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BrAauTY AND CHARM RELATED ANALYSES AT CMS
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PuinSbed In Jy;
!
Observation of the & — ¢(2S)E~ decay and studies of the |

E, (5945) baryon in proton-proton collisions at I

Vs =13TeV l
|
The CMS Collaboration* |
1 {
‘ ‘ refer to further results for flavour spectra
| Abstract ® Stefanos Leontsinis, 19th

\ @ Alexis Pompili, 20th

The first observation of the decay &, — ¥ (25)E~ and measurement of the branch- i

\ ing ratio of £, — ¥ (25)E~ to E, — J/PpE~ are presented. The J/¢ and (2S)
mesons are reconstructed using their dimuon decay modes. The results are based on '
proton-proton colliding beam data from the LHC collected by the CMS experiment at |
| V/s = 13 TeV in 2016-2018, corresponding to an integrated luminosity of 140 fb~'. The ‘
branching fraction ratio is measured to be B(E, — ¢ (25)E7)/B(E, — J/pE™) = |
0.84 fg% (stat) £ 0.10 (syst) £ 0.02 (B), where the last uncertainty comes from the un-

| certainties in the branching fractions of the charmonium states. New measurements

of the &, (5945)° baryon mass and natural width are also presented, using the Z, 7t "

\ final state, where the E,~ baryon is reconstructed through the decays J/¢Z~, ¢ (2S)E~,

l‘ J/$AK~, and J/$pE°K ™. Finally, the fraction of &, baryons produced from E, (5945)°
decays is determined. "
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ANALYSIS MOTIVATION

v Hb observed ~ 15 years ago, barely studied yet

PDG, Phys. Rev D 110, 030001

|
| I(4P) = 3G3T)
| I, J, P need confirmation.
| m(=;) = 5797.0 + 0.6 MeV (S = 1.7)
m=_ — myp = 177.46 £ 0.31 MeV (S = 1.3)
m_" — m_y =59+ 0.6 MeV
=b =b
Mean life 7 __ = (1.572 + 0.040) x 10712 s

CMS| can conbribube to b“barvam physics using dimuon dﬁﬂ

=, DECAY MODES T Fraction (I;/T)

| ¥

Confidence level (MeV/c) :

J/zp:‘ x B(b — E;) (1.02192%) x 1075
_3f J/z,)/\ “x B(b— =) (25 +0.4 ) x 1070

pK- K x B(b — E;) (3.7 +0.8 ) x 10~8

pK K~ seen

‘pK (o seen

Nr=xB(b— =,)/B(b— A) (7.0 £0.9 ) x 104
_2 - seen

X (1385)K~ (2.6 £2.3 ) x 10~/
A(1405) K~ (19 +1.2 )x 10~
A(1520) K~ (7.6 £3.2 )x 1077

| A(1670) K - (45 +23 ) x 107
T (1775) K~ (22 +1.5 ) x 10~/
Y (1915) K~ (26 +2.5 )x 10~/
=" < 1.3 X 10—4 95%

NG Qbserva&mm cyf == w(2S)E" !

1782

1631 |
2731 |
2731 |
2783 “
99
23GYt

|

|
- VALUE (MeV)

. Eb(5945)O observed in 2012

> only a few measurements of mass and width

LCI\/IS— BPH-12-001

OUR AVERAGE

l 5952.3 = 0.6

| 5952.35 + 0.02 + 0.58 L

5952.3 0.1 =0.6

 5951.4 0.8 = 0.6

Currently a few LHCh and CMS only

4 CHATRCHYAN

DOCUMENT ID TECN COMMENT

2 AAL) ppat7,8, 13 TeV

ppat7,8TeV

| 2023AU LHCB |
| 2016AE LHCB |}
| 20125 s

3 AAL

| VALUE (MeV)

| 0.87 £0.06 +=0.05

DOCUMENT ID
1 AAL)
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MEASUREMENT OF 2, — w(25)Z" DEcAY AND BRANCHING FRACTION RATIO

v =, — wE~ measured with yy — utu~ decay (yp refers to J/y or w(25))

_First observation of B, - y(2S)E" decay

CMS 140 b (13 TeV) CMS 140 b (13 TeV)
> 45: > i \
% 40; i:g:“a WES) = % 50 - i:gi?ta Y(2S) = Jpr'we
- o O [
g 355 —E; — (29)E" T a0l S —wES)E
% 30t .- Background % - ----Background
© 25F © . CMS 140 b (13 TeV)
% 20 | % 305 o 200¢ { Data = — J/wE~
S : S 20k = 180} _ } —b Y=
) 15F O I u l} \ l l \ 0 g0k — Fit
® ‘ it | D b B TNE
] SN VTR Qi AR e
N AT A VAR N VR A LU N N s 20
5.6 5.7 . 5.9 6.0 5.6 5.7 . 5.9 6.0 {2 190
2S)Z") [GeV] Mw(@2S)E) [GeVv] | & 23 :
B(E; — y(29)E) i
A/ =, 20 | +
. R=——2 —— = (.847)= (stat) = 0.10(syst) + 0.02(B) b N
B(E, — JIyE") 5.6 5.7 5.8 5.9 6.0

M(Jhp E°) [GeV
. consistent with analogous measured ratios of BY — wK™*, B’ — yK?, B) — y¢ and A} — wA Whp =) [GeV]

v No clear pattern for the branching fraction ratios
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MEASUREMENTS AND STUDIES OF =, (5945)"

v 5,(5945) — E7 2" reconstructed through decays of 2, — J/WE™, B, — w(2S)Z™, 5, — JIWAK™ and E; — J/wX’K™

- _CMS 140 fb' (13 TeV) _CMS 140 fb' (13 TeV)
S o) + Dt = JyE | oF R + ban = — (2S) v R S .
0 30| R _signa 16 | g _signa — econstruction with two-body decay of =,
C 25 _ --- Background 14 ‘ --- Background ut M+ p \
£ 20} | of refer to BackUp slide
o 15 _ 8 | for three-body decay |
o o |
OV A i
| |
il Kol b A AN ik AN RARARAK ARANER
. 002 003 004 005 006 0 001 002 003 004 005 0.06
- 140 fb™ (13 TeV) CMS 140 fb (13 TeV)
% t Data = = JhpAK" 80 _ { Data = — Jp 2K
e _gl't | o J o - 0 PDF
N —olgha N — Siana — = L ==\ __ +
S- * --- Background zz _ ---:e?ckglround } } } AM M(_‘b(5945) ) M(_b) m (™)
N 3
§ } ’ } 40 | | } \ H
—-"KLH" g HALRLARI BT - M(E,(5945)°) = 5952.4 = 0.1(stat + syst) = 0.6(mg_) MeV

0

T 002 003 004 005 006 % o901 o0 605 o0r o0 606 . F(Eb(5945)0) = 0.871_8'%(8’[21’[) + O.l6(syst) MeV
AM [GeV] AM [GeV] '

bekter yra&&smm Fhawn Ehe Frevmus CMS resulks

v About a third of E, produced from Eb(5945)0 decays i agreement with results from LHCb
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CMS-BPH-22-009

' arXiv:2406.14409
|

| Measurement of the polarizations of prompt and

» non-prompt J/¥ and ¢(2S) mesons produced in pp

collisions at y/s = 13 TeV

The CMS Collaboration® |

l Abstract ; y
|

| The polarizations of prompt and non-prompt J/i and (2S) mesons are measured |
| in proton-proton collisions at /s = 13TeV, using data samples collected by the *
\ CMS experiment in 2017 and 2018, corresponding to a total integrated luminosity |
|
V
|

‘ of 103.3fb~'. Based on the analysis of the dimuon decay angular distributions in the Q
i helicity frame, the polar anisotropy, Ay, is measured as a function of the transverse
| momentum, pr, of the charmonium states, in the 25-120 and 20-100 GeV ranges for u
| the J/¢ and (2S), respectively. The non-prompt polarizations agree with predictions |
| based on the hypothesis that, for pr 2 25GeV, the non-prompt J/¢ and ¢(2S) are |
predominantly produced in two-body B meson decays. The prompt results clearly
exclude strong transverse polarizations, even for p; exceeding 30 times the J/1 mass,
\ where A4 tends to an asymptotic value around 0.3. Taken together with previous
| measurements, by CMS and LHCb at /s = 7 TeV, the prompt polarizations show a |
‘ significant variation with p, at low pr. ]

I e — —
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ANALYSIS MOTIVATION Orbital angular momentum

Spin  Colour (1 or ¥)
v Quarkonia provide an ideal study for the understanding of hadron formation in QCD K |
ZS+1L(C) ,
» polarisation measurements provide straightforward information for hadronization models J—» Total angular

- polarisation of quarkonium is observable that most directly reflects the mixture of S, L, J, ¢ configurations rementum

“Short-distance coefficients (SDCs)”
 quark production and well separated processes within non-relativistic QCD (NRQCD) framework

<& 4  Eur. Phys. J. C 7_9f57 (2019)

— | | | K=05

- only a small number of leading and sub-leading terms is quantitatively important - / e e
- NRQCD foresees all possible S, L, J, ¢ configuration of QQ " ) polar anisotropy K=15
0.5/ .
umyaio\risad, 2 imdapamdam% i K=17
I : — K=1.8

- two distinct physical polarisation terms IS([)S] and 38[18] + K3P([)?]1|2
0

‘L’ e . x=185

pmiarisec&, p d@.p@.&\c{@_v\%

- K=1.88
=1.91
-0.51— K - 38[18]
| | N . pp 7TeV —'s,
S-wave quarkonia mainly produced through a superposition of 1S([)S], 38[18] and 3Pgﬂ|2 NLO SDCs ; ?8] -~
. = K=1.95 S, +x P
Possible singlet contribution negligible | Helicity frame | :
. . - L1 I L1l l L1l l L1l I L1l l L1l l L1l [ Ll l L1 I L1l 1 L1l | ]
P-wave term alone is unphysical (4, > 1) 15 4 3 15 16 20
pT/M
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PrompT J/y AND y(2S) MEASUREMENTS

v Ay measured as a function of p based on dimuon decay angular distributions in helicity (HX) frame

Ny T -
90 o F Prompt J/a oaF Prompt 1 (2S)
o HX frame T HX frame
0.4 |- 1 {' 04 | ! Ag ~ + 0.3
o —— o —e—
: : + +- 1+ |
0 T il - 1. O L B Wi e d ”
I _Ehis analysist™+ [ —___this analysis
- /7 arXiv:1307.6070—>0 CMS 7TeV lyl<1.2 - + arXiv:1307.6070—>0o CMS 7TeV lyl<1.2 e _ f,
-0.4 = /- arXiv:1403.1339——>® LHCb 7TeV 25<y<4 0.4 — arXiv:1209.2922——>m LHCb 7TeV 25<y<4 | Eur. Phys. J. C 79, 457 (2019) |
L 1508 - '}’;-‘ 10° ATLAS / CMS
L T 0 L ‘( . - v
- 38 5 8] - | \c%_ 10° E_g - 1S£)8] o J/y
-0.8 — S ; K PJ fork =15,17,18 |08 — o - N
: . [ — % PP o
_IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII _IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII 10% M Xcz
0 20 40 60 80 100 0 20 40 60 80 100 i
p, (GeV) py(@GeV) | 10 = v
- an Y(1S)
- significant p; dependence of polarisation including CMS and LHCb data (7 TeV) 2 a0 Y(2S)
Ay ~ 0.3 at high p;: no strong t larisati 107 g vYes ||
. Ay .5 at high p7: no strong transverse polarisation : “tndistinquishable? |
. . e . . . . -2 ‘
» significant constraints on phenomenological analyses of charmonium production, - |
which mostly based on p,-differential cross section measurements 107 J
jo4 [ PP T TeV \iﬁg—
= NLO SDCs
:llllll|llllllllllllllllllllllll[ll L 111

25 30 35

Y. Yang, Cl-[ea,vy Flavour Production Studies at CMS,



Non-PrROMPT J/ 1 AND Y(2.5) MEASUREMENTS

v Ay measured as a function of p based on dimuon decay angular distributions in helicity (HX) frame

A

Yos HXframe . Data  “this analysis”
- First measurement from LHC
0.4 f— "+ CDF non-prompt Jip  pp 1.8 TeV |<— arXiv:hep-ex/0004027
- T all other systems of agcompanying particles (XD
0 7(\\ 0 T T S '
- \_\\\ — ¢ | %
— 7 |T ——
: \*‘qﬂésgﬁqﬁﬁ srall
—0.4 Curves : B > Jiy X (undetected X)
- — Ref. [48] “Two-body’
- Ref. [48] “Multi-body”
-0.8 [~ Ref. [49]
_|||||||||||||||||||||||||||||||||||||||||||||||||||||||||||
0) 20 40 60 80 100

p, (GeV)
- both J/y and y(295) results are consistent

- Ag ~ — 0.2 at high p;
* measurement consistent with hypothesis that charmonium produced by two-body B decays through colour-singlet processes
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CMS-PAS-BPH-22-007

Pupyj.. Since j uj

Measurement of double-differential and
total charm cross sections at 7 TeV
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ANALYSIS MOTIVATION

v Charm production measurements provide important test of QCD
- charm, beauty and top have mass scale larger than AQCD; a, small enough for perturbative theory

- any interactions involving quark encounter non-perturbative QCD; requires a strong interplay btw. experiment and theory
- charm mass scale close to AQCD; transition region of pert. and non-pert. regimes

> challenging perturbative calculation: NLO+NLL (FONLL) known for differential cross section, while NNLO for total cross section
- total cross section measurements can be compared with NNLO
> fiducial cross section extrapolated — f f — f —
- so far based on fragmentation universality assumption 28 July 2021, CERN COURIER
- recent LHC data: charm fragmentation non-universal! S ITREEHORE

|
| | Charm breaks fragmentatlon umversallty
o arXivli603.08906 u‘ 28 July 2021 ) — :

10 | llllllll I lIlllIII | IIIIIIII

\\

arXiv: 2308.04877 ~\

, ~ 1
Opp — cé [mb] A report from the ALICE experiment T" : ALICE. pp' Vi< os 1 :
. = {s=13TeV -
10 = NNPDF30 The study of heavy-flavour hadron produ = 0.8 = (s=5.02Tev o
_ : an important test for quantum chromodyj } + Bfactories, e'e’, Vs = 10.5 GeV |
1 = 2 (.& d&&ﬁ \\ hadron duction i 1l d + LEP, e'e’, /s =m, —
= E proauction 1s usually computed ¥ e HERA, ep, DIS _
1 - (ALIL‘E ATLAS LHL-b) - the convolution of the parton distributiox © HERA, ep, photoproduction ]
10 ] __ extra F’OLO&LOM baseci o _ partonic cross section and the fragmental g
E MV\LVQT’SO&L%j assum PE"‘OM E charm quarks into charm hadrons. The Iz -
2 : 7 measurements performed in e*e™ or ep c( -
10 3 NNLO | = S N ]
= ’ PDF unc. : = hadronisation of charm quarks into chari |
3 k s * | | i independent of the colliding systems.
10 | 1 llllllI 1 1 llllllI 1 1 llllllll 1 h llllllI
2 3 4 S
10 10 10 10 10
Vs [GeV]
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https://cerncourier.com/a/charm-breaks-fragmentation-universality/
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D *T RECONSTRUCTION )

v D *T has the best signal to background ratio for a broad phase space coverage
v D*t — D%% — K~ntz (the most probable) measured Secondary Vertex (i

<4
’

- lower momentum (slow) of ;" compared to D ** and DY; K~ and ™ distinguished

- strongly suppressed combinatorial background with good resolution of MD*+ — MDO N D?;"
er Naarons

....isignalband :side band 3nb’ (7 TeV) ....signalband :side band 3nb’ (7 TeV)
% _ CMS - | ' 25001 CMS - | | Beam Spot
1000— 5 | D** | | g D**
[ . P2 <3.5GeV, lyl<~2.5 SR, p- >3.5GeV, lyl<~2.5
E - Prelln?lnaéry ! [ Prelln?lnagry . ! Primary Vertex
g 800 L | 4 2000—_ Q ¢ right charge
2 i e [ 5 —— wrong charge - 4+ + .
S [ 1500E : J[ : | — fit to right charge K*r 7, (‘"LSI’\% ﬂh&rgé)
@ 6001 [ T background only “signal+combinatorial bieg”
400 | 1000~ K¥n¥r; (wrong charqge)
I ¢ right charge C “ b E . i, bk@ i, ”
L —— wrong charge L COMBLNACOTLA g o v
200 — fit to right charge 500~
I A R A S DO background only -
O [ | | | | : | | | | | | Ié | | | | | | | | | | | | | | | | O i | “‘ | | : | | | | | | Ié | | | | | | | | | | | | | | | |
0.14 0.145 0.15 0.155 0.16  0.165 0.14 0.145 0.15 0.155 0.16  0.165
MD*+ = MDO (GeV) MD*+ = MDO (GeV)
* signal extracted with background subtraction
- wrong charge normalised to right charge in and subtracted in
- fit used to evaluate for systematics of definition
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DouBLE-DIFFERENTIAL ProMPT D *1 CROSS SECTION MEASUREMENTS

v Prompt D *T measured in p; > 1 GeV & |y| S 2.5 (the largest coverage in LHC)

3nb’ (7 TeV)

31 - T Tt L L L a
~ 3l CMS. . $ | CMS data B
<, 10° Preliminary %] ALICE data =
= - Eur.Phys.J. C77 (2017) A
L - =E Pythia x 0.7 -
0 10°E ™ FONLL —
< oo = 5
B li.‘.l:l |

- e o]

- leco-- =

1 Prompt D** [ B

= lyl <0.5 E

| | T R S R e T | | | |

= 258 — E
8,2 S
= 1.5 3
e a2 S
(@) = =
-.cg & 055_ ..................... —;
S O 1 2 3 4 5 6 7 8 9 10 o
P, (GeV)

o - | g
= - CMS ]
= 10° = Preliminary ¢ CMS data =
9;'_ E * ----- Pythia x 0.7 E
o 10° -l ¢ FONLL —=
R . E
: I--.‘--- :

10 R =

- =

1 Prompt D i"vf"f —

= 1.5<lyl<?2 E

i | l 1 l | ]

(ED‘ 2.5 ' | TS
Sloqis | E
=15 =

I_ c + =
S —— 4+
>\ = =
olaosE b =
S o 1 2 3 4 5 6 7 8 9 10 «
P, (GeV)

3nb’ (7 TeV)

T 1 T T — T T T T T T T 3

- CMS -
10% & Preliminary t CMS data =
e Pythia x 0.7 ]
102 ;_"_i"-f"-l.--ﬁ---: FONLL —§
= e . —

_ — ]
10 e =
= P =

L preem ‘__:

- e .
1L Prompt D** [

= 0.5<lyl <1 E
25 3
2F- =
1.5F E
|5 e i T o 7
050 1 B
0 1 2 3 4 5 6 7 8 9 10
p_ (GeV)

T 1 T T — T 1 T T ! [

3| (F’:M/S , ¢ CMS data ]
= Nucl.Phys.B 871 (2013) J

- Pythia x 0.7 -
10° e, FONLL =
STk [t ;

L : | ‘?ﬁ;.! |
10 : s 4 E
1 :_ Prompt D** | 1+ ______ +_:

= 2<lyl<25 l E
25 e =
25 E
o S— s %z,@t% S
0.55— ¥ * —;
0 1 2 3 4 5 6 7 8 9 10 o

p_ (GeV

v CMS+

. almost full phase space

- minimal theory/model dependence!

3nb’ (7 TeV)
SO B A I R B
oL oM b ous data - CMS7TeV| ALICE7TeV  LHCb7 TeV
? y ----- P th 07 ? ’>-\102 :I T | T T | T T | T T | T T IIII|IIII|IIII|IIII|IIII:
- ythia x 0. ] D - .
T —— FONLL . O -
S ; - |
NE . _ 1
= e - = A i |
E e, ‘E
1L Prompt D** e _ 10 - e
= 1<lyl<1.5 § 3 -
25 = : :
2F 3
1.5 4 . - i
1E + CE. ' -
os- | e m—— E
0T 5 5 4 5 6 7 8 9 10 = : E
p. (GeV - .
T _I (I | [ | [ | [ | [ | [ | L11 | [ | | L11 | L1 I_
0 05 115 2 25 3 35 4 45 5

D** Iyl

v Good agreement with ALICE/LHCb data, and Pythia/FONLL predictions
* FONLL based on fragmentation universality assumption, while
non-universality effect smaller than theory unc.

v 0.5 < |y| < 2 results are new in LHC
v Ac™3(p, > 1 [GeV],|y| < 2.5) = 1.28 £0.22 mb
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ToTAL CHARM CRrOSS SECTION MEASUREMENTS L ofer to BackUp slde

v Measured fiducial cross section (including larger rapidity measurements from LHCb) extrapolated to full phase space
 data-driven FONLL (ddFONLL) parametrisation used for extrapolation
“a %kamrjﬂmsp&md extrapolation function which is constrained b:j various Fmbuskeci LHC data

without the need to assume any particular non-universal fragmentation model”
refer to a talk ‘Charm total cross section measurements at the LHC and beyond’ later today

v Total charm cross section measured accounting for non-universal charm fragmentation

CMS Preliminary (s=7TeV
I I I I | | I I I I I I I | I I I I | I I I I
|~ CMS+LHCb  this work D* fragmentation fraction in pp collisions
+extrapolation (nonuniv.) | A

i LHCb+ALICE [1]
+extrapolation (univ.)

. 0, = 9.39707%(data) "] (ddFONLL) 53 (fPP) [mb]

NNPDF31 —0.73 —1.07
= 9.39J_“}'Zg(total) [mb]
= MMHT2014 NNLO [1] ' \l refer to BackUp slide
——— HERAPDF =e=PDF unc.
. JR14 —e—scale unc. > with the smallest extrapolation factor ever for charm in LHC
> consistent with upper edge of uncertainty band of NNLO
g CT18 > Increased significantly compared to measurements based on
- ABMP16 universality assumption

[1] JHEP 2104 (2021) 043

0 5 10 15 20 25
O [mb]
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SUMMARY

v By — w(25)=" decay observed for the first time __ __
b B(E;, - w(29)E")

- branching fraction measured relative to 2, — J/wE", resulting in R = — =
B(E; - JIyE")

= 0.841)< (stat) = 0.10(syst) £ 0.02(B)
v Eb(5945)0 mass and width measured using =2, 7" final state
- about a third of =5, produced from =,(5945)" decays

v The polar anisotropy measured as a function of p; for prompt and non-prompt J/y and y(2S)

- the prompt results exclude strong transverse polarisations
* the non-prompt results show agreement with predictions of two-body B meson decay production

v Double-differential prompt D ** cross sections measured at 7 TeV in pr>1GeV&|y| <25

- results show agreement with ALICE and LHCb
v Total charm cross section measured accounting for non-universal charm fragmentation

- with the smallest extrapolation factor ever for charm in LHC, including LHCb measurements for 2.5 < |y| < 4.5
- resulting in 6. = 9.39ﬂ:ig(t0tal) [mb], which is consistent with NNLO QCD theory prediction

Y. Yang, ﬂ-[éowy Flavour Production Studies at CMS, ICHEP, Prague, July 19th, 2024
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ReconsTrucTION OF 2, (5945)° witn 2 THREE-BODY DECAY CMS-BPH-23-002
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ToraL D *7 Cross SECTION
v 7 TeV prompt D ** data from CMS and LHCb extrapolated usmg ddFONLL
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ddFONLL gives good descriptions for data overall in full kinematic range

data
Opyi+
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