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Outline

This talk:

(1) Introduction

(2) Theoretical Predictions

(3) Current Experimental Results

Next talk by Rhorry Gauld:

(4) Future Prospects
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Introduction

Million dollar question:
- What lies Beyond the Standard Model (BSM)?

Measuring asymmetries (forward-backward, CP , forward-central,
production, forward-backward of decay products, . . . ) helps to answer
this question.

A(x) ≡ N(x > 0)−N(x < 0)

N(x > 0) +N(x < 0)

precision predictions / small SM values → excellent probe of BSM
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Forward-Backward Asymmetries

Collider w/ asymmetric initial state (e+e−, pp̄):

AFB =
N(∆y > 0)−N(∆y < 0)

N(∆y > 0) +N(∆y < 0)

Example:
e−e+ → QQ̄
∆y = yQ − yQ̄
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Forward-Backward Asymmetries

LEP 1 – A(0,b)
FB (Z-pole) – 2.3σ

PDG

CDF – Att̄FB (Mtt̄ > 450 GeV) – 3.4σ

CDF arXiv:1101.0034
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Forward-Backward Asymmetries

LEP 1 – A(0,b)
FB (Z-pole) – 2.3σ

PDG

No significant excess w.r.t. SM
Agreement not perfect

Czakon, Fielder, Mitov arXiv:1411.3007
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What is the Source of AFB?
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What is the Source of AFB?

(1) Kinematics – need odd powers of cos θ in dσ

Spin-0: P0(cos θ)

Spin-1: P0,1,2(cos θ)

t-channel: Pall(cos θ)

Fig. from CDF Conf. Note 10974

Interference between 1- and 2-
photon/gluon exchange
dσ odd in cos θ by
C-conjugation invariance

Fig. from Kühn, Rodrigo hep-ph/9807420
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What is the Source of AFB?

(2) (non-)symmetries (gauge, discrete) of theory

dσ

dΩ
(qLq̄R → Vµ → QLQ̄R)

∼ g2
Lqg

2
LQ(1 + cos θ)2

Parity violation → tree level AFC

U(1), SU(N ≥ 3) → AFC at NLO

Fig. from Kühn, Rodrigo hep-ph/9807420
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Heavy Quark AFB at Hadron Colliders

Contributions to asymmetry:
LEP – directly sensitive to asymmetry from matrix elements
Tevatron – matrix elements and PDFs must be asymmetric

Extracting a heavy quark asymmetry:
tt̄: decay products preserve info about Att̄FB
bb̄, cc̄: hadronize before decaying

- Hadron based: pp̄→ B±X w/ qFB = −QB sign(ηB)

AFB(B±) =
N(qFB > 0)−N(qFB < 0)

N(qFB > 0) +N(qFB < 0)

- Jet based: pp̄→ bb̄X w/ ∆y = yb − yb̄

Abb̄
FB =

N(∆y > 0)−N(∆y < 0)

N(∆y > 0) +N(∆y < 0)
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What about at LHCb?

LHC: symmetric initial state
- AFB = 0 by construction
- underlying matrix elements still asymmetric
- exploit asymmetry between PDFs of q and q̄

Hadron based: pp→ B±X – production asymmetry

AP (B±) =
N(B−)−N(B+)

N(B−) +N(B+)

Jet based: pp→ bb̄X – forward-central asymmetry

Abb̄FC =
N(∆|y| > 0)−N(∆|y| < 0)

N(∆|y| > 0) +N(∆|y| < 0)

now with ∆|y| = |yb| − |yb̄|
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AFC in the Standard Model

AFC ∼
α2Ñ0 + α3

sN1 + α2
sαÑ1 + α4

SN2 + · · ·
α2D̃0 + α2

sD0 + α3
sD1 + α2

sαD̃1 + · · ·

NLO QCD dominant contribution to Att̄FB at hadron colliders
(∼ αsN1/D0 + · · · )
Grinstein, CM 1302.6995 showed previously neglected tree level Z
exchange dominates Abb̄FB,FC for Mbb̄ ∼MZ

Z can decay to bb̄, cc̄ (but not tt̄) → resonant enhancement
(Z − γ interference not enhanced)
Gauld et al. 1505.02429: Z contribution to Ñ1 (not enhanced),
O(α2αs) corrections, qg initiated asymmetry (∼ 10% of N1, unlike tt̄
case)
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CDF Abb̄
FB Results

Low Mass Analysis 1601.06526 High Mass Analysis 1504.06888

SM predictions from CM 1504.02493
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LHCb 7 TeV Abb̄
FC Results

Shape of SM prediction drastically
different w/o EW terms

Fig. & SM predictions from Gauld, Haisch, Pecjak, Re 1505.02429; LHCb results from
1406.4789
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LHCb Abb̄
FC Results & Future Prospects

Fig. & SM predictions from Gauld et al.
1505.02429; LHCb results from 1406.4789

SM Future Prospects
Abb̄FC becomes systematically
limited around ∼ 10 fb−1

Central value smaller at 13/14
TeV than 7/8 TeV (even smaller
for 100 TeV)

Abb̄FC(Z-pole) currently non-zero
at 1.8σ

- 3.0σ w/ 10 fb−1 & same
central value

- 1.7σ w/ 10 fb−1 & 13 TeV
SM central value
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LHCb Abb̄
FC Results & Future Prospects

BSM Future Prospects
Lighter mass BSM
(M <∼ 250 GeV) already
constrained by Tevatron + LHC7
More data useful for constraining
heavier BSM scenarios
Distinguish flavor structure of
competing BSM models

Grinstein, CM 1302.6995; CM 1504.02493
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Modified Zbb̄ Couplings

Current hadron collider results not competitive w/ LEP
See next talk by Rhorry for future prospects
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Production Asymmetries at LHCb

Production asymmetry can mimic CP violation

A(t) ≈ ACP +AD +AP
cos(∆mt)

cosh(∆Γt/2)

ACP =
Γ(B̄0 → f̄)− Γ(B0 → f)

Γ(B̄0 → f̄) + Γ(B0 → f)
, AD =

εf̄ − εf
εf̄ + εf

, AP =
N(B̄0)−N(B0)

N(B̄0) +N(B0)

AP (D±
s ) = (−0.33± 0.22± 0.10)% 1205.0897

AP (D±) = (−0.96± 0.26± 0.18)% 1210.4112

AP (B0) = (−0.35± 0.76± 0.28)% 1408.0275

AP (B0
s ) = (1.09± 2.61± 0.66)% 1408.0275
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Production Asymmetries at LHCb

Production asymmetry can mimic CP violation

A(t) ≈ ACP +AD +AP
cos(∆mt)

cosh(∆Γt/2)

ACP =
Γ(B̄0 → f̄)− Γ(B0 → f)

Γ(B̄0 → f̄) + Γ(B0 → f)
, AD =

εf̄ − εf
εf̄ + εf

, AP =
N(B̄0)−N(B0)

N(B̄0) +N(B0)

LHCb-CONF-2012-031
Reports σ(pp→ Λ0

bX) and σ(pp→ Λ̄0
bX)

AP (Λ0
b) = (−0.23± 0.13)% w/ 36.4 pb−1

AP (Λ0
b) = (−0.23± 0.06)% (naïvely) w/ full Run-1 dataset, non-zero

at 3.4σ
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Summary

Measuring a more significant non-zero asymmetry at 13/14 TeV (w.r.t.
7 TeV) naïvely requires improved systematics or undiscovered BSM
More data useful for constraining BSM scenarios w/ M >∼ 250 GeV
(provided there is some motivation for such models)
Update AP (Λ0

b) measurement with at least full Run-1 dataset
(currently stat. limited)
Charm-Quark Asymmetry?
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Backup Slides
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Charm-Quark Asymmetry

Z-pole asymmetry about half as big as bb̄ case:

Ñ0,cc̄

Ñ0,bb̄

∼
3− 8s2

W

3− 4s2
W

≈ 0.55

t-channel W exchange – less CKM suppression than bb̄, tt̄:

dσαsα
A

d cos θ
= −αsα |Vcd|

2

s2
W

πCF
NC

β cos θ

8ŝ
f(cos2 θ, m2

c , M
2
W , ŝ)

∼ −6% of NLO QCD contribution to Acc̄FC at large Mcc̄ CM 1504.02493

Christopher W. Murphy (SNS) Abb̄
FC at LHCb LHCb Implications 24 / 29



LHCb Abb̄
FC Results & Future Prospects

LHCb 7 TeV data
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BSM Future Prospects
Lighter mass BSM
(M <∼ 250 GeV) already
constrained by Tevatron + LHC7
More data useful for constraining
heavier mass scenarios
Distinguish flavor structure of
competing BSM scenarios

Christopher W. Murphy (SNS) Abb̄
FC at LHCb LHCb Implications 25 / 29



Hadron Asymmetry Measurements

Perturbative calculation not always relevant
MC generators not always accurate (worse for AFB(Λ0

b))

AFB(B±)

D0 data

SM Hthis workL
MC�NLO+Herwig
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D0 1411.3021; CM 1504.02493

AP (Λ0
b)

MC seems fine here
LHCb-CONF-2012-031
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Production and CP Asymmetries at LHCb

Production asymmetry can mimic CP violation

A(t) ≈ ACP +AD +AP
cos(∆mt)

cosh(∆Γt/2)

ACP =
Γ(B̄0 → f̄)− Γ(B0 → f)

Γ(B̄0 → f̄) + Γ(B0 → f)
, AD =

εf̄ − εf
εf̄ + εf

, AP =
N(B̄0)−N(B0)

N(B̄0) +N(B0)

Measure instead ∆ACP = ACP (K−K+)−ACP (π−π+); AD, AP cancel

1112.0938 See also talks by Petridis, de Boer, Davis, . . .
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Lepton AFB in B0 → K∗0µ+µ− at LHCb

Forward-Backward Asymmetry of Decay Products

RK =
Γ(B+ → K+µ+µ−)

Γ(B+ → K+e+e−)

RK = 0.745+0.090
−0.074 ± 0.035

M2
`+`− ∈ [1, 6] GeV2

2.6σ deviation from SM

1304.6325 (left)
1406.6482 (right)

See also talks by Martin Camalich, Petridis, Mahmoudi, . . .
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Lepton AFB in B0 → K∗0`+`− at LHCb

Take ratio of AFB(µ+µ−) vs. AFB(e+e−)

Distinguish between competing explanations of RK

Altmannshofer, Straub 1411.3161
See also talks by Martin Camalich, Petridis, Mahmoudi, . . .
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