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✓ Background

New TH tools for signal and background

✓ Signal

๏ Diphoton production at NNLO

๏ More exclusive distributions: transverse 
   momentum resummation with product decay 

HRes

2�NNLO
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1. Diphoton Background
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Two mechanisms for photon production

D

Direct (point-like) Single and double resolved (collinear fragmentation)

Separation between them NO physical in general  (beyond LO)

D

DD

collinear divergence Cancelled by fragmentation

Still talk about direct and resolved at NLO and beyond:
 MS factorization scheme (convention)
__ + frag. fact. scale

dependence of each term
4



Resolved contributions dominate • Complicates QCD calculations

DIPHOX:  T.Binoth, J.P.Guillet, E.Pilon, M.Werlen

Large Corrections ๏ Full NLO calculation available

Direct + resolved

Figure 6: Splitting of the diphoton differential cross section dσ/dmγγ at LHC,
√

S = 14 TeV
without isolation, into the “direct”,“one fragmentation” and “two fragmentation” components,
shown for two different choices of scales. The following kinematic cuts are applied: pT (γ1) ≥ 40
GeV, pT (γ2) ≥ 25 GeV, |y(γ1,2)| ≤ 2.5.

35

T.Binoth, J.P.Guillet, E.Pilon, M.Werlen

|�� | � 2.5

p
S = 14TeV

p� hard
T � 40GeV

p� soft
T � 25GeV

Aurenche, Baier Douiri, Fontannaz, Schiff
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Experimental Photon Isolation reduces 
fragmentation component

Ehad
T (�)  ✏E�

T

Figure 13: Splitting of the diphoton differential cross section dσ/dmγγ at LHC,
√

S = 14 TeV
with isolation criterion ETmax = 5 GeV in R = 0.4, into the “direct”,“one fragmentation” and
“two fragmentation” components, shown for the scale choice µ = M = Mf = mγγ/2. The following
kinematic cuts are applied: pT (γ1) ≥ 40 GeV, pT (γ2) ≥ 25 GeV, |y(γ1,2)| ≤ 2.5.

42

Ehad
T (�)  5GeV , � = 0.4

T.Binoth,et al

�

�

q
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42

Ehad
T (�)  5GeV , � = 0.4

T.Binoth,et al

�

�

q

Smooth Photon Isolation S.Frixione

lim
�!0

�(�) = 0such that

only soft emission allowed if collinear to photon

 no quark-photon collinear divergences
 no fragmentation component (only direct)
 Direct contribution well defined

n = 1
�� = 0.5
R0 = 0.4

Ehad
T (�)  ⇥(�)

⇤(�) = ⇥�E
�
T

✓
1� cos(�)

1� cos(R0)

◆n

• Work on the discretized version               practically eliminates frag. component✏� = 0.05

6



Box (subset of NNLO) known to be as large as Born!production��

but     Luminosity O(↵2
s)O(↵0

s)but     Luminosity qq̄ gg

๏ Direct Contribution

but     Luminosity O(↵s) qg

Do we need higher order corrections for this observable?

+ ....

๏ Full NNLO control of Diphoton production is desirable 

Dicus, Willenbrock

included in all calculations
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Two-loop amplitudes available

Diphoton + jet at NLO

C.Anastasiou, E.W.N.Glover, M.E.Tejeda-Yeomans

V.Del Duca, F.Maltoni, Z.Nagy, Z.Trocsanyi

NNLO using       -SubtractionqT

S.Catani, L.Cieri, DdeF, 
G.Ferrera, M.Grazzini

Fully exclusive NNLO code for pp ! F

S.Catani,  M.Grazzini

• Originally used for Higgs and Drell-Yan

• Generalized to any process with final state colorless system F 

2�NNLO
S.Catani, L.Cieri, DdeF, G.Ferrera, M.Grazzini

First exclusive NNLO in pp collisions with two final state particles
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DiPhoton production at NNLO

๏ First results using 

|�� | � 2.5

µR = µF = M��

p
S = 14TeV

p� hard
T � 40GeV

p� soft
T � 25GeV

2�NNLO S.Catani, L.Cieri, DdeF, G.Ferrera, M.Grazzini

20GeV  M��  250GeV

KNNLO/NLO+box
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DiPhoton production at NNLO

๏ First results using 

|�� | � 2.5

µR = µF = M��

p
S = 14TeV

p� hard
T � 40GeV

p� soft
T � 25GeV

2�NNLO S.Catani, L.Cieri, DdeF, G.Ferrera, M.Grazzini

20GeV  M��  250GeV

KNNLO/NLO+box

�NNLO

�NLO+Box
⇠ 1.35

�NNLO

�NLO
⇠ 1.55
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DiPhoton production at NNLO

๏ First results using 

|�� | � 2.5

µR = µF = M��

p
S = 14TeV

p� hard
T � 40GeV

p� soft
T � 25GeV

2�NNLO S.Catani, L.Cieri, DdeF, G.Ferrera, M.Grazzini

20GeV  M��  250GeV

KNNLO/NLO+box

�NNLO

�NLO+Box
⇠ 1.35

�NNLO

�NLO
⇠ 1.55

Box only ~22% of NNLO correction
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pT of harder and softer photon

not allowed at LO

More exclusive distribution

Large contribution to cross-section
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Higgs search at 7 TeV : scale dependence

✏ = 0.05

100GeV  M��  160GeV

excluding

p� hard

T

� 40GeV

p� soft

T

� 30GeV

|⌘� |  2.5

1.4442  |⌘� |  1.566

±8%

±8.5%

±6.5%

• Scale does not represent TH uncertainties at LO and NLO new channels

SM Higgs

K = 1.43

• All channels open at NNLO estimate of TH uncertainties
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K = 1.43

11.08.2011 L. MillischerDPF / Brown University / Providence, RI 12

Theoretical Prediction
State-of-the art fixed order NLO theoretical calculation compared to the measurement
Each process computed at next-to-leading order (NLO) (example diagrams are shown)

Uncertainties
 Uncertainties on parton distribution function (PDF) and αS ~ 4 %

Following the PDF4LHC recommendations
 Uncertainties on the fragmentation, renormalisation, factorisation scales ~ 11 %

Varying the scales mγγ / 2 < μ < 2 x mγγ with μ1/ μ2 ≤ 2

Direct Born One Fragmentation Two Fragmention

26 pb @ NLO 10 pb @ NLO 0.5 pb @ NLO

using: DIPHOX @ order α2 αS
2

Direct Box

15 pb @ NLO

gamma2mc @ order α2 αS
4

T. Binoth, J.P. Guillet, E. Pilon, M. Werlen Z. Bern, L. Dixon, C. Schmidt

11.08.2011 L. MillischerDPF / Brown University / Providence, RI 12

Theoretical Prediction
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2

Direct Box

15 pb @ NLO

gamma2mc @ order α2 αS
4

T. Binoth, J.P. Guillet, E. Pilon, M. Werlen Z. Bern, L. Dixon, C. Schmidt

↵3
s

Bern, Dixon, Schmidt (2002)

Some N3LO terms known
 to contribute ~5%

• All channels open at NNLO estimate of TH uncertainties
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↵3
s

Bern, Dixon, Schmidt (2002)

Some N3LO terms known
 to contribute ~5%

NNLO+N3LO terms

• All channels open at NNLO estimate of TH uncertainties
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Discrepancy found between NLO 
and Experimental data at low����
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NNLO corrections essential to understand the background 

MSTW 08

p� hard

T

� 23GeV

p� soft

T

� 20GeV

p
S = 7TeV

|�� | � 2.5

R�� > 0.45

CMS diphoton cuts

smooth
 cone isolation

NNLO Corrections much larger 
in some kinematical regions

“away from back-to-back
configuration”

large discrepancy between
 NLO and Data

NLO effectively lowest order
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✓NNLO corrections sizable in invariant
   mass distribution relevant for Higgs 

40-55% effect over NLO

✓NNLO very large away from back-to-back
    configuration (effectively NLO)

✓User-friendly code will be available

needed to understand
 LHC data

beyond smooth cone isolation

✓at NNLO start to be able to quantify TH uncertainties

Conclusions Background

2�NNLO
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2. Diphoton Signal
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Higgs Transverse momentum distribution

H

d⇥

dq2
T

= �2
s(�sC1 + �2

sC2 + �3
sC3 + ...)

requires �s ⇥ 1 , Cn � O(1)

But �n
s Cn �

�n
s

q2
T

log2n�1 M2
H

q2
T

M2
H , q2

TTwo scales problem

Logs originated by soft and collinear gluon radiation

�n
S ln2n M2/q2

T

→ −∞
dσ

dqT

dσ

dqT

→ +∞

�n
S ln2n M2/q2

T

→ −∞
dσ

dqT

dσ

dqT

LO: → +∞ as qT " 0

NLO: as qT " 0

๏ QCD based on convergence of perturbative expansion

๏ Convergence spoiled when two scales
    are very different (small qT)
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small-qT region. In the case of Higgs boson production, being H a spin-0 scalar particle, the
azimuthal correlations vanishes and only gluon spin correlation are present [23].

We consider the inclusive hard-scattering process

h1(p1) + h2(p2) → H(mH , qT ) + X, (1)

where h1 and h2 are the colliding hadrons with momenta p1 and p2, mH and qT are the Higgs
boson mass and transverse momentum respectively, and X is an arbitrary and undetected final
state.

According to the QCD factorization theorem the corresponding transverse-momentum differ-
ential cross section dσH/dq2

T can be written as

dσH

dq2
T

(qT , M, s) =
∑

a,b

∫ 1

0

dx1

∫ 1

0

dx2 fa/h1(x1, µ
2
F ) fb/h2(x2, µ

2
F )

dσ̂H,ab

dq2
T

(qT , M, ŝ; αS(µ
2
R), µ2

R, µ2
F ) ,

(2)
where fa/h(x, µ2

F ) (a = q, q̄, g) are the parton densities of the colliding hadron h at the factorization
scale µF , dσ̂H,ab/dq2

T are the perturbative QCD partonic cross sections, s (ŝ = x1x2s) is the square
of the hadronic (partonic) centre–of–mass energy, and µR is the renormalization scale ‡.

In the region where qT ∼> mH , the QCD perturbative series is controlled by a small expansion
parameter, αS(mH), and fixed-order calculations are theoretically justified. In this region, the
QCD radiative corrections are known up to next-to-leading order (NLO) [15, 16, 17]. In the
small-qT region (qT # mH), the convergence of the fixed-order perturbative expansion is spoiled
by the presence of powers of large logarithmic terms, αn

S lnm(m2
H/q2

T ) (with 1 ≤ m ≤ 2n). To
obtain reliable predictions these terms have to be resummed to all orders.

We perform the resummation at the level of the partonic cross section, which is decomposed as

dσ̂H,ab

dq2
T

=
dσ̂(res.)

H,ab

dq2
T

+
dσ̂(fin.)

H,ab

dq2
T

. (3)

The first term on the right-hand side contains all the logarithmically-enhanced contributions, at
small qT , and has to be evaluated to all orders in αS. The second term is free of such contributions
and can thus be computed at fixed order in perturbation theory. To correctly take into account
the kinematic constraints of transverse-momentum conservation, the resummation procedure has
to be carried out in the impact parameter space b. Using the Bessel transformation between the
conjugate variables qT and b, the resummed component dσ̂(res.)

H,ac can be expressed as

dσ̂(res.)
H,ac

dq2
T

(qT , mH , ŝ; αS(µ
2
R), µ2

R, µ2
F ) =

∫ ∞

0

db
b

2
J0(bqT ) WH

ac(b, mH , ŝ; αS(µ
2
R), µ2

R, µ2
F ) , (4)

where J0(x) is the 0th-order Bessel function. The resummation structure of WH
ac can be organized

in exponential form considering the Mellin N -moments WH
N of WH with respect to the variable

‡Throughout the paper we use parton densities f(x, µ2
F ) and running coupling αS(µ2

R) as defined respectively
in the MS factorization and renormalization scheme.

3

z = m2
H/ŝ at fixed mH

§,

WH
N (b, mH ; αS(µ

2
R), µ2

R, µ2
F ) = HH

N

(
mH , αS(µ

2
R); m2

H/µ2
R, m2

H/µ2
F , m2

H/Q2
)

× exp{GN(αS(µ
2
R), L; m2

H/µ2
R, m2

H/Q2)} , (5)

were we have defined the logarithmic expansion parameter L ≡ ln(Q2b2/b2
0), and b0 = 2e−γE

(γE = 0.5772... is the Euler number).

The scale Q ∼ mH , appearing in the right-hand side of Eq. (5), named resummation scale [22],
parameterizes the arbitrariness in the resummation procedure. As a matter of fact the argument
of the resummed logarithms can always be rescaled as ln(m2

Hb2) = ln(Q2b2) + ln(M2/Q2) (as long
as Q ∼ mH and independent of b). Although WH

N (i.e., the product HH
N × exp{GN}) does not

depend on Q when evaluated to all perturbative orders, its explicit dependence on Q appears when
WH

N is computed by truncation of the resummed expression at some level of logarithmic accuracy
(see Eq. (6) below). As in the case of µR and µF , variations of Q around mH can thus be used to
estimate the uncertainty from yet uncalculated logarithmic corrections at higher orders.

The form factor exp{GN} is universal (process independent) ¶ and contains all the terms αn
SLm

with 1 ≤ m ≤ 2n, that order-by-order in αS are logarithmically divergent as b → ∞ (or, equiva-
lently, qT → 0). Furthermore, due to the exponentiation property, all the logarithmic contributions
to GN with n + 2 ≤ m ≤ 2n are vanishing. The exponent GN can be systematically expanded as

GN (αS, L; m2
H/µ2

R, m2
H/Q2) = L g(1)(αSL) + g(2)

N (αSL; m2
H/µ2

R, m2
H/Q2)

+
αS

π
g(3)

N (αSL; m2
H/µ2

R, m2
H/Q2) + O(αn

SLn−2) (6)

where the term L g(1) resums the leading logarithmic (LL) contributions αn
SLn+1, the function g(2)

N

includes the next-to-leading leading logarithmic (NLL) contributions αn
SLn [20], g(3)

N controls the

NNLL terms αn
SLn−1 [33, 34, 35] and so forth. The explicit form of the functions g(1), g(2)

N and g(3)
N

can be found in Ref. [22].

The process dependent function HH
N does not depend on the impact parameter b and it includes

all the perturbative terms that behave as constants as b → ∞. It can thus be expanded in powers
of αS = αS(µ2

R):

HH
N (mH , αS; m

2
H/µ2

R, m2
H/µ2

F , m2
H/Q2) = σ(0)

H (αS, mH)
[
1 +

αS

π
HH,(1)

N (m2
H/µ2

F , m2
H/Q2)

+
(αS

π

)2
HH,(2)

N (m2
H/µ2

R, m2
H/µ2

F , m2
H/Q2) + O(α3

S)
]

, (7)

where σ(0)
H (αS, mH) is the partonic cross section at the Born level. The first order HH,(1)

N [36] and

at the second order HH,(2)
N [7] coefficients in Eq. (7), for the case of Higgs boson production in the

large-Mt approximation, are known. The HH
N function reads

HH
N (mH , αS; µ

2
R =µ2

F =Q2 =m2
H) = σ(0)

H (m2
H) HH

N (αS(mH))
[
C2

N(αS(mH)) + G2
N(αS(m2

H))
]

, (8)

§For the sake of simplicity we are presenting the resummation formulae only for the specific case of the diagonal
terms in the flavour space. In general, the exponential is replaced by an exponential matrix with respect to the
partonic indexes (a detailed discussion of the general case can be found in Ref. [22]).

¶It only depends on the partonic channel that produces the Born cross section. It is thus usually called quark
or gluon Sudakov form factor.
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4

αS = αS(µR)

� exp{GN (�S(µ2
R), L;M2/µ2

R, M2/Q2)}

GN (�S, L;M2/µ2
R, M2/Q2) = L g(1)(�SL)

+g(2)
N (�SL;M2/µ2

R, M2/Q2) + �S g(3)
N (�SL;M2/µ2

R, M2/Q2) + . . .

L̃ = ln
�
1 + Q2b2/b2

0

⇥
L = lnM2b2/b2

0

d⇥̂(res.)
ac

dq2
T

=
1
2

� �

0
db bJ0(bqT )Wac(b, M, ŝ;�S(µ2

R), µ2
R, µ2

F )

WF
N (b, M ;�S(µ2

R), µ2
R, µ2

F ) = HF
N

�
M,�S(µ2

R);M2/µ2
R, M2/µ2

F , M2/Q2
⇥

Resummation performed in b space

Dokshitzer, Diakonov, Troian (1978)
Parisi, Petronzio (1979)

Curci, Greco, Srivastava (1979)
Collins, Soper, Sterman (1985)

Catani, deF, Grazzini (2000)
Bozzi, Catani, deF, Grazzini (2005)

Universal Sudakov Form Factor

Process Dependent

Resummation scale

impose unitarity constraint

๏ Consistent study of perturbative uncertainties (scales)
๏ Full NNLL  (H(2) coefficient)
๏ Matching with NLO transverse momentum distribution
๏ Integration over qT provides exact NNLO total cross section

๏ Large logs need to be resummed!

๏ + some improvements
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(a) (b)

(c) (d)

(e) (f)

Figure 1: The qT spectrum of Higgs bosons at the Tevatron and the LHC. Results shown are at
NLL+LO (left panels) and NNLL+NLO (right panels) accuracy. Each result is compared to the
corresponding fixed-order result (dashed line) and to the finite component (dotted line) in Eq. (12).

8

HqT 2.0 deF, Ferrera, Grazzini, Tommasini (2011)

Effect survives at qT ~ 40 GeV

(a) (b)

(c) (d)

(e) (f)

Figure 3: The qT spectrum of Higgs bosons at the Tevatron and the LHC: NLL+LO and
NNLL+NLO uncertainty bands (left panels); NNLL+NLO and NLO uncertainty bands relative
to the central NNLL+NLO result (right panels).

11

NNLL
NLL

Good convergence

✓ Re-weight the spectrum of MC event generators (accurate to NLL)
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Figure 1: The qT spectrum of Higgs bosons at the Tevatron and the LHC. Results shown are at
NLL+LO (left panels) and NNLL+NLO (right panels) accuracy. Each result is compared to the
corresponding fixed-order result (dashed line) and to the finite component (dotted line) in Eq. (12).
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HqT 2.0 deF, Ferrera, Grazzini, Tommasini (2011)

Effect survives at qT ~ 40 GeV
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Figure 3: The qT spectrum of Higgs bosons at the Tevatron and the LHC: NLL+LO and
NNLL+NLO uncertainty bands (left panels); NNLL+NLO and NLO uncertainty bands relative
to the central NNLL+NLO result (right panels).

11

NNLL
NLL

Good convergence

✓ Re-weight the spectrum of MC event generators (accurate to NLL)

Include full description of Higgs decay products

Effect from Higgs small transverse momentum 
propagates into more exclusive distributions

��

WW ! l⌫l⌫
ZZ ! 4l

HRes deF, Ferrera, Grazzini, Tommasini (2012)
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gg ! H ! ��

p� hard

T

� 40GeV

p� soft

T

� 35GeV

At LO Higgs produced without transverse momentum

Higher order corrections suffer from perturbative instabilities near the Jacobian peak

Integrable logarithmic singularities
large bins to be reliable at fixed order

Catani, Webber

Resummed result smooth and stable 
shape from NLL to NNLL

Away from the kinematical boundary recover fixed order result

Photons back-to-back kinematical boundary at p�T =
MH

2

D.Tommasini PhD Thesis
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polar angle of a photon in Higgs rest frame

p�T � 40GeV| cos ✓⇤| =

s

1� 4(p�T )
2

M2
H

| cos ✓⇤|  | cos ✓⇤cut| ' 0.768

| cos ✓⇤|

MH = 125GeV
at LO

instabilities in the fixed 
order result

Smooth resummed results

Another interesting distribution
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✓NNLL qT resummation exclusive on Higgs decay products  

✓Sizable corrections if observable sensitive
    to small transverse momentum of Higgs

✓Do not modify observables when fixed order calculation is safe

smooth results at edges
 of LO phase space

✓Eliminate instabilities from fixed order calculations

Conclusions Signal

✓Recovers full NNLO cross section after integration

HRes
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Backup Slides
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๏ Direct Contribution
Smooth Photon Isolation S.Frixione

lim
�!0

�(�) = 0such that

only soft emission allowed if collinear to photon

 no quark-photon collinear divergences
 no fragmentation component (only direct)
 Direct well defined by itself

�

�

q

n = 1
�� = 0.5
R0 = 0.4

Ehad
T (�)  ⇥(�)

⇤(�) = ⇥�E
�
T

✓
1� cos(�)

1� cos(R0)

◆n

• Work on the discretized version               practically eliminates frag. component✏� = 0.05

Mark Stockton, Les Houches2011, 07/06/11, slide Mark Stockton, Les Houches2011, 07/06/11, slide 66
Cern AtlasCern Atlas

  TeamTeam

Comp pt to cone (7 cones)Comp pt to cone (7 cones)

● Left compare total cross-section to 
that when using a standard 0.4 
cone isolation

● Right: fragmentation fraction
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● Left compare total cross-section to 
that when using a standard 0.4 
cone isolation

● Right: fragmentation fraction
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frag. fraction
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p
S = 14TeV

 “No back-to-back”

invariant mass below the LO threshold  

p� hard
T � 40GeV

p� soft
T � 25GeV

LO threshold at 80 GeV

~ “collinear”
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Figure 2: Measured cross section of isolated di-photon production as a function of mγγ , pT,γγ

and ∆φγγ , compared with theoretical predictions.

parton transverse energy in a cone of radius 0.4 around the photon smaller
then 4 GeV, are overlaid (yellow and blue bands, accounting for the scale
and PDF uncertainties). The measured cross sections are in good agreement
with the theoretical predictions for Eγ

T
> 35 GeV, while at lower Eγ

T
, where the

contribution from parton-to-photon fragmentation is larger, the theory tends to
overestimate the data, possibly hinting to the need of more accurate predictions.

Figure 2 shows the diphoton cross section as a function of mγγ, pT,γγ and
∆φγγ . Two theoretical predictions are overlaid for photons having parton
transverse energy in a cone of radius 0.4 around the photon smaller then 4
GeV, one corresponding to a fixed-order NLO parton-level generator calcula-
tion (DIPHOX [7]), the other featuring transverse momentum resummation
(RESBOS [8]). The agreement is generally good, but some deviations are ob-
served for low ∆φγγ values, where both theoretical predictions underestimate
the measurements. In this region the LO elements do not contribute to the
cross section, and NLO is the first order giving non-zero contributions: more
accurate NNLO predictions would provide clarifications on these residual dis-
crepancies.
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Channels
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Comparing oranges to tangerines...

Tevatron data (CDF) with usual isolation
Theory with Frixione’s isolation (not exactly same cuts)

103

102

10

1

d�

dM��
(fb/GeV)

DO NOT USE THIS PLOT!!!!!!!!!!!!

p� harder

T

� 17GeV

p� softer

T

� 15GeV

|⌘� |  1
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Asymmetric cuts and pQCD
|⌘� |  2.5

µR = µF = M��

p
S = 7TeV

R�� > 0.45

damned if you do, damned if you don't

CTEQ6 NLO pdfs

p� harder

T

� (20 +�)GeV

p� softer

T

� 20GeV
for jets: Frixione, Ridolfi (1997)

Sensitive to soft gluon 
emission (dominant in back 

to back configuration)

“Affected” by opening of 
phase space for “hard” 

radiation (not allowed at LO)

Fixed order calculation not 
reliable at small �

effectively LO away 
from back to back
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With Higgs search cuts at 7 TeV

p� hard
T � 40GeV

p� soft
T � 25GeV

|⌘� |  2.37

1.37  |⌘� |  1.52

✏ = 0.05

100GeV  M��  160GeV

excluding

✏ = 0.05

100GeV  M��  160GeV

excluding

p� hard

T

� 40GeV

p� soft

T

� 30GeV

|⌘� |  2.5

1.4442  |⌘� |  1.566
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