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Where is New Physics Hiding?
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ATLAS SUSY Searches* - 95% CL Lower Limits. ATLASYPHV"“';‘::‘;Y > . . .
. & 10"k ATLAS Preliminary
° ¢ Data
Q
3 10° —— Background-only fit
£
& Spin-0 Selection
2
10° -1
fs=13TeV, 15.4 fby
10
1
10"
o
§ 15
- 2
v 10T 1 Mass scale [ToV] E
8
T o
< -5
<
< -10
[=] L " n =]
50 1000 1500 2000 2500
m, [GeV]

% Kristof De Bruyn (CPPM) Search for the Rare Decay BS0 e 21-11-2016 3/39



Introduction b — s€£ Transitions BE“S) — Tt Analysis Prospects

Is this the Era of Flavour Physics?

» Searching for anomalies with precision measurements of SM parameters

Constraining the CKM Matrix Searches and Studies of Rare Decays

CMS and LHCb (LHC run I)
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The LHCb Detector

» Good impact parameter
resolution to identify
secondary vertices:

(15 +29/pt) ppm

» Invariant mass resolution:
8 MeV/c? (B — J X)
22 MeV/c? (B — hh)

» Excellent particle
identification:

95 % K ID efficiency
(5% m™ — K mis-ID)

» Versatile & efficient
trigger for b- and
c-hadrons and forward
EW signals

Magnet

Forward arm spectrometer to study b- and c-hadron decays
> Pseudo-rapidity coverage: 2 < n <5
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LHCb Data Sample
LHCb Integrated Luminosity in pp collisions 2010-2016
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> LHCb uses luminosity levelling

> Average number of interactions per bunch crossing: 1.1
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Puzzling Tensions in b — s¢¢ Transitions: B(Os) — ut T
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Branching Fractions
Observable ‘ SM Prediction ‘ Measurement ‘ Tension
B(B? — pTu~) | (3.66£0.23) x 107° | (2.87%%) x 107° 1.20
B(BSO—> wrpT) | (1.06 £0.09) x 1071 | (3.9718) x 1070 | 220
Bai | 0.0295'%%%% 0.1419% 230

CMS+LHCb, Nature 522 (2015), arxiv:1411.4413
% Kristof De Bruyn (CPPM) Search for the Rare Decay B_? e 21-11-2016 8 /39



http://arxiv.org/abs/1411.4413

Introduction b — s€£ Transitions Bfy —» ttT— Analysis Prospects

(s)

Puzzling Tensions in b — s¢¢ Transitions: B® — K*Outp~

Angular Observables

» Measured 7 angular observables + 7 CP asymmetries 4 polarisation fractions
» Including the famous “PZ"
> Global fit of data give a 3.40 deviation from the SM

2 f E
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LHCb, JHEP 02 (2016) 104, arxiv:1512.04442
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(s

Prospects

Puzzling Tensions in b — s¢¢ Transitions: Differential Branching Fractions
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m.LCSR Lattice —e-Data == CSR Lattice —e-Data m.CSR Lattice —e-Data
T e T T ———— T ————
B~ Kty 3
4 LHCb 4

3| E

eV
8

B K“ﬂ‘ﬂ_
LHCb 4

b ]

++ 3 ]

é 10 15 20
02 [GeVct]

BY - Kou'y
4 LHCb

n
G

e
S

@
T

1| E

AT T PR T T

dB/dop [10° x c4GeV
+
o
pe
+
dB/da2 [10° x c/GeV?]
dB/do2 [10° x /G

L

5 2
R [Gevici]

n
0 5 10

5" "%
0 [GeVct]

LHCb, JHEP 06 (2014) 133, arxiv:1403.8044

» Individually consistent . ..

» but all favour lower values than their respective Standard Model predictions
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Puzzling Tensions in b — sé¢ Transitions: Rk

Test of Lepton Universality

» Definition

B(BY — Ktutp™) sM _4
Ric = o 120(107)
K= B(BT = Ktete)
C. Bobeth et al., JHEP 07 (2007) 040, arxiv:0709.4174
-e-LHCb -m-BaBar -a—Belle
0.090 o I I I LH(I:b ]
Rk = 0.745%% 0 (stat) 4= 0.036 (syst) i ]
150 S S
» Measured in the range r | 1
j:

1<q° <6 GeV?/c" F J SM
g * 1
(g?> momentum transfer to lepton system) 0'5; ]

» 2.60 deviation from the SM c: . . . L

0 5 10 15 20
o [GeVcA]

LHCb, PRL 113 (2014) 151601, arxiv:1406.6482

% Kristof De Bruyn (CPPM) Search for the Rare Decay B_? e 21-11-2016 11 /39


http://arxiv.org/abs/0709.4174
http://arxiv.org/abs/1406.6482

Introduction b — s€£ Transitions B(US) — Tt Analysis Prospects

Effective Field Theory Framework

Operator
Gr N e
Het = EFZ VissaVis | Cx Ox +C. Oy (1)

CKM Elements k Wilson Coefficient

G. Buchalla et al., RMP 68 (1996) 1125, arxiv:9512380 [hep-ph]
Ingredients:

» Coupling Constants
» Wilson Coefficients contain all perturbative short-distance effects

= Can be calculated with perturbation theory
= Are the free parameters when fitting to the data

» Operators contain all non-perturbative long-distance effects

> Electromagnetic operator OF, important for b — s decays
> Semileptonic ops Og (vector) and O1g (axial-vector), important for b — s¢¢ decays
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Introduction b — s££ Transitions

Things Start to Add Up ...

» Best fit model has Wilson coefficient
P~ -1 (4 to 50)
» What can explain this?

Statistical fluctuations
Not-yet-understood SM effects

New Physics

» Strong case for
> violation of lepton universality
» studying other b — s¢{ transitions
> eagerly awaiting
LHCb Run 2 updates

RS

Kristof De Bruyn (CPPM)

Search for the Rare Decay B_? e

B(US) — Tt Analysis Prospects

3 sy ! ]

' Branching Ratios

: Angular Observables (P;) 1
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S.Descotes-Genon et al., JHEP 06 (2016) 092
arxiv:1510.04239
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Test of Lepton Universality: R(D(*))

> Definition _
B(B® — D™ r=7,)

B(B® — D&+ u—1,)
> In the SM, only difference between B® — D™)*7~ 7, and B° — D™* =7, is due
to dependence on the lepton mass

R(D™) =

» Theoretically clean quantity — accurate SM prediction
R(D*) 2 0.252 4 0.003
R(D) % 0.300 + 0.008

S.Fajfer et al., PRD85 (2012) 094025, arxiv:1203.2654
H.Na et al., PRD92 (2015) 054410, arxiv:1505.03925
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Experimental Picture on R(D(*))

o 051 ———— T .
r BaBar, PRL109,101802(2012) 2_ ]
a [ — Belle, PRD92,072014(2015) 4" =1.0 contours 1
X o4 LHCb, PRL115,111803(2015) === SM Predictions —
o Belle, PRD94,072007(2016) R(D)=0.300(8) HPQCD (2015) ]
r Belle, arXiv:1608.06391 R(D)=0.299(11) FNAL/MILC (2015) ]
0.4~ [ Average R(D*)=0.252(3) S. Faifer et d. (2012) —]
0.35F 3
03F =
—— o
r Summer 2016 T
r P(x?) =70% 7

0. MR RS S S BT R

%.2 0.3 0.4 0.5 0.6

R(D)

Experimental Average:

R(D*) = 0.310 4 0.015 (stat) == 0.008 (syst)
R(D) = 0.403 £ 0.040 (stat) £ 0.024 (syst)

» 3.90 deviation from SM

Heavy Flavour Averaging Group
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B — 71X decays might hold the key to solving these anomalies
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Standard Model Decay

» Flavour Changing Neutral Current
» Forbidden at Tree level

= Loop suppressed

BY u, et vy

> Purely leptonic final state makes it theoretically very clean
» Calculated up to NLO EW and NNLO QCD corrections

B(BY— rtr~ M (

B(B°— 7t ) (222 £0.19) x 107° (3)

7.7340.49) x 1077 2)

Bobeth et al., PRL 112 (2014) 101801, arxiv:1311.0903
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...and Beyond
New Physics Models
» New tree level processes (Z', ...) N
-
» Enhanced loop contributions 4
(leptoquarks, charged Higgs, ...) BY
» Branching fraction can be as large as a %
S —
R. Alonso, arxiv:1505.05164 T
b N
e -
Experimental Picture B0 . R
> Current best (and only) limit: o
.
B(B°—'77)<41x107° ©90%C.L.
BaBar, PRL 96 (2006) 241802, arxiv:hep-ex/0511015 b X -
» No direct limit on B — 7777 yet
BY u, ¢, t vy
» Indirect constraint B(B®— 7777) < 3%

C. Bobeth and U. Haisch, APP B44 (2013) 127 s W
arxiv:1109.1826
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Reconstructing the 7

Largest Decay Channels

B(r~ — n 7°v,) = 25.49 4 0.09 %
B(r~ — e Devy) = 17.82 £ 0.04 %
B(tT — p Duv,) =17.39+£0.04 %
B(r~ — 7 v;)=10.82£0.05%
B(r~ =7 n'r v)= 9.314£0.05%
B(r~ = n 7°7%,) = 9.26+0.10%

For LHCb
Abundant pions

v

Difficult to reconstruct 7°

v

v

Limited efficiency for electrons

> Only covers 2 < n < 5 = always missing energy
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Experimental Signature

s
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Challenges

2 missing neutrinos

> No narrow (mass) peak to fit, no mass sidebands to exploit
» Cannot differentiate B? from B°

6 pions
> Low efficiency
> Large combinatorial background
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Sketching our Starting Situation

. . Trigger R tructi .
pp Collissions nees ecolsyetion Offline Data

Yields in data
» 3fb~! of data from Run 1
» 18 million events

> 124 million candidates (av. 6.8 per event)

Signal Efficiencies
» Geometrical Acceptance: 3%
» Trigger + Reconstruction: 0.76%
» Total: 0.023%
» Expect about 0.2 SM events

= need some special tools
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Custom Tools: Isolation Variables

Neutral isolation variables
> Count neutral objects in a cone around the B candidate

Track isolation variables
» BDT-based, aiming to identify tracks coming from the same decay chain

Vertex isolation variables
» Combine signal tracks making a 7 candidate with other tracks in the event, refit
vertex, and check for improvement
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Neutral Isolation B Cone Sum BDT isoy(m) T+ SmallestDeltaChi2MassTwoTracks
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B\ — vt Analysis Prospects

(s)

Introduction b — s££ Transitions

Custom Tools: Decay Chain Reconstruction

Ideal Scenario
» Goal: Obtain an analytic solution for the 7 momenta
» How: B decay plane is spanned by the PV and the known 7 decay vertices

— Advantage of the BY — 77 (— 37)7~ (— 37) decay mode

Realistic Scenario
» Detector resolution spoils the accuracy of the method
(solutions are not always purely real)
> Do not succeed in our main goal, but ...
> Intermediate steps of calculation are very valuable features
to differentiate beween signal and bkg

=

g M0
|+ ospaa

» Method developed by Alessandro Morda & Jérome
Charles (See Alessandro’s Thesis or this talk)

Candidates/(2)

20 40 60 80 I
Relx] with 8= 8,

-40 0
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Custom Tools: Intermediate Resonances

» Exploit 7 decay chain

77 = a; (1260)v, — p°(770)7 v,

30

N
8

5

Subsamples:
1000 E——
» Signal Region [SR]:

(tT7 €5)& (77 €5)
» Background Region [BR]:
(t7 €1,3,7,9)|/(r €1,3,7,9)
» Control Region [CR]:
(% €4,58) & (77 €4,8)

&
S

15

My /(10M ev/c?)

3
S

10

5
S

0

500 800 1000 1200
My, /(10 MeV/c?)
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Introduction b — s€£ Transitions B?s) — Tt Analysis Prospects

Analysis in a Nutshell

Cut-based loose selection: Remove obvious background, keep high signal efficiency
Two-stage Neural Network

Optimise signal search window

@ Perform 1D histogram fit to output distribution of the second Net

Convert likelihood fit to branching ratio limit using CLs method

v

Analysis is optimised for B — 777~

v

But we also put a limit on B®— 7+7~
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Introduction

Fit Strategy

b — s££ Transitions

YU
B(s

) — Tt Analysis

> Perform a 1-dimensional histogram fit to the output of a neural network

» Output is remapped such that signal is flat and € [0, 1]

>

The Signal templates are taken from simulation

> The Background template is taken from the data, using the Control Region

Fraction of Decays/(0.1)

0.14F

0.12

0.1
0.08
0.06]
0.04
0.02

—+ Signa region
—+ Control region

LHCb Simulation

Bs-T'T
_+_

I FEEEE EEET NN N FEEEE N ST NN NN T e
GO 0102 03040506 070809 1
Neural network output
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Neural network output
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Background Model

> How representative is the control region for the background in the signal window?

1 —

8 E — Background - Signa  LHCb Preliminary

8 O'Bf Background - Control

E 0.6 —— Control - Signal

= o4b » Blinded Analysis

a g

() 0.2

% OF——— —f— » Extensive cross-checks on data

T -02F ==

r *P . .

o 0.4 +—+— » Studied both exclusive and
~0.60 inclusive MC background samples
-0.8—

B v v e

o

02 04 06 08 1
Neural Network Output
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Fit Model

Events:
Signal: 17% B? — 777~ Simulation versus 4.8% data
Background: 11% B? — 777~ Simulation versus 44% data

Control: 55% B2 — 777~ Simulation versus 41% data

> ...so the data control region might also contain signal.

Model:
_—~ SR — CR
NNdata =sX NNsim + fb X <NNdata - NNSIm>
ESR

v
0

: signal yield (free parameter)
> f,: scale factor for background template (free parameter)
» ¢;: efficiencies, taken from simulation

» : indicates normalised distributions
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Systematic Uncertainties on the Background Template

Step 1 Step 2 Step 3
o 90 — 1 @ 1f
[#Toa
E 1200 80 S‘, [ Lo 5 oo
® ] & 06
S 1000 5 - £ o4
S © g O T 2
= 800 o J— - T . 4
EE 40 g - © -02F i
600| S .
o g w0 — ya
© == y
400 20 T -0.6F
10 -08F
P | | | , N, P TP TS SOTRNON T OO re.v 4 . . ,
400600 800 1000 1200 0 010203040506070809 1 70z 704 06 08 1
m,%/(lo MeV/c?) Neural Network Output Neural Network Output
Procedure:

Split the control region into an inner and outer region (equal statistics)

)

Compare the NN output of both regions

Calculate the relative difference (= relative systematic uncertainty)
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Fit to Data LHCb, LHCb-CONF-2016-011
Nominal Fit Model Profile Likelihood
Total Bkg
’FT 10° LHCb Preliminary 71\ 455 LHCb Preliminary
S S
% 10° = P
ﬁ e
S b
he]
®
O 10k
l E. L L L L L L L
[ mmlem | [ -
Tt - T T T
. [ [ Lol L L L L
0 010203040506070809 1 -50 0 50 100 150 200

Neural network output Signal Yield

NeY _ =s=—46+51

.

» Compatible with the background-only hypothesis

% Kristof De Bruyn (CPPM) Search for the Rare Decay Bg e 21-11-2016 31/ 39



Introduction b — s££ Transitions

B\ — vt Analysis
(s)

Prospects
From Yield to Branching Ratio LHCb, LHCb-CONF-2016-011

B(B?—= 7777) = as - N°%

Ttr—

» Assume all signal comes from B? — 7777, i.e. ignore B°— 77~ completely
» Determine as using B®— D~ D] normalisation mode

o P70 BB~ D D})-B(DT = xtK ) B(Df — KTK ™)

fa
NgZ €7 [B(rm = ammraw))? f,
» Fit to data, Efficiencies from simulation, External Input
as = (3.16 £0.43) x 10°° — N =0.0245+0.0037  (4)
ag = (0.94+0.16) x 10°° - N3

M —0.0024 +0.0004  (5)

» (Model-dependent result based on EvtGen simulation of 7~

% Kristof De Bruyn (CPPM)
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Normalisation Mode

~—~1800 r —
E LHCb Prelimin:

E 1600 ;* &y

1400 . .
g 1200 £ » Same Trigger + Reconstruction
© 1000 g settings
R 800
:g 600 |- — minimise systematic uncertainty
"% ¢ on efficiency ratio
O

> Very clean

My [MeV/c?
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Branching Fraction Limit LHCb-CONF-2016-011

LHCb Preliminary

p-value

0.001 0.002 0.003 0.004 0.005 0.006 0.007
B(B.1'T)

» First limit!

| B(B2—7'77) <24(3.0) x 107° ©90(95)% C.L. |

» Model-dependent result based on EvtGen simulation of 7~ — 7~ 7 7 v,

“ Search for the Rare Decay BY — ~1 7~ 21-11-2016 34 /39
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Introduction
BY— 77—
Likelihood Fit

10*

b — s££ Transitions

10°

107

Candidates/(0.1)

10F

LHCb Preliminary

P

I e

Tt

—

» Factor 4 improvement w.r.t. BaBar

N I P T T |
0 010203040506070809 1

Limit

p-value

B?s) — Tt Analysis

Prospects

LHCb-CONF-2016-011

0.9¢
0.8
0.7,

0.5
0.4
0.3
0.2
0.1

OO

LHCb Preliminary

0.0005 0.001 0.0015 0.002 0.0025 0.003

Neural network output B d-»T*T')
N _ = —39465
B(B°— 7777) < 1.0(1.3) x 1073 @90(95) % C.L.
» Model-dependent result based on EvtGen simulation of 7= — 7 7' 7 v,
Search for the Rare Decay Bg e 21-11-2016 35 /39
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Looking Forward: Unofficial Prospects for B — 77~

Prospects

1072
T: Ru Run 2 LS2 Run 3 LS3 Run 4 LS4 Runb
+
=
T 107°
(=30
)

- 104

~ | i
o

B

g

3 10} ,
—

(@)

X | sMm

T~ 1070} ,
D

Year

» More work is needed to reach the SM value.
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Looking Forward: Other 7 Analyses at CPPM

\4

Search for B — 77 (= 3m)r ™ (— 37)
[Kristof, Justine, Julien, Giampiero, (Alessandro)]

v

Search for the LFV decay B? — 75,7
[Joan, Julien, Giampiero]

Search for B® — K*07T 7~
[Andrey, Giampiero]

v

v

Explore alternative 7 decay paths for B — 747~
[Cédric, Justine]

Search for the LFV decay B® — K*07% T
[Justine + LPNHE]
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Conclusion

» Tensions in b — sf¢ transitions motivate studies of LFV and LUV
» Very interesting to study decays involving 7 leptons
» Searched for the rare decay BY — 7777 in the BY — 77 (37w)7™ (37) final state

> Likelihood fit
N%2_ = 46451

-

» First limit on the BY— 777~ branching ratio

B(B?— t717) < 2.4(3.0) x 107* ©@90(95) % C.L.

» Factor 4 improvement on B®— 7777 limit
B(B°— 7777) < 1.0(1.3) x 107* ©@90(95) % C.L.

» Work ongoing to study dependence on the 7 decay model
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7 Decay Models

S\ 012’ 447‘ EvtGen
] C —#— TawlaCLEO rrér®
= 01 * | Tanacieo e
o L *s | —— Pythia
S o ++z
> 0.08-
7 % .
= : i
Lﬁ 0.06:* : T
S 004 LA
c L sl o
o L Erean o
g 02 orpiati 3
Lo -
(C WA A 1‘ ‘ %J
900 400 600 800 1000 1200
mTqTf

EvtGen TauHadNu: Tuned to 7~ — 7~ 7%y, [CLEO]
Tauola “CLEO” tune: Tuned to 7~ — n~ 7’7, [CLEO]
Tauola “BaBar” tune: Tuned to 7~ — 7 777~ v, [BaBar]

Tauola “CLEO intricate” tune: Tuned to 7~ — 7~ 7°7%, [CLEO] + isospin
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