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theory

» Highly suppressed in the SM: FCNC and helicity suppressed, proceeding via Z
penguin and W-box

» The helicity suppression of vector(-axial) terms make these decays particularly
sensitive to NP (pseudo-)scalar contribution, such as extra Higgs doublets
(MSSM), can raise their BFs
» e.g. in MSSM the BF is proportional to tan®8/ma*
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theory

The branching fraction of B%s—p*Tp~ can be written in the SM as:

_ _.  GEM;y; 4m?2 .
B=°BY —» utu) = Fw2 WTBSféSmBSmi\/1 - mz“ Vi Vi 2 |Crol® + .. .
Bs

where:

e fgs? contains the non-perturbative QCD of the meson decay Bs
obtained through lattice calculations

e Vi Vit are the elements of the CKM matrix

e |Cio|? contain all information about short-distance physics
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theory

Bobeth et al.
» Untagged time integrated branching fraction [PRL 112 (2014) 101801]
predictions: error budgets

BB = p p~) = (3.66+£023)x107"
BB — up™) = (1.06+£0.09) x 107

non-paraiil.

CKM

non-pararli.

updated with the latest top mass measurement CKM s

(Tevatron+LHC combination)
[hep-ex/1403.4427]

» Ratio of branching fractions of two modes powerful to discriminate among
models beyond the SM. Precisely predicted in SM:

4m?

_ 2 2 _
R B(B® — pu*tp™) _ T8y ((fBa\ | Vi Mp /1 My () 0905+0.0028
B(BY — putp=)  1/T% \ fB./) |Vis 2 —0.0025

M 1—
B
s _7\428

= stringent test of Minimal Flavour Violation hypothesis
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the adventure begins

» 1984: Cleo sets the first
upper limit on BC

stat€ particles are 1€ptons ne 1mits are 1mprovedad Dy using
the lepton identification capabilities of the CLEO detec-
tor.'* For the decay B°—u*u~, we improve our limit by
requiring that both muons penetrate the iron and produce
signals in drift chambers. We find no such events. After
correcting for detection efficiency (33%), we set an upper
limit of 0.02% at 90% confidence for this decay. We im-
prove our limit for B’—e e~ by requiring that only one
of the electrons be positively identified in the dE /dx and
shower-chamber systems. One found candidate, coupled
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Two-bOdy decays of B mesons

(Received 8 June 1984; revised manuscript received 10 September 1984)

1 DECEMBER 1984

Various exclusive and inclusive decays of B mesons have been studied using data taken with the

CLEO detector at the Cornell Electron Storage Ring. The exclusive modes examined are mostly de-

cays into two hadrons. The branching ratio for a B meson to decay into a charmed meson and a

charged pion is found to be about 2%. Upper limits are quoted for other final states YK =, w+7~,

p’r—, utu~, ete”, and ,uieq:. We also give an upper limit on inclusive ¥ production and im-
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the adventure begins

» 1984: Cleo sets the first

oo c = v i
upper limit on B SR T A — JLe O A
S E Tk 5 *
» 1998-2010: Impressive § S M
effort from the B- > E
factories and Tevatron ] IR —
to push down the limit s
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the adventure begins

» 1984: Cleo sets the first
upper limit on BC

» 1998-2010: Impressive
effort from the B-
factories and Tevatron
to push down the limit

» 2011: LHC era begins.
LHCDb first measurement

on 0.37fb! is already
competitive with CDF.

» 2012: LHCb found the

first evidence Bo%—ptp-
with 2.1fb!

1074

107°

10°°

107°

Limit (90% CL) or BF measurement

10710

[PRL 110, 021801 (2013)]
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the adventure begins

» 1984: Cleo sets the first
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analysis combination. Year
First observation of
Bs—pyr

[Nature 522, 68-72 (04 June 2015)]
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B°)—ptp™ analysis strategy @LHCb

Loose selection:

o A pair of opposite charged muons with and m , €
[4900,6000] MeV /c?

e Good quality vertex displaced respect to the o< =
Interaction point

Sig. and bkg. classification in m, ., vs MVA classifier

(BDT) plane: T
e BDT based on kinematic and geometrical variables, T
trained with MC calibrated on data >
L
e Search window kept blind until analysis optimised =
: 0 25600
« Data driven calibration =

Comparison between expectation and observed

events:

e Branching fraction from unbinned likelihood fit

e Upper limit from CLs method
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Where is the signal peak?

e Determination of mass peak position and resolution essential for this search
 mean value calibrated with well visible exclusive B—hh" decays

e resolution from di-p resonance and exclusive B—hh’

1000

1000

Events / ( 10 MeV/c?)
Events / (10 MeV/c?)

500
500

o

N ON

00 5200 5400 5600

a
(=]

5000 5200 5400 5600

m pgo (5284.36 - 0-26stat - 0-13syst) MeV/02
mpo (5371.55 £ 0.4140; £ 0.164y) MeV /c?

Peak position determinations for 7 TeV and 8 TeV data agree at better than 5><10_4
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Where is the signal peak?

107

Candidates / (10 MeV/c?)
= 3

N
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e fit to di-muon resonances from J/¢ up to T(3S) and
interpolate the resolution at BO and Bs mass values.

e Compare with the resolution obtained with hadronic

2 body B decays

ogo = (24.6+0.4)MeV/c?

O'BO

S
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(25.0 £+ 0.4) MeV /c?
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Candidates / (20 MeV/c?)
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backgrounds

Uy _— w

dominant background from bb—p*p=X

............ “ +
. L
, .
.
-
-
-

exclusive background

ut

These background sources can affect the result in two Hadronic B — hth/~ with h = =, K

ways: BY - x—utyw
BY K_u+u

1) non negligible contribution in the signal mass Semileptonic A0 S oputy
- 0 2 Bf — J/yutv
window, m(B~(s))+60 MeV/c B0 & b =N

B“"(O) — 7‘-+(O) ,LL+,L1,_

2) mass shape different from exponential — bias in the
Bg — uTu Ty

Rare decays

combinatorial background interpolation from mass
sidebands

in red the ones added as a separated component in
the final fit
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BDT classifier

]
signal and dominate background
e Optimised and trained on MC and calibrated using Data
2] T T E 2 F T T L R
g 0.16F*,. LHCb ] g 07E Y LHCb =
> 0.14 :_ -v- —@- Data sidebands 3 fb’! _: > E —8— Data sidebands 3 fb’!
E 0.12 :_ v- —A— Simulation bkg _: E‘ 0.6 - —— Simulation bkg =
4; ) - —%¥— Simulation signal . E 0.5 - —%¥— Simulation signal e
ER S, 1 5 5
0.0sf Tk = 0F E
0.06 F v, = 03F E
C -v- =¢= ] - —b——b—
0.04 F T Tu = 02 o == E
C -v- -.- ] —2— ——
0.02 V-, g - 0.1F o +_ _ =
oL | """.—V—-v-I:'::oi 0B L —Y— v ,g_g_:—Q==.=:
0 0.05 0.1 0 2 4 6 8
muons DOCA [mm] Iso(u*) + Iso(u )
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A multivariate classifier is trained using 12 variables to discriminate between

) = T T T =
= u -y--V- .
g 0.16 LHCb -
& 0.14 E_ :;:_._ —@— Data sidebands 3 fb’! =
g - _y- A= oge —&— Simulation bkg :
= 0.12F -e- =¥ Simulation signal 3
‘B C -A-  -V- .
T 01f A =
- S . .
0.08 v -+ =
0.06F o S =
Y- 6= .
0.04 F agve 3
0.02 ke- R, S 3
0 ?- ) ] -v-._v_:’::'::.-—:tm:

0 0.05 0.1
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BDT calibration

e BDT output defined to be flat for signal, and peaked at zero for

background
LT_‘ Iml I ' I I I ' B
e Signal BDT shape from E lr - LHCb 3
exclusive B%s—h*h’~ (h =K =) 0 E—m SRS S
events, which have same : o E
topology as the signal 102 b —O— -
o z
. R) i i
e Background BDT shape is 107 F —r— E
evaluated on the di-muon mass - m Signal _<:>— -
sidebands 10_4? o Background | | :_
0 02 04 0.6 0.8 1
BDT
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exclusive backgrounds

Several exclusive backgrounds pollute the

w
_‘
i

lower mass sideband. Extremely important

to constraint these sources to improve the LHCb -

N
(4L
L B L B

sensitivity.
BY T By
e Invariant mass and BDT distributions

-
-
(4]
T T

from high statistics MC samples,
weighted by misID probabilities
measured on data

Events / ( 110 MeV/c?)
7

—
LI 1

0.5 -
e For semileptonic and
expected yields evaluated by 05000 5200 5400 5600 ~ 5800 6000
normalising to Bjt%J/q)Kjt m,, (MeV/c?)
. vield fitted on data
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Normalisation

REC_SEL  TRIG Ngo
f( (11

BR = BR €cal  Ccal > €cal > )—>M - — /X Nno
cal * "REC_SEL ~* _TRIG ~ ¥ N..i (s) = By = utuT
sig Csig Csig d(s ca

e Two control channels used for the normalization: B4+—J/¢K+ and BO—K+m—

e From MC and x-checked on data
| - — (9.41 + 0.65)-10
o Trigger efficiency from J/y—pp data o — (2.40 + 0.09)-10 1"

e Hadronisation fraction from LHCb measurement f, /f;, = 0.259 4+ 0.015
e Using the SM signal we expect 39.5+4.3 Bs—p+p— and 4.5+0.4 BO—p+p—

[}
(]

& 100 *103' I ) O A R ><103

Nb __ . __ (-/\]:-: ! ' ' 1 ' v v -
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O 70 it Vi ommmn e e = oo
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opening the box

Flavio Archilli

S
ES 5800
=)

5400

5200

s
‘lo'
" e,

5000

r, oo B ;
2 4
sty
ﬂ".‘.:)

-
o
B

17




Full fit

Simultaneous unbinned maximum

——  Tull PDF
—— B = ptu”
BY — ptp~

e B — BRI

likelihood fit to the mass spectra cees BY o (K )ity

in 8 BDT bins
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LHCb
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0.6<BDT<0.7 %
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Nov. 2012: LHCb found

Res u |tS the first evidence of the

B(B’s— ') with 2.1fb !

» The full fit gives:
B(B) — ) = (Z.Qi%'.%)(stat)f%?i(syst)) x 107

with a p-value of 6.8-10™ equivalent to a

significance of 4.0 o
» For the BO:

BB — ) = (3.71%‘%(stat)f%‘oi(syst)) x 10710

» with a p-value of 4.4.1072 equivalent to a
significance of 2.0 o

» Systematics from nuisance parameters and
background model

» Given no evidence of B’—ptpu~ the following
upper limit has been evaluated:

B(B" = ™) < 6.3(7.4) - 1071V @ 90(95)% CL
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Candidates / (44 MeV/c?)

[PRL 111 (2013) 101805]
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Combination with CMS

il

CMS characteristics:

» Good trigger and muon PID
» No hadron PID

» Silicon tracker excellently working to resolve the signal decays in the
high pileup environment

» Di-muon mass resolution 32-75 MeV/c® depending on |7
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CMS results

Very similar analysis strategies between CMS and LHCb.
-1
Analysis based on full Run | data 54+20 fb for CMS at 7 and 8 TeV

v

Soft preselection

v

v

v

B(BY — y ™) =3.0"k

~1fb-1 at LHCb is equivalent to ~10fb-1 at CMS

Flavio Archilli

0.9

Search divided in “barrel” (both muons |n| < 2.5) and
“endcap” (at least one muon with |n| > 2.5)

Multivariate classifier (BDT) for signal /background discrimination

Search in the invariant mass distribution and 12 BDT categories

21

S/(S+B) Weighted Events / ( 0.04 GeV)

BF (B’ —py)

[PRL 111 (2013) 101804]

CMS-L=5m"fs=7TeV,L=20f" {s=8TeV

- data

w— full POF
Bl 'y
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Fit framework

Flavio Archilli
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Fit framework

» The two datasets are used together in a single combined experiment

» Simultaneous unbinned extended maximum likelihood fit to the mass spectra in 8 BDT
bins for LHCb and 12 categories for CMS

» Shared parameters:
» the branching fraction of the two signals B(BOS—>,LI+/.I_) and B(BO%,UJF,U_)

» the branching fraction of the normalisation channel B(B+%J/</JK+)

» the ratio of the hadronisation fractions f,/f,
0
» Full Feldman-Cousins procedure for the interval on the B(B — " 1) branching fraction

» Assuming SM BF 9447 BOS%;JJF;I_ and 10.5+0.6 Boﬁp“Lp" expected for the two
together
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Combination results

[Nature 522, 68-72 (04 June 2015)]
CMS and LHCb (LHC run I)
I I I I I l I I I

T 16F T ]
> F —4— Data ]
s 14 -1 —— Signal and background -
T oL [ Bg— w'w ]
< 12 H) 0 + - ]
> — B"— uu N
9 10 ¢~ —— -+ = Combinatorial bkg. ]
s Bt 1A\ Semileptonic bkg. .
% 8 Ew— — — Peaking bkg. —
O - ~..\ —— -
6 __ ~.~'~ \ \ —_
- =N\ .
4 — —— ".;—o\ z —
E ° —— —— E
2= 1 ]

— AN EE EE BN e F..l lllllll [ T

O b o e e — ikt Y EP,
5000 5200 5400 5600 5800
M- MeV/e?]
0 + - +0.7 —9 Lo

B(Bs — p pu ) =28"74x 10 6.2 o significance observed

B(BO — u+u_) = 39i%2 x 1071V 3.0 o observed (from FC method)

e Which represent the first observation of the BOS%erp_ decay and a first
evidence for the BO%ijp_ decay.
e Compatibility with the SM predictions: 2.2 o for BO and 1.2 o for Bs
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Combination results

CMS and LHCb (LHC run I)

[Nature 522, 68-72 (04 June 2015)]

10 ' T T L
SM

o
©

o o
N 0

o
o))

B(B® — u* u7) [107°]

02 04 06 08
B(B° — u 1) [107]

o
o

o
~

o
w

o
\V)

SM

o
—

|
1 > 3 4 5 6 7 8 9
B(BS — ut ) [107°]

o
O

B(Bs — u* ) [107]

CMS and LHCb (LHC run I)
T T T T I T T T T

e Ratio of the 2 modes useful to constraint MFV = ' i
models with same flavour structure as SM | . .

8 an
o Fit result: - i
_ +0.08 6 .
R = 0.1410:08 i _:
o Compatibility with the SM at 2.3 o (including s -
theoretical uncertainty) N E
0 0.5
R

Flavio Archilli 25



implications for NP models

The general effective hamiltonian for B%— p*u™ can be written

as.

G
Hepr = — ﬂFﬂ V Vipa [CroO010 + CsOg + CpOp + CL Oy + CLO% + CrO'p)
where:

e Oi") are the for fermion operator
e () are the Wilson's coefficient

In the SM only Cjp appears. Any deviation of these coefficient or
additional operator can be constrained with the BF
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implications for NP models

e A recent global fit to b—sll . Branching |
observables shows a large ' _
discrepancy with SM (3.7c level)
mainly due to measurements of

Re( 011\1013)

lepton flavour universality and

angular distributions in B—K®/][] -2 [hep-ph/1503.06199)]
decays at LHCb T ™

e No evidence of large NP
contribution to Ciy
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implications for NP models

[D. Straub http://arxiv.org/abs/1205.6094|

2.0 —
| -
O
NS
. (Yo
—~ 15 | MSSM-LL L o
| -
=~ ' b
+ AT
3 [
T - :
- 1.0 F '
g -
m |
M
x "
owo 05 t+
i - |
_?v‘ | ::b M—AC
0.0

0 10 20 30 40
10° x BR(Bs — utu™)
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implications for NP models

[D. Straub http://arxiv.org/abs/1205.6094|

2.0

1.5

1.0 EEHEB=EEIVIS combination
6870, 957% C.L.
05 ’
|

0.0

10° x BR(By — p*u™)

0 10 20 30 40 50
10° x BR(Bs — utu™)
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implications for NP models

B(By — p*p™) ocmy, ('(0185” + G~ o) -

o If we consider C;y negligible the BF is proportional to the sum and the difference
between Cs and Cp,

branching fraction while the

experimental accuracy

e Breaking the degeneracy will
require other observables!

Flavio Archilli

proportional to the

2

sp)

n Mg
QmM

*(Csp — Csp)

)

[Phys. Rev. Lett. 113, 241802 (2014)]

0.4 Bos% H+M_
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New observable

Ratio with SM expectation not sufficient ul | Ubper Bowd (R=14)

Excluded at 95% C.L.

[K. De Bruyn et al. Phys.Rev.Lett. 109 (2012) 041801]

— llustration for Aar(¢ps =0, )

— El 1+ AY Y
R, = — q _ AT Jq SQ—I— P2
. (Bql)sM 1+ yq (| ‘ P )

e Aar proportional to the effective lifetime

2 ' 02 04 06 08 ,1.0 12 14
(1 — y%) 1 —+ .AAI‘yS L |fl’|l=1,'\5\=d,g0p’:'0 os=7/2 ' '
0.8 '." SM :
. . . . 6t /S| =1P| |
o Effective lifetime offers theoretically clean probe — ||
= '
: - o 02} : ' 0N
of NP complementary to branching fraction. T ppmir/1 e
S: —027 Non'l-’scalar \
< -uap {NP(C, CY)
e LHCDb could reach a 5% uncertainty on the o ’, ———————
. . . . B | Ji p=r/2 == ¢p free; |S| =0;|P| =1£10%||
effective lifetime with 46fb!. N Bt ot 05 CLL

0.6 0.8 1.0 le 1—1 1i6 1i8 210 2j2 24
R= BReXp<Bs — ,qu:ui)/BRSM(Bs - /fr,ui)
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Conclusions

e Rare decays, and BOS — p+p_ in particular, are fundamental probes of NP at high
energy scales.

o After a long search BOS — p+p_ was observed with rate compatible with the SM
level; excess at 3 o level observed for the B’ u+p_ hypothesis with respect to
the background-only hypothesis, compatibility with SM at 2.2 o level.

e Both decays are excellent probes for the extended Higgs sector and can be used to
set stringent limits to BSM scenarios.

e These studies are still core program of LHCb.

e New observables reachable at high luminosity might constrain alternative theories
even more.

e Also one of the best probe among the flavour observable for top quark mass
[CERN-PH-TH-2015-191]
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Backup



Projections

— 1 = 22F
= i L 2F
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e Projection based on toys based on current published analysis

e Still room for improvement
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Lifetime bias correction

» Bs—pnp time dependent width:

_ _ t , t
F(Bg(t) —pu uT)=(Ry + Rp)e Lt [coshyi + AAr sinh 2%
TBS TBS
where: . i
'y, —T B g—un " BY —pu
ys = == —0.01615 + 0.0085 Aar = L 2
I'p+1Tg BO , —un T VB0 |
: : : : ) t)dt
» So the time integrated efficiency is model dependent: £ = Je®T Ay, ()

f FA,ys (t)dt

» Normalization to be corrected to take into account this effect:

etAT Ys fooo P(Bg(t) — M+M_ , Aar, ys)e(t)dt fooo e” ' MCtdt

56 = Jove) ) oo
eMC JoTT(B(t) = ptp™, Aar,ys)dt [ e" T MCre(t)dt

» also corrected because time dependent
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