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Motivation lll

Production measurements:
* vield important information on perturbative and non-perturbative processes

* QCD regimes non-perturbative part:
— many parameters rely on experiment
— test models and provide an input to tune simulation

* Constraining the parton distribution functions (PDFs)

* Central Exclusive Production (CEP) measurements:
— very clean experimental final states
— sensitivity to gluon distribution at low Bjorken-x (~5 - 1079)
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Run 2 production results including CEP studies

e Opencharm:D° D* D, D**t
JHEP 03 (2016) 159, Erratum: JHEP 09 (2016) 013

e Bottom
arXiv:1612.05140

 Quarkonia:

J/Y, ]/ pairs and exclusive ] /4, Y(2S)

JHEP 10 (2015) 172, LHCb-CONF-2016-007, arXiv:1612.07451v1

e 7 boson
JHEP 09 (2016) 136



LHCb detector | datasets LHCb Detector Performance
Int. J. Mod. Phys. A 30, 1530022 (2015) lll
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* Single arm spectrometer — designed for precision measurements in b and ¢ physics

* Fully instrumented in the forward region (2 < n <5)

* Some detection capability in backward region (-3.5 < n <-1.5)

* Very flexible trigger — able to trigger on low momentum objects, dedicated CEP trigger lines
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% open charm: D, D+, D, D** m"m

JHEP 03 (2016) 159, erratum: JHEP 09 (2016) 013 A GH

« Measurements of the cross-sections for the prompt production of D°, D*, D&
and D** mesons based on 4.98 4+ 0.19 pb~? data sample.

* Handled decay modes:
D° > K n*, Dt > K mntn*, D** -5 D%(> K nt)n*, D -> ¢p(K"KH)m*

* Charm mesons from the decays of b-hadrons (secondary charm) are considered
as a background process,

* The minimum distance of a track to a primary vertex, the impact parameter (IP),
is measured with a resolution of (15 + 29/pr) um

«  Signal extraction: subsequent fits to invariant mass and In(x%)
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% open charm: D, D¥, D, D** | cross-sections measurement results mmm

JHEP 03 (2016) 159, erratum: JHEP 09 (2016) 013 A GH

* Double differential cross-sections are measured in the accessible phase-space:

20<y<45and0<pT <15 GeV/c

* Predictions show large uncertainties at low p7, data tends to lie at upper end
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- fixed order next-to-leading logarithms (FONLL) Eur. Phys. J. C75 (2015) 610
- general mass variable flavor number scheme (GMVFNS) Eur. Phys. J. C72 (2012) 2082
- modified NNPDF3.0 using 7 TeV LHCb results (POWHEG+NNPDF3.0L) JHEP11 (2015)

Previous LHCb measurement: 2.0 <y < 4.5 for 0 < pT < 8 GeV/c, Nucl. Phys. B871 (2013)



C open charm: DY, DT, DI, D*t | cross-sections measurement results
S

* The total cc-bar production cross-section,
o(pp — ccX), is calculated using
the fragmentation fractions from ete™
colliders.

* The combination of the D% and D™
measurements gives:

o(pp - ccX) = 2840 + 3+170+ 150 pub

statistical égmentatlon fraction
systematic

Predictions:

JHEP 03 (2016) 159, erratum: JHEP 09 (2016) 013
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- fixed order next-to-leading logarithms (FONLL) Eur. Phys. J. C75 (2015) 610
- modified NNPDF3.0 using 7 TeV LHCb results (POWHEG+NNPDF3.0L) JHEP11 (2015)

The “absolute” predictions - based on calculations of the 13 TeV cross-section
The “scaled” predictions - based on calculations of the 13 to 7 TeV ratio multiplied with the LHCb results at 7 TeV

Previous LHCb measurement: 2.0 <y < 4.5 for 0 < pT < 8 GeV/c, Nucl. Phys. B871 (2013) 2



open charm: D°,D*, D, D** | Ry3,7and Ry3,5 production ratios results I

JHEP 03 (2016) 159, erratum: JHEP 09 (2016) 013

e Experimental and theory uncertainties partially cancel;

13/5 TeV: data well described;
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13/7 TeV: predictions show tendency to lie below the data, most prominent at low rapidity;
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% Bottom m"m

~ arXiv:1612.05140 AGH
* Production cross-sections for the average of b-flavored and b-flavored
based on 284.104 + 86 pb™! @ 7 TeV and 4.60 + 18 pb™! @ 13 TeV data samples

* Performed by determined the signal yields of b decays into a charm hadron plus a muon
that is detached from the PV;

 Handled decay modes:
D° > K nt,D* > K n*nt,Df > K*K ntand Af > pKn*

* In(IP) distribution of the charm-hadron to separate prompt charm from D-from b-hadron;
signal extraction: simultaneous fit to invariant mass and In(IP)
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% Bottom m"JJJ

arXiv:1612.05140 AGH

Total cross-section
o(pp » HpX)in2 <n(Hp) <5
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Quarkonia | J/1 production lll

)

Candidates per S MeV/c¢?

JHEP 10 (2015) 172  AGH

Based on triggerred candidates, w/o offline processing
Fiducial region:

pr <14 GeV and2 <y <4.5

Data sample: 3.05 4+ 0.12 pb~?

dz-M
Prompt J /1 and J/1-from b decays are distinguished using pseudo decay time, t, = =

Dz
Handling J/y decaying to u*u~ final states
Signal yield determination:

simultanious fit to invariant mass and t,
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Quarkonia | J/1 production cross-section lll

)

JHEP 10 (2015) 172  AGH

Oprompt = 15.30 = 0.03 £+ 0.86 pub Extrapolation to the full kinematic region
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% Quarkonia | J/Y production cross-section | Ry3/g

JHEP 10 (2015) 172

In the cross-section ratios, many of the systematic uncertainties cancel because of
correlations between the two measurements
predictions below the data, most pronounced at low y for J /1 from b
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Quarkonia | J/y pair lll
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arXiv:1612.07451v1 AGH
Fiducial region: pr < 10 GeV /cand 2.0 <y < 4.5

Based on 279 + 11 pb~1! data sample

Signal yield determination:
fit to the two-dimensional (M (uf u7), M(u3 p3)) mass distribution

The fraction of candidates with J /¥ mesons from b-hadron decays is determined* to be 5.8%
* with the help of simulation validated with data
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% Quarkonia | ]/ pair | Results lll“JJJ

. : . ~ arXiv:1612.07451v1 AGH
o(JhbJhh) =13.5 £0.9 (stat) £ 0.8 (syst) nb

* Comparisons with theoretical predictions for the differential cross-sections
* Neither the DPS nor any of the SPS models can describe the differential shapes.
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In addition series of comparisons computed (see in the backup): _

v do( /Y ]/)/d|Ay| SDIESS - QOulbIe pzirton sc;ttgrmg

v da(J/Y /) /d|Ag| - single parton scattering

j 3;87;2 };ggbb%;jiq‘(]’/?bT]_/ZT) assymetry LO CS - leading-order colour-singlet

v da(J/y 1/P)/dy( /Y] /Y) LO CO - leading-order colour-octet

v dao( /Y ]/7,0)/2};13/(]/1/)) NLO*CS -next-toleading-order colour-singlet
v'...and more with requirement on pr(J/¥ ] /Y)

A fit to the differential cross-sections using simple DPS plus SPS models indicates
a significant DPS contribution.
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éiﬁcg Quarkonia | CEP of ]/ and ¥(25) lll

LHCb-CONF-2016-007 AGH

 HERSCHEL veto used — backgrounds are significantly reduced compared to previous
LHCb measurements (~50%)
* Both muons within pseudorapidity region

2<n<4.5
e Background sources
— non-resonant dimuon (continuum) -]/ 0.009 +0.001
— 1(25) 0.175 + 0.018
— feed-down of CEP y. or y(2S5) to J/y - 0.059 £ 0.003

— non-exclusive (remnants of p dissociation) — estimated from the fit to the p# after
continuum and feed-down bgd subtraction:
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Two exponential functions, one to describe signal and one for the

proton dissociation component. 16



% Quarkonia | CEP of J /Y and ¥ (2S) | Results
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the third uncertainty is due
to the accuracy of the
luminosity determination.
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% Z boson production lll“JJJ

JHEP 09 (2016) 136  AGH

* The inclusive Z boson cross-section for decays to a dimuon and dielectron final states
— statistically independent samples with largely independent systematic uncertainties

* Fiducial region
60 < m(ll) < 120 GeV
pr(1) > 20 GeV/c

20 <n < 45 CT14
NNPDF3.0
* 0,"=198.0+09+47+77pb
* 07°=1902+171+47+74pb MMHT 14
« 0/=19434+09+33+7.6pb LHCb Z—sup
the third uncertainty is due to the accuracy of the LHCb Z— ce
luminosity determination. LHCb combination

* Fixed-order predictions with PDF sets: rram— . ' L .
CT14. Phye. Row. D 83 (2016) 033006 180 190 200 210 220 230
NNPDF3.0, JHEP 04 (2015) 040 G [pb]
MMHT14, Eur. Phys. J. C 75 (2015) 204

* Fixed-order predictions describe the LHCb data well for a range of PDF sets.
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% Z boson production | Differential cross-sections lll

JHEP 09 (2016) 136  AGH

Measured as functions of the Z boson T

r
t

d d)n = tan(d)acop/z)/COSh(An/z)
apidity, acoplanarity angle ¢,cop = ™ — A
ransverse momentum (See backu p) A the difference in azimuthal angle of the two leptons

* the angular variable ¢;7‘ (see backup) An the difference in pseudorapidity of the two leptons
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Plot on the right shows the same information to the one on the left,
devided by the NNPDF3.0 predictions

The measured differential cross-section is slightly larger than the NLO pQCD predictions
at lower rapidities
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% Conlcusions MHJJJ

AGH

Run 2 results on production of
* heavy flavour: charm and beauty

* quarkonia: ]/, ] /Y pairs, exclusive ] /Y, P (2S)

e Zboson

* Exclusive production
new detectors — better control of inelastic backgrounds
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Coverage of LHC detectors

LHCb Detector Performance
Int. J. Mod. Phys. A 30, 1530022 (2015) llI

)
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AGH

ATLAS and CMS

e precision tracking and muon
identification in central region

* forward calorimetry -
measurements of electrons and
jetsfor |n| <5

LHCDb

* coverage for 2 < n <5 - excellent
tracking and particle
identification low p7, low mass
triggers

* Expanded veto region using
HeRSChelL up to |n| <8

- Complementary measurements
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open charm: D%, D*, D, D*t | cross-sections measurement results
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Quarkonia | CEP of J /1 pair | Results

Comparisons between measurements and theoretical predictions

for the differential cross-sections
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Quarkonia | CEP of | /1 pairs | Results

Comparisons between measurements and theoretical predictions
for the differential cross-sections

||I|.l|

5

der( JAL T4l )
l

|

nh
Yo

=
b
—_

Ve (Jfp Jy

2

Ln
=]

]

LHCb 13 TeV

BT

~ DPS
SPS: LO kr
—-—-—--3PS: NLO*CS'

- === - SPS: NLO*CSl, ,
———-SPS: NLO*CSl, ,

(kp)=2GeN{e

LHCh 13TeV
pri{Jp dfy) > 10V/e

E.:E.! }

=]
[

4 6 8
priJi)

[GeV/c

,_\
T
=

dal Jah T

-

—

(=
It

1]

i
=

-.L..J._LIII|III|III|III|III

e
==+ 8
|_\_:" [
il
L= =

A

rl

A

[,
o

arXiv:1612.07451v1

LHCb 13 TeV

— —3—
e I i e~ B

8 10

12

m( i i)

) 14
[Gev/e?

LHCb 13 TeV

l pr(Jp i) > 1GeV/e

-

N

."'.
I

T jT

e ]
-
]

+ T
1 N [N T N T T T T T N Y B

\

i

2.5 3 3.5

4

45

yl Sl Tl )

29

Il

AGH



Quarkonia | CEP of ] /i pairs | Results lll

)

Comparisons between measurements and theoretical predictions arXiv:1612.07451v1 ~ AGH
for the differential cross-sections

i
(=)
[
LA

DPS
SPS: LO kr
=-=-=-=5PS: NLO* CS’

===== ';)[:":‘1. l\]ib {:HI:'ll 05 G 1rl'

———-5P8: NLO* CS{ s cap.

LHCh le‘h

pridi i) = 1Gefe

“‘»‘W

[ribs]
&
e - -
Hllllllll|IIII|IIII|IIII|IIII
[nb]
A
.-"y

Ayl T
.

—_ [
wn =

L) L LRI L e
1_,_,.-f'

+
W
i

Vda (Jf Jja )
da{Ji i)
418y

2

LHCb 13TeV

[
=

[IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII

ey = L Th

- ||||||||||||||||||||||||

o pr(Jjo i) > 1GV/e
1 TS C ,_}_th‘:{_‘_{ﬂ
0 TR TR T T N N N RA N A N N TR N R U_' PR T R T |HI--||1-|-'.':""——-—-'_I-_'ﬂ_|'.|
2 25 3 35 4 4.5 0 05 1 1.5 2 5

yi ) Ay

L
[=]

GIIII|IIII|III|IIII|.-'IIII|IIII

[
n

LHCh 13 TeV
pridap Ji) = 16N/

LHCH 13TeV
pridf J) = 1GeV/e

B
N

[rib]
[nb]

Pt
n
Lad
=
1
h
.'II ’
_,n"._-"
'Y
i

e[ i Jflr )
dA 1
[ R
=R

derf Jial Jiwl )
) d | S|
(=]
=

[y
L

[
]

[

=]

I A
T 7
an

L
i

=]
(=]
-
=]
e
|
= i
=4 ;
=]
(=]
— Er

OIIIIIII!IIIIIIIIIIIIIIIIII[_'IIIIIII

(=]

=]
(]
=]
=
=
=4
=]
(]
s

30



Quarkonia | CEP of ] /i pairs | Results lll

)

Comparisons between measurements and theoretical predictions arXiv:1612.07451v1 ~ AGH

for the differential cross-sections

l'D T T T T T T T T T T T T T T T 3 T T T I T T T T T L T T T T

LE C DPS i
2EE A LHChH 13 TeV NESS SPS: LO ky E
- ;_ i priJiy Ji) = 1GeV)e =& C ———— SPS- NLO* C8' :

2B/ e S 8PS: NLO*OSJ, . qaye
—l= Bl — J———-SPS:NLO*CS}, , so0
:-'.. 6:—rI Ll . _'_:_ : __..""".._.I——I Ve #V T :
== 5E 15 @ +\1~% =
E|E 4F | L | ] LHCh 13 TeV .
o ;l ' 1 priJip di) = 3GV e
El= E ‘—]Ji Co4 k: 3
S v R — { .
2: f * T, Uj+ T T .t"\‘-‘.m _
1E e s e i .
o BT __‘:\H"“-h-'.____‘_I___I—E—| ?/__r T '%

nE— 1 1 | L P T P S g ) e s 00 P T TR AN T TR TR N TR TR Sl kel S S s M

(=]
e

] ] 10 1z ..14 6 _ 8 ] _.lﬂl
m(JabJp)  [GeVic?] priJid)  [GeVid

9||||||||||||||||||||||||

LHChE 13 TeV
prridap did) = 3G e

gk

——

LHChH 13 TeV
pridap i) = 3G e

[ib)]

[rib]

s

d ul "r."l.'i'll \
i

da{Ji T )
Vdear( Jj Jia )

2

ﬂ}ﬁ

|

|

|

|

|
vinal I

]

'rl\_jllllllIII|IIII|IIII|IIII|IIII|IIII|IIII

=]
H
4-‘-1
=]
thllllll
-
Ln
[¥F¥)
b
[
s
s
[

2 25 3 35 4 5 :
(S Tl y(Jiw) 31



Quarkonia | CEP of | /1 pairs | Results

Il

Comparisons between measurements and theoretical predictions

for the differential cross-sections

—
.

T

m

(=
It

o
=

T
’C{’E

=]

dal i Ji)
414y

L=

=] [ g
c‘llllllllll'lllll

(=)

[nb]

—_
(=]

der( S Jfl )
A
=
(=] IIIIIIII'IIIII.IIIII IIrIIIIIIIIIIIIIII

[ I L= T - - ]

=]

o

E
{

R
DPS
SPS: LO kr
—-=-—--SP§; NLO" CS'
mmmn SPSINLO*CSJ (oo
———-SPS: NLO"CS, 0.

LHCH 13TeV
% priJp Jiw) = 3GeV/c

taly g by by s by by baa g Ly

=
i

1 L5 2

14t

LHChH 13 TeV
pridab JiP) = 3G e

S

P T Tt o

02 04 0.6 038

=

Ar

arXiv:1612.07451v1 AGH

[rib]

_ =
L)

[—
I

cler( Jiad Jiw )
: o | L
b [y
= =

[T EN = R - = ]

(=]

LHCE 13TeV
pr(Jiw Jf) = 3GeV/e

/ _{T

il
H
1
i

= III|IrI|III|III|III|II |III:I||II|III|III

[=]
=3
=" ;
(=]
[ |IIIIIII

'ﬂﬂ"'—';'ﬂ"ml‘ﬂ '_' it
ZL/__ —
4

= ’
L=

T T

~—

LHCh 13 TeV
pridap di) = 3GV e

R :L'—_I-—-:l_-_%a

10 12 14
m(JpJe)  [Gevy/e?]

32



