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Introduction
00000000

Motivations

Motivations to study HF physics at CMS

@ Probe the underlying QCD processes:
@ measure production cross section,
e measure quarkonia polarization,
o look for new and exotic states.

@ Look for effects of new physics
beyond the Standard Model (not treated here):
e study lifetime and decay properties of B hadrons,
o look for new physics effects in rare decays.

Results from 2015 data taking at /s = 13 TeV :

@ B* production cross section
@ Quarkonia production cross sections
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Motivations

Motivations to study HF physics at CMS
@ Probe the underlying QCD processes:

@ measure production cross section,

@ measure quarkonia polarization,

e look for new and exotic states.

@ Look for| @ reference or ingredient for searches and
measurements of rarer or new processes

¢| @ baseline for associated production of HF
and other objects

Results from 2015 data taking at /s = 13 TeV :

@ B* production cross section
@ Quarkonia production cross sections
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Experiment

The CMS experiment

One of four detectors at the LHC
SUPERCONDUCTING CALORIMETERS Total weight: 12,500 T

ECAL Overall diameter: 15 m (50 ft.)
Scintillating Overall length: 21.5 m (70 ft.)

PbWQ4 Crystals

MAGNET COIL

HCAL
Plastic scintillator/brass

IRON YOKE
TRACKER
Silicon Microstrips
Pixels
MUON BARREL MUON
Drift Tube Resistive Plate ENDCAPS
Chambers (DT) Chambers (RPC) Cathode Strip Chambers (CSC)

Resistive Plate Chambers
JINST 03 (2008) S08004
v
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Muon reconstruction

@ 3 detectors dedicated to muon
trigger and reconstruction

@ Stand-alone reconstruction
capability by muon detectors
@ Tracker-muon maich:
@ inside-out:
more efficient at low pr
@ outside-in:
more efficient at high pr

Performances JINST 7 (2012) P10002
@ Misidentification probability
Pmis <1%
@ Momentum resolution
o(pr) ~ 1+ 6% for
p: < 100 GeV

o
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Trigger
) High Iuminosity - 1010‘2MS'DP'2°‘7'°29 L=391"(/s=13 TeV, 2017)
. . . > ? cMs Trigger paths
o lelted bandW'dth (2 109? Preliminary E;/'w
: : 2 E I B,
= Di-muon triggers | § ¢ ! M :
. > 107 L v Y BB low mass double muon + track
possibly plus other tracks | * ™ ool st
10°%
@ L1: hardware 10°
(fast, rate ~ 100 kHz) 10F
@ HLT: software 10
(full track reconstruction, B T | 102
rate ~ 1 kHZ) w*uw invariant mass [GeV]

Specific triggers developed for different analyses

@ transverse momentum, (pseudo)rapidity
Cutson @ vertex x? and displacement
@ di-muon mass & pointing angles
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“Legacy” results from Run-1: (/s = 7,8 TeV)

B mesons & baryons

a(pp — BT X) PRL 106 (2011) 112001
o(pp — BpX) PRL 106 (2011) 252001
o(fp — BsX) PRD 84 (2011) 052008
BF — J/ynE(nta) JHEP 01 (2015) 063
/\g polarization arXiv:1802.04867

Quarkonia

o(pp — (J/¢ ,¥(2S), T(nS))X) JHEP 02 (2012) 011, PRL 114 (2015) 191802, PLB 727 (2013) 101

(J/® ,(nS), T(nS)) polarization PLB 727 (2013) 381, PRL 110 (2013) 081802
T(nS) polarizations & production ratios vs. multiplicity PLB 761 (2016) 31, CMS-PAS-BPH-14-009
o(xc2)/o(xc1): o(xb2)/o(Xb1) EPJC (2012) 72:2251, PLB 743 (2015) 383

Double quarkonia & exotica

Double J/+ production JHEP 09 (2014) 094
Double T production JHEP 05 (2017) 013
X(8872) production JHEP 04 (2013) 154
Observation of BE — (2S)pK* PLB 764 (2017) 66
Search for X, = T(1S)r 7~ PLB 727 (2013) 57
Search for the X(5568) state in BIn+ decays CMS-PAS-BPH-16-002
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“Legacy” results from Run-1: (/s = 7,8 TeV)

B mesons & baryons

a(pp — BT X) PRL 106 (2011) 112001
o(pp — BOX) PRL 106 (2011) 252001
o fp — BsX PRD 84 (2011) 052008
i +— A
e o(pp — BT X) cross-section
polarlzatlon

Measured at /s = 13 TeV
extended pr range

o(pp — (/¥ ,(2S), T(nS))X)

(J/’lﬂ 9 ¢v(nS), ’Y‘(nS)) polarization FLD /£/ (2U13) 301, FHL 11U (2U13) US 18UZ
T(nS) polarizations & production ratios vs. multiplicity PLB 761 (2016) 31, CMS-PAS-BPH-14-009
a(xe2)/o(xc1)s o(xb2)/o(Xb1) EPJC (2012) 72:2251, PLB 743 (2015) 383
Double J/+ production JHEP 09 (2014) 094
Double T production JHEP 05 (2017) 013
X(8872) production JHEP 04 (2013) 154
Observation of BE — (2S)pK* PLB 764 (2017) 66
Search for X, = T(1S)r 7~ PLB 727 (2013) 57
Search for the X(5568) state in BIn+ decays CMS-PAS-BPH-16-002
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“Legacy” results from Run-1: (/s = 7,8 TeV)

a(pp — BT X) PRL 106 (2011) 112001
o(pp — BOX) PRL 106 (2011) 252001
o fp — BsX PRD 84 (2011) 052008
— J/z/nri(w*w ) JHEP 01 (2015) 063
polarlzatlon arXivi1802.04867

o(pp — (J/¥,(2S), T(nS))X)
(J/4 ,4(nS), T(nS)) polarization
T (nS) polarizations & production ratios vs. multiplicit
a(xe2)/o(Xc1), o(xb2) /o (Xb1)

2012) 011, PRL 114 (2015) 191802, PLB 727 (2013) 101
PLB 727 (2013) 381, PRL 110 (2013) 081802
LB 761 (2016) 31, CMS-PAS-BPH-14-009
C (2012) 72:2251, PLB 743 (2015) 383

o(pp — (J/1, 1(28), T

(nS))X) cross-section
Double J/+ production

Double T production _

e i Measured at /s = 13 TeV
Observation of BE — (2S

Search for X, — T(1 S)7r+7r’ FLD 12/ (U13) Of
Search for the X(5568) state in BIn+ decays CMS-PAS-BPH-16-002J

P. Ronchese - CMS Cross sections at CMS - 10



http://dx.doi.org/10.1103/PhysRevLett.106.112001
http://dx.doi.org/10.1103/PhysRevLett.106.252001
http://dx.doi.org/10.1103/PhysRevD.84.052008
http://dx.doi.org/10.1007/JHEP01(2015)063
http://arXiv.org/abs/1802.04867
http://dx.doi.org/10.1007/JHEP02(2012)011
http://dx.doi.org/10.1103/PhysRevLett.114.191802
http://dx.doi.org/10.1016/j.physletb.2013.10.033
http://dx.doi.org/10.1016/j.physletb.2013.10.055
http://dx.doi.org/10.1103/PhysRevLett.110.081802
http://dx.doi.org/10.1016/j.physletb.2016.07.065
http://cds.cern.ch/record/2223879
http://dx.doi.org/10.1140/epjc/s10052-012-2251-3
http://dx.doi.org/10.1016/j.physletb.2015.02.048
http://dx.doi.org/10.1007/JHEP09(2014)094
http://dx.doi.org/10.1007/JHEP05(2017)013
http://dx.doi.org/10.1007/JHEP04(2013)154
http://dx.doi.org/10.1016/j.physletb.2016.11.001
http://dx.doi.org/10.1016/j.physletb.2013.10.016
http://cds.cern.ch/record/2204918

B* Production

Outline

°
@ B* production
°
°

chese - CMS Cross sections at CMS - 11



B* Production
@0000

B* production cross-section

B* — J/pK*= ,J/p =t~
@ Studies of b-hadron production at the higher energies
= new important test of theoretical calculations

@ First B* production cross-section measurement at /s = 13 TeV

o

L =481 [Z)b_1 ,lysl <2.1,10GeV < pr g < 100 GeV PLB 771 (2017) 435
Differential cross-section, vs. transverse momentum and rapidity

do(pp — B*X) _ Nsig(2)
dz C2.-B-A-e(2)-L-Az
z = pra.lysl ng(z) = signalyield
2 = account for A = acceptance
B charge symmetry ¢(z) = efficiency
B = B(B* = J/WKY) L = integrated luminosity
B(J/p — ptu) Az = bin width
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B* Production
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B* signal extraction

Event selection
@ Muon quality: match chamber segment with extrapolated track
@ J/4¢ candidate quality: invariant mass and vertex fit x2
@ B* candidate quality: common vertex, flight distance and direction

B* — J/v¥K¥ invariant mass distributions

@ pr g and |yg| bins
@ Unbinned max likelihood fit:
e Sum of 2 gaussians (signal)
e exponential (background)
e error function
(mis-reconstructed B* — J/¢KX)

coms 481 pb (13 7ev)
£ e

1600;

Entries / 20 MeV
[
o N b
o O O
o O O
T T

800F
600F
400f
200

of

10<p <17Ge\/ |y|<145 17<p <1ooeev \y\<21 Bl
4 Daa

Fit to all entries Bl

B" — J/y K" signal 3

rrrrr Combinatorial background

N B* - J/y i background
B — J/y + hadrons background*

5 5152535455565758596

Jru « [GeV]
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B* Production
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B* — J/i9K* acceptance and efficiency

Overall A - € estimation
@ Simulated events with |yg| < 2.1, 10 GeV < pr g < 100 GeV
@ Selected event fraction:

@ 0.78% (10 GeV < prs < 13 GeV) ; 20% (70 GeV < prs < 100 GeV)
@ 3.6% (0 < |ys| <0.2);1.4% (1.8 < |ys| < 2.1)

Trigger and muon-reconstruction efficiency

@ Inclusive J/v — p*pu~ data sample
@ Tag-and-probe method
@ one muon satisfying stringent quality requirements
e second muon identified only with tracker or muon system
@ Efficiency compared with simulation,
difference included in systematic uncertainties

V.
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B* Production
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B* production: results

Differential cross-section vs. pr g, |y5]

@ Left: dO'/de’B (integrated over [|yg| < 1.45] or [|yg| < 2.1])

@ Right: do/d |ypg| integrated over [10 GeV < pr 5 < 100 GeV or [17 GeV < pr 5 < 100 GeV])

@ Comparison with FONLL

M.Cacciari et al., JHEP 05 (1998) 007 , JHEP 03 (2001) 006 , JHEP 10 (2012) 137
and PYTHIA T. Sjsstrand et al, CPC 178 (2008) 852

481 pb’ (13 Tev) cMs 48.1 pb? (13 TeV)
= T E| =z 10F T T T =]
v —&— Data (13 TeV, |y’| \<1 45) @ 3 = E ® 1
Q —%— Data (13 Tev, |y*|<2.1) 1 ~ C - 1
El FONLL (13 TeV) | s L ++ 'F—% ]
= PYTHIA (13 TeV) E o ]
g & Daa(7Tev, scdled 0 bfi<Las | o w -
= —4— Data (7 TeV, scaled to [y*|<21) 7| 1
x FONLL (7 Tev) - A §\\§
o -« PYTHIA (7 Tev) E| S 1| —#— Data(13Tev.p’>10Gev) -
1 C ] =1 F —#— Data (13 Tev, p5>17 Gev) —t%)— B

—— | ° E FONLL (13 TeV) |
s 5 F PYTHIA (13 TeV) ]
5 —— E [ —#— Data (7 TeV. scald to 1210 Gev) B
° . ] L Data (7 Tev, scaled 0 po17 Gev)
- N FONLL (7 TeV)
+ 3 L - PYTHIA (7 Tev)
o + + + + + .| 4 107 + + + =
i EETN E
2 18k g +H~ ]
'S 3 &L 15F E
=) $+—+~—+— i e E -+ —+— E|
8 + 1 g ¥ E
g 1 5o
20 40 60 80 100 0 0.5 1 15 2

= n
o

pE(GeV]
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B* Production
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B* production: results

Differential cross-section ratios vs. pr g, |ys|
@ Left: R(dO’/dpnB) (integrated over [|yg| < 1.45]or [|yg| < 2.1])

@ Right: R(do/d|yB|) (integrated over [10 GeV < pr.5 < 100 GeVior [17 GeV < pr.p < 100 GeV])

@ Reduced sensitivity to scale uncertainty, constraint to gluon PDF
M.Cacciari et al., arXiv:1507.06197

CMS 48.1 pb™ (13 TeV), 5.8 pb™ (7 TeV) CMS 48.1 pb™ (13 TeV), 5.8 pb™* (7 TeV)
L L L R R L I R

—f— Data (|y®|<1.45) -

6F —— Data (p?>10 GeV) =
—$— Data (Jy®|<2.1) E ]

F () %Dma(p}neev)

~
)

S F S
[ s
~ E ] ~ E ]
= b5 FONLL — = b5 FONLL —
E £ PYTHIA ] E - PYTHIA ]
S 1 i
= 3F + 1 = 30 ++ + E
™ F ] ) E +
) - —— ] — o ]
® 2F 4 % 2f + 1
1 = 1 e
O:HH\HH\HH\HH\HH\HH: O:HmH‘\HH\HH\HH\HH:
5 10 15 20 25 3g 35 0 0.5 1 15 2 25
2 [GeV] %
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Quarkonia Production

Outline

°
°
@ Quarkonia production
°

P. Ronchese - CMS Cross sections at CMS - 17



Quarkonia Production
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Quarkonia production cross-section

J/¢,9(2S), T(1S), T(2S), T(3S)
@ Test factorization and NRQCD  a.t.8odwin et al, PRD 51 (1995) 1125 , PRD 55 (1997) 5853

P.Cho and A.K.Leibovich, PRD 53 (1996) 150, PRD 53 (1996) 6203
° 2 phases: B. Gong et al., PRL 112 (2014) 032001 , Z.-B. Kang et al., PRD 91 (2015) 014030
e perturbative generation of QQ pair (singlet/octet)
e hadronization producing bound state (LDME)

@ Different center of mass energies:

e perturbative calculations appropriate for energy

P.Faccioli et al., PLB 736 (2014) 98
(*]
same LDME G.T.Bodwin et al., PRL 113 (2014) 022001

@ Higher energy and higher cross-section: extended pr reach

£L=23-27f"", y#,+#‘—‘ <12, pr+,- up to 120 GeV ris7so @ots) 251

Double-differential cross-section,
vs. transverse momentum and rapidity

d?a(pp — QQX) _ Noa(pr.y) 1 >
dprdy L-Apr-Ay “Alpr,y) - €(pr,Y)

B(QQ — ptu”)



http://dx.doi.org/10.1103/PhysRevD.51.1125
http://dx.doi.org/10.1103/PhysRevD.55.5853
http://dx.doi.org/10.1103/PhysRevD.53.150
http://dx.doi.org/10.1103/PhysRevD.53.6203
http://dx.doi.org/10.1103/PhysRevLett.112.032001
https://doi.org/10.1103/PhysRevD.91.014030
http://dx.doi.org/10.1016/j.physletb.2014.07.006
http://dx.doi.org/10.1103/PhysRevLett.113.022001
http://dx.doi.org/10.1016/j.physletb.2018.02.033

Quarkonia Production
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Quarkonia signal extraction

QQ invariant mass distributions

- _CMS 270" (13 TeV)
@ Muon & vertex quality selection 2 oot 2 < b < 240e0
ig 100" i < 0.
@ Unbinned max likelihood fit in 2 g0 — Towlt
; o C --- Backgroun
Pr.qa and |ygg| bins 5 oo e
e Crystal Ball function (signal) 4000
e exponential (background) 200
Parameters constrained to R S i e
pr-integrated fit result i invarent mase [GeY)
v
CMS 231" (13 TeV) CMS 271" (13 TeV)
geooo} 20 < p, < 21 GeV g 450§— 225 < p, < 25GeV
95000:— Iyl <03 © 400F Iyl <03
P £ — Total fit 2 350 — Total fit
§4000; -~ Background § 30 0 1 e Background
w w
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Quarkonia Production
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Prompt/non-prompt components

Chamonium sources
@ Production in primary pp interaction: prompt
@ Production in b-hadron decay: non-prompt

CMS 231" (13 TeV) CMS 271" (13 TeV)
15 E £ E
ERNS 20 < p, < 21GeV 3 F 225 < p < 25GeV
ISP o
§10'E Iyl <03 Sk Iyl < 0.3
2 f o
s L — Total fit s r — Total fit
E 103; — Prompt signal E , [ — Prompt signal
F — Nonprompt signal 10° — Nonprompt signal
102? --- Background E --- Background
F i 10k it
10 .‘ T g E * 1
1;4 | .. ....... 1; ‘ A
E | | L | I LI
-0.05 0 0.05 0.1 0.15 0.2 0.25 -0.05 0 0.05 0.1 0.15 0.2 0.25
Decay length [cm Decay length [cm]

Simultaneous fit to mass and “pseudo proper decay length”:
@ prompt: resolution function
@ non-prompt: exponential convolved with resolution function

@ background: gaussian plus exponential
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Quarkonia Production
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QQ — utp~ acceptance and efficiency

Generated QQ events, decay to .~ simulated with PYTHIAS
_ Nan'(p1,Y)
Neen(pr, y)

@ N9"(pr,y) : generated events
N&"(pr,y) : events passing selection

@ Acceptance stored in finely binned histograms
@ Unpolarized production assumed

@ Tag-and-probe method

@ dimuon efficiency: product of two efficiencies multiplied by a
correction factor accounting for correlation

] Acceptance and efficiency calculated event-by-event ‘

P. Ronchese - CMS Cross sections at CMS - 21




Quarkonia Production
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QQ — utp~ acceptance and efficiency

AAanAnnrntanan

Polarization
@ Compatible with measurements th PYTHIAS

@ Results directly comparable with
other experiments

e Ngz:(F @ Factors for different polarization
Nn (F assumptions provided

° ACCG c MILITITU IIIOlUyIaIIIO
Unpolarized production assumed

@ Tag-and-probe method

@ dimuon efficiency: product of two efficiencies multiplied by a
correction factor accounting for correlation

Generat

\ Acceptance and efficiency calculated event-by-event \
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Quarkonia Production
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J/v , 1 (2S) : results

Double-differential cross-section CcMs 23271113 TeV)

0 o = 10
@ Plot vs. pr In 4 |y| bins E =y NRQCD
5 10°¢
@ pr up to: B ok *y(@2S)  NRQCD
e 120 GeV(J/7) TE
o 100 GeV(1/(2S)) N T
@ Extended pr range for the b et
integrated range |y| < 1.2 we b ) .
1073% . .
_ CMS 2.3-271fb" (13 TeV) 15F * |
g “F Ty =9 00<py <03 S [T LT T N I ]
E osy Y(2S) 0 0.3<y| <0.6 (x112) 1 Y . S +
o 1 0.6<ly<0.9 (x 1/4) s LRI I T 4 3 } *
K " 0.9<ly|<1.2(x1/8) Ovi L I I | I -
@ 3> A
i proya o 2 eommmgrnprgt 2 1
e T g' 1 | | i [ R
w0k I 20 30 40 50 60 70 8090100 150
107 v GeV
;D 30 40 50 60 70 80 901(‘!0 120 pT[ ]
p, [GeV]

chese - CMS Cross sections at CMS - 23



Quarkonia Production
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T(1S),T(2S),T(3S) : results

. . . CMS 2.7 (13 Tev)
Double-differential cross-section s E
§ 10 " Y(1S) (x 100) NRQCD
@ Plot vs. pPr N 2 \y\ bins 2 0tk ° Y(2S) (x 10) NRQCD
o|® £
@ pr upto 100 GeV A LYES) NRQCD
o 10°fF L
@ Extended pr range for the wh Tre., Tt
integrated range |y| < 1.2 e el
10tk S X ™ 5
102 F S ‘ 4
_ Cc™s 2.7 1" (13 Tev) 127; £ L |
E oi =e Y(1S) =10 00<|y|<06 o g« ’ i
R S R e
5| 05, I I I I | l’
x 4
@ ii 3 [
- o wecksa it B
i “lr~ B R RV LA Zis S S i
) ; o & 1 i | i I T
N 3 2 ; 20 30 40 50 60 70 80 901(‘)0 130
m E ; P, [GeV]

p, [Gev]
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Quarkonia Production
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Quarkonia production: production ratios

Cross section ratios

CMS 2.3-27fH1(3TeV)
* Y(2S) /Iy (x5)
= Y(2S)/ Y(1S)
L Y(3S)/Y(1S)

1.4

B x (?_c Ratio
p.
-
i
N

0.8

i
[TT T[T prrrroT

0.6

EHHM** #HHI f

0.4 ‘
F,opabsd .
02 4"***+H+++ IIX N t i ‘} +
%% 30 20 50 60 70 80 96150 150

p, [GeV]
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Conclusions
[ ]
Conclusions

o Differential cross section for B™ production at /s = 13 TeV has
been measured up to 100 GeV in pr. A reasonable agreement
with FONLL calculations and with PYTHIA has been found.

@ The double differential production cross sections at /s = 13 TeV
for J/v , ¥(2S) , T(nS) have been measured. These results shall
contribute to consolidate the underlying hypotheses of NRQCD
and provide further input to constrain the theory parameters.
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Extra informations

BACKUP
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B* production: systematic uncertainties

Signal yield
@ Different mass modeling functions:

@ signal: 3 gaussians or gaussian + CB
e background: 2" order polynomial
e B* — J/yKX events: mass shift

@ Include the rare decay B* — J/yn*
@ pr, |y| bin to bin migration due to finite resolution

v

Other sources

@ Luminosity: 2.3%
@ B(B* = J/YK* — utpu~K*) :3.1%
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Quarkonia production: systematic uncertainties

Signal yield
Different mass fits:
@ changes in CB function parameters
o fixed/free mean masses
@ exponential/linear function for background

Non-prompt fraction

@ Decay length from:

@ average interaction point
@ nearest primary vertex along beam direction

@ Different functions for background modeling
@ Changes in parameter constraints
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