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B physics at a hadron collider

Mass peaks
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It no displacement or no mass peak:
tough life + innovative methods
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Data collection optimization: signal-centric
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More and more rely on storing only signal tracks to overcome bandwidth explosion
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Discoveries with looking outside

51 Pegasi exoplanet

Nobel Prize in Physics 2019

© Nobel Prize Outreach. Photo: © Nobel Prize O : © Nobel Prize Outreach. Photo:
A. Mahmoud A. Mahmoud A. Mahmoud

James Peebles Michel Mayor Didier Queloz

Prize share: 1/2 Prize share: 1/4 Prize share: 1/4

Do not observe the planet but infer it from the slight and
regular velocity changes in the star's spectral lines of NobelPrize.org
around 70 metres per second
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Outside of the box in particle collisions?

but: hadronization
remnants ???

our focus: signal

W(x,ky,N)

AIP Conf. Proc. 1348 (2011) 11
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Building upon existing types of flavor tagging

#1: jet flavor tagging #2: b quark charge tagging
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New #3: b hadron species tagging

True Positive Rate
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B, identification for “hopeless” B, decays

ROC for score.label_Bd * infer the type of quark with which
b hadronized

* use only non-signal tracks

* response is independent of the B
hadron decay mode
* can be calibrated in data with fully
reconstructed decay modes
* from better to worse:
. B, A, B,, (B*, B)

— /S Bu

— * performance at LHCb is expected
| | | — welghedsum b to be similar or worse

False Positive Rate

FCC-ee, one hemisphere, non-signal tracks only



Use cases

Efficiency vs cut: score_label_has1Bc ° Suppress baCkground for non-
peaking final states:

* B.>%v(y), B.>dvv
* design inclusive measurements:

100_

1071_

v *b->stt(?)

* hadronization fraction

il AN i measurement w/o external
nputs
o e e yen T TR QI

cut on score_label_has1Bc
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CHEF
B. hadronization at the FCC

The most developed use-case as of now,

by Xunwu Zuo and Vasilisa Guliaeva

Presented at the Flavours at FCC Workshop by Xunwu:
“Hadron species tagger at FCC-ee”
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Motivated by Patrick’s talk
at the 1t FCC flavor workshop

B. fragmentation fractions

* Most of the time, B, production is measured with respect to B*

o(BS) X B(B; = ] /yn™)

o(B*) xB(B* - J/YK™*)

Ren = (0.683 £ 0.018 + 0.009)% [LHCb, PRL | 14 (2015) 132001]

* o(B*) (or f(B*)) is known with good precision at LHC or Z, Br(B*—J/yK?*)
also (2% precision [PDG])

* But there is no measurement of o(B_*) (or f(B.*)) nor Br(B_*—J/wyn*), and
theoretical computations vary by a factor ~10.

* So a precise measurement of f(B_) is not possible

* Equivalently no absolute measurement of a branching fraction for B_* is
available 8

Rc/u —

from the talk by Patrick Robbe
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But: LHCb measurement with B.—>J/yuv

Thanks to Marcello!

fc:

{ (2.58 =+ 0.05 =

-0.62+£0.09) -107°  (7TeV)

(2.61 = 0.03 -
/

stat.

-0.62£0.06) - 107° (13 TeV)’
\

hadronization of Bs and Ab

\/

syst. + theoretical BF of B.>J/yuv  24%

New lattice

Phys. Rev. D 100 (2019) 112006

calculation 5% uncertainty in the BF:
Phys. Rev. D 112 (2025) 034503

12


https://inspirehep.net/literature/1762092
https://inspirehep.net/literature/1762092
https://inspirehep.net/literature/1762092
https://inspirehep.net/literature/1762092
https://inspirehep.net/literature/1762092
https://inspirehep.net/literature/2902108
https://inspirehep.net/literature/2902108
https://inspirehep.net/literature/2902108
https://inspirehep.net/literature/2902108

Training setup at the FCC

Z — qgq events always 2 back-to-back jets

If one side is tagged a b-jet

Vfust Axis 7

The other side is an inclusive
/ b — H, — anything

Truth assigned per hemisphere
e exactly 1 (truth level) b-hadron

. consider 5 labels B®, B*, B, Bf, A,
l.e. Bd, Bu, Bs, Bc, Lb

« Z — bbbb not considered

Remark:
« B — Byyis labeled Bs
. B}, > BTK™ is labeled Bu

« B. - Bis labeled Bc
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Input information

Standard Particle Transformer architecture

use all available reconstructed info as input

reconstructed particles
* 4-vec, charge, true mass,
» angles relative to thrust axis
 full track parameters
* PID (dN/dx, mass from TOF)

reconstructed vertices (PV+SV)
e 4-vec momentum
e 3-vec position
* number of tracks
» Chi2, significance of displacement

e angle relative to thrust axis

14



Several types of the tagger

Consider 6 setups to understand performance

 One hemisphere: input
info from a chosen
hemisphere

* Full event: choose 1
hemisphere for tagging,
but also include info from
other hemisphere

®

All reco particles: complete
reconstructed info (including signal
decay)

Excluding signal: based on truth,

mask all particles and vertices from
signal decay chain, use everything

else

Excluding signal excluding
neutral: based on truth, use only
non-signal tracks

15



All-inclusive (+signal) tagger performance: Bd

Setup: hemisphere @ all particles

Efficiency vs cut: score_label_Bd

100

10—2 4

1073

efficiency P(score > cut)

10744

true Bd (N=1000000)
true Bu (N=1000000)

107° 5 true Bs (N=1000000)
true has1Bc (N=1000000)
true Lb (N=1000000)
= weighted sum bkg
10-6 T T T
0 0.9 0.99 0.999

cut on score_label_Bd

0.9999

0.99999

True Positive Rate

ROC for score_label_Bd (log FPR)

1.0 1

0.8 1

0.6 1

0.4 1

0.2 1

0.0

vs Bu

vs Bs

vs has1Bc

vs Lb

weighted sum bkg

1073

104

1073 1072
False Positive Rate

107!

10°

16



All-inclusive (+signal) tagger performance: Bc

Setup: hemisphere @ all particles

Efficiency vs cut: score_label_has1Bc
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Partial summary (1/3)

* All b-hadrons can be well-separated from others
* Worst case is Bs vs Bd (102 bkg rejection for 50% signal eff)

* Great performance for Bc and Ab (better than 10+ bkg rejection for
50% signal eff)



Include vs Veto signhal: Bc tag

hemisphere @

complete info

vs veto signal

vs veto signal & veto neutral

significant reduction of
separation power

But in case of Bc vs others, a
good separation still retained

ROC for score_label_has1Bc (log FPR)

Background
m— VS Bd
Training config — s BU
— allPart m— Vs Bs
= = vetoSig vs Lb
==+ chargeOnly = \eighted sum bkg
1073 102 107! 10°
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Include vs Veto signal: Bd tag

hem iSphere ® ROC for score_label_Bd (log FPR)
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Partial summary (2/3)

* All b-hadrons can be well-separated from others
* Worst case is Bs vs Bd (102 bkg rejection for 50% signal eff)

* Great performance for Bc and Ab (better than 10+ bkg rejection for
50% signal eff)

* Tagging power comes from both signal decay itself and hadronization.
Hadronization info is more useful in case of Bc than Bd

21



Why compare all these setups?



Let’s take a step back...

and think about why we wanted a tagger in the first place



What kind of tagger?

obs __
NBC =

We wanted to have an inclusive tagger to break circular logic

N, f5. €/ B(B. > X)e[*

uniform ¢€;

> Np»* = N, fy € “|ZRB(B, > X))

independent of decay

Decay-aware tagger

Decay-agnostic tagger

Exclude signal decay from tagger training
uniform € by construction
BUL.x another circular logic:

without knowing the signal, which particles
to exclude?

24



What kind of tagger?

We wanted to have an inclusive tagger to break circular logic

uniform ¢;
N> = IN, fp €/ B(B, = X))e]*” - > Np»* = N, fy €' “1ZB(B. - X))
independent of decay
Decay-aware tagger Decay-agnostic tagger
tagger uses decay info Exclude signal decay from tagger training
Straightforward application uniform € by construction
€ decay-dependent easy to calibrate, with candle modes
Need to address 2 questions: But...... another circular logic:
* To what extend is it decay-dependent? without knowing the signal, which particles
« How to calibrate tagging eff? to exclude?




* To what extend is it decay-dependent?
* How to calibrate tagging eff?

A solution to break the loop



uncertainty estimate

"' = TRB(B, = X)e!*

/ | |

tot MC calib
o€ 0B, o€;"~ + O¢;
theo unc, can MC stats unc, per-object unc,
be conservative  approaches 0 can be calibrated
with big enough in other ways with
sample high precision

Vary all uncertainties randomly, take the envelope of variation
as a (conservative) total uncertainty band.
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had
236,854

Explicit Bc decays

A zoology of decay modes

12776 explicit decay modes found in sample LA 1
e 75% areB. > B au |
° 86 B = 5 gt Bc ,
 Only a small fraction are fully reconstructable e signal Jpsi
3,000
4 level of categories
1. Direct daughters of Bc ( = B, B;, B,, DD, J/y)
2. Sub modes (daughter decay type, hadronic, semilep)
3. Vertex topology (whether each vertex is reconstructable)
4. Individual decay chain 16.503 A ae

799

by Vasilisa Guliaeva
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jpsi had
18,927

etac_psi
12,105

jpsi lep

2,803



Uncertainty estimate for a simple scenario

Each BR is allowed to vary independently by +100%/-50%, keeping total = 1
Ensemble of toys to make envelope
The min/max line is the one toy where all 14,197 chains fluctuate to their extreme in the same direction at once

since the chains are independent (per-chain the whole basis of the scheme), the probability of this joint
configuration is ~(tail)*°°° = 0

i Efficiency vs cut with BF band — Bc (_hemisphere_inf_o/aIIPartaIIVert) BF band relative to central efficiency — Bc (hemisphere_info/allPartallVert)
__"-_——_-"'"“---«--__.__ : —— central €g¢
) “1 1 per-chain (independent)
[0 sub-mode had/sl/sl_t (coherent)
1st decay: Bc—»daughter (coherent)
2nd decay: daughter decay (coherent)
10! 4 --- all-toys min/max envelope
54 .
5
(S} —
g i . 0 L) § ———— a
§ >.. (factor-2): 0:(0.9)=0.42%, 05(0.9?)—0.806 o ke
U [ statistieds 0:(0.9)=0.01%, 05(0.99)=0.01%5 -
= -- all-toys minfmgx.envelope g
9 — &5 (true Be, s £(0.9)=91.7%, (0.99)=80.1%) K
2 —— bkg: true Bs mistag : )
% —— bkg: true Bd mistag
—— bkg: true Bu mistag T
1072 bkg: true Lb mistag \ : s
| bkg total (factor-2): 0(0.9)=0.010%, o( 3)<0.002%
==+ bkg: total (yield-weighted) :
® WP (firg=0.01): t"=0.9938, £=77%, Orr/S=1.4%
® WP (fog=0.1): t "=0.9994, £=54%, 01ot/S=2{7% 4
107 0.'1 o.'5 0.'9 o.'gg ovg'gg o,g‘ggg 0.99999 0.‘1 0.’5 0.‘9 0.‘.;)9 0.9’99 0.9;)99 0.99999
cut on score cut on score 29




Estimate of the total uncertainty in g,

* apply the same envelope
estimate to other b-hadrons
(likely conservative)

e consider other hadronization
fractions are known up to 10%
(1%) for syst scenarios

* a precision in fg_ at percent level

seems very achievable

relative uncertainty o/S [%]

102

101 4
100 E

1071 4
— 0at/S=VS+B/S o
| = 0yyst,sig/S = Oprle (sigma_bf) N
1072 5

1073

0.5 0.9

Stat / syst term decomposition (relative to signal yield)

=N ~1.4%

] -== OwdS=1Z (f=0.01) S
1 == Osyst,bkg/S =fB/S (f=0.1) \

~2.7%

= = Osyst, bkg/S=1TB/S (f=0.01)

] — = Ow/S=1/Z (f=0.1) \

0.99 0.999 0.9999

___cut on scorepc
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Informed BF variations for Bc decay chains

BF variation scheme - knobs x scenarios

Bc factorises Bc = X + Y then X - UV - columns = the level each knob takes in that scenario

MEASURED (what-if) SCENARIO (theory)

KNOB APPLIES TO TIGHT MID LOOSE
PRIMARY VERTEX — Bc = X + Y (companion Y)

Y_had Bc companion Y — hadronic +10% +30% +100% +200% +500%
Y lep Bc companion Y — semileptonic / leptonic +5% +10% +50%
SECONDARY VERTEX X — U V & ORDINARY B (same Xb knobs, per each particle's own decay)

Xb_had Bc remnant X = Bu/Bd/Bs or primary ordinary B — hadronic +10% +50% +100%
Xb_lep Bc remnant X = Bu/Bd/Bs or primary ordinary B — semileptonic +*1% +5% +10%

Xjpsi secondary X = J/{ (fixed, not an axis)
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Bc: BF-variation grid

Yiizq Xb,had Xb,lep:].o 5 1 10 5 1 10 5 1

+100 3.47 346 3.46 | 3.46 3.45 3.45 | 3.46 3.45 3.45
+500 +50 3.40 3.39" 3.39 |13.39" 1 3.39 | 3.38 |'3.39 | 3.38 | 3.38
+10 3.37 3.836 3.36 |13.36 | 3.85 "3.851113.86"| 8.35 | 38.35

4100 2.58 2 580821570 2.56 | 2.55 255 | 2.56 | 2.55 | 2.55
4200 +50 2.46 246 246 | 244 243 243 | 244 243 243
+10 2.41 240 240|238 237 237|238 237 237

+100 2.05 205 204|201 201 200|201 201 200
4100 450 1.87 180N IE86 (N1 82N N1 S IR SIS [NL2828 NE8S1 S E 1781
+10 1T T IE77 N 1576 (N 1728 B 7 TS R0 NS 7181 708 S1E70

+100 1.58 1.57 157 | 151 150 1.49 | 151 150 1.49
=30~ 150 1.28 1= S126 (R EFIEN N1 SIS Sl 48 SeT S S22
410 1.07 1.06 1.05| 088 0.86 0.85|0.88 0.85 0.84

4100 1.49 148 148 | 140 139 139|140 139 1.38
+10* 150 1.14 1.12 1.12 | 097 0.95 0.94 | 096 0.94 0.94
+10 0.89 0.87 0.86 | 0.55 0.51 0.49 | 0.53 0.48 0.47

per-chain, 20k toys, fi, o = 10%; cell = oot /S [%] at the optimal WP; labels = = variation in %. Bold: tight/mid/loose scenarios. * what-if: hadronic Bc BFs’rheasured.



Worst offenders

Bc+-Bs*%+p+ | Bs*%-Bs®+y

Bs®-D*Q+p-+p++Tm-+K*+ | D*0-DO+y | DO-K-+e++ve
P--T-+T0 | TMO-y+y | p+-T++m0 | MO-y+y
K¥+-K+410 | mO-y+y | p+-om++mO+y | mO-y+y

Bc+-Bs*%+mn+ | Bs*%-Bs®+y | Bs®-B7s?®

B s9-10431+u-+vub+y | 10431-Ds++m0
Ds+-phi+p+ | phi-p-+m+ | p--mn-+n0 | mO-y+y
PH-TH+TO | MO-y+y | MO-y+y

Bc+-J/psi+p+ | J/psi-y+K*0+K*¥bO | K*O-K++T-

K*bO-K-+T+ | p+-T++mO+y |

Bc+-Bs®+m+ | Bs®-»-10431+p++vu | -10431-Ds-+m0

Ds--omega+m-+n0 | omega-T-+m++10 |
ﬂ04Y+Y |

Bc--p-+B7s® | p--m-+m0 |
B s®-»Ds-+eta+mn+ | Ds--KbO+m-+m0 |
no-y+y | eta-m-+m++mO |

Top-5 contributing decay chains — B, BF systematic (bf _scenarios, MID)
hemisphere_info/allPartallVert - &WP) = 52.6% - contrib =(e.—&)-Ab./S

0.751pp BF=0.0934 w=11.8% £.=62.3%

0.508 pp BF=0.0329 w=7.3% &.=63.9%

= = 9, = 0
MO-y-+y 0.370 pp BF=0.0040 w=3.1% &=71.8%

noO-y+y
T[0->Y+Y

0.242 pp BF=0.0544 w=3.0% £.=65.7%

no-y+
KbOZKK 0.155 pp BF=0.0414 w=4.3% £.=58.1% secondary-vertex knob (all top-5 have Y = had - Y59 £200%)
nO_,Y+Y Il X = B(u,d,s) hadronic (Xbpag £50%)

H X = By, q,5) semileptonic  (Xbjep £5%)
e X =J/y (fixed £1%)

0.0 0.2 0.4 0.6 0.8 1.0 1.2 33
per-chain contribution to B, ogr at the working point [pp = percentage points of £]



Summary (3/3)

* All b-hadrons can be well-separated from others
* Worst case is Bs vs Bd (102 bkg rejection for 50% signal eff)

* Great performance for Bc and Ab (better than 10+ bkg rejection for 50%
signal eff)

* Tagging power comes from both signal decay itself and hadronization.
Hadronization info is more useful in case of Bc than Bd

* A totally inclusive, theory-independent f;. measurement better than 2%
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Next (ongoing) steps

* Application/development of other use-cases
* Training and application to LEP data
* Training on LHCb MC and testing on LHCb data!
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