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Introduction and Outline

Brief presentation

| am about to finish the PhD in Cagliari, within the LHCb group.
The main activities | was involved in are:

« Upgrade of readout system and readout electronics,

« Maintanace of GEM detectors,

« Radiation hardness test of readout electronics,

« Data analysis on rare charm decays.

Outline

* Theoretical introduction

« LHCb experiment

o Status of the D® - h*th~putp~ (h = K, ) angular analysis
« Otherrare charm measurements from LHCb

» Conclusions



Why flavour physics?

Several open gquestions in Standard Model comes from flavour sector, i.e.
« Why three generations of quarks/leptons?
» QOrigin of the mass hierarchy for different flavours;
» Explanation of the matter — antimatter asymmetry in the universe.

The Standard Model (SM) is an effective theory at low energy

= Hsw +a Y JCN (Wi
e —IN,

New couplings New operators
(Wilson coeff.)

Effects of new particles or interactions can be probed with high precision
measurements at low energy in flavour processes (indirect search)
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Why rare decays”

Very small rate (branching fractions) because highly suppressed in the
SM, excellent laboratories to probe NP effects
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Flavour changing neutral current (FCNC) processes, as ¢ = u,
are possible only at high order in the SM. Branching fraction < 10~°
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Two main effects from NP
« enhancing branching fractions,
« modifying angular distributions.



Interesting results from B physics

= Angular analysis of the rare decay B® - K*%u*tu~.
The angular coefficient P; (exp. observable) shows an interesting anomaly.
= Global fits show deviation for the Wilson coefficient Cq, tension at level of 4 =5 o

= Several attempts to interpret the data:
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Why shall we use charm decays”

Promising, some NP models predict large enhancements for branching
fractions and angular observables [PRD 83 114006 (2011)] [PRD 98 035041 (2018)]

Unique probe of NP in the up-type quark sector, complementary to B and K
systems; No angular study in rare charm decays so far.

Challenging, non-perturbative SM dynamics (resonance states) dominate the
decay rate, hiding FCNC processes — large theoretical uncertainties,

— Studies on angular distribution are more sensitive to NP.
[PRD 98 035041 (2018)]
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LHCb experiment

DETECTOR ACCEPTANCE

CDF
DO
ALICE
ATLAS
CMs
LHCb

Single-arm forward spectrometer, optimized to study c-
and b-hadrons physics (2 < n < 5)

LHCb MC
Vs =14 TeV

0, [rad] 72
/2

St g, rad]

Huge sample of cc
N(cc) ~ 8 - 1012
Performance: (Runl+Runll)

- Momentum resolution: 0.35% (at 5 GeV/c) — 0.55% (at 100 GeV/c)
- Mass resolution: 10-25 MeV/c?

- Impact parameter resolution: 20 um for high-py tracks
- Excellent particle ID: two RICH detectors and Muon stations (e(1) = 97%, €misip (T = 1) = 3%))




D° - h*h~p*tpu~ (h = K, ) decays

Final state observed by LHCb: the rarest charm decay observed, compatible with
SM. [PRL 119(2017)181805] [JHEP 04(2013)135]
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Dominated by non-perturbative resonant dynamics,
several possible resonant states.

Four-body decay = 5-dimensional phase space,
m(h*h™)  m(u*u?), cos(@u) ,cos(8y) , ¢

Full angular parametrization

9 ]
d°T = % [Z(Cj(o“’ ) Ii(q2,p2,0h)ﬂ - dq2dp2d(cos 6,,)d(cos 0y,)do
i=1 l N\X
known 2-D function of angles
— orthogonal angular basis I5,...,9 are ~nullin the SM

9 angular coefficients to be measured



Analysis goal

1. Measure the angular coefficients as function of g = m?(utp™) with full Run Il sample
(2015-2018). Two times more statistics w.r.t previous analysis. [prL121(2018) 091801]
2. Inclusion of Run | dataset (2011-2012) — three times more statistics.

BOOSTED

« Some coefficients are related to angular asymmetries
Boost DO
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DY invariant mass fit

« After reconstruction and D® decays selection we are able to observe the signal. Two sources

of background: combinatorial and doubly misidentified D® - h*h~ntn~

Candidates / ( 5 MeV/c?)

More than two times more statistics with respect to the 2011-2016 data set
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Background subtraction
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The angular distributions are polluted by the two background components
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arXiv:physics/0402083v3

For each DY candidate i

3 weights are defined:
W;ig

;nisID

i
Wcomb
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i i i —
Wsig+WmisID TWeomb = 1

Example of backaround subtraction on the three phase-space variables, not used in the
angular fit: m(h*h™), m(u*p~), cos(6,)
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Angular fit validation: SM nu

| test results

—m— Not bias corrected

—==— Not bias corrected

—=— Not bias corrected
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Other measurements from LHCb

= Search for AT - putu~

Upper limit on non-resonant component

BAF - putp™) <9.6x107% 95% CL
~1000x better than previous result from BaBar
[PRD 84 (2011) 072006]

and first observation in the p/w region of the
dimuon spectrum.

Ongoing with Run Il data.

Candidates / (7 MeV/c?)

= Search forD% - u*tu~

Current limit by LHCb with 0.9 fo-! of 2011 dataset
[PLB (2013) 725]

B(D° — ptp) < 6.2(7.6) x 1072 at 90% (95%) CL.
Ongoing with Run Il data.

Candidates / (7 MeV/¢?)

= QOther analyses currently ongoing:
» Search for D5y - h™I*1~
« Radiative decays D° - {p, b}y

« Search for D® > hth7ete” ) IMeVIE]
13

Candidates / (7 MeV/c?)




Conclusions

About this analysis

Angular analysisin a well advanced status,

Dominated by statistical uncertainty,

This will be the first angular analysisin a rare charm decay,

lot of interest from theorists.

Most of the C++11 code developed using Hydra libraries, Eﬂlﬂiﬁ)ata
a framework for data analysis in parallel platforms (GPU)

u .
B Analysis Framework

https://github.com/Multithread Corner/Hydra

Rare charm decays

Progress over the years, LHCb leading in the field,
Started to probe SM regimes, rates ~ 1078 |
Started to look also into final states with electrons,

Expected some results in radiative decays, measured recently by Belle,
PRL 118, 051801 (2017), Acp precision ~ 2%-15%.

14
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Angular fit validation: amplitude model

= Amplitude model for the D® - tmputp~

in
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Angular fit validation: pseudo-experiments

= Pull distributions after 1000 pseudo-experiments

= Gaussian with o compatible with 1, mean values show small biases
l5 pull lg pull

«° I ndf 3295/37 ¥ I ndf 22.21/37

ﬁt gen 120 L Constant 120246 120 N Constant 114.6 + 4.4

I I [ Mean 0.4398 + 0.0315 Mean  -0.1212 + 0.0330

pull . Z 7; 100 - Sigma 0.9971 + 0.0223 . [ Sigma 1.044 + 0.023

¢ o :
I 7 ok 8ol
bias ;. = (pull “r t
40 40 _—
201 20
0 - . 0 i Lo
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L, pull lg pull lg pull

¥° I ndf 23.98/37 «° I/ ndf 19.7 137 ¥ I 'ndi 25.78/37

[ Constant 1178 + 4.6 120~ Constant 1176 = 4.6 [ Constant 120.4 + 4.7

120 Mean 0.0156 = 0.0321 i Mean 0.0843 + 0.0322 1204 Mean  -0.2262 + 0.0314

Sigma 1.016 = 0.023 F Sigma 1.018 + 0.023 C Sigma  0.9943 1 0.0222
100}~ 100
80 80 [
60 60
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Bias

Angular fit validation: pseudo-experiments

» The biases do not exceed 0.5 o7,

» For some coefficient the bias increases as a function of the background

pollution

= Possibility to change the D selection to further reduce the background

fraction
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Phase-space dependent efficiency

» Detector acceptance, reconstruction and selection can introduce
efficiency and resolution effects as a function of the phase space
region.

[
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»

n.events
n.events
n.events

/\_}

ACCQF?EQM(:Q Resolubion

> > ®
var. var. var.

» |n order to get the correct angular distributions we have to correct for these
effects in the 5-D phase space — reweight selected data
= Areweighter BDT is used to reduce the problem to 1-D reweighting

v

BDT distribution for
MC simulation at generation (= physics)\‘; /generated data > 1-D
BDT Nt
reweighting
-~ T BDT distribution for J
selected data 19

MC simulation after full selection



Phase-space dependent efficiency

= Projections of the phase-space dependent efficiency for D® - ntnptp~
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Events/ bin

Events/ bin

Phase-space depen

dent efficiency
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Analysis strategy

Preliminary data Selection
- Select DY and D° from the decay p*+ _y pOr=*
It allows to use the observable AM = m(D**) — m(D°)
« Required good quality of vertices and daughter tracks,
required Particle |dentification of hadrons and muons.

random

real
tracks

Background rejection rake O - =

« Multivariate classifier against combinatorial background,

« muon PID cut against doubly misidentified D -» 4 & 4 hreal

Y
Z tracks
Reel DO’ - \

2 wrongly
identified

as muons

Angular coefficients measurements

« Fiton invariantmass m(hth~utu™)
« Fiton angulardistributions background subtracted
« Correction for phase-space-dependent efficiencies
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Soft pion charge asymmetry

= [For specific regions of phase space, the soft
pion of a given charge is bent outside the
detector acceptance

= The asymmetry can introduce higher-order
effects in D° angular distributions

= The involved phase space regions are excluded
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Reduce the combinatorial background

e
< . : . . :
‘ .'.‘335 « Multivariate statistical method (machine learning)
B ><1 ) to classify signal and background
« Decision Tree: sequential nested cuts on given
m =) m <o) variables (kinematical and geometrical)
0 e . e Boosted Decision Tree: single output using many
o e trees

° e o I Signl Gest sample) || | + Sighal (Valning shmpie) | -
Background (test sample) |  * Background (training sample)
7 r .
= Runll DY - mfn ptp~ -
6> =
+ s ee 5 E
5 —
] ]
4 ? =
g -
Va7 °F E

2 ry

T

An example of
classification
using two
variables

-08 06 04 -02 O 02 04 06 038
BDTG response
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Angular fit development

= Angular distribution parametrization

9
1 ’j
d°T = o [Z(ci(eﬂ, ¢x§(q2,p2,9h) - dg*dp*d(cos 0,,)d(cos 0),)do
=1 ~

\& \m Angular coefficients to be measured
Angular basis: in bins of g2
known function of angles [5’“.’9 are ~nullin the SM

= Since we are not interested in the normalization but in the distribution shape only
the first coefficient can be fixed in the fit. Equivalent to redefine [Z{ X ]i/jl

9
B 1 . Ny 9 To fit in the 2-D space
pdf =1+ % ;CZ(HIM ¢) <Iz>(q ) COS(GM) — ¢

= The SM null test for (Is,...,9> are not affected by the rescaling
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Angular fit validation: pseudo-experiments

» Before perform the fit on real data we must validate the procedure;

= A complete pseudo-experiment chain has been developed

1. Simple amplitude model to generate and emulate a realistic angular
distribution of the signal, add the efficiency effect,

Adding the real background (misID and combinatorial) from Run || DATA,
Correct for the efficiency effect,

Perform the D9 mass fit and sWeights,

ok~ W N

Perform the angular fit on the background subtracted distribution,
Get the coefficient (I7)(q?)

= The pseudo-experiments allow to study possible bias in the fit
Iﬁt . I_gen
7

.

pull, = - Pulls have to be distributed as normal distributions

O7J.

(]

S2W) 0001 :;‘oadazj
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Future prospects

Analysis in a well advanced status, selection completed,

Angular fit validated by a complet set of pseudo-experiment chains,

The fit returns correctly null values for {(Is,....9) corresponding to SM terms,
Biases due to background and low statistics are well controlled,
Dominated by statistical uncertainty,

This will be the first angular analysis in a rare charm decay,

lot of interest from theorists.

Future steps

Check selection and investigate systematic sources
Check MC-Data agreement
Perform the measurement on real data

28



I Angular basis

cp1 =1, cg=cos20,, c3= sin? 0, cos2¢, c4=sin26,cos¢p, c5 =sinb, cos g,

cg = cosf,, cy =sinf,sing, cg =sin20,sin¢g, cg = sin? 0, sin 2¢.




I Hypathia PDF

I(m; p,0,\&, B,a,n)

A/(B+m — p) ifm—p < —ao,
((m — p)? + 62) 223 gBlm—n) K,\_%(a\/(m — )% +6%) otherwise.

where K, is the modified Bessel function of the second kind, the parameter § and « are defined

as

§ = o\/EKA(E)/Kr+1(€),
a = a/EKr:1(€)/Kx(€) /o,

and the parameters A and B are obtained by imposing continuity and differentiability on the
connection point m = u — ao. The parameters u describes the most probable values for the

distribution core, while o describes the mass resolution.



I Signal shape from MC
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I BDT input variables

e largest distance of closest approach of the D° daughters (D MAXDOCA),
e logarithm of the D° x%D, log X%D (DY),

e logarithm of the cosine of D° pointing angle, log DIRA (D),

® X2ertex Of the DO decay,

e momentum of the 7", p(m),

e transverse momentum of the ", pr(w),

e the D*-cone pr asymmetry.



I BDT input variables

input varabl: D_ Lokl MAXDOCA
u S0 ’ 8 T T L] L L] Ll Ll L] m L] L T T L]
§ s 08 F - § 200 &
S £ S osf 1% K 1eof
-~ ‘ 07k _: g 160 &
g i Z osf i g et
= E 120
= osE E
z g sk 3 s E 100
i o EH "3
2 E 80
s 02f : i wk
015 2 )
g , g ” e 80
005 01 015 02 025 03 ) ! 5 01 008 -008 004 -002 O
D_Loki_MAXDOCA log_D_FDCHI2_OWNPV log_D_DIRA_OWNPV
nput variable: Dst_CONEPTASYM_Dstar
3 1§ 32 i c §
: i1z iz :
- 1§ 018 3§ = §
5% : E g . ;
i i ;
20 40 ) r—Tt : 25060402 0 02 04 05 08 1
D_ENDVERTEX_CHI2 Slowpi_P Dst_CONEPTASYM_Dstar

Input variable: Slowpi_P

UO-flow (5,8): (0.0, 0.00% / 0.0, 0.00%




I Boosted Decision Tree

* Advanced statistical method for events classification
* Simultaneous selection using many variables, taking into account all the correlations,

* Trammg sampte using signal-simufation-and backgroud data——

Single output variable — best signal-background separation

Calculation

of purity « Decision tree: sequential nested cuts

Iandd gini * Boosting: reweighting of events misidentified
ndex

in the previous tree, and grow of a next

» Qutput variable as a “majority vote": how
many tree classify the candidate as
backgroud/signal?




Trigger HL'T2

selection

Particle Variable Requirement
i 7 > 3GeV/e
or > 300 MeV/e
Track x?/dof < 5
Impact-parameter x*? > 2
't~ combination DOCA < 0.1mm
Spr > 0.MeV/e
M- p*) < 2100 MeV/e?
PV all from same
Dimuon object Flight-distance x* > 9
Flight-distance > (Omm
M, orrected < 3500 MeV/c?
h* 2 > 3GeV/e
Dr > 300 MeV/c
Track x*/dof < 5
Impact-parameter x* > 0
(u*p )h"h™ combination MIN DOCA < 0.1mm
MAX DOCA < 0.2mm
Y opr > 3GeV/e
>V Xip > 12
PV all from same
D' m > 1800 MeV/e?
< 1950 MeV/e?
DIRA > 0.9999
Vertex x?/dof < 15
Impact-parameter y* < 25
M, rrected < 3500 MeV/c?




I Stripping Selection

Particle Variable Requirement
Kmp p > 3GeV/e
Pr > 300MeV/e
Impact-parameter x? > 3 —
Track x*/dof < 3
i isMuon True
K DLL > -5
D* p > 3GeV/e
pPr > 2GeV/e
m > mppg — 100 MeV/c?
< mppg + 100 MeV/c?
Vertex x?/dof < 20
Flight-distance x* > 30
Impact-parameter y? < 36
Cosine of the direction angle (a.k.a. DIRA) > 0.9998
Largest distance of closest approach of daughters (a.k.a. MAXDOCA) < 0.3mm
Impact-parameter x* of at least one of the daughters > 9
D Pr > 2GeV/e
Vertex x*/dof < 20
Distance of closest approach of daughters (a.k.a. DOCA) < 0.3mm
Am > 137.4 MeV/c?
< 163.4 MeV/c*
Ty Pr > 120MeV/e
Track x*/dof < 3
Number of primary vertices > 1




I Preselection

particle Variable D' K*Kpup D'—=saimutp
K,m,n TRACKGhostProb < (0.3 < 0.3

Ty TRACKGhostProb < 0.05 < 0.05

7 MuonNShared =0 =0

™ ProbNNpi > 0.2

K ProbNNK > 0.2

D' IPy? <25 <25

Dt Am > 144.5 MeV/¢? > 144.5 MeV/¢?

< 146.5 MeV/¢? < 146.5 MeV/c?




Phase-space dependent efficiency

Candidates / bin

Output of the reweighter BDT and the corresponding weight
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I Sensitivity to asymmetries - 17w~ mode

S; . .o + NtOt
* Simultaneous fit splitting dataset by a random tag, NT = (1+ A4)
* Same shapes and selection assumed, N2
* Asymmetry A as shared parameter. N~ = ;(’t (1 - A)
Channel m(utp~) MeV/c? AA
DY rho—ptp full range 2.5%
low mass < 525 20%
n 025 — 565 20%
p/w (left)  565—780  5.1%
p/w (right) 780 — 950 7.3%
p/w (full)  565—950  4.3%
¢ (left) 950 — 1020 4.5%
¢ (right) 1020 — 1100 4.0%
¢ (full) 950 — 1100 3.1%
high mass > 1100 -
D’ KtK—putp~ full range 7.5%
low mass < 525 18%
" 525 — 565  —
high mass > 565 8%




I Amplitude Analysis feasibility

1. Build a model of the full amplitude M;, in order to include

27r
all the possibile contributions, |.2
dEf

2. Add contributions, according to their possibility to interfere,

3. Fit the model in the 5-dimensional phase-space,
4. Determine asymmetries for each component.
i8g a;.e'%i A
ap€ J J
M(k) Non Resonant | Resonances
if — _ (short distance) (long distance) j
Coherent.sum of_ ' Example: it J
contributions which 70 -
can produce the same
final states and can 0f€ Yo
D th
interfere. {_ W q}
q

N

2
‘Mfmal ‘ = [(G|U|f)|? = 2 ‘Ml.(jlf) Final Incoherent sum

N




I Amplitude Analysis feasibility

* Impossible to build the amplitude from first principles.
*  Phenomenological approach needed. A decay amplitude for a process @ — b ¢ can be modelled in
the helicity formalism and isobar model as:

Ala > bc)=A, D:a,AAa(¢ba Ob, —Pb)
P4 \
Dynamical factor Wigner-D-function contains the
Dy \ La angular distribution
Az, a, = (coef) - Br, (pa,d) (m—a) - BW(m,mg,Ty)
a

* Blatt-Weisskopf form factors
*  Breit-Wigner lineshape or its generalizations

«  For now we are studying the model only for D® - wtm~utu~

TITT resonhances Uy resonances

0¥ f0(980), f5(500),£,(1370)

0~ n

1- p(770), 0(782), p(1450) 0(770), 0(782),$(1020)
2t £,(1270)




I Amplitude Analysis feasibility

«  Only some combinations of specific /¥ are allowed, due to angular momentum and parity

conservation.

For example (only lower J and L):
« D%-> 070" S-wave: f,(980)n, f,(500)n, f,(1370)n
« D%-> 170" P-wave: (p—w)n, p(1450) n Most important
« D> 171" P-wave: (p—w)(p—w), (p—w) ¢

* For two resonances production (first topology) the single contribution can be written as:

Ri,R (25, +1)(2sr, +1) J J —ix Ri 4R
A,\:Jr,iu_ :\/ : (47)2 - dxij,xﬁ—%_ (ew)dxz,o(eﬁ)e ' R1¢A0,6 A,\;,AH_
AR,
1
+0-. AfvBE2 = AR gRo
O O ' >\M+’>\M_ 47.‘_ 0,0 )\.U«+’)\/J«_
o R, _ V3 1 —iXr,é gR1 4R
1 0 . A>‘:+7>2‘,u— == E}\z:dARl,o(eﬂ--l-)e 1T AR AO,(lj A}\j+,>\u_
Rq
1717 Affe — ﬁzczl (0,+) dy  o(0.+) e Am® Al ATz
* >\M+’>\M_ 47T AR17A>‘M 2 >\R1,O ™ 0,0 >\M+’>\,u_
AR,
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I Background subtracted distributions

First look at 2017 data phase-space slice in {m(uu), m(mmr)} plane after sWeights,
Important note: in this slice the phase-space-only distribution is not flat!

Full sample unweighted

Sample weighted (signal)
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I Background subtracted distributions

« First look at 2017 data phase-space slice in {m(uu), m(mm)} plane after sWeights,
* Important note: in this slice the phase-space-only distribution is not flat!

Full sample unweighted

Sample weighted (signal)
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I Background subtracted distributions

« First look at 2017 data phase-space slice in {m(uu), m(mm)} plane after sWeights,
* Important note: in this slice the phase-space-only distribution is not flat!

Full sample unweighted Sample weighted (signal)
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«  MisID background populates the whole m(uu) —m(mr) — ©™F Di-Hadron
plane: evident contribution (p — w) (p — w) " mass
* Clear evidence of ¢ and p — w contributions in m(uu), _
as expected “E
» Evidence of p — w contributions in m(mm), as expected. 3
Interference patterns will be clearer with the full statistics. B e



