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Tagging and the FEI
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Events at Belle II

» Underlying physics processes: ete~ — T(4S) — B°B%, B*B~ (> 96%)
» 'Physics’ events have exactly two B mesons, initial state fully known from the beam energies

» Once one B is fully reconstructed, the momentum of the other one is known: complete
interpretation of events!

» Crucial for decays with invisible particles (v), e.g. B — X{v, B — Kvis, B — Tv
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Tagging

> Tagging: reconstruct one B (the Btag) from its decay products, and study the other one
(the Bgjg) in the rest of event (ROE)

» Two flavours:
* *Hadronic: Big in fully hadronic final states - full kinematics, high purity, low
efficiency (0(0.1-1%))
e Semileptonic: Bg — D™ (v - higher efficiency, but loss of v on the tag side
> Measuring of the hadronically decaying Btag gives us Bsig's momentum and charge

» (Hadronic) tag quality is judged with the beam-constrained mass and energy difference:

Mpc = V Eggam - ‘IBEP’ AE = Ep — Efeam
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Full Event Interpretation

» Multi-stage machine-learning-based tagging algorithm

» One BDT per particle/channel; inputs additionally include the daughters’signal probabilities
(output of the BDTs in the previous layer)

> (O(100) explicit channels, O(10*) possible chains

» Each Biag gets assigned one of the pre-defined decay channels (modes)

input [ Tracksij
final-state particles [ ef ] [\V,u’L ] [:E:Ti[‘ﬂ' ] K(E/
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B

BDTs at each level

sigProb, decay mode
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Hadronic FEI

» Hadronic FEL: 36 B+ and 32 B® decay modes - for B*, the leading 11 carry ~80% of the
tagging efficiency
» Dominated by B — D) + nx(x%); calibration is done per mode, others grouped into “rest

”

B* modes B° modes
DOxt D*Oxt D7t D~ rnt
DOrt 70 D*Oxt 70 D—rmtnd D*— 7t
Dontrta— D*Ortaty- D rntatn™ D* mtpta™
Dortatn—n0 DOxtptp—x0 D~rtatn—n® D*wxtata—x0
D—mtrt D-rntatq0 Dortrn— A_prtm—
A_prta—nt  rest rest

» Modes shown are the ones calibrated individually
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Part II

Calibration
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Why calibrate?

. . BOXuv pre-fit
» The FEI is trained on MC - not a perfect BO _)DE_ nrifn+n‘n°

description of data! ———

T
¢ Data

> .
. 4000 . .
¢ Many hadronic BFs are poorly known or 8 oo . w7 MC uncertainty |
L ] 1
unmeasured — 3000 , 207
e Imperfect decay models, resonant — W. 5~ Xty
substructure ‘ ~ 2000 o MW B-Dv
* Detector response: PID, tracking, /7" b B Background
reconstruction $ 1000 JEEE B* crossfeed -
; - . . . > Line=492.45fb~!
» = tagging efficiency in data # in MC, varying w ‘
across modes T
. . . i)
» How to correct for this? A calibration factor S o0
for each mode (and sigProb benchmark): o N
. 1.0 1.5 2.0 2.5 3.0
ata
CF — ftag _ @ P; [GeV]
o eMC - NMC
tag

BOX uv pre-fit, B — D*~ntntn— 70 tag (CF ~ 1.85)
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Calibration strategies

» Measure N9t on 3 calibration mode: a Bsiq decay with a well-known BF, reconstructed in
the ROE of the Btag

» Main channels: B — D™ (hadronic, peaks in recoil mass) and B — X/v (inclusive
semileptonic, fit in pj)

» Differences between data and MC not limited to mere normalization; various sources of
systematic uncertainty must be considered
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Part III

Example A: D)7 calibration
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D7 calibration
Method

MC, B® - D~ni*, double_cb_model 200 —MC. B°-D-n*, double_cb_model
T T T — T T T
s 808 + 6 493 ++
150 fimu= 2.008 + 0.0¢

sigma = 0.030 + 5,000
a\pha |=1517 +0.154

nr71557*0515

Counts

> Reconstruct Biag with the FEI, add a
from the ROE

o

0 . it 0 .
. w ° w ° :
> ReCOI| mass Mr = \/(pe+e_ — thag — F)ﬂ_)2 § 0 [t 4hyy-4# h ‘mvv""u ‘m‘om mmo et ? [ SR TREW ”AAVNH“*b‘”x.”‘"“u‘
peaks at mp and mp- (1.86 and 2.01 GeV) e e e e e
> Flt proced ure: MC, B°—»D’n*‘, doublech_modgl MC, B - D~r*, double_cb_model

e Signal shapes (double-sided CB) o {55 Tone,
from truth-matched MC Dr, D*r 0 —
*)p (Gaussian) and combinatorial S 2o}
background (exponential) 9 : 9
» Then: combined fit to MC, then to data 3 optstnaliind S ofng Mttty “"“”“*""“""".«\
S 6 18 20 22 S 6 T8 20 22

> CF = Ndata /NMC per FEI mode Mo My oc

MC component fits, B — D~ =t tag: D, D* (top), D(*)p,
combinatorial (bottom)
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D7 calibration
Combined MC fit

» All components summed and fit together to the full MC sample

» Shapes fixed from the component fits; floating: component normalisations, the Dr mean
and a resolution fudge factor

> Constraints: D*r mean = Dr mean + AM (PDG), and Np.),,/Np-~ fixed to its MC ratio
» The same model, with fixed constraints, then fit to data

MC combined, BO—>‘D_7'[+ MC combined, B* -»D%n*

400 = 2000
)rfquﬁ’;)i: L < 000 Xenaor = 1.50 ‘
u_Dpi = 1.87 £ 0. ) -
300 [l fudge_factor = 1.00 + 0.00 4 — MC. Fit 1500 2:52%“(1,}82 T&DE 0.00 ] — MCFit
] __ Dpinorm: ] Dpi norm:
= 1.15 + 0.07 = === 1.00 + 0.02
S 200 ) S 1000 F o
° __ Dstpi norm: 2 Dstpi norm:
O 1.24 + 0.07 O 77 0.98 £0.02
100 background norm: 500 | background norm:
FaN o 0.94 + 0.04 1.04 = 0.02
0 : S ____ rho_background norm: 0 rho_background norm:
" 5 T T ' T T 1.01 = 0.21 " 5 m T T " T 77 0.90 = 0.00
= ty ¢ =
S 0 bttt it b4 Data 5 o ﬂ“w”"n‘;*;’m”;’“w*(p’!;t"”"ﬁ‘u"‘ b et
o o
_ . . . . _ . . . .
51.4 1.6 1.8 2.0 2.2 51.4 1.6 1.8 2.0 2.2
Mr, bc Mr, bc
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D7 calibration
Post-fit distributions and systematics
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Counts

Pulls

Counts

Pulls

Data, B°»D~n*
150 T
X*INgor =0.93
mu_Dpi = 1.87 = 0.00

fudge_factor = 122 + 0.11

50
0
5 T T
0 Phsebdet 4 t A’”; 4 H LIPT TRV
Kl LT 121} P
_5 L L L
1.4 1.6 18 2.0 22
Mr,bc
+_,50 +
600 Data, B rE i
XInaor=1.15
mu_Dpi = 1.87 = 0.00
fudge_factor = 1.17 + 0.05 (2
400
200
0
5 T T T
o ittt bt A b b
v AR LM 4 f "" Y '“
_s5 L L L L
1.4 1.6 1.8 2.0 2.2

Mr, bc

Data Fit

Dpi norm:

1.03 £0.12

note CF: 1.10 + 0.14
Dstpi norm:

1.14 £ 0.12

note CF: 1.25 £ 0.16
background norm:
1.08 = 0.06

note CF: 1.28 + 0.09
rho_background norm:
1.10 + 0.03

Data

Data Fit

Dpi norm:

0.99 + 0.04

note CF: 1.20 + 0.07
Dstpi norm:

1.00 £ 0.04

note CF: 1.19 + 0.06
background norm:
1.21 £ 0.04

note CF: 1.28 + 0.15
rho_background norm:
0.90 + 0.00

Data
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Data fits: B — D~ = (top), B — Dz
(bottom)

Systematics: vary one fit ingredient, refit,
take the shift in CF:

Source (x1072) Bt BO

Fixed signal 1.0 0.2
Gaussian tail 1.1 0.6
Zero D) p 0.9 0.6
Crossfeed <0.1 <0.1
Random cand. sel. 1.6 1.8
Bad tag 2.7 0.3
Lumi scaling 0.9 1.0
Branching fraction 2.4 4.2
Total 4.4 4.7

From reference analysis
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Part IV

Example B: X/v calibration
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X/v calibration
Method

v

Btag from the FEI, one lepton (e or y) in the ROE; fit variable: lepton momentum p;
Templates: D¢v, D*¢v, D**/gap, X,¢v, background (continuum + generic), crossfeed

» Binned maximum-likelihood fit (HistFactory model, pyHF) on the full MC; only the X¢v and
background normalisations float

» Systematics as constrained nuisance parameters:

e Lepton PID (correction tables) and D) /v form factors (BGL eigen-variations)
e X/{v composition fractions (using HFLAV BFs) and crossfeed normalisation
® MC statistics (per-bin uncorrelated)

CF = NQEV/N)'}"KS, uncertainty propagated from the nuisance-parameter covariance

v

v
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X/lv calibration

Post-fit distributions and uncertainties

BOXev post-fit

x10% All FEI modes

¢ Data ]
% MC uncertainty

D", gap

B X,v
B-D"fv
B - DIv
Background
B* crossfeed
Line=492.45fb~1

o Events / 0.11 GeV
BRREN(

Pulls
o
o

1.5 2.0 2.5 3.0
p; [GeV]

|
N
o

——
ottt

-
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Events / 0.11 GeV

Pulls

2500

2000
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1000

500

B°Xev post-fit
B°-»>D-n*

T
¢ Data 1
w7 MC uncertainty
[ D", gap B
B B X,
mm B-D v 7
B B-Dlv
I Background
[ B* crossfeed
Line=492.45b7!

1.5 2.0 215 310
p; [GeV]
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B°Xev post-fits: all FEI modes (left),
B° — D—nt tag (right)

Nuisance parameters absorb shape
differences

Source (%) all D—nt
MC statistics  0.10 0.48
Xlv BFs 2.70 2.70
Tracking 035 035
Dév FF 0.01 0.01
D*¢v FF 0.60 0.99

Lepton PID 0.62 0.62

Fit (Ndata) 4.1 7.0
Total on CF 5.0 7.7

Relative uncertainty breakdown, B®ev, sigProb > 0.001
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Results: combined calibration factors

» All of the above results in per-mode CFs from Xev, Xuv and D, finally combine into a

single CF per FEI mode (red)

» This is the final result from examples A and B, ready for common use as corrections
» Mostly CF ~ 1.1-1.4 with some outliers

D-mt =B 0 - Don+ ) 2 (
= BY, run 142 (release-08) T & B+, run 142 (release-08)
- _ ~ P> 0.001 [ ]
D-wtrl — Dr *x0 el
— ——
D-rtntn— —= Dim et =
=
o —, —— .
T 0 = Xev Dirtrtm—m0 —_— ~~ Xev
D rnfrntn = —_— X = Xpw
o — Dn D+ — - Dr
Dirtm —_— Comb. — ———t == Comb. |
. oo oo D Ox+ 10 —
D' =+ ——
—t — ——
DO tmtm —_—
D —x+x0 =
T+ . _ P
- DO+t —x0 ————
— —
fpt
D' —mtatm = Demtnt P
D'ntrntn w0 == —_— 440 —
D ntntx —_—
——
- —
A;prtw — Arprfmont .~
o ——t
Rest —— Rest -,
P R SR RS R . P T S S T S R
0.0 0.5 1.0 1.5 2.0 3.0 0.0 0.5 1.0 1.5 2.0 2.5 3.0

Calibration factors
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Calibration factors
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