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Overview

Introduction and motivations

e Cross-section measurements
» Results from 7 TeV data and implications

* Prospects for 13/14 TeV

® Production asymmetry measurements
* Results from 7 TeV (& new SM predictions)
* Prospects for 13/14 TeV

2



P,p

sSUoJpPeq

NYO0O0Q0OC

v

Drawing by Keith Hamilton




PDFs ( DGLAP evolution)
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PDFs ( DGLAP evolution) Hadronisation (PS)
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How to compare with LHC data

Op,Ps—QQX :Z/dxadajbfa/A(xaa:u%’)fb/B(xlNM%’)d&ab—)QQX (§7:LL%’7ILL%{7@S(:U%{))
a,b




How to compare with LHC data

Op,PE—QQX :Z/dxadajbfa/A(xav:u%‘)fb/B(xbv:u%’ da—ab—)QQX (§7:LL%’7ILL2R7@S(ILL2R))
a,b

Process dependent short-distance cross-section

NLO inclusive P. Nason, S. Dawson, and R. K.
Ellis, 1988

NLO differential: P. Nason, S. Dawson, and R.
K. Ellis, 1989

NLO interfaced with PS: S. Frixione, P. Nason,
and B. R. Webber/(G. Ridolfi), 2003/(2007)

NNLO inclusive: M. Czakon, P. Fiedler, and A.
Mitov, 2013

NNLO differential: M. Czakon, P. Fiedler, and A.
Mitov, 2014

+Exhaustive list of resummation calculations
+Electroweak corrections
+NLO decay




How to compare with LHC data

Op,PE—QQX :Z/dxadajbfa/A(xav:u%‘)fb/B(xbv:u%’ da—ab—)QQX (§7:LL%’7ILL2R7@S(ILL2R))
a,b

Process dependent short-distance cross-section

NLO inclusive P. Nason, S. Dawson, and R. K.
Process independent PDFs Ellis, 1988

NNPDF 2.3 nlo, a,(M,) = 0.119, 1 GL NLO differential: P. Nason, S. Dawson, and R.
T T T e T K. Ellis, 1989

Q? = (5 GeV)?

NLO interfaced with PS: S. Frixione, P. Nason,
and B. R. Webber/(G. Ridolfi), 2003/(2007)

NNLO inclusive: M. Czakon, P. Fiedler, and A.
Mitov, 2013

NNLO differential: M. Czakon, P. Fiedler, and A.
Mitov, 2014

+Exhaustive list of resummation calculations
+Electroweak corrections
+NLO decay
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Theoretical uncertainty, pp — Q3Q4 + X
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Theoretical uncertainty, pp — Q3Q4 + X
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The LHCb detector and data

Bending plane Muon detector
ECAL HCAL

Magnet

N\
300mrad

RICH 2

Interaction point

RICH 1

Locator

SPD/PS

Vertex detector M m

Tracking
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The LHCb detector and data

0 ~ 18°

LHCb - forward acceptance: 7 © 2.0,4.5]
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The LHCb detector and data

LHCb - forward acceptance: 7 € |2.0,4.5]

Data (ifb)

ATLAS/CMS

LHCDb

8 TeV 13 TeV 14 TeV (2030)
20 100 30007
2 ~9 ~50
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Why study forward pp — Q3Q4 + X?




Pp — CC [ﬂfl,(m:ﬁ

pp— CC, \s=7 TeV
O 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 ! 1 1 1

I091 0 (XZ)

Y S S
- p.(D)<8.0GeV g g )

2.0<n(D) <4.5
<X,>=1.4e-2
<X,>=7.3e-5

_6:”||I....I....I....i....i...._
6 5 4 3 2 -1 0

I
m. ~ 1.5 GeV %%
LHCb measurement arXiv: 1302.2864
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pp — bb (e100= 7%

pp— bb, \s =7 TeV

’-\N OI_ LI | I | L I LI I 1T 1 1 1T 1 1 | LI
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o | _
Tl e
(o) l pT(B) < 8.0 GeV § g ]
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[ <X,>=2.0e-2
L <X,>=2.5e-4
-3 R
L e S
L .
6L | | | I I

LHCDb measurement arXiv: 1306.3663
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Ic)91 0 (X2)

2.0 <n(t) <4.5

2F <x,>=1.5e-1

E <X,>=1.9e-2
] S .
R -
R .

-3 -2 -1 0
0g,, (x)

—6:""""""'
6 -5 -4

My =~ 173 GeV
LHCDb measurement arXiv: 157?7°.°?7?7°?7
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xg(x,Q° = 4 GeV?)

NNPDF 3.0 nlo, ay(m ) = 0.118, 15 CL
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NNPDF 3.0 nlo, ay(m ) = 0.118, 15 CL
IIIIIII I IIIIIIII I IIIIIIII I IIIIIIII

Q% = (2 GeV)

16

I NNPDF3.0 xg toCL
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xg(x,Q° = 4 GeV?)

S DB O

pp pp — tt
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NNPDF 3.0 nlo, ocs(mz) =0.118, 10 CL
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PDF, a(m ) =0.118, 10 CL

Nﬁd 2 Q? = (173 GeVY?
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Cross-section measurements
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Candidates / (3 MeV/c?)

Co

D measurement (arXiv: 1302.2864)

pp — D+ X
2.0 <yp < 4.5
Dpr < 8.0GeV

Mass requirement

/
N\

N\

Displaced vertex

x1Q”

—— Complete fit

: m Secondary bkg.

Combinatorial bkg.

amt

$

......

LHCb

(a)

1 ] 1
1.85

L Zl.g L
m(K wt*) [GeV/c?]

x]IO?

[ LHCb

Candidates / (0.1 unit)
[\
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D measurement (arXiv: 1302.2864)
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D measurement (arXiv: 1302.2864)
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TH uncertainties (%)

Impact of normalising the data

LHCb forward charm production, 7 TeV, DO mesons, POWHEG
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Impact of normalising the data

LHCDb forward charm production, 7 TeV, DO mesons, POWHEG
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B measurement (arXiv: 1306.3663)

— 1 T ]

S i ]
S 10F —— LHCb (20<y<45) -
L E---“%egy, 22222 BF uncertainty ]
o Wy e FONLL (20<y <45) -
A E
— N e ]
~ [ ]
S I0'E LHCh E
:;E E \s =7 TeV E
8 107 e s T =
- N I TR TR T T N T SN S S SN S S S :

0 10 20 30 40
P, (GeV/c)

Theory + Data in agreement - within large theoretical uncertainties (scale)

Note, recent paper by PROSA collaboration arXiv: 1503.04581
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Preliminary results, reweighting NNPDF3.0

Work in progress with J. Rojo, L. Rottoli, S. Sarkar, J. Talbert

1) Normalise LHCDb differential charm data to high-pt, low-y bin

2) Reweight the 100 replicas based on compatibility with LHCb data

(here we use the FONLL predictions obtained from public web interface)
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LHCRt (arXiv: 15xx.xxxx?)
W= — ff

%@& b—jet
9999, Wt >t

b—jet

Original proposal (in context of ttbar asymmetry):
Kagan, Kamenik, Perez, Stone arXiv: 1103.3747

-ollow-up papers:
RG arXiv: 1311.1810 (cross section and PDF constraints)

RG arXiv: 1409.8631 (SM asymmetry predictions)
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LHCRt (arXiv: 15xx.xxxx?)
W= — ff

%@& b—jet
9999, Wt >t

b—jet

Original proposal (in context of ttbar asymmetry):
Kagan, Kamenik, Perez, Stone arXiv: 1103.3747

-ollow-up papers:
RG arXiv: 1311.1810 (cross section and PDF constraints)

RG arXiv: 1409.8631 (SM asymmetry predictions)

32



LHCRt (arXiv: 15xx.xxxx?)
W= — ff

%@& b—jet
9999, Wt >t

b—jet

Original proposal (in context of ttbar asymmetry):
Kagan, Kamenik, Perez, Stone arXiv: 1103.3747

-ollow-up papers:
RG arXiv: 1311.1810 (cross section and PDF constraints)

RG arXiv: 1409.8631 (SM asymmetry predictions)
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Statistical feasibility of top measurements

Set-up

Signal and background generated with NLO (POWHEG) interfaced to PS (P8)
Cluster jets with anti-kt algorithm using R = 0.5 distance parameter
Truth match parton level b-quarks to jets within dR < 0.5 (b)
Apply experimental trigger efficiencies (0.75 for high pT muons arxiv: 1204.1620)
b-tagging assumptions:

® mis-tag rate 1% (accidentaly think a light-jet is a b-jet)

e efficiency 70% (how often you correctly tag a b-jet)

Acceptance
Kinematics
|Isolation

tt > XY Z
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Slngle Iepton + b-Jet

s 7TeV 1fb

,.% 60 T ! | &
IZ/ L b P, >2O 60 GeV — ttbar, stat. 1fb" 1
; ! -+ Wbjets _
40 :— - ST, tch —:

D B e Zbjets i

30 - — Zjets B
20F B
10 _ ----- -

0 S . Sl . - m— -

50 100 150 200 250

m(T,)[GeV]

B N 2.0 < 77([7 b) < 4.9
tt = [TbX pr(l/b) > 20/60 GeV
7 TeV AR(I*,jet) > 0.5
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Single Iepton + b-Jet

\E 14 TeV (5fb
"B B T [ T [ T T T T [ T T i
+1400 2 v —
l}; - B b Py > 20, 60 Ge — ttbar, 5/50fb™ -

§ 1200 |- Wiets -

o - Wi -+ Whjets .

< 1000 < EEsT -

200 - T e Zbjets h
— Zjets

600 |— ]

50 100 150 200 250
m(T,, ) [GeV]

_ N 2.0 <n(l,b) < 4.5
tt — 176X pr(l/b) > 20/60 GeV
AR(I*jet) > 0.5
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Slngle lepton + b-Jet + Jet

\'S = 14TeV 5fb

= 500F 1 - | =
z\*f SOO: W, : P;>20,80GeV ot 550 :
405_; 400 = Wijets _
3 i - Whjets
< i - ST, tch i
w5 m Zbjets _-
— Zjets

200 —

100 [~ —]

2.0 <n(l,b) <4.5
pr(l,7/b) > 20/60 GeV
AR(I™,jet) > 0.5
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As a constraint on the gluon PDF

CT10wnlo 10, o = 0.118
1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1

Q% = (80 GeV)?
—— CT10wnlo (4% LHCDb)
CT10wnlo (6% LHCDb)
——— CT10wnlo (8% LHCD)

N
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—_— = DN N W W
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TT[TT T [TT T[T T[T [ TTTT[TT7T]

S

-
[
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-
o
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N
-
@)

Reduction of gluon PDF error (%)

X

Estimated improvement in gluon PDF with LHCb data
Very conservative (doesn't include kinematic cuts)
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Production asymmetry measurements
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Motivations

AV,
\>M</\>“W</

1. Can see (N)ew (P)hysics effects through interference

2. Atree-level interference effect can be large!

(Ny = Np)>M + (Ny — V)™

A =
Jo (Nf + Nb)TOtCLl

NP> NP (N + N)YY < (Np 4 Np)™M
See for example arXiv:1107.5257, J. Kamenik, J. Shu, J, Zupan
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Motivations

AV,
\>M</\>“W</

1. Can see (N)ew (P)hysics effects through interference

2. Atree-level interference effect can be large!
0 at LO in SM for QCD

+ (Ny — Np)™"
Apy =

(Nf + Nb)Total

NV > Ny, (N + NN < (Nf + Ny)>M

4]



Angular asymmetry in ff — f'f

Known for a long time in QCD and QED......

f/ f/

/

/
f favoured disfavoured
Nucl. Phys. B57 (1973) 381, F. A. Berends, K. Gaemer, and R. Gastmans,
Acta Phys. Polon. B14 (1983) 413, F. A. Berends, R. Kleiss, S. Jadach, and Z. Was,
Phys. Lett. B195(1987) 74 F. Halzen, P. Hoyer, and C. Kim
Nucl. Phys. B327 (1989) 49 P. Nason, S. Dawson, and R. K. Ellis
arXiv:hep-ph/9802268, arXiv:hep-ph/9807420 J.H.Kuhn, G. Rodrigo.... many more

42



Angular asymmetry in ff — f'f

Known for a long time in QCD and QED......

f/

favoured disfavoured
A 4m /
$=(ps+py)° B =1 —
S S
tH:—Q(l—ﬁCOSQ) uH:—§(1+BCOSH)
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Qualitative example e"e™ — u" pu

s
e v v e
e M. e
Mzro - Mio

1

dO’aSym — 5 (da(tH,uH) — da(uH,tH)) =0
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Qualitative example e"e™ — u" pu

e . .
Y. K e

.

LY

[ ] .

.

. .

L] .

. .

.
s .
. .
.

. .

6 [] .

Ma MEO Mg MEO

1

sy = 5 (A0 (L, uzr) — do(ur, ) £
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Qualitative example e"e™ — u" pu

e . |
Y. M €

e Yoo ™ €
Ma - Mio Mg - Mio
1
sy = 5 (A0 (L, uzr) — do(ur, ) £
doa (tr,un) = —dop (un,tn) X Feature of

box amplitude
dO'aSym X doa (tH,uH) + dog (tH,uH)
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Qualitative example eTe™ — ptu~

e L e

7 7
e [ e
Mgz - M, M., - M,

e M e MK Q2 24 e M NeNnu Q2
17 949497 9y 8K 5cosl Az a 999, Q°QH B kK cos b
asym (§—M%)2 asym §—M%
s 88 90 92 9a e OV ge s e /e e e OV

l..
" on
n
.'.. Vo4
"o, .
L B
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QQ final state at hadron colliders

Can obtain QCD from QED result:
T Qi q

.
LIRINY
[ L)
.
. .
L] [y
. .
.
. .
] .
. *.
[ ]

BN :
Can obtain QED-QCD from QED result: «’Q3Q% — 3 (onfo,ag 2]\1; )

COMMENT: Since ¢ = QQX, X =~,9,Z,W™ contribute to asym.
By crossing symmetry, sodo ¢ X — QQq, ¢X — QQq
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Results from the Tevatron
Tevatron pp — QQ

anti-top top q ) 3

. favoured

y
nnlo QCD + nlo ewk
Czakon,Fielder,Mitov
TeVatron, \/_ =1.96 TeV
Inclusive results with all data |
CDF Collaboration, arXiv:1211.1003.
DO Collaboration, arXiv:1405.0421.
DO Collaboration, 1308.6690.
CDF Collaboration, arXiv:1308.1120.
DO Collaboration, arXiv:1403.1294.

X°/Na.ot. = 7.1/5~1.30

49
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What about the LHC’?

ek
-

xf(x,Q%) = (173 GeV)

[
<
[\

NNPDF 3.0 nlo, a,(m_) =0.118, 1o CL

I NNPDF3.0 xf(g-g) 1oCL
NNPDF3.0 xf(q+3) 1oCL
I NNPDF3.0 xg 16CL

"
Q? = 3x1 04 G.ev2

[
-
o

1072

50
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What about the LHC’?

NNPDF 3.0 nlo, a,(m_) =0.118, 1o CL

ek
-

"
Q? = 3x1 o4 G.ev2

| IIIIIII'

xf(x,Q%) = (173 GeV)

I NNPDF3.0 xf(g-g) 1oCL
NNPDF3.0 xf(q+3) 1oCL
I NNPDF3.0 xg 16CL

10-2 I3 ! L el ! L el ! L
107 1072 10! 1
X
C.O.M frame O Lab frame
q q
q Igh-X
© favoured favoured
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First measurement of the charge
asymmetry in beauty-quark pair
production at a hadron collider

The LHCb collaboration?

Abstract

The difference in the angular distributions between beauty quarks and antiquarks, referred
to as the charge asymmetry, is measured for the first time in bb pair production at a hadron
collider. The data used correspond to an integrated luminosity of 1.0fb™! collected at 7 TeV
center-of-mass energy in proton-proton collisions with the LHCb detector. The measurement is
performed in three regions of the invariant mass of the bb system. The results obtained are

A (40 < My < 75GeV/c?) = 0.4+ 0.4 (stat) + 0.3 (syst)%,

AR (75 < My < 105 GeV/c?) = 2.0+ 0.9 (stat) & 0.6 (syst)%,

AD(M,; > 105GeV/c?) = 1.6+ 1.7 (stat) =+ 0.6 (syst)%,
where Alg’ is defined as the asymmetry in the difference in rapidity between jets formed from the
beauty quark and antiquark. The beauty jets are required to satisfy 2 <n < 4, Et > 20 GeV,

and have an opening angle in the transverse plane A¢ > 2.6rad. These measurements are
consistent with the predictions of the Standard Model.

arX1v:1406.4789v2 [hep-ex] 13 Sep 2014

® Measure forward-backward asymmetry of b-jets using 7TeV data
e Charge tag b-jets using semi-leptonic B-decays
e Measurement performed in bins of Mbb

20<n<4.0, FEpr>20GeV, A¢p > 2.6rad
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Vs =7TeV

;\? 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 —
I8 o 5 [ o5 N(A,>0) - N(A,<0) -
< - — LHCb data 1fb™, PRL 113,082003(2014) "o = N -
4 [ 20<n <40 _]

3E -

2 —

1 —
S 2

- | | I | |
40 60 80 100 120

mbE [GeV/c]

® Measure forward-backward asymmetry of b-jets using 7TeV data
e Charge tag b-jets using semi-leptonic B-decays
e Measurement performed in bins of Mbb

20<n<4.0, FEpr>20GeV, A¢p > 2.6rad
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SM prediction (RG, U. Haisch, B. Pecjak, E. Re)

o (Ay > 0) — o (Ay < 0) Ay —
o (Ay > 0)+ 0 (Ay < 0) Y =Yp — Yp

QQ _
Apc =

a; 02(0) -+ aﬁaa(ie(o) + a? (02(0) i 04802(1))

Qg (05(0) T 048058(1)) + a? (05(0) + a80§(1)> |

QQ _
Apg =
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SM prediction (RG, U. Haisch, B. Pecjak, E. Re)

o (Ay > 0) — o (Ay < 0) Ay — ;
o (Ay > 0)+ 0 (Ay < 0) Y =Yp — Yp

QQ _
Apg =

oz‘z 02(0) -+ agaaf,,e(o) —+ a? (02(0) -+ asa§(1)>

a2 (05(0) n asaﬁ(l)) a2 (05(0) n &805(1)> '

/.

(Symmetric NLO QCD A
P. Nason, S. Dawson, R. K. Ellis,
Nucl. Phys. B 303 607 (1988)
\Implemented in POWHEG-BOX )

QQ _
Apg =
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SM prediction (RG, U. Haisch, B. Pecjak, E. Re)

o0 0(Ay>0)—o0c(Ay<0) B .
4 o (Ay>0)+o0(Ay < 0) AY = Yo — Yp

Asymmetric NLO QCD
J. H. Kuhn and G. Rodrigo,

Phys. Rev. D 59, 054017 (1999)
Use analytic formula

I aa()+a acé0 | 42 ( ()+as 6(1))
A —

02 (29 4 0,02V) 1 02 (87 + 0,0t D)

/.

(Symmetric NLO QCD A
P. Nason, S. Dawson, R. K. Ellis,
Nucl. Phys. B 303 607 (1988)

\Implemented in POWHEG-BOX )
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SM prediction (RG, U. Haisch, B. Pecjak, E. Re)

o (Ay > 0) — o (Ay < 0) Ay — ;
o (Ay > 0)+ 0 (Ay < 0) Y =Yp — Yp

QQ _
Apg =

Asymmetric NLO QCD
J. H. Kuhn and G. Rodrigo,

Phys. Rev. D 59, 054017 (1999) 7
Use analytic formula S

0305 020050 | 2 ( €O | o o e<1>)

02 (29 4 0,02V) 1 02 (87 + 0,0t D)

/.

QQ _
Apg =

(Symmetric NLO QCD ) QCD correction to Drell-Yan
P. Nason, S. Dawson, R. K. Ellis, S. Alioli, P. Nason, C. Oleari, E. Re,
Nucl. Phys. B 303 607 (1988) JHEP 0807, 060 (2008)
\Implemented in POWHEG-BOX | Implemented in POWHEG-BOX
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SM prediction (RG, U. Haisch, B. Pecjak, E. Re)

o (Ay > 0) — o (Ay < 0) Ay — ;
o (Ay > 0)+ 0 (Ay < 0) Y =Yp — Yp

QQ _
Apg =

Asymmetric NLO QCD
J. H. Kuhn and G. Rodrigo,

Phys. Rev. D 59, 054017 (1999) tricky’ 7
Use analytic formula part S

0305® 020050 | 2 ( €O | o o e<1>)

02 (29 4 0,02V) 1 02 (87 + 0,0t D)

/.

QQ _
Apg =

(Symmetric NLO QCD ) QCD correction to Drell-Yan
P. Nason, S. Dawson, R. K. Ellis, S. Alioli, P. Nason, C. Oleari, E. Re,
Nucl. Phys. B 303 607 (1988) JHEP 0807, 060 (2008)
\Implemented in POWHEG-BOX | Implemented in POWHEG-BOX
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Resonant contributions

(jm MA) ' Mio

e Compute squared matrix elements (use FeynArts and FormCalc)

e Evaluate virtual (using OnelLOops package - dim reg)

e Compute soft function (integrate gluon PS in d-dim to Ecut)

e Combine virtual+soft and real emission into Integrand

e Link to LHAPDF and do integration with VEGAS (CUBA library)

M%A/:M%/—ZMWrw, /LQZ:M%—ZMzrz

Co = 1 — 85, = iy /1
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xf(x,Q%) = (173 GeV)

Resonant contributions

- weEAak 1 4

I T ' ' i — S
2 _a.10% 2 ]
; 8: .EXf(q.-ai) Q° =3x10" GeV* 4 u 3 w
r ] WEAK 1 , 2 5
— _ d — 55w
0.6F . 2 3
0.4 -
0.2 - - 86 88 90 92 94 MGV
oF
| l l |

PDF cancellation (2up 1down)
X Cancellation integrating over res.
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Preliminary Result

Vs=7TeV
/'o\ A T T T T T T T T T [ T T T [ T | I—
o~ | — LHCb data 1fb™", PRL 11!3,082003(2014) 4
~ 5 | —
2 o — B NLO a5 _ N(8,>0) - N(8,<0) -
< - o = Nt ]
4 [ NNPDF2.3 NLO, ag(me) = 0.119 20<n <40 _]
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Future measurements at 13 TeV

> S
/] 9% gu b\/q Js s b\

Example: ‘light axigluon’ with flavour universal couplings
G. Marques Tavares, M. Schmaltz, Phys. Rev. D 84 (2011) 054008

q bt
Mg < My, gag9. >0
What about tension in precision Electroweak observables?
SM Exp.
A% | 0.103270-0004 0.0992 + 0.0016

Ry 10.21474 4+ 0.00003 | 0.21629 4+ 0.00066

62




Results from ATLAS/CMS

LHC pp —tt

anti-top
top

e Results consistent with SM /0
e Heavily diluted by gluon-fusion

Ac < 1%, 5Asys ~ 0.5%

e Need better observables
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favoured

ATLAS'l'CMS,\g = 7 TeV Ppreliminary

tt asymmetry
ATLAS l+jets

[JHEP 1402 (2014) 107]

CMS |+jets

[PLB 717 (2012) 129]

ATLAS+CMS l+jets

Preliminary

TOPLHCWG, September 2014

=== stat. uncertainty
m— e = total uncertainty

(stat) (syst)

0.006 + 0.010 = 0.005
0.004 = 0.010 = 0.011
0.005 = 0.007 = 0.006

ATLAS dilepton ® 0.021+0.025 + 0.017
[ATLAS Preliminary]

CMS dilepton -0.010 £ 0.017 = 0.008
[JHEP 1404 (2014) 191]

Theory (NLO+EW) 0.0123 = 0.0005

[PRD 86, 034026 (2012)

lepton asymmetry

ATLAS dilepton ° 0.024 + 0.015 = 0.009

[ATLAS Preliminary]

CMS dilepton { 0.009 + 0.010 = 0.006
[JHEP 1404 (2014) 191]
Theory (NLO+EW) 0.0070 = 0.0003
[PRD 86, 034026 (2012)
| |
-0.1 0.1




Proposals to overcome dilution

e S. Berge and S. Westhoff, JHEP 1307 (2013) 179
“Incline asymmetry” and the "Energy asymmetry”

e J. Anguilar-Saavedra, E. Ivarez, A. Juste, and F. Rubbo. JHEP
1404 (2014) 188 _
Associated production PP — tt7y

e F. Maltoni, M. Mangano, |. Tsinikos, M. Zaro. PLB 736 (2014) 252,
Associated production  pp — ttW-

e A.L.Kagan, J. F. Kamenik, G. Perez, and S. Stone. Phys. Reuv.
Lett. 107 (2011) 082003
Measure the asymmetry at LHCD

_MCFM-6.6, pp — i, \s =14 TeV

Production mechanism ratio: AN ) :
E 0.5F E:nT1o1\;3|25G - | -

_ S |

99 + lqg| : I

2 |

total = |

LHCDb probes unigue region ~
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Proposals to overcome dilution

e S. Berge and S. Westhoff, JHEP 1307 (2013) 179
“Incline asymmetry” and the "Energy asymmetry”

e J. Anguilar-Saavedra, E. Ivarez, A. Juste, and F. Rubbo. JHEP
1404 (2014) 188 _
Associated production PP — tt7y

e F. Maltoni, M. Mangano, |. Tsinikos, M. Zaro. PLB 736 (2014) 252,
Associated production  pp — ttW-

e A.L.Kagan, J. F. Kamenik, G. Perez, and S. Stone. Phys. Reuv.
Lett. 107 (2011) 082003

Measure the asymmetry at LHCD

Production mechanism ratio:

qq + |qg|
total

LHCDb probes unigue region ~
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Asymmetry prediction for LHCb

Main contribution - interference of NLO amplitudes!

1 1 0
A o O'a,( ) + Oé O‘e/w e/wil) T Oze/w /w( ) T
Qg + « Us + -
— o O-g( ) - o e/w( | | e/w O-S/w( ) |
S m e /w | o
5500 gi“)) a2 5500

O'::(O) = symmetric LO cross section (coupling stripped)
02(1) = asymmetric NLO cross section (coupling stripped)

arXiv:hep-ph/9802268, arXiv:hep-ph/9807420, arXiv:1109.6830, J.H.Kuhn, G. Rodrigo
arXiv:1107.2606, W. Hollik and D. Pagani,

arXiv:1205.6580, W. Bernreuther and Z.-G. Si

arXiv:1302.6995, B. Grinstein, C. W. Murphy

arXiv:1409.8631, RG
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http://arxiv.org/abs/1409.8631

Asymmetry prediction for LHCb

Main contribution - interference of NLO amplitudes!

o O.a(l) —|—Oé O‘e/w e/w(1) +&e/w e/w(O) NI
A =

2) Apply rescaling of couplings and colour factors
36Q; Q7

3) Its just LO...
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dA' / dn (%)

Single-lepton asymmetry
L . . 2.0 <n(l,b) < 4.5
Al — / an, [ G0 /dm = do” Zjdm ) (1 /b) > 20/60 GeV
j AR(I*,jet) > 0.5

0 dol™ /dn, + dot™? /dn,

pp— (tt— IX), \'s =14 TeV

10 L I 1 1 1 1 I 1 I 1 1 1 1 I 1 1 1 1 -
= p, (I/b) > 20/60 GeV =
OE 20<n(b) <45 E
QE m=173.25GeV E
= Numerator = NNPDF2.3 NLO 119 3
7 = Denominator = NNPDF2.3 NLO 119 E
6 Denominator = NNPDF2.3 LO 119 % —
= Denominator = NNPDF2.3LO 130 ..~ -
5 ------- Scale envelope 2 —
4E E
3 o 3
2 ;_ o sl —;
1E E
0 = | | L | | =
2 2.5 3 3.5 4 4.5
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e /4.5 in dO‘l+b/d771 _ dgl_b/dm
> dot™b [dn, + dot™b /dn,

Backgrounds

69

Numerator of AI W 14 TeV.

L I I 1 1 1 1 I 1 1 1 1 _

- p (I/b) > 20/60 GeV -

= > O <1 (lb) <45 — ttbar+scale E

= Wijets*0.014 g

= - - =+ Whjets E

= B sTt-ch E

E * _________ =

1 1 1 1 I 1 1 1 1 I 1 I

2 2.5 3 3.5 4 4.5

N

2.0 <n(l,b) < 4.5
pr(l/b) > 20/60 GeV
AR(l™,jet) > 0.5

— e — e — t;ﬁ

Fit backgrounds
experimentally:

i I
|
: 5,505, 50|
|

control channels




Statistical feasibility
2.0 <n(l,b) < 4.5

4.5 + -
Al = / an (Z"ii/ Zm‘jgj :/Z”l pr(1/b) > 20/60 GeV
T
20 7 i do 2 dy AR(IE jet) > 0.5

If backgrounds can be controlled!

o9 ~ 4.7 pb /Ldt — 50 b~

Apply b-tagging efficiency 0.7
Apply lepton efficiency 0.75 Nevents = 1.2€0

A= (1.4—-2.0)+0.3%
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NNPDF3.0 NLO a,=0.118

CT10wnlo 1o, a,=0.118

16 LR T T TTTI e — T LI —~ T T T T T 7T T T T T T T T T T T 1T T T
| ESS555 NNPDF3.0 N X 40 - ! » ! ! ! ! ]
14 ===t NNPDF3.0 + LHCb DO data (wgt) [] ~ 35F Q" = (80 GeV) —
o i ) - ——— CT10wnlo (4% LHCDb) .
«#==<= NNPDF3.0 + LHCb DO data (unw) [ = C 3
12 i o 0F CT10wnlo (6% LHCb) ]
C\% 10 — LD" 25 —— CT10wnlo (8% LHCb) tt_ 3
o ] o = .
2 : o pp — tt
I ] = -
G 6 3 > I5F E
3 ] ke - -
Z ] O 10k —
o 4 7] CC) — 3
i = SF —
2 ] S ‘\/—\‘
- o OF —

O 1 ||||||| 1 1 ||||||| 1 1 ||||||| 1 1 ||||||| & —I L L L I L L L L I L L L L I L L L L I L L L L I L L L L
1076 107 10 1(;(43 102 10~ 0.1 0.2 0.3 04 0.5 0.
X

In Summary...
:\"\ - —|— LHCb data 1Ifb'1,IPF{Il 11]3,,08'2003(2614)| | i —~ 10 p—> (tt|—> .IX) ‘.@ =14 Te.v. T T T T T T T T
ISo O N & N(A,0)-N(A,<0) N pT (/o) > 20/60 GeV -
< |[Fmw T - = OF 20<n(b)<45 E
4 = NNPDF23NLO, a,(m?) = 0.119 20<m _<40 ] > 8F m=173.25GeV —=
- z bb - = —  Numerator = NNPDF2.3 NLO 119 =
- . 5 = Denominator = NNPDF2.3 NLO 119 E
3 . = Denominator = NNPDF2.3 LO 119 =
- = Denominator = NNPDF2.3 LO 130 -
- 5 ;— -------- Scale envelope —;
2r 4F S 3
i : 3 =
: s bb| ke s tF
p : 3 pp :
O : 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 :
40 60 80 100 120 2 2.5 3 3.5 4

Mop [GeVi/c] 71 m
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Thanks for listening

72



D measurement (arXiv: 1302.2864)

LHCDb data compared with:
FONLL - Fixed-Order + Resummation

Cacciari, Greco, Nason hep/ph:9803400
Web implementation:

http.//www.lpthe.jussieu.fr/~cacciari/fonll/
fonllform.html

Cacciari, Frixione, Houdeau, Mangano,
Nason and Ridolfi hep-ph:1205.6344

GMVFNS - Generalised-Mass Variable-
Flavour-Number-Scheme

Kniehl. Kramer, Schienbein, Spiesberger
hep-ph: arxiv:0901.4130 and refs. therein

dop = dog ®DQ_>D

Lo

<

10™ x do/dp_[ub/(GeV/c)]

~

---|E
N~
S
~

" F —+—LHCb data
- —— FONLL =,

an
ER o
2

<
~
S
o

7041 —— GMVFNS \_
A GMVFENS intr. charm &
-I [ | | | L1 1 | | L1 1 | [ [ | | [ | | L1 1 | | [ [ | | [ I_
0 1 2 3 4 5 6 8

P, [GeV/c]
— DT

—

N Determlned from
e e data
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http://www.lpthe.jussieu.fr/~cacciari/fonll/fonllform.html

Wish to determine the impact of the data

Use a reweighting technique of PDF replicas
see - arXiv:1012.0836, NNPDF collaboration
(this is very qualitative)

Arbitrgry Units

g Observable(Data)

1. NNPDF provide central member (from global fit)
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Wish to determine the impact of the data

Use a reweighting technique of PDF replicas
see - arXiv:1012.0836, NNPDF collaboration
(this is very qualitative)

Arbitrgry Units

6
4
2

OO I R 8Observable(Data)

1. NNPDF provide central member (from global fit)
2. NNPDF provide replica members (gives uncertainty)
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Wish to determine the impact of the data

Use a reweighting technique of PDF replicas
see - arXiv:1012.0836, NNPDF collaboration
(this is very qualitative)

Arbitrgry Units
| 2 (0;i—0 )2
6j XZ - AO’2
4
2|
Od I R 8Observable(Data)

1. NNPDF provide central member (from global fit)
2. NNPDF provide 100 replica members (gives uncertainty)
3. Look at the impact of a new measurement (cross section)
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Wish to determine the impact of the data

LHCDb forward charm production, 7 TeV, DO mesons, POWHEG

350: ------------- L L L L B
- | —— Scales

300 —

:__PDFS

250 [-

)

N
o
o

—
o)
o

O)
o
T

TH uncertainties (%
S
o

o
S
A

o
—_—
I
I
—_—
) —_—
.

-100

O
(@)]
—
o
—
(@) ]
N
o
N
(@) ]
w
o
W
(@) ]

Data Point Index
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Wish to determine the impact of the data

LHCDb forward charm production, 7 TeV, DO mesons, POWHEG

350_ """"""" | | I I B | | I N | | I I | | I I B | [ :I

- | —— Scales -
300 H -
— | PDFS ]

250 - —

— 200 —
2 — ]
9 150 — —

© [ T -]
$ 100[— 1 | —
Q — - . . —

100 1| : —

Data Point Index

/8



TeVatron results differentially

Parton level : Lepton level
" DO, 9.7fb'1 5, 9710
- 4 Data 4 15 - Production level
- ’. N ¢
- —MC@NLO o
. o~ 10~
~ ---Fittodata .- = T =
5 E - - T F T
N < S¢| 7
B ; ¢ S MC@NLO 3.4
5 ot ¢
= -5 —_-- =
- 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1
0 0.2 0.4 0.6 0.8 1 1.2 1.4
t o F ¢
’ <u_ o.6F. —— CDF Data, 9.4 fb" s NLO QCD 4 {+Jets data — Fit A(qy)
$ - Olpy = (25.3 + 6.2))(10'2 Uncertainties: 1 +lo(stat. + sys.) B +lo(stat.)
k 05" — 1 Prediction // 0ol
| oab  Cay = (9715107 | / | ‘
. g § 0.1}
CDF‘ > ] /'. =
i B 0.0
i 0.2} i ‘
0.1 | — | i —01}
0 _%Z | | 4
0 0.5 1.5 2 -0 w w \ \ ‘ ‘
| 0 0.2 0.4 0.6 0.8 1.0 1.2
Parton-Level Ayl : layl
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Enriched gX->t+Y sample at LHCDb

e LK e

MCFM66 pp —>tt \s = 14TeV

O
o)

m, = 173.25 GeV
CT10wnlo

S
n

—— Scale uncertainty
— + LHCb

N
N

less gg-dilution

Production ratio
=
I 1T 1T 11 I 1T 1T 11 I 1T 1T 11 I | L

in LHCb acceptance

IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
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Single-lepton backups
N' (fb) ?,u:mt/Q U= myg | = 2my
utt | 55.62 | 40.84 | 31.56
O(a?)| dd | 23.15 | 16.99 | 13.05
ug 1.79 1.02 0.65
dg 0.72 0.45 | 0.26
O(aae)| 9.37 7.65 | 6.47
~ O(ofay)| 0.35 0.25 0.19
O(aZ,,)| 0.81 0.78 | 0.77
Total 91.80 | 67.96 | 52.95
D' (fb), 14 TeV :
PDF | =m:/2|pn =m¢|p = 2my A’ ((V)ﬂ}
NLO 119| 4626 | 3512 | 2742 [1.95 (3)
LO 119| 6225 | 4663 | 3586 |1.47 (1)
LO 130| 6761 4961 | 3752 @8( )J
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Backgrounds
2.0 <n(l,b) <4.5

4.5 dO_l+b dn _dglThb dn
e /2 " (dgz+b;dni+dgw§dni pr(1/b) > 20/60 GeV
AR(I*,jet) > 0.5

Denomlnator of AI I's = 14 TeV

(fb)

do™/dn

= p(I/b)>20/SOGeV ' A
— 4000 ] o <n(lb)<45 — ttbar LO+scale =
3500 - Wijets*0.014 = —
30005 -« Whiets 3 i Fit backgrotunlds |
- B ST tch § | experimentally: h
2500 , — —
= [ - Zojrs IS NS
00 e Zjets*0.014 = H
: : control channels |
1500:— = ‘
1000_5—_ _______ —E o
500 - R T =
i | Smmmmmmn- | n
0 [Cog oy [ g | AT ittt Ttk A e rearrrrr R R RN R
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Single-lepton asymmetry
L X 2.0 <n(l,b) <4.5
: [Tb [~ b
Al :/ dn, (dg fdm — do /dm\ pr(1/b) > 20/60 GeV
2

gluon PDF ratio, g = NNPDF2.3 nlo o (mf) = 0.119

C\/l\ 2_| ' L ' L :'_
@] N Q%= (173 GeV) .
< 1.8 -
= - NNPDF2.3 lo ay(m) = 0.119 .
= 1.6 —
2 e NNPDF2.3 0 a(m?) = 0.130 :
& 14F E
C I :
X 12k ]
(o) e :
1 __-"'---___'__ """""""""" )
0.8 —
0.61 ! - ! -

1073 102 10(z1) = 0.3
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Ll
Afb —

/ dA, (%)

fb

dA

[
-

O = D W H Ut &N 9 0 O

Differential di-lepton asymmetry

(doeb (A, > 0) — doeb(A, < 0)) /dA,

2.0 < n(e, u,b) < 4.5

A
/ By doreb [dA,

pp— (tt— I'TX), Vs = 14 TeV

pr(e, 1, b) > 20 GeV
AR(lI=,jet) > 0.5

P, (IJ’,I',b)I > 20 GeV |
2.0<n("l,b)<4.5

m, = 173.25 GeV

Numerator = NNPDF2.3 NLO 119

Denominator = NNPDF2.3 NLO 119
Denominator = NNPDF2.3 LO 119
Denominator = NNPDF2.3 LO 130
------- Scale envelope

-
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Integrated di-lepton asymmetry

Ny, (fb) i =mu/2|p = my|p = 2my
w | 0.977 | 0.709 | 0.536
O(a?)| dd | 0.344 | 0.239 | 0.181
uwg | 0.095 | 0.070 | 0.045
dg | 0.031 | 0.021 | 0.013
O(azZae)| 0.179 | 0.146 | 0.120
~ O(aZow)| 0.009 | 0.007 | 0.006
O(aZ,,)| 0.006 | 0.005 | 0.005
Total 1.642 | 1.198 | 0.907
D%, (fb), 14 TeV B
PDF | =m¢/2|p = m|p = 2my A?b (%W
NLO 119| 1104 | 85.0 | 67.4 |1.41 (8)
LO 119 160.7 | 120.7 | 93.3 ]0.99 (3)
LO 130| 176.6 | 130.0 | 98.8 [0.92 (1)
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Dilepton + b-jet

Denominator of A¢, Vs = 14 TeV

’_é‘ LN L L L '—E
= ST(()“;eﬁb():ez:) CjiVS — ttbar LO+scale =
< ' - ' — — tW
) -
a8~ ==== (Z—71)*0.05 =
v P00 EEEEEEEm . (WW+W2Z)*0.05
O
S — _.I_ 3
SEEETEEr _
____________________ | -
_________________________ .
---------------- I— — — —_
10—2 | | | 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 |
0) 0.5 1 1.5 2 2.5
A,
<£IZ‘ 1 > — 0.37 '

5o-stat (1year) — 6%

tt — u-etbX
14 TeV

2.0 <n(l,b) <4.5
pT(l, b) > 20 GeV

AR(IE, jet) > 0.5
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Di-lepton asymmetry

Denominator of Ai, Vs = 14 TeV

8107 (ool ~200ev | e e loeas
— STOM;T’] (;e o <e4 ; —— ttbar LO+scale -
5 10° o -
o= ==== (Z—711)*0.05 =
f_g - (WW+W2Z)*0.05 -
10 E= _ —=
5 L =
- e eeeees - -
1B = M"aassmsm=a== —=
S ! 7 E
T L i )
w'g T -—— 3
102 - | | L | |

0 0.5 1 1.5 2 2.5
A,

stat. 50 fb-1
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Parton level theoretical svstematlcs

:80

-~ 70

=2 50
© 40
30

Production mechanism ratio: 2 0%p
EO.S
qq + |qg| Gos
€03
ol

total

)
(\®]

MCFM-6.6, pp — tf, Vs = 14 TeV

m, = 173.25 GeV
CT10wnlo

-----

~ .
------

(NLO) = 832.6 pb
— Scale uncertainty

—— - LHCb, o' = 137.0 pb
- 68%CL PDF uncertainty

A4

F m,=173.25GeV
- CT10wnlo
N -
- 5< I <2 -
----- qct1+tq|g Ratio

— Scale uncertainty
— LHCb

o
[,

LHCDb probes unigue region ~
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Theoretical systematics for forward ttbar?

do m,,u2 ,CMS(/LR),/LQ
g = Z/dwidwjfi(fvi,u%)fj(ffj,u%) ( Fdn ) dn
i.J
d6MHC 1 Tds  de
dn 2 _dnt | d77£_ ne(2,5]

1

S <t <o SPDF = 16CL

2 UR

as(My) = 0.1184 + 0.0007 Smy = 1.5 GeV
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Strong coupling

O'LHCb VS. OéS(Mz)

Current PDG value

OzS(Mz) = (0.1184 = 0.0007

gluon PDF uncertainty
for da

dav, — 6oHEb = 1.3%

MCFM

: as(m?,) € [0.1177,0.1191]
_ o5! « CT10wnlo .
2 | ABMI11 5flv
_|b 20 ,/*/',
°_ o -7
15}
0.110 0.115 0.120 0.125
as(m°z)
—~ 115 .C.T1.O’, Isle[lo.I11l7?-lo.l11lgl4]l I
e/ - Q2= (80 GeV)?
X 11f
‘%\on.osf
O 1k
X t
©0.95E
09E
0.85:' S
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Order | PDF | o(pb) Oscale (PD) ((5pr (pb)\ da, (Pb) Om, (pb) Ototal (PD)
NNLO* (inc.) 832.0 || *35% (Foa | FR10E0w || 00 Toom || Tt | TeeT Chm
NLO(inc.) | ABM | 7719 | *34(tL 00 | (050 || 0000w || SSrettiie | T3t (hienn
NLO(LHCb) 1172 | e | e | o0t tooe || eiltiam | T8 (Lo
NNLO” (inc) 9528 | 513 (hew | Teslanw || DASNce | BEElhen | THS (haw
NLO(ine,) | CT10 | 8326 | *3E0CT0 | #1803 0 || 53000 | s il | Hishetie
NLO(LHCb) 137.0 | S8i0 a0 | e | S5 || BRin | P
NNLO*(inc.) 070.5 || *224 (a5 |+ T (Eher | Hizs(Fol || aaee (D res (oo
NLO(inc.) | HERA | 804.2 | T35 1000 || Ta0o (o | 530 0m || T30 Chom) | T1393 05 )
NLO(LHCD) 1247 | 585 Mo | T80 0o || Ti Gl | FBE e | Tl (Casion
NNLO" (inc.) 053.6 | 327 (Pl | Fie2en Tl RS | el | rese (Lo
NLO(inc.) | MSTW | 885.6 | *16570" T oct) | *15:8 Caen) || D101 ey || 2353 Ciiosey | 21473 Caoiovey
NLO(LHCb) 144.4 | HESERS | 4so (o | Aot || reara s | 42as(hs o)
NNLO" (inc.) 077.5 || T2 (i || TR 22l | etk | Tt
NLO(inc.) |[NNPDF| 894.5 | Fi6T60H00 | #1285 (FLE0 | #2800 100 | #3080 | Fi4s e
NLO(LHCb) 142.5 || M35 | T30 I T30 | Teitiae )| TR een
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Summary of eigenvector sensitivity

pp—tt, (s =14 TeV pp—tt, (s =14 TeV
o 07— T T T o 0Mp———T 7T 7 T T 17
Q 0 (m?) =0.118 ] Q 0 (m’) =0.118 ]
5.-003F ¢ = 5.-003F ¢ =
© - 3 o) - 3
0.01F = 0.01F =
0 ;______..7___._____- I--_-I I__; 0 prm JII_Illlll ll.l_lllll. .
001 I = 001 I i
0.02F = 0.02F =
0.03F - 0.03F =
004E A B B S R B _0.04 B Ll N P P B B
0 5 10 15 20 25 0 10 20 30 40 50
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pp—ti, Vs =14 TeV pp—ti, (s =14 TeV
el 0.04_"|'2"|"'|"'|"'|"'|"'|"'|"'|"'|_ o 00411 | | T | 2
Q E o () =0.1176 = Q E o (mf) =0.1202 =
_|D._O.03 - = _ID._O.03 - —
0.01F = 0.01F L I =
001 = 001F =
0.02F = 002F =
0.03F = 0.03F =
004t a1 1] 004b e 11T
O 2 4 6 8 10 12 14 16 18 20 0 5 10 15 20 25 30 35 40
Member | Member |
+
e X(Sj ) — X (Sp)
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Summary of theory systematics (NLO)

MCFM, Vs = 14 TeV

1801 . ABMI1
L« CTI10w
_ 160r, HERAI1.5
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Impact of acceptance cuts (NLO)

parton level

POWHEG—p8, \'s = 14 TeV
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Kinematic cuts

POWHEG—p8, \'s = 14 TeV
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Constraining the gluon PDF

Perform a bayesian reweighting based on statistical inference.

arXiv:1012.0836 NNPDF collaboration
arXiv:1205.4024 G. Watt, R. S. Thorne, applied technique to MSTW hessian set

| apply the technique to CT10w and NNPDF2.3 NLO sets

Recipe for Hessian reweighting

1) Calculate observables from eigenvector set

{X0(S0), X1 (S1), X7 (8]), . Xy (Sy), X (Sn)}
2) Generate random observables from these (storing random numbers)

N
X (k) = X(S0) + Y _[X(5) — X(S0)]|Rj
j=1
3) Apply a reweighting based on a ‘measured’ observable (e.g. cross-section)

1

Wi(x3) = (xi)i(Np“'_”exp(ﬁxi)

4) Apply these weights to the other observables (gluon PDF, ttbar asymmetry etc.)

|
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Follow the recipe - steps 1, 2

1) Choose observable as evolved gluon PDF, gHeSS (ZE, [Q = &0 GGV]Q)

2) Generate 1000 Replicas and compare, grep (QC, [Q = &0 GGVP)

CT10wnlo 10, o = 0.118
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Follow the recipe - steps 3, 4

rep

3) Pick some pseudo LHCb cross-section data, Xo = Z Xo(S0)[1 + Rio
Nrep k=1

4) Apply weights found using pseudodata to reweight evolved gluon PDF

CT10wnlo 1o, a,=0.118 CT10wnlo 1o, a,=0.118
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Asymmetry when interfaced to PS?

arXiv:1205.1466 P.Z.Skands, B. R. Webber, J. Winter, QCD Coherence

(a) t t b
) Xﬁw (b)
q /<9 9 o q
/ m\\
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[ AONT

Figure 2: Colour flow and QCD radiation in (a) forward and (b) backward ¢t production.
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Asymmetry when interfaced to PS?

Ratio of top/antitop eta distributions, s = 14 TeV Ratio of top/antitop eta distributions, s = 14 TeV
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Asymmetry when interfaced to PS?

Numerator of A', O(c.d), Vs = 14 TeV
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Stable top quark asymmetries

MCFM-6.8, pp— tf, Vs = 1
1 I 1 1 1 I 1 1 1

Parton level asymmetry

gqbar and qg separated

Parton level asymmetry

QCD / WEAK separated
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