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Overview
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Survey of basic processes of interest

Vector boson V = W, Z, γ 

Heavy flavors Q = b, c

For each final state

phenomenological interest

summary of state of the art and theoretical issues

near-future theory developments

Closing thoughts and summary
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Calibration

Useful to set scale of
cross sections.

Most V+Q cross sections
computed from 2→2 LO
amplitudes.

For illustration, only minimal
cuts:

   pT(γ/jet) > 40 GeV
    η(γ/jet) < 4.5

3

s
7 8 9 10 11 12 13 14

 [p
b]

!

-210

-110

1

10

210

310

410

 2 boson+heavy flavor"LHC, 2 

H+b

W+b

Z+c, Z+b

+b#
W+c

+c#

 2 boson+heavy flavor"LHC, 2 

V

Q

c: solid
b: dash



Status of predictions for V+heavy flavors at the LHC  -  John Campbell, Fermilab  

Comments

Photon, Z (and H) processes
computed using heavy quark pdf

potential for pdf constraints

calculations in 5-flavor (5F)
scheme → see later
discussion (F. Maltoni)

W+Q proceeds through CKM
matrix element

W+c sensitive to
(anti-)strange pdf and
proportional to |Vcs|2

W+b produced this way
CKM-suppressed and v. small
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Background

Fundamental test of perturbative QCD, large (nb) cross sections.

Probe of heavy quark pdfs, particularly intrinsic charm at high x.
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Kovarik, Stavreva 
1206.2175

→ look for deviations at          
high pT and rapidity

Intrinsic charm

standard CTEQ6

7 TeV LHC x ∼
(

pT√
s

)
ey
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Theory status

Theory known at NLO for some time.

Right now: NLO Monte Carlo including fragmentation at NLO.

Both b and c quarks treated as massless, difference from charge 
and pdf weight.

Introduction of “annihilation” contributions at NLO:

Expect significant contribution when anti-quarks are plentiful:
valence, at large x → Tevatron 

7

Bailey, Berger, Gordon; Berger, Gordon (1996)

Stavreva, Owens 0901.3791
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γ+b: Tevatron vs. LHC
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Tevatron

14 TeV LHC

Annihilation contribution large
throughout, dominant for
pT(γ) > 100 GeV

→ prediction dominated by new 
configuration entering at LO and 
substantial theoretical uncertainty

Smaller x, no valence antiquarks
→ annihilation contribution small

→ theory under control and good 
sensitivity to heavy quark pdfs
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γ+Q: theory outlook

Precision may require NNLO calculation, not yet available.

But, within reach: some 2→2 predictions already at NNLO

more complicated than diphoton production

also, treatment of photon isolation may be more important
(Frixione “smooth cone” vs. usual fixed cone)

all ingredients known, e.g. relevant 2-loop amplitudes are a 
subset of those for inclusive jet production

easier than full inclusive jet calculation, for which first results 
may be available soon

9

Catani et al. 1110.2375

Glover, Gehrmann et al.; most recent proof-of-principle 1211.2710
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Background

Proceeds through flavor-changing current:

Due to CKM suppression mostly sensitive to:

strange quark distribution (and whether same as anti-strange)

CKM matrix element Vcs

However, even if strange and anti-strange pdfs are equal,

due to small down valence contribution.
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W− W+

c c̄

s (d) s̄ (d̄)

σLHC(W−c) > σLHC(W+c)
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W+c/W-c ratio

Sensitive to assumptions in global pdf fits.

CMS preliminary 36 pb-1, ratio = 0.92 ± 0.2 (statistics dominated)
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W+c: theory outlook

No NLO+parton shower prediction; could easily be addressed, 
especially in POWHEG-BOX which already has (trickier) W+t
(in principle, could already be done in aMC@NLO)

Prospects for NNLO?

at high pT should be possible, since can set mc=0
(else requires new technology)

all ingredients known, should be simpler than γ+Q since no 
isolation worries

possible step on the way to full W+jet @ NNLO
(may already be underway?)

Need an extra handle to separate strange pdf from Vcs?

13
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Background and theory status

Sensitivity to heavy quark pdfs.

Irreducible background:

NLO parton-level prediction available in MCFM.

again, sensitive to annihilation
contribution with light quarks
(suppressed @ LHC) and
gluons in initial state
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vs with Z / H → ττ

JC, Ellis, Maltoni, Willenbrock 0312024
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4-flavor alternative

Can eschew use of bottom quark pdf and instead start with:

Potential singularity in matrix elements, e.g.

Cross section for a single observed heavy quark, i.e. when anti-
quark collinear to beam and unobserved, requires non-zero mass 
for a well defined prediction.

NLO prediction also available in this scheme

16

g

g
Q

Z

Q

 does not resum potential large log(Q2/m2)

 calculation more difficult

Febres Cordero, Reina, Wackeroth 0906.1923

(
pQ + pg

)2
> m2
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4-flavor + parton shower

NLO calculation embedded in parton shower: aMC@NLO.

17

Frederix, Frixione, Hirschi, Maltoni, Pittau, Torrielli, 1106.6019
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Z+Q: theory outlook

Lack of prediction for 5F+shower could be addressed,
either in aMC@NLO or POWHEG-BOX.

Prospects for NNLO?

possible in 5F scheme.

all ingredients known, should be simpler than γ+Q since no 
isolation worries.

possible step on the way to full Z+jet @ NNLO
(may already be underway?)

18
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Background

Signature of W+b(+jets) an
important background

esp. associated Higgs
production, WH(→bb)

also, single top (for direct Vtb),
SUSY searches

The 2→2 process akin to W+c is
CKM suppressed:

Not dominant production mode.
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W+b production

Instead, produce through
2→3 annihilation process: 

Must retain b-mass for finite result.
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Theory status

NLO corrections with mb non-zero known.

Large effect due to new contribution from gluon pdf, absent at LO

significant theory uncertainty remains

22

Febres Cordero, Reina, Wackeroth 0906.1923; Badger, JC, Ellis 1011.6647

Cross section (pb)
- no W decay

(a) (b) (c)

Diagrams by MadGraph
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W+b with parton shower

Addressed in aMC@NLO (c.f. Z+b earlier).

Also, alternative implementation in POWHEG-BOX.

23

Frederix, Frixione, Hirschi, Maltoni, Pittau, Torrielli, 1106.6019

Oleari, Reina 1105.4488
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4F and 5F

Large gluon contributions arise from diagrams that can be 
reinterpreted in 5F scheme.

Even if associated logarithms are not large, can use this as a way 
to include part of yet higher-order calculations:

compute (5F) b+q → b+q’+W at NLO

use this to replace g+q → b+q’+W+b in 4F calculation

24

JC, Caola, Febres Cordero, Reina, Wackeroth, 1107.3714

4F 5F

_
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Effect of 5F-improved calculation

Performed dedicated study for ATLAS 7 TeV cuts.

Cross sections increased by about 30% and reliability improved 
(scale dependence reduced).
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W+b: theory outlook

In light of earlier CDF discrepancy, considered wide range of 
sources of theoretical uncertainty:

CKM-induced process [1% effect]

pdf uncertainties [3%] and envelope of pdf sets [5%]

strong coupling: αs(Mz)=0.114 - 0.124 [10%]

b-mass: mb=4.2 - 5 GeV [3%]

scale uncertainty range, μ/4 - 4μ [20%]

in part very conservative, but also motivated by physical
scale entering process, μ/4 ≈ pTcut(b-jet)

As a result, total uncertainty ~ 30% may be overestimated.

26
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Other thoughts

Have focussed on the basic high-rate processes, involving 
tagging a single heavy quark

Two tagged jets → work in 4F scheme, predictions may be
better behaved since identified quarks means no large log

Two jets, only one tag

NLO calculations available in 5F scheme but complicated
(many contributing sub-processes)

equivalents in 4F scheme would require VQQ+jet @ NLO, 
keeping the quark mass - some first steps already

Two tagged jets + light jet

can set quark mass to zero

subset of existing BlackHat W+3 jet parton NLO,
probably at threshold of feasibility for, e.g. aMC@NLO

27

Reina, Schutzmeier, 1110.4438
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The future?

For light jets, much progress on merging samples corresponding 
to different numbers of hard partons

Some even begin to retain NLO accuracy in each sample.

28

MENLOPS: W+0 jet NLO, W+1,2,3,4 LO

MEPS@NLO: W+0,1,2 jets NLO, W+3,4 LO

Extension to SHERPA:
Höche, Krauss, Schönherr, Siegert 1206.4873

No equivalent (yet) for heavy quark 
jets, but probably coming soon ...
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Summary

V+heavy flavor production occurs at a high rate and through a 
number of different mechanisms

good laboratory for testing pQCD

opportunity to improve our understanding of these processes 
and hence tame some very large NP backgrounds

sensitivity to pdfs (b,c and s/s-bar)

Predictions for all basic V+heavy flavor processes at least NLO

not all matched to parton showers, but they could be

predictions often available in either 4F or 5F scheme

extension to NNLO possible in the near future for 5F scheme
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