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Introduction

The HH — bbrT search channel in two slides

@ Third accessible branching fraction (7.4%), but one
of the most sensitive channels.

@ Same sub-decay channels considered by both
ATLAS and CMS: ToTh and ThTh.

@ Main backgrounds: tt, Z+jets and multi-jet events
(see Francesco Brivio’s talk for details).
@ Results for the non-resonant HH production:

o ATLAS: Expected (observed) 95% CL limit at 14.8
(12.7) times ogy: arXiv:1808.00336 [hep-ex].

o CMS: Expected (observed) 95% CL limit at 25 (30)
times osy: Phys. Lett. B 778 (2018) 101-127.

Where does the 1.7 times better sensitivity in ATLAS comes
from? What can we learn by comparing event selections and
fitted kinematic variables?
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https://arxiv.org/pdf/1808.00336.pdf
https://reader.elsevier.com/reader/sd/4E8C9A42A208342EA8C247605FBDC49A2227D802F2EE0A953B53F89A56CA5F5F46527C7994EB6D65E54E2A449EB418CD

The HH — bbrT search channel in two slides

el ATLAS also has a better sensitivity than CMS for the
resonant HH production mode (m < 1 TeV):

ATLAS and CMS
HH — bbrT:
comparison of
selections and
fitted variables

ATLAS
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For instance, for a heavy scalar mass of 400 GeV:
@ Combined: ATLAS expected limits are 2.4 times
better than CMS (44.5 vs 106 fb).
@ 7y7h: ATLAS/CMS ~ 1.6
@ Thth: ATLAS / CMS ~ 2.7

Why is ATLAS better sensitivity driven by the 7,7, channel?
Why is it more significant in the resonant production mode? J
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Triggers

ATLAS Trigger Strategy:

Comparison of trigger strategies (1)

) CMS Trigger Strategy:

J

@ 7,74 channel:

* Single-lepton trigger (SLT) =
p% > 25-27 GeV & p% > 20 GeV.

* If ISLT, lepton-tau trigger (LTT) =
p%/" > 18/15 GeV & p7 > 30 GeV.

@ 7474 Channel:

* Single (STT) or di-~ (DTT) trigger

— p7' > 40-180 GeV

— p7? > 20/30 GeV for STT/DTT.

@ Pl is raised (45—80 GeV)
when using LTT or DTT
(level-1 trigger jet) while
P2 > 20 GeV.

HH workshop, Fermilab (USA), 3-8 September 2018

@ 7,7, channel:
* Single-lepton trigger =
p¥/* > 27/23 GeV & pT > 20 GeV.

@ 7474 channel:
* Di-7 trigger
— py? > 45 GeV

o pl? > 20 GeV.

[See Agni Bethani’s talk]



Comparison of trigger strategies (2)
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ATLAS and CMS

Did the complicated ATLAS trigger strategy pay off in terms of J

HH — bbrr: increased sensitivity?

comparison of

selections and

fitted variables e 7,75 channel: the gain in sensitivity from adding the LTT
BT | Farfic sub-channel is only marginal (3%).

Observed  —20 _—lg__ Bxpected +1lo 120
Triggers o(HH — bbrr) [b] 52 384 52 72 00 134
99 TiepThad (SLT) o/osm 21.3 157 211 20.3 108 55
o(HH — bbrT) [ﬂ»] 326 123 165 229 319 428
TiepThaa (LTT) o/osu 134 50 68 04 131 175
Combined o(HH — bbrT) [ﬂ»] 57 37.2 49.9 69 96 129
TepThad LOMDINEC o /osm 235 152 205 28.4 395 53

e 7,74 channel: We have not quantified the impact of
using an OR of two triggers with respect to DTT only.
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Comparison of 7,7, event selections
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EALC LI ATLAS 7,7, Event Selections: ) CMS 7,7, Event Selections: )

ATLAS and CMS @ SLT and LTT triggers @ SLT triggers
comparison of
?ﬁe§‘°".s§,“d @ 1 lepton and 1 medium 7, @ 1 lepton and 1 medium 7,
;r:au‘;a::":: (opposite-sign) (opposite-sign)
@ pf based on SLT/LTT @ p' based on SLT
thresholds thresholds
Event selections @ pr > 20/30 GeV @ p7>20 GeV
@ >2 jets with @ >2 jets with
P’y > 45-80 (20) GeV Py > 20 GeV
m,. > 60 GeV based on the m,.. computed with SVfit
Missing Mass Calculator. (ee — 116GeV)? (1 — 111 GeV)?
(35GeV)? (45GeV)? <!
Only events with 2 b-tagged Two SR categories: >2b and
jets are kept in the SR. 1b1j.
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Comparison of 7, event selections

UPPSALA
UNIVERSITET

ATLAS 7,7, Event Selections: ) CMS 7,7, Event Selections:

ATLAS and CMS

HH — bbrT: : .
com;riso;Tof ° STT or DTT trlggers ° DTT trlggers
selections and

fitted variables @ 2 medium 74’s @ 2 medium 74’s

Arnaud Ferrari (opposite-sign) (opposite-sign)
@ p7 > 40-180 GeV @ p7 > 45 GeV
Event solocti @ p? >20/30 GeV @ p7 >45GeV
@ >2 jets with @ >2 jets with
P’y > 45-80 (20) GeV P > 20 GeV
m.. > 60 GeV based on the m,., computed with SVfit
Missing Mass Calculator. (tee —116GeV)2  (mpy — 111 GeV)?
(35GeV)? * (45GeV)?
Only events with 2 b-tagged Two SR categories: >2b and
jets are kept in the SR. 1b1j.
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Comparison of event selections: summary
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@ CMS has also studied boosted topologies for
high-mass resonances, while ATLAS has only
ATLAS and CMS .
HH  bor: searched for resolved categories.
comparison o

selactions and In the CMS boosted category:
e there is at least one single AK8 jet (instead of two
AK4 jets), with m; > 30 GeV, p? > 170 GeV and
two sub-jets matched to the AK4 jets;

e 80 < m., (GeV) < 152 & 90 < my, (GeV) < 160.
CMS has an additional 1b1j category: in the mass
range where the contribution of boosted topologies
is negligible, adding the 1b1j category improves the
expected upper limits by 10-20% wrt 2b-only. This is
consistent with what ATLAS observed in the 8 TeV
analysis.

Arnaud Ferrari

Event selections e

HH workshop, Fermilab (USA), 3-8 September 2018



UPPSALA
UNIVERSITET

ATLAS and CMS
HH — bbrT:
comparison of
selections and
fitted variables

Arnaud Ferrari

T Th Strategy

Analysis strategy for 7,7 final states (1)

CMS: Use a BDT to reduce the tt background, cut on the
BDT score, then fit a mass-related variable in remaining
events:

@ two BDT trainings: one for (non-resonant and resonance
masses up to 350 GeV), one for resonances mass above
350 GeV,

@ non-resonant HH production — fit the stransverse mass
mrz;

@ resonant HH production — fit the four-body mass miinFit,
ATLAS: Fit a BDT score distribution in the signal region:

trainings performed against tt events, separately for the
non-resonant HH sample and for each resonance mass.

Can the different analysis strategies explain the better
sensitivity for ATLAS in the 7,7, search channel?

J
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Analysis strategy for 7,7, final states (2)
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UNIVERSITET CMS approach — BDT to reduce the tt background:

Kinematic variable Non-resonant & m < 350 GeV | m > 350 GeV
ATLAS and CMS Ad)(be, HT‘I') v v
HH bbrT: N,
compjrison of A¢(Hpp, p’]""‘?s v v
selections and A¢)(H.,—T, ﬁl_}_ﬂlss) v v
fitted variables Aff’(& ’5{’,_7,-35) v v
Arnaud Ferrari mT(& ﬁr7r_7is.9) v v
mr (th, PF'SS) v v
AR(b, b) x pr(Hpp) v
AR(L, mh) X pr(Hrr) v
AR(b, b) v
AR, 1) v

T Th Strategy

Hpp and H-r are the two reconstructed Higgs boson candidates, mr is the
transverse mass, ¢ stands for an electron or muon (both 7,7 final states are
merged for BDT training).

Different BDT cuts are applied:

— {t rejection of 90% (high- and low-mass resonant) or 70%
(non-resonant), signal efficiencies varying from 65% to 95%.
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T, T Strategy

Analysis strategy for 7,7, final states (3a)

CMS approach — fitted mass variables — resonant

Kinematic fit
based on the
b, T and pss
objects, while
assuming two
125 GeV Higgs
boson decays.

Invariant mass of
the visible T decay
products and two
b-jets: minF.

i (Gev

dN/dm

i [Gev

dN/dmy
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T, T Strategy

Analysis strategy for 7,7, final states (3b)

CMS approach — fitted mass variables — resonant

Kinematic fit TuTh, 1D1]

based on the T R
b, T and pyss i g1

objects, while g g SR

assuming two
125 GeV Higgs
boson decays.
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T, T Strategy

Analysis strategy for 7,7, final states (3c)

CMS approach — fitted mass variables — non-resonant

Stranverse mass
mro:

Largest mass of
the parent particle
that is compatible
with the kinematic
constraints of the
event.

Parent particle: t
decaying to b and
W — ¢/ +v.

mr», is bounded
above by m; for tt
events, but not for
the HH signal!

CMS

TeTh, 101

3591 (13 Tev)

CMS

Eresolved 1b1j 7,1,
el

s [Gev]

TeTh, 20

359 f* (13 Tev)

resolved 2b T,1,
10? fchannel

+ Daa

N\ Bkg. uncertainty
rrrrr (K, =1, SM) x 100
—— K =20)x10

my, [GeV]
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T Th Strategy

Analysis strategy for 7,7, final states (4a)
ATLAS approach — BDT input variables

Kinematic variable SLT resonant | SLT non-resonant & LTT

My c
MM
mT‘I’

Mpyp
AR(L, )
AR(b, b)

Emiss

ENENENENEN

EMiss centrality
mr (€, p7e°)
A¢(Hpp, Hrr)
Apr(¢, )
Sub-leading b-jet pr

A N N N N S NENENENEN

The E’T'"SS centrality quantifies the angular position of ;3’}”55 with respect to the
visible T decay products in the transverse plane, i.e. (A+ B)/+/ A2 + B2 where
A = sin(dmiss — ¢,)/ siN(pe — &7,),
B = sin(¢¢ — Pmiss)/ sin(pe — ¢r,)-
Resonant production: BDTs are trained at each mass point,
but the signal model contains the target mass and the two
neighbouring ones to ensure sensitivity to masses between
simulated points.

HH workshop, Fermilab (USA), 3-8 September 2018 14



UPPSALA
IVERSITET

ATLAS and CMS
HH — bbrT:
comparison of
selections and
fitted variables

Arnaud Ferrari

T Th Strategy

Analysis strategy for 7,7, final states (4b)

ATLAS approach — BDT input variables

Predicted and measured post-fit (background-only)
distributions of SLT non-resonant BDT input variables:

Events /75 GeV

S Uncerainy
e Pre i ackground

Events /20 GeV
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e Pre it background

Events/ 25 GeV
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N""‘Wh
- R S - e e -
] % 1] 3
& RN A E —terdd B
by
FR R A AN T RN 2
o e B R L C s G & st st b e 8
M [Gev] e fGev)
o . g a0 : s 5
g & Vo 3
Sq El - 8
3 20 Topaunk E
£, H it 2bs e g
@ @ 2 w'ebbece) E| H

Data/Pred

g

DatafPred

E

.
TUEEs
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Analysis strategy for 7,7, final states (4c)

ATLAS approach — BDT score distributions

Predicted and measured post-fit (background-only) BDT score
distributions in the 2b signal region. The low BDT score region
ATLAS and CMS . i . .
HH — bbrr: constrains the tt normalization.

comparison of

selections and Non_resonant &
fitted variables g
HH (SLT, LTT) g

UNIVERSITET

Events / Bin

Arnaud Ferrari

DatalPred,
DatalPred,

T Th Strategy

Resonant HH
at 500 GeV
(SLT, LTT)

3Tev. 301 1"
Tughs SLT 2005

Events/ Bin
Events / Bin

o T NI
050604020 0.2 04 06 08 1

BDT score. BDT score

DatalPred,
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T Th Strategy

Analysis strategy for 7,7, final states (5)

Can the different analysis strategies explain the better
sensitivity for ATLAS in the 7,7, search channel?

ATLAS also considered a cut-based analysis for the
resonant production mode:

@ Event selections;
@ Remove myy from the BDT input variables;

@ Cut on the BDT output distribution to keep
highest-score bins;

@ Fit the myy distribution.

In the resonant production mode, expected limits with a
BDT-cut and myy-fit were found be worse than for the
nominal analysis, over the whole mass range.

HH workshop, Fermilab (USA), 3-8 September 2018
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Analysis strategy for 7,7 final states (1)
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CMS: No use of a BDT to reduce the backgrounds, only
PEEEER  fit a mass-related variable:

HH — bbrT:
comparison of

celections and @ non-resonant HH production — stransverse mass mro;
fitted variables

@ resonant HH production — four-body mass mfinft.

Arnaud Ferrari

ATLAS: Fit a BDT score distribution in the signal region:
trainings performed against tt, Z — 77, as well as the
(data-driven) multi-jet background, separately for the
non-resonant HH sample and for each resonance mass.

ThTh Strategy

Can the different analysis strategies explain the better
sensitivity for ATLAS in the 7,7, search channel? J

HH workshop, Fermilab (USA), 3-8 September 2018 18



UPPSALA
UNIVERSITET

ATLAS and CMS
HH — bbrT:
comparison of
selections and
fitted variables

Arnaud Ferrari

ThTh Strategy

Analysis strategy for 7,7, final states (2a)

CMS approach — fitted mass variables — resonant

Kinematic fit T

based on the

bl T and ﬁr_,r_uss T o9 r(e::/o‘\?ed [TEE A ,E::MJ e
. . v channel ==

objects, while 8 o M

assuming tyvo . S

125 GeV Higgs g,

boson decays. o
0.3
Invariant mass of o
. . 0.
the VISIbIe T decay 300 400 500 suunu
products and two mE [GeV]

i - mKinFit
b-jets: m3™".
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ThTh Strategy

Analysis strategy for 7,7, final states (2b)

CMS approach — fitted mass variables — non-resonant

Stranverse mass
mro:

Largest mass of
the parent particle
that is compatible
with the kinematic
constraints of the
event.

Parent particle: t
decaying to b and
W — ¢/ +v.

dN/dm,, [GeVY)

Echannel i

ThTh, 101]j

CMS 359 b (13 Tev)

resolved 1b3) 1,1,

Drell-Yan
[ Other bg.

[ SM Higgs boson
A Big. uncertany
(k, =1, SM) x 100
(=20 x 10

50 100 150 200 250 300 350 400 450 5
my, [GeV]

0

ThTh, 2b
CMS 35.9 fo? (13 Tev)
T 10°fresoved 2b 1y,
> channel
9O 10 Mutijet
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2 NN Bkg. uncertainty
T (k, =1, SM) x 100
104 - —— k=20)x10
107
107
10"
107

0 50 100 150 200 250 300 350 400 450 500
my, [GeV]

mr» is bounded above by m; for tt events, but not for the HH

signal!
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ThTh Strategy

Analysis strategy for 7,7, final states (3a)

ATLAS approach — BDT input variables

Kinematic variable | T

MHH
MMC
mTT

h

Mpp

AR(Thz Th)
AR(b, b)
ET"SS centrality

SENENENENENE

The E’T""SS centrality quantifies the angular position of ,697"55 with respect to the
visible 7 decay products in the transverse plane, i.e. (A+ B)/+/ A2 + B2 where
A = 8in(¢miss — D)/ SIN(Dryy — D7)

B = sin(¢r,; — Pmiss)/ SiN(Prpyy — D7z )-

Resonant production: BDTs are trained at each mass point,
but the signal model contains the target mass and the two
neighbouring ones to ensure sensitivity to masses between
simulated points.
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Analysis strategy for 7,7, final states (3b)

UPPSALA ATLAS approach — BDT input variables
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Predicted and measured post-fit (background-only)

pepremppnmy  distributions of BDT input variables:
HH — bbrT:

comparison of 3 5 T
selections and 2 8 jeof. BTV
fitted variables H H . E

Arnaud Ferrari
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ThTh Strategy

Analysis strategy for 7,7 final states (3c)

ATLAS approach — BDT score distributions

Predicted and measured post-fit (background-only) BDT score
distributions in the 2b signal region.

Non-resonant HH Resonant HH at 500 GeV
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ThTh Strategy

Analysis strategy for 7,7 final states (4)

Can the different analysis strategies explain the better
sensitivity for ATLAS in the 7,7, search channel?

ATLAS also considered a cut-based analysis for the
resonant production mode:

@ Event selections;
@ Remove myy from the BDT input variables;

@ Cut on the BDT output distribution to keep
highest-score bins;

@ Fit the myy distribution.

In the resonant production mode, expected limits with a
BDT-cut and myy-fit were found be worse than for the
nominal analysis, over the whole mass range.

HH workshop, Fermilab (USA), 3-8 September 2018
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Conclusion
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@ It seems that fitting a BDT score distribution mostly

ATLAS and CHS explain why the ATLAS sensitivity is nearly a factor 2

comparison of better than for CMS.
selections and

fitted variables © Possible improvements towards the end of Run-2:

Arnaud Ferrari e ATLAS: use a 1b signal region to increase a bit the
signal acceptance & investigate the use of mfnfit
and mr, as BDT input variables.

e CMS: use a BDT as discriminating variable in both
T¢Th and 77 Search channels?

© General concern: BDTs should be designed to avoid
Conclusion bias towards myy and A, or the signal model should
cover a wider range of myy and A than the target =
parameterised NN could help (as in CMS bbVV).
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Conclusion

Back-up: ATLAS and
CMS event yields
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ATLAS event yields

UPPSALA
UNIVERSITET

In the whole BDT range

ATLAS and CMS Ten Tt Chanmel
HH — _bbrr: (SLT) (LTT) Thad Thad Channel
comparison of I3 17800 £ 1100 1475 £ 04 360 £ 100
fsift':g“',‘;’r‘; :|:: Single top 1130 + 110 729 +£7.6 30.7 £ 5.9
Multi-jet fake-7y,,4 - - 294 + 57
Arnaud Ferrari tt fake-Tiq - - 160 & 120
Fake-Tyaq 9000 =+ 1100 475 + 76 -
Z = 77 + (ce, be, bb) 416 + 97 117 + 28 201 + 91
Other 197 + 32 14.5 £ 2.3 22.9 + 5.9
SM Higgs 38 4+ 10 41410 82+ 2.1
Total Background 28610 + 180 2159 + 46 1178 + 40
Data 28612 2161 1180
GKK(SOO GeV, k/Mp, =1) 23.6 + 3.7 75+ 1.2 131+ 26
KK (500 GeV, k/Mp; = 1) 424+ 6.4 9.9+ 15 36.3 + 7.0
(‘KK(IUOU/SUU(LTT) GeV, k/Mp =1) 2.6 4 0.4 1.06 £ 0.16 211 4 0.43
G (300GeV, k/M p; = 2) 327 + 50 82 + 13 240 =+ 46
Conclusion Ggi (500 GeV, k/Mp; = 2) 193 + 29 39.7 £ 6.1 187 + 36
G (1000/800(LTT) GeV, k/Mp, = 2) 8.6+ 1.3 3.63 + 0.56 7.9+ 1.6
X (300 GeV) 39.1 + 6.3 11.8 4+ 1.9 17.9 + 3.6
X (500 GeV) 3.41 % 0.52 0.88 + 0.13 2.84 & 0.54
X (1000/800(LTT) GeV) 0.0267 + 0.0041  0.0228 £ 0.0035  0.0222 % 0.0044
NR HH 0.99 + 0.13 0.225 + 0.033 0.75 + 0.14
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ATLAS event yields
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In the last two bins of the BDT

ATLAS and CMS
HH — bbrT:

::Ir:(’:)t?t:i:: 2:; TlepThad chamne] ThadThad chanmnel
fitted variables _ (SLT) (LTT) ’ ’
P S— tt 18.2 £ 4.2 23.2 + 1.7 45+ 14
Single top 6.4+ 1.3 3.7 +1.2 1.06 £ 0.57
Multi-jet fake-1y,,4 - - 3.89 £ 0.87
tt fake-7y 4 - - 1.9+14
Fake-7i,,4 1204+£23  66£15 §
Z — 17+ (cc,be,bb)  10.2 £ 2.6 7.7+ 3.1 12.6 &+ 3.6
Other 3.89 £ 0.69 1.51 £ 0.36 1.09 £+ 0.32
SM Higgs 1.94 £ 0.43 0.58 £ 0.14 1.54 £ 0.41
Conclusion Total Background 52.7+ 4.5 39.5+ 3.0 26.7 £ 3.5
Data 45 47 20
NR HH 0.49 &£ 0.07  0.16 £ 0.02 0.55 + 0.10
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CMS event yields
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NI Sy ety from Luca’s thesis: https://cds.cern.ch/record/2292733
ATLAS and CMS 7.7y, final state
HH — bbrT:
comparison of Process res. 1blj res. 2b0j boosted
selections and tT 631.8+£16.3 311.1+£9.3 89404
fitted variables QCD 13594117 67+£21  65+21
Arnaud Ferrari Ztjets 2133+7.0 202+08 22+0.1
Wetjets 702432 042£0.02 0.47£0.02
single top 489432  105+08 0.82+0.05
diboson 79+£05 1.1+0.1 0.42 +0.03
EWK W/Z 3301 0.91+0.03 0.33+0.02
SM Higgs 0.69+0.04 0414003 0.12++0.01

Tot. exp. bkg. 1112 +22 351+ 10 19.7+£2.1

Expected signal

ky =1 (SM) 0.16 0.14 0.04
X ky =20 10.28 8.26 0.55
Conclusion -
Observed data 1057 355 11

Table 6.6 — Observed and expected event yields in different signal regions of the
nonresonant search for the 7,7 final state. Quoted uncertainties are obtained after
fixing the nuisance parameters to their estimation from a maximum likelihood fit
under the background-only hypothesis.
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CMS event yields
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utp from Luca’s thesis: https://cds.cern.ch/record/2292733
ALI;_/AS a';}?) CMs 7,7y final state
— M
compariso}—lTOf Process res. 1blj res. 2b0j boosted
fs_e'eg“”‘_s :I“d tF 1617.6£38.7 80224224 20.0+0.9
U EELES QCD 4439+382 809470 56+19
Arnaud Ferrari Z+jets 629.6 +22.3 64.8+29 71+£0.3
Wijets 1247467 49402 0.95 4 0.04
single top 1219478 220415 25402
diboson 18.3+1.2 29403 0.89 + 0.06
EWK W/Z 94405 12401 0.15 £ 0.01
SM Higgs 1.7+40.1 1.1+0.1 0.18 £ 0.01

Tot. exp. bkg. 2967 + 60 980 £ 24 38+ 2
Expected signal

ky =1 (SM) 0.38 0.33 0.08
Conclusion ky =20 5.75 20.88 1.12
Observed data 3020 996 35

Table 6.5 — Observed and expected event yields in different signal regions of the
nonresonant search for the 7,7, final state. Quoted uncertainties are obtained after
fixing the nuisance parameters to their estimation from a maximum likelihood fit
under the background-only hypothesis.
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ATLAS and CMS
HH — bbrT:
comparison of
selections and
fitted variables

Arnaud Ferrari

Conclusion

CMS event yields

Th7h from Luca’s thesis: https://cds.cern.ch/record/2292733

7,7y, final state

Process res. 1blj res. 2b0j boosted

tt 336+15 165+1.1 0.068 % 0.004
QCD 406+£79 145£28 0.012 +£0.012
Z+jets 48.7+6.2 9.1+1.0 2.2+0.1
Wtjets 1.11+£0.06 - 0.031 £ 0.002
single top 42403 0.026 +0.002 -

diboson 23+£04 0.57£0.08 0.33 £0.03
EWK W/Z 0.78+£0.04 - 0.15+0.01
SM Higgs 0.63 +£0.08 0.38 +0.05 0.14 +£0.01
Tot. exp. bkg. 132410 41+3 29+0.1
Expected signal for o(gg — S) x B(S — HH — bbr7) = 1 pb in resonant case
my = 300GeV  20.48 15.03 0.08

my = 600GeV  185.27 165.44 40.51

my = 900GeV  126.17 105.13 379.10

ky =1 (SM) 0.24 0.21 0.05

ky =20 9.20 7.88 0.60
Observed data 140 33 3

Table 6.4 — Observed and expected event yields in different signal regions of the 7y 7,
final state (the definition is the same for both resonant and nonresonant searches).
Quoted uncertainties are obtained after fixing the nuisance parameters to their esti-
mation from a maximum likelihood fit under the background-only hypothesis.
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