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OUTLINE

@ INTRODUCTION
@ LHCb
@ Real-time alignment and calibration and Turbo stream

© PRODUCTION MEASUREMENTS
@ Introduction and impact
@ 13 TeV charm meson cross-sections (JHEP 1603 (2016) 159)
@ 5 TeV charm cross-sections (LHCb-PAPER-2016-042, New!)
See presentation by D. Miiller on Wednesday.
@ DO production in p-Pb (LHCb-CONF-2016-003)
@ T + D associated production (JHEP 1607 (2016) 052)

© SPECTROSCOPY MEASUREMENTS
@ Introduction
@ Inclusive D*tn— (JHEP 1309 145)
@ Dalitz analysis of B~ — D™n— 7~ (arXiv:1608.01289)
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INTRODUCTION LHCb

LHCb DETECTOR

LHCb: a single-arm forward spectrometer at the LHC.
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Optimized for heavy flavor physics in pp collisions. %
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INTRODUCTION LHCb

LHCb ACCEPTANCE

Pseudorapidity of b and b produced in pp collisions for LHCb simulation.
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LHCb RUN 2 DATAFLOW _

LHC collisions (30MHz)

LO hardware trigger (1MHz)

Real-time alignment
and calibrations

Offline reconstruction and
associated processing

Offline reconstruction and
— Calibration associated processing

User analysis
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INTRODUCTION REAL-TIME ALIGNMENT AND CALIBRATION AND TURBO STREAM

REAL-TIME CALIBRATION & TURBO STREAM

It is a matter of precision! i

@ Increased cross-sections and - ™
bunch-crossing rate = event rate ’ Real-time alignment
B I and calibrations
increase,

@ HLT software trigger must be
more selective than it was in Run 1,

@ In order to meet LHCb’s need for precision, the event reconstruction in
HLT2 must be as precise as offline reconstruction,

@ The detector calibration must be done prior to HLT2.

HLT2 software trigger (12.5kHz)

Buffering also allows continuous use of farm throughout inter-fill.

Since the HLT2 reconstruction is offline-quality, use it in analysis directly!
In the Turbo stream, keep all information necessary for analysis,

@ Particle and decay candidates as reconstructed in HIt2,

@ Additional information for specific measurements. v
More data and greater physics reach for the same computing resources! %
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PRODUCTION MEASUREMENTS INTRODUCTION AND IMPACT

HEAVY FLAVOR PRODUCTION

Production measurements of heavy flavor hadrons
can be vital to improved understanding of QCD,

@ Test precise cross-section predictions,

@ Provide empirical fragmentation functions,

@ Probe proton structure at low x.
Necessary for MC generator tuning,

@ Simulation inputs to precision flavor physics
measurements,

@ Long term program planning,
@ New experiment design. ‘-QQQ“

Standard Model backgrounds for New
Physics searches,

@ Absolute rates of SM processes ‘999/
must be known precisely.

A

S,
Il;li'/&
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PRODUCTION MEASUREMENTS INTRODUCTION AND IMPACT

HEAVY PRODUCTION AND PROTON STRUCTURE

Heavy flavor forward production in LHC proton-proton collisions primarily
through gluon-gluon fusion.

LHCb flavor production measurements cover a partonic momentum fraction x
complementary to the HERA DIS data,
@ HERA:10~* < x <1071, @ LHCb: 5 x 1078 < x <1074

Inclusion of LHCb data should improve precision of gluon PDFs at small x,
@ Implications for lepton flux calculations in atmospheric showers.

T T T T T
HERA inclusive DIS 3.5<Q°<30000 GeV’, 4.32x10"'<x,,<0.65

ZEUS beauty 6.5<Q°<600 GeV?, 145x10'4<xal<i.5x10'2

HERA charm 2.5<Q°<2000 GeV?, 3x10'5<)(5‘<5x10'2

LHCb beauty y=4.5, 0<p <40 GeV

LHCb beauty y=2.0, 0<p_<40 GeV
——————————————————

LHCb charm y=4.5, D<p1<8 GeV
LHCb charm y=2.0, 0<p_<8 GeV x _i
——————————
!

1 1 1 1
10® 10° 10* 10° 102 10" 1
gluon momentum fraction x

I

|
PROSA Collaboration,
EPJ C75 (2015) 8, 396.

E
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http://dx.doi.org/10.1140/epjc/s10052-015-3618-z

PRODUCTION MEASUREMENTS INTRODUCTION AND IMPACT

CHARM AND ASTROPHYSICAL NEUTRINOS

Atmospheric charm production and decay is a dominant source of
background for ultra-high-energy neutrino astrophysics.

T
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Energy of IceCube observed events with predictions of atmospheric sources
and overall fit. PR
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http://dx.doi.org/10.1103/PhysRevLett.113.101101

PRODUCTION MEASUREMENTS INTRODUCTION AND IMPACT

NEUTRINOS FROM ATMOSPHERIC CHARM

LHC measurements relevant to neutrinos from atmospheric charm production,

@ pp at /s = 7TeV (13 TeV) corresponds to
incoming cosmic ray of E = 26 PeV (90 PeV).

Gauld et al. performed a PDF improvement
similar to PROSA,

@ NNPDF3.0 NLO set reweighted to match
LHCb charm cross-sections at 7 TeV.

4GeV?)

9(x Q=

NNPDF3.0 NLO ,;=0.118

" o LHCb D".D" data

with LHCb D°,D* data (wgt)
with LHCb D°.D" data (unw)

)

10° 10 10° 10° 10
X

Significant improvement in precision at small x. NNPDF3.0 NLO small-x gluon with LHCb

Improved PDF set used in POWHEG and other
MC generators,

@ Charm production cross-sections in LHC
/s = 13TeV collisions,

@ Atmospheric charm production in
high-energy cosmic ray interactions.

do/d(E, / E) (pb/GeV)

charm

10" GeV, Central+Total Uncertainty
ncer

Gauld et al., JHEP 1511 (2015) 009

-1
log, [E, /E]

See a|SO BhattaCharya et a/_, JHEP 06 (2015) 110.Differential cross-section of charm-induced
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PRODUCTION MEASUREMENTS 13 TeV charm meson cross-sections (JHEP 1603 (2016) 159)

DIFFERENTIAL CROSS-SECTIONS

Differential production cross-sections of D mesons (H;),

dZU,'(HC) 1 Ni(H; — f+c.c.)

dordy — AprAy eiw(He — ) - B(He — f) - Lint

in bins of pr and y with respect to the collision axis.

@ N;(H; — f+c.c.): signal yield in bin /,
@ ¢;i(He — f): total signal efficiency
e Factorized into components, e.g., track reconstruction efficiency,
PID efficiency, selection efficiency, efc.
e Components evaluated in independent data samples where
possible,
e Estimated from simulation when not possible.

@ Ly integrated luminosity of sample,
)
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PRODUCTION MEASUREMENTS 13 TeV charm meson cross-sections (JHEP 1603 (2016) 159)

CHARM IN HADRONIC COLLISIONS

Prompt production b decays (B — D*)X)

Two major sources of charm:
@ Prompt: Produced at primary interaction,

e Direct production,
e Feed-down from higher resonances.

@ Secondary: Produced in the decay of a b-hadron.
Separate the prompt and secondary components,

@ Secondary treated as background for D meson cross-sections.
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PRODUCTION MEASUREMENTS 13 TeV charm meson cross-sections (JHEP 1603 (2016) 159)

D°, D+, Df, AND D** CROSS-SECTIONS

D meson cross-sections now measured at three pp collision energies
(*] \/§ = 7TCV: »Cint = 15 r]b_1 x10°

50

Nucl.Phys. B871 (2013) 1-20, Twlly o p e

® /s=13TeV: Liy=5pb~" S menn |
JHEP 1603 (2016) 159, 3 8
® V5=5TeV: Lin=9pb~" g
LHCb-PAPER-2016-042 (New). g
13 TeV and 5 TeV: Analysis of HLT2 T
candidates with Turbo stream. T 5
Separation of prompt and secondary charm LU sl 1o
with log(/Px?2) distribution, o e
Y

s 0 s 10
In(xp)
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PRODUCTION MEASUREMENTS 13 TeV charm meson cross-sections (JHEP 1603 (2016) 159)

PROMPT D° CROSS-SECTIONS AT /S = 13 TeV
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Double differential cross-sections, d?s;/dprdy, of prompt D° vs. pr.

Integrated over the acceptance of the analysis
o(D°, pr < 8GeV,2.0 < y < 4.5) = 3240 4+ 4 & 190 ub.
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PRODUCTION MEASUREMENTS

PROMPT D° CROSS-SECTIONS AT /S = 5TeV

5 TeV charm meson cross-sections (LHCb-PAPER-2016-042, New)
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Double differential cross-sections, d?s;/dprdy, of prompt D° vs. pr.

Integrated over the acceptance of the analysis
o(D° pr < 8GeV,2.0 < y < 4.5) = 1635 + 4 + 89 ub.
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PRODUCTION MEASUREMENTS 5 TeV charm meson cross-sections (LHCb-PAPER-2016-042, New)

COMPARISONS: 13 TeV RELATIVE TO 7 TeV AND 5 TeV

] FONLL
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Ratios of double differential cross-sections, d%s;/dordy, between
measurements at /s = 13TeV and at /s = 7 TeV (left) and /s = 5TeV
(right).
For each interval, the dash-dotted line represents a ratio of 1.
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PRODUCTION MEASUREMENTS 13 TeV charm meson cross-sections (JHEP 1603 (2016) 159)

RATIOS AT 13 TeV: D*/D°
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Ratios of double differential cross-sections, d%s;/dprdy, between D and D°
measurements at /s = 13 TeV.
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_ 5 TeV charm meson cross-sections (LHCb-PAPER-2016-042, New)
RATIOS AT 5 TeV: Dt /D°
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Ratios of differential cross-sections, do;/dpr integrated over 2 < y < 4.5,
between Dt and D° measurements at /s = 5 TeV.
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PRODUCTION MEASUREMENTS DO PRODUCTION IN p-Pb (LHCb-CONF-2016-003)

D° PRODUCTION IN p-Pb COLLISIONS

Heavy flavor production can be used to study the LHCDb collected p-Pb data at mean
properties of quark-gluon plasma in nucleus-nucleus nucleon-nucleon collision energy
collisions VSN = 5 TeV.
%ﬂ ; i ‘A 11
Pb Pb Y

However, the cold nuclear matter effects must be
disentangled from plasma effects. These can be
studied in nucleon-nucleus (p-Pb) collisions

p on Pb collisions (forward)
® — <« L~ 1.10b~", 1.5 < y*(D) < 4.0.

The study of cold nuclear matter effects relies on
nucleon-nucleon interactions (p-p) as a reference.

SR g ] Ig¥ B wx )

® — —©

p P Pb on p collisions (backward)
Lin ~0.5nb~",  —5.0 < y*(D) < —2.5.
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PRODUCTION MEASUREMENTS

D° CROSS-SECTIONS IN p-Pb

D° PRODUCTION IN p-Pb (LHCb-CONF-2016-003)

Double-differential D° production cross-sections = " CHCh ordliminery
. > . L preliminary -
in p-Pb, d“o’/dy*dpr, g 3 [Sw=5 Tev ;
. o E‘E Forward 1
@ y™ and pr in the nucleon-nucleon CoM, -1 " SR S 1
. . [ E E
@ Measured wrt. the p momentum direction. Q — | i
. R Nb%:_ [ e 15<y*<20 ]
Forward-backward cross-section asymmetry: O g L +§-g§§j <20
* . _ oppo(+1Y " |,PTiv/3NN) © E r30<y <35
Ren (¥, pri vV/sw) = 22T oo = P23 E 7
LE lo—l " T Il Il
pl5 T T T 0 2 4 6 8
I LHCb prelimi 1
= pPb \l% =I5r¢2(a/ry 25<ly*|<4 1 P, [GeVic]
IN
- B — T T
1+ ] a L 12 E LHCb preliminary E
> E =5TeV E
Eiasmancon ) T 8 L,.== ﬁw ; 1
B 55 O === B
L ] 2 35 [ T ]
L 1 £ 10g ¥ 3
05| st uncert. i — = I E
L [Jtotal uncert. ] O b %L [ o 50<y*<- ]
L [ CTEQBM+EPSOINLO E g ClE 1L ::j:gj!y/: Py i
[ 1 F -m-35<y* <-3 —
O- | | | E —5 [ e -30<y*<- D
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T
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PRODUCTION MEASUREMENTS

NUCLEAR MODIFICATION FACTOR

D° PRODUCTION IN p-Pb (LHCb-CONF-2016-003)

Effects of cold nuclear medium expressed relative p-p cross-sections:

Rpr(y*7 pPr; \/SNN)

_ 1 dopm(y”, privSw)/dy"dor o0

A d2opp(y*, pri+/Snn)/dy

“dpr

This preliminary result determined before the 5 TeV p-p cross-section,
@ oy estimated by extrapolation from the 7 TeV and 13 TeV cross-sections,

@ Update in progress.

il
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15F Forward ] E Backward
f ] 15F
1 o0 % E 1.
05F 7 i
i ] 051
[ . I R I I ] t R I L1 I
00 2 6 8 00 2 4 6
P, [GeVic] P, [GeV/

P. SPRADLIN (GLASGOW)

OPEN CHARM PROD AND SPEC AT LHCb

CHARM2016 2016.09.09

[ee]

CTEQ6M-+EPS09NLO: Mangano et al.,
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PRODUCTION MEASUREMENTS

MULTIPLE HEAVY QUARK PRODUCTION

T + D ASSOCIATED PRODUCTION (JHEP 1607 (2016) 052)

Double Parton Scattering (DPS)

Single Parton Scattering (SPS)

Both heavy flavor pairs from a single hard ~ Two independent parton collisions.

parton-parton interaction. . @
NRQCD: (Berezhnoy and Likhoded, gfee 2 X0
IJMPA 30 1550125) T‘{ef" _
cc cc cc
Rsps = UL:T = (02 — 70.6)%. HDPS = g ¥ — L ~ 10%.
g Oeff

P. SPRADLIN (GLASGOW) OPEN CHARM PROD AND SPEC AT LHCb CHARM2016 2016.09.09

(s

22/30


http://dx.doi.org/10.1007/JHEP07(2016)052
http://dx.doi.org/10.1142/S0217751X15501250

PRODUCTION MEASUREMENTS T + D ASSOCIATED PRODUCTION (JHEP 1607 (2016) 052)

T + D ASSOCIATED PRODUCTION

LHCb Run 1 data

@ 1fb " of ppat/s=7TeV,
@ 2fb~" of ppat /s =8TeV.

Coincidences of bb states and open charm,

N/(100 x 5 MeV?2/ct)

@ T(nS) — ptp forn=1,2,3,
@ DY D*, Df, and Af in decays to CF
hadronic modes.

First observations in excess of 5 ¢ significance
for 5 combinations,
T(18)+D°, T(1S)+D*, T(1S)+D¢,
T(28)+D°, and T(2S)+D+.

N/(100 x 10 MeV?/c)

Measured cross-sections and differential
distributions of kinematic variables.
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PRODUCTION MEASUREMENTS

T + D via DPS

T + D ASSOCIATED PRODUCTION (JHEP 1607 (2016) 052)

Measured cross-sections
T(1S)D°

U\/§:7 TeV X
T(18)D*
\/8=7TeV

From which are computed

O_T(1S)cc

oT(s

R\/§:7 TeV

B(T(1S)— ptp~) = 15542147 pb,
x B(T(1S)— ptp~) = 82+£19+5pb.

) \/S=7TeV
Significantly larger than theoretical predictions.

= (7.7 £1.0)%.

Azimuthal angle, A¢, between T and D

@ Flat, consistent with independent,

@ Production dominated by DPS. g

Computations of normalization factor o

assuming DPS,

Ueff|T(1s)D0 =194+26+1.3mb
consistent with values from previous
measurements in other channels
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Orange and magenta dashed lines: predictions of SPS.
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SPECTROSCOPY MEASUREMENTS

INTRODUCTION

SPECTROSCOPY MEASUREMENTS AT LHCb

INCLUSIVE STUDIES OF H; + h

pp — (Dm)p, X, pp — (DK)p,, X
@ All resonances are accessible,
@ Large backgrounds,

@ Spin-parity analysis only
applicable to three-body decays,

e Only distinguishes between
natural and unnatural parity.

Dtx—, D%+, D**7—: JHEP 1309 145
D*K?, D°K*: JHEP 1210 151

v

AMPLITUDE ANALYSIS b-HADRON
DECAYS TO CHARMED HADRONS

@ Full spin-parity analysis,

@ Limited access to high-mass
resonances,

@ Complicated analysis of multiple
interfering states.

B~ — Dtn— 7 : arXiv:1608.01289
B~ — DTK—xn—: PRD 91 092002,
PRD 93 119901
B° — DO%r*x—: PRD 92 032002
B°— D°K*x—: PRD 92 012012
BY— D°K-n+: PRL 113 162001 ,
PRD 90 072003
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SPECTROSCOPY MEASUREMENTS

MASS FITS FOR D*"mr—

INCLUSIVE D*tr = (JHEP 1309 145)

Enhanced unnatural parity
| cos fu| > 0.75

pull

Candidates/ (4 MeV)

m(D"*1t) [MeV]

Dominated by D;(2420)°.

Three additional structures observed
D,(2580)°, D,(2740)°, D,(3000)°.

Natural parity subsample
|cos 6u| < 0.5

TTTTT T

g

Candidates/ (4 MeV)
a

‘ o ‘
%360 2400 2600 2800 3000
m(D"*1t) [MeV]

Large D;(2420)° and D;(2460)° features.
D,(2580)°, D,(2740)°, and D,(3000)°, fixed

Two additional structures observed ﬁﬁ@
D;(2650)°, D;;(2760)°.
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SPECTROSCOPY MEASUREMENTS  INCLUSIVE D* 7 = (JHEP 1309 145)

ANGULAR ANALYSIS OF D*" ¢~

LHCb @ LHCb
[ @D2420 1 5 2oof () Dj460”

dN/d(cosB,)

Data set partitioned in to 10 slices of helicity angle.

Yields of each structure determined as a function of m\'\\I/ : A

COS 9[—[- -1 -05 0 05 1 1 -05 0 05
D, (2420)0 and Dz*(2460)O consistent with expected s = 00
JP =17 and 27 respectively. Do wolorr 1 T30 ooy
o e T P
D;(2650)° and D;(2760)° consistent with having o ] W ‘“
natural parity. A l e
-1 -0.5 o ()v50c'$H -1 -05 0 0. 500§H

Angular distributions for D,(2580)°, D,(2740)°, and D,(3000)° are consistent with
having unnatural parity.
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SPECTROSCOPY MEASUREMENTS DALITZ ANALYSIS OF B~ — Dt = 7~ (ARX1V:1608.01289)

DALITZ ANALYSIS OF B~ — Dtn—n—

e Data LHCb

Dalitz analysis of 27956 + 195 ;

B~ — Dtn~n~ decays 3000 Total _
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4 8 B - D" m 3
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SPECTROSCOPY MEASUREMENTS DALITZ ANALYSIS OF B~ — Dt = 7~ (ARX1V:1608.01289)

DALITZ ANALYSIS OF B~ — Dtn—n—

Resonance Fit fraction (%)

D;(2460)° 35.69 + 0.62 + 1.37 + 0.89 E

D; (2680)° 8.32+0.62+0.69+1.79 3
D*(2760)° 1.01+£0.134+0.134+025 >
D3 (3000)° 0.23+0.07 +0.07 +0.08 5
D;(2007)° 10.79+0.68 £ 0.74 £ 2.34
B; 2.69+1.01+143+£1.61

Total S-wave 56.96 + 0.78 &+ 0.62 £+ 0.87

Resonance parameters (MeV) : YD) [Gev]
D;(2460)° m—24637 £04 L0406 min

r=47.0+08+09+0.3 < T T T T
D;(2680)° m=26811+56+49+131 2
[=186.7+85+86+82 *
D;(2760)° m=27755+45+45+47 <
[=953+9.64+7.9+ 331 2
D;(SOOO)O m=3214 + 29 + 33 + 36 E
=186 +38+34+63 5
First observations of D3 (2760)°, D;(3000)° i) \ . ;9
® Parameters of D3 (2760)° with D’;(2760) TN
observed in inclusive analysis. mD*m), [GeV]
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SUMMARY

SUMMARY

LHCb’s forward design allows it to probe a unique region of heavy
flavor production at LHC.

Heavy flavor production measurements with broad applications

@ Tests of QCD calculations methods,
@ Refinements of proton PDFs,

= Improved understanding of backgrounds for cosmic neutrino
studies.

@ Cold nuclear matter effects for quark gluon plasma studies,
@ Examinations of double parton scattering.

Discovery and characterization of new states,
@ Inclusive studies based on huge charm samples,
@ Amplitude analyses of large samples of b— ¢ decays.
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