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Motivation —~ MCnet

Higgs discovery mmmm=) SM Higgs?
Higgs couplings measurements:
Good agreement

Couplings to fermions and gauge bosons .« oy
Higgs self couplings
»  Higgs potential:
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Higgs Pair Production channels

As In single Higgs production:

Gluon-gluon fusion
Vector boson fusion

VHH associated production

ttHH
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Schematically
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Questions about HH  ~Mcnet

How big is the HH cross section?

How does the hierarchy of the channels change
for HH at 14TeV? Is gluon fusion the dominant
one?

How does the cross section change with the
centre of mass energy?

How does the cross section depend on the value
of the trilinear Higgs coupling?

Do we have NLO predictions for all the channels?
Do we have an efficient fully differential Monte
Carlo implementation of the process?

SUSY2014 Eleni Vryonidou 5
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MadGraph5 aMC@NLO results

10%

E

- HH production at pp colliders at NLO in QCD
[ M,=125 GeV, MSTW2008 NLO pdf (68%cl)
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Gluon gluon fusion
dominates
o~35fb at 14TeV
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See also Baglio et al.
arxiv:1212.5581 for a
survey of all channels

Frederix et al. arxiv:1401.7340

SUSY2014 Eleni Vryonidou 6



@ —MCnet

MadGraph5 aMC@NLO results

10%

E HH production at pp colliders at NLO in QCD

3 | My=125 GeV, MSTW2008 NLO pdf (68%cl)
10°

Gluon gluon fusion
dominates

o~35fb at 14TeV

10%

10" §

N Small difference from
single Higgs at 14 TeV:
Vector boson
associated production
and ttHH hierarchy
Vs[TeV] reversed

102 E

MadGraph5 aMC@NLO

See also Baglio et al.
arxiv:1212.5581 for a
survey of all channels
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@ —MCnet

MadGraph5 aMC@NLO results

E

- HH production at pp colliders at NLO in QCD
[ M,=125 GeV, MSTW2008 NLO pdf (68%cl)

E

Gluon gluon fusion
dominates
o~35fb at 14TeV

Small difference from
single Higgs at 14 TeV:
Vector boson
associated production
and ttHH hierarchy

MadGraph5 aMC@NLO

8 1314 25 33 50 75
Vs[TeV] reversed
g Automatic calculation of the scale and See also Baglio et al.
PDF uncertainties arxiv:1212.5581 for a

survey of all channels

Frederix et al. arxiv:1401.7340
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Focussmg on gluon-gluon fusion... 77MCnet

: r- H Biggest cross section
At LO... "-< 10 Only loop
g L___ g induced channel

Glover, Van der Bij Nucl.Phys. B309 (1988) 282
Plehn, Spira, Zerwas, Nucl.Phys. B479 (1996) 46

How much does each diagram contribute?
Box
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@ ;\\\k/I/C/t
HH in gluon-gluon fusion beyond LO™ ™"

» Exact NLO computation requires:
% Real emissions: HHj one loop (not easy but doable)

“* Virtual corrections: Include 2-loop amplitudes
COO00 +— % » —_— -
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@ HH in gluon-gluon fusion beyond LO

» Exact NLO computation requires:
% Real emissions: HHj one loop (not easy but doable) v

< Virtual corrections: Include 2-loop amplitudes X
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% NLO results in the HEFT:

% Dawson, Dittmaier, Spira hep-ph/9805244

“ Improved by exact LO contribution
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@ ;Skﬁt
HH in gluon-gluon fusion beyond LO™ ™"

» Exact NLO computation requires:
% Real emissions: HHj one loop (not easy but doable) v

< Virtual corrections: Include 2-loop amplitudes X
TOTOE— % — - — -

% NLO results in the HEFT:
% Dawson, Dittmaier, Spira hep-ph/9805244

“ Improved by exact LO contribution HEFT does not

7 e 9 oo o @--—o describe the kinematics
" M‘iﬁ of HH:

q & o q ‘ y Mass effects are

| ~ Important and need to

¢ m; o ! 1~ " e included
(b) ’ Q-
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HH in gluon-gluon fusion beyond LO™ "

arxiv:1401.7340

** Inclusion of the exact real emission matrix elements
* NLO HEFT event generation within MG5_aMC@NLO TS

* Reweigh on an event by event basis using the results
of the exact loop matrix elements - -
* Loop matrix elements obtained by MadLoop for both -

Born and real emission -
“* When done consistently improves previous results, because
of better description of hard emissions
“ Matching to parton showers with the MC@NLO method

SUSY2014 Eleni Vryonidou 9
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HH in gluon-gluon fusion beyond LO™ ™"

arxiv:1401.7340
** Inclusion of the exact real emission matrix elements
 NLO HEFT event generation within MG5_aMC@NLO 555

* Reweigh on an event by event basis using the results

of the exact loop matrix elements S
* Loop matrix elements obtained by MadLoop for both -

Born and real emission -

“* When done consistently improves previous results, because
of better description of hard emissions
% Matching to parton showers with the MC@NLO method

Other recent gluon fusion results:
Merged samples: Li, Yan, Zhao arXiv:1312.3830
Maierhofer, Papaefstathiou arXiv:1401.0007
Exact one-loop born and real emission matrix elements but LO accuracy
Resummation: Shao et al. arXiv:1301.1245
NNLO EFT corrected by full LO, De Florian and Mazzitelli, arxiv:1309.6594
Total cross section K-factor ~2.3 at 14TeV
Expansion in 1/mt at NLO, Grigo et al. arXiv:1305.7340
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Differential distributions for the LHC

dobin[pb)

102 LHH production at the LHC14, NLO+PS  po—HH (EFT loop-improved) PY8 —— |
E pp—HH (EFT loop-improved) HW6 —---- 3
- pp—HHjj (VBF) PY8 —— 3
pp—HHj (VBF) HWE ~---- ]
pp—ttHH PY8 —
3 po—ttHH HWE ———-
10° F pp—WHH PY8 —— 73
pp—WHH HW6 --~-- ]
pp—ZHH PY8 ]
pp—~ZHH HW6 i
107 F E
| 12
=
10° F g
3 =
M LM
| o
i e
&
10° F fat =",
: E:
= -1
[ 1=
AR IS S RS S R el el
5 pp—HH (EFT loop-improved)  LO+PY8 —*—  LO+HWE —&--
[ — e L
| E— o —— - — e g S
1 - R - B At meEgEgTETEsp Ty VUG 4O-0O 01099 8-
S B R S S B
}-g =pp—HHjj (VBF) NLO+PYB ——  NLO4HWE —--- -
1
08 -
06 |, o v o0y
1.4 :,Tp—'ﬂHH PDF unc sc.unc i)
1‘? s |e-h’—°‘i\a~--= g E
08 CE ';u-"v BBl - P 2 o o E i o W S Y - B
06 F " oy e e

—MCnet

300
pr(H,) [GeV]

Best available predictions: NLO plus PS

Eleni Vryonidou 10



& %\k@t
Dependence on the trilinear Higgs coupling

- HH prloductionl at 14 Te'V LHC alt (N)LO iln QCD Se n S ItIVIty Of d Iﬁ:e re nt
B, My=125 GeV, MSTW2008 (N)LO pdf (68%cl) | Ch anne I S on )\

2 - - -
10
- o E
-
- - B
-
- gL N
s -~ -

Reduction of the
theoretical
uncertainties at NLO

All channels apart from
gg obtained automatically
ra— . ' ' ' ' - within MG5 _aMC@NLO

MadGraphS aMCENLO

MadGraph5 aMC@NLO gluon fusion
Dedicated codes can be downloaded from:
https://cp3.irmp.ucl.ac.be/projects/madgraph/wiki/HiggsPairProduction

SUSY2014 Eleni Vryonidou 11


https://cp3.irmp.ucl.ac.be/projects/madgraph/wiki/HiggsPairProduction

& ;\\\k/I/C/t
Higgs pair production beyond the SM ™"

 SM rates are small 35fb at 14TeV

BSM physics
enhancements
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BSM physics

zenhancements

New particles
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¢ Higgs pair production beyond the SM~ <"

 SM rates are small 35fb at 14TeV

BSM physics
enhancements
f %Higher
New particles dimensional
Resonances operators

Non SM Yukawa couplings (1205.5444, 1206.6663)
ttHH interactions (1205.5444)

Resonances from extra dimensions (1303.6636)
Vector-like quarks (1009.4670, 1206.6663)

Light coloured scalars (1207.4496)

Dimension-6 gluon Higgs operators (0609.049)
many more BSM scenarios....

R/ R/ R/ R/ R/ R/ R/
0‘0 0‘0 0‘0 0‘0 0‘0 0‘0 0‘0
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& “icn
Higgs pair production beyond the SM~ "

 SM rates are small 35fb at 14TeV

BSM physics
enhancements
f %Higher
New particles dimensional
Resonances operators

< Non SM Yukawa couplings (1205.5444, 1206.6663)
% ttHH interactions (1205.5444)

< Resonances from extra dimensions (1303.6636)

% Vector-like quarks (1009.4670, 1206.6663)
 Light coloured scalars (1207.4496)

/7

< Dimension-6 gluon Higgs operators (0609.049)

7/

“* many more BSM scenarios....

RICH PHENOMENOLOGY
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Higgs pair production in the 2ZHDM ~

2HDM: Additional Higgs doublet

h'light CP even
H heavy CP even Type-I and Type-lIl setups

ACHI00d ’czaingiisgu:T:\ My, My, My, M2
H* H- Charged U e R A T e T

SUSY2014 Eleni Vryonidou 13



@ ﬁkﬁzt
Higgs pair production in the 2ZHDM ~

2HDM: Additional Higgs doublet

h'light CP even
H heavy CP even Type-I and Type-Il setups

AICHI00d tzal_rI\ngii:gu; My, My, My, M2
H* H- Charged U e R A T e T

Pair production

. . hh hH HH hA HA AA H*H-
in gluon fusion
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&

/
Higgs pair production in the 2HDM ~MCnet

2HDM: Additional Higgs doublet

H heavy CP even Type-l and Type-Il setups
A CP odd 2HDM input:

tan3, sina, m,, my, m,, m,, Mm,,2
H* H- Charged P e R AT e T2

Pair production
in gluon fusion

Topologies:

hh hH HH hA HA AA H*H:

, L
b,/ —
/
- A w
ho/HO ~h
\\ - - -

Y

-
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’ ’ ’h,,/
h,” h,’
Ve /
----{ o0 { A0 1 \
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0 A 0
A0 N VAN
\ \ - -
\ N\

SUSY2014

A

A0~
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Higgs pair production in the 2ZHDM ~Mnet
2HDM: Additional Higgs doublet

H heavy CP even Type-l and Type-Il setups
A CP odd 2HDM input:

tanB, sina, my, my, m,, my,, m,,2
H* H- Charged P e R AT e T2

Pair production b= HTHH A HA AA HYH-
in gluon fusion

Topologies:

, ho_ , , h
h// > -7 h// h// -
, ’ ’
! A y - po0 {0 4 )
\
hO/HO \\h A0 . ZO \
\ - - - \ \ -
\ S~a \ \
h

SUSY2014 qq for hA, HA, H*H-

Y

-
-

A
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Higgs pair production in gluon fusion in the 2HDM

Calculation of all seven combinations at LO and

approximate N
Calculation wit
using the CTN

_O (similar to SM)
nin the MG5_aMC@NLO framework

_O package (Degrande arxiv:1406.3030)

Results matched to parton shower

Codes available:

https://cp3.irmp.ucl.ac.be/projects/madgraph/wiki/
HiggsPairProduction

Results presented for a series of 2ZHDM benchmarks, in

agreement with all up-to-date constraints (including the recent
direct heavy Higgs searches: CMS-PAS-HIG-13-025, ATLAS: arXiv:1406.5053)

Cross sections strongly depend on the parameter input,
heavy pair production heavily suppressed
B. Hespel, D. Lopez-Val, E.V. arxiv:1407.0281

SUSY2014
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Light Higgs pair production ~MCnet
Resonant 2HDM scenario

0.1

S S 2HDM input: Type-i

0.01 |

tan B /T | My Mo My m#,

0.001 || |

do /bin|[pb]

aph5_aMCQNLO

0.0001 ¢

] ‘ . : . O

[ (NMLO+PYS Sz
].00 E ( ) } } } | | | |

10 F

BSM/SM

01 I 1 1 1 1 1 1 X
200 400 600 800 1000 1200 1400

mMpopo [GGV]

|| B2 1.9 -02162 | 700 701 670 180000

+ Slightly reduced top Yukawa
+ Reduced hhh coupling
+ Enhanced Hhh coupling

o,,~ 4 times the SM prediction

arxiv:1407.0281

SUSY2014
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Light Higgs pair production ~7MCnet
Resonant 2HDM scenario
0'1; ppl—>h0h0,\l/§:14TeIV,B2 Ngél_: 2HDM input: Type_ii
B 0.01;_ h%m tan B Q/TL | Mye Mpo My m%,
:g =l ‘ [|B2| 1.5 -02162| 700 701 670 180000
§ 00001: ****** + Slightly reduced top Yukawa
Sl ~]% + Reduced hhh coupling
105 1 “..{¢ + Enhanced Hhh coupling
100 KN)LOTPYS ' : — -
> ol P \\y Significant resonant enhancement
= | i from H-=>hh
. + Distinctive resonance peak

800 1000
mMpopo [GGV]

200 400 600

1200

1400

o,,~ 4 times the SM prediction

arxiv:1407.0281

SUSY2014

+ Bigger enhancements can be
achieved with smaller H masses
(60 times the SM for a 300GeV H)

+ See also Baglio et al. arxiv:

1403.1264
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Light Higgs pair production —MCnet
Non-resonant 2HDM scenario
2HDM input: Type-i

tanB  a/m | mye mpe My m%,

B4 | 1.20 -01760 | 20 500 500 -60000 |

do /bin[pb]

+ Slightly enhanced top Yukawa
+ Enhaced hhh coupling
+ Enhanced Hhh coupling

MadGraph5_aMC@NLO

(NJ)LO+PYS

L 1 1 1
200 400 600 800 1000 1200 1400
mMpopo [GGV]

|ohh~ 30% reduction of the SM prediction
arxiv:1407.0281

SUSY2014 Eleni Vryonidou 16




Light Higgs pair production —MCnet
Non-resonant 2HDM scenario

o o HORO, 14 Tev, B4 VO 2HDM IanIt Type-l

LO

tan B a/T | Mye Mpe My m%,

B4 | 1.20 -0760 | 20 500 500 -6000O |

do /bin[pb]

+ Slightly enhanced top Yukawa
+ Enhaced hhh coupling
+ Enhanced Hhh coupling

h5_aMC@NLO

MadGrap

{(N)LO+PYS

14 p— i i t ¥ t

—>+ Heavy Higgs mass below the hh
threshold: No resonant
I enhancement

000 40 e s 02010 e Interference between different

mpopo [GeV]
contributions leads to a different
|ohh~ 30% reduction of the SM prediction | shape compared to the SM

- * Important to study the
arxiv:1407.0281 distributions
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@ —MCnet
Conclusions

“*Higgs pair production key to the measurement of triple
Higgs coupling, key to explore the Higgs potential

*Presented results of a MC implementation of the process at
NLO, provided in an automated way by MG5 aMC@NLO
for the SM

“*Results can now be used for phenomenological studies
including decays, acceptance cuts and detector effects

“*HH production is a window to New Physics

*2HDM an attractive framework to study the process:
Computation for all pair of Higgs bosons in gluon fusion

“Light Higgs pair production can receive significant total rate
enhancements but also changes in the distribution shapes

SUSY2014 Eleni Vryonidou 17



Thanks for your attention...



