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The Higgs Discovery at ATLAS and CMS

Plots from CMS and ATLAS collaboration.
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Higgs Production
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Higgs Decay Modes

Fig taken from “Frank Wilczek, Nature 496, 439441”
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Differential cross section measurement @ATLAS

G. Aad etal . [ATLAS Collaboration], JHEP 1409, 112 (2014)

Fiducial region

|η| < 2.37

pT /mγγ >0.35(0.25)
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Differential cross section measurement @CMS

V. Khachatryan et al. [CMS Collaboration], arXiv:1508.07819 [hep-ex].
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Differential cross section measurement @ATLAS

G. Aad et al. [ATLAS Collaboration], Phys. Lett. B 738, 234 (2014)

Fiducial Region:

|η| < 2.5

pT > 20, 15, 10 GeV.

50< m12 <106 GeV, 12< m34 <115 GeV.
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Differential cross section measurement @CMS

V. Khachatryan et al. [CMS Collaboration],
JHEP1604, 005(2016)[arXiv : 1512.08377[hep− ex]].
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HNNLO and HRes

Parton level monte carlo event generators.
S. Catani and M. Grazzini, Phys. Rev. Lett. 98, 222002 (2007) [hep-ph/0703012].

D. de Florian, G. Ferrera, M. Grazzini and D. Tommasini, JHEP 1206, 132 (2012)

[arXiv:1203.6321 [hep-ph]].

HNNLO: Parton level Monte Carlo program that computes the cross sections
for Higgs production in pp and pp̄ collisions up to NNLO in QCD
perturbation theory.

HRes: Fixed order cross sections for SM Higgs boson production up to NNLO
by consistently including all-order resummation of soft-gluon effects at small
transverse momenta up to NNLL ⇒ NNLO +NNLL

H → γγ,H → ZZ → l′ l̄′ll̄, H →WW → lvl′v′

http : //theory.fi.infn.it/grazzini/codes.html
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QCD factorization theorem

Collinear factorization

σ(h1h2 → F ) = fa/h1
(x1, Q

2)⊗ fb/h2
(x2, Q

2)⊗ σ̂(ab→F )(Q
2) +O(Λ/Q)

Process dependent partonic cross section

σ̂(Q2) = σ̂(0) + αs(Q
2)σ̂(1) + α2

s(Q
2)σ̂(2) + ......

LO NLO NNLO

Collinear approximation in parton model and evolution of parton densities
discribed by Dokshitzer-Gribov-Lipatov-Altarelli-Parisi (DGLAP) evolution
equation.

kT factorization

σ(h1h2 → F ) = fa/p(x1, k1T , Q
2)⊗fb/p(x2, k2T , Q2)⊗σ̂(ab→F )(Q

2)+O(Λ/Q)
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kT or TMD factorization

σ(h1h2 → F ) = fa/p(x1, k1T , Q
2)⊗ fb/p(x2, k2T , Q2)⊗ σ̂(ab→F )(Q

2) +O(Λ/Q)

Has been proven recently for inclusive and semi-inclusive deep-inelastic
scattering (DIS).
John Collins. Foundations of perturbative QCD, volume 32. Cambridge
monographs on particle physics, nuclear physics and cosmology., 2011.

kT factorization holds in the high-energy limit (small x)
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The contribution from large logarithmic terms proportional to ln 1/x becomes
important.

Small x contribution can be taken into account using the
Balitsky-Fadin-Kuraev-Lipatov (BFKL) evolution equations.
E. A. Kuraev, L. N. Lipatov and V. S. Fadin, Sov. Phys. JETP 44, 443 (1976)
E. A. Kuraev, L. N. Lipatov and V. S. Fadin, Sov. Phys. JETP 45, 199 (1977)
I. I. Balitsky and L. N. Lipatov, Sov. J. Nucl. Phys. 28, 822 (1978)

Off-shell matrix element and convolution over kT with unintegrated PDFs.

Expected to give theoretically correct discription at very small x.
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CCFM evolution equations

Approach valid for both small and large x has been developed by Ciafaloni,
Catani, Fiorani and Marchesini and is known as CCFM model.
M. Ciafaloni, Nucl. Phys. B 296, 49 (1988).
S. Catani, F. Fiorani and G. Marchesini, Phys. Lett. B 234, 339 (1990).
S. Catani, F. Fiorani and G. Marchesini, Nucl. Phys. B 336, 18 (1990).
G. Marchesini, Nucl. Phys. B 445, 49 (1995)

CCFM evolution equations are equivalent to BFKL in the limit of asymptotic
energies.

Similar to DGLAP evolution for large x and high µ2
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Heavy quark production

Numerical predictions of comparison of two approaches for heavy quark
production.
M. G. Ryskin et al. Phys. Atom. Nucl. 64, 120 (2001) [Yad. Fiz. 64, 123
(2001)] [hep-ph/9907507].
M. G. Ryskin, A. G. Shuvaev and Y. M. Shabelski, Phys. Atom. Nucl. 64,
1995 (2001) [Yad. Fiz. 64, 2080 (2001)] [hep-ph/0007238].

Transverse momenta of initial partons becomes important in comparison with
quark masses in small x domain.

Major part of the NLO (and part of NNLO) corrections to the LO parton
model included in kT factorization.

Small x region dominated in the heavy quark production at high energies.
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Higgs boson production

Numerical predictions for the Higgs boson production in kT factorization
approach.
A. V. Lipatov and N. P. Zotov, Eur. Phys. J. C 44, 559 (2005)

Predictions for total cross section for the Higgs boson production at Tevatron
and LHC agrees well with the NNLO results (Scale dependence is large).

Part of the standard high-order corrections is already included at LO level in
the kT -factorization.
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Higgs boson production

pT and y distributions of differential cross section for higgs production in
di-photon channel is studied recently.
A. V. Lipatov, M. A. Malyshev and N. P. Zotov,
Phys. Lett. B735, 79(2014) [arXiv:1402.6481 [hep-ph]].

The results obtained using CCFM evolution equations within kT factorization
approach is agrees well with experimental data.

The effect of CCFM evolution equation increases the leading order cross
section by about 80-100%.

Phenomenological study to understand the effect of CCFM evolution
equation is an interesting analysis.
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kT factorisation for the inclusive Higgs production

h2

f2(x2, κ
2
2)

X2

h1

f1(x1, κ
2
1)

X1

H

σpp→H =

∫
dx1
x1

dx2
x2

d2k1T
π

d2k2T
π

δ
(
(k1 + k2)2 −M2

H

)
σg∗g∗→H(x1, x2, k1, k2)

× fg(x1, k21T , µ2
F )fg(x2, k

2
2T , µ

2
F )
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kT factorisation for pp→ H → γγ

A. V. Lipatov, M. A. Malyshev and N. P. Zotov, Phys. Lett. B 735, 79 (2014)

h2

f2(x2, κ
2
2)

X2

h1

f1(x1, κ
2
1)

X1

H

k1

k2

p1

p2

H

dσ(pp→ H → γγ)

dy1dy2d2p1T d2p2T
=

1

16π2(x1x2s)
2

1

2

∫
d2k1T
π

d2k2T
π

¯|M|2

× δ2(k1T + k2T − p1T − p2T )

× fg(x1,k
2
1T , µ

2)fg(x2,k
2
2T , µ

2)
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Off-shell g∗g∗ → H → γγ production amplitude

H

k1

k2

T µν,ab
ggH

Effective Trangle Vertex

Tµν, abggH (k1, k2) = iδab
αs
3π

(
GF
√

2
)1/2

[kµ2 k
ν
1 − (k1 · k2)gµν ]

Large top mass limit mH < 2mt → Higgs boson mass mH ∼ 125 GeV
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Off-shell g∗g∗ → H → γγ production amplitude

H

p1

p2

Effective vertex TµνHγγ(p1, p2)

TµνHγγ(p1, p2) = i
α

2π
A
(
GF
√

2
)1/2

[pµ2p
ν
1 − (p1 · p2)gµν ]
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Off-shell g∗g∗ → H → γγ production amplitude

Using k21 = −k2
1T 6= 0 and k21 = −k2

1T 6= 0

TµνHγγ(p1, p2) = i
α

2π
A
(
GF
√

2
)1/2

[pµ2p
ν
1 − (p1 · p2)gµν ]

Tµν, abggH (k1, k2) = iδab
αs
3π

(
GF
√

2
)1/2

[kµ2 k
ν
1 − (k1 · k2)gµν ]

∑
εµε∗ν =

kµTk
ν
T

k2
T
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Differential cross section for di-photon production from the g∗g∗ → H → γγ

dσ(pp→ H → γγ)

dy1dy2d2p1T d2p2T
=

1

16π2(x1x2s)
2

1

2

∫
d2k1T
π

d2k2T
π

¯|M|2

× δ2(k1T + k2T − p1T − p2T )

× fg(x1,k
2
1T , µ

2)fg(x2,k
2
2T , µ

2)

x1
√
s = |p1T |ey1 + |p2T |ey2

x2
√
s = |p1T |e−y1 + |p2T |e−y2

Study for pp→ H → 4 leptons will be an interesting analysis.
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pp→ H → ZZ → l1l̄1l2l̄2

p(P1)

p(P2)

g∗(k1)

g∗(k2)

h

Z

Z

ℓ1(p1)

ℓ2(p3)

ℓ̄2(p4)

ℓ̄1(p2)

σ =

∫
dy1dy2dy3dy4d

2p1T d
2p2T d

2p3T d
2p4T

d2k1T

π

d2k2T

π

1

(212)π8(x1x2s)2
|M̄|2 (1)

δ2(k1T + k2T − p1T − p2T − p3T − p4T )fg(x1,k
2
1T )fg(x2,k

2
2T )

with

x1 =
|p1T |√
s
ey1 +

|p2T |√
s
ey2 +

|p3T |√
s
ey3 +

|p4T |√
s
ey4

and

x2 =
|p1T |√
s
e−y1 +

|p2T |√
s
e−y2 +

|p3T |√
s
e−y3 +

|p4T |√
s
e−y4
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pp→ H → ZZ → l1l̄2l2l̄2

dσ

dy1dy2dy3dy4dp2
1T dp

2
2T dp

2
3T

=

∫
dk2

1T dk
2
2T
dφ1

2π

dφ2

2π

1

(212)π5(x1x2s)2

|M̄|2fg(x1,k
2
1T )fg(x2,k

2
2T )

k1T + k2T = p1T + p2T + p3T + p4T
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M(g ∗ g∗ → H → ZZ → 4l)

M(g∗g∗ → H → ZZ → 4l) =M(g∗g∗ → H)
1

ŝ−m2
H + iΓHmH

M(H → ZZ → l1 l̄1 l2 l̄2)

|M|2 =
2

9

α2
s

π2

m4
Z

v4

[
(k⊥1 + k⊥2)2 + ŝ

]2
cos2 φ

(ŝ−m2
H)2 + Γ2

Hm
2
H

[(p1 · p4)(p2 · p3){2g2Lg2R}+ (p1 · p3)(p2 · p4){g4L + g4R}]
[(2p1 · p2 −m2

Z)2 + Γ2
Zm

2
Z ][(2p3 · p4 −m2

Z)2 + Γ2
Zm

2
Z ]

gL =
gW

cos θW

(
− 1

2
+ sin2 θW

)
, gR =

gW
cos θW

sin2 θW , and v = (
√

2GF )−1/2
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ATLAS data for pp→ H → 4 leptons and kT factorization
approach
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CMS data for pp→ H → 4 leptons and kT factorization
approach
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CMS data for pp→ H → 4 leptons and kT factorization
approach
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Conclusions

We have estimated differential cross section for higgs production in four
lepton channel.

Recent data from ATLAS and CMS collaboration for differential cross section
in fiducial region are important in this study.

The results obtained using CCFM evolution equations are close to NLO
results obtained using collinear factorization.

Calculating higher order corrections withing kT factorization is a challenge
and it would be an interesting analysis for Phenomenological study.
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Thank You
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