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Charm at LHCb

Charm decays: a unique up-type probe for new flavour physics effects, complimentary to
the K and B sectors

Unique studies for lepton flavor and CP violation

* Large cross-section at LHCb: _a(cc_,\/E =13 TeV) = (2940 =+ 240) ub [). High Energ. Phys. 2016, 159]
— 20 times larger than the bb production

The LHCb detector:

* Excellent particle identifcation

interaction

* Momentum and vertex resolution

» Fast, efficient and flexible trigger
system

vertex
locator

trackers
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https://link.springer.com/article/10.1007/JHEP03(2016)159

Why study Rare Charm decays?

« Rare Charm decays receive contributions from flavor-changing neutral-current (FCNC)
c — ufl processes

* Decays containing the charm quark are a unique up-type quark probe for these
processes (complementary to the down-type quark studies in the K and B sectors)

 The FCNC transitions at tree IeveI are forbidden in the SM, CKM and GIM suppressed
(tiny SM prediction of B < 107°) [J. High Energ. Phys. 2013, 135 (2013)]

 Some New Physics (NP) models predict large enhancement in rates and CP and angular
asymmetries

e Lepton Flavour Universality (LFU) in charm decays is still a relatively unexplored area:

P+
RD J 2 Ui dB/dq?(D—P1Poptp™) ) /?< pa
Pl fqmax dB/dq?(D— P Psete™) c u
Ymin DO { i Z\/I}/A““/J }71'+
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https://link.springer.com/article/10.1007%2FJHEP04%282013%29135

Challenges

e Rare Charm decays are dominated by Long Distance (LD) interactions (resonant
component) with tree-level dynamics

* Precise theoretical predictions are difficult on the branching fractions (the resonances

contribution are dominated by QCD effects at very low energy and are evaluated with non-
perturbative methods with high uncertainty)

[PRD 98 035041 (2018)]

DY > mtm ptp”
non-resonant component
resonant component

dB(DP— 1t 1T 1)/ dq? [GeV-2]

BSM model (dashed)

q° [GeV?]
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https://arxiv.org/abs/1805.08516

Rare Charm decays at LHCb

* Branching fractions: . ) ) g
» Search for D > ptyu™ [arXiv:2212.11203] D% = hTh™ V(™)
e Search for Af » pu*tp™ [PRD 97 091101 (2018)]
e Observation D > h*h~V(pu*p™) [PRL 119 (2017) 181805]

106

108

D{s = h* e+

* SM null tests (Lepton Flavor Violation and Asymmetries): 109

AE > pptp”
e Search for D® - pute™ [PLB 754 167 (2016)] 9
» Search for D5y — h¥£*£'* [JHEP06(2021)044] =
e Asymmetriesin D® - hth~putpu~ [PRL 121 (2018) 091801] DY — 1072
* Angular analysis and CP violation in D® - hth~putpu™ [PRL 128 (2022) 221801]
> 1015
My ongoing analysis: &
‘ Search for D® - ttn ete " and D° - K™K ete™ I
DE-S) - hreres >
D% - pte~ o

Alessandro Scarabotto (LPNHE) 05/04/2023 6



https://arxiv.org/abs/2212.11203
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.97.091101
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.119.181805
https://www.sciencedirect.com/science/article/pii/S0370269316000411
https://link.springer.com/article/10.1007%2FJHEP06%282021%29044
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.121.091801
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.128.221801

Search for D® - h*h~ete™ decays
Goal: First observation of DY - Tt~ ete " and D® - KtK ete™

BF: 675<m(ee)<875 MeV/c? | BF: 1005<m(ee)<1035 MeV/c?
< 41x% 1075 [1] (4.0 +0.5) x 10~° [2] <5.0x1077 [2]

D0—>7T nete” <7x%x107° [1] / /
<11x107 [ / /
[1] (BESII)
[2] (BABAR)

Comparing to measured muon modes BFs

D° > K mtu*tu~ (4.2 +0.4) X 107 in dimuon range 675-875 MeV/c? [3]

D° > mtmutu~ (9.6 +1.2)x 107 7[4]
(154 £032)x107 18
[3] (LHCb)
[4] (LHCb)
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.97.072015
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.122.081802
https://www.sciencedirect.com/science/article/pii/S0370269316301022?via%3Dihub
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.119.181805

Challenges with electrons

Bremsstrahlung effects: interactions of the electrons with the detector material

Degraded mass resolution of decays involving electrons

Brem recovery procedure with 50% efficiency on photons emitted before the magnet

Hardware trigger limit, tighter energy/momentum cuts on selection

Magnet ECAL § 0.18 S o R
< - LHCb Simulation ]
’ 2016 -
Yo S0.14F — DoKmuw 3
-7 1 ]
° 0.12 - D’—Knee -
=0.08F =
0.06F 30 MeV 5
0.04F 100 MeV E
0.02 =
E2 0 - N R ] ) ) . |

1700 1800 1900 2000
m(D’) [MeV/c?]
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Analysis strategy

Search for the decays and possible BF measurement relative to the D® —» K~ nte*e™ decay:

_ _ N(D°->h*th~ete™) e(D°—>K ntete™) _ _
BF(D® —» h*h~ete™) = N((DOHK_WW_) prrin-eres, X|[BF(D° > K™ m*eter)

input from BaBar
measurement with 13 %
relative uncertainty

Data sample: Run2 (2015 to 2018)
Selecting D*-tagged decays: D**— D°(— h*h™e*e ™ )m],

Blind analysis: data removed in the signal D° mass
range [1700-1900] MeV/c?

Samples split into decays with and without brem

s’
photons attached to the electrons (brem categories) @ h~
bin very low (only ete”) low mass n p/w ) high mass
m(e*e”) [MeV/c? ] < 211.32 211.32 - 525 525- 565 565- 950 950 - 1100 > 1100
D — ntr—ete V] v v v v v
D° - K*K-ete~ [V] v v v

Alessandro Scarabotto (LPNHE) 05/04/2023 9




Background studies

* There are two main backgrounds:
 Combinatorial background, reduced with a multivariate analysis
* Mis-identified backgrounds, reduced using particle identification (PID) variables:

* Probability of mis-id two 7 as two e is on the order of 10™*

BooofE T T T T ] Signal and mis-id bkg “
< - LHCDb Simulation 3
2 0.08¢ : D° - K mtete” 4 %1076
§ 0.07¢ — D°>Krnee =
0.0-06;_ — D°=Knrr mis-id _; DO - T[+T[_e+e_ ~10_6
g = E
£0.05F :
Z 0.04E E D° > K*K~-ete~ ~ 1077
0.03F = _
- : D > K ntmntm™ 8 x 1072
0.02 E
0.01F E D° > ntn mtm™ 8x 1073
0 | | | ! ! | ] 5 ! ! ) ] ) L
1700 1800 1900 2000 _ _ _
D > K*K ntm 2% 1073

m(D°) [MeV/c?]
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Combinatorial background

=)
3

@ 4000
LHCDb Preliminary g 3500 LHCDb Preliminary
D’—Knee g 3000 D’—Knee
© 2500
2000
1500

1000

* Preselection cut on
Am = m(D*t — DY)

* 30 cut around Am peak
removes 80% of

candidates
S W (*))
S
S

(=)
3

3000

2000

combinatorial o 500
b ac kg roun d 90 45 50 155 160 1700 1800 7900 3000
A mass [MeV] D° mass [MeV]
e BDT trained separately for signal channels : g T e
o
* Signal proxy: MC signal samples B0 — Data sideband D’~nmee
S : —— MC D’—nnee ;
* Background proxy: data samples in higher m(D) :R\ ]
region ( >1900 MeV/c?) 07
* Using topological and kinematical variables :
107
O—I I ‘0i2‘ . 1014. . IOi6I ‘ ‘0i8. . .—1
BDT response
Alessandro Scarabotto (LPNHE) 05/04/2023 11




Selection optimization

* The PID and BDT selection can be optimized maximizing the Punzi figure of merit:

E .
FoM = =& [eConf C030908 (2003), MODT002]

0.9

* €signar: Selection signal efficiency from simulation o8 01800190015 S 0.0200
. .

* Npyg: background yield in the signal region g 07 ] e 0.0175
° 0017
g 0.6 0.0170.0200.0210.0210.0210.0200.0200.018 0.0150
2 05 0.0180.0200.0210.0210.021 0.0210.0210.019 0.0125

* Background yield composed of: Z | I:
o 0.4 0.0180.0200.0210.0230.022(0.0210.0210.019 0.0100
. . . .
 Combinatorial: extrapolated from the 0a B 020 0.0210.0210.021 0.0200.020 D 0.0075
O . .
D" high-mass region 0.2 170.019 0.0200.0200.020 0.0190.0190.017
* Mis-id: estimated from normalization channel 0.0 0.1 02 03 04 05 06 07 0.8 0.9
BDT
BDT vs PID FoM optimization
Alessandro Scarabotto (LPNHE) 05/04/2023 12



https://arxiv.org/pdf/physics/0308063.pdf

Fit on the normalization decay

Fiton DY - K~ntete™ after selection optimized on the signal
——————T—— * 1he fit model:

S " I L e B . R S
Q i J Q
; 50F LHCb Unofficial . ; 35 LHCb Unofficial ° Slgnal model from MC
QO - m(ee) 675-875 MeV 1 O m(ee) 675-875 MeV
E 40k = model D’->Kree h E 30 “l = model D’->Knee ° model fr‘om MC
2 ., ] e | — D® — K mmtn-
~ - ) . h ~ | e, . . o o
% 30 - = = = combinatorial . % 20 H combinatorial PY Comblnatorlal from Data dM
= - § data bremo - = | § databrem1 .
S ot 1 S5 i | sideband
=R 1 i1 1] . : :
S, : : 6% 10 ' , * Mis-id brem1 peaking under signal
10 = | I I
[ . | .
[ 5 i i . e —
. ﬂL:” .Il!' 1o ' l.!lin'.!’,"' i + 4111 § 20 LHCb Simulation
() PP S e s Sitistugsutu bl AL A LR AR A LI XL T o o 18 n(oe)675.675 Mo
1’700 1800 1900 2000 1’700 1800 1900 2000 E ij - — oo st
D mass [MeV/cz] D mass [MeV/cz] 2 12 | lil'ii\ | G mis-d brem
: 810 (R
E------- b - --- TR e ST T T < 3 il N
| T IR | JUAITENEITRRTITINNYIYE . .u
:; M‘W LU i) 1"ll i II lumh" Hlul ldu“" 1 S 4 il } il ‘
—_— ] —_—— — 2 | t [kl

00
D’ mass [MeV/c 2]

i LTI, a1 M
10700 1800 1900 2000
m(D°) [MeV/c?]
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Fit on the normalization decay

Fiton DY - K~ntete™ after selection optimized on the signal
——————T—— * 1he fit model:

No : L L L '- No
; 50F LHCb Unofficial . ; 35 LHCb Unofficial . Slgnal model from MC
QO - m(ee) 675-875 MeV 1 O m(ee) 675-875 MeV
540-_ = model D’->Kree h E 30 “l = model D’->Knee ° model fr‘om MC
2 e R D° > K mtmtm
~ - - ~ i
% 30F e rcombinatorial e Q) "+ combinatorial ¢ Combinatorial from Data dM
= - § databremo = { databremt .
2 S 15 !| ’ sideband
=R S | ..
S f 510 } ’ * Fixing all parameters apart from
10} Q st iy ot yields
| ' ] ” 1o :!:“I I
() s v o BEeats e coof VNI o Mis-id yield in brem1 fixed at 5%
1’700 1800 1900 2000 1700 1800 1900 2000 of mis-id vield in brem0O from MC
D mass [MeV/cz] ? mass [MeV/c ] Y

* Norm. yields at g range 675-875

------- AL 1!~_wmma»mmmm§ revjch 750 v

-3 -— o - - Em Em Em EE Em EE Em Em EE Em Em s Em - Em Em Em o Em Em B Em Em e Em B e Em B Em Em
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Efficiencies evaluation

e Evaluating the efficiency ratio for the BF measurement:
N(D°-h*h~ete™) e(D°->K mtete™)
N(D%-»K—ntete™) €¢(DY->hth~ete™)

BF(D® - h*th~ete™) = X BF(D? > K ntete™)

e Evaluated from MC and corrected for data/simulation differences:
* Tracking: TrackCalib tool for hadrons and electrons

PID: PIDGen tool resampling PID based on calibration samples
Trigger: TISTOS method for LO and HLT1
m(ee) resolution: from data in different brem categories

Resonant model: estimated from D° — h*h~u*u~ data analysis
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Systematics

* List of systematics:

* Normalization channel BF E— 13.7 %

* Normalization yields

* Fit model: Systematic
* Signal PDF —I— relative uncertainty
* Mis-id model and bremO-brem1
fraction
* Combinatorial shape ‘ <7 Y%

e Efficiency ratio:
* Tracking, PID and trigger
* M(ee) resolution
 Signal resonances MC model
e Kinematics reweighting

(few % lower than statistical
uncertainty from preliminary
studies)
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Blind signal fit

* The fit model composed of signal, hadronic mis-id and combinatorial with all fixed
parameters

e Simultaneous fit of bremO and brem1 categories with signal BF as common fitting
parameter:
€sig,bremo . BFSig

Nsig,bremo = Nnorm,bremO . BE
€norm,bremo norm

€sig,brem1 BFSig

N sig,bremil Nnorm,breml )

€ norm,brem1l BF, norm

* Results blinded by hiding the data in the signal window and shifting the BF value by a
random value

Alessandro Scarabotto (LPNHE) 05/04/2023 17




Setting upper limit
* If no significant signal is observed, we will set an upper limit using the CLs method

* Producing only bkg toys and evaluating the ratio of likelihoods of s+b and only bkg
hypothesis

* Preliminary expected upper limits: ~ 10~

2! N L A B 2R N B R B
— ‘ : 2 g ]
O i GammaCombo H O - GammaCombo H

0.8 i m(ee) 950-1100 MeV/c” | 0.8 i m(ee) > 565 MeV/c> |
- —— Expected —— Expected
0.6 — - 0.6 tlo
0.4 ] 041
021 - 021
O I;II ....... o o o o o x 10_6 O _,.4I ....... - S iy N - X10_6
0.2 04 0.6 0.8 1 0.2 04 0.6 0.8 1
B(D’— mmee) B( D> KKee)
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D - hth~ete™ and ... beyond

* First LHCb study on the D® —» h*™h~e*e™ decays: sensitivity: ~ 10~
* Expecting to observe D® — n*m~ete™ and observe/set limit for D® - KK ete~
e Started internal LHCb WG review

For the future:

e Study of LFU ratio with muon modes // e
. Magnet SciFi RICH2
* CP and angular asymmetries [ | — A

* Upgraded detector:
* Luminosity increased by a factor 5:
e L=2-1033cm%s7?
 Run3 and Run4: 30 fb~! of data

* Replacement of subdetectors and
readout system

LHCb-TDR-12
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https://cds.cern.ch/record/1443882?ln=en

Full software trigger

w

Saturation of many hadronic channels

LH;Cb Trigger
already at Run2 luminosity ’

o
3

— HB°— 7T+7I'§_
AR — ¢(—>§K+K_)’y

— VB — ¢(—>§u+u_)¢(—> KTK™)
O B — D;(% KTK™ 77 )K"

 Removing hardware trigger

e Full reconstruction of events at LHC rate
of 30 MHz by a software-based trigger

Trigger yield (Arb. unit)
i.ln N

* Increase of hadronic channels’ triggering
efficiency by a factor 2 to 4 wrt Run2

—

* Expected similar increase for electron

modes design Run 1/

0 | | 1 111 I 1 111 | |§| 1 1 | I .| | L 111 I I - i 1 111 | 1 111 | |
1 15 2 25 3 35 4 45 5
Luminosity (x 10%2cm™2%s™1)

o
[3)
R
>

J. Phys.: Conf. Ser. 878 012012
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https://iopscience.iop.org/article/10.1088/1742-6596/878/1/012012

LHCb data flow

e HLT1 software reconstruction fully on Graphics Processing Units (GPUs) at non-empty
pp collisions of 30 MHz rate

---------------
..................
""""""
L L]
.....
....
. e

REAL-TIME  SCCITEE
..... ALIGNMENT & X
""" CALIBRATION
. 6% |
5 TB/s 1 cae |}
30 MHz non-empty pp : EVENTS SEEUNE

5 51, — PROCESSING
| Ters e erRueTioN RECONSTRUCTION
iﬁ:icggf P s seLecTions » s seLecTions To> | ruu |
(GPU HLT1) (CPU HLT2) aB/e ¥ EVENTS

ANALYSIS

| oo R PRODUCTIONS &
] evenrs | 2.5 USER ANALYSIS

LHCB-FIGURE-2020-016
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https://cds.cern.ch/record/2730181?ln=en

Why usmg GPUs:

e Raw detectors info sent to a custom
data processing centre

* FPGA cards receive data at average
32 Th/s

e Event Builder (EB) CPU servers
produce events packets

* EB servers contain slots to be used
for up to 3 GPUs (zero overhead
costs)

* Most of the HLT1 tasks naturally lend
themselves to a very high degree of
parallelism

Alessandro Scarabotto (LPNHE)

100GbE

163
Evant Bullder
servers

Three TELL4O
readaut baards
per EB server

Up to three
GPU cards
per EB server

40 HLT2 sarvers 40 HLT2 sarvers 40 HLTZ2 sarvers 40 HLT2 sarvers

Up to 100 HLTZ2 sub-farms {3700 servers)

[Comput.Softw.Big Sci. 6 (2022) 1, 1]
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https://arxiv.org/abs/2105.04031

Why using GPUs?

e Allen project

175 4

e Quadro RTX 6000
150 4 LHCDb e GeForce RTX 2080 Ti
®

Tesla V100 32GB

* Promising for the future:

* Throughput scales linearly as a
function of the theoretical peak
32-bit FLOPS performance

* Higher luminosity can be handled
by improved GPU technology (no
saturation expected)

125 1

100 +

~J
o1

e GeForce GTX 1080 Ti

Allen throughput [kHZz]
3

e GeForce GTX 1060 6GB

N
(@)]
1

(e}

0 5 10 15 20
Theoretical 32 bit TFLOPS

LHCB-FIGURE-2020-014
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https://gitlab.cern.ch/lhcb/Allen
https://cds.cern.ch/record/2722327

HLT1 heavily based on tracking

* HLT1 performs full upfront charged particle reconstruction
* For LHCb’s physics purposes, different types of tracks must be reconstructed

* Most of the trigger selections rely on long tracks looking high momentum and
displaced signatures

Upstream track
SciFi Tracker

UT
VELO — " Long track
[
VELO track Downstream track
\—-—/ T track
Dipole Magnet
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Forward tracking with no UT

* Reconstructing tracks without info from UT
* No momentum and particle charge information

* Double sided search window strategy for high momentum tracks (p >5 GeV and pT >
1 GeV)
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The HLT1 forward tracking algorithm

Opening search windows in all SciFi layers
Build triplets from first (or last) x layers in each T station (64 hits per layer)
Try to add to each triplet the other 3 x hits and 6 uv hits

W

Build y? quality factor for each candidate (min 9 hits required)

[

Max Combinatoric : 32 X 32 X 32
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Forward tracking no UT performance

* Obtaining same physics efficiency as reconstruction with UT for high momentum
tracks (with an increase in ghost rate)

* Keeping the throughput comparable

S | LI B S B o 03— —————— —] —
g B WW 1 < § C LHCb Simulation ] z
L [ e ] E‘ = (.25 :— S5k events B, = ¢ ¢, Forward Tracks —: o
;f_‘—)' 0.8 LHCb Simulation —H 5 _8 - P>5GeV & P >1GeV ] S
th B Sk events B, = ¢ ¢ - ‘3 002k & with UT — g
B " s d = “E § noUT 1%
0.6 Forward Tracks — ; - p, distribution 1 5
E P>5GeV & P, >1GeV E < .15 [ —F: g
0.4 — } with UT 7 2 0.1 :_ | —— ; ’_+—'+ _: .

B $ nour ] - ,_._.'_.— .

0.2 N P, distribution - 0.05 :— . '—f—'—f—:_*:-

- . - 0 P TR [T S (R S T T [

e Y oo a—— 1000 2000 3000 4000
1000 2000 3000 4000 5000 p. [MeV]
P [MeV T
LHCb-FIGURE-2022-007
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https://cds.cern.ch/record/2810803

Throughput

* HLT1 throughput

measurement on different o cesoce oo o .
GPU cards
nvioia RTx 6000 (GPU) - .
 RTX A5000 as default
: nviia RTx As000 (GpU) - .
e Full input rate can be )
processed with ¥150-200  yipi4 cerorce rrx 2080 11 o0y - ™
GPUs out of 500 available
slots: wizoo cru) - -
. . s with UT
* Very promising for the ;, aup eevc 7502 32-core (cru) - T == 1o UT
| . . . . .
future! 0 50 100 150 200
Allen throughput [kHz]
LHCb-FIGURE-2022-007
Alessandro Scarabotto (LPNHE) 05/04/2023 28



https://cds.cern.ch/record/2810803

2022 data taking
/

HIt1TwoTrackMVA I
HIt1TrackMVA
HIt1TAEPassthrough I
HIt1DiMuonLowMass
HIt1D2KPi -
HIt1D2KPiAlignment
HIt1D2KK .
HIt1SingleHighPtMuonNoMulD
HIt1D2PiPi 1l
HIt1ODINNoBias 1l
HIt1KsToPiPi 1l
Hlt1LowPtDiMuon
HIt1Passthrough
HIt1BothBeams

e HLT1 selections with 2022 data

e One of the first Run3 mass peaks in the
monitoring of HLT1

inclusive_hadron | .2 %
catibration | -5.0 %

muon 18.8 %

charm | 13 %

"LHCb preliminary
Run 253597
| Total rate = 1202.0 kHz |

"LHCb preliminary

monitoring [ 6.0 %
Run 253597

HIt1TwoTrackMVACharmXSec
Hit1DisplacedLeptons
HIt1TrackElectronMVA

electron [ 4.7-% Total rate = 1202.0 kHz
photon 14% HIitlOneMuonTrackLine - inc!usiv'e hadron
HIt1TwoTrackKs W EEl calibration
0 100 200 300 400 500 600 700 800 HIt1Bs2GammaGamma muon
Output rate [kHz] HIt1VeloMicroBias W W charm
HItlLowPtMuon EEE monitoring
. Hlt1DisplacedDielectron 1 EEm electron
KsToPiPi_mass Hit1DiMuonHighMass photon

N

6.000e+5
LHCb preliminary 0 100 200 300 400 500

5.000e+5 - Run 254875 Output rate [kHz]
4.000e+5 o * Online monitoring
3.000e+5 e ° .
2000845 R First 2022 mass peak!
1.000e+5 e tteseusssssesssssessesnessssrssspersessssesses

400 450 500 550 600

m(n*n~) [MeV/c?]

05/04/2023
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Conclusions

e Rare Charm decays: first LHCb study on the D® - hth~e*e™ decays
e Analysis sensitivity: ~ 1077
* Expecting to observe D? = T~ e*e™ and observe/set limit for D® - KK ete™
e Future: LFU tests with muons, CP and angular asymmetries, ...
* Upgrade needed, main limitation hardware trigger

* Fully software trigger in Run3:
* HLT1 reconstruction at 30 MHz
* Demanding task handled by GPUs
* New tracking algorithm for long tracks with no UT information
* Used for real data taking in 2022
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Backup
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Preselection

particle Variable D’ — hth~ete”
K r TRACKGhostProb < 0.3

e TRACKGhostProb < 0.3

e TRACKGhostProb < 0.3

™ ProbNNpi > 0.7

K ProbNNK > 0.7

DO IPy? <9

D** CONE PT Asymmetry > —0.4

D*+ DTF x?2 > 0

D*+ DTF Am > 144 MeV/c?

< 147 MeV/c?

Table 7: Preselection requirements.
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m(ee) resolution correction

 Standard procedure in the rare B decays analysis, fitting data and MC J /Yy — ee resonance from
B — J /YK decays in different brem categories:

M smeared — Mitrue + So° (mreco - mtrue) + ('u’c];:;a - ,U'f\;tc) + (]- - 80) ’ (/lff\cj:ItC’ - m(J/w)PDG)

With s, = oyc/044tq and .L‘zj\:zié—data respectively the mean from fit on MC and data

* The method on B decays is validated on charm decays using D, — @m and fitting the ¢ — ee
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