe|.
(i) The number of Z bosons collected with P, = +|P.| (resp. P. = —|Pe|) was 234748

(resp. 291775), while the average polarisation was |P,| = 71.5 %. What is the numerical
value of A.?

(j) The LEP collider produced about 18 million Z bosons. Despite having a sample 36
times larger than SLC, the precision on A. is identical for both colliders. Find the
main reason (hint: you can think about the size of the sample used in the method you
proposed in question 2.f).

Change sheet here



Exercice 111
Allowed and forbidden processes, Feynman diagrams

For each of the processes below, determine whether it is allowed or forbidden in the standard
model. For the forbidden processes, explain why they are forbidden, giving all the possible rea-
sons (here we do not require to take into account multiplicative quantum numbers and angular
momentum). For the allowed processes, specify and justify by which dominant interaction they
occur and draw the corresponding Feynman diagrams (one per process). Give all the relevant
arguments you find to justify the interaction, and, when applicable, name the topology of the
Feynman diagram. Note on the diagram the names of all real and virtual particles. When rel-
evant, indicate near the vertex the CKM matrix elements that contribute and give their orders
of magnitude in terms of A = sinf. (0. is the Cabibbo angle). Then, give the total order of
magnitude of the diagram in terms of A. In the case of Penguin or box diagrams, do this for the
dominant intermediate quarks. In general, tree processes are favoured compared to penguin or
box processes. We will thus try to privilege tree diagrams when several topologies are possible.
Also, if possible, we will try to privilege colour allowed to colour suppressed diagrams.

1. 27 = =7° 2. 27 = An~
3. ete” — ppn 4. B- w1t 110,
5. mtn — A)B* 6. B — Krtr-

Exercice IV
B meson decays into KOK+T K~

This exercise will study a few aspects of B meson decays into three kaons. We will look
in particular into the mode B® — KYK+TK~, with special attention to the resonant mode
BY - ¢K? (¢p — KTK™), where the K™K~ pair originates from the decay of a ¢(1020) meson,
denoted ¢.

Parts 1-4 below are independent.

1. Kinematics
We consider the decay of a particle of mass M into three particles of masses m, msy and
mg, with momentum-energy 4-vectors Py, P, and Pj, respectively. The spins of all these
particles are 0. The dynamics of such processes is often represented in a Dalitz plot: the
plane of square invariant masses mi,, mas, where m?; = (P; 4+ P;)*>. A generic Dalitz plot
is shown in Figure 1-left, and the distribution of B® — KYK K~ over the Dalitz plot, as
observed by the BABAR experiment, is shown in Figure 1-right.

(a) Show that, in the considered three-body decay, two degrees of freedom are needed to
describe the final state.

(b) Show that the global maximum of msg is M —m;. What is the corresponding kinematic
configuration of the three final-state particles?

(¢) Show that the global minimum of mos is ms+m3. What is the corresponding kinematic
configuration of the three final-state particles?

(d) In Figure 1-right, there is a cluster of events on the left of the Dalitz-plot. Suggest an
explanation for this.
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Figure 1: (Left) A Dalitz plot describing a decay of a particle of mass M into three particles
of masses my, my and ms. The shaded area shows the kinematically-allowed region. (Right)
Dalitz-plot distribution of B — KYK ™K~ decays, obtained by the BABAR experiment [PRD
85, 112010 (2012)].

2. Study of the ¢-meson decays

The ¢ meson is a pure s35 state, decaying predominantly into either K*K~ or K°K° via
strong interaction.

a) Briefly explain why the quark content of the ¢ meson is not compatible with the hy-
q p y
pothesis that SU(3)-flavour is an exact symmetry.

(b) Using the PDG, give the two branching fractions of ¢ — K+*K~ and ¢ — K°K? (given
as ¢ — KYKY). Compare them to the branching fraction of the decay ¢ — 77~. What
is the explanation for the difference?” What is the role of isospin in this difference?

3. Angular distribution of the decay products in the process ¢ — KTK~

We define the z axis as the flight axis of the ¢ meson in the laboratory frame, and the 2’ axis
as the flight direction of the KT in the centre of mass of the ¢ meson. The angle between
the two axes is denoted 6.

(a) Obtain the angular distribution of the decay products as a function of 6, when the spin
of the ¢ meson is aligned with the z axis.

(b) Using a simple argument, justify the values obtained at §# = 0, § = 180°.

4. CP violation in B — ¢K? (with ¢ — KTK~) decays
The time-dependent CP asymmetry is written

[(B° = ¢K3) —T(B® = ¢K)

Acp(At) = —= = Ssin(AmyAt) — C cos(AmgAt) ,
) = T B0 s gky) 1 D(BY o gk 0 oAmad = Ceos(Bmad)
with
 23m\ 1 o a Aoy
1L+ |AP)2 7 14 APz 7 pA¢Kg '



(a)

(b)

Remind what is the physical meaning of the parameters Amg, ¢ and p. What are A KO

Which types of CP violation can be studied using the decay B® — ¢ K9 ? Explain.

We will now, step by step, study the expression of A”. The Wolfenstein parameterisations
of the CKM matrix at O(A%) and O(A\°) (where \ is the sine of the Cabibbo angle) are
given in the appendix, as well as the expression of the matrix in term of angles of unitarity
triangles (CKM angles) at O(\?).

()

briefly justify the fact that % — YYid and obtain its expression at O(\*) as a function

o VeV’
of the CKM angle /.

The ratio of amplitudes may be written as

Asry — CP Ayro Ves Vi
Apry 5 Ago VirVia

(7)

Obtain 7%, the CP eigenvalue of the final state $K? in the decay under scrutiny,

K’
using the approximation that the K? is a CP eigenstate with CP = 1.
Besides nggg, explain the factorisation of the rest of the expression of Eq (7) in two

parts, and the source of the term VeoVeu, Drawing a Feynman diagram may be useful.

Vc)gvcd
Obtain this term at O(A%).
Draw the Feynman diagrams (gluonic penguins) of B® — ¢K° and B — ¢K°.

A0 ¢ Eq. (7), at O(A*) as a function of one

Use these diagrams to obtain the term —
¢KO

of the CKM angles. Justify.

Finally, obtain the expressions of A", S and C.

Which CKM angles are measured by studying the time-dependent CP asymmetry in
B — ¢K? decays? Explain.

This mode is known to provide a clean measurement of the CKM angle 8. Comment

on this statement, also in light of your answer to the last question.

The time-dependent CP asymmetry may be used to probe the existence of particles
and interactions beyond the standard model (new physics). Explain qualitatively why
and how.



Appendix

QED Feynman rules and couplings of the Z and Higgs bosons. s denotes the (anti-)fermion

. o e . . . —~5 5
spin and A the photon helicities. Px are the chirality projectors (P = 1777 Pr = HT7)
Incoming fermion: ——— — u-(p, s)
Incoming antifermion: — - — v (P, 8)
Outgoing fermion: —— — u (p,s)
Outgoing antifermion: —— — v (p,s)
Incoming/Outgoing scalar :  --ccooooooo-- — 1
Incoming vector boson : [t A~~~ — eu(l?7 A)
Outgoing vector boson : o~ [ — 6“(]57 A)*
f
_______ Z_ R - e Ifx_Q in20 Pk
lcosé’wsinGw X ( 3 ssm w) X Exy



Useful relations regarding the v matrices, spinors and the Dirac equation

{2} = 29"

VP = inOry 2P
{7} =0

¥ ="pu

u = uwo
(p—m)u=0
u(y —m) =

The Wolfenstein parameterisation of the CKM matrix at orders A* and \°

1— 12 A AX3(p —in)
VoM = - 1-1x2 AN + 0\
AN (1 —p—in) —AN? 1
— 1 0 0
Vorm = Vi + | 342X (1 —2(p+1in))  —ix* (14442 0 + O(\%)
AN (p +in) sAN (1 =2(p+1n)) —3A%2\*

|Vaad| Vus| — [Viple™
Ve = | Vel IVl Val | +0(N)
Viale™  —|Visle  |Va|



