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Recent results from rare decays
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Recap of last weeks B1ie

What we have learned before:
* Neutral mesons (K,D,B,4,B,) mix and oscillate.
* Beautiful example of (fast) B, oscillations: Am=17.77 + 0.10(stat) + 0.07 (sys) ps™
* Requires good proper time resolution and tagging of B flavour at production.
* There are three types of CP violation:
* CPV in mixing
+ Small in SM (<1%), only observed so far in kaon decays
+ CPV in decay
* Often difficult to extract weak phases due to unknown strong phases and T/P
ratio.
 CPV in interference between mixing and decay
* Large effects and clean determination of weak angles possible.
+ Example: LHCb's measurement of sin(2B,)
* Measured value: 23,=0.002 + 0.087
* SM value: 23,=0.036 + 0.002
* No large phase from new physics...
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Probes for New Physics searches w)!@«

The aim of heavy flavour physics is to study B and D decays
and to look for anomalous effects beyond the Standard Model.

Requirements to look for New Physics effects:
» Should not be ruled out by existing measurements.
* Prediction from SM should be well known.

These requirements are fulfilled for these processes:
« CP violation
* Rare decays

— CP violation and rare decays of B and D hadrons
are the main focus of LHCD.

Today: Rare decays
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Introduction to rare decays B1ie

 Flavour changing neutral currents (FCNC) forbidden in SM at tree level.
» Suppressed at higher-order due to GIM mechanism
* FCNC decays good testing ground for SM.
 Corresponding decays are always rare (B-mesons < 10-°)
* New particles can appear as virtual particles in box and penguin diagrams.
* Indirect searches have a high sensitivity to effects from new particles.
» Good testing ground: b — s transitions.
» B, oscillations — box diagram
*B;— ¢y }
*Bys— u'u” » — Penguin diagrams
*By— Ku'u
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Example: Box diagrams (recap)

-

New particles could enter in the B, box diagram

(2) Vi 7 Vi B F
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Could affect both amplitude and phase:
Am = AmSM + Am NP
BS =BSSM + ZIBSNP

LHCb’s measurements:
Preliminary

Am=17.725 + 0.041(stat) + 0.025 (sys) ps™*
SM: Am=17.3 £ 2.6 ps™’

No hints (yet) for new
2B.=-0.002 £ 0.083(stat) + 0.027 (sys) ohysics in box diagrams,

SM: 2B,=0.036 £ 0.002 but still some room left.
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BUT Fnzrz arz oznguins on tnz norizog.

@© Dr David Thomas, School of Ocean Sciences, UWB
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The story about penguins

Quoting John Ellis (Wikipedia):

Mary K. [Gaillard], Dimitri [Nanopoulos] and | first got interested in what are now called penguin diagrams while we were studying CP violation in the Standard Model
in 1976... The penguin name came in 1977, as follows.

In the spring of 1977, Mike Chanowitz, Mary K and | wrote a paper on GUTs predicting the b quark mass hefore it was found. When it was found a few weeks later,
Mary K, Dimitri, Serge Rudaz and | immediately started working on its phencmenclogy. That summer, there was a student at CERN, Melissa Franklin who is now an
experimentalist at Harvard. One evening, she, |, and Serge wentto a pub, and she and | started a game of darts. We made a betthatif | lost| had to putthe word
penguin intc my next paper. She actually left the darts game before the end, and was replaced by Serge, who beat me. Nevertheless, | felt ohligated to carry outthe
conditions of the bet.

For some time, itwas not clearto me how to getthe word into this b quark paper that we were writing atthe time. Then, cne evening, after working at CERN, |
stopped on my way back to my apartment to visit some friends living in Meyrin where | smoked some illegal substance. Later, when | got back to my apartment and
continued working on cur paper, | had a sudden flash that the famous diagrams look like penguins. Sc we putthe name into cur paper, and the rest, as they say, is
history.

TEE PHENOMENOLOGY OF THEE NEXT LEFT - HANDED QUARKS

Nucl. Phys. B131:285 1977 W
"
J. Ellis, M.K. Gaillaxd *), D.V. Nanopoulcs +) znd S, Rudaz )
CERN - Geneva
W™ b ds b ds
O b
N §
g gluons
q q
(e) (f)

We now turn to the “penguin” diagrams of figs. 2e and 2f.

Don't try to beat Melissa Franklin at darfts...
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Rare decays

i

Just as in the box diagram, new particles can easily enter in the penguin diagram.
We can measure branching ratio, polarization, angular distributions.
— compare with theoretical prediction from SM (if deviation: NP)

No problem to calculate the SM Feynman diagrams
at quark level, so what is the problem?

0.5
Q)
, 0.4 |
We don't measure
the individual quarks:
we measure only sl
hadrons.
0.2
0.1}

= QCD

July 2009

s a Deep Inelastic Scattering
oe ¢'e Annihilation
o® Heavy Quarkonia

0s(Mz)=0.1184 + 0.0007

Y Q1Gev)

100

— cannot use perturbation
theory to calculate the
(soft) QCD effects
(hadronic effects)
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OPE w)!@

Theoretical approach: Operator Product Expansion + renormalization group equations

\
e N

Basic idea: E/
Energy scale of weak decays is low compared to mass of W (propagator).
— Absorb W exchange in effective Fermi theory (expansion of W propagator)

Full theory (W exchange) 3 Fermi theory

Effective four-
fermion operator

S

Allows to separate low-energy effects (non-pertubative QCD) and
high-energy effects (pertubative QCD + weak interactions + new physics).
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Effective Hamiltonian

4G g

(fHerr|B) = 73 ACKMZC[ ) (f1Qi(1)| B)
9° GE CKM elements: Wilson coefficients | | Low-energy
8M§V V2 |forb—s: V'V, | | (high energy) operators

Renormalization scale (u)
(Unphysical) border between the two regimes
— for B decays: a few GeV (around b-quark mass)

Energy scales:

New physics D 0x ~1/Anp

Electroweak interactions Doox ~ 1/ My Wilson coefficients
Short-distance QCD(QED) corrections  :  dx ~1 /My — 1/myp

Hadronic effects oox<1/myp ~ Operators:

decay constants, form factors
(large theory uncertainties)
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Ordering the diagrams

(Lorentz structure)

([[Hepr|B) = 45f/\CKMZC (f1Qi(w)|B)

2

| ( i=1,2 Tree
| 1=3—6,8  Gluon penguin

t=7  Photon penguin

1=9,10  Electroweak penguin

1=S  Higgs (scalar) penguin

\ 1=PFP  Pseudoscalar penguin
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New physicsin b — s

New physics could show up as:

» Modified Wilson coefficients

— new particles in the penguin loop
* New operators

— e.g. right-handed currents

Three interesting channels:

SM operators BR (SM) BR (exp) @ LHCDb
B,— ¢y Q,, Large theory (5.7+£2.0)x10° v polarisation
uncertainties
B,— Ku'u |Qy,Qqe,Q4 0(20%) (1.05+£0.15)x10¢  Angular distributions
B, — wtu Qs, Qp (3.2+0.2)x10-° <1.1x10° (95%) BR

— Focus of today
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Search for B, ; — u* i~

Expected BRs

Numbers not up-to-date

B(Bg — €+€_)

B(BY — (1)

e (240+0.34) x 1077
i (1.00£0.14) x 1071
T (290+£0.41) x 107®

4
4
4

(8.15 £ 1.29) x 10714
(3.42 4+ 0.54) x 107
(9.86 & 1.55) x 1077

\ 4

»

> Increasing BR
b

Why are the B, decays suppressed relative to B.?

Top quark is dominating in the loop.
Cabibbo suppression by factor |V, /V,|?

=
|
.
[

Why is the search for B, ,—~uu most popular?
Muons are easiest to reconstruct (taus always give a neutrino)

Why is the BR for taus so much larger than for electrons?
Decays are helicity suppressed.
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Helicity suppression B1ie

Two decay options:
(Spin of B is zero. Total spin is conserved)

T Bd,s (J:O)
Wy — O — U
In the mass-less
B, (J=0) — limit this would be a
W[ @) utr ——>| left-handed anti-
muon.

No right-handed particles or left-handed anti-particles produced in weak interaction.
- One lepton has to undergo a helicity flip.
- This is easier have the heavy tau than for the light electron.

In other words, this decay can only happen due to the Higgs field

High Energy Frontier - Recent Results from the LHC, 2013 Jeroen van Tilburg



Search for By ; — u*u- B1ie

The decay B, — u'u provides sensitive probe for New Physics

— New physics could modify Wilson coefficients C,,, Cg, Cp (or introduce new operators).

NP example: MSSM

Operators Qg, Qp will enhance BR:
tan® 3
4
MA

BR(B,, = u'u’)~
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Search for B, ; — u* i~

In 2011 there was some excitement from CDF;
BR(B, — u*u") = (18 g )x107° arXiv:1107.2304

Compare BR(B; = u*i)gy = (3.54 £ 0.30)x107°

¢ CGC 070<v <097 | 097<v, <0587 0.987 <v, <0.995 v, >0.995
SN S '
O 4] -
= ]
< L. [
27 x 0.2 i
_ [
8 0 11 L 11 [
o {CF 070<v <097 | 097<v <0987 0.987 <v, < 0.995 ~ |
D 10+ -
g Background
T ] ' \
% . _k \\ I +signal (SM) I
N I
O \\ & [
_ x 0.2 §_§ [
0 ] 1 1 1 1 1 | 1 | | L_I \\ | \\M

5322 5370 5418 5322 5370 5418 5322 5370 5418 5322 5370 5418

m,, (MeV/c?) | _
Slight excess of events in two bins
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Search for B, — u*u B1ie
Remember

Evaluate signal/background in a 2D-space of —7 the elephant
* Invariant mass m,,
« MVA classifier BDT combining kinematic and geometrical variables

ad IOE LY N T ] E

2 f LHCb

11— — - B8 g -

- —O— :

10" g —O— E

: —o— 5

102 | 5

- i —o— ]

10° & m Signal T

Next: Look at invariant mass - ]

. ) - O Background .
spectrum in each of the 7 bins 4 A R
C £ 04 0.6 0.88

Least sensitive bin » Most itmbin
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Search for B, ; — u* i~
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Search for B, ; — u*u"

i

The final branching ratio can be calculated as:

N
0 - € B)—utu”
BR(B, = u'u")=BR_, x Calecal : =a XN, .
q ca N ca B)—u'u
8sig fBg cal
Two complementary
normalization channels with
very different systematics:
B" = J/y(u u )K"
0 —
B —K'w
Values for a very
compatible
erec Ese1|r 6trg|sel
B e g Niorm O O €
(x1079) (x1071h) (x10710)
Bt — J/YyKt 6.014+0.21 0.54840.018 0.93240.012 424200+ 1500| 7.244+0.39 2.83 +0.27

BY — Ktn~ 1.94£0.06 0.908 £0.031

0.057 £ 0.002

14600 £ 1100 | 6.93 £0.67 2.71£0.34
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Search for B, ; — u*u” @I@

CLs exclusion limits g

0.8

LHCb
1.0 f67(7TeV) +1.1 67 '(8TeV)

> Observed

BS

incompatible with Standard Model +

background-only background
hypothesis BN
| \ , R 1\,\\ ]
0 2 4 6 8 o
B(B{ - u" W) [10 ]
B O ;‘ LHCb 7
d 08 1.0 f67'(7TeV) +1.1 fb (8TeV)

Exclusion limit at 95% CL.:
B’(B0 — ,u+,u_) < 9.47>< 10-10 06

04

0.2

ol NIRRT BN RN AN T BN EE AN A BN RN A |

1 12 14
BB’ - u* ) [10 ]

\O
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First evidence of B, — uu- @I@

Small peak already visible!

| . . . . | . . . [arXiv:1211.2674]

& n ]
§ 14 n LHCb 7
O 12k 1.0 fb”'(7TeV) +1.1 fb '(8TeV) ]

E u BDT>07
o 10 - i
@ N |
~ 8 | _
) ™ _

2t .
S 6 —

S F 4 :
) [ ]
g 4 = :

@) 2) :_ ]
O - | T '.- __I_”’_.l"' N, 7 B I 7- 1]

5000 5500 6000

m. - [MeV/c?]

Compare BR(B, = u*u)gy = (3.54 £ 0.30)x1079

Measurement puts strong constraints on SUSY models.
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Angular distributions in B, — u*fu K 3§

B, — u*u K rare decay in the SM.
- BR(B,— I"I'K") ~1.0 x 107

Example of SM diagram: Example of NP diagram:
W exchange Charged Higgs exchange
5
By K* Ba o K
u, c, t S
H H

Lt Lt

Lt L

W= is spin 1 particle, while H* is spin 0.
— Modifies the angular distributions of the muons.

Generally, angular distributions contain a lot of information.
» Sensitive to SUSY, graviton exchanges, extra dimensions...
« Many observables which probe helicity structure of NP
» Best known example: Agg (see next slide)
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Angular distributions in B, — u*u K’ B

Arg: 1 forward-backward asymmetry

Definition:

N

Q Idea: Measure A5 as a function of invariant mass of muon pair (g?).
Zero crossing point of A-5(g?) well predicted in SM
« Hadronic uncertainties are minimized
» Measures ratio Wilson coefficients Cy/C,.
* G, constrained by B, — ¢ y but not its sign.
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Angular distributions in By — utu K™ 3§

Event selection

1.0 fb-1in 2011

250

LHCb
Preliminary

200

150
900 signal events

100

Events / ( 10 MeV/c?)

50

0 . A
5200 5400 5600 5800
Mz (MeV /%)

B, mass window
—*

LHCb Preliminary

J—

5600 52800
My, (MEV /%)
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Angular distributions in By — utu K™ 3§

B Theory B Binned theory
—o— | HCb
1

m 1
™
<

0.5

+ .

/

- LHCDb -
- Preliminary -
T R N

¢ [GeV?/cY

LHCDb has performed the world’s first measurement of the zero-crossing point:
q2=4.9"1_ ,GeV?
consistent with SM prediction: 4-4.3 GeV? [Eur. Phys. J C 41 (2005) 173-188]

Still many more angular distributions to analyse
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Cartoon

[T THINK WEVE] AL WE HAVE | THATS PLENTY. BY THE TIME

GOT ENOUGH [ 1S ONE “FACTT| WE ADD AN INTRODUCTION,
INFORMATION | You MADE UP.| A FEW ILLUSTRATIONS, AND

NOW, DONT A CONCLUSION, T WiILL
\“’fj)/
@

LOOK. UKE A GRADUATE
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Concluding slides

What is the minimum you should
take home from these 4 lectures?

High Energy Frontier - Recent Results from the LHC, 2013



LHCDb detector

&

LHCb made for Heavy Flavour physics

» Good vertex resolution

* Time-dependent measurements.

» Suppress background from prompt decays.
» Good particle identification

* Important for trigger, flavour tagging

» Suppress background.
» Good momentum resolution

» Mass resolution of heavy flavours.

k » Suppress background. /
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The power of indirect searches B1ie

GIM Mechanism

Observed branching ratio K°>—puu

BR(K, = u i)
BR (K, — all)

~(7.2+0.5).10° K°

In contradiction with theoretical
expectation in the 3-Quark Model

! 1

—sing, _
Glashow, lliopolus, Maiani (1970): yz.
Prediction of a 2nd up-type quark, K© y
additional Feynman graph cancels H
the “u box graph”. cost e~y

M ~ —sin6,cos 6,
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C, P and CP in weak interactions B1ie

<

+ —

The weak interaction violates C and P maximally.
But CP was thought to be a good symmetry, until 1964
when it was experimentally found to be broken.
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Where did we see that before?

o 7 ; o~

e i s T T
B - e = LT - = P s =
- V{ T W \\ sy } ey
= T ﬁ S E P R 2 T
e 7 & i - . € - i e R
3 S %, S : =
3 g A ! 33
) RS

10|09

Jojoo-ljue

Escher’s (Dutch artist) impression of C, P and CP violation.

Where is the CP violation?
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CP violation in the weak interaction B1ie

VY d v

|

Quark S |= "cd Vcs Vcb 5 W
o b) \Vy Vi Vyhb '
\V ) \Vtd ts Yth )\

Anti-quarks:

CP violation requires complex matrix elements.
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Mixing of neutral mesons
L:N

Al
1

B, meson

n°

B% meson

The 4 different neutral

meson systems have
very different mixing

properties.
B, sys.te_m: very
[ fast mixing
%723 4 5 6 7 8 9 10 50
proper time (ps)

°S 1 K’ i: 1—

KO meson
0.8 "

06 \%

i 0.4
0.6

Kaon system: large
decay time difference.

0.2

0.4

0.2

Charm system:
0.01

very slow mixing
0 1

Il Il ‘ Il Il Il Il Il Il Il ‘ L L Il L Il L L ‘ Ll L L Ll L Ll ‘ Il Ll ‘ Ll L ‘ Ll
10000 20000 30000 40000 50000 7 8 9 10

proper time (ps) proper time (ps)
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Overview: Types of CP violation B1ie

e Three types of CP violation (always two amplitudes!):

1#1

P

1. CP violation in mixing (“indirect” CP violation):
L M
Bo o
D ¢ B
5 cpviolad Note thatin the SM all these effects ‘A}‘

are caused by a single complex
parameter 0 in the CKM matrix!

”';f’<~\ d, 3 9 .
Tree e - - Penguin

b il

d.s = d,s d,s i d.s
3. CPviolation in the interference: arg )\,f +arg )L? = ()
¢

\/’
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FCNC penguin decays

In FCNC decays new particles can enter at same level as SM particles.
— Sensitive probes for new physics.

Two examples of quantities which can be well-predicted in SM:

BR(B, — i) B

& 1af . o ]
§ - LHCb < 1
o 12H 1.0 fb'(7TeV) +1.1 fb '(8TeV) _] ]
E u BDT>07 0.5 —
o 10~ — ]
) B ] 4
= sf 3 -
s . 0 -
< 6 — ] 3 o
:'9 C ] L 4
o] r ] B 7
g 4 Ce ] -0.5 __ LHCb __
O LF + +I - Preliminary -
0 - I ETTULI Y - -‘Ii‘;ik'?w.--v-m- IS FRS S R :.. R -1 [ TR BT T T T T T R T T T ]

5000 5500 6000 0 5 10 15 20
m,.,- [MeV/c?] ¢ [GeV?/ct]
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It's all about imaginary numbers W)!ﬁ@

Calvin and Hobbes by Bill Watterson

WERE'S ANOTHER MATH OOM, THATS A TRICK! ONE,
PRORLEM T CANT FGRE | | YOU HANE TO UsE CALQULUS
. WHATS || AND %@m%{ NUMBERS

" INSTINGT,
NGERS ARE
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Conclusion

b=

LHCb has just collected 3.2 fb! of data.
Waiting for you to be analysed!
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