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Motivation for Heavy Flavour
Measurements at LHC

* Heavy flavour production measured at lower
energy hadron colliders (1/s = 0.63, 1.8, 1.96 TeV)

e LHC allows measurements at /s = 7 TeV

Tests of QCD at much higher energy help
constrain uncertainties on NLO calculations

* Heavy flavour production forms important
background in searches for new phenomena

Better understanding of background
improves sensitivity of searches

24 July 2012 Chris Hawkes, BEACH 2012



Overview

e ATLAS results on heavy flavour production
in pp collisions at y/s = 7 TeV using:
* b-hadrons decaying to D X final state
 Inclusive D*) meson production
* |nclusive electron and muon production

* D-jet tagging (inclusive, dijet, and with Z or W)
 Compare results with NLO QCD calculations

Other ATLAS Heavy Flavour results to be presented in BEACH 2012:
 CP Violation E. Kneringer Tuesday

* J/U, T, X,(3P) Production R. Wang Wednesday

e Rare Decays S. Prell Thursday
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ATLAS Qetector

g A
B /9] ANEEEN

Inner Detector |n| <2.5
e 2T axial magnetic field » Vertex resolution:
*  Momentum resolution: ~30um transverse
o(py)/p; = 3.8 x 104 (GeV) @ 0.015  ~50pum longitudinal
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H,—D™u X Analysis Strategy

Measure differential cross section for

b-hadron (H,) productionin

pp collisions at+/s = 7 TeV Do .-~°
(arXiv:1206.3122, accepted by NPB) s K-

S — 5 X not reconstructed

Diagram from J Catmore

b-hadrons observed through decays ~Muon + three other

H,—D™*uX, D**—m*DP, DO—K-rt* charged particles allow

(and charge conjugate) partial reconstruction
of D" X final state
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Overview of Analysis Method

Fraction of D" from b decay (MC)

do(pp >H, X >D"wXx") _f,N(DWw)

Number reconstructed
D**u~and D*-pu* pairs

dp.(D"1) 26BL Ap..<— Bin width

Charge conjugates

f

\

Integrated luminosity (3.3 pb)

Efficiencies: reconstruction (48.3%, MC)
trigger (81.9%, J/Y—uu data)
selection (79.1%, MC)

Unfolding to account for
g =

Branching fraction (2.63%):

D" —n*DO, DO—K-

do(pp ~H, X »D"w x")

kinematics, missing particles dp (H )
T b
Correction for acceptance d()'(pp _>HbX)
and B(H —D"uX
(Hy=D7wX) dp,(H,)
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Data Selection

* Triggered by muon, p-(i1) > 6 GeV (2010 data, £ = 3.3pb™?)

e p;>1GeV (K fromD°), p,;>0.25GeV (softr, from DY),
and|n|< 2.5 (all K,m)

 Simultaneous fit of H, and D° vertices (P(x?) > 0.001)
D" selection:

e m(Km)-m(D°) < 64 MeV for p(D*) >12 GeV and |n(D")|> 1.3,
m(Krt)-m(D°) < 40 MeV otherwise

* p;(D")>4.5GeVand |n(D’)|< 2.5

D" selection:

* p;(n)>6GeVand |n(u)|< 2.4, matched to trigger muon
¢« 2.5GeV<m(D'u)<5.4GeV
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Reconstructed Mass Distributions

D*

—  ATLAS

I T T T T I T I_
Data 2010 _[ Ldt=3.3pb"' ]

%
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g - \s=7TeV o opposite sign D*u
b - N e same sign D*n
® 1500 : u
= B — fit
c
w
_ fit: N(D*) = 4516 + 100
10001
500/
I |
040

160
m(Knm)-m(Kr) [MeV]

* b — D pX (signal)
e 2 charm hadrons
e b— D'tX, T = pvX
* + other smaller sources + combinatorial background

24 July 2012

Entries / 0.3 GeV

12001 T I A =
B ATLAS ]
1000F \s=7TeV _‘
800[ Data 2010 J Ldt=33pb" ]
. e oppositesignD*p ]
600} Jb—-Dp -
B Bllc:-D'coyu ]
400 [ other sources =
L [ ] comb. background -
200~ ]
o -

2 1 1 1 4 1 1 L 6 1 L 8 = e 1 O
m(D’n) [GeV]

93.2 £ 0.3 % (mainly B9)
3.8+0.2 %
1.5+0.1%

composition
from MC

Chris Hawkes, BEACH 2012 8



pp — H X — D uX" Cross Section

within p;(D) > 4.5 GeV, |n(D")|< 2.5; p;(1) > 6 GeV, |n(u)|< 2.4

=== MC@NLO

N _+__

e Data2010 | Ldt=3.3pb"

0] - A L BN B L L B AL IR 6077 7T 1 T T T
E_"._,_. ATLAS g C . Data201OJLdt=3.3pb'1 ATLAS
[ \s=7TeV B 50/~ — POWHEG+PYTHIA \s=7TeV
= T — il [ e POWHEG+HERWIG

= —— POWHEG+PYTHIA = g
= e POWHEG+HERWIG ] -
- - - - MC@NLO J 30

—
Q

______________________

do(H,—D*uX)/dp_(H.) [nb/GeV]

do(H —D*uX)/dm|(H ) [nb/unit of ]

E p,(D*)>4.5 GeV n(D*)[<2.5 : 5 p(D')>45GeV MDY<25  lbemeeeeeeeeee. ]

| p(W)>6GeV  In(u)|<2.4 1 10 p(W)>6GeV  Mn(w)|<2.4 —:

1 0'2 I 1 1 1 1 I 1 1 1 1 | L L 1 1 | 1 1 1 1 | 1 1 1 1 I 1 1 1 1 I 1 1 1 L 1 1 | 1 1 1 1 | 1 1 1 1 I 1 1 1 L I 1 1 1 1 :
10 20 30 40 50 60 70 80 0 0.5 1 1.5 2 2.5

Pr(H,) [GeV] T statistical uncertainties | Ml (H)

T statistical @ systematic

Integrated cross section, o(H,— D" uX)
Data: 78.7 £2.0 (stat) £ 7.3 (syst) £ 1.2 (B) £ 2.7 (L) nb
POWHEG+PYTHIA: 53 J_’ﬁ(scale) +3(m,) +3 (PDF) jg(hadromsanon) nb

NLO QCD predictions lower than data, but consistent within 1.2¢0
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Extract pp — H_X Cross Section

Now calculate the H, production cross section:

e Cuts on D" and p constrain b-hadron to kinematic
region: p.(H,)>9 GeV and [n(H,)|< 2.5

* Bin-by-bin correction (a) for acceptance of H,— D"uX
decays within this kinematic range (NLO MC)

* Divide by B(H,—D""'uX) = (2.75 £ 0.19)%

do(pp -H, X)
dp.(H,)
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pp — H_ X Cross Section

within p(H,) > 9 GeV, [n(H,)[< 2.5
/™  H,rrrryrrrrr [ rrrr7 rrr1r 7 rrrr [ r I T T3 — 25 T T T T T T T T T T T T T T T T T

= d | | - = i | | | | ]
8 ilf ATLAS g gs: L ¢ Data2010 J Ldt=33pb’ ATLAS )
‘_‘g - \s=7TeV 1 = | —— POWHEG+PYTHIA \s=7TeV ]
= 10°F o — = 20_— ----- POWHEG+HERWIG ]
£D E e o Data2010 J.Ldt 3.3pb E -QE-. - - MC@NLO :
a [ - —— POWHEG+PYTHIA 1 = B .
g Y T POWHEG+HERWIG -° 15— —
< 10°E - - - MC@NLO q] = B + :
-° = 3 % L ]
© - — . = B ]
o L i X |
I i
10E E - SRRttt ety L LI 1
= = ° L N e |
C p,(H)>9 GeV [n(H)|<2.5 g _
I 1 1 1 1 I 1 1 1 1 | L L 1 1 | 1 1 1 1 | 1 1 1 1 I 1 1 1 1 I 1 1 1 L i 1 1 1 1 I 1 1 1 1 | 1 1 1 1 I L 1 L 1 I 1 1 1 L ]

10 20 30 40 50 60 70 80 0 0.5 1 1.5 2 2.5

p(H,) [GeV] T statistical uncertainties mi (H)
Integrated cross section, o(pp— H_X) Lstatistical @ systematic
Data: 32.7 0.8 (stat) £ 3.1 (syst) "2 (o) £ 2.3 (B) + 1.1 (£) pb

POWHEG+PYTHIA: 22.2 **7(scale) ¥ (m )+22(PDF) ¥ 2(hadron) pb

NLO QCD predictions lower than data, but consistent within 1o
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Main Systematic Uncertainties

(Ranges span p; and |n| dependences)

* NLO MC (used for unfolding, acceptance): 1-30%
 Reconstruction, selection efficiencies: 10-15%

* Luminosity: 3.4%
* Fits to mass distributions for yields: 1-3%
 Data/MC differences: 1-2%
* Trigger efficiency: 1-2%
* Branching fractions, f,: 1-2%
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Extrapolated Cross Section

 Use NLO MC to extrapolate to full phase space
(arXiv:1206.3122, accepted by NPB)

O..:(Pp— H X) = 360 £ 9 (stat) + 34 (syst)
+25(B) £ 12 (L) J_rgg(acceptEBextrap) ub

* Compare with other o, ,(pp— H X) measurements:
— LHCb, H,—D°X, extrapolated from 2<n<6 (PLB694 (2010) 209)
284 £ 20 (stat) + 49 (syst) pb
— LHCb, H,— J/{X, extrapolated from 2.0<y<4.5 (EPJC71 (2011) 1645)
288 t 4 (stat) £ 48 (syst) b
— ALICE, H,— J/UX, extrapolated from p;>1.3 GeV, |y|<0.9
(arXiv:1205.5880, submitted to JHEP)

244 + 64 (stat) J_’gg (syst) fg (extrap) pb
 Measurements consistent within large uncertainties
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Inclusive D*) Production Cross Sections

« D', D%, D.* meson differential cross sections
measured within kinematic ranges

p:(D™)>3.5GeV, |n(D™)|< 2.1
* Produced by c- and b-quark fragmentation
 Compare results with NLO QCD calculations

* Relies on minimum-bias trigger. First 1.1 nb! of data
used in analysis (after prescale, March-July 2010)
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Combinations per 0.5 MeV

Combinations per 10 MeV

D" —>mn*DO, DO—K-mt* D."—em*, K K*

BOOOIT"’I""\""I"“""IT"'7 > 60— 71— 7 1T T 1T
- ATLAS Preliminary \s=7TeV L =11nb" 1 2 T ATLAS Preliminary \s=7TeV L ,=11nb' ]
2500 :_ [ ] Irijgafl\t’fcl?e?r;e?combinations . 2 500 i e Data 2010 —__.
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L ) o -
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- ] ® ]
C . O ]
- ] 5 ]
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n 5 E » ]
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C c™(AM)=0.46£003MeV ] C o™(M) = 10.8£ 2.0 MeV ]
£l I B I A I O o)) TR N I R R B
014 0.145 0.15 0155 0.16 0.165 0.17 1.6 1.7 1.8 1.9 . 2.1 2.2
AM = M(Knr,) - M(Kn) [GeV] M(KKn) [GeV]
D — K m T[
800 - . — . . .
N ATLAS Preliminary \s=7TeV  Ly=11nb' 3 Selection strategies exploit:
— e Data2010 7 . .
6 B 1 <+ Hard charm production and fragmentation
s00 M 3 ¢ D meson lifetimes
= 1+ Angular distributions from D meson spins
400 [ -
300 [ =
200 = 1l MEY=1249541 = Fitted masses and widths all
C M(D") = 1870.4 £ 0.9 MeV Stete] ) i
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Differential Cross Sections
within p(D" )) > 3 5 GeV |n(D( ))|< 2.1
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Integrated Cross Sections
within p;(D™) >3.5 GeV, |n(D™)|<2.1

e ATLAS measurements (prelim. ATLAS-CONF-2011-017):
o(D™) = 285 * 16 (stat) *>2(syst) £ 31 (£) £ 4 (B) ub
o(D*) =238 + 13 (stat) +32(syst) £ 26 (£) £ 10 (B) pb

o(D,") = 168 + 34 (stat) *27(syst) £ 18 (£) £ 10 (B) ub

e POWHEG+PYTHIA predictions:

o(D™) = 153 +_18609(scale) jg(ma) +24(PDF) J_ffg(hadr) ub

o(D%) =132 *'¥(scale) *i(mg) *2°(PDF) *!(hadr) pb

—10
o(D,") = 59 *>'(scale) **(mg) *?(PDF) *7 (hadr) ub

NLO QCD predictions lower than data, but consistent within 1.50
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Comparison with Fixed-Order
Next-to-Leading-Log QCD

(FONLL M. CaCC|ar| et al, JHEP 0407 (2004) 033)

§ ATLAS Prellm:nary \f_ 7TeV L,,t 1 1 nb‘ - g : ATLAS Prellmlnary \f_ 7 TeV Lm i nb' -
‘.g 10? e Data2010, [n(D**)[<2.1 = §_ 102 e Data 2010, [n(D%)|<2.1 -
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SoL = 0000 o MC@NLO i gL B 0 o MC@NLO 4
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*g 250 - e Data2010, p,(D*)>35 GeV — 9250 e Data2010, p,(D)>35 GeV -
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E 2 S = 3
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FONLL predictions slightly lower than data, but consistent within uncertainties
24 July 2012 Chris Hawkes, BEACH 2012 18



Comparison with General-Mass

Variable-Flavor-Number Scheme
(GM-VFNS BA Knlehl et aI PRD79 (2009) 094009)

-
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GM-VFNS (charm only) predictions slightly higher than data, but consistent

24 July 2012
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Inclusive Electron and Muon Cross
Sections from Heavy Flavour Decays

Overview of analysis method: (PLB707 (2012) 438)
* Measure lepton production in bins of E;, p;

* Fit to extract e and u signals from background
(QCD, fakes, conversions, m and K decays)

— Heavy flavour decays dominate at low p;
— Leptons from W/Z/y* at high p;

e Subtract W/Z/y* contributions to obtain heavy
flavour component

e Compare with QCD calculations

24 July 2012 Chris Hawkes, BEACH 2012 20



Entries / GeV

Electron and Muon Spectra

10’ g e e ey T
c 4 ——Data2010(\s=7TeV)§ > |
10° (a) J Ldt=1.3pb — Monte Carlo - 8 1
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105k -~ Conversions - '%_ 1 O‘1
= - boe = I_‘|—
al c—e 1 o k)
10°g - WiZiy e ER-
o i 3 3
10°F ATLAS = 10
102;5 e T g; 10
105 o 4 10°
= -6
1 s 10
_| 1 | l L1 I 111 10-7
0

—_—k
Q

Kllllllllll l[]IIL
10 20 30 40 50

Transverse energy of
electron candidates

24 July 2012

|J|l|||L|\‘|!|l|‘-i.|.‘i;i;‘.-
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E; [GeV]

Chris Hawkes, BEACH 2012
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—&— Data 2010 As =7 TeV) n
J000% bb4cE - FONLL g
B W -pv - MC@NLO -
CJZ-pp -MC@NLO 5
B Drell Yan - PYTHIA 3
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Bl Z->tt -PYTHIA 3
I -PYTHIA ]
=

-1 .

J-Ldt=1.4pb -

10 20 30 40 50 60 70 80 90 100

p, [GeV]

Transverse momentum
of muon candidates
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Cross Sectlons from Heavy FIavour

> 1T = S
Q = - [4b) :
9 B o T TeV = Electron data 2010 Q 1 Vel TeV =+ Muon data 2010
o L., J Ldt=1.4 pb'1 - Muon data 2010 . 'g_ J Ldt=1.4 pb‘1 FONLL (NLO+NLL)
= o FONLL (NLO+NLL) = 10" —FONLL (NLO)
- = 3 &
o' 2 —FONLL (NLO) = ] N Pythia x 0.45 norm.
- we Pythia x 0.49 norm. T e PowHeg-+Pythi
s B w: PowHeg+Pythia ] & gl T owregTr yme
o . PowHeg+Herwig == PowHeg+Herwig

103 l<2.0 excluding 1.37<n|<1.52 T TR

[ .HI..II;..I.HI..J\...\L..IH.I..._'
8 10 12 14 16 18 20 22 24 26 10720 30 40 50 60 70 80 90 100
p; [GeV] p; [GeV]

Agreement with POWHEG+PYTHIA and with FONLL calculations
Muon data show sensitivity to NLL terms in FONLL at high p;
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Measurements using b-Jet Tagging

Displaced
Tracks

Overview of analysis method:

e Reconstruct secondary vertices See eriox

* Require large decay length e Lo '/
significance (L/o,) to enrich x“d
b-jet component in sample 4\

e Fit to secondary vertex mass

Jet

distribution to extract b-jet fraction
 Measurements of cross sections for:
Inclusive b-jets and dijets (EPIC71(2011)1846)

Z or W boson in association with b-jets
(PLB706 (2012) 295, PLB707 (2012) 418)
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Entries / (0.2 GeV)

Data/MC

Extraction of Inclusive and Dijet

Cross Sections for

|||||||||||||||||||||||||||||

b-Jets
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Vertex mass [GeV]

Vertex mass sum [GeV]

Examples of purity fits of light-flavour, charm and
b-jet templates to the secondary vertex mass
distributions to extract the b-jet fractions

24 July 2012
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dzcsb/dedy [pb/GeV]

Inclu5|ve b-Jet Cross sectlon
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Main experimental uncertainties from b-jet energy
scale and b-jet tagging efficiency and purity
Inclusive data agree with POWHEG+Pythia predictions
Dijets consistent with POWHEG+Pythia & MC@NLO+Herwig
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Z or W in Association with b-Jets

Jets are reconstructed with anti-k, algorithm™ and have p; > 25 GeV and |y| < 2.1

b-jet in association with a Z boson b-jets in association with a W boson

Requires W decay to high p; eor
+1 or 2 jets, with 2 1 tagged as b-jet
(top decays excluded)

Requires Z decay to high p; electrons
or muons and at least one tagged b-jet

S 20‘ ectron an | | 1

ATLAS: 3.5 7022 (stat) S R nom  Daa20i0Ner TV

.75 (SySt) +0 12(|uml) pb é— 15Ejztga5;:|\lfmmmv ngt=35 pb-T_:

~055 7 T il ERE

= i (b-jet on|y+from ME) A + i

g 10[ - PYTHIA —

MCFM: 3.88 i 0.58 pb v [ I i

ALPGEN: 2.23 + 0.01 (stat only) pb 51~ % l } + e
SHERPA: 3.29 + 0.04 (stat only) pb R

Agreement with NLO QCD ° 1jet 2 et 1+2 jet
calculations within 1.4c NLO QCD predictions lower than

fM Cacciari, G Salam, G Soyez, JHEP 0804 (2008) 063 data, but consistent within 1.50
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Summary

e ATLAS results on heavy flavour production in
pp collisions at v/s = 7 TeV presented using:
* b-hadrons decaying to D*u X final state
* Inclusive D) meson production
* |nclusive electron and muon production
* D-jet tagging

 Generally in agreement with NLO QCD calculations,
within large uncertainties

* More results to follow in other decay channels
and at /s =8 TeV
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Inner Detector and Muon Spectrometer

—
e 5

55| Barrel ransition radiation fracker
IIIII V End-cap transition radiation fracker

" End-cap semiconductor tracker

Inner Detector |n| <2.5
e 2T axial magnetic field
 Momentum resolution:
o(p;)/p; =3.8x10%(GeV) @ 0.015
» Vertex resolution:
~30um transverse
~50um longitudinal

24 July 2012
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Thin-gap chambers (TGC)

Cathode strip chambers (CSC)

chambers (RPC)

End-cap toroid

Monitored drift tubes (MDT)

Muon Spectrometer
* Precision chambers (MDT, CSC)

* Fast trigger layers (RPC, TGC)

e Toroidal magnetic field:
1.5-5.5 Tm (barrel), 1-7.5 Tm (endcap)

o(p;)/p; =10% (|n| <2.7, p;<1TeV)
29



T

b

do(H —sD*uX)/dp_(D*1) [nb/GeV]

H

—
Q

—
<
N

pp — H X — D uX" Cross Section

within p;(D) > 4.5 GeV, |n(D")|< 2.5; p;(1) > 6 GeV, |n(u)|< 2.4

T rrrrprt

- n =
- ATLAS .
zlml:: \s=7TeV y
e | n
= by e Data2010 J Ldt=33 pb‘1_:
a —— POWHEG+PYTHIA =
Y e POWHEG+HERWIG i
B ke - - - MC@NLO il
[ p,(D")>45 GeV In(D)|<2.5 4 .
| P (W)>6GeV  In(u)|<24 .
5' 1 1 L L I 1 1 1 1 | 1 1 1 1 | 1 1 L 1 | 1 1 1 1 I L L 1 1 I L 1 1 1 E
10 20 30 40 50 60 70 80
p (D) [GeV]

do(H,—D*pX)/dn|(D*y) [nb/unit of fn]]

S L I
e Data2010 J Ldt=33pb" ATLAS ]
50/~ — POWHEG+PYTHIA \s=7TeV _‘
[ enen POWHEG+HERWIG ]
- ---MC@NLO N
40 . =
30 ' -
20 E_- ----------------------- : ‘ __:
L p(D*)>45GeV M(D")[<25 ~  |liseeesceeea. -
105 p -6 Gev  mpi<as =
B 1 1 1 | 1 1 1 1 | 1 1 L 1 I 1 1 1 L I 1 1 1 1 :

0 0.5 1 1.5 2 2.5
ml (D)

These are still functions of p.(D*u) and |n(D*u)|

They must be unfolded to get functions of p.(H,) and |n(H,)|
Use NLO MC calculation to do unfolding
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