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Invariant Amplitude, and Cross-section
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@ To find the value of integration and distribution, a
parallel version program, AMCI (Advanced Monte
Carlo Integration), which is based on VEGAS
algorithm, has been used.
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Feynman Diagrams for Our Processes
Qg — HHH
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Figure : Different classes of diagrams conftributing to GGHHH
process. By commuting external legs, keeping one fixed, all the
diagrams can be obtained. Some of the diagrams are related
to the others by Furry’s theorem, thereby reduces numericall
computation.
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Feynman Diagrams for Our Processes

Qg — HHZ
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Figure : Different classes of diagrams contributing to GGHHZ

process.
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Feynman Diagrams for Our Processes
Invariant Amplitude

@ let’s take the example of PENTAT diagram of
g9 — HHH process

PENTA1

M= / Q@ TH[(@+ m)g (R + Pl + M)y (R + P12+ m)(R + 123 + m)(R + pf234 + m)]
) (@2n)4 ay oy dy d3 Ay
where dy = @ —m? dy = (Q+p1)2 — m?, and so on.

7/24



One loop reduction

Any one-loop amplitude can be reduced to only four
type of master scalar integrals, i.e,

MOOP = 5™ (aAg) + 37 (b1 BY) + X (i G6F) + X2 (s OFFT) + R
iJ k

aQ 1 anQ 1

i bR
4 = | era & @rag
Ci’j’k _ / an -l Di’j’k’l :/ an ]
0 (2m)ndidjde’ 0 (2m)" d; d; Ak O
R is the rational termn coming during the tensor reduction

due to the UV- regularization.
The technigques used to reduce the tensor integrals are:

@ Passarino-Veltman @ Oldenborgh-
technique Vermaseren
@ Others technique

There are also technigues to reduce n-point scalar
integral (where n> 5) into master scalar intfegrals
(AOaBOaCO>DO)- 8/24



Anomalous intferactions (BSM)

We are considering some anomalous interactions on top
of the Standard Model interactions.
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gg — HHH
SM

@ The amplitude is found to be gauge invariant, UV
finite, and IR finite .

@ Scale: up=pur=5.
[V [ 8 [ 1B [ 3 ] T ]

HHH, LO +34.6Y +30.6% +23.8% +17.4%
e [ab] 7.0_24_0,,2 3240_22_202 33048_18_402 312141_14_];“

Table : pp — HHH hadronic cross section.
[ VIV [ 8 [ B 3 [ 10 |

oHHH 1ab] | 221 || 94.4 || 916.4 || 8067.8

penta

oHHH [ap] | 129 || 63.6 || 502.5 || 4287.4

AHH = 1ab] | 0.8 || 3.5 || 32.1 || 270.8

atriangle

oHHH ) | 7.0 || 320 || 330.3 || 3121.3

Table : Interference effect in gg — HHH.
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gg - HHH gg - HHH
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Figure : Interference in gg — HHH at 13 TeV and 100 TeV
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gg — HHH
SM
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Figure : Kinematic distributions for GGHHH in the SM at 13 TeV.
These plots are obtained after pr ordering the Higgs bosons.
Hy, Hy, and Hs refer to the hardest, second hardest, and third
hardest Higgs bosons in pr respectively.
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gg — HHH
SM vs BSM
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Figure : as function of various Higgs anomalous couplings

OsM
affecting GGHHH at 13 TeV.
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gg — HHH
SM vs BSM
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Figure : Normalized leading pr(H) distribution in gg — HHH at 13
TeV for some benchmark values of anomalous trilinear Higgs
self-coupling. In the lower panels R is defined as the ratio of the
distributions (do/dpr) in BSM and in SM.
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gg — HHZ
SM

@ The amplitude is found to be gauge invariant, UV
finite, and IR finite .

@ Scale: up=pur=5.

@ Kinematic Cuts: pf* > 1GeV, y"? < 5.

| V5 (TeV) [ & [ 1 [ 3 [ 10 ]
oGHALO ap) | 1007349 | 42.340:%% | 406725 %% | 3562.4116,5%
c0q O bl | 7.2t | 236,74y | 9se.81%% | 4393.017; e
o002 MO ab] | 122087 | 294,555 1 1197.00 7% | 49710155

0.10 0.18 0.41 0.81
0.08 0.14 0.34 0.72
0.40 0.73 1.95 6.16

Table : A comparison of different order conftribution to
pp — HHZ hadronic cross section.
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do/dpy [ab/GeV]
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gg — HHZ
SM
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Figure : Kinematic distributions for gg — HHZ in the SM at 13 TeV.
These plots are obtained after pr ordering the Higgs bosons. H,
and H, refer to the hardest and second hardest Higgs bosons in

pr respectively.
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Figure : Combined gg — HHZ(LO) + qq — HHZ(NLO)

contribution to pr(H;) and pr(Z) distributions in the SM at 13 TeV
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gg — HHZ

SM
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Figure 1 78 s a function of anomalous couplings of the Higgs
osM
boson in gg — HHZ at 13 TeV.

19/24



gg — HHZ

SM vs BSM
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Figure : Normalized leading pr(H) distribution in gg — HHZ at 13

TeV for some benchmark values of anomalous couplings.
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gg — HHZ

SM vs BSM
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Figure : Normalized leading pr(H) distribution in gg — HHZ at 13
TeV for some benchmark values of HZZ and HHZZ anomalous

couplings. -



Summary and conclusions

@ gg — HHH via 1-loop is the leading order process.
There is no tree level diagram. It will be really difficult
to detect HHH final states. Detection of it is crucial for
Higgs potential determination.

@ gg — HHH is sensitive to anomalous trilinear Higss
boson self-coupling.

@ To the process PP — HHZ, contribution of gg — HHZ is
NNLO in as. gg — HHZ is similar to the NLO
contribution in qg — HHZ at currently running LHC,
and can be six times larger at 100 TeV LHC because
of larger gluon flux.

® gg — HHZ has some modest dependence on
anomalous HZZ coupling.

@ Observation of HHH and HHZ will require very high
luminosity if there is no anomalous couplings. With
increasing luminosity, complications due to more
pile-up events will also arise.
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Summary and conclusions

@ To find traces and to simplify expressions further,
FORM, a symbolic manipulation software, has been
used.

@ We have used Oldenborgh-Vermaseren tensor
Reduction technique in our calculation.

@ To find master scalar integrals, OnelLOop package
has been used.

@ To handle numerical instability, contributions from
exceptional phase-space points are excluded.
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One loop reduction tfechniques
A simple example of Passarino-Veltman tensor reduction
_ raea Qu
® B, = | Gy @ mmaror—)
@ Obviously, this can be written as B, = p,,B;
@ Now let’s find B,
° 1 /d”@ Q-p
By, = —
p2 ) (2m)" (&2 — m?)((Q+ p)? — m?)
_ L/ a"e 2{(@+p)2 & - p?}
P2 @2m)n (& - m?)(Q+ p)? — m?)

1 [ade 1 1
- 2p? / (2m)" [(@2 —m?)  (Q+p)* —m?)
Joz
(@ -m)(Q+pR—-m?)

d”@ 1 1
- 2/ ey e = 2%
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One loop reduction tfechniques
Some definitions

@ Let’s first define generalized Kronecker delta:

5#1 5#1
5/.14]/,142 — 4! ZQ = JH 5/»‘2 — H1HH2 :
141%) 65‘]2 51/22 vy Vg vp
P1P2 1 2 V1 ~Y2
5CI1 QR 51’11/2 Piuy P2y, Gy 9o

= (P1-a)(p2- Q) —(P1-A)(P2-d) -

@ For any two linearly independent vectors g; and q,,
we can define two dual vectors u;, and u, such that
uj - qj = 5,]' .

@ Now if we write uy = a1 + 0, Q», then using this in the
above we will get a matrix equation for a and b:

aqr- CI]’CIQ} 01] [1]
QAP PP | X 0]

@ The above 2 x 2 matrix is known as Gram matrix of g,
and g, ., and its determinant is known as Gram
determinant.
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One loop reduction tfechniques
Some definitions

@ Solving the matrix equation for a; and a,, we will get
5” Ao o éCh I3
uf = 53}2’,3 . Similarly, ub = 62’,}2@ . Uy and u, are known
RN N2 i
as van Neerven-Vermaseren basis vectors.

@ Using above expressions of u; and uy, it can be shown
-1

that (Y1 U Uil G- Gr Q- @2
Uy -tz Up-Up - -
@ For m linearly independent vec’rors 1,32, 93, ---, Om.
K GpQ3...q

we will similarly get Ut = 63}25% and so on.
d19293---dm
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One loop reduction tfechniques
Some definitions

@ The projective tensor is defined as
5C71 Q2---Qmp

m
wy = ;87332,2 q;: = (5” ZUIVCI, ) (55 - Z U/qu'y>
=1

Q1Q2---Qm

@ w! holds these properties:
wy Qi = whqf = Wiy, =whuf =0, wjw, = wh, and wj; = N—M

@ using the def” of wly, we have &) = (31, ut'q;, + wh)

@ so|l@ = (Y, u'Q g +wh) | van Neerven
Vermaseren decomposition .
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One loop reduction tfechniques
Oldenborgh-Vermaseren Reduction Technique

a"Q QH
° C¥ _f(QW)” —m?)((Q+a1)2—m?)((Q+c)?—m?)

@ Using | @' = (17, U'Q- g+ wl) | we have

o / anQ (Zhiyre-a+wp)
@2m)" (& - m)((Q + q1)? — M) ((Q + qp)? — m?)

- / e (=L@ a))
- 2m)" (& = m)((Q + q1)? — M) ((Q + G)? — m?)

@ Inthe above, Wi, term gives zero as the integration
can depend only on g} and @ .

o (uf‘) is one of the source of numerical instability .

6/6



	Appendix

