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Higgs Discovery ...

ATLAS H → γγ on full data set

... ultimately does not really require
precision theory
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... After the Observation

Precise QCD(+EW) predictions are essential to interpret observed signal
(or set exclusion limits)

SMσ/σBest fit 
0 0.5 1 1.5 2 2.5

 0.28± = 0.92 µ       
 ZZ→H 

 0.20± = 0.68 µ       
 WW→H 

 0.27± = 0.77 µ       
γγ →H 

 0.41± = 1.10 µ       
ττ →H 

 0.62± = 1.15 µ       
 bb→H 

 0.14± = 0.80 µ       
Combined

-1 19.6 fb≤ = 8 TeV, L s  -1 5.1 fb≤ = 7 TeV, L s

CMS Preliminary
 = 0.65

SM
p

 = 125.7 GeVH m

1st: Check production cross section × BR
by comparing expected and measured
overall signal yield µ = σobs/σSM

Now: Precisely measure Higgs properties
I Mass, CP, couplings
I Differential and exclusive observables are the key
I Measurements of fiducial cross sections to test theory description

Also: Search for additional heavier (or lighter) states

⇒ Various theory methods required depending on what’s being measured
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Higgs Production and Decay is a QCD Laboratory
Dominant: Gluon fusion
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Higgs Production and Decay is a QCD Laboratory
Dominant: Gluon fusion

g

g

H

t

Vector boson fusion (VBF)
q

H

q

q

q
V

Associated production (VH)

H

Vq

q̄

V

No jets at tree level, but strong ISR from
incoming gluons
NNLO+NNLL QCD (fully differential),
NLO EW, 1/mt

Two forward jets at large ∆η, mjj with
little central radiation
NNLO QCD, NLO EW

No additional jets and less ISR
Higgs can be boosted with pT &mH

NNLO QCD (fully differential), NLO EW
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Higgs Production and Decay is a QCD Laboratory

tt̄H associated production

g

g

H

t

t̄

bb̄ annihilation
b

b̄

H

2 b-jets plus up to 4 jets from top decays
NLO QCD

Enhanced in 2HDMs
NNLO QCD (5FS)
NLO QCD (4FS bb̄H)
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Higgs Decay Channels
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-0.5 0 0.5 1 1.5 2

ATLAS Prelim.

-1Ldt = 4.6-4.8 fb∫ = 7 TeV s

-1Ldt = 20.3 fb∫ = 8 TeV s

 = 125.5 GeVHm

0.28-

0.33+ = 1.57µ
γγ →H 

 0.12-
 0.17+

 0.18-
 0.24+

 0.22-
 0.23+

0.35-

0.40+ = 1.44µ
 4l→ ZZ* →H 

 0.10-
 0.17+

 0.13-
 0.20+

 0.32-
 0.35+

0.29-

0.32+ = 1.00µ
νlν l→ WW* →H 

 0.08-
 0.16+

 0.19-
 0.24+

 0.21-
 0.21+

0.20-

0.21+ = 1.35µ
, ZZ*, WW*γγ→H

Combined

 0.11-
 0.13+

 0.14-
 0.16+

 0.14-
 0.14+

0.6-

0.7+ = 0.2µ
b b→W,Z H 

<0.1

0.4±

0.5±

0.4-

0.5+ = 1.4µ
(8 TeV data only)  ττ →H 

 0.1-
 0.2+

 0.3-
 0.4+

 0.3-
 0.3+

0.32-

0.36+ = 1.09µ
ττ, bb→H

Combined

 0.04-
 0.08+

 0.21-
 0.27+

 0.24-
 0.24+

0.17-

0.18+ = 1.30µ
Combined

 0.08-
 0.10+

 0.11-
 0.14+

 0.12-
 0.12+

Total uncertainty
µ on σ 1±

(stat.)σ
)theory

sys inc.(σ
(theory)σ

Channels with high mass resolution:
H → γγ: Rare decay, but distinct signal

Various categories based on photon identification and pTt
VBF-like 2-jet category

H → ZZ → 4`: Very clean, but few events due to B(Z → ``)2

Inclusive on jets
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Higgs Decay Channels
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0.28-
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 4l→ ZZ* →H 

 0.10-
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0.32+ = 1.00µ
νlν l→ WW* →H 

 0.08-
 0.16+

 0.19-
 0.24+

 0.21-
 0.21+

0.20-

0.21+ = 1.35µ
, ZZ*, WW*γγ→H

Combined

 0.11-
 0.13+

 0.14-
 0.16+

 0.14-
 0.14+

0.6-

0.7+ = 0.2µ
b b→W,Z H 

<0.1
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0.5±
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(8 TeV data only)  ττ →H 

 0.1-
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ττ, bb→H

Combined

 0.04-
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Combined
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Total uncertainty
µ on σ 1±

(stat.)σ
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sys inc.(σ
(theory)σ

H →WW → `ν`ν: Large rate but missing energy
Large background from tt̄→WWbb̄ requires
hard jet veto
Jet binning into 0-jet, (1-jet), VBF-like 2-jet
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Higgs Decay Channels
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 0.11-
 0.13+
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<0.1
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(8 TeV data only)  ττ →H 
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 0.4+

 0.3-
 0.3+
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Total uncertainty
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H → ττ : Enhanced in MSSM, also contributes to SM measurements
Most sensitive in VBF-like 2-jet selection
0-jet and 1-jet/boosted categories are also used
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Higgs Decay Channels
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H → bb̄: Huge QCD background, only possible in VH production
boosted/nonboosted categories, typically with additional jet veto
Can exploit jet substructure
in boosted categories

b

b̄

H
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Example 1: Event Categorization in H → γγ

Experiments divide data into many exclusive categories

signal composition (%)
0 10 20 30 40 50 60 70 80 90 100

One-lepton

 significance
miss
TE

Low-mass two-jet

Tight high-mass two-jet

Loose high-mass two-jet

Conv. transition

Tt
Conv. rest high p

Tt
Conv. rest low p

Tt
Conv. central high p

Tt
Conv. central low p

Tt
Unconv. rest high p

Tt
Unconv. rest low p

Tt
Unconv. central high p

Tt
Unconv. central low p

Inclusive

ggF VBF WH ZH ttH
ATLAS Simulation γγ→H

Based on final state objects
and their kinematics
Optimized for sensitivity
to various production
channels
Different for each
Higgs decay channel

⇒ Requires theory predictions for all categories and channels
Currently almost all of these come from parton shower Monte Carlo
(typically reweighted and/or NLO-matched)
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Example 2: Jet Binning in H →WW

Exclusive 0-jet and 1-jet bins are crucial
to control top background in H→WW

Table 6: Leading systematic uncertainties on the predicted numbers of signal (mH = 125 GeV) and
background events for the H+ 0-jet and H+ 1-jet analyses, relative to the total signal and background
expectations. The same mT criteria as in Table 5 are imposed. All numbers are summed over lepton
flavours. The renormalisation and factorisation scale uncertainties quoted for the ggF signal are calcu-
lated for cross sections inclusive in jet multiplicity and redistributed to exclusive jet multiplicity bins
as explained in Section 5, and are quoted relative to the total signal yield from all processes. Note
also that the uncertainty from the 1-jet inclusive ggF cross section is anti-correlated between the zero
and one jet analyses, and in practice represents the uncertainty on the relative normalisations of the
signal in the exclusive zero and one jet final states. Some uncertainties are grouped differently than in
Table 5 to reflect the treatment of correlations. For example, most object uncertainties are correlated
between the signal and all backgrounds. Sources of uncertainty that are negligible or not applicable
in a particular column are marked with a ‘-’.

Source (0-jet) Signal (%) Bkg. (%)

Inclusive ggF signal ren./fact. scale 13 -
1-jet incl. ggF signal ren./fact. scale 10 -
PDF model (signal only) 8 -
QCD scale (acceptance) 4 -
Jet energy scale and resolution 4 2
W+jets fake factor - 5
WW theoretical model - 5

Source (1-jet) Signal (%) Bkg. (%)

1-jet incl. ggF signal ren./fact. scale 26 -
2-jet incl. ggF signal ren./fact. scale 15 -
Parton shower/ U.E. model (signal only) 10 -
b-tagging efficiency - 11
PDF model (signal only) 7 -
QCD scale (acceptance) 4 2
Jet energy scale and resolution 1 3
W+jets fake factor - 5
WW theoretical model - 3

the nuisance parameter values that maximise the likelihood for a given µ. This test statistic is used to
compute the probability (p0) that a background fluctuation is more signal-like than the observed data,
and to calculate the exclusion limits following the modified frequentist method known as CLs [71,72].

Figure 8 shows the expected and observed p0 value, over the range 90 < mH < 200 GeV, and
the fitted signal strength µ for the combined H+ 0-jet and H+ 1-jet analyses. An excess of events is
observed over the expected background, reflected by the low observed p0 and a fitted µwhich deviates
from zero. Due to the limited mass resolution in the H→WW (∗)→ �ν�ν channel, the p0 distribution
is rather flat around mH = 125 GeV. The observed value of p0 at mH = 125 GeV is 4 × 10−3,
corresponding to 2.6 standard deviations. The minimum value of p0, found at mH = 111 GeV, is
3 × 10−3, which corresponds to 2.8 standard deviations. The expected p0 for a Standard Model Higgs
boson with mH = 125 GeV is 0.03 or 1.9 standard deviations.

The fitted signal strength µ, shown in Figure 8b, is

µ = 1.48+0.35
−0.33 (stat)+0.41

−0.36 (syst theor) +0.28
−0.27 (syst exp) ± 0.05 (lumi) ,

or 1.5 ± 0.6, at mH = 125 GeV. The increase of the fitted signal strength at lower mH is due to
the decreasing expected σ · B for the signal. The different components of the total uncertainty of
the measured signal strength are presented in Table 7. The dominant systematic uncertainty arises

19

[ATLAS-CONF-2012-158]

pjet
T ≤ pcut

T ' 25− 30 GeV

for |ηjet| ≤ 4.5− 5

Perturbative QCD uncertainties
are dominant syst. unc. in 0-jet
and 1-jet bins [ATLAS, similar for CMS]

∆σ0/σ0 = 17%

∆σ1/σ1 = 30%
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Determining Higgs Couplings

ττ,ZZ*,WW*,γγ

ggF+ttH
µ

2 1 0 1 2 3 4 5 6

ττ
,Z

Z
*,

W
W

*,
γγ V
B

F
+

V
H

µ

2

0

2

4

6

8

10
Standard Model

Best fit

68% CL

95% CL

γγ →H 

 4l→ ZZ* →H 

νlν l→ WW* →H 

ττ →H 

PreliminaryATLAS 

1Ldt = 4.64.8 fb∫ = 7 TeV  s
1Ldt = 20.3 fb∫ = 8 TeV  s

 = 125.5 GeVHm

Parameter value

2 1 0 1 2

ATLAS Preliminary

1Ldt = 4.64.8 fb∫ = 7 TeV s

1Ldt = 20.3 fb∫ = 8 TeV s

 = 125.5 GeVHm

0.19

0.24+

=0.95Zκ
σ1 

σ2 

τκ, bκ, tκ, Wκ, ZκModel: 

=13%
SM

p

0.14

0.30+

=0.68Wκ
σ1 

σ2 

[0.61,0.80]∪ tκ

 [0.80,0.50]∈ tκ

σ1 

σ2 

 [0.7,0.7]∈ bκ

σ1 

σ2 

[0.67,1.14]∪ τκ
 [1.15,0.67]∈ τκ

σ1 

σ2 

Total uncertainty

σ 1± σ 2±

So far consistent with the SM Higgs
Every measurement is also an indirect search

⇒ Discovering BSM effects in Higgs couplings at the few to O(10%) level
requires detailed and precise control of QCD effects at the same level
including reliable theory uncertainties and correlations.
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Higgs and Jets

t
H

q

q′
H

b

b̄

H

QCD and Jets enter in many places in Higgs measurements

Jet selections and categorization of events are crucial to increase
sensitivity, suppress backgrounds, and separate various production and
decay channels

Many issues where theory is important
Jet definition and jet selection cuts,

Perturbative predictions for differential and exclusive cross sections

Theory uncertainty estimates

Impact of underlying event and nonperturbative corrections
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Overview of SCET
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Large Logarithms

X

X

ℓ−

ℓ+

p p p p

Soft

Jet Jet

V

V

For any type of exclusive measurement or restriction
Constraining radiation into soft and collinear regions causes large logs
(due to sensitivity to soft/collinear divergences)

Example: jet pT veto in gg → H + 0 jets
Restricts ISR to pT < pcut

T

(→ Sudakov double logs from t-channel sing.)

σ0(pcut
T ) ∝ 1− αs

π
CA2 ln2 p

cut
T

mH

+ · · ·

⇒ Perturbative corrections increase for smaller pcut
T (stronger restriction)

⇒ Should be resummed to all orders to obtain reliable precise predictions
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Soft-Collinear Effective Theory (SCET)

Physical picture: Contributions at different energy scales

p p

Soft

Jet

Jet Jet

V

V
Hard interaction

ISR and FSR
Collinear to incoming and
outgoing primary partons

Soft radiation
no preferred direction

µS

µB

ΛQCD

µJ

µHH

S

Ji

fa,b

Ia,b

→ Factorization: dσ = Hard ⊗ PDFs ⊗ ISR ⊗ FSR ⊗ Soft

SCET is the effective field theory of QCD in the soft and collinear limit
[Bauer, Fleming, Pirjol, Stewart; Rothstein, Beneke, Chapovsky, Diehl, Feldmann]

Power counting and expansion in soft and collinear limits manifest at the
Lagrangian level

Systematic separation of different relevant energy scales
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Advantages of Factorization in EFT

SCET lets us derive structure of factorized cross section
and give each piece a precise field-theoretic definition

µS

µB

ΛQCD

µJ

µHH

S

Ji

fa,b

Ia,bdσ = Hard ⊗ PDFs ⊗ ISR ⊗ FSR ⊗ Soft

dσ = H ×
[

(fa,b ⊗ Ia,b) ×
∏

j

Jj

]
⊗ S

Logarithms can be resummed using standard RGE methods
I Can go to higher order in a systematic way

(“only” need to know higher-order matching and anomalous dimensions)

I Systematic control of perturbative uncertainties
(evaluation through variations of matching/resummation scales)

“Nonsingular” corrections for transition to full QCD are formal power
corrections and can be added systematically

Nonperturbative effects can be studied using field-theory methods
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Two Basic Setups
“SCET-I”: p2-like (or p+-like)

Jet

Soft
µS∼

p2

Q

µ RGE

µJ ∼
√

p2

µ
Hard

µH∼Q

“SCET-II”: pT -like

µS∼pT ν RGE

µ RGE

ννJ ∼QνS∼pT

µJ ∼pT

µ

µH∼Q
Hard

Soft Jet

[Jiu et al.]
[equivalent: Becher, Neubert; Echevarria et al.]

Most e+e− event shapes
(thrust, angularities, heavy-jet mass)

Mass variables
(jet mass, dijet inv. mass)

N-(sub)jettiness
(with p+ measure, beam thrust)

e+e− jet broadening
pT variables
(W/Z/H pT , leading jet pT )

N-(sub)jettiness
(with “broadening” measure, sum ET )
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Soft-Collinear Factorization (Schematically)
Cross section after matching from QCD onto SCET

σ =
∑

k,l

C†kCl
〈
O†kMOl

〉

Matching coeffs Ci contain process dependence and hard kinematics
Measurement functionM defines observable

SCET operators factorize into soft and collinear (universal)

Ok = Ona,b × Onj × Os

Soft-collinear factorization requires thatM also factorizes to all orders

M =Mna,b ⊗Mnj ⊗Ms + power corrections

Together this factorizes the cross section

σ = |C|2︸︷︷︸
H

× 〈O†na,b
Mna,bO

†
na,b

〉
︸ ︷︷ ︸

Ba,b

⊗ 〈O†nJ
MnjO

†
nj

〉
︸ ︷︷ ︸

Jj

⊗ 〈O†ns
MsO

†
s

〉
︸ ︷︷ ︸

S
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SCET Ingredients

For a generic exclusive N-jet cross section

dσN = HN ×
[
Ba×Bb×

N∏

j=1

Jj

]
⊗ SN p p

Soft

Jet

Jet Jet

V

V

Hard function
Given by full QCD matrix elements for hard N -parton process

I Contains both tree level and IR-finite virtual contributions
I Independent of jet definition/observable and precise form of factorization

theorem (e.g. the same for threshold resummation)

Beam, jet, soft functions:
Contain all IR-singular (soft and collinear) virtual and real contributions

I Depend on jet definition/observable
I Only process dependence from parton type

Beam functions contain PDFs B = f ⊗ I
I Equivalent to observable-dependent generalized PDF
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Introduction Overview of SCET Jet pT Resummation Combining Jet Bins Summary

Perturbative Structure – Singular vs. Nonsingular

Differential/integrated spectrum in some
IR-sensitive variable τ

Peak Transition Tail

T

dσ
dT

thrust: τ = 1− T = T2/Q
jet-mass: τ = m2

J/p
2
T jet

jet-veto: τ = pT jet/Q

dσ

dτ
=
∑

k

αks

{
ck,−1δ(τ ) +

2k−1∑

n=0

ckn

[ lnnτ
τ

]
+

+ fns
k (τ )

}

σ(τ cut) =
∑

k

αks

{
ck,−1 +

2k−1∑

n=0

ckn
lnn+1τ cut

n+ 1
+ F ns

k (τ cut)

}

︸ ︷︷ ︸
singular

︸ ︷︷ ︸
nonsingular

singular: large logs to be resummed
constant ck,−1 belongs to singular

nonsingular: O(τ ) power corrections
fns
k (τ) at most integrable divergent

F ns
k (τ cut→ 0)→ 0
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Perturbative Regions

Peak Transition Tail

T

dσ
dT
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d
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T
|[

p
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/
G
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]

pjet
T [GeV]

gg → H (8TeV)
mH =125GeV
(fixed NLO1, µFO=mH)

totalsingular

nonsingular

Resummation Resummation

Fixed Order Fixed Order
Transition Transition

Resummation region

Transition region Fixed-order region

Singular dominate and logs must be resummed to all orders
(nonsingular are power-suppressed)

Fixed-order by itself becomes meaningless here

Frank Tackmann (DESY) Jet pT Resummation in Higgs Production 2014-06-24 16 / 38



Introduction Overview of SCET Jet pT Resummation Combining Jet Bins Summary

Perturbative Regions

Peak Transition Tail

T

dσ
dT
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T
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/
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]

pjet
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gg → H (8TeV)
mH =125GeV
(fixed NLO1, µFO=mH)

totalsingular

nonsingular

Resummation ResummationFixed Order Fixed Order

Transition Transition

Resummation region Transition region

Fixed-order region

Fixed-order expansion for Hard+1-jet process applies
Resummation becomes meaningless here and must be turned off
(singular/nonsingular separation becomes arbitrary with large cancellations
between them)
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Perturbative Regions

Peak Transition Tail

T
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gg → H (8TeV)
mH =125GeV
(fixed NLO1, µFO=mH)

totalsingular

nonsingular

Resummation ResummationFixed Order Fixed Order
Transition Transition

Resummation region

Transition region

Fixed-order region

Theoretically the most subtle but often the most relevant in practice
Most accurate description requires consistent combination of both
resummation and fixed order
(There are no strict boundaries, so to connect regions must be correct in both
resummation and fixed-order limits)
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Jet pT Resummation
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Jet Binning and Jet Vetoes

H+0 jets
Beam thrust: Berger, Marcantonini, Stewart, FT, Waalewijn [1012.4480]

FO jet-bin uncertainties: Stewart, FT [1107.2117]

pjet
T : Banfi, Monni, Salam, Zanderighi [1203.5773, 1206.4998, 1308.4634]

pjet
T : Becher, Neubert, Rothen [1205.3806, 1307.0025]

pjet
T : Stewart, FT, Walsh, Zuberi [1206.4312, 1307.1808]

V H+ 0 jets: Shao, Li, Li [1309.5015], Liu, Li [1401.2149]

α3
s jet clustering effects: Alioli, Walsh [1311.5234]

H+1 jets
pjet
T : Liu, Petriello [1210.1906, 1303.4405]

0+1 jet combination: Boughezal, Liu, Petriello, FT, Walsh [1312.4535]

H+2 jets
FO unc. with VBF cuts: Bernlochner, Gangal, Gillberg, FT [1302.5437, 1307.1347]
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Higgs + 0 jet Resummation

X

X

ℓ−

ℓ+

p p p p

Soft

Jet Jet

V

V

Veto all jets with radius R and
pT > pcut

T ' 25− 30 GeV

Various complications to deal with
Jet-algorithm clustering effects (R dependence)
pT requires renormalization of rapidity divergences in SCET-II [Chiu et al.]

Matching to fixed order result at intermediate and large pjet
T

Estimation of pert. uncertainties (including correlations)
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Jet Algorithm Effects
“Local” jet veto depends on a jet clustering algorithm with jet size R

Mjet(pcut
T ) =

∏

jets j(R)

θ
(
pTj < pcut

T

)

Algorithm effects start at O(α2
s). Consider correction relative to global veto

Mjet =
(MG

na
+ ∆Mjet

na

) (MG
nb

+ ∆Mjet
nb

) (MG
s + ∆Mjet

s

)
+ δMjet

sc

Clustering within each sector
∼ O(lnnR), O(Rn)

⇒ Relevant for small R� 1

Included in beam (collinear) and
soft functions

cs

Clustering between sectors
∼ O(Rn)

⇒ Relevant for large R ∼ 1

Violates simple factorization into
collinear and soft
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Factorization for Local pjet
T Veto

For R2 � 1 local jet-veto measurement
factorizes into simple product

Mjet =Mjet
na
Mjet

nb
Mjet

s

σ0(pcut
T ) = H(Q,µ)Bjet(R, pcut

T , µ, ν)Bjet(R, pcut
T , µ, ν)Sjet(R, pcut

T , µ, ν)

Logarithms are split apart and resummed using coupled RGEs in µ and ν

Hgg

BgSgg
B

µH∼mH

µS∼pcut
T

Renormalization scale

ν RGE

µRGE

Rapidity scale
νB∼mHνS ∼ pcut

T

µB∼pcut
T

2 ln2p
cut
T

mH

= 2 ln2mH

µ

+ 4 ln
pcut
T

µ
ln

ν

mH

+ 2 ln
pcut
T

µ
ln
µpcut

T

ν2
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Resummation + Fixed Order Matching

lnσ0(pcut
T ) ∼

∑

n

αns lnn+1 p
cut
T

mH

(1+αs+α
2
s+· · · ) ∼ LL+NLL+NNLL+· · ·

Resummation Fixed-order corrections Resummation input
conventions: matching (sing.) full FO (+ nons.) γµ,νH,B,S Γcusp β

LL 1 - - 1-loop 1-loop
NLL 1 - 1-loop 2-loop 2-loop
NLL+NLO 1 αs 1-loop 2-loop 2-loop
NLL′+NLO αs αs 1-loop 2-loop 2-loop
NNLL+NLO αs αs 2-loop 3-loop 3-loop
NNLL+NNLO αs α2

s 2-loop 3-loop 3-loop
NNLL′+NNLO α2

s α2
s 2-loop 3-loop 3-loop

N3LL+NNLO α2
s α2

s 3-loop 4-loop 4-loop

“matching”: singular FO corrections that act as boundary conditions in the
resummation (αns corrections to H, B, S reproduces full αns singular)

“full FO”: adds FO nonsingular terms not included in the resummation
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Profile Scales

Resummation region: Logs are
resummed using canonical scaling

µH ∼ −imH

µS ∼ pcut
T , νS ∼ pcut

T

µB ∼ pcut
T , νB ∼ mH

FO region: Resummation turned off to
ensure proper cancellation between
singular and nonsingular terms by
taking
µB, µS, νS, νB → µFO ∼ mH

Transition region: Profiles for
µB, µS, νB, νS provide smooth
transition between both limits
⇒ Ambiguity is a scale uncertainty
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(fixed NLO1, µFO=mH)

totalsingular

nonsingular
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Interlude: Theory Uncertainties in Jet Binning

σtotal =

∫ pcut
T

0

dpT
dσ

dpT︸ ︷︷ ︸
+

∫ ∞

pcut
T

dpT
dσ

dpT︸ ︷︷ ︸
σ0(pcut

T ) + σ≥1(pcut
T )

Peak Transition Tail

T

dσ
dT

σtotal = 1 + αs + α2
s + · · ·

σ≥1(pcut
T ) = αs(L

2 + L+ 1) + α2
s(L

4 + L3 + L2 + L+ 1) + · · ·

σ0(pcut
T ) = σtotal − σ≥1(pcut

T )

=
[
1 + αs + α2

s + · · ·]− [αs(L2 + · · · ) + α2
s(L

4 + · · · ) + · · ·]

where L = ln(pcut
T /Q)

⇒ Same logarithms appear in the exclusive 0-jet and inclusive (≥ 1)-jet
cross section (and cancel in their sum)
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Interlude: Theory Uncertainties in Jet Binning

σtotal =

∫ pcut
T

0

dpT
dσ

dpT
+

∫ ∞

pcut
T

dpT
dσ

dpT
= σ0(pcut

T ) + σ≥1(pcut
T )

Complete description requires full theory covariance matrix for {σ0, σ≥1}
[Berger, Marcantonini, Stewart, FT, Waalewijn; Stewart, FT]

General physical parametrization in terms of 100% correlated and 100%
anticorrelated pieces

C =

(
(∆y

0)2 ∆y
0 ∆y
≥1

∆y
0 ∆y
≥1 (∆y

≥1)2

)
+

(
∆2

cut −∆2
cut

−∆2
cut ∆2

cut

)

Absolute “yield” uncertainty is fully correlated between bins
I ∆y

total = ∆y
0 + ∆y

≥1 reproduces FO unc. in σtotal

“Migration” unc. ∆cut due to binning (must drop out in sum σ0 + σ≥1)

I pcut
T ∼ Q: ∆cut small and can be neglected (FO tail region)

I pcut
T � Q: ∆cut important, associated with unc. in pcut

T log series
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Uncertainties from Profile Scale Variations
Fixed-order scale variations
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µFO variation

(for mH =125GeV)

Take max of collective up/down
variation (+ where resum. turns off)

⇒ Equivalent to overall FO µ
variation keeping logs fixed

⇒ Reproduces ∆FO
≥0 for large pcut

T

⇒ ∆y
i = ∆µi

Resummation scale variations
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µS, νS, µB variations

νB variation

(for mH =125GeV)

Take maximum from separately
varying all low scales (within
canonical constraints)

⇒ Directly estimates size of logs
and missing higher log terms

⇒ ∆cut = ∆resum
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Resummed Results
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Resummation Transition Fixed Order

(Here NNLLpT refers to counting logarithms
ln(pcut

T /mH) only, but not lnR2)

At NNLL′pT
+NNLO

σ0(25 GeV, R = 0.4)

= 12.67± 1.22pert(±0.46clust) pb

σ0(30 GeV, R = 0.5)

= 13.85± 0.87pert(±0.24clust) pb

Resummed pert. theory shows good convergence and reduced
uncertainties compared to fixed (N)NLO

Resummation provides systematic assessment of full theory unc. matrix

C =

(
∆2
µ0 ∆µ0 ∆µ≥1

∆µ0 ∆µ≥1 ∆2
µ≥1

)
+

(
∆2

resum −∆2
resum

−∆2
resum ∆2

resum

)
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uncertainties compared to fixed (N)NLO
Resummation provides systematic assessment of full theory unc. matrix

C =

(
∆2
µ0 ∆µ0 ∆µ≥1

∆µ0 ∆µ≥1 ∆2
µ≥1

)
+

(
∆2

resum −∆2
resum

−∆2
resum ∆2

resum

)
Frank Tackmann (DESY) Jet pT Resummation in Higgs Production 2014-06-24 26 / 38



Introduction Overview of SCET Jet pT Resummation Combining Jet Bins Summary

Resummed Results

green: NLLpT
blue: NLL′pT +NLO
orange: NNLL′pT +NNLO

With full unc. matrix we can also make
predictions for other quantities

0-jet fraction (jet-veto efficiency)

ε0(pcut
T ) = σ0(pcut

T )/σtotal

incl. 1-jet cross section

σ≥1(pcut
T ) = σtotal − σ0(pcut

T )

0
0

1

10 20 30 40 50 60 70 80

0.2

0.4

0.6

0.8

pcut
T [GeV]

mH =125GeV

ǫ 0
(p

cu
t

T
) gg → H (8TeV)

R = 0.4

NNLL′
pT
+NNLO

NLL′
pT
+NLO

NLLpT

0
0

5

10

10

15

20

20

25

30 40 50 60 70 80

pcut
T [GeV]

mH =125GeV

σ
≥
1
(p

cu
t

T
)
[p
b
]

gg → H (8TeV)

R = 0.4

NNLL′
pT
+NNLO

NLL′
pT
+NLO

NLLpT

Frank Tackmann (DESY) Jet pT Resummation in Higgs Production 2014-06-24 27 / 38



Introduction Overview of SCET Jet pT Resummation Combining Jet Bins Summary

Comparison to BMSZ
ε
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gg → H, mH = 125 GeV

NNLO
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NNLL+NNLO

HqT-rescaled POWHEG + Pythia
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pp, 8 TeV

mH /4 < µR,F , Q < mH , schemes a,b,c

MSTW2008 NNLO PDFs

anti-kt, R = 0.5

Pythia partons, Perugia 2011 tune
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ε0(pcut
T ) = σ0(pcut

T )/σtotal

Banfi, Monni, Salam, Zanderighi [1203.5773, 1206.4998]

Consider jet-veto efficiency as the primary quantity to resum
Use QCD NNLL resummation for pHT [Bozzi, Catani, Grazzini]

plus necessary correction terms to go from pHT to pjet
T
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Comparison to BNR
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Becher, Neubert, Rothen [1205.3806, 1307.0025]

Use SCET-II together with “collinear anomaly” treatment to exponentiate
rapidity logarithms
Different organization of H, B, S, and nonsingular
(similar uncertainties at highest order, but much poorer convergence)
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Introduction Overview of SCET Jet pT Resummation Combining Jet Bins Summary

Comparison to ATLAS Data

ATLAS measurement of fiducial cross section in H→γγ in bins of pjet
T and

corrected for detector effects

Crucial transition step from
fitting µ-values to measuring
fiducial cross sections

I Presents expt. results as theory
independent as possible

I Can be (almost) directly
compared to theory predictions

red: NNLL′+NNLO
(Stewart, FT, Walsh, Zuberi)

blue: NNLL+NNLO
(Banfi, Monni, Salam, Zanderighi)
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Combining Jet Bins
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Combining Jet Bins

X

X

ℓ−

ℓ+

p p = p p

Soft

Jet Jet

V

V

+ p p

Soft

Jet

Jet Jet

V

V

+ · · ·

0-jet bin

1-jet bin ≥ 2 jets

No event left behind
Separating data into exclusive jet bins is advantageous when background
decomposition depends on jet multiplicity

I Can get substantial sensitivity gain by optimizing analysis in each jet bin
I Primary example is H →WW , also important in H→ττ , H→bb̄

In the end, we want to combine results from all jet bins
I Consistent theory description and theory unc. correlations are important
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Introduction Overview of SCET Jet pT Resummation Combining Jet Bins Summary

0-jet Bin Resummation

Resummation for leading jet pT provides

0-jet bin: σ0(pcut
T )
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Introduction Overview of SCET Jet pT Resummation Combining Jet Bins Summary

1-jet Bin Resummation

Exclusive 1-jet bin is a multi-scale problem: pjet
T2 ≤ pcut

T < pjet
T1 < mH
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Introduction Overview of SCET Jet pT Resummation Combining Jet Bins Summary

1-jet Bin Resummation: Low Leading Jet pT

Exclusive 1-jet bin is a multi-scale problem: pcut
T < pjet

T1 < poff
T

Indirect approach:

≥ 2-jet bin
fixed-order contribution
(small correction from ≥1-jet
to exclusive 1-jet bin)

≥ 1-jet bin
resummed result
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Introduction Overview of SCET Jet pT Resummation Combining Jet Bins Summary

1-jet Bin Resummation: High Leading Jet pT

Exclusive 1-jet bin is a multi-scale problem: pcut
T < poff

T < pjet
T1

Direct approach:

≥ 2-jet bin:

σ≥2(pcut
T ) = σFO

≥1 − σ1(pcut
T )

1-jet bin direct resummation:
[Liu, Petriello]

resums pjet
T2 < pcut

T

with pjet
T1 at fixed order
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Introduction Overview of SCET Jet pT Resummation Combining Jet Bins Summary

Combined 1-jet Bin Resummation

Use indirect for pjet
T1 < poff

T : pjet
T1 resummed, pjet

T2 at fixed order

Use direct for pjet
T1 > poff

T : pjet
T1 at fixed order, pjet

T2 resummed

Important to check that

Σ1HpT
cutL

pTJ < pT
off

pTJ > pT
off

Ecm = 8 TeV, pT
cut = 30 GeV, R = 0.4 D1

tot

D1
res

D1
Μ

50 55 60 65 70 75
0

1

2

3

4

5

6

7

pT
off @GeVD

Σ
1Hp

Tcu
t L

@p
bD

pp ® H + j, Scheme A

transition is smooth and independent of precise poff
T
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Introduction Overview of SCET Jet pT Resummation Combining Jet Bins Summary

Result for 0, 1, ≥ 2-jet Bins

Ecm = 8 TeV
pT

cut = 25 GeV

R = 0.4

A
FO

B

0 1 ³2
0

5

10

15

Njets

Σ
@p

bD

cross section in jet bins
red: default scheme (A)
(includes important α3

s virtual
corrections:
π2 resummation in H+0-jet
NNLO hard function in H+1-jet)

blue: scheme B
(resummation with singular
matching strictly to α2

s)

black: Fixed-order to α2
s

Reduced theory uncertainties by factor of 2
I Reduces signal yield uncertainty in H →WW by about factor of 2

Framework allows us to assess full 3x3 theory correlation matrix
I parametrized in terms of yield, 0-1 migration, and 1-2 migration
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Summary
We have entered the era of Higgs measurements
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⇒ Ultimate goal: Global coupling fit using only fully
corrected fiducial cross section measurements
Differential and exclusive jet measurements
are of key importance

I Requires precise resummed calculations
I Precision demands reliable unc. and correlations

(just small is not enough...)

pjet
T resummation for jet vetoes and jet binning
gg→H+ 0-jet cross section determined to full NNLL′pT

+NNLO
Framework to consistently combine 0-jet and 1-jet bin resummations

Many more things I have not talked about
Other channels (VH production, boosted H → bb̄, VBF-like 2-jet bin, VBF vs.
gluon fusion separation, ...)
Backgrounds, other exclusive variables
Combining resummed predictions and unc. with Monte Carlos (GENEVA-MC)
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Backup

Backup Slides
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Backup

Jet-Veto Observables

“Global Veto”
restricts

∑
of all emissions

“Local Veto” restrict (local
chunks of) individual emissions

SCET-I beam thrust “jet beam thrust”

(p+-like scaling) T =
∑

i

Ei − |pzi | T jet =
∑

i∈jet

Ei − |pzi |

SCET-II “beam broadening” jet pT

(p⊥-like scaling) ET =
∑

i

pT i ~pjet
T =

∑

i∈jet

~pT i

⇒ All are jet vetoes and technology exists to resum them (to at least NNLL)
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Backup

Numerical Jet Algorithm Effects at NNLO
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2)
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full 2-loop contribution with no veto

full 2-loop contribution with veto

clustering logs

soft-collinear mixing

For R = 0.4 (and also R = 0.5)
Clustering lnR2 contributions are sizable
Uncorrelated emission contributions (soft-collinear mixing) can safely be
treated as O(R2) power suppressed

⇒ Suggests that one should count R2 ∼ pcut
T /mH � 1
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Backup

Clustering Logarithms

Mjet =
(MG

na
+ ∆Mjet

na

) (MG
nb

+ ∆Mjet
nb

) (MG
s + ∆Mjet

s

)
+ δMjet

∆Mjet
n , ∆Mjet

s : Correction from clustering of
correlated emissions within soft and beam sectors

Gives rise to logs of R, leading clustering logs are sc

∆σ(n)

σB
= Cn(R)

(αsCA
π

)n
ln
mH

pcut
T

lnn−1R2

For R2 ∼ pcut
T /mH → αnsL

n NLL series in the exponent that cannot
be resummed at present
Full α2

sC2(R) term first computed by BMSZ
⇒ In SCET, these appear in the noncusp anomalous dimensions, allowing

one to resum the ln(pcut
T /mH) at NNLLpT [FT, Walsh, Zuberi]
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Backup

Resummation + Fixed Order Matching

Log counting is in the exponent of the cross section
(where dσ exponentiates in the appropriate space, e.g. Fourier space for thrust)

ln
[
dσ
] ∼

∑

n

αnsL
n+1(1 + αs + α2

s + · · · ) ∼ LL + NLL + NNLL + · · ·

Conventions: Fixed-order corrections Resummation input
H,B,J ,S (sing.) nonsingular γH,B,J,S Γcusp β

NLL O(1) - 1-loop 2-loop 2-loop
NLL′+NLO O(αs) O(αs) 1-loop 2-loop 2-loop
NNLL+NLO O(αs) O(αs) 2-loop 3-loop 3-loop
NNLL′+NNLO O(α2

s) O(α2
s) 2-loop 3-loop 3-loop

N3LL+NNLO O(α2
s) O(α2

s) 3-loop 4-loop 4-loop

dσFO(µFO) = dσsing(µFO)︸ ︷︷ ︸ + dσns(µFO)

dσ = dσresum(µS, µJ , µH) + dσns(µFO)

(With H,B, J, S at αks → dσresum(µS=µJ =µH=µFO) = dσs(µFO) to αks )
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