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B physics at CMS

(u dominated final states for B physics)

vs RHIC
— better resolution
CMS’  1st Y(1S,2S,3S) measurements in HI

— additional detector capability
CMS' 1st secondary vertex meas. in HI (eg b—J/y)

vs ALICE
— complementary acceptance (ALICE access low-pt)
— CMS better resolution

;

. 3 |

vs Tevatron experiments |
c

— extend kinematic (pr,y) acceptance % é
L

vs ATLAS 5 [

— more flexible trigger, lower pr threshold 2 ;

vs LHCb ’

— complementary acceptance, LHCb great particle ID

— higher luminosity
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Dimuon at CMS & trigger

13.1 b7 (13 TeV, 2016)
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Excellent detector for quarkonium
* Muon system

— High-purity muon ID, Am/m~0.6% for | /W

Silicon Tracking detector, B=3.8T

— Apr/pr~1% & excellent vertex resolution

Special triggers for different analyses at increasing Inst. Lumi.

u P, (up) pr. (up) mass, (uu) vertex, and additional u
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Selected historical CMS contributions with low p; dimuons

Y suppression in PbPb collisions
PRL 109 (2012) 222301
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Y suppression in PbPb collisions
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Candidates / (50 MeV/c?)
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Associated quarkonium production

 Study interplay of soft QCD with (semi)hard QCD and EW physics

« Sensitivity to perturbative heavy flavor generation and
nonperturbative initial and final state effects

+ Initial state: e.g. sensitivity to the concepts of
single (SPS), double (DPS) and triple (TPS) parton scattering

. ) ' A_B
parameterized by O AB Y

Opps —
Ee

» Final state: e.g. sensitivity to heavy flavour hadron formation (colour
singlet vs. colour octet), sensitivity to resonant multi-heavy-flavor states

Zhen Hu Feb 12, 2023 8




J/WJ/W cross section at 7 TeV

J. High Enerqy Phys. 09 (2014) 094
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Total cross section, assuming unpolarized prompt J/pJ/p pair production
1.49 £+ 0.07 (stat.) = 0.13 (syst.) nb

Different assumptions about the J/wJ/yp polarization imply modifications to
the cross section ranging from -31% to +27%.
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http://dx.doi.org/10.1007/JHEP09(2014)094

Blind mass window for 13 TeV

We saw hints at Run I data (7 TeV & 8 TeV) Blinded mass windows for Run II:
Proposed three signal regions for Run II data

2. [6.8,7.1] GeV

3. [7.2,7.8] GeV
(for potential wide structure)

N These mass windows will be windows
for LEE for potential structures

1 2 3 Run I data will be ignored for
significance calculation

CMS eventually decide to blind the whole region: [6.2, 7.8] GeV after LHCD released their result (13 TeV, 2020)
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13 TeV dataset and MC samples

Signal: X - J /] /i - urp—ptu”

Data: 135 fb~ 1, taken in 2016, 2017 and 2018 LHC runs
Signal MC samples:

— JP = 0% resonance

-- Generator: Pythia8, JHUGen
Background MC samples:

— Nonresonant single-parton scattering (NRSPS)

Generator: Pythia8, HelacOnia (next-to-next-to-leading order),
Cascade (next-to-leading order)

— Nonresonant double-parton scattering (NRDPS)
Generator: Pythia8

Feb 12, 2023 11




Event selections

Muon selection J/y selection
=295 < <3.25 GeV
= pr(pt)> 2.0 GeVic My ©
n "pr(J/y) > 3.5 GeV/c
" n(uH)] <24 svtxprob(Jiy) >0.5%
= All muons are soft »Constrained vtxprob(J/y) >0.1%

= For 2017-18 years: pp(ut) > 3.5 GeV/c for at least
one utu~ pair, which has vtxprob(ptp™) >0.5%
and 2.95 <m+,- <3.25GeV

JhyJhy selection
sptxprob(4p) > 0.5%
sptxprob(J/yly) > 0.1%
"Proper HLT is fired in event

Multiple candidates

. . : .. MJ/y1)-MJ/Yppe)\2 , MI/Y2)-MJ/Wppe)y 2
Choose the best candidate with minimum ( s MOVL)) ) +( M) )
value if there are 4 muons in event, but more than one candidate (~0.2%)

=Keep all candidates if there are more then 4 muons in event (~0.2%)

Baseline mass variable — invariant mass of two constrained J/y candidates

Feb 12, 2023 12


https://iopscience.iop.org/article/10.1088/1748-0221/13/06/P06015/pdf

J/W candidates at 13 TeV

_ < CMS Preliminary  135fb” (13 TeV)
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CMS background (SPS + DPS + BWO)

CMS Preliminary 135 fb' (13 TeV)
300 f— ' } Data — Fit
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Candidates / 50 MeV

CMS background (SPS + DPS + BW0) =

-------
''''''''

x2 prob =79%

[6.2,15] GeV

* Most significant structure 1s a BW at threshold, BW0--what 1s its meaning?
* Treat BWO as part of background due to:

* BWO0 parameters very sensitive to SPS and DPS model assumptions

* Aregion populated by feed-down from possible higher mass states

* Possible coupled-channel interactions, pomeron exchange processes...

/ Zhen Hu Feb 12, 2023 "



CMS background (SPS + DPS + BWO)
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135" (13 TeV

W

o

o
-

N
($)]
o
o o o

N
o

Candidates / 50 MeV
o

CMS background (SPS + DPS + BW0) =

x2 prob =79%

t Data —Fit
....... BW1 — BW2[X(6900)]
----BW3 — Background

[6.2,15] GeV

[ N—

mJApJdiy) (GeV)

* Most significant structure 1s a BW at threshold, BW0--what 1s its meaning?

* Treat BWO as part of background due to:

* BWO0 parameters very sensitive to SPS and DPS model assumptions
* Aregion populated by feed-down from possible higher mass states
* Possible coupled-channel interactions, pomeron exchange processes...

* SPS+DPS+BWO as our background
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CMS model: 3 BWs + Background
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Significance with systematics

Table 2: Systematic uncertainties on masses and widths, in MeV.

Source AMpwr AMpw, AMpws Alpw; Algw, Alpws
signal shape 3 4 3 14 7 7
NRDPS 1 <1 <1 3 3 4
NRSPS 3 1 1 18 15 17
feeddown shape 11 1 1 25 8 6
momentum scaling 1 3 4 - - -
resolution <1 <1 <1 <1 <1 1
efficiency <1 <1 <1 1 <1 1
combinatorial background <1 <1 <1 2 3 3
total 12 5 5 34 19 20

 Investigated effects of systematics on local significance by a profiling procedure

« Adiscrete set of individual alternative signal and background hypotheses tested in minimization
« Significant change: BW1 significance changed from 6.5¢ to >5.7¢
» No relative significance changes for BW2 and BW3

M[BW1]=6552 = 10 == 12 MeV T[BW1]=124 £ 29 * 34 MeV >5.7¢

M[BW2]=6927 = 9+ 5MeV T[[BW2]=122 22 * 19MeV >94¢

M[BW3] = 7287 + 19 = 5MeV  [[BW3]= 95 *+ 46 = 20 MeV  >4.10

% Zhen Hu Feb 12, 2023 -



CMS and LHCb Comparison - 1

Fit CMS data with LHCb model I : 2 auxiliary BWs + X(6900) + bkg
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CMS and LHCb Comparison - 1

Fit CMS data with LHCb model I : 2 auxiliary BWs + X(6900) + bkg

N
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CMS and LHCb Comparison - 1

Fit CMS data with LHCb model I : 2 auxiliary BWs + X(6900) + bkg
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* LHCD did not give parameters for BW1

e (CMS has a shoulder before BW1
* helps make BW1 distinct

* Does not describe 2 dips well
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Fit CMS data with LHCb model II ;

CMS and LHCb Comparison - 2
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Fit CMS data with LHCb model II ;

“X(6700)” interferes with NRSPS
+ X(6900) + Bkg

= 220 ——
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* CMS obtained larger amplitude and natural width for X(6700)
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CMS and LHCb Comparison - 2

: . . “X(6700)” interferes with NRSPS
Fit CMS data with LHCb model II ; + X(6900) + Bkg
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* Does not describe X(6600) and below 20E
. . 0‘_
* Does not describe X(7200) region —34F
R rnge e
JENTE % bitod
- ) NUERE T8 B
All existing fits presented are not very good: ] >

...other interference scenarios are under study in CMS
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New exotic hadrons at LHC
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10.5 - 23 new exotic hadrons at the LHC Pushing the limits!
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“6c’” search in future?
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Summary

« Successful achievement of quarkonium measurements in the past ~10
years @ CMS

« Recently, CMS found 3 significant structures in double J/U mass spectrum
—  X(6900) consistent with LHCb
— Two new structures f, provisionally named as X(6600), X(7300)
— A family of structures which are candidates for all-charm tetra-quarks!

— Dips in data show possible interference effects — under study

« More data/knowledge needed to understand nature of near threshold region

« All-heavy quark exotic structures offer a system easier to understand

— A new window to understand strong interaction

« Triple J/Y production has also been observed for the first time by CMS

Feb 12, 2023 .,



Backup
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Significance with systematics

« To include systematics, alternative resonance/background shapes applied in the
fit.
« Calculate signal- and null-hypothesis NLL_syst including systematic using:
NLL _(syst—sig) = MIin{NLL_(nom-sig), NLL_(alt—i—sig)+0.5+0.5-Adof}
O NLL_(nom-sig): the NLL of nominal ‘signal hypothesis’ fit.
O NLL_(alt-i-sig): the NLL of i-th alternative fit of ‘signal hypothesis’

O Adof: the additional free parameters comparing to the nominal ‘signal
hypothesis’ fit.

e NLL_(syst—null) = Min{NLL_(nom—-null), NLL_(alt—j—null)+0.5+0.5-Adof}

« Significance including systematics as usual from NLL_(syst—null)-NLL_(syst—sig)

_ Significance with syst.

BW1 5.70
BW2 no sensible changes
BW3 no sensible changes
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Line shape

« S-wave relativistic Breit-Wigner (used in default fit):

m qmo

,whereI'(m) =T, —,
mg — m? — imI'(m) (m) =To gom

g is the momentum of a daughter in the mother particle rest

BW(m, mo, Fo) =

frame; g, means the value at peak position (m = m,).

« NRSPS and NRDPS:

fnrsps (X, X0, @, D1, D2, D3)

_ a 1 P1 (x — x¢)P3
= (=) (1- ((15 —x)? 1) a5 -?); eXp<_ 2P )

fvrops (X, @, Do, D1, D2) = Xt - exp(—a - x¢) - (po + 01 - X¢ + Dy - XE),

where xo = 2m; /y, Xt = X — X
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CMS result with BWO explicitly shown

CMS Preliminary 135 fb™ (13 TeV) CMS Preliminary 135 b (13 TeV)
> e L L L e > e
| ] 1 _
§soo:_ ¢ Data —Fit - = 80; ¢ Data —Fit
B r -~ BWO — BW1 . Q 160 | -~ BWO  ==BW1
-~ M — -~ __ ‘ A
2L — NRSPS ---- BW2[X(6900)] - g °F N — NRSPS 1111 BW2[X(6900)]
%’goo:_ . --NRDPS - BW3 3 $ 120~ om¥ * "|. -...NRDPS ' BW3
c E : - 2 100 \
[ ] 4]
O 150 X + I\ —] O :_
100 EH/I i = —
5of ’ “ E_

Data-Fit
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Significance with systematics

Table 2: Systematic uncertainties on masses and widths, in MeV.

Source AMpwr AMpw, AMpws Alpw; Algw, Alpws
signal shape 3 4 3 14 7 7
NRDPS 1 <1 <1 3 3 4
NRSPS 3 1 1 18 15 17
feeddown shape 11 1 1 25 8 6
momentum scaling 1 3 4 - - -
resolution <1 <1 <1 <1 <1 1
efficiency <1 <1 <1 1 <1 1
combinatorial background <1 <1 <1 2 3 3
total 12 5 5 34 19 20

 Investigated effects of systematics on local significance by a profiling procedure
a discrete set of individual alternative signal and background hypotheses tested in minimization
« Significant change: BW1 significance changed from 6.5¢ to >5.7¢

» No relative significance changes for BW2 and BW3

M[BW1]=6552 = 10 = 12 MeV T[BW1]=124 = 29 = 34 MeV >5.7c

M[BW2]=6927 = 9 = 5MeV T[[BW2]=122 22 * 19MeV >94¢

M[BW3] = 7287 + 19 = 5MeV  [[BW3]= 95 *+ 46 = 20 MeV  >4.10

Significance with systematics

% Zhen Hu Feb 12, 2023

X(6900) [LHCDb]
somewhat different fit model)

M[BW2]=6905+11+7 MeV
[[BW2] =80+ 1933 MeV

consistent (
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CMS and LHCb Comparison - 1

Fit CMS data with LHCb model I : 2 auxiliary BWs + X(6900) + bkg

- CMS Prellm/nary ... 135 fb (18 TeV) «j’; ;zg — 1 T ._I_.Dm .
2 160% ¢ Data — Fit é °>) 1 LHCb Total fit
S a0 N ——— (111 =L e
8120 h — NRSPS 111 BW2[X(6900)] = o(g 160 Sttt ST R
S 100 = 140 1[ B3 ovs
A ShOUlaCBI?‘: _; 4§ 120 '[' -l- : E::friksrs
60 — —
- E = 100 }
40— A0 = H Y| -l.'[' 'l.
20 - g 80 ”~ T 'l'
= 4 BWI1 o 7 { J[ -} T +
., e . : 2 ][
88 3 §T gt * i S8 Fa A0 P .} 30 S = 40
8P 3 }éé éﬁ dhateg T R 2 10
—gE 61.5 : 7 - 7.;5 8 8.5 9 3
Myryary [GEV] 8200 7000 80(%0 9000
M 5, MeV/c?)
2 T R —Z500) RO X(6900) parameters are in good agreement with LHCb
LHCb [15] ModelI | unrep. unrep. | |6905+11+7 80119133
CMS  ModelI | 6550+10 112+27 || 6927 +10 117 4 24
« LHCD did not give parameters for BW1 CMS vs LHCb comparisons
* CMS has a shoulder before BW1 e CMS has more data
* helps make BW1 distinct « 135/9 =~ 15X (int. lum.)

* (5/3)*= 8X (muon acceptance due to pseudo-rapidity range)

* Similar number of final events, but CMS has less DPS bk
* CMS has higher muon pr ( >3.5 or 2.0 GeV vs >0.6 GeV)

* DPS back d ed by higher
Feb 12, 2023 ackground suppressed by higher pr

od
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Weighted candidates / (56 MeV/c?)

Weighted candidates / (56 MeV/c?)

LHCb collaboration /Science Bulletin 65 (2020) 1983-1993
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Fig. 4. Invariant mass spectra of weighted di-J/{/ candidates in bins of pﬂi'” ¥ and overlaid projections of the p?i'” Y_binned fit with model 1.
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