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Outline

•After some introduction and motivation, this talk will focus on two 
different topics:

•First, we’ll discuss the possibility of learning about the Yukawa 
couplings of second-generation quarks through rare Higgs decays

•Second, we’ll review theoretical progress in improving the 
modeling of Higgs production in association with jets, which is 
needed to reduce uncertainties affecting Higgs coupling 
extractions

•Please interrupt with questions at any point!



The LHC circa 2014
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•Remarkable in both breadth and depth of coverage

•Underlying identity of the Higgs being slowly revealed



The LHC circa 2014

•Nothing besides the Higgs; limits reaching 
multi-TeV in some channels



Everything we’ve measured so far is consistent with the 
following picture of fundamental physics at a few/tens of TeV



•There can be fascinating life hidden in a desert... but it can be rare 
and difficult to find (the background to SUSY is not SUSY... the 
LHC inverse problem turned out to not be a big deal)

•Takes persistence and the ability to sift through lots of 
background to find what is new and exciting

•Hopefully LHC14 resurrects the LHC inverse problem and SUSY 
backgrounds, but if not we should be ready for the challenge



Where do we look?

•The discovery of the Higgs 
gives a place to focus attention 
during Run II

•Two ways to proceed: study 
the obvious things extremely 
carefully (WW,ZZ,γγ), or look 
for non-obvious (and probably 
rare) production/decay 
processes

•We’ll discuss both, beginning 
with the second option



Part I: Rare Higgs decays and 2nd 
generation Higgs couplings



Flavor and fermions in the SM

•We don’t understand the flavor structure of the SM; no explanation for 
why mixing is maximal in the lepton sector and small in the quark sector

•We have no understanding of the pattern of lepton masses in the SM

•These parameters come from the Yukawa sector of the SM; couplings of 
the Higgs to fermions

the data, from Y. Nir, LHC top-charm workshop



Higgs fermionic couplings

•What are we learning about Yukawa couplings from LHC measurements?

•From WW,ZZ,γγ: couplings of the Higgs to gauge bosons, top quark

•From bb, ττ: couplings to 3rd-generation fermions

•What about 2nd-generation fermions?  μμ possible in Run II, what about 
quarks?  No reason to expect similar behavior of couplings for 2nd-
generation quarks and leptons beyond the SM

summary of model expectations, from Y. Nir, LHC top-charm workshop

get from gg production 
indirectly, or ttH directly

get from t→cH decays

???



Measuring the Higgs-charm coupling

•Hcc coupling can have O(1) differences from the SM result;  can easily 
occur in simple 2HDM or composite Higgs models

Delaunay, Golling, Perez, Soreq 1310.7029

deviation from SM coupling

•Current data provide some 
constraint on this from the inclusive 
Higgs production rate, through the 
contribution of cc→H

•Limit strongly correlated with Hgg 
and other couplings

•Is there a way to directly access 
Hcc?

•One possibility: charm tagging for 
direct H→cc decays Delaunay et al. 1310.7029



Rare Higgs decays and Hcc

•Another possibility: the Hcc coupling is accessible at a high-luminosity 
LHC, using H→J/Ψ+γ Bodwin, FP, Stoynev, Velasco 1306.5770

Direct production, which is 
sensitive to Hcc coupling, 
is small

Indirect production is 
larger; interferes quantum-
mechanically with direct 
production

•The larger indirect mechanism drags up the smaller direct one, providing 
direct access to the Hcc coupling

•Theoretically very clean; O(5%) uncertainties in the SM prediction, 
conservatively estimated

•The mode H→Υ(1S)+γ provides additional information on hbb



Hcc at the LHC
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•Clean signature: ~50-60 GeV photon recoiling against a J/ψ, that reconstruct 
to the Higgs mass; large acceptance and small backgrounds; should be captured 
by standard triggers, although more study desirable

•O(1) deviations in Hcc coupling leads to O(1) deviations in predictions



Hcc at the LHC
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•This is a 3 ab-1 measurement! Only possible with a high luminosity LHC, 
estimate O(100) events with the full data set

•Note that turning off the Hcc coupling gives BR=3.25x10-6; the difference 
between this and the SM is the size of the deviation that we wish to measure



Hbb through Upsilon

bk
-4 -3 -2 -1 0 1 2 3 4

SM
)/B

R
SM

 - 
B

R
k

(B
R

0

500

1000

1500

2000

2500

3000

! " #H 

bk
0.6 0.8 1 1.2 1.4 1.6 1.8 2

SM
)/B

R
SM

 - 
B

R
k

(B
R

0

20

40

60

80

100

120

140 •This is the same deviation plot 
for H→Υ(1S)+γ
•The y-axis is not a typo! Almost 
a complete cancellation between 
direct and indirect amplitudes in 
the SM.  Any modification of Hbb 
leads to O(100)-O(1000) 
deviations in this rate

•An observation of this decay 
mode at Run II conclusively 
indicates a non-SM Hbb coupling

Bodwin, FP, Stoynev, Velasco 1306.5770



A strange Higgs
•What other modes can we access, how about the coupling of the 
Higgs to the strange quark?

•H→φ(1020)+γ can access the Hss coupling; φ has a large branching 
fraction to K+K- and K0K0

•Theoretically calculable in terms of the φ light-cone wave-function 
with smallish errors; same structure as before, sum of indirect and 
direct amplitudes

•Won’t measure SM rate, but can 
put constraints on deviations

•Acceptance high (70-75%); is there 
a trigger that can capture this 
signature?Very p

reliminary

Kagan, Perez, FP, Soreq, Stoynev, Zupan in progress

c=1 indicates SM couplings



A strange Higgs
•What other modes can we access, how about the coupling of the 
Higgs to the strange quark?

•H→φ(1020)+γ can access the Hss coupling; φ has a large branching 
fraction to K+K- and K0K0

•Theoretically calculable in terms of the φ light-cone wave-function 
with smallish errors; same structure as before, sum of indirect and 
direct amplitudes

Kagan, Perez, FP, Soreq, Stoynev,, Zupan in progress

•The possibility of directly bounding the Hss coupling is unique to hadron 
colliders! The event rate is too small at e+e- machines



Part II: Reducing theory 
uncertainties in Higgs measurements



QCD and the Higgs, run II

•Systematic errors already approaching 
statistical ones; will overtake with 14 
TeV data

•Systematic error shown is the 
combination of experimental and 
theoretical systematics; theory is 
already the dominant systematic error



A two-front war

•Two reasons for the dominance of theory uncertainties in Higgs analyses

Harlander, Kilgore ‘02; Anastasiou, Melnikov 
‘02; Ravindran, Smith van Neerven ‘03

Large fixed-order QCD corrections to 
Higgs production processes

Division into exclusive jet bins introduces large 
logarithms that must be resummed

•Progress on both fronts needed to improve Higgs-signal modeling 
for Run II of the LHC



Resummation of jet-veto logarithms in the exclusive 1-jet bin



Why are jet vetoes dangerous?

•Imposing a jet veto leads to an interesting two-scale problem in QFT.  
Illustrate with simple example of e+e-→jets

•Infrared safety: must sum both virtual and real corrections

Virtual corrections: -1/εIR2

�
Real corrections: 1/εIR2-a!ln2(Q/pT,veto)

•Incomplete cancellation of IR divergences in presence of final state 
restrictions gives logarithms of the restricted kinematic variable
•Relevant term for gluon-fusion Higgs searches: 
2CA(αS/π)ln2(MH/pT,veto)~1/2 ⇒ potentially a large correction
•αSnln2n(MH/pT,veto) appears at each order n in perturbation theory

�
Q pT



Zero-jet resummation

• Begin in the zero-jet bin.  Current status with anti-kT algorithm:

! Banfi, Monni, Salam, Zanderighi: NNLL+NNLO 1203.5573, 1206.4998

! Becher, Neubert NNLL+NNLO 1205.3806,  partial N3LL+NNLO 1307.0025

! Stewart, Tackmann, Walsh, Zuberi NNLL’+NNLO 1307.1808 



NNLL’+NNLO resummation

•Uses soft-collinear effective theory

•Significant improvement in prediction from 
including higher-order resummation and fixed-order

 Stewart, Tackmann, Walsh, Zuberi 1307.1808 



Extending to the 1-jet bin

•Next goal: resum the jet-veto logarithms in the H+1 jet bin

•Two relevant regions of jet pT: pT~mH>>pT,veto, mH>>pT~pT,veto

•Currently can directly resum at NLL’+NLO the first region

•Comprises roughly 30% of the 
event rate at the LHC...



The high pT region

•Our goal: resum the jet-veto logarithms in the H+1 jet bin

•Two relevant regions of jet pT: pT~mH>>pT,veto, mH>>pT~pT,veto

•Currently can directly resum at NLL’+NLO the first region

•... but makes up roughly 50% of the 1-jet bin error

•An improved treatment of this region can significantly reduce relevant 
errors in LHC analyses



Resummation

•Distance measures for H+1 jet, anti-kT algortihm:

Radiation along the jet direction is combined first 
into a single state; soft radiation insensitive to 
details of collinear radiation

•We utilize an EFT approach: 

ps~mH(λ,λ,λ)
pa,b~mH(λ2,1,λ)
pJ~mH(λ2,1,λ) (along jet direction)

R~0.4, λ~0.2



Numerical results

•Clear reduction in scale 
uncertainty from fixed-
order prescription

•First focus on the high-pT region where the resummation is effective

•Set pT>120 GeV and integrate over remaining region

Liu, FP 1210.1906, 1303.4405 



Extension to low-pT

•Would like to extend the resummation to the low pT region

•Can utilize the zero-jet resummation to do this

cross section we 
are interested in

zero-jet cross sections 
we can resum

two-jet cross sections 
suppressed by αs

•The two-jet pieces are a small 
fraction of the one-jet rate, 10% 
or less

•Resummation of the zero-jet 
pieces can improve the 
treatment of the low pT region

Boughezal, Liu, FP, Tackmann, Walsh 1312.4535



A combined 0+1 jet prediction
•New result gives a consistent resummation-improved treatment of the 
entire combined 0+1 jet bins with all theoretical error correlations

Ecm ! 8 TeV
pTcut ! 30 GeV
R ! 0.4
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cross section in jet bins

Currently used fixed-order uncertainties

Estimate a factor of 2 reduction in the theory uncertainty 
on the WW signal strength from this analysis; ±12%→±6%!

Boughezal, Liu, Tackmann, FP, Walsh 1312.4535

•All pieces treated within a 
consistent SCET formalism which 
maintains all error correlations; can 
combine the two resummations into 
a single framework

•Ready for incorporation into the 
experimental analyses

•ATLAS studying the effect of this 
improved treatment



Higgs plus jet at NNLO



•Although resummation can help tame these large logs, need further fixed-
order progress... relevant kinematics is in the transition region between 
resummation and fixed order

Need for H+j @ NNLO

Need NNLO H+jet to extend the accuracy 
of the resummation just discussed

SHERPA, 2011

Large differences in NLO+PS pT 
spectra need NNLO to resolve

Liu, FP 1210.1906, 1303.4405 



Structure of NNLO cross section

•Need the following ingredients for a NNLO cross section

• IR singularities cancel in the sum of real and virtual corrections and mass factorization 
counterterms but only after phase space integration for real radiations
•Need a procedure to extract poles before phase-space integration to allow for 
differential observables



What is known at NNLO

•Until recently, only special processes with colorless initial states or 
colorless final states were known at the differential level to NNLO

•pp→H: Anastasiou, Melnikov, FP 2005; Catani, Grazzini 2007

•pp→V: Melnikov, FP 2006; Catani, Cieri, Ferrera, de Florian, Grazzini 2009

•e+e-→3 jets: Gehrmann-De Ridder, Gehrmann, Glover, Heinrich 2007; Weinzierl 2008

•pp→γγ,VH: Catani et al. 2011; Ferrera, Grazzini, Tramontano 2011

•Processes with both initial and final-state colored particles were terra 
incognita

•Two methods have been extended to allow for NNLO corrections to 
colored final states at hadron colliders:

•Antennae subtraction: Gehrmann, Gehrmann-deRidder, Glover

•Sector-improved subtraction: Czakon; Boughezal, Melnikov, FP



2013: the year of NNLO

• After more than a decade of research we finally know how to generically 
handle NNLO QCD corrections to processes with both colored initial and 
final states

Czakon, Fiedler, Mitov 1303.6254 
Gehrmann-de Ridder, Gehrmann, 
Glover, Pires 1301.7310 

Boughezal, Caola, Melnikov, FP, Schulze 1302.6216 

Based on Antenna subtraction 
              scheme

Based on sector-improved               
subtraction scheme

dijet: gg-channel H+1j:gg-channel ttbar: all-channels



Initial results (gg only)

Boughezal, Caola, Melnikov, FP, Schulze 1302.6216 



Initial result (gg only)
Boughezal, Caola, Melnikov, FP, Schulze 1302.6216 



Conclusions

•Several opportunities for Higgs physics in the LHC Run II, from higher 
precision measurements to the study of rare decays

•HL-LHC gives a unique possibility of studying Higgs couplings to 2nd-
generation quarks; doesn’t seem possible to pursue these measurements at 
e+e- machines.  Will the current trigger allow for these studies?

•Several new calculations results significantly reduce theory uncertainties 
affecting the Higgs signal.  Time for the current uncertainty prescription to 
be updated


