Differential cross section for the Higgs boson
production in 4 lepton channel at LHC and &k
factorization approach

Vaibhav S. Rawoot,
IMSc, Chennai, India

Xﬂstitut@

2
é@

In collaboration with

Rashidul Islam (Calcutta University, Kolkata), Mukesh Kumar (University of Witwatersrand,
Johannesburg) and V. Ravindran (IMSc, Chennai)

Vaibhav S. Rawoot, IMSc, Chennai, India (IMSc) 1/31



.
The Higgs Discovery at ATLAS and CMS
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Plots from CMS and ATLAS collaboration.
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Higgs Production

[rg) e {M

H

- - = = =

i

(e}

Vaibhav S. Rawoot, IMSc, Chennai, India (IMSc) 3/31



Higgs Decay Modes
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Fig taken from "Frank Wilczek, Nature 496, 439441"
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Differential cross section measurement @QATLAS
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G. Aad etal. [ATLAS Collaboration], JHEP 1409, 112 (2014)

o Fiducial region
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Differential cross section measurement @QATLAS
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G. Aad etal. [ATLAS Collaboration], JHEP 1409, 112 (2014)

o Fiducial region
° |n| < 2.37
@ pr/my, >0.35(0.25)
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Differential cross section measurement @CMS
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V. Khachatryan et al. [CMS Collaboration], arXiv:1508.07819 [hep-ex].
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Differential cross section measurement @QATLAS
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G. Aad et al. [ATLAS Collaboration], Phys. Lett. B 738, 234 (2014)
o Fiducial Region:
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Differential cross section measurement @QATLAS
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G. Aad et al. [ATLAS Collaboration], Phys. Lett. B 738, 234 (2014)
o Fiducial Region:
In| <25
e pr > 20, 15, 10 GeV.
@ 50< mio <106 GeV, 12< mg4 <115 GeV.
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Differential cross section measurement @CMS

19.7 b (8 TeV)

19.7 o' (8 TeV)
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V. Khachatryan et al. [CMS Collaboration],
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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]].
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@ 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)
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@ HNNLO: Parton level Monte Carlo program that computes the cross sections
for Higgs production in pp and pp collisions up to NNLO in QCD
perturbation theory.
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for Higgs production in pp and pp collisions up to NNLO in QCD
perturbation theory.

@ HRes: Fixed order cross sections for SM Higgs boson production up to NNLO
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@ HRes: Fixed order cross sections for SM Higgs boson production up to NNLO
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@ http : //theory.fiinfn.it/grazzini/codes.html
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QCD factorization theorem

@ Collinear factorization

o(hiha = F) = fo/n, (21,Q%) @ foyny (22, Q%) ® 6(aps 1) (Q%) + O(A/Q)

@ Process dependent partonic cross section
5(Q%) = 6 +a,(Q*)6W +a2(Q*)5?P + ...
LO NLO NNLO
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@ Process dependent partonic cross section
5(Q%) = 6 +a,(Q*)6W +a2(Q*)5?P + ...
LO NLO NNLO

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

o(hiha = F) = fo/n, (21,Q%) @ foyny (22, Q%) ® 6(aps 1) (Q%) + O(A/Q)

@ Process dependent partonic cross section
5(Q%) = 6 +a,(Q*)6W +a2(Q*)5?P + ...
LO NLO NNLO

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

o kp factorization
o(hihs = F) = fo/p(z1,kir, Q*)® fy/p(22, ko, Q%) R6 (ap— 1y (Q)+O(A/Q)
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|
kr or TMD factorization

U(hth — F) = fn/p(xla le: (22) ® fb/p(fl"Qv k’2T? (22) ® 6'(ab—>F)(Q2) + O(A/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.
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kr or TMD factorization

U(hth — F) = fn/p(xla le: (22) ® fb/p(fl"Qv k’2T? (22) ® 6'(ab—>F)(Q2) + O(A/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.

@ kr factorization holds in the high-energy limit (small x)
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@ The contribution from large logarithmic terms proportional to In1/x becomes
important.
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@ The contribution from large logarithmic terms proportional to In1/x becomes
important.

@ Small = 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. Balitsky and L. N. Lipatov, Sov. J. Nucl. Phys. 28, 822 (1978)
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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. Balitsky and L. N. Lipatov, Sov. J. Nucl. Phys. 28, 822 (1978)

@ Off-shell matrix element and convolution over k7 with unintegrated PDFs.

@ Expected to give theoretically correct discription at very small z.
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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)

Vaibhav S. Rawoot, IMSc, Chennai, India (IMSc) 13 /31



.
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)

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

@ Similar to DGLAP evolution for large = and high u?
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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].
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@ Transverse momenta of initial partons becomes important in comparison with
quark masses in small z domain.

@ Major part of the NLO (and part of NNLO) corrections to the LO parton
model included in kp factorization.
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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 z domain.

@ Major part of the NLO (and part of NNLO) corrections to the LO parton
model included in kp 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 kr factorization
approach.
A. V. Lipatov and N. P. Zotov, Eur. Phys. J. C 44, 559 (2005)
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Higgs boson production

@ Numerical predictions for the Higgs boson production in kr 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 kp-factorization.
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Higgs boson production

@ pr 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]].
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@ pr 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. BT35,79(2014) [arXiv:1402.6481 [hep-ph]].

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

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

@ pr 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. BT35,79(2014) [arXiv:1402.6481 [hep-ph]].

@ The results obtained using CCFM evolution equations within kr 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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kr factorisation for the inclusive Higgs production

ha X1

fi(zr, K3)

fa(wa, K3)

ho Xy

doy dey Phiy dhar

1 T2 s s

Opp—H =

§ ((kl + k2)2 - MI2—I) Ug*g*ﬁH(xlamQa kla k2)

X fg(xlv k%TvU%‘)fg(m% k%Tvu%)
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kr factorisation for pp — H — 7

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

do(pp — H — v7) 1 1 [ &Pk BPkor, -
2 2 = 25 |M]?
dy1dyad*p17dpar 1672 (21 205)° 2 T T
x 6% (kir + kor — Py — Par)

fg(mla k%Ta uz)fq(x27 kgT7M2>

X
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.
Off-shell g*g* — H — ~~ production amplitude

o Effective Trangle Vertex

v,a - cab Xs 1/2 v v
Thi by k) = 6722 (Grv2) KR — (ki - ko)g™ ]

@ Large top mass limit my < 2m; — Higgs boson mass my ~ 125 GeV
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.
Off-shell g*g* — H — ~~ production amplitude

o Effective vertex Ty;”  (p1,p2)

v . « 1/2 LV v
T (prp2) = ig A (GF\/i) [p5p — (P1 - p2)g™”]
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.
Off-shell g*g* — H — ~~ production amplitude

Using k? = —k3; # 0 and k¥ = —ki; #0

v . o 1/2 v v
Thn (prip2) = i5—A (GF\@) [Phpy — (p1 - p2)g""]

ggH

THY, ab(khk'g) — Zéabag (G f) [kgkﬁ - (kl : k2)gl“/]

v
§ W %V kaT
€€ =
k2
T
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o Differential cross section for di-photon production from the g*¢* — H — ~v

do(pp — H — v7) 1 1 [ &Pkip &Pkor, -~ )
2 2 = 25 M|
dy1 dy2d*prrd®par 1672 (z1w28)" 2 ™ ™
x  0%(kir + kar — P11 — Por)
X fg(xlvk?TMUP)fg(IQakgTHU?)

z1V/s = |p1r|e’* + |par|e”?
z2v/s = [pirle”Vt + |por|e?
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o Differential cross section for di-photon production from the g*¢* — H — ~v

do(pp — H — v7) 1 1 [ &Pkip &Pkor, -~ )
2 2 = 25 M|
dy1 dy2d*prrd®par 1672 (z1w28)" 2 ™ ™
x  0%(kir + kar — P11 — Por)
X fg(xlvk?TMUP)fg(IQakgTHU?)

z1V/s = |p1r|e’* + |par|e”?
z2v/s = [pirle”Vt + |por|e?

@ Study for pp — H — 4leptons will be an interesting analysis.
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]
pp— H — Z7 — s

t(py)

p(Py)

p(P)

Co(py)

d*ky7 d*kor 1
i 7 (212)78(x1229)

7 = [ dndyadisdyidp By iy SIMP?
52("’1T + kar — Py — Por — Psr — p4T)fg(x17 k%T)fg(fb kgT)

with
x = |p1T|€y1 + |p2T|€y2 + |p3T|ey3 + |p4T|ey4

and

_ Py 7| —y1 |Por| —ya P37 —ys3 D47 ] —yy
B R Y RV
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]
pp— H — Z7 — lsisls

dO' /de de d¢1 d¢2 1
dy1dy2dysdysdp?dp3dp3r 1T 2 21 (212)75(z1228)?

|M‘ fg(ml7k?T)fg(I27k:§T)

kir + kar = pi1 + Por + Psr + Par
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-
M(gxgx - H— ZZ — 4l)

1

— m%] +ilgmpy

M(gxgx — H — ZZ — 4l) = M(gxg*x — H)~ MH = ZZ =1l
S

972 vt (8 —m%)2 +T4m%

[(p1 - pa)(p2 - p3){2979%} + (p1 - p3)(p2 - pa){gi + gR}]
[(2p1 - p2 —m%)? 4+ TTm3][(2ps - pa — m%)? + Tm7]

MP = 202 my [(kii +kio)’ +§]2COSQ¢>

gL = o (71+Sin20w>v 9gr = a sin® O, and U:(\EGFYU2
cos Ow 2 cos Ow
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ATLAS data for pp — H — 4 leptons and kp factorization
approach
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ATLAS data for pp — H — 4 leptons and kp factorization
approach
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.
CMS data for pp — H — 4leptons and kg factorization

approach
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CMS data for pp — H — 4leptons and kg factorization
approach
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R
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 k7 factorization is a challenge
and it would be an interesting analysis for Phenomenological study.
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Thank You
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