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1. History of Flavour Physics discoveries.
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A lesson from history - GIM mechanism

Ke

w w
® Cabibbo angle was successful at explaining dozens of . . i )
decay rates in the 1960s.
® There was one how ever that was not observed by AT s TR Vet

experiments: K° — p~pu™.
® Glashow, lliopoulos, Maiani (GIM) mechanism was
proposed in the 1970 to fix this problem. The
mechanism required the existence of the 4'* quark.
® At that point most of the people were skeptic about
that. Fortunately in 1974 the discovery of the J/i
meson silenced the skeptics.
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A lesson from history - CKM matrix
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A= 0.22: Cabibbo angle
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e Similarly CP violation was discovered in
1960s in the neutral kaons decays.

e 2 x 2 Cabbibo matrix could not allow for
any CP violation.

® For the CP violation to be possible one
needs atleast 3 x 3 unitary matrix

% Cabibbo-Kobayashi-Maskawa matrix
(1973).

e |t predicts existence of b (1977) and ¢ (1995)
quarks.
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Results published in
Physical Review Letters
August 1, 1977




A lesson from history - Weak neutral current

e First the weak neutral currents were
introduced in 1958 by Buldman.

e Later on they were naturally build in
unification of weak and electromagnetic
interactions.

® 't Hooft proved that the GWS models was
renormalizable.

e Everything was there in theory side, only
missing piece was the experiment, till 1973.
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Modern challenges: loops come in to the game

e Standard Model contributions
suppressed or absent:

10°, 3

107" 3

o Flavour Changing Neutral
Currents.

o CP violation

o Lepton Flavour/Number or
Lepton Universality violation.

90% C.L. upper limits for LFV < decays

e In general can probe physics
beyond GPD reach.
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Recent measurements

= Branching fractions:

B%* — K%, LHCb, Mar 14
BY — K*u~pt  CMS, Jul 15

BY — ¢p~pt  LHCb, Jun 15

B* — wtp ™ LHCb, Sep 15
A, — Ap~p™ LHCb, Mar 15
B — upt CMS+LHCDb, Jun 15

= CP asymmetry:

B* — ntp~pt  LHCb, Sep 15
= Isospin asymmetry:

B— Ku put LHCb, Mar 14
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= Lepton Universality:
BT — K*/¢/ LHCb, Jun 14

= Angular:

BY — K*(¢  LHCb, Jan 15

B* — K**/(l BaBar, Aug 15
BY — ¢l LHCb, Jun 15

A, — Ap~pt LHCb, Mar 15
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Recent measurements

= Branching fractions:

B%* — K%¥p~p* LHCb, Mar 14 = Lepton Universality:

BY — K*u~pt CMS, Jul 15 BY — K*(7 LHCb, Jun 14
BY — ¢u~pt  LHCb, Jun 15 = Angular:

B* — wtp ™ LHCb, Sep 15 BY — K*¢f  LHCb, Jan 15
A, — Ap~p™ LHCb, Mar 15 B* — K**/(l BaBar, Aug 15
B — p "t CMS+LHCb, Jun 15 BY — ¢f¢  LHCb, Jun 15
= CP asymmetry: A, — Ap~p™ LHCb, Mar 15

B* — ntp~pt  LHCb, Sep 15
= Isospin asymmetry: > 2 o deviations from SM

B — Ku~pt  LHCb, Mar 14
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B — K*u~ut, where it all begun

August 2013:
o o,;_ LHCb ' "] e | HCb observed a
o8- Spndemn deviation in
z‘:f‘}— 4o : 4.3 — 8.68 GeV? using

1 fb~! of data.

=== = = ——_ == =
j’j: i' : e |t turned out that the
PR +_+_ _ discrepancy occurred in

-0.8F — an observable that was
not constrained.

) 5 10 15 20
g2 [GeVcY]
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B — K*u~ut, where it all begun
August 2013:

)
o

0.8
0.6

LHCb

SM Predictions.

e | HCb observed a
deviation in
4.3 — 8.68 GeV? using
1 b~ of data.

e |t turned out that the
discrepancy occurred in
an observable that was
not constrained.

Now let's move back and see the theory behind the BY — K*u~pu*

and P;.
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Tools in rare BY decays

e Operator Product Expansion and Effective Field Theory

i=1,2
i=3-6,8
i=7

4G

7a%6
V2

Ci(w)Oi(p) + C{()Oi(w) | ,

left-handed

Hepp =~

right-handed

Tree

Gluon penguin
Photon penguin
EW penguin
Scalar penguin

Pseudoscalar penguin

where C; are the Wilson coefficients and O; are the corresponding

effective operators.
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B’ — K*u~p* kinematics

= The kinematics of B — K*u~uT decays is described in three
angles 0;, 0, ¢ and invariant mass of the dimuon system (¢?).

= cos 0 the angle between the
direction of the kaon in the K*
(K*) rest frame and the direction
of the K* (K*) in the B° (BY) rest

frame.

= cos 0;: the angle between the @ e
direction of the p~ (™) in the . >t .
dimuon rest frame and the e .

direction of the dimuon in the BY
(BY) rest frame.

= ¢: the angle between the plane
containing the 1~ and u* and the
plane containing the kaon and pion (©) 6 detition or the gl
from the K*.
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B’ — K*u~p* kinematics

= The kinematics of B — K*u~u* decays is described in three
angles 0;, 0y, ¢ and invariant mass of the dimuon system (¢?).

d4—l" = i Jlssin2 6K+chcos2 O + (Jas sin? 9K+J2C6052 05 ) cos20;
dq? dcos 0 ¢ dcos 0; do 327

+Js sin? O sin? 0; cos 2¢ + J4 sin 20 i sin 20; cos ¢ + J5 sin 20 k¢ sin 6 cos ¢
1 1

+(J6s sin? 0 + Jee cos? Op) cos 0 + J7 sin 20 i sin 6; sin ¢ 4+ Jg sin 20 i¢ sin 26; sin ¢
1 1

+Jg sin? 0K sin? 6; sin 2¢:| 5 0

= This is the most general expression of this kind of decays.
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Transversity amplitudes

= One can link the angular observables to transversity amplitudes

(2+87) am3
e = — [lAL 2 +14f 2 41472 +14f17] + qzz Re (4Tl +afaf™),
L2 Rz Am} 2 L 4R* 2 2
Je = 1AGP AT+ 5t [l4e® +2Re(ag AT + 07 14517,
ﬂZ
Jas = = [1AR1P +1af 17 414D 4147 e = =67 [1A§ 17 +14517]
L oor L2 L2 R 2 R|2 1 oo L L* R ,R*
Jo = a7 [1aR1? - 1Al P 1A P - 1af1?] . g = 287 [Re(af AT + AT Al ],
2 V2
* m . *
Js = V38, [Re(AgA’l* - AR AR") - T Re(al ag + AT As)],
e
me
Jos = 2Bs [Re(A‘I“Aﬁ* — AltaR” ] , Joe = 48, Re(Ab AL + Al Ag),
q2
m
Jr = V3B, [Im(Aé’Aﬁ‘*fAORAﬁ*)wL < Im(AIj_Ag—AE*AS))],
Ve
1
A= \/—555 [tm(afal ™ +afal")] Jo = 87 [maf Al + A aAD)] . @
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Link to effective operators

= So here is where the magic happens. At leading order the amplitudes
can be written as:

21
AR = aNmp(1 -8 [(cs“ +¢5) F (Cro + o) + 2 (€5 ¢ cs“’ﬁ €1 (Bg)
APt = VANmp(1 - 9) [(cs“ C5™) F (Cro — Clo) + ot c5 — cs“’)} €1 (Bex)
3
Nmp(1l — §)?
abr o _NmeU-97 [(cs“ 5™ F (Cro — Cho) + 2y (S — cs“ﬁ] € (Bxe), @
2 e x V3

where § = ¢>/m%, 1h; = m;/mp. The €|, are the form factors.
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Link to effective operators

= So here is where the magic happens. At leading order the amplitudes
can be written as:

AR = VaNmp(1-8) [(cs“ +¢cg™) F (Cro+Clp) + —(ci“ + c:“’ﬂ €1 (Bgx)
APt = VANmp(1 - 9) [(cs“ C§) F (Cro — Clo) + T (c5 c:“’)} €L (Bgc)
3
Nmp(1-=382[ . . . e
Al = B TR e - ety (Cro - Ch) + 20y (G5 — 2 | g (Bxe), O
2mK>«\/g

where § = ¢>/m%, 1h; = m;/mp. The €|, are the form factors.
= Now we can construct observables that cancel the £ form factors at

leading order:

Pgﬁ _ Js + J5 @)

24/ —(J§ + J)(J§ + J3)
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LHCb detector - tracking

L~ 7mmSV
Py Bl.-s

IR"‘.A"

e Excellent Impact Parameter (IP) resolution (20 pm).
= |dentify secondary vertices from heavy flavour decays

e Proper time resolution ~ 40 fs.
= Good separation of primary and secondary vertices.

e Excellent momentum (dp/p ~ 0.4 — 0.6%) and inv. mass resolution.
= Low combinatorial background.
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LHCb detector - particle identification

o

°

g

°

ECar, HCAL =3

SPD/PS c

<

Magnet RICH2 >
3 2
<

2

]

2

S

10°
Momentum (GeVi/c)

e Excellent Muon identification €, ., ~ 97%, €z, ~ 1 — 3%
¢ Good K — 7 separation via RICH detectors, ex i ~ 95%,
exrmi ~ 5%.
= Reject peaking backgrounds.
e High trigger efficiencies, low momentum thresholds. Muons:
pr > 1.76GeV at LO, pr > 1.0GeV at HLT1,
B — J/pX: Trigger ~ 90%.
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LHCb update of the B" — K*p~ ™, Selection

20 E i '
LHCb_
preliminary

e PID, kinematics and isolation
variables used in a Boosted
Decision Tree (BDT) to
discriminate signal and
background.

- L

* Reject the regions of J/i) and el
w(QS ) ' ' U K e 1Gevie]

e Specific vetos for backgrounds: epere
Ay — pK i, B) — pup, etc.

e Using k-Fold technique and
signal proxy B — J/iK* for
training the BDT.

* Improved selection allowed for
finer binning than the 1fb~!
analysis.

apply to J
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LHCb update of the B" — K*p~ ™, Selection

e Signal modelled by a sum of two Crystal-Ball functions.

e Shape is defined using B — J/i/K* and corrected for ¢*
dependency.

e Combinatorial background modelled by exponent.

(E LHCb
2 B — K uu 1
= 60 A, =K ; By —outus; ]
e K system: o o P B
o Rel. Breit Wigner for P-wave 2 400 reduced to <2% of signal ]
12 [treated as syst]
o Lass model for the S-wave. B 0
o Linear model for background.
0

5200 5400
m(K*mw utu’) [MeV/c?]

e In total we found 2398 + 57 candidates in the 0.1 — 19 GeV?
q? region.

5600

e 624 £ 30 candidates in the theoretically the most interesting
1.1 — 6.0 GeV? region.

Marcin Chrzaszcz (Universitét Zirich)
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Detector acceptance

e Detector distorts our angular
distribution.

o We need to model this effect.

e 4D function is used:

e(cos by, cos Oy, b, ¢°) =
> Pi(cos 0;) Pj(cos 6) Pe () Pi(¢?),
ijikl
where P; is the Legendre polynomial of
order 1.
o We use up to 4" 5th 6th 5th
the cos 8}, cos Oy, ¢, ¢>.

order for
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Efficiency

Efficiency

0.5 f

{ simulation

/
.5

[0.1,1.0] GeVa/ch ™ |
[18.0, 19.0] Gev2/c*

[ LHCb
[ simulation
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Control channel

e We tested our unfolding procedure on B — J/i K*.

e The result is in perfect agreement with other experiments and our
different analysis of this decay.

o T T Q T T
< LHCb S LHCb
E o preliminary | E’O preliminary
o )
w o
P
Z 100 2
ERU g
2 g
m 20000
10%

5400 5600 . . 09 0.95
m(K* 7wt w) [MeV/e?) mK*7") [GeV/c?]

Events / 0.02
Events / 0.02
™
g

E
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Results in BtoK* 1.

LHCb
preliminary

SM from DHMV

o

L L 1|5 L L L
o? [GeVH Y]

e Tension with 3 fb~! gets confirmed!

e The two bins deviate both in 2.8 ¢ form SM prediction.

e Result compatible with previous result.

Marcin Chrzaszcz (Universitat Zirich)
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Branching fraction measurements of BY — ¢puu

o.—t\)w-l;uxoxxloc\o

E_ —+—— -SM rel;l‘
E wide) 3
E \SM 6D 3

+Dala (wide; )—E

dB(B?—gup)/dg? [10°Ge V34

Recent LHCb measurement [JHEPP09 (2015) 179].
Suppressed by 4.

Cleaner because of narrow ¢ resonance.
3.3 o deviation in SM in the 1 — 6GeV? bin.
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Branching fraction measurements of BY — ¢puu

o.—t\)w-l;uxoxxloc\o

E_ —+—— -SM rel;l‘
E wide) 3
E \SM 6D 3

+Dala (wide; )—E

dB(B?—gup)/dg? [10°Ge V34

Recent LHCb measurement [JHEPP09 (2015) 179].
Suppressed by 4.

Cleaner because of narrow ¢ resonance.
3.3 o deviation in SM in the 1 — 6GeV? bin.
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Branching fraction measurements of Ay, — Auu

1.8 T T T T T T T T
1.6
1.4
12
1
0.8

SM prediction

*~ Data

1 R LHCb
1I5 2|0
g [GeV?¥ 4]

dB(A, — A p )/ dg? [107(GeV ety

o o 29
S SER-N

cobon o b b b b b b

=] IIII
w
—_
(=}

Recent LHCb measurement [JHEPP09 (2015) 179].
Suppressed by e

Cleaner because of narrow ¢ resonance.
3.3 o deviation in SM in the 1 — 6GeV? bin.
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Backup
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