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The journey till now

@ The nature of the discovered boson is more or less consistent with the
Standard Model Higgs boson

Its combined (CMS + ATLAS) mass, from run-I data, is measured to
be 125.09 GeV' in the h — ~v and the h — ZZ* — 4¢ channels

o A CP-even spin zero hypothesis is favoured?

Direct measurement of self-coupling at collider

tarXiv:1503.07589v1 [hep-ex]
2ATL-PHYS-PROC-2015-159



Motivation

V= %mhzhz + Avh® + \h*
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e Higgs pair production can directly probe Higgs self coupling



Motivation

Challenging task :
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Small di-Higgs cross-section in SM (~ 39.56 fb)* <— partial cancellation of
triangle and box diagram contributions

3deFlorian et. al., 2013; Borowka et. al., 2016




Non resonant di-Higgs production

@ We choose channels based on the rate and cleanliness

@ We consider 11 channels
o bbyy

o bbrtr~ — bbby, + BEp, bbrmé + B, bbel + B,
o bbBWW* — bbljj + Ep, bbet + E;
o WW*yy — fjyy + B, vy + Bp

o WW*WW* — (£05ijjj + By, €06j + By, 0000 + By

o 41, WW*rtr™ ZZ*rTr~ 4y, ZZ*~y7y, 4Z may be important at 100
TeV colliders

e Follow CMS and ATLAS analyses (when available) and optimise upon
them

e HL-LHC : 14 TeV @ 3 ab~!



Non resonant di-Higgs production : bby~y

o low rate but cleanest
e Major backgrounds : bby~, tth, bbh, Zh
o Dominant Fakes : bbjj, bbjy, jjvy, cCij, cCiv

Selection cuts®
N; <6
0.4 < ARyy <2.0,0.4 < ARy, < 2.0, AR,, > 0.4
100 GeV < mpp < 150 GeV
122 GeV < m,, < 128 GeV
PT.,bb > 80 GeV, PT vy > 80 GeV

o Significance : S/vB = 1.46
o With additional B < 50 GeV, S/vB = 1.51
o Changing to : 90 GeV < my < 130 GeV, S/v/B = 1.64

5 ATL-PHYS-PUB-2017-001



Non resonant di-Higgs production :

bbvyy

@ Multivariate technique (BDT algorithm) employed to further optimise search
@ Variables chosen :

e S/v/B =1.76, CMS (ATLAS) projection
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@ Major backgrounds

@ THTH :
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Normalised

: tt, £ebb, hbb, Zh, ttX, bbjj

S/VB =074, 41y : S/NB=0.49, 47y : S/v/B=0.08

Signal ==
tthar =
bbjj ==

100 150 300 350

My, (GeV)

200

250

Signal ==

50 100

150
myp (GeV)

200 250

Normalised

Normalised

014 T T T T
Signal E=3

0.12 ttbar E=2
bbjj ==

Others =

0 100

200 300
prbh (GeV)

400 500



@ Major backgrounds: tt, Wbb + jets, £¢bb
@ Leptonic : S/v/B = 0.62, CMS projection : S/v/B = 0.59
@ Semi-leptonic : S/vB =0.13

Normalised
Normalised

0 50 100 150 200 250

Normalised
Normalised

0 50 100 150 200 250 300 350 400
P (GeV)

P, (GeV)



Non resonant di-Higgs production :

@ Major backgrounds : tth, Wh + jets

@ b-jet veto applied

@ Leptonic : S/B = 0.40 and < 1 signal

event — more luminosity/energy
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Non resonant di-Higgs production : 4W

o 3-channel : (F¢+ + 4j 4+ E(SS20),30 + 2 + Ep(30) and 40 + E(40)
e more ¢ — low rate and more j — lose cleanliness
o Major background : WZ, tt, ttX, Vh, VWV, WEW*, 4¢

e SS2¢: S/VB=0.11
@ 30:5/v/B=020



Non resonant di-Higgs production : Summary

o Bleak prospects for discovering SM non-resonant di-Higgs channel at
HL-LHC with 3 ab™~" data

o bbyy is cleanest (S/B ~ 0.19), but suffers from small rate
e Combined significance ~ 2.1¢ from all these channel

o Purely leptonic case of bbWW* shows promise (S/v/B = 0.62) but
needs better handle over backgrounds

o Both semi-leptonic and leptonic channels for yYWW™* show excellent
S/B — need larger luminosity or higher energy colliders



Contaminations from new physics

o SM di-Higgs signal events are rather small for most final states

A: If new physics kinematic variables overlap with SM counterpart or If
overlap is not significant but overall rate is large



Contaminations from new physics

Double Higgs production, pp — hh(+X) through resonant or
non-resonant production modes

o pp— H — hh

Single Higgs production in association with some other particles,
pp — h+ X

o pp—~>A—Zh

Null Higgs scenario, pp — X
o pp—H— tf_
o pp — tbHT /tbH~

Cross-section upper limit defined as: S\s/+/Bsy > No



@ Order 100 fb cross-section for resonant Higgs mass > 400 GeV —
Contaminates SM di-Higgs expectation to at least 20
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@ Green(blue) region indicate upper limit on cross-section to contaminate SM

yield at 20(50): Bsy contains SM di-Higgs



Contaminations from new ph
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@ A — Zh contaminates the SM signals to a lesser degree; Possible reason:
Reconstructed Z -peak is shifted from the reconstructed Higgs peak and my,
is an important discriminatory variable for all such searches involving a b-jet
pair



Contaminations from new p : Null Higgs

o H — tt for my > 2m¢ may contaminate bbrt7~ and bBWW*
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@ Weaker bounds because my, is different for tt, Require a large production
cross-section for heavy resonant scalar in order to contaminate appreciably

Hot =
SMh - bb ==

Normalised

50 100 150 200 250 300
myy (GeV)



Summary and conclusion

o Search for Higgs pair production is an important enterprise to
understand the Higgs cubic coupling

o Non-resonant di-Higgs searches at the HL-LHC yields a significance of
~21lo

o Contaminations to SM non-resonant di-Higgs channels from resonance
Higgs, A — Zh, H — tt, charged Higgs production etc. possible

Thank You )




o Di-Higgs samples and backgrounds generated at LO with MG5
aMCQ@QNLO

@ Signal samples decayed using Pythia-6

e NN23LO parton distribution function employed

o Default factorisation and renormalisation scales used

@ Shower + hadronisation using Pythia-6

o Delphes-3.4.1 used for detector simulation

o Jets: anti-kT algorithm, pr > 20 GeV, R = 0.4 (FastJet)

o Total energy around £, i, required to be < 12%, 25%, 12% within
AR =105

o b-tag efficiency: 70%, j — b: 1%, ¢ — b : 30%



