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Introduction
I Jet binning is important :

Distinguish different processes based on number of jets in the final state.
0-jet
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Separate different backgrounds : eg in H→W W* any hard jets with
pjet

T > pcut
T ∼ 20− 30 GeV are vetoed.

I Any type of such exclusive measurements or vetoes induce large
Sudakov double logs of the veto scale pcut

T : αn
s logm [pcut

T /mH ].

I Eg: gg→ H + 0 jet

σ0(pcut
T ) ∝ σB(1− 2

αsCA

π
log2 pcut

T
mH

+ ...)

I These large logarithms must be resummed to all orders to obtain reliable
precision predictions.
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Jet veto Observables

Global Veto
restricts

∑
of all emissions

Local Veto
restrict (local chunks of)

individual emissions

“beam broadening” "jet pT "

ET =
∑

i

| ~pTi | ~pjet
T = max

j∈jets
|~pTj |

"beam thrust" “Rapidity-Dependent”

T =
∑

i

| ~pT i |e−|yi−Y | T jet
f = max

j∈jets
|pTj |f (yj )

(yi and Y are the jet and Higgs rapidity respectively.)
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Jet veto Observables

I Fiducial differential cross section measurements exist for different jet veto
observables.∑

T pjet
T

T jet
C

I Resummation of various jet veto observables has been done :
1 Beam Thrust resummation: Berger, Marcantonini, Stewart, Tackmann, Waalewijn
2 pjet

T resummation :
H + 0-jet: Banfi, Monni, Salam, Zanderighi [1203.5773, 1206.4998]

H + 0-jet: Becher, Neubert, Rothen [1205.3806, 1307.0025]

H + 0-jet: Stewart, Tackmann, Walsh, Zuberi [1307.1808]

3 In this talk : T jet
B(C) resummation
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Rapidity dependent Jet Vetoes TB,C

pjet
T = max

j∈jets
{|~pTj |θ(|yj | < y cut)} , Tfj = |pTj |f (yj ) → T jet

f = max
j∈jets
Tfj < T cut

T jet
Bcm : f (yj ) = e−|yj |

T jet
B : f (yj ) = e−|yj−Y |

T jet
Ccm : f (yj ) =

1
2 cosh(yj )

T jet
C : f (yj ) =

1
2 cosh(yj − Y ) 0

0
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pTj ≤ 30 GeV

TBj ≤ 30 GeV

TCj ≤ 15 GeV
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Rapidity dependent jet vetoes TB,C

Motivation
I Jets can only be reconstructed down to some minimum pT : limit on the

jet veto cut. Low pT jets hard to measure at forward rapidities.

I Rapidity dependent observables : A tight veto on central jets and veto
constraint getting looser for forward jets.

I T jet
B and T jet

C are rapidity weighted pjet
T , resummable to same level as pjet

T .

I Provide complementary information in the exclusive jet bins.
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ATLAS H→γγ

ggH(STWZ, BLPTW)+XH

XH=VBF+V H+tt̄H

≥ 0 = 0 ≥ 1 = 1 ≥ 2

[Stewart, Tackmann, Walsh, Zuberi], [Boughezal, Petriello, Liu, Walsh, Tackmann]
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Soft-collinear Factorization and Resummation
The cross section in SCET for gg → H:

dσ0 = |CggH |2〈papb|O†ggHMvetoOggH |papb〉

OggH ∼ HOaOsOb ∼ HBµnaT [Y †naYnb ]Bnbµ

Measurement function Mveto

I Implements phase space constraints due to jet veto.
I Soft-collinear factorization implies

Mveto = Mveto
a ×Mveto

b ×Mveto
s + O(R2)

I Matrix elements factorize into independent soft and collinear matrix
elements

Ba,b(µ) = 〈pa|O†a,bMa,bOa,b|pb〉

Sa,b(µ) = 〈0|O†sMsOs|0〉
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Jet algorithm effects in local vetoes

I Measurement function for T jet
f < T cut : product of measurement functions

on individual jets.

M jet
f (T cut) = θ(T jet

f < T cut) =
∏

j∈J(R)

θ(Tfj < T cut)

I Measurement factorized into soft and collinear components:

M jet
f = (M jet

fa + ∆M jet
fa )(M jet

fb + ∆M jet
fa )(M jet

fs + ∆M jet
fs ) + δM jet

f

δM jet
f : O(Rn) clustering of soft and
collinear components into the

same jet. Relevant for large R ∼ 1.

∆M jet
f : O(lnn R) clustering within

each sector. Relevant for small
R � 1

cs sc

I Typical jet radius used in experiments ATLAS: 0.4, CMS: 0.5
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Soft collinear Factorization

The full H+0-jet cross section differential in the Higgs rapidity Y and with
T jet

B,C < T cut

dσ0

dY
= σBHgg(mt ,m2

H , µ) Bg(mHT cut, xa,R, µ)Bg(mHT cut, xb,R, µ)×

SB,C
gg (T cut,R, µ) +

dσRsub
0

dY
(T jet

B,C< T
cut,R) +

dσnons
0

dY
(T jet

B,C< T
cut)

For T jet
Bcm,Ccm < T cut

dσ0

dY
= σBHgg(mt ,m2

H , µ) Bg(mHT cuteY , xa,R, µ)Bg(mHT cute−Y , xb,R, µ)×

SB,C
gg (T cut,R, µ) +

dσRsub
0

dY
(T jet

Bcm,Ccm< T
cut,R) +

dσnons
0

dY
(T jet

Bcm,Ccm< T
cut)
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Resummation

I Only difference between T jet
B and T jet

C to all orders: different soft functions.
I Beam functions same: Describe collinear ISR i.e. emissions with forward

rapidities where T jet
B and T jet

C measurements are equal.

I Logarithms are split apart and resummed using RGE

ln2 T cut

mH
= 2 ln2 mH

µ
− ln2 T cutmH

µ2 + 2 ln2 T cut

µ

I Natural scales for Hard, beam and soft functions:
µH ' mH , µB '

√
T cutmH , µS ' T cut

I Hard function contains: ln2 [−m2
H/µ

2
H

]
I Beam functions: ln2 [mHT cut/µ2

B

]
I Soft function: ln2 [T cut/µS

] Sgg
B µS

µB

ΛQCD

µH

µ
Hgg

f

Bg
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Resummation

I Resummation Structure:

lnσ0(T cut) ∼
∑

n

αn
s ln
[T cut

mH

]n+1
(1+αs +α2

s +· · · ) ∼ LL+ NLL+NNLL+· · ·

I Including the RGE running the resummed cross section for T jet

σ0(T cut ) = HggH(mH , µH) UH(mH , µH , µ)× Bg(xa,R, T cut, µB)

Bg(xb,R, T cut, µB) UB(mH , µB, µ)2 × SB,C
gg (R, T cut, µS) US(µS, µ)

Log Fixed-order corrections Resummation input
counting: matching nonsingular γµH,B,S Γcusp β

NLL 1 - 1-loop 2-loop 2-loop
NLL′+ NLO NLO NLO 1-loop 2-loop 2-loop
NNLL′+NNLO NNLO NNLO 2-loop 3-loop 3-loop
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Nonsingular Contribution

I To compute nonsingular corrections for different jet veto observables:

dσnonsing
0

dT jet
f dY

=
dσFO

0

dT jet
f dY

−
dσresum

0

dT jet
f dY

(µH = µB = µS = µFO)

I dσFO
0 : Computed full FO cross section differential in Y and T jet

f .
Implemented non-trivial measurement functions for T jet

f .
I Validation plots:
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Resummation scales
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I Resummation region: Logs are resummed using canonical scaling

|µH |∼ mH µS∼ T cut µB∼
√

mHT cut

I FO region: Resummation is turned off to get the right FO cross section at
large T cut

µB, µS → µFO ∼ mH

I Transition region: Profiles for µB, µS provide smooth transition from
resummation to fixed-order region.
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Perturbative Uncertainties in Jet Binning

σtotal =

∫ T cut

0
dT jet dσ

dT jet +

∫ ∞
T cut

dT jet dσ
dT jet

≡ σ0(T cut) + σ≥1(T cut)

I Uncertainties in the jet binning can be described by fully correlated (yield)
and fully anticorrelated (migration) components of a covariance matrix
{σ0, σ≥1} [Stewart,Tackmann: 1107.2117, SG,Tackmann: 1302.4437]

C =

(
(∆y

0)2 ∆y
0 ∆y
≥1

∆y
0 ∆y
≥1 (∆y

≥1)2

)
+

(
∆2

cut −∆2
cut

−∆2
cut ∆2

cut

)
I yield uncertainty ∆y ≡ ∆FO : Fixed-order scale uncertainty in σtotal

I migration uncertainty ∆cut ≡ ∆resum : Resummation uncertainty induced
by the binning cut and drops out in the sum σ0 + σ≥1.
∆2

0(T cut) = ∆2
FO(T cut) + ∆2

resum(T cut)
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Resummation Scales and Fixed-Order Uncertainty
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I Central profiles:

µH = −iµFO , µns = µFO ,

µS(T cut) = µFOfrun(T cut/mH) ,

µB(T cut) =
√
µS(T cut)µFO = µFO

√
frun(T cut/mH)

I Fixed Order Uncertainty ∆FO :
I Maximum of collective variation of all scales by a factor of 2 keeping scale

ratios fixed.
I Reproduces the inclusive cross section uncertainty for large T cut.
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Resummation Uncertainty

I Varying argument of logs estimates their size and missing higher log
terms.

I These variations are smoothly turned off at large T cut where the
resummation turns off.

µvary
S (x , α) = fαvary(x)µS(x) = µFO fαvary(x) frun(x)

µvary
B (x , α, β) = µvary

S (x , α)
1/2−β

µ
1/2+β
FO = µFO

[
fαvary(x) frun(x)

]1/2−β
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Resummation Uncertainties
Choosing α and β for µS and µB variation (for SCET-I type observables)

I Retain natural scale hierarchy: µFO ∼ µH � µB =
√
µSµFO � µS.

I A systematic way to vary µB and µS without double counting.

µvary
S (x , α) = µFO fαvary(x) frun(x) , µvary

B (x , α, β) = µFO
[
fαvary(x) frun(x)

]1/2−β

I Independent scale ratios entering the resummed logs are

µ2
B

µ2
H
∼ T

cut

mH
,

µ2
S

µ2
B
∼ T

cut

mH

I α variation for both µS and µB: Equal changes in the log ratios.

ln
µ2

B

µ2
H
→ ln fαvary + ln

µ2
B

µ2
H
, ln

µ2
S

µ2
B
→ ln fαvary + ln

µ2
S

µ2
B
.

I β variation: Equal magnitude opposite sign changes in the log ratios.

ln
µ2

B

µ2
H
→ (1− 2β) ln

µ2
B

µ2
H
, ln

µ2
S

µ2
B
→ (1 + 2β) ln

µ2
S

µ2
B
.
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NLL′+NLO results for H+0-jet
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I Good convergence and reduced uncertainties going from NLL to
NLL′+NLO.

I At T cut ∼ 25 GeV, 20% uncertainty for NLL′+NLO,comparable to the
precision for pjet

T .

I Expect significant reduction in uncertainties going to NNLL′+NNLO.
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Comparison to ATLAS data

I The resummed results for different jet veto observables can be directly
compared to the ATLAS measurements.

I Comparison of our NLL′+NLO predictions in bins of T jet
C with the recent

ATLAS measurement in H → γγ channel.
I Several correction factors implemented given in ATLAS pub:1407.4222

for H → γγ branching ratio, photon isolation efficiency, diphoton
kinematic acceptance.
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Summary

I Resummation of jet veto logs: important for accurate cross section
predictions.

I Rapidity dependent jet vetoes:
1 A natural and efficient central jet veto, Resummable to same level of

precision as pjet
T .

2 Provide complementary way to divide phase space into exclusive jet bins.
−→ Motivation to measure rapidity-dependent jet-vetoes in other processes.

I Determined NLL′+NLO resummed results for T jet
Bcm, T jet

B , T jet
Ccm and T jet

C
with robust uncertainty estimates. Comparison with ATLAS data!

I Next step is resummation to NNLL′+NNLO order :
1 Beam and soft functions at 2 loops + ln R2 clustering corrections (W.I.P)
2 Extension to full NNLL′+NNLO.
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Outlook: Clustering correction to soft function

I Dijet hemisphere soft function

∆S(2)(k1, k2) =

∫
ddk1

(2π)d
ddk2

(2π)d Aj (k1, k2)∆M jet(2)(k1, k2)C(k1)C(k2)∫
ddk1

(2π)d
ddk2

(2π)d =

∫ ∞
0

dk+
1 dk+

2 dk−1 dk−2 (k+
1 k−1 k+

2 k−2 )−ε
∫ π

0
d∆φ sin−2ε ∆φ

I For the clustering corrections only non-abelian matrix elements considered.
[Hornig, Lee, Stewart, Walsh, Zuberi ’11]

d) e) f)

n n

n n

n n

n n

n n

n n

n n

n n

a)

nY

nY nY

nY

n n

n n

b) c)

I For a TB veto, the full measurement function can be written as
[following Tackmann, Walsh, Zuberi ’12]

M jet
i (T cut) = Mi (T cut) + ∆M jet

i (T cut)
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Outlook: Clustering correction to soft function
Inclusive TB measurement

Mi (T cut) = θ(
∑

j Tj < T cut)

Measurement function for the clustering correction relative to Mi

∆M jet(T cut) = 2[θ(∆R12 < ∆R)θ(T jet
B < T cut) + θ(∆R12 > R)θ(TB1 < T cut)θ(TB2 < T cut)

−θ(TB1 + TB2 < T cut)]

= 2θ(∆R12 > R)[θ(TB1 < T cut)θ(TB2 < T cut)− θ(TB1 + TB2 < T cut)]

The variables we use are

yt = 1
2 (y1 + y2) ∆y = y1 − y2 z = TB1

TB1+TB2
=

k+
1

k+
1 +k+

2

TT = TB1 + TB2 cos ∆φ =
k⊥1 .k⊥2
|k⊥1 ||k

⊥
2 |

=
1/2(k+

1 k−2 +k+
2 k−1 )−k1.k2√

k+
1 k−1 k+

2 k−2

∆S(2)(T cut) = 8
(16π2)2

∫ T−1−4ε
T

z(1−z)
T 4

T z2(1− z)2(z2(1− z)2)−εe−4εyt Aj ∆M jet(2)e4yt dTtdzdytd∆y

∆S(2)(T cut) = −8
(16π2)2

1
4ε

(
µ
T cut

)4ε∫ 1
0 dz

∫∞
−∞d∆y

∫ π
0 d∆φ sin−2ε∆φ log[max (z,1−z)]

z(1−z)
(z(1− z))−2ε

θ(∆R12 > ∆R)T 4
T z2(1− z)2Aj
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Outlook: Clustering correction to soft function
I Remaining integrals finite and result of the form: a log R + b + O(R).
I To extract log R, express Ai in the small ∆R =

√
∆y2 + ∆φ2 limit as AR

i .
Write A = (A− AR) + AR

I To determine a : Analytic integration of AR .
Extract b numerically by integrating A− AR .

∆S(2)(T cut) =
(
αs
π

)2(
µ
T cut

)4ε[
1
4ε

[
C2

A

{
1
18 (131− 12π2 − 132 log 2) log R − 0.937 + 0.652R2 + ...)

}
+CATRnf

{
−1
9 (23− 24 log 2) log R + 0.747 + 0.019R2 + ...)

}]
+ C2

A{−4.254 log R

+1.096 log2 R + 1.713 + O(R2)}+ CATRnf{−0.451 log R + 0.177 log2 R + 0.184 + O(R2)}
]

Analogous but more tedius calculation for T jet
C gives the same anom. dim. as T jet

B .
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NLL′+NLO results for H+0-jet
I Differential singular, nonsingular and full fixed order cross sections for
T jet

B in different Y bins.

0

1

20 40 60 80 100

0.01

0.1

10−3

10−4

mH =125GeV

gg→H (8 TeV)

full NLO (T jet
B )

full NLO (T jet
Bcm)

singular

nonsingular (T jet
B )

nonsingular (T jet
Bcm)

T jet
B [GeV]

|d
σ
/
d
T

je
t

B
|[

p
b
/
G
e
V
]

2 ≤ |Y | ≤ 3

0 20 40 60 80 100

0.01

0.1

10−3

10−4

10−5

mH =125GeV

gg→H (8 TeV)
full NLO (T jet

B )

full NLO (T jet
Bcm)

singular

nonsingular (T jet
B )

nonsingular (T jet
Bcm)

T jet
B [GeV]

|d
σ
/
d
T

je
t

B
|[

p
b
/
G
e
V
]

|Y | ≥ 3

I Cumulant NLL′ and nonsingular for T jet
B in different Y bins.

0

0

1

2

3

4

10 20 30 40 50 60 70 80
−1

mH =125GeV

T cut [GeV]

σ
0
(T

cu
t )

[p
b
]

gg→H (8 TeV)

NLL′

T jet
B < T cut

T jet
Bcm < T cut

2 ≤ |Y | ≤ 3

NLO nonsingular

NLL′+NLO

0

0 10 20 30 40 50 60 70 80

0.1

0.2

0.3

0.4

−0.1

mH =125GeV

T cut [GeV]

σ
0
(T

cu
t )

[p
b
]

gg→H (8 TeV)
NLL′

T jet
B < T cut

T jet
Bcm < T cut

|Y | ≥ 3

NLO nonsingular

NLL′+NLO

Shireen Gangal (DESY) T jet resummation in Higgs production at NLL′ + NLO 26-03-2015 25 / 27



Soft function and Resummation uncertainty
I Soft function for T jet

B and T jet
C :

SC
gg(T cut, µ) = 1 +

αs(µ)CA

π

(
−2 ln2 T cut

µ
+
π2

4

)
SB

gg(T cut, µ) = 1 +
αs(µ)CA

π

(
−2 ln2 T cut

µ
+
π2

12

)
,

frun(x) =



x0
(
1 + x

4x0

)
x ≤ 2x0

x 2x0 ≤ x ≤ x1

x + (2−x2−x3)(x−x1)2

2(x2−x1)(x3−x1) x1 ≤ x ≤ x2

1− (2−x1−x2)(x−x3)2

2(x3−x1)(x3−x2) x2 ≤ x ≤ x3

1 x3 ≤ x

fvary(x) =


2(1− x2/x2

3 ) 0 ≤ x ≤ x3/2
1 + 2(1− x/x3)2 x3/2 ≤ x ≤ x3

1 x3 ≤ x
,
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Clustering Correction
I The variables we use are

y1 =
1
2

log
k−1
k+

1
y2 =

1
2

log
k−2
k+

2

yt = 1
2 (y1 + y2) ∆y = y1 − y2 z = TB1

TB1+TB2
=

k+
1

k+
1 +k+

2

TT = TB1 + TB2 cos ∆φ =
k⊥1 .k⊥2
|k⊥1 ||k

⊥
2 |

=
1/2(k+

1 k−2 +k+
2 k−1 )−k1.k2√

k+
1 k−1 k+

2 k−2

AR
f (T cut ) = 4g4CATRnfµ

4εe−4yt

T 4
T z2(1−z)2

4
∆R4

[
z(1−z)

2

(
∆R2 − 4z(1− z)∆y2

)]
AR

A (T cut ) = 4g4C2
Aµ

4εe−4yt

T 4
T z2(1−z)2

2
∆R2

[
(1− z + z2)− z(1− z) + 2z2(1−z)2∆y2(1−ε)

∆R2

]

Af (T cut) = 4g4CATRnfµ
4ε

T 4
T z2(1−z)2

[
1

(cosh ∆y−cos ∆φ)(cosh ∆y−(1−2z) sinh ∆y)

]2 z(1−z)
2

[
1− 2 cos ∆φ cosh ∆y+

2(1− 2z) cos ∆φ sinh ∆y + (cosh ∆y − (1− 2z) sinh ∆y)2
]

AA(T cut ) = 4g4C2
Aµ

4ε

T 4
T z2(1−z)2

1
(cosh ∆y−cos ∆φ)(cosh ∆y−(1−2z) sinh ∆y)

[
(1− z + z2) cos ∆φ cosh ∆y−

(1− 2z) cos ∆y sinh ∆φ− z(1− z) + (1−ε)z2(1−z)2 sinh ∆y2

(cosh ∆y−cos ∆φ)(cosh ∆y−(1−2z) sinh ∆y)

]
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