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Introduction

» Need to measure the Higgs self coupling
>Only way to reconstruct scalar potential of the Higgs field.
>Trilinear coupling in SM is uniquely related to the mass of the Higgs.

3M2,

ANHHH =

>Four main classes to measure double Higgs production at colliders
> Gluon fusion gg->HH
> VBF
> Double Higgs-strahlung qq’ ->V* -> VHH
> pp -> ttHH production with a top quark pair
>Double production is at least 2 orders of magnitude smaller than single
production and not all double Higgs production involves the trilinear
coupling.

>Will look at NLO and NNLO corrections for these processes except: for
VBF NNLO is negligible, and pp->ttHH is already complicated at LO.
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Higgs Pairs at Higher Orders
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» Gluon Fusion

> Dominant process for pair production ¢ oo JH g . .._H
> ~ order of mag. Larger than VBF H .[’/ Q
> LO cross section below pp— g g . H

> NLO calculated using Effective Field Theory
by applying low energy theorem

> Numerical evaluation done with HPAIR
> K-factor = 0,5/ Ono( 0o / Oy ) ™ 2.0 (1.5)
for vs =8 (100) TeV
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Form factors approach constant values
Fp——- Fp——, Gp—0 . e -
a7y - 3’ - ¢ in the infinite top quark mass limit.
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Higgs Pairs at Higher Orders

P Vector Boson Fusion

>Structure function approach to calculate QCD corrections similar to
single Higgs production

>NLO corrections in analogy to single
Higgs VBF

> Notice only one vertex contributes to
the trilinear coupling. Others are
irreducible background.

Possible vertex contributions
to the blobs above
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Higgs Pairs at Higher Orders

P Higgs-strahlung

>Process can be viewed as the Drell-Yan production pp->V* followed by
the splitting process V*->VHH.

o e e S
NNLOEW%E&%
e e

"N O(pp 5 VHH) = 0"° + Aoy + Aoy + Adyg + Aoy + Aoy
+A0-qq + Ao-gg + 6VZA0-gg%ZHH7
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Higgs Pairs at Higher Orders

P Higgs-strahlung
>The last contribution to the cross section from gg->ZHH adds between
+20% - +30%. ( In single Higgs production this only adds ~+5%)

> This is because of the additional pentagon topology which involves two
top Yukawa couplings and eliminates some of the interference between

the triangle and box topologies.
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Cross Sections and Sensitivity at the LHC
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> Total cross sections

o(pp — HH + X) [fb]

1000 - MH =125 GeV

100

10

qq/ gg — ttHH

gg — HH

_.qq' — HHqq,

/ / =/ a t, i q WHH_
’ugg—>HH = Mypy, pl —Hqq' _ Qv+, pll —VHH _ My, ugll/ggﬁttHH — M, + My, — ((ll%:ZHH
1+
My = 80.398 GeV, My = 91.1876 GeV, M, = 173.1 GeV, 01l . . . .
8 25 50 75 100
alO(M3) = 0.13939, alO(MZ) =0.12018, aXNVO(MZ) = 0.11707 Vs [TeV]
Vs [TeV] U%IQHH [£b] nglfgﬂﬂqq' [{b] Uqul’\g(I)/VHH [fb] U(qul\g_gHH [£b] O-g(j(;gg—)tfHH [fb]
8 8.16 0.49 0.21 0.14 0.22
14 33.89 2.01 0.57 0.42 1.09
33 207.29 12.05 1.99 1.68 8.37
100 1417.83 79.55 8.00 8.27 82.69
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Cross Sections and Sensitivity at the LHC

» Theory Uncertainties in gluon fusion
>Higher order corrections
>Vary ug , up to estimate error

1 r r :
oMo < pr=pr < 2 . : o(gg — HH) [fb] _
NLO QCD, My = 125 GeV ..

1000 |

A" of order ~ +20% / -17% at 8 Tev
+12%/ -10% at 100 Tev

100 }

o)

VA

o

ofr
10 a

k

k

Not surprising because NNLO QCD : ' , ,
corrections for the top loop are not 8 33 75 100
known for the gg->HH process

8 25 50 75 100
Vs [TeV]
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Cross Sections and Sensitivity at the LHC

» PDF and o error

>Theoretical uncertainties depending on which PDF is used due to
assumptions in parameterization.

>There is an additional ~6% (8TeV) - ~2% (100TeV) error due to the fits
used on the experimental data

>MSTW also puts errors on o

o(gg — HH) [fb]

NLO QCD, My = 125 GeV —
1000 ¢ Q o «««““-—”_

0g(Myz) = 0.12018 05012t 68% CL) or ) pons (at 90% CL) 0|

ya GIJRO8 e
lf 10 HERA 1 5 ...........
10 ¢ e 3 ’ 4
] 0.9 ful | NNPDF 2.3
0.8 ' :
) 8§ 33 75 100
8 25 50 75 100
V5 [TeV]
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Cross Sections and Sensitivity at the LHC
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P Total Uncertainties | oS, et ey _

>Totals are obtained using a procedure
detailed in ref [57]. Adding in quadrature 1!
is too optimistic and adding linearly is

too conservative so a combination is 10}/
used.
18 2IB E;O 7I5 100
Vs [TeV]
Vs [TeV] | Oy [fb] Scale [%)] PDF [%] PDF+as [%] EFT [%]  Total [%)]

8 8.16 +204 —16.6 +58 —6.0 +85 —83  £10.0 +41.5 —33.3

14 33.80  +18.2 —147 439 -40 +70 —62  £100 +37.2 —29.8

33 20720  +15.2 —124 +25 -27 +62 -54  £10.0 +33.0 —26.7

100 1417.83 4122 —9.9 +2.0 -27 +6.2 —57  £100 +20.7 —247
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Cross Sections and Sensitivity at the LHC
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» VBF total uncertainties

> All calculated in a similar manner to gluon fusion

© o(qq +HHaq) [f] 4 | s(qq — HHaqq) [fb]

70 | NLO QCD, My = 125 GeV yau 70 L NLO QCD, My = 125 GeV
104 F ] L1

0T T2k ] I T :

L 1 o 1
0.98 ] I — |

07 096 F i I 0699 | .

30 | 8 33 75 100 {1 3} T8 33 15 1q9,::;;:ii""

20 | I a0l

10 At e 1 10 |

0 : ' : 0 : : :

8 25 50 75 100 8 25 50 75 100
Vs [TeV] Vs [TeV]

Vs [TeV] U(l;gng [fb]  Scale [%)] PDF [%] PDF+as [%]  Total [%]
8 0.49 +2.3 —-20 +52 —44 +6.7 —44 +9.0 —-64
14 2.01 +1.7 —-1.1 +46 —41 +59 —41 +76 -5.1
33 12.05 +0.9 -0.5 +4+4.0 -3.7 +52 -—-3.7 +6.1 —4.2

100 79.55 +1.0 -0.9 +35 -32 452 -32 +6.2 —4.1
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P Even more tables of errors. This time Higgs pair production

Cross Sections and Sensitivity at the LHC

with an associated vector boson.

7/16/13

qg->WHH
Vs [TeV] | olNEO [fb]  Scale [%] PDF [%] PDF+as [%]  Total [%)]
8 0.21 +04 -05 +43 —-34 +43 -34 447 —-4.0
14 0.57 +0.1 -03 +36 -29 +36 —-3.0 +3.7 —-3.3
33 1.99 +0.1 -0.1 +29 -25 +34 -30 +35 3.1
100 8.00 +0.3 —-03 +2.7 =27 +38 34 +42 3.7
qqg->ZHH
Vs [TeV] | o3NEO [fb]  Scale [%) PDF (%] PDF+a, [%] Total [%)]
8 0.14 +3.0 -22 438 -30 +38 -3.0 +6.8 —5.3
14 0.42 +40 -29 +28 -23 +30 -26 +70 =55
33 1.68 +5.1 —41 419 -—-15 +2.7 -26 479 —6.7
100 8.27 +52 —-47 +19 -21 +32 -32 484 8.0
Rob Roy Fletcher University of Pennsylvania
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Cross Sections and Sensitivity at the LHC

P Sensitivity to the trilinear Higgs coupling

>Rescale the A, coupling in terms of the SM coupling

Y
> My = KMy

>Most sensitive channel is VBF through most of the K range

T T — ; 40 . . . . |
1 3 -
000 o(pp — HH + X) [fb] o(pp — HH + X) /o™
Vs =8 TeV, My = 125 GeV B 5—8TeV, My = 125 GeV
100 | 88— HH
30 F
\\ gg—-HH -t
10 qq’ — HHqq' 25 0N aq’ — HHqq
20 \ qq’ -~ WHH
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! 15
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qq — ZHH .- 10 |
0.1 F _
.......... 5 | -
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Cross Sections and Sensitivity at the LHC
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Prospects at the LHC

P Since it is the dominant process, focus on gluon fusion.
>Examine channels gg —HH —bbyy, gg —HH —bbr't", gg —HH —bbW ‘W'

>Assume branching ratios of 57.7% for H to b quarks, 0.228% for H to
photon pair, 6.12% for H to tau pair, 21.5% for H to W*"W"
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Prospects at the LHC
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P Kinematical distributions of gg->HH
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Prospects at the LHC
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Prospects at the LHC

RS
» bbyy channel

>Include NLO QCD corrections on signal by multiplicative factor K=1.88

>Veto on events with soft leptons (< 20 GeV) and |n| < 2.4 to reduce the
ttH background. Also require exactly one b and photon pair with the
b’s having P; > 30 GeV and isolation > 0.4 ( in n—¢ ). Same for photons.

HH bbyy ttyy ZH S/B S/VB
Cross-section NLO [fb] 8.92x 1072  5.05x 103 1.39 3.33x 1071 1.77x107° 6.87 x 1072
Reconstructed Higgs from bs 4.37 x 1072 4.01 x 10> 8.70x 1072 1.24x 1073 1.09x 10™* 1.20 x 107!
Reconstructed Higgs from vs  3.05 x 1072 1.78 248 x 1072 3.73x107* 1.69 x 1072 1.24
Cut on Mgy 2.73x 1072 3.74x 1072 745x 1073 1.28x107* 6.07 x 107! 7.05
Cut on Pr g 233x1072 3.74x1072 533x107% 1.18x107* 5.44 x 1071 6.17
Cut on 1y 2.04x1072 1.87x1072 3.72x1073 9.02x107° 9.06 x 10~* 7.45
Cut on AR(b,b) 1.71 x 1072 0.00 3.2l x 1072 7.44 x107° 5.21 16.34
“Detector level” 1.56 x 1072 0.00 8.75x 1073 8.74x 1073 892 x 107! 6.46

Cross-section at 14TeV c.m.e. for 3000 fb! int. luminosity
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Prospects at the LHC
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» Bbtt Channel

>Similar cuts to the last slide plus P; of the Higgs must be > 100 GeV. Also
require that M., be within 25 GeV of the Higgs mass, M__ be within 50
GeV (25 GeV optimistic). In addition, apply more advanced cuts based
on kinematic distributions.

HH bbr T e e Vi 7R ZH S/B S/\/B
Cross-section NLO [fb] 2.47 2.99 x 10*  8.17x10® 246 x 10! 648 x 107° 6.93 x 107!
Reconstructed Higgs from 7s  2.09 x 10! 8.35 x 10! 1.58 x 102 570 x 107! 8.63 x107% 7.36 x 107!
Reconstructed Higgs from bs  1.46 x 107!  6.34 x 107! 1.43 x 101 3.75x 1072 9.75x 1073 2.07
Cut on My 1.30 x 107! 1.37 x 107! 1.74 1.26 x 1072 6.88 x 1072 5.18
Cut on Pr g 1.10x 1071 7.80x 1072 717 x 107! 1.15x 1072 1.36 x 10! 6.71
With 112.5 < M,, < 137.5 1.10x 107! 341x1072 3.76 x10~! 3.15x 1073 2.67 x 10~} 9.37

25 GeV Optimistic case

At 300 fb! 14 TeV, expect 33 events with significance 2.96 in the optimistic case
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Prospects at the LHC
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» bbWW channel
>Only consider W-> Iv,with a BR of 10.8%

> Again similar cuts now with E,™ss > 20 GeV and kinematic cuts.

My = \/2p% Emiss(1 — cos Ap(Eyiss (F)) Emiss — Emiss sin Ag(Eyiss | ()

=0.035 = s 00
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 0.025 r 2 E
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. F = 0.015F
0.01F 0.01F E
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0.005] 0.005F 0.0051
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Prospects at the LHC
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» bbWW channel

HH bbly vy, lavy, S/B S/\/B
Cross-section NLO [fb] 3.92x 1071 241 x10* 1.63x107° 1.38 x 107!
Reconstructed Higgs from bs 6.18 x 1072 1.89 x 10> 3.27 x 107* 2.46 x 10!
Cut on Mr 6.18. x 1072 1.19 x 10> 519 x107* 3.10 x 107!
Cut on Ady,y, 537x 1072 6.96 x 10}  7.72x107* 3.53 x 1071
Cut on Afy,e, 517 x 1072 5.65 x 101 9.15 x 107*  3.77 x 10!
Cut on EJss 8.41 x 1073  3.77 x 1071 2.22x 1072 7.50 x 10!
Cut on Episs 459 x 1072 2.70 x 1072 1.70 x 107! 1.53
Not great
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