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Outline

= Bottom quark hadronization fractions at
hadron colliders
= Measurements of hadronization fractions
= Observations from LHC-b

= Recent CMS measurements
o J/y final states
o Hadronic final states

= Exotic heavy flavor production
= Observation of X(6900)
= J /Y ]/ mass spectrum at CMS
= Resonance fits

= Triple J /4y production

= Measurement of o pps
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Bottom Quark Hadronization Fractions

= Number of weakly decaying B hadrons reconstructed
In an exclusive final state:

Ny =0y -A-f, - B(B; > X) - €
= Measured branching fractions (eg, for BY):

B(BY —» X) = — %
S op A [ €y

= Ratio of branching fractions (eg, B —» u*tu~):
B(Bs » 1) _ Npouru fa
B(Bg - utu) NBd—>u+u‘ fs
= Need to know hadronization fractions for precision
measurements at hadron colliders
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Bottom Quark Hadronization Fractions

= Assumed to be independent of environment, p;(B)...
futfat+1s +fbaryon =1

= Measured at LEP (v/s = M) and the Tevatron

~
N
ST N 7 =S T -
B* or B° fraction fo= 0.407 +0.007 0344 +0021 &
B fraction fs 0.101+0.008 0.115+0.013 o
b-baryon fraction foaryon 0.085+0.011 0.198 £ 0.046 ;
B2 /B° ratio fs/fa 0.249 + 0.023  0.334+0.040 =
\ ' l US_,

~20

= Environmental influence is potentially an important
systematic effect

= Could limit precision B, branching fraction measurements
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Environmental Influence on Hadronization Fractions

* LHC-b observed significant p;(A;) dependence

= Weaker but significant dependence on p;(B;)

04 T
g,gg% . LHCh =
B = S 5=13TeV E
2 0.3 ;% d \ ]
Inclusive semi-leptonic 3 - e E
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decays: B - - E
Hy - H Xy v, E = —
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(pr) = Alp1 + p2 x (pr— (p1))]
py = (=0.91 £ 0.25) x 1073 GeV~!
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New CMS Measurement of f./f,,

= pp collisions at +/s = 13 TeV, 61.6 fb~! collected in 2018

= Di-muon + track trigger:
= pr(ut) > 4 GeV,|n| < 2.5, m(utu~) within 2.9 — 3.3 GeV
= pr(track) > 1.2 GeV, [n| < 2.4
= Displaced vertex requirement

= Offline reconstruction:

s R+ +
B™ = J/YK Vertex fit quality cuts
= B9 5 J/YK*? K > K nt + 12 <pr(B) <70GeV

" B) =]/, - KTK" Iyl <24
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New CMS Measurement of f./f,,

Example: 20 < pr < 23 GeV

10°F

CMS § Data F L=61.61" i Daia i 20<pT<23 GeV # Data
10 — Fit result C fs=13Tev — Fit result L <04 — Fitresult
C — Signal L - — Signal Y ) — Signal
— Comb. bkg. - — Comb. bkg. 107 — Comb. bkg.
B K| ) : - By K
10°E

—
=]

- Bl—=Jnp K™

Events / 5 MeV

10°F

E ’.)’ N - | 102: ) \" |
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= Determined from fit:

= Shape of combinatorial background
= Shape of B* - J/YK*X component

= Constrained from Monte Carlo:

= Cabibbo suppressed decay fraction
= Swapped kaon/pion mass assignments
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New CMS Measurement of f./f,,

= In principle,
fs Np,  €p+ B(B* - J/YK™)

fu Ng+ es, B(Bs—J/Pd)B(d - K*K™)
= Most branching fractions are measured precisely

» But B(B; — J/Y¢) is dominated by an LHC-b analysis
that measures the p; dependence of £, /f,
= Phys. Rev. D 104, 032005 (August 2021)

= CMS chooses to report measurements of

fa B(B® »J/YK)B(K™® > K™n™)
fu B(B* = J/YK™)

R = Js BB =1/ $)B@ > K*K)
 fa B(BT = J/YK™)

Rg =
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New CMS Measurement of f./f,,

) | Cerew | = Matches LHC-b result
" at low pr

R TR

M

01—

| = No significant
L wede o 18 oY [ taep <rocey dependence on rapidity

oos— ¢ LHCbdata;2<y <45

Il
0 20 40

pT(Ge\;) 60 0 1 Iy 2
> Coton | = Branching fractions for
| i B® and B* are known
H‘%uu 44 - :H**ﬂ'—Hr_H_ precisely
a ¥ Das i <24 _ 12<p_ <70 GeV = Compatlble with unity
L fy/f, =1.015+0.051
PT(GEV) 0 1 Iy 2

= R, =0.1102 + 0.0027 for p; > 18 GeV
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Alternative CMS Analysis of f./f .,

= The ratio f;/f, could be determined if branching fractions
were known precisely

= Reliable theoretical prediction for the ratio
2
B(Bg —» Dim™) T, [Vua ’ (f_n ’ Fo(s) (mz)
fx

B(B® - D~h*) 15 |V Fo(d)(mi’)
Phys. Rev. D 82, 034038 (2010)

2
a; (Dsr)

a; (DgK)

S

d

= Motivates reconstructing these decays in pp collisions

= The challenge is collecting these using a suitable trigger
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B Parking at CMS

= Single muon trigger:
Minimum p requirement

Minimum signed impact parameter significance

Thresholds and pre-scales adjusted based on instantaneous
luminosity to level the trigger rate

High level trigger rate < 5 kHz

= 10 billion events saved to tape and reconstructed
when computing resources become available

= Opposite side jets provide an unbiased sample of b-
decays
= 60-90% purity estimated by reconstructing B —» D*"u~ v,

= Now possible to reconstruct fully hadronic B decays
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Exotic Heavy Flavor Decaying to J /Y ] /¢

= In 2020, LHCDb reported observation of X(6900) in the
J/Y ] /Y mass spectrum

= | ' ! -

g 5(2}8 f: LHCb pT{ W1V > 52 GeVie E o
% 180 i— ——— 3.065 < M,, <3.135 GeV/c? _; §
E 160 ;_ * —— 3.00<M,, <3.05 GeV/c? or _; Q\

140 = 1 3.15 < M, < 3.20 GeV/c?, normalised —
= g H#WH i +ﬂH 4 y + E Q/&
v 100 = 3
& ol | &
2 60 % RREY H+ ++ HM +++é %3
S 40F E R
8 2 q%’n +¢H et *H +*+ hf *++*+*+*+ ++++++ ++++++++*+m**ﬂm+“+ *, ++++¢*++,¢+*+,*¢,+ﬁ++é (’§J

(9200 7000 8000 9000

M, v (MeV/ cz)
= The nature of the state remains unclear

= Description of the line shape is challenging
= Multiple resonances near threshold?
» |nterference?
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Reconstruction of J /¢y J /¢y at CMS

= Data sample:
= 135 b~ (2016 — 2018), +/s = 13 TeV

= Level 1 trigger:
= Three muon candidates

= Opposite charge pair with p%l) > 5 GeV, p;” > 3GeV, m <9 GeV

= High Level Trigger:

" [n(w)| <25
= u*u~ pair from a common vertex with 2.95 < m < 3.25 GeV

= Offline selection:
= Four muons with p; > 2 GeV, |n| < 2.4

» pr(utu~) > 3.5GeV, 295 <m < 3.25 GeV
= Mass constrained fit to a common vertex
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https://cds.cern.ch/record/2815336
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/BPH-21-003/index.html

Reconstruction of J /¢y J /¢y at CMS

CMS Preliminary 135" (13 TeV)
:&;: 180 =~ | | | L | —
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= Observes X(6900) resonance and other structures
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Description of Resonant J /vy J /Y Structures

= Background description:

* Non-resonant single/double parton scattering (PYTHIA)
o Dominates at low/high mass

* Feed down from other excited states (HELAC-ONIA, CASCADE)

» Parametrized by empirical functions
o Threshold + polynomial + exponential

= Signal description:
= Relativistic Breit-Wigner convoluted with resolution function

| ewi | ew2 | BW3___

m (MeV) 6552+ 10+ 12 6927+9+5 7287 £ 19+ 5
[' (MeV) 124 +29+34 122+ 22+ 19 95+ 46 + 20
N 474 + 113 492 + 75 156 + 56
Significance 6.50 9.40 410
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Resonance Fit Models

= LHCb considered alternative signal models
» Threshold enhancement modeled by additional Breit-Wigner

functions

* Dip at 6700 MeV modeled by a Breit-Wigner and destructive
interference with NRSPS background

CMS Preliminary 135 b (13 TeV) CMS Preliminary 135 fb' (13 TeV)
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= CMS observes generally poor fit quality

Myyury [GEV]
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Resonance Fit Models

= CMS observes good description using interfering
Breit-Wigner signal functions:

f(x) ~ ‘rleid’lBWl(x) + BW,(x) + r3ei¢3BW3(x)‘2

CMS Preliminary 135 b (13 TeV
¢ Data —Fit
= BW1 i BW2
v BW3 Background

- --Interfering BWs

~—

> 180

|II|III|III|III|III|II||III|III|III|I

Data-Fit
Stat. unc.

My [GEV]
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Recent Results from ATLAS

= Background model:
= Single Parton Scattering constrained by AR > 0.25 control region

= Non-prompt /1 background constrained by )(fu or Lfcg,_’“ control regions
» Feed-down from JA) y(2S5) decays

= Signal models:
= Sig A: Three interfering Breit-Wigner functions
= Sig B: Two Breit-Wigner functions, one interferes with SPS background

%4DOI_II|IIIIIIIIIIII|IIII|IIII|I_ %4ODI_II|IIIIIIIIIIIIIIIIIIIIIIIIII__

o F A_TLAS | —Sig.+Blg. 1 (¢ [ATLAS | —Sig.+Bkg.
g_ 300F 's= 13 TeV, 1406  — Background ] 3 3000 'E =13TeV, 140" —— Bw, + Bkg. + Int _
o C di-Jiy ---- Bkg. wio Feed-down ] o C di-Jhy ---- Bkg. wio Feed-down ]
E 200; T Sig- wio Int. _f E 200; —me Sig. wio Int. __
o C P Sig. Int. N o B Interference
= L 4 = i
UJ100_ —+—D3t‘1 ] u'I1OD_ —+—Data ]
of - 0F i
- 6.86 + 0.03%393 GeV i E
—100¢ - 0.02 ] —100 6.91 + 0.01 + 0.01 GeV
- (a) i - (b) ]
_200F 3 _200F 3
_I 11 | | | | | I T | | I T | | I T I | I T I I_ _I 11 | | I T I | I T I 111 | I 111 | I 111 | I 1 1
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https://arxiv.org/abs/2304.08962

Triple J /1 Production at CMS  BPH-21-004/ arXiv:2111.05370

Pure prompt production: Nonprompt contributions:
psﬁ P % p Eﬁ
I [ ° =N
———Db-=—J/y
SPS: A I/ Ooks T P E
—b=—J/y

DPS: |
| S

; :
TPS: a—
N

b
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https://cms-results.web.cern.ch/cms-results/public-results/publications/BPH-21-004/index.html
https://arxiv.org/abs/2111.05370

Triple J /1 Production at CMS

= Assumption:

pp-oY1+X _pp-yY,+X
pp->P P +X _ (1M Osps Osps
Opps —\5 5
eff, DPS
pp-YP1+X _pp-yYr+X _pp-oyPz+X
GPPob1ba s +X my Ogpg Ogps Osps
TPS o 31 o2
' eff TPS

Oeff DPS — (0.82 & 0-11)0eff,TPs

* Prompt and non-prompt SPS cross sections calculated
using HELAC-ONIA and MADGRAPHS5 aMC@NLO

= Measurement of triple-/ /Y cross section provides a new
measurement of gg¢ pps.
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Triple J /Y Production at CMS

Highest p; Middle p; Lowest p;
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> 10 133 o (13 TeV > w0 o (13 T¢ . (13T
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5 F E 3] i -
O 6f ER I 3 @ eF
5F 3 5¢ 5F
4 E 4 af
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M. Jones - Pheno2023 Symposium May 8-10, 2023



Triple J /Y Production at CMS

I ] T ) I T ] ]

—— CMS, 1s=13 TeV, Jiy+Jiy+Jy  This work
—— CMS*, \s=7 TeV, Jhy+Jhy Ref. &
—.— ATLAS, 1s=8 TeV, Jay+Jiy Ref. 2

—— DO, 15=1.96 TeV, Jy+J/y Ref. 22

P — DO*, 15=1.96 TeV, JAy+Y Ref. %

—— ATLAS*, \s=7 TeV, W+J/y Ref. ¥
—— ATLAS", 15=8 TeV, Z+J/y Ref. ®
} > ATLAS*, \s=8 TeV, Z+b—Jiy  Ref. ™
—_— DO, \s=1.96 TeV, y+b/c+2-jet Ref. *°
- DO, \s=1.96 TeV, y+3-jet Ref. *°
- DO, \s=1.96 TeV, 2-y+2-jet Ref. %
— DO, 1s=1.96 TeV, y+3-jet Ref. **
—_— CDF, \s=1.8 TeV, y+3-jet Ref. %
— UA2, 1s=640 GeV, 4-jet Ref. '
- CDF, 1s=1.8 TeV, 4-jet Ref. #
S ATLAS, 1s=7 TeV, 4-jet Ref. '°
- CMS, \s=7 TeV, 4-jet Ref. 2
| — CMS, \s=13 TeV, 4-jet Ref. '*
N V— CMS, \s=7 TeV, W+2-jet Ref. ™
R — ATLAS, \s=7 TeV, W+2-jet Ref. "
S CMS, 1s=13 TeV, WW Ref. "*

I 1 1 L I 1 1 1

Ot pps [MDO]

Smaller values of o¢¢rppg for quarkonia compared to
harder processes suggest x dependence
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Summary

= Bottom quark hadronization fractions

CMS observes pr dependence in f,/f, in agreement with LHCDb
No variation with rapidity observed

Measures f;/f,, compatible with unity as is typically assumed

Reduced dependence on unknown branching fractions may be
possible with fully hadronic B decays

= Exotic charm states decaying to J/y ] /Y

= CMS confirms resonance parameters of X(6900) state
o Also observed by ATLAS

= Observation of additional resonances X(6600) and X(7300)
= Resonance parameters appear to be stable
= Spectrum is described well by interfering Breit-Wigner functions

= Triple J /1 Production

= New measurement of ge¢ppg in low x process
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Backup Material
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Recent Results from ATLAS

= The X(6900) is above the J/y ¥ (2S) threshold

= Signal near threshold includes all resonances
observed in J/y J/y final state

o))
o

Events/ 0.075 GeV
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_—‘JWW"(ZS) —e Signal o
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2oL 30 ]
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I
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30F
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Triple J /Y Production at CMS

Calculated SPS cross sections

SPS single-J/¢ production SPS double-]J/¥ production SPS triple-J/¢ production
gle-J/y p vp ple-l/ p
HO(DATA) MGSNLO+PY8 | HO(NLO*) HO(LO)+PY8 MGSNLO+PY8 | HO(LO) HO(LO)+PY8 HO(LO)+PY8 MGSHNLO+PYS
1 1ny 2 1pln 2n 3 2pln 3n
Osps O3S O3ps Osps O3ps O3ps Osps O3S
570£57nb  600130nb | 40752 pb 2470 b 430135, pb | <5ab  5275%fb 1474 ab 124+4
. . 3
Expected contributions to Nto]t/lp
Process: 3 prompt 2 prompt+1 nonprompt 1 prompt+2nonprompt 3 nonprompt Total
oard (fb)  <0.005 5.7 0.014 12 18
Ny 0.0 0.10 0.0 0.22 0.32
oV () 84 8.9 90 95 202
31/
Npps 0.15 0.16 1.65 1.75 3.7
ond () 61 19.4 20.4 7.2 53
31/
Nrpd 0.11 0.36 0.38 0.13 1.0
o (fb) 15 34 110 114 272
NY 0.3 0.6 2.0 2.1 5.0

tot
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