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Outlook

Introduction

e LHCb experiment
e Jet reconstruction and tagging

This talk will cover

e J. High Energy Phys. 05 (2016) 131 - Measurement of forward W and Z production in
association with jets

e Phys. Rev. Lett. 115 (2015) 112001 — Forward top measurement

e LHCb-PAPER-2016-038 in preparation - Measurement of the tf, W + bb and W + ¢¢
production cross-section

e LHCB-CONF-2016-006 in preparation -Search for the SM Higgs boson decaying in bb or ¢
in association to W or Z boson

Conclusion
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http://dx.doi.org/10.1007/JHEP05(2016)131
http://dx.doi.org/10.1103/PhysRevLett.115.112001

LHCb experiment

VERTEX DETECTOR
reconstruct vertices

decay time resolution: 46 fs
IP reconstruction: 20 um

COLLISIONS
@ 40 MHz

—

VISIBLE
INTERACTIONS
(2012)

RICH DETECTORS
K/1r/p separation
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e TWO-LEVEL TRIGGER:
- LO hardware (12 — 1 MHz)
- HLT software ( 1 — 0.005 MHz)

TRACKING SYSTEM

momentum resolution
Aplp = 0.4% —0.6%

Good g(h)

4Tm
normal conducting

regular polarity MUON SYSTEM

switches
CALORIMETERS
energy measurement

particle identification

Forward spectrometer (2 <n < 5)
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Int. J. Mod. Phys. A 30 (2015) 1530022

e Very good £(u)

Designed to measure CP violation,
rare decays involving B and D
mesons and search for beyond
Standard Model physics

Luminosity collected:
« ~1fb 1in2011
e ~2fb 1in2012

Low number of pp interactions per
bunch crossing u ~ 1.7 (1.5) for
2012 (2011)

Precise determination of the
integrated luminosity

e ~2% (~1%) for 2011 (2012)

Excellent vertex reconstruction

» for a primary vertex (PV) with 25
tracks:

* opy, =71um

* O-PVT =13 pm


http://dx.doi.org/10.1142/S0217751X15300227
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LHCb experiment
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* LHCb offers an unique coverage
 Complementary to CMS and ATLAS

* Probe Parton Density Function (PDFs) in an
previously unexplored region of low x and

high Q2
* Important tests for pQCD
* Understanding of important background for

Standard Model and beyond Standard Model
searches

ATLAS

B )Muon

B [Cal

BN ‘Tracking

[LHCh
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* Particle flow algorithm E :
0.90f~ -

* Neutral recovery . E
* Excess of energy in the calorimeter nearby a "3 E
track is treated as an additional neutral particle : LHCb simulation 3

0.75F o jet =

» Clustering algorithm: anti-kt with R=0.5 S R
. .. . 070 20 40 60 80 100 120

* Jet reconstruction efficiency is ~¥95% for pi [GeV]

high pr jets after the quality criteria (jet
identification)

* Jet energy resolution is ~10 — 15% for
10 GeV < p; < 100 GeV

Fraction of events
o
o
o

* The jet energy is dominated by the tracks 00 Z+1-jet
(charged particles) 01 AD(Z,)) ~

00 02 04 06 08 10 12 14 16 18 2.0
Jet Z
py ! pZ


http://dx.doi.org/10.1007/JHEP01(2014)033

Tagg I ng J. Instrum. 10 (2015) P06013

Two BDT responses e Several variables are used including:
e Discrimination between heavy and light e The SV mass M
jets (BDT(bc|udgs)) * The SV corrected mass (M,,+)
* Discrimination between bottom and charm e The flight distance y*
jets (BDT(b]c)) * Fraction of jet pr carried by the SV
 The secondary vertex (SV) is required to be

in the jet
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http://dx.doi.org/10.1088/1748-0221/10/06/P06013

Tagging

 Powerful heavy quark tagging

* For jets with 20 GeV < p7. < 100 GeV and 2.2 < 7/ < 4.2:
Efficiency of b-jet tagging ~ 65%
Efficiency of c-jet tagging ~ 20%
Misidentification of a light-jet ~ 0.3%

BDT(blc)

(S

e
n

-0.5

T
- c-jets

LHCb simulation
L Ly

-1

I B
-0.5 0

MR B
0.5

1

BDT(bcludsg)
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(b,c)-jet tag efficiency

J. Instrum. 10 (2015) P06013

[LHCb simulation
Fr T

— b-jet

c-jet

2.2 <n(jet)

4.2 -

20 < p_(jet) < 100 GeV-

PR R T R T S T TR N S
0.001 0.002

PR ST
0.003

e
0.004 0.005

light-parton mistag probability


http://dx.doi.org/10.1088/1748-0221/10/06/P06013

[ LHCb Vs=8TeV '} 20<n' <45 M -
60000 — { e pDaa  [lMisid. (K, )
i E — Fit . Electroweak :

— i DW—}#V .Hcavy flavour
40000 ; —

Measurement of forward W and Z boson
production In association with jets

J. High Enerqgy Phys. 01 (2016) 155

Candidates / (1 GeV/c)

20000 i —

Important background for beyond Standard Model
searches
Test pQCD

20 30 40 50 60 7020 30 40 50 60 70

COAND e
T T

l.
1.
0.
0.

. Purity ~78% ph [GeVic]

Probe different PDF sets . | _
< 9000F  LHCb Vs =8 TeV =

. . 3 so0o0f-
Fiducial selection: 2 7000 E
+ 2.0 <n* < 4.5andp; > 20 GeV 3 W
5 5000 3

* 60 GeV <m,, <120 GeV (For Z boson decays) 3 4000 :
. : O 3000 =

+ 22 <1/ <4.2andp; > 20 GeV
* Jets well separated from leptons coming from the boson i I .‘
; 60 80 100 120

(AR(.U;]) > 0.5) Purity ~99.3% My [GeVIc™]

07/09/16 Oscar Augusto J. High Energy Phys. 05 (2016) 131



http://dx.doi.org/10.1007/JHEP01(2016)155
http://dx.doi.org/10.1007/JHEP05(2016)131

~ 45000 ———————— .
Measurement of forward W and Z boson it |,
. . . . . . E 350002— —4— Data, {s=8 TeV
production in association with jets [ S s
84 u
J. High Energy Phys. 01 (2016) 155 25000 Electroweak
= QCD
20000:—
The u — jet is defined as the jet that contains a u that comes  1s000E
from a Z or W candidate. 10000~
P 5000 -
,1' ’,'/ 0:........_._=._|—0—|._._: |
7 O 0 0.5
/'/ LT ket = 45000 ————————— ,
,,/" //’/ . %400002— LHCh
S T % 35000  —4— Data, Vs=8 TeV
ST e 2 30000 [ W7
/’,::/’: ,,,,,,,, - 25000;_ Electroweak
P 20000 QD
PV 15000F-
10000F-
The purity of the samples are 46.7% (36.7%) for W¥j (W™j).  swof et
The purity for the Zj sample is 97.8%. Oeeerereared = L

u L-jet
P! p
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Measurement of forward W and Z boson
production in association with |ets - #ian e phys. 05 po16) 131

* Unfolding is used to correct for bin migrations in n’/ and p{q LHCh Data
* The asymmetry of W charge production (A) and ratios of W s=8 TeV o ﬁ’(%ﬁlffo
0 a
and Z (R) were measured
« NNPDF3.0 PDF set is used for the theoretical predictions H——o0——H S(W'))
* More plots can be found in the paper! H——o—1  o(W))
o o(Zj)
; e I R \ ; N | | | II-O{ I R
% v LHCb, us; —18( :;V LQD) E*Q LHCb, {s =8 TeV ! WZ
‘uB"ET[_‘ 1F i eo W Data (W) E_,‘ b Datahral s i RW Z
:_% = L 3 ® 1 POWHEG B ~10-1k teo Data,, 1 Ho- RW'Z
§ s 4 aMC@NLO % i, + POWHEG 1 o HH R
g _— @ ° aMC@NLO] | o | -
; | B 0.8 1 1.2
7 | | : © : 3 Theory/Data
1.4F ! ! . 2L 4
L T by 0 E | | | 3 Theory o1, Data
5 0.8F | S 125 4 4 } 3 predictions ?.FEH
a7 14‘ ! I ‘Z ! : "c—é 1:i<;> +‘;’ ¢ { 3 {) = ] ] 1 1
0.4F | | | 0.6E , | , E 02 025 03 035
20 40 60 80 100 20 40 60 0, 100 A(W))
P’ [GeV] pr [GeV]
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Measurement of forward W and Z boson
production In assoclation with Jets .t enera ehys. 0 ois) 131

Theoretical prediction performed with NNPDF3.0 PDF set

Theoretical prediction performed with FEWZ

£ 19 Luce, 5=8Tev b oo o LHCb, (s=8TeV
= [ N Datag, ]
= Datag,, ) 5:_ Data,,, E
2‘ Data,, : : © CTl4 ]
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~ : i > NNPDF30 ]
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S } : :
— ¢ ]
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http://dx.doi.org/10.1007/JHEP05(2016)131

Forward Top measurement

Phys. Rev. Lett. 115 (2015) 112001

* First measurement of the top production
in the forward region

* 75% comes from tt production

* Sample is enriched by gq and qg
scattering (reduced gg contribution)

e W(uv)+ b —jet

10000

Candidates / 0.05

Fiducial selection: 5000
+ 2.0 <nH* < 4.5and p; > 25 GeV
» 2.2 <1l <4.2and

50 GeV < pg_]et <100 GeV 0.5 0.6 0.7 0.8 0.9 1
R piH'b_jet > 20 GeV PT(M)I'PTU“)
 AR(u,j) > 0.5
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http://dx.doi.org/10.1103/PhysRevLett.115.112001

N(W+b)

Forward Top measurement

Phys. Rev. Lett. 115 (2015) 112001

The Wb production is
not enough to explain
the data. The top

200

LHCb e Data
= Wh+top

Bwb

Charge Asymmetry

100 production is needed.
02k BWhiop  LHCD - Observa.tlorf of the top
= production in the
-04F - . .
0 - - — . . ., | forward region with
20 45 70 95 C 20 45 70 95 00 5 4 |
pT(u+b) [GeV] PT(I-H‘b) [GeV] 40

Energy o(top)[fb] Stat.[fb] Syst.[fb] Theory[fb] SM prediction [fb]
7TeV 239 +53 +33 124 180731
8TeV 289 443 +40 +29 312783

The Standard model prediction was obtained using MCFM with CT10 PDF set at NLO
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Measurement of the t£, W + bb and W + c¢
production cross-section LHCB PAPER 2016035

* Novel measurement of the W 4+ cc production

* Selection:
* W(uv,) orW(eve)

e pL> 20 GeV A OO T T T
j o | +W+bb
* 12.5GeV < p; <100 GeV (g i LHCb simulation i i
e 22 < 77] < 4.2 vV 055 LHCb preliminary 4+t ~
.+ 2.0<nH<4.5(2.0<n<4.25) b, ™. . ]
* Isolated leptons and jets (AR > 0.5) 051 —— -
* Backgrounds: Z+b/c, single top, QCD, ...
0.45 _
4D simultaneous fit for u™, u=, e* and e~ using: - |
* BDTy| for both jets 04F e, —
* Dijet mass (m;;) e e B e
. . : 0 20 40 60 80 100
e Uniform Gradient boosting BDT (uGB) to separate m; [GeV]

tt and W + bb
J. Instrum. 10 (2015) T03002
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Measurement of the t¢, W + bb and W + c¢
prOdUCtion CrOSS'SeCtiOﬂ LHCB-PAPER-2016-038

in preparation

ut sample et sample
~ 35 T T L ~20 |---b|-- ;35""| T T g ~~ — T T T 1
> S 18k 1 Sk
& 30 LHCb S £ LHCb oreliminary & 30 LHCb § S~ LHCb
& 25 s=8Tev 4 3 14f 5=8TeV & 25 s5=8Tev § = 20F {5=8TeV
@20 LHCb 1 2 f @20 LHCb 1 2 1sF LHCb
5 preliminary m 10} 5 limi 1 = limi
29 N3 25 preliminary 3 L preliminary
£} ] [ ] 10:-
10 4 10 7 i
] 5 : F -l—
] 2F ] —+ Data
% 50 100 150 200 92 0.4 0.6 % 50 100 150 200 93 0.4 0.6 W+bb
my; [GeV] uGB m;; [GeV] uGB B
W+cc
322 Q;g_l T T ;—\]\:E, —T T T T :-\]\ggl T T t
20E : ' 16k ! 20f
:Of' i g 18;- LHCb 8 14;_ LHCb 3 18; LHCb . Background
2 16f g 16F [s=8 TeV 2 b 5=8TeV g 16F {5=8 TeV
) 14: o l4F 5 F 5 14f
e N LHCb 2 of LHCb 2l LHCb
12¢ ] limi =P prelimi B 2<E preliminar
1of 10f preliminary 8:_pre |m|nary+ 1of P il»
8E 8F F 8
E ] oOfF ]
6F oF F {;
4F 4F A 4F
2 2F 2f o
1 -0.5 0 05 1 g —05 0 05 1 07 -0.5 0 0.5 1 0 -0.5 0 0.5 1
1, BDT(blc) 1, BDT(blc) j, BDT(blc) j, BDT(ble)
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Measurement of the tt, W + bb and W + c¢¢

" " LHCB-PAPER-2016-038
production cross-section e
LHCD, Vs=8 TeV e MCEM CTI10 [ lData
[ |Data

LHCb preliminary

o(W*+bb) . .
(W +bb) U | | | | | Sample | Significance
002 004 006 008 01 012 014 016 018 ('s['pb] th 490_
I ——— W++bb| Tlo
o(W'+ct) e | | | —
- o1 02 o3  0a '[b] W_ —|— bb 560'
o |p B
W+ + cc 4.70
G(&) — - t i . _
1 1 | 1 1 1 | | 1 1 | 1 1 | | 1 | 1 | 1 W _|_ CC 2.50-
0.02 0.04 0.06 0.08 0.1
o [pb]

MCFM NLO prediction with PDF set CT10
Showering and hadronization using Pythia 8



Search for the SM Higgs boson decaying In

bb or c¢ in association with W or Z boson " peparaton
* Selection:

«  7/W decays into muons or electrons Z/W+H(bb) distributions with u in the final state

<

® p%_'> ZOGeV %\8 ''''''''''''' @10_— '|""|" =
. LHCb preliminar S [ LHCb preliminary |
+ 20 GeV < p/. < 100 GeV 5 stV o) S sf meatev ) %//4 :
- 22<ni <42 s - s | :
¢ 2.0<n*<4.5(2.0<n%<4.25) a7 o :
* Isolated leptons and jets (AR > 0.5) 2 of .
1 B
* Forthe Z/W+H(cc), an additional requirementis b ;

T ]
2 0.3 0.4 0.5 0.6 0.7

applied to the BDT(b|c) m;; [GeV] uGB(W/Z+H’ vs W-+bb)
e ~90% of Z/W+H(bb) is removed

e ~60% of Z/W+H(CC) efficiency _+ data % %_ Lélfl;;;;e\:im;mary _
W/Z+H° x 50 5 E

* No significant excess was found with respect to the - g 0o :
backgrounds — 3 :

* The limits were set: other backgrounds It e
a[WZ + H(c&)] < 9.4 pb at 95 % CL (6200 X SM) L

oWz + H°(bb)| < 1.6 pb at 95 % CL (50 X SM)
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Conclusion

LHCb is a general purpose detector in the forward region

e Efficient heavy quark tagging with low light-jet misidentification
e The results reported have a good agreement with the SM predictions
e First measurement of the W 4+ c¢ production

e First observation of the top production in the forward region

More data to come

e ~5fb~!inRunll
e 50 fb~ 1 in Run Ill (will start in 2021 after the LHCb Upgrade)
e Factor > 10 increase for top production in the Run Il

e More channels will be accessible

e Differential cross section

e Separation between tt and single-t

07/09/16 LHCb-PUB-2013-009
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Measurement of forward W and Z boson
production In assoclation with Jets .t enera ehys. 0 ois) 131

Source

Statistical

Muon Reconstruction
Jet Reconstruction
Selection

GEC

Purity

. . Acceptance
The main uncertainty

for the gy,; and ay; is Unfolding

the systematic > Jet energy

uncertainty related to sl sy
the Jet energy

Luminosity

aw+]

0.4
1.3
1.9
1.0
0.5
5.5
0.6
0.8
6.5
8.9
1.2

O'W—j

0.5
1.3
1.9
1.0
0.5
7.0
0.6
0.8
7.7
10.7
1.2

O-Zj

1.1
0.6
1.9
0.0
0.4
0.4
0.0
0.8
4.3
4.8
1.2

Ry z

1.2
0.9
0.0
1.0
0.2
6.0
0.6
0.0
3.4
7.0

R,
0.7
0.0
0.0
0.0
0.1

. 4am

0.0
0.2
1.2
3.3

The main uncertainty
for the Ry, and R, +
is the systematic
uncertainty related to
the Purity


http://dx.doi.org/10.1007/JHEP05(2016)131

ldentification of beauty and charm
quark jets at LHCDb Jinstrum. 10 (2015) P06013

Variables used for the BDT(bc|udgs) and BDT(b|c):

 the SV mass M

* the SV corrected mass (M)

* the transverse flight distance of the two-track SV
closest to the PV

* the fraction of the jet p; carried by the SV

* AR between the SV and the jet

* the number of tracks in the SV

 The number of tracks in the jet (AR < 0.5)

* the net charge of the tracks that form the SV

* The flight distance y*

 The sum of all SV track y?(IP)

PV

Meorr = \/M52V + ﬁrzniss + ﬁmiss


http://dx.doi.org/10.1088/1748-0221/10/06/P06013

Expected yields for tt measurement in Run |

do (fb) 7 TeV 8 TeV 14 TeV
Ib|285 + 52504 + 944366 + 663
bj | 97 £+ 21198 +£ 352335 + 323
bb| 32 + 6| 65 £ 12| 870 £+ 116
bbj | 10 + 2| 26 + 4| 487 + 76
[TlI—| 4 £ 9| 79 +£ 15| 635 + 109
[TI=b| 19 + 4| 39 4+ 8| 417 £+ 179

LHCb-PUB-2013-009



Measurement of the t£, W + bb and W + c¢
production cross-section LHCB PAPER 2016035

U~ sample e~ sample
. 30 r——————— ~ 3oF ' . ' —~ 25¢ : ——————y  ~ lep————1————
> 1 E5E > 1 &k
& 25 LHCb 4 &S ?g: LHCb  (Heb & 20 LHCb { S 14; LHCb
S (s=8TeV | = 16b Vs=8TeV preliminary & 5=8Tev | 5 F 5=8Tev
= LHCb 1 5 WM ~ 15 LHCb i1 5 I0f LHCb
g 15 preliminary‘; = ié: E preliminary 3 4 3 preliminary
B 10 ] 85_ m 10 ] 6
] OF ] 4F
5 _l_ . 4F 4_ 5 ] of
] 2F - ] F
0 —l':l.l.l 1 0 "LI.I.I.I.‘ ~t~ Data
0 50 100 150 200 %.2 0.4 0.6 0 50 100 150 200 % . . W+bb
m;; [GeV] uGB m; [GeV] uGR
.W+cé
Qzl(;,_,,, lel—'" ,:\]\12,_,,, ;_\!\12-....,. . T i
o 19F S < =3 | < . F
= 16f LHCb :165 LHCb <ok LHCb :10:- LHCb I Background
2 14F Vs=8TeV 2 14F s=8 TeV o | (s=8TeV 2 | (s=8TeV
5 f 5 12F 5 o 5 8F LHcb
> 12F LHCb > "I LHCb > O LHCb > | .
H 10F preliminary - 105' preliminary = ok preliminary €] 6F preliminary
8E 8E [ [
6F 6F af ar
4F 4F s !
] F 2
2 2f g’ :
0—1 -0.5 0 0.5 1 O—1 -0.5 0 0.5 1 0—1 . 0.5 1 0—1 . 0.5 1
j BDT(blc) j, BDT(blc) j BDT(ble) j_ BDT(blc)
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Measurement of the t£, W + bb and W + c¢
production cross-section HCB-PAPER 2016.035

1 sample merged e sample merged
~ 60— ~ 40— —_ ————— ~. 35 F—————
2 1 835t > 50 1 8. |
& 50 -{» LHCb 4 S35 LHCb ;t';f’mmary 2 LHCb S 30F LHCh
8 40 5=8Tev ] % f5=8Tev & 40 5=8Tev 1 = 25F s=8Tev
P LHCb ] 8% + o LHCb 1 5, tHO +
5 30 preliminary 1 /M 20F .l— E preliminary 1 & | Preliminary
> ] : > ] 15k
0 ] I5F R 20 i
] 10;_ + + 10;
SE SE
. ; + i ~4- Data
0 50 100 IS0 200 43 0.4 0.6 150 200 9. . . W+bb
my; [GeV] uGB m. [GeV] uGB
1 _
. W+cc
— T 7T ~—~ 35 T B ~24gprrrrrrrrrrrrTrr T ~_ T T 3
o - 3 25 tt
o 35F Y ok < 2f il
=% = sk < 20f
%255_ Vs =8 TeV }225:' Vs=8TeV ‘Eig- Vs =8 TeV }é; Vs=28 TeV
2 ok LHCb > 20F LHCb 2 14f LHCb 2 |5 LHCD
- E preliminary = [ preliminary - 12;- preliminary ) preliminary
15F _l_ 15 10F Lof _I_
s s 8F [
10f + 10F 6F ;
3 5 3 I
] [ 2;- [
0—1 -0.5 0 05 1 0—1 -0.5 0 05 1 0—1 -0.5 0 0.5 1 0—1 =-0.5 0 0.5 1
J, BDT(bc) 1, BDT(blc) j1 BDT(blc) j2 BDT(blc)
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