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Exercise 1: The rare decay B; — u*u~ — Part I (8 Points)

Introductory remarks
The quark level transition b — su™ ™ is a very important test of the Standard Model and
is responsible for the following processes

* B— X,u"u~ (inclusive semileptonic decay),
e B— f(*);ﬁ u~ (exclusive semileptonic decay),
* B;— u*u~ (leptonic decay).

Sheet 8 will investigate the process Bs — u*p~ in more detail. The Standard Model pre-
diction for the branching ratio of this decay is (arxiv/1311.0903)

BMB,— utp)=(3.65+0.23) - 1077, (1.1)

i.e. of about 3-108 produced B; mesons, statistically only one decays into a pair of muons.
The decay rate may be different, if physics beyond the Standard Model (BSM) exists and
contributes to the quark level transition.

On the experimental side the decay was first seen in a combined analysis of CMS and
LHCb data (arxiv/1411.4413), updated in (arxiv/1703.05747) and the current world av-
erage can be found in the PD

BP(By—putp”)=(3.0+0.4)-107°, (1.2)

in agreement with the prediction in the Standard Model. Note that in the common PDG
convention a B; meson is a bound state containing a b quark and an anti s quark. A B
meson is then a bound state formed by an anti b and an s quark.

Exercises

(a) The decay Bs; — u*u~ corresponds to an annihilation of a b quark with an anti s
quark, plus the creation of a u*u~-pair. The first process is described by a ma-
trix element (O[y ,I'w;|Bs(p)). Here p denotes the four-momentum of the B me-
son and I' a matrix contained in the space spanned by the Dirac structures I', =
{1, ys, Y*, Y*ys, 0#V}. The Fourier decompositions of vy, ¥} are the same as the
ones in Egs. (2.5) and (2.6) on sheet 4, but the creation and annihilation opera-
tors additionally carry the flavor indices b, s for the b and s quark, respectively.

Why does (0|y I'wp|Bs(p)) vanish and how should a matrix element for the anni-
hilation of a B; meson look like?

(b) We now try to decompose the matrix element in (a) (0[w ,I'y,|Bs(p)) into lorentz
invariants. p* is the only available four-vector. The so called decay constant fp_of

IParticle data group - very important reference for phenomenologists, contains all particle properties.
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the By is defined as the constant of proportionality for the axial-vector compontent,

ie.

Oy sy ysy|Bs(p)) = —i fz, pt. (1.3)
Why does the same matrix element with the vector current (0| ,y*v,|Bs(p)) van-
ish?

HINT: Use that the strong interaction, responsible for the bound state, conserves
parity, and B; mesons are pseudo scalar particles.

(c) Why does (0 ,y*y"w|Bs(p)) vanish?

Exercise 2: The rare decay B; — u*u~ — Part II (12 Points)

Introductory remarks
The quark transition b — su™ u~ is described at low energies by an interaction lagrangian
density of the form

gllrjé = GF CA Wﬁ’u(l _YS)Wb] X [a;ﬂ’;ﬁ’swu] + h.c. (21)

Here, the value of the effective coupling constant C, follows from loop calculations in
the Standard Model and is given by

2
SM * Aem(my) r
Cy" =1V Vipl 5 YSM( ) ) (2.2)
s V8msin? Oy mIZ/v
with Ysm(m2/m3,) = 1.044 and depm(mw) = 1/128. All other constants are given in the
table on the next page.
Exercises

(a) Calculate the decay amplitude of the decay Bs — u*u~
o (Bs — pu ) =it I,y yswul0) - O oy* (1= ys)wpl B) . (2.3)

Use the definition of the decay constant from the first exercise! Why do the two
currents factorize as given in Eq. (2.3)?

(b) Show that after summing the muon spins the decay rate is given by

G2 f2 mp, m? am?
- — FJBg s
I(Bs—ptyu)= > El1- m2”|cA|2. (2.4)
B,

(c) Plot the decay rate versus the muon mass in a range of my, € [0, 3] GeV. Discuss the
plot and calculate the values for the electron mass m, and the tau mass m;.

(d) NEW PHYSICS can contribute to the decay by altering the value of the effective
coupling constant C4 = C3M + CIP. Use whatever you find on this sheet to give an
upper bound for additional contributions, i.e. calculate:

|CI\P|
2 2.5
oM (2.5)
HINTS:
For the decay rate we find in the PDG:
K1l 2
T(A—BiB)=—— } || (2.6)
Ty spins



More information for sheet 8:

constant value explanation
Gr 1.166364-107°GeV 2 fermi coupling constant
h 6.58211899-10"22MeV s | reduced Planck constant
M 0.511MeV electron mass
my, 105.658MeV muon mass
me 1777MeV tau mass
1B, 231 MeV B; decay constant
mp, 5.366 GeV B, mass
sin Oy 0.23116 Weinberg angle
Vi Vil 0.0403 CKM matirx elements
T3, 142.5-107 s B; lifetime




