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After 2012. ..

* "It was the best of times, it
was the worst of times, it
was the age of wisdom, it
was the age of foolishness...
it was the spring of hope, it
was the winter of despair...’

e — Charles Dickens, A Tale
o of Two Cities
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http://www.sciencedirect.com/science/article/pii/S037026931200857X?via=ihub
http://www.sciencedirect.com/science/article/pii/S0370269312008581?via=ihub

di-Higgs Production

Higgs in SM

* |nteraction with the Higgs field gives
mass to fermions and vector bosons

* [he Higgs scalar potential:

Mass Ahhh Aan

2,,2
mhv

2 2
1 212 My 13 my 14
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Di-Higgs in SM

. . . . . Mass Ahhh Aah
* |nteraction with the Higgs field gives ) o , ,
: mi; v ) m m 4
mass to fermions and vector bosons A+ 7 mhh S h3 4 < h
 [he HIggs scalar potential: ., Dol + A+ Ak’
Nonh? + 22 b + A h?
00000 Aonh? + 0\ppnh® + Aaph?
e The Annn, or “Higgs self-coupling”, s
reflects the shape of the Higgs
potential g
* Anhhterm also contributes to di-HIggs o
@ prOd uction T M kadstength
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e [woO diagrams:
destructive interference

9 00000000 > ¢ - —————— - h
t/b A Y
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g h
t/b A " .\\ Ahhh

g ) h

e Small cross section ~ at 13 TeV:
34 fb (NNLO + NNLL) aiv 160406447

Tony Tong

Di-Higgs Cross Section
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https://arxiv.org/abs/1604.06447

Di-Higgs Cross Section

e [woO diagrams:
destructive interterence

9 00000000 > - ——————- h
t/b A |

7 \QQQ00QQQ A8~~~ =~~~ b

g _ h
t/b A —h—‘\\ Ahhh

g Sy

e Small cross section ~ at 13 TeV:
34 fb (NNLO + NNLL)

Tony Tong
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Total production cross section [pb]
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ATLAS Preliminary

o Theory
QO Measurement
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D/-HIQQS Cross Section & E anas Preliminary =
5 - I Theory _
© - O Measurement -
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SM di-Hiqggs production .
e Small cross section ~ at 13 TeV:

O 34 Tb (NNLO + NNLL) Reachable at HL-LHC, but why now?
"
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Di-Higgs in BSM

* We think Beyond Standard Model

Physics exists: gravity, dark matter...

o [f BSM physics interacts with the
standard model particles, then they
are very likely to have direct/indirect

coupling to the HIgQs

10




Di-Higgs in BSM

* We think Beyond Standard Model

Physics exists: gravity, dark matter...

o [f BSM physics interacts with the
standard model particles, then they
are very likely to have direct/indirect
coupling to the HIgQs

* Moreover, it BSM physics affects the
HIQQgsS mass through loops, they are
also very likely to modify Annn

11
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Di-Higgs in BSM

* We think Beyond Standard Model
Physics exists: gravity, dark matter...

o [f BSM physics interacts with the
standard model particles, then they
are very likely to have direct/indirect
coupling to the HIgQs

e Also, it BSM physics particles are
heavy, they can directly decay to di-

Higgs

12
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Di-Higgs in BSM P ;

« BSM could significantly enhance di-Higgs ok v

 Non-resonant signals

e tthh, tth vertex modifications
e Modified Annn

Apr 27,2018
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Di-Higgs in BSM

« BSM could significantly enhance di-Higgs

Non-resonant signals

e tthh, tth vertex modifications

e Modified Annn
Resonant signals

e KK Graviton (spin 2)

 Heavy Higgs: 2HDM (spin 0O)

14

Apr 27,2018



Di-Higgs in BSM

« BSM could significantly enhance di-Higgs

 Non-resonant signals

e tthh, tth vertex modifications

e Modified Annn
 Resonant signals

e KK Graviton (spin 2)

 Heavy Higgs: 2HDM (spin 0O)

e Can be sensitive at 13 TeV!

e 2 leV signal cross section increases by a

factor of 10 from 8 to 13 TeV

15
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Di-HIggs decay

(Harvard)

Tony Tong

di-Higgs Decay

larger branching ratio—higher yield hh-Br
Larger Br-# | | | | | | | 1
ccay bb
-1
WW 10
-2
. T 107
single
Higgs cc 10
decay -
/7 108
YY 10
/
Y 10-7
U .
10
bb WW gg AL CC ZZ VY ZY UH Rarer Br-4 decay
single Higgs decay J.Alison
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di-Higgs Deca

Di-HiIggs decay

larger branching ratio—higher yield hh-Br
Larg:(r;’r-h = | | | | | | | 1
R b bb 10-1
WW
, -2
X gg 10
Ra h T 10-3
N single
‘b Higgs cc 10
b decay
N P ZZ 10'5
h 5 1078
Z
Y 10-7
N Uy
~b 108
A . i b b WW g g R CC ZZ VY ZY UH Rarer Br-4 decay
’%2 Largest yield, large multijet bkg single Higgs decay
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di-Higgs Deca

Di-HiIggs decay

larger branching ratio—higher yield hh-Br
Larg:zfr'h | | | | | | | 1
W+ ’ bb
' 10°
WW
, -2
‘ gg 10
h \\ T 103
single
* W= Higgs cc - 10
b decay
N P ZZ 10'5
h a 10°®
Z
Y 10-7
- uu
~b 108
AL b b WW g g R CC ZZ vy ZY UH Rarer Br-4 decay
Large yleld ttbar backgrounu single Higgs decay
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Di-HIggs decay

-----------

Tony Tong

(Harvard)

. TT
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Larger Br-A

decay bb
WW
g9

TT
single
Higgs ccC
decay

L

di-Higgs Deca

larger branching ratio—higher yield

hh-Br
:

10
102
10
10
107
10°
10”7
10°

bb WW gg T CC ZZ VY ZY UH Rarer Br-4 decay
single Higgs decay
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Di-HIggs decay

Larger Br-A
decay
y bb
WW
g9
~h
‘ TT
. single
'Y Higgs cc
""""""\ b decay
. ‘ ' o’ ZZ
‘s~ h ',"' YY
g Z‘Y
N m
. b
D Low yield, yet clean signature
% Tony Tong (Harvard) 5

di-Higgs Deca

larger branching ratio—higher yield hh-Br
1

10
102
10
10

.

10
10°°
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8
bb WW 99 T CC zZ Yy zy w0

single Higgs decay
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Di-HIggs decay

larger branching ratio—higher yield

I I I I I I I

bb
WW
99

single™®

Higgs cc
decay

bb WW 99 Tt CC ZZ Yy Zy W

Tony Tong (Harvard)

hh-Br

1
10
102
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di-Higgs Deca

ATLAS

S€arch  grev, fb 13TeV, fb!  HL-LHC
Results |

(links)

bbbb °0 | 3/13/36 prospect
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..........................................................................................................................................................................................................................................

..........................................................................................................................................................................................................................................

..........................................................................................................................................................................................................................................
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2014-11/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2015-11/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-049/
http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2016-024/
http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2015-046/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2013-29/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-004/
http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2014-019/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-071/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2013-33/

Di-HIggs searches comparison

Run | Combined Limit
10— T 1T

e Model: resonant, non-resonant

9 £ -
— - ATLAS (s=8TeV, 20.3fb" .
i - B _
 Low Mass channels: Sy —~Observed - bbec exp
L = e e Expected ~ ----- WWyy exp =
Py * ( ~ ) % B - + 1o expected —— bbyyexp T
Www YY 290 000 Gev 2 L + 26 expected — — bbbb exp _
Lo E
S - -
107 E
1 0-2 3 I I I I I I _§
200 400 600 800 1000 1200 1400

my, [GeV]
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2013-33/

Di-HIggs searches comparison

Run | Combined Limit

* Model: resonant, non-resonant 5 1P ;
~ - ATLAS \s=8TeV, 20.3 fb" -

e | ow Mass channels: (T —e—Observed bbrzexp _
% = e e Expected ~ ------- WWyy exp =

* WW*yy (250 ~ 500 GeV) 2 —x B2 cowend —— b

T s S

e bbyy (250 ~ 500 GeV) 8 :

10" =

10-2;_ I I I I I I _;

200 400 600 800 1000 1200 1400

my, [GeV]
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2013-33/

Di-HIggs searches comyparison

* Model: resonant, non-resonant
* Low Mass channels:
e WW*yy (250 ~ 500 GeV)
e bbyy (250 ~ 500 GeV)
* Higher Mass channels
e bbrr (250 ~ 1000 GeV)

c(gg—H)xBR(H—hh) [pb]

(Harvard)

Tony Tong

Phys. Rev. D 92, 092004 (2015)

Run | Combined Limit

= N L L I B
- ATLAS \s=8TeV, 20.3 fb

.. —o— Observed o bbttexp
----------- Expected -o-o-- WWyy exp =
| t1oexpected —— bbyyexp -

+ 2c expected — — bbbbexp __

] ] | ] ] ] | ] ] ] | ] ] ] | ] ] ] | ] ] ] | ] ] T
200 400 600 800 1000 1200 1400
my, [GeV]
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Di-HIggs searches comyparison

e Model: resonant, non-resonant

Tony Tong

Low Mass channels:

e WW*yy (250 ~ 500 GeV)
e bbyy (250 ~ 500 GeV)
Higher Mass channels

e bbtt (250 ~ 1000 GeV)
* bbbb (500 ~ 1600 GeV)

c(gg—H)xBR(H—hh) [pb]

10~

107

10

200

Phys. Rev. D 92, 092004 (2015)

Run | Combined Limit

= N L L I B
- ATLAS \s=8TeV, 20.3 fb

B —o— Observed =~ - bbtrtexp |
----------- Expected === WWyy exp
£ 10 expected bbyy exp ]

+ 2c expected — — bbbbexp __

] ] | ] ] ] | ] ] ] | ] ] ] | ] ] T
800 1000 1200 1400
my, [GeV]

1 1 | 1 1 1 | 1
400 600

4b high mass search: large range, great sensitivity, focus of this talk

(Harvard)
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Thanks to the LHC

Run ll: LHC

e \We have datal 2015 + 2016 ~ 36 b

\ ’
\ R} '
| : 0
» 0
. \ N
\ ! X
e~ b
.

Tony Tong (Harvard)

Total Integrated Luminosity [fb™]

B | | | I | | | I | | | | | | | I | | | | | | | | | | | B
S0~ ATLAS Online Luminosity V/s=13TeV —
~ [ LHC Delivered i}
40— ATLAS Recorded _
_ Total Delivered: 38.5 fb™ _
~  Total Recorded: 35.6 fb™ N
30f -
20— —
10 —
B I | | | | | | | | | | | | | | B

O [ L1 I l I I 1
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Day in 2016

uoneiqied L1/e
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Run lI: ATLAS

ATLAS Detector

e INnner detector tor
charged tracks
reconstruction

28



Run lI: ATLAS

ATLAS Detector

e INnner detector for
charged tracks
reconstruction

e Calorimeters for hadronic
energy measurements
and triggering

29 Apr 27,2018




Run lI: ATLAS

ATLAS Detector

e INnner detector for
charged tracks
reconstruction

e Calorimeters for hadronic
energy measurements
and triggering

 Muon Spectrometer for
Muon measurement and

., 1ggering

Apr 27,2018
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Run lI: ATLAS

Picking up dust in the Muon Spectrometer

monitored
drift tube

Tony Tong (Harvard) Apr 27,2018




b-tagging in ATLAS

Run lI: ATLAS

* Long litetime of b-hadron

e b-decay “far” from the
iINnteraction point

Tony Tong

(Harvard)

32

Arbitrary units

ATLAS-PHYS-PUB-2016-012
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1 T T

.

[ IIIIII|
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I IIIIII|

1074

107>
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s T

ATLAS Simulation Preliminary
\s=13TeV,tt b jets

# — - CJets
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L 1 11l
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2016-012/

b-tagging in ATLAS

* Long litetime of b-hadron

e b-decay “far” from the
iINnteraction point

e« Combine impact
parameter, secondary
vertex and topology
iInformation into a MVA

tagger

e Can also tag clustered
©® track — "trackjet”

i@

)
5]

% NI

Run lI: ATLAS

ATLAS-PHYS-PUB-2016-012

—
-
7]

Arbitrary units

—h
I

107§

ATLAS Simulation Preliminary
s \s=13TeV, it b jets

— - C Jets |
---- Light-flavour jets [

]
-
[
-

| | | | 1 | | 1 | |
-1 -0.8 -0.6 -04 -0.2

0.2I I0.4 0.6I I0.8I -
MV2c10 BDT Output
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2016-012/

Runll 4b: object definition

pack to di-H1ggs Runll data hh4b resolved candidate

ATLAS 2015-10-20 15:17:29 CEST source JiveXML 282631 530527390 run:282631 ev:530527390 lumiBlock:279 Atlantis

e bbbb final state Is all
hadronic

e 4pb-tagged |ets

* Run Il di-HIggs
candidate

3 -:_ = |
_ =0 |
. a ‘.‘j‘__ |
var .
!‘ . "
Fep
4 a* -
ATE
‘ 34 Apr 27,2018




Runll 4b: object definition

Back to di-Higgs

o Standard resolved 4b jets for the low mass range

Objects/ Resolved
Final State @~ (250-1400 GeV)

"
" Trigger Mixed b Trigger

B-tagging /0% WP~

At b-tagging 70%, c jet rejection is 12 and light rejection is 380

Apr 27,2018
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Runll 4b: object definition

BOOS lL ed J e tS Runll data boosted 4b candidate

ATLAS 2015-10-21 06:56:16 CEST source:JiveXML_282712 595661746 run:282712 ev:595661746 lumiBlock:503 Atlantis

\‘

e 1.5 TeV resonance = ~ 600 GeV 7
p Higgs = ARpb ~2mn/p ~ 0.4 AR

n Number: 282712, Event Number: 595661746

R=1.0 A A Date: 2015-10-21 06:56:16 CEST
I |
-
/\ =0.2
Al
;‘l
A
b b

36 Apr 27,2018



Runll 4b: object definition

Boosted Jets and the Two Channels

o Standard resolved 4b jets for the low mass range
* 1.5 TeV resonance = ~ 600 GeV p Higgs = ARwp ~2mn/p ~ 0.4

Objects/ Resolved Boosted
e Final State ~ (250-1400 GeV) = (1000-3000 GeV)
W1/ Trigger Mixed b Trigger Large R-jet Trigger
‘ Jets Four R=0.4 Jets Two R=1.0 trimmed Jets

- Leading > 450 GeV ﬂ
pT cuts Jetpl > 40 GeV Subleading > 250 GeV Q)

_ ] 70% WP on R=0.2
B-tagging 70% WP track-jets

Tony Tong (Harvard) 37 Apr 27,2018



https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2015-11/

o Standard resolved 4b jets for the low mass range

1.5 TeV resonance = ~ 600 GeV p Higgs = ARy ~2mn/p ~ 0.4

>
(@)
C

)

O

a—

LL]
>
(D)
(@)
C
Qv

e
(@}
(D)
(@)
(@)

<

(] 2N
i;
"
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0.12

0.1
0.08
0.06

Runll 4b: object definition

Boosted Jets and the Two Channels

I | I I I I | |
ATLAS

| | | | | |
—=— Resolved 4-tag

38

~ Bulk RS, k/Mp, = 1.0 —#— Boosted 3-tag -
~  Signal Region, \'s = 13 TeV —+— Boosted 4-tag -
E _ E./= ~ ‘ E
:_ / N _Z
- | . | | -
500 1000 1500 2000 2500 3000

M- [GeV]

Boosted
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Runll 4b: resolved selection

Resolved: Selection

o (G00d trigger
efficiency overall ~ 95%

2016 Trigger Efficiency

L>>\ B I [ [ [ [ [ [ | [ [ | I | - -
qc) 1.4— —o— HLT OR — 1.4 -
S [ V{s=13TeV, 2016243 fb" — _21132—2%05_2[3123 - : :
Il '° Resolved J _2J]90_ —  1.2- -
N —e— j225_b60 _
1+ : ;
: =
0.6 :— —: 0.6~ © -
o4 — 04 -
02r- — 02~ -
B — @
L O :."’"' | 4 | | | | l | I | | I I | — O_
Qib\‘ 00 600 800 1000 1200 SMNR
i ms. [GeV]
TonyTong =~ (Harvard) % 39




o (G00d trigger
efficiency overall ~ 95%

e Select jets palr that
has the minimal
distance to the
diagonal line on the
2D mass plane

 Minimize the Higgs
candidates mass
difference

Tony Tong (Harvard)

Runll 4b: resolved selection

Resolved: Selection

mgqul GeV]

llead /subl

(mQJ RUDY

40

which pair?

(120 GeV, 115 GeV)

lead
mzj

pr 27, 201 8




Runll 4b: resolved selection

Resolved: Selection

"\
o) ‘ v

¢

« Good trigger Total Acc x Efficiency

B I I | I I I | I I I 006

ICI O - - - ATLAS
efficiency overall ~ 95% & oof " e, Sdocev  ATLAS Simulation—| ke
'%) 0.18— —* AR; s =13 TeV, 24.3 fb™ — - .
E 0165_ Hp_ Resolved, 2016 _E 0'05: *—
* Select jets pairthat  x "L 77 e T I
. . 0.14— HH ' —  0.04f _
has the minimal S f e Xe>15 ] e
: = 0-12:— —e— Trigger E - )
distance to the o o ERY .
diagonal line onthe < .- * E I
2D mass plane 006 / = \ R —
 Fine signal efficiency °'°4 o oot -
0.02— _
across large mass | S < T
@? ran g oS 400 600 800 1ooom(GKK) 1[ (ZBI)gV] SM HH
" TonyTong  (Harvard) % Q




Runll 4b: boosted selection

Boosted: Number of b-tagging =

* Three Signal Regions:
e 4P

0.18

> - ]
% — ATLAS —=— Resolved 4-tag =
. O 0.16— BukRS, k/Mp=1.0 —&#— Boosted 3-tag —
° = - -
3 b . ( recover LLI 014 — Signal Region, \s =13 TeV —+— Boosted 4-tag _
. x V.04 .
efficiency) 8 012E E
T - o ’ ™ _
% 0.1— » —]
Q - ]
< 008 :_ /- _:
0.06F /.. i
0.04 4 : . =
0.02 A - i -
: ] | ] ] ] ] | ] ] ] ] ] ] ] ] | ] ] ] ] | ] ] ] ] ] :
0 500 1000 1500 2000 2500 3000
ms. [GeV]
T T e E— P




Runll 4b: boosted selection

Boosted: Number of b-tagging

* Three Signal Regions:
o 4b

C' 018> arias o Resolveddtag -

O — Bulk RS, k/Mp, =1. —&— Boosted 3-ta —

o 3b I'eCOV@r L"E 2:461%— zigliaFI{ReZit)/ln,@LOBTeV —+—Eoos:e: Z-:a: _;

efficiency) 8 o012k -

5 0.1 / =

» 2.5 TeV resonance = = ’° / E

~ 1200 GeV p Higgs 00aE  E N -

— ARpp ~ 0.2 0.02 N | | N

~ 97500 1000 1500 2000 2500 3000
& e« Trackjets merge Mo [GeV]
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Runll 4b: boosted selection

Boosted: Number of b-tagging

y

* Three Signal Regions:

O N
- B work in —e— 2 bétagged track-jets
8035:_ ATll-oﬂgess “ —=— 3 b-tagged track-jets -
® 4b E 0 3__ Boosted —a— illlo-tfagged track-jets E
» : —— All of above
8 B
%0.25:— -
* 3b: (recover  § o0.2- -
efficiency) <0150 -
0.1 T
e 2D split 0.05- -
m er i n Of : =+ | | | | | | | | | | | | | | | | | | | | | |_
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Runll 4b: boosted selection

Boosted: Number of b-tagging

11+t 1 & 1> © T 1" | I I I I | I I I I
:ATLAS work in progress —e— large-R jets = 2

£ Go=1.0, [s=13TeV —=— IAn, I<17 .
—— DP-tagged track-jets =2 _

* Three Signal Regions:
o 4b

—
N

~  Boosted
~ —— X, <1.6

Acceptance x Efficiency

1- -
0.8
e 3D: (recover ;
efficiency) 050
0.4 -

 2b split OZ/TQF?\T\
(merging of ol |

, 1000 1500 2000 2500 3000
trackjets) m_ [GeV]
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Runll 4b: boosted region definition

Regions.: Iwo Higgs Mass Plane

SR

* Signal Region (SR):

ATLAS work in progress

e “Circle” centered near h mass™-

SB

5 I SR N NN NN NN TR TN AN ST SO NN SO NN S S N R
%O 100 150 200 250
leading pr jet mass Mm% [GeV]
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Runll 4b: boosted region definition

Regions.: Iwo Higgs Mass Plane

2501+

* Signal Region (SR):

SR

ATLAS work in progress

o “Circle” centered near h mass
* Validation Region (VR):
* Ring outside SR (for validation)

SB

oL v Ll
%O 100 150 200 250

D leading pr jet mass Mm% [GeV]
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Runll 4b: boosted region definition

Regions.: Iwo Higgs Mass Plane

* Signal Region (SR):

o “Circle” centered near h mass
* Validation Region (VR):

* Ring outside SR (for validation)
» Sideband Region (SB):

* Ring outside VR (for modeling)

48

;'2501' T

)

O

Tg _ ATLAS work in progress

£°2001 -

%

S 150

3]

a

e

-E_z 100_ o

O

= u

D u
o0+ v v v b e
%0 100 150 200 250

leading pr jet mass
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Runll 4b: boosted background estimation

Background

» Background: Boosted 2lag Background Prediction
| 250
+ 10-15% ttbar—MC e |

Boosted

300

¢ 90-85% qcd—data driven

200

100

200 250 0

mead [GeV]
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Runll 4b: boosted background estimation

Background

» Background: Boosted 21ag Background Prediction

—300
y..

100

ATLAS workin progress

Vs=13 TeV, 36.1 fb™
Boosted

e 10-15% ttbar—MC
* 90-85% qcd—aata ariven

e Data driven because heavy
MC Is hard to simulate

e Generalized ABCD method: Use
\Ower—b—’[ag, ‘OW@I’-Sigﬂa‘ yle\d regi0ﬂ5%0 100 '15%0 200 o50 O
¢ to model higher-b-tag regions mead [GeV]
A. Apr 27,2018
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Runll 4b: boosted background estimation detail

Hard work: Constant mugcd validation

 TwoTlag/OneTlag data ratio on 2D mass plane
o SB/VR/SR ratio is the same; outside SB is different

u qcd

Tony Tong
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Runll 4b: boosted background estimation detail

Hard work: Constant mugcd validation

 TwoTlag/OneTlag data ratio on 2D mass plane
o SB/VR/SR ratio is the same; outside SB is different

;‘ il r.- .t." ] .. H -8 4(21 2000_| | IS N B e L LA L B B
8 Qi eEna e @ % ~ I SB mean: 0.109 = 0.001; Gaus mean: 0.109 width: 0.016 |
= =. o) . N CRmean: 0.111+ 0.001; Gaus mean: 0.111 width: 0.014 _|
IS O10000— M SR mean: 0.109 = 0.001; Gaus mean: 0.109 width: 0.013 —
"’Eﬁ 8 — B O7 mean: 0.101 = 0.001; Gaus mean: 0.101 width: 0.018 ]
< I -
2 8000 1 —
%) | —
B ¢l _
6000 —
4000~ _
\m_’ -
' — A) 4‘}&"“% &b, - :

I o O AEARE A e TP

0.06 "0.08 0.1 0.12 0.14 0.16

chd
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Boosted: Background Modeling

Sideband Region MJJ K5 =0.0047___ Obs/Ee! = 25137.0/25137,0.1.000

2 s 5
l= - ATLAS work in progress ¢ Data —
. L 10° = Vs=13 TeV, 15+16, 36.1 b Multijet =
 Good agreement in shape; L F 20s;SBmHH; 5 -
normalization agree by < 10°g N\ Stat Uncer. =
construction 10° = . .+ G(2000)x30
= 250+ = -
8 | .o 1
=3 | ATLAS work in progress ] B & _
& 200 = -
e
_ S ] =
150_— 10—15_ - .
100~ - X - Y
! ss B 4 \ k\f
5 \
l__u oo ey ey S '5 \'
50 100 150 200 250 A 0 500 100015002000250030003500

é\i}\ mhead [GeV] m2J [GeV]
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Boosted: Background Modeling

\Validation Heg/'on NJJ ,  KS=0796 _ Obs/Est=8486.0/8333.0=1.018
l= 105 —— ATLAS work in progress ¢ Data —=
9 = (s=13 TeV, 15+16, 36.1 fb"! Multijet -
. LL] 41 : —
« Good agreement; from this = 10°¢ — st Uncer,
- . - \ a . D
closure test, derive systematics 10°E \jjjjge(zoOO)xso _
e a— T obs -
S ] Pds -
?,-, _ ATLAS work in progress : =— L) =
€200 | - -
1 g_ N =
150 10 o %
— | § | I §
i ©
100- 2 1.5
: 0
— 1
| T 0.5
%100 150 200 250 8 0 500 100015002000250030003500
'@? m'®2d [GeV] 1% [GeV]

Tony Tong (Harvard) Y 54 Apr 27,2018




Boosted: Background Modeling

[Low Mass Valigation p 1P SE0.939  Obs/ESt =3258.0/33956=0959
-IqC_; ? ATLAS work in progress ¢ Data ?
~ Vs=13 TeV, 15+16, 36.1 fb™ Multiiet B
. > - J .
Extra low mass QCD enriched i 104; :
region is used for unblinding < 0Pk A\ Stat Uncer.
tests—Ilooks fine! - iG(2000)x30 =
S 280 - R obs
S :I - -
S_ ATLAS work in progress {55 = =
c 200 — Z
150:— 10 ' Q;
- N LS
Lo I RN PN e NN
: > 1.5 §
100_ 5 1_ \\\
‘ f\—"‘ 0.5t

%0100 150 200 250 3 0 500 100015002000 250030003500

m'ead [GeV] y=0.96 X + -1.9e-19, prob:0.93 m2J [GeV]
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Boosted: Background Modeling

High Mass Validation o fSZ018. . OusEsl=6UB0E4R2 20505
c 10 =~ ATLAS work in progress ¢ Data E
, , g) - Vs=13 TeV, 15+16, 36.1 fb” Multijet ~
Extra high mass ttbar enriched W 10* = . —
region is also used for unblinding < g Stat Uncer. -
tests—looks fine! G(2000)x30 - =
=250 2 _:
% 50_ I 10 = =
%_) . ATLAS work in progress /1SR = =
£°200} E N -
U t
150:— 10—1 é_ é
L © 2 S S T NN N N\
: > 1.5- | \
100_ é 1 ™ ‘ \\
I S | +\ ‘&
oL+ « 1l Qv 05 ------------------------------

0 100 150 200 250 e 0 500 100015002000250030003500

@@ e [GeV] y=1 X +-1.9e-19, prob:0.85 m,,, [GeV]
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Overview of Systematics

* Signal MC uncertainty mainly comes from b-tagging

Boosted: Systematics

Two-tag hree-tag Four-tag
Source Background Ggk  Scalar / Background Gxk  Scalar round Ggix  Scalar
L uminosity i 2.1 | i 2.1 2.1 2.1 2.1
JER 0.25 0.74 1.4 0.93 0.93 1.1 1.5
JMR 0.52 12 1.4 12 13 . 13 14
JES/JMS 0.43 1.7 /2. 2.0 1.9 2.2 1.3 3.7 5.7
b-tageing 0.83 o7 B 99 0.48 2 2.9 11 Vag 28
Bkgd estimate 2.8 - - 5.8 - - 16 - -
Statistical 0.6 1.2 1.3 1.3 1.0 1.1 3.1 1.6 1.9
Total Syst 3.1 30 32 6.6 13 14 18 31 32
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Boosted: Systematics

Overview of Systematics

* Signal MC uncertainty mainly comes from b-tagging

* Background modeling normallzatlon uncertalnty 'S dominated by

validation region non-closure tests

* Shape uncertainty is also /,., deriVed fro

N control region

Two-tag ; hree-tag '\ Four-tag

Source Background Gggk Backgrou d Ggkk \"\, Background Ggkg  Scalar
Luminosity - 2.1 / 2.1 - 2.1 - 2.1 2.1
JER 0.25 A 1 1.4 | 0.93  0.93\ 0.45 1.1 1.5
JMR 0.52 12 1.4 | 12 13\ 7.9 13 14
JES/JMS 0.43 2.1 2.0 | 1.9 2.2 . 1.3 3.7 5.7
b-tagging 0.83 , 29 0.48 2 2.9 1.1 28 28
Bkgd estimate 2.8 5 - - 5.8 ¥ - - 16 - -
Statistical 0.6 1.2 1.3 1.3 1.0 1.1 31 1.6 1.9

3.1 30 32 6.6 13 14 18 31 32

Total Syst

(Harvard)
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Signal Region Predictions: mHH

o With full systematics, final discriminate, blinded
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» -~ /1 B a2yl = Dy,

Signal Region Predictions: mHH

o With full systematics, final discriminate, unblinded

» S|=|1 IIIIIII |(E|St| ObIS)I/OIbIS '||'||6I I|E 34I1|6 IOI 31|0| —
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"2 ATLAS Internal $pata [OwuieE  10° A TLAS Internal oma o [tier 0 qpffs=ta TeV, 15416, 36.1 t Nistatssyer
L|>J - ~ {5=13TeV, 15+16, 36.1 e I:lﬁ W stateSyst LLI - s=13 TeV, 1§+16 36.1fb" gﬁ Stat+@.st Z — FourTag; Signal; mHH; pole TRSG 2.0TeV * 30 |
Z ? TwoTag; split; Signal; mHH; pole :_.F{SG 5 0TeV * 30 % < 1()3 E_ThreeTag;SlgnaI;mHH;poIe RSG 2.0TeV * 30 10__ ]
= ] 10° 8— —
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Signal Region: Boosted

e Final discriminant: m2j, dijet invariant mass; no significant excess observed

Channel

.........................................................................................................................................................................................................................................................................................................................................................................................................................................................................................
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-049/

Signal Region: Resolved

* Final discriminant: m4j, four jets’s invariant mass; no significant excess observed

.......................................................................................................................................................................................................................................................................................................................................................................................................................................................
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Current Combined Limits

* 2017 current analysis Is
done! Spin 2, narrower width

E 10* == | e Bulk RS, kl/_mp!=1.o =

 Resolved/Boosted 27/36 = E ATLAS Internal :SB;S&I%&'#:‘#{SS;?SB -

- = 0 B Expected = 1o —

fo-1 Statistically '% T - Resoed 13 ]

i . ] 10° B Resolved 2016 —

Combined Limits c --- Boosled & -

< N -- Boosted 2b _

| = _

X107 = =

: : Q) — =

* Non-Resonance limiton 1+ :

HH to 4Db: % 10 5

» 147 fb observed : i

1= , , , , , C | | —

* M~ 13 (20.7 300 400 500 1000 2000 3000

% expected) Mg-,, [GEV]
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Events / 50 GeV

Data - Fit

CMS Signal Regions

 CMS published resonant 4b results with 36 flbo-1 359157 (13 TeV

E 100~ CMS * zitvigb?rsk it
* No significant excess found in 260 - 3000 GeV £ | ™™ L

35.9 b (13 TeV)

L L | | ' L L L L L ' | L]
TT category: Signal region
C MS ¢ Data

. - Background pre-fit
Pfe//m/nafy = Background post-fit

----- Bulk graviton 1600 GeV
— Bulk graviton 2500 GeV

Signal cross section = 10 tb
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LL category: Signal region
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Signal cross section = 10 tb
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https://cds.cern.ch/record/2292044/files/HIG-17-009-pas.pdf
https://cds.cern.ch/record/2264684/files/B2G-16-026-pas.pdf

Current di-Higgs status

e | IMItS on resonant moagels
(spin 0) as a function of
resonance mass

e EXpected boosted 4b limit
pbetween ATLAS and
are very similar, despite the
different methods

Tony Tong (Harvard)
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Latest Run Il HH4b expected limits

HIG-17-009-pas
J.Allison —

— ATLAS -
- CMS _

e
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<
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|

Estimated 95% CL limit on o, x BR,_,, [pb]

10" —=500 1000 1500 2000 _ 2500 _ 8000
| my [GeV]
HH boosted 4b ~ ATLAS
b-tagging fixed-radius d,:::;:;b
bkg estimation | ABCD method oY
signal region circle square
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Latest Run Il HH4b expected limits

HIG-17-009-pas
J.Alison

— ATLAS
-- CMS _

Current di-Higgs status

e | IMItS on resonant moagels
(spin 0) as a function of
resonance mass

107" =

*
.'. o
"y
v, .0‘:.

10'25— =
e EXpected boosted 4b limit :
between ATLAS and 7000 1500 2000 2500 3000

% Estimated 95% CL limit on o, x BRy_,,, [Pb]

are very similar, despite the odab | ATLAS e
, ‘ ooSstie
different methods
. . . double-b
» Resolved + Boosted -~ lagging | fxedradlus  iagger
combination pays off for bkg estimation |ABCD method d':;i‘g;'}’it
a, Signals between 1-1.5TeV o T S
7 signal region circle ~ square

Apr 27,2018
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Current di-Higgs status Latest Run Il HH search limits

ATLAS CMS

L [fb7) L [fb7)

e | IMItS on resonant moagels
(spin 0) as a function of
resonance mass

e 13.3 2.3/35.9
bbbb  conr2016-049 PAS-HIG-16-002

PAS-B2G-16-026
DDYY  conF-2016-004 PAS-HIG-16-032

WWY}’ CONF-2016-071

w— 35.9
bbvv PAS-HIG-17-006

e EXpected boosted 4b limit
pbetween ATLAS and
are very similar, despite the
different methods

-~ . 35.9
bbrt PAS-HIG-17-002

\ \\/A H(bb)H(bb)
H(yy)H(bB) \J\Z

. \

* Compared with other —Obs.  --Exp. >

channels, 4b is still the most
v Ssensitive at high mass 00 500 O ey S000 S0
& o my [GeV]
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Current di-Higgs non-resonant limits
Channel H— a/osm—Obs (Exp)

3fb-1, 13fb-1, ...........................................................................................
e Summary of 13 TeV 36fbt  ATLAS CMS
Limits of non- bbbb 29 (38) 342 (308)

resonant di-Higgs
Cross section / the
standard model
Cross section

WW*yy | 747 (386) :



https://arxiv.org/pdf/1708.04188.pdf
https://arxiv.org/pdf/1707.02909.pdf
https://cds.cern.ch/record/2273383/files/HIG-17-008-pas.pdf

Boosted HH4b future improvements

ATL-PHYS-PUB-2017-013

e Limiting factor is signal acceptance: b-tagging; substructure

e EXpect better results at 120 b1
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http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2017-013/

Boosted HH4b future improvements

ATL-PHYS-PUB-2017-010

e Limiting factor is signal acceptance: b-tagging; substructure
. Expect petter results at 120 fo-1!
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https://cds.cern.ch/record/2268678/files/ATL-PHYS-PUB-2017-010.pdf

HL-LHC 4b

Future Perspectives

e Full High-Luminosity
L HC will have 3000 tb-1
data

f e ngh
ple) Luminosity
 LHC

 One of the ultimate
goals Is to constrain Annn

/72


http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2016-024/

HL-LHC 4b

Future Perspectives
= = T T T I| I||\II| II T
L6l imi ultijet
S AT =
* Extrapolation of 210°F - SMnonresonant ik
current di-Higgs to Sk

‘4k) £2C)1(3 |(:}_”E”:) 10°
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http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2016-024/

HL-LHC 4b

Future Perspectives

'E' " I I I I | I I I I | I I I I | I I I I | I I I I | I I I I
T v T , — B ATLAS Preliminary Non-resonant prediction
50000000 ——»—t- -~—1000r evae Expected Limit (95% CL) [
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http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2016-024/

HL-LHC di-Higgs: ATLAS and CMS

Future di-Higgs Status

o/osm Stat
» Summary of HL-LHC di- hannel (Stat + Syst)

-1
Higgs Limits on o/osm 300016



https://indico.cern.ch/event/477407/contributions/2305068/attachments/1369122/2078427/DiHiggs_CMS_HiggsCouplings2016.pdf
https://cds.cern.ch/record/2221658/files/ATL-PHYS-PUB-2016-024.pdf
https://cds.cern.ch/record/2065974/files/ATL-PHYS-PUB-2015-046.pdf
https://cds.cern.ch/record/2243387/files/ATL-PHYS-PUB-2017-001.pdf

HL-LHC di-Higgs: ATLAS and CMS

Future di-Higgs Status

o/osm Stat
» Summary of HL-LHC di- hannel (Stat + Syst)

-1
Higgs Limits on o/osm 300016

e Will need ALASand
CMS combinationto 7
pIN It down bbtt



https://indico.cern.ch/event/477407/contributions/2305068/attachments/1369122/2078427/DiHiggs_CMS_HiggsCouplings2016.pdf
https://cds.cern.ch/record/2221658/files/ATL-PHYS-PUB-2016-024.pdf
https://cds.cern.ch/record/2065974/files/ATL-PHYS-PUB-2015-046.pdf
https://cds.cern.ch/record/2243387/files/ATL-PHYS-PUB-2017-001.pdf

C N / ' N Run Il Boosted Event
O C US IO ATLAS 2015-10-21 06:56:16 CEST source:JiveXML 282712 595661746 run:282712 ev:595661746 lumiBlock:503 Atlantis
| N

e Study of di-Higgs production
has a short history but will
have a much longer future,
will be fun to work on!

» Searches for BSM signals are
already interesting:

e | imits from 260 GeV to 3 TeV

* SO far no significant excess
observed, 13 TeV 4b non-
resonance limit at 147 fb

Tony Tong (Harvard) o 77 Apr 27,2018




Conclusion

e ‘It Is a far, tar better
thing that | do, than |
have ever done; It IS
a far, tar better result
that | got to than |
have ever known.”

Tony Tong (Harvard) _&3;:, 78

-10-21 06:56:16 CEST source:JiveXML 282712 595661746 run:282712 ev:595661746 lumiBlock:503 Atlantis
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Thank you

My committee!




Thank you!
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e Current Resolved

e Current Boosted: Background; RW; Syst; Optimization
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di-Higgs Production

Higgs in SM
* |nteraction with the Higgs field gives V(gb) — —,u¢2 + )\¢4

mass to fermions and vector bosons

 And we found the Higgs boson!

Apr 27,2018
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di-Higgs Production

Di-Higgs Cross Section

* [woO diagrams:
destructive interference

9 r00000000Y > - ——————- h
t/b A |

7 QQQQQQQQ A8~ === -~ b

g _ h
t/b A —h:.‘\ Ahhh

g o

Tony Tong (Harvard)
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arxiv 1401.7340

[ | | [ [ -
HH production at 14 TeV LHC at (N)LO in QCD 1
AL | M,=125 GeV, MSTW2008 (N)LO pdf (68%cl)

MadGraph5 aMC@NLO

HH cross section as a function of A/Annn
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https://arxiv.org/pdf/1401.7340.pdf

e WO diagrams;

destructive interference

t/b A

- ———————— h

|

& -—-—----- h
_ h

--®_ Anhhh

e Small Cross Section ~ at 13

Tony Tong

(Harvard)

TeV: 34 fb (NNLO + NNLL)

di-Higgs Production

Di-Higgs Cross Section

arxiv 1401.7340

10%
10°

2 .
10 (EF 1 \00‘)—\“'\‘)r

oV ed)

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

q O
—
Z
1T
@)
=
g ©
. LO
4 C
5
-2 —
10 =G
O
4 @©
1 =
10-3 | | | | | |
8 1314 25 33 50 75 100
Vs[TeV]

HH cross section as a function of energy
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https://arxiv.org/pdf/1401.7340.pdf

di-Higgs Production

FPatron Luminosity Ratios

WJS2013
100 : ! ! ! L ! ! ! ! ! ! ! U ! /"' :
ratios of LHC parton luminosities: /O :
13TeV/8TeV,7 TeV /8 TeV
/10
. . gg //{ ooooooo
* (Given the increased o 10E oS 5 -
mass reach of the LHC © o 4 Ceeaieliiiiiii, :
. . . - q9 .
N Run 2, it Is particularly £ L
important to focus on L e
resonant searches at g 1}
high mass
| MSTW2008NLO W\
0.1 Lo S . W
100 1000
M, (GeV)
TonyTong  (Harvard) 5




RSG branching ratio

¢ RSG branching ratio as a
function of mass computed

N MadGraph with the CP3-
Origins implementation

Tony Tong

(Harvard)

g .L_ | | | | | | | | | | | | | | | | | | | | | | | | | I | | | | | | |:
AETT -
N 4 | .
x X ,
g e
5 -
10-1 = ww......:.'...'.-.l.-..._.'...':.'.-.'.'.'.'.'.'.'.'.'.'.'.'.’:.':.':.':.':.':.':.':-:.-E
— —t _
- -h =
S 1 W |
I .-z —
- - A
102 | . G —
10'3 |—l: | | | 'l\'f*.l_ | | | | | | | | | | | | | | | | | | | | | | | | | | |
200 400 600 800 1000 1200 1400 1600 1800 2000
M. (GeV)
»




RSG cross section and width

e CIs the ratio of curvature
parameter k and the My,
reduced plank mass

* The width of the graviton
iINncreases with both ¢ and

MG

Tony Tong

(Harvard)

Theory

89

1045'

Cross section * BR(HH) (pb)
) ) ) = =
w N - o —

0 500 1000 1500 2000 2500 3000

10°¢

—k

o
N

L |

RSG Width (GeV)
o

O L L L L 1 L
10 0 500 1000 1500 2000 2500 3000

RSG Mass
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HDM branching ratio

* |In Type 1 models, the
charged fermions only
couple to the second Higgs
doublet, leading to a
fermiophobic light Higgs. In
Type 2 models, up-type
quarks couple to the first
doublet while down-type

guarks couple to the second
doublet.

e Used lype-2 2HDM with
& cos(b-a) = 0.2 and tan(b) = 1

Tony Tong (Harvard) S 90
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b-tagging

b-tagqging Details

® M VZC 1 O tr a| n e d W | 't h 7 % C - * IP[2/3]D Uses transverse/longitudinal impact parameters significances

* Likelihood ratios between b-, c- and light-jet hypothesis.

fraCt | O ﬂ « SV1 Reconstructs secondary vertex and uses information on: Inputs to
* Invariant mass of tracks pointing to same vertex.
* Number of two-track vertices. > MvV2 tagger

® R eJ e C't I O n a n d p u r I'ty I n fo r m a't I O n * Angular separation between jet and PV — SV direction. (BDT)

* JetFitter Exploits the topology of the weak b/c-hadron decay chain
* AKalman filter is used to find common line for the b and c vertices ]

CRR TauRR lightRRR

330

EM-70wp 54

Trk-70wp 03 7 17 120
|KI
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https://twiki.cern.ch/twiki/bin/viewauth/AtlasProtected/BTaggingBenchmarks

Runll 4b: perspectives

HHA4b future improvements

b-jet P, [GeV]
S N A
o o o
o Cl) IO

|
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amiy t-.h_ -~ —_ 1 O

800z 54 ks

400}
""ATLAS Simulation Prellmlnary : 1076

signal acceptance:
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HHA4b future improvements

* Limiting factor Is
signal acceptance:

* D-tagging
e frack|et size

* EXpect better results
at 120 fo-11

Tony Tong (Harvard)

Runll 4b: perspectives

b-jet P, [GeV]
S N A
o o o
o (@) o
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http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2017-013/
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HH ATLAS Results

Run | non-res limit comparison

Phys. Rev. D 92, 092004 (2015)

Runl non-res limits rel to SM Obs(Exp)

bbtt 160 (130)



https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2013-33/

Run | 4b

HeSO/\/ed and BOOSted H@SU/{'S Eur. Phys. J. C (2015) 75:412

Sample Signal Region Yield

Sample Signal Region Yield
Multijet 81.4 4+ 4.9 g
_ Multijet 23.5 £ 4.1
o Resolved 52=2¢6 7 Boosted 2.2 + 0.9
Z+jets 0.4 + 0.2 |
Z+jets 0.14 £+ 0.06
Total 87.0 & 5.6
Total 25.7 &+ 4.2
Data 87
SM hh ) 0.34 + 0.05 Data _ o
kk (500GeV), k/Mp) =1 27 £ 5.9 * (1000GeV), k/Mp = 1 2.1 £ 0.6
> 817 1 T T — S 27— 7 717 71 T "~ T~ T T " T T T ]
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2014-11/

Combined Limit

fe)
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Eur. Phys. J. C (2015) 75:412

ATLAS

\s =8 TeV Ldt = 19.5 fb'1 -——e—= Observed Limit (95% CL)

= Bulk RS, k/M,, = 1.0

------- Expected Limit (95% CL)

" | Expected =10
Expected +20
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2014-11/

Runll 4b: 2016 Moriond Results

20 75 Hesu/ts Phys. Rev. D 94.052002 (2016)

Signal Resolved Boosted 4b Boosted 3b

Exp 47.6 + 3.8 146+ 24 284.8 + 19.4

..........................................................................................................................................................................................................................................................................................................................................................................................................................................................................

Resolved: 4 Jet Invariant Mass Boosted 4b: 2 Jet Invariant Mass Boosted 3b: 2 Jet Invariant Mass
> = 10: > 60
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2015-11/

Runll 4b: 2016 Moriond Limits

Limits with 3.2 b7

e Resolved + Boosted
Combined Asymptotic
LIMItS

o Statistical uncertainty
imited

e Non-Resonance limit:

 bbbb:1.22 pb (1.3
pb expected)

Tony Tong (Harvard)

Phys. Rev. D 94.052002 (2016)

Spin 2, narrower width
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2015-11/

Runll 4b Conf

Resolved [rigger Efficiency
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Runll 4b Conf

ATLAS-CONFE-2016-049

Two Jet Mass Plane

Updated Sideband, Control and Signal Regions

%‘ 300_ [ I | | I | | L] I L | I I .I | I .II I.l [ o I-I | C\%) ;I 250 C\|>
S _ ATLAS Prellmlnary " . 5 o ATLAS Preliminary D
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00— —2000
- 100r
50:—
i - . ey, 0
B |1 |1 | ] |1 ] | |1 |1 | ] |1 ] | |1 |1 | ] |1 ] O 5%0 1 OO 1 50 200 250
% 50 100 150 200 250 300 o
& m32 [GeV] m'¢ad [GeV]

Tony Tong (Harvard) 102

Apr 27,2018


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-049/

Runll 4b Conf

Fit on Leading Jet Mass Distribution

e (Glven: N =" N02d+av”Ntyt.”

ATLAS-CONFE-2016-049

data gcd” 'q tt

e Simultaneous fit of p., a. to extract the normalization factors

e All fits are independent

—————— - > LI A A A R I IR a > I A A DL I I ]
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-049/

Runll 4b Conf

Reweighting Detalls

» Kinematics dependence of Uqced IS corrected by reweighting
* Resolved:

* Njet distribution, leading Higgs candidate pl, subleading Higgs candidate E
e Boosted:

* |eading Higgs candidate pT, leading track jet pT of the leading Higgs
candidate, leading track jet pT of the subleading Higgs candidate

e |terated reweighting Is used such that the correlations are taken into account.

Apr 27,2018
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Runll 4b Conf

Control Region: Resolved

ATLAS-CONFE-2016-049

 Good agreement in shape and normalization

Obs
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Runll 4b Conf

Control Region: Boosted

ATLAS-CONFE-2016-049

Good agreement in shape and normalization

Obs 7200 1529 81
Exp | 6954 = 52 1507 + 24 4.4 + 5.8
s e % FRTEAG B T 3 [ATLAS Preiminary Tom
© 104_ATLAS Preliminary } Data | 3 :ATLAS PreI|m1|nary { Data - 3 Redlond 1re |fm1|nary ata i
0 = 5213 TeV. 13.3 fb” ) E s=13 TeV, 13.3 fb Multijet s=13 TeV, 13.3 1o Multijet
o 5= 10 Multijet . Q 3L — S 2| _Control Region, Boosted 4-ta :
S - Control Region, Boosted 2-tag " : = 10”="Control Region, Boosted 3-tag ft 3 © 10 9 9 t —
E 1P Stats+Syst > - Stat+Syst - P - Stat+Syst ]
g F - : g | :
) - - () o| _ D
> - - S 10%g 3b = 2 i b il
L 10°E = L - . L 4
: = - - 10 =
i | 10= = - -
10 = - - - s
= E 1= = 'E E
= — — I SR [ | R B
e o T i B e e R S 5 =
2 2 \ > 2r % > 2 \\\ \%‘_
m 1.51_— m  1.5¢ \ | o 1.5f \ \
S o5k \& (\3 I %\ | %ik%lg? b \ ; 1F
Ay 8 0 7000 1500 2000 2500 36603500 el SO 1 NSRRI T 5 OOk _ \\\
4 ‘D‘ a 0 500 1000 1500 2000 2500 3000 3500 ' 0 500 1000 1500 2000 2500 3000 3500
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Runll 4b Conf

Uncertainties Countdown

ATLAS-CONFE-2016-049

Resolved
2015 2016
Source Background SM hh Gy, (800 GeV) Background SMhh G, (800 GeV)
Luminosity — 2.1 2.1 — 3.7 3.7
JER — 5.7 3.3 — 5.4 3.5
_ . . JES — 6.4 1.3 — 6.6 1.3
o Signal uncertainty mainly comes  Mewsie =2 33 -2 33
] Theo'r.etlcal — 9_.7 41.2 — 9_.7 éi.2
from b-tagging et o ” i s - i
: : : Total 5.5 26 35 5.5 27 36
 Bkg uncertainty is dominated by
data driven control region Boosted
e St 198 at eS 2-tag-split 3-tag 4-tag
Source Background Gp, (2TeV) Background Gp, (2TeV) Background Gp, (2TeV)
« Background/QCD shape e o : o1 i 03
. : . JMR - 12 - 12 - 12
uncertainty is also applied JES/IMS : EE : 42 : EE
Theoretical 27 Z 23 i 2
Bkg Estimate 4.4 - 4.6 - 21 -
Statistical 0.5 1.4 1.1 1.0 1.2 1.3
tt 1.6 - 4.7 - 10 -
Total Sys 4.7 59 6.6 20 24 40
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20 76 H@SO/V@O’ ATLAS-CONF-2016-049

Final discriminant: m4j, four jets’s invariant mass; no significant excess observed

.......................................................................................................................................................................................................................................................................................................................................................................................................................................................

Exp | 1189 + 76 é 3860 + 230

> — I I I I I I I I I I I I I —
> : I I I I I I I I I I I I I I I I I : GJ 3 | . . L
o . . O 10E ATLAS Preliminar —+— Data =
S L ATLAS Preliminary —— aatla_ N o F /S = 13 TeV. 2016. 10.1 fby_1 [ Multijet =
-1 | | Multijet — u - ’ » n _
1C—> 10° e Is =13 TeV, 2015, 3.2 fb it J = D = Signal Region: Resolved I ]
) = I % Signal Region: Resolved _— = 2 —— G(300) x10
o L — G(800) x10 - o E o SM hh x500 =
Lﬁ | SM hh %500 . — P N Stat+Syst Uncertainty —
10 = ) N\ Stat+Syst Uncertainty = — —
: h- 2015 - o S5 2016 -
i JF ) - g -
1 — = | N —
— - \m N
— AR I . 71— N \\\ \ _
- ) ) S 7 = N = \ =
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20 76\: BOOSZ_ed ATLAS-CONF-2016-049

Final discriminant: m2j, dijet invariant mass; no significant excess observed
Channel | 2bs 3b 4b

....................................................................
..................................................................................
..................................................................
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Runll Graviton Searches

RSG Limit Comparison -

—‘I | P | P | T | P | T | P | P | T _I_

. ATLAS Preliminary 95% C.L. exclusion limits~
= ys=13TeV, 13.2-15.5fp™ = RS G* k/ Mp=1
q9499

lvaq

llqq

vvqq
bbbb

-
-

107 E —=
107 =
_I | | | | | | | | | | | | | | | | | | | | | |"'r',| | | | | | | | | | | | | | | | | | _|_
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Mg [TeV]
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bbyy and WW*yy Selections

o Both built on top of SM h-yy selections—clean signature

Runll bbyy and WW*yy: methods

e Both require 105 GeV < myy < 160 GeV

di-Higgs Decay/
Signal Regions

bbyy

WW*yy

(semi-leptonic only)

Resonance

Tony Tong (Harvard)

hghter mass window: 122 GeV < mW < 128 GeV

..................................................................................................................................................................................................................................................................................................................................................................

2 b-jets

135 GeV

~without ti

M

 mass window cuts on Mooy |

95 GeV < Mpp <.

2 |ets, 1 lepton

e full m |
Yy same as resonance

ter mass wmdovv

Apr 27,2018




Runll bbyy and WW*yy: methods

ATLAS-CONFE-2016-004

Control Regions

Control region: bbyy—O0b-tags; WW*yy—zero lepton + 2 jets

> I L B e
B S B B B B . _
E - ATLAS Prelliminary | . Di-Higgls - 8 - ATLAS Preliminary ¢ Data 5
© 40 ys=13Tev,32f07 ... Single Higgs = v 500F ’ _
d 355_ O-tag control region ~ .-.-. Continuum Bkg._f o B \'s =13 TeV*13 .3 fb — Continuum bkg.  _
% — — Sum - —~ — ]
g E Tbvv + Data E 2 400 WWwW YY N(lepton)=0 —
- - > -
— = LL] B
: - 300 =
- = 200 " b —
- - ’ :
- = Patd il -
= - 100 ¢® 00 b
— = ¢ D
T - - = ————+—1 N —— i I —— | N —— | N —— -
. r 50
o B X0 A Mot XANY L ;iml
CDU © 0 A $
© ¢ o ¢ v
D -50 I I | L 1 1 | | I I | | I I_
- 10435 120 130 140 150 160 130 140 150 160
W m,, [GeV] m,, [GeV]
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Runll bbyy and WW*yy: methods

ATLAS-CONFE-2016-004

bbyy Systematics

Source of systematic Impact in % on the search for di-Higgs production in
uncertainty non-resonant mode resonant mode
hh signal Single-h bkg Cont. X —hh signal SM h+hh bkg Cont.
Luminosity +5.0 +5.0 - +5.0 +5.0 -
Trigger +0.4 +0.4 - +0.4 +0.4 -
Pileup reweighting +1.6 +2.4/-0.4 - +1.0 +2.3 -
Generated event statistics +1.3 +16.8 - +4.3 +12.6 -
. energy resolution 430/ —15 +30/ —15 - +7.0/-0.3 +40.0/—-3.8 -
° Sys’[em atICS Dl | energy scale +0.5 +0.5 - +19/-35 +28/-30 -
. identification +2.5 +2.5 - +2.5 +2.5 -
dominated by 0 hoton isolation +3.4 +3.4 i +3.9 +3.9 .
: Jot energy resolution  £2.7 +24 - +9.1 +1.6-9.8 -
energy resolution energy scale 113/ -11 412 i +12.1 +10.6 i
b-jets +12.9 +10.0 - +12.6 +12.6 -
bt acein c-jets +0.05 +4.1 - +0.2 +3.0 -
58S Hight-jets +0.5 +3.9/-46 - +0.2 +0.5 i
extrapolation +5.1 +2.8 - +5.2 +3.0 -
m~~ modelling - - +11 - - +11
Shape My~ Modelling - - - - +25.0 +27-40
PDF+ag - +6.8 / —6.6 - - +7.4/-7.3 -
Theory Scale - +5.7 / —8.2 - - +6.9 / —10.9 -
EFT - - - - +5.7 -
Total +34 / —22 443 /-35 =11 +23 / —22 +36 / —35  +£29-41
TonyTong | (Harvard) | % -




Runll bbyy and WW*yy: methods

WW*yy Systematics

ATLAS-CONFE-2016-004

ATLAS-CONFE-2016-071

e Systematics
dominated by statistics

Tony Tong

(Harvard)

Trigger 0.4 0.4 0.4 -
Pileup re-weighting 0.8 0.2 1.8 -
Event statistics 2.0 1.8 2.7 14.7
energy resolution 2.0 1.8 1.2 -
energy scale 4.2 4.1 1.6 -
Photon identification 1.2 4.2 4.2 i
isolation 1.0 1.0 1.1 -
Jot energy resolution 0.8 0.2 8.0 -
energy scale 3.5 3.5 5.2 -
b-jets 0.06 0.05 5.4 -
bt acein c-jets 0.5 0.5 0.3 -
SEIE light jets 0.4 0.4 0.4 i
extrapolation 0.006 0.06 0.8 -
[enton electron 0.7 0.7 0.7 -
P muon 0.3 0.3 0.6 .
lepton dependence - - - 7.4
background modelling - - - 3.8
“r sideband definition - - - 1.2
statistics on €., - - - 1.3
PDF (2.1) - 2.2 -
ag (2.3) - 1.5 -
scale (6.0) : 3.7 -
Theory HEFT (5.0) - - -
jet multiplicity - - 12.5 -
o




Runll bbyy and WW*yy: results

ATLAS-CONFE-2016-004

bbyy and WW?*yy Signal Regions

bbyy 3.2 fb" WW+yy  13.3 fb-
""""""""" Yy Yields are within the Yy

| t|ght Myy window 5
Exp 1.0 = 0.3 EXp 7.20 £ 1.23

> L e L B > L e L L L
X _ ATLAS Preliminary . i-Higgs — O — L D ]
§ C {s=13TeV,327" ... Single Higgs | O 14: ATLAS Pre“mmary ¢ Ci:f’l[inuum bkg. -
~ 5:_ 2-tag signal region ~ .--e Continuum Bkg. : 1ol \s=13TeV,13.3fb" ... SM Higgs 7
|5 - —— sum § ~ I SM di-Higgs
- — D) B ]
: :_ _: Lﬁ 3 - N(lepton)=1 -
- . 6 . —
2 ° ° ° — B ® _
B _ 4_— ® ® ® _
1;\\0 {3 ) ° ° ¢ — H——— ¢ * -
B T —— _ ol eee e ® ° ° o |—
I | | | — P o0 ® o0 | o o
i = e

-.clg 21 ® + | LL 5 | |+ +

4]
- OQ—HL + + * 3 O+*+H+++ +++¢+H‘*‘*‘*....++*—+—*—. :
| D -5_I | | | | | | | | | | | | | | | | | | | | | | | | I_
~ —110 120 130 140 150 __ 160 110 120 130 140 150
O o (56 m,, [GeV]
% bbyy observed an excess in Run-1, not confirmed by Run-2
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Runll bbyy and WW*yy*: limits

obyy and WW=yy Limits ye——

 NoO resonant excess observed
 Non-resonant hh limit:

 bbyy — 3.9 pb (5.4 pb expected)

o« WW*yy— 25 pb (12.9 pb expected)

E 24 :I I I | I I I | I | | | | | | | | | | | | | | | | | : g 1 03 i ! | ! ! ! ! | ! ! ! ! | ! ! ! ! | ! ! ! ! f

= oo ATLAS Preliminary —— Obs. limit = = - ATLAS Preliminary —*- Observed -

£ ,gF \s=13Tev,32f" - Exp. limit E s - e Expected -

= : I Exp. limit +10,,,  ° 1 - \s=13TeV, 13.3 fb’ - tod

2 181 Exp. limit +26,, - X - = loexpecied

= 165 - % ) + 20 expected

= - ] 10° —

S 14F bb = X ; * -

E i LA 0 \\UUUU Yy -

3 g8 | .

3 8 = Z > i _

S BF = ol _

= = - -

2 El_ | | | | | | | | | | | | | | | | | | | | | | | | | | | | _E 2gol | | I36OI | | ISéOI | | I460I | | I4éol | | I5O|OT

~ 280 300 320 340 360 380 400

D m, [GeV] m, [GeV]
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L/-m/-Z_S W/'Z_h 3. 2 fb_ 1 Phys. Rev. D 94.052002 (2016)

e Resolved + Boosted 4 Spin 2, broader width
. . — 10" E L s B S
COmblﬂed AsymptOtlc =, - ATLAS _1| Bulk RS, k/MFL:Z.O '§
L. o) - \s=13 TeV, 3.2 fb —e— Observed Limit (95% CL) -
L|m|tS ,g 10° : ------- Expected Limit (95% CL) __
'c,l? g Resolved | Boosted —— Eigggt:g i;(; %
- — _
T 0P -

e Non-Resonance |[imit: y

+ bbbb: 1.22 pb 10
(1.3 pb expected) g

|

® | | | | | |
1 ] ] ] ] ] ] ] ] ] ] ] ] ] ] ] ] ] ] ] ] ]
500 1000 1500 2000 2500 3000
@ M- [GeV]
‘\%’f *The parameter k corresponds to the curvature of the warped extra dimension and the effective four-dimensional Planck scale KK
‘ TonyTong  (Harvard) 17



https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2015-11/

L/-mI-Z_S W/'Z_h 3. 2 fb_ 7 Phys. Rev. D 94.052002 (2016)

» Resolved + Boosteo 4 Spin 0, narrow width

. . — 10—
Combined Asym ptOUC =, §| ATLAS |_1 —-—lObserved Lirlnit (95% CL) |§
L imit o (s=13Tev, 3207 .., Expected Limit (95% CL) _
IMITS Q103 = " Expected =10 —
1 = Resolved | Boosted Expected =20 =
f= K i}
L. n 10° E -
 Non-Resonance limit: [ 7 F
A - _
* pbbb: 1.22 pb o 10F -
(1.3 pb expected) ° r -
500 1000 1500 2000 2500 3000
my, [GeV]

T TR a— s
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Runll 4b: event display

ATLAS

EXPERIMENT

ATLAS

EXPERIMENT

Run Number: 282631, Event Number: 530527390 Run Number: 282631, Event Number: 530527390

Date: 2015-10-20 15:17:29 CEST Date: 2015-10-20 15:17:29 CEST

| l |
rert ' B , — 1. T o (2
Tony Tong (Harvard) inm . Apr 27,2018
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HL-LHC 4b

HL-LHC Limit vs Jet pT

o
N

&
N

ATLAS Preliminary

Vs=14 TeV, L = 3000 fb

o Expected Limit on cross

05% C.L. exclusion limit on 0/Ogy

_|_|III|III|III III|III|III|III|III|III|I|||_
i III|III|III III|III|III|III|III|III|III—

3
2.8
_ _ _ 2.6 .
section ratio, as a function >4
of minimum jet pT required
. 2.2 -
for the four b-tagged jets S
" 2 ‘t'
candidates -
1.8 L
1.6 ®. -.o---o""‘ ol
1.4

30 40 50 60 70 80 90 100 110
Minimum offline jet p_ [GeV]
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http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2016-024/

Future Perspectives

9 00000000 > > - ——————- h
t/b A Y

h

h

h

e Limit; -0.8 < Aphn< 7.7

Tony Tong (Harvard)

HL-LHC bbyy

ATLAS-CONF-2017-001

— 3 | I | | I I I | | | | | | | I | | | | | | | I
= % | ! —— Non'resonant HH prediction -
— - ATL S _ S e Expected Limit (95% CL) -
2= o g Simulation Preliminary — ms Expected+ 1o -
| _S‘ I Expected = 20 —
-CT> " 1s=14 eV, 3000 fb )
- 20 —
L _ )
L 150 -
o) B |
o B )
1=
0.5 |
O | ] | | | | | | | | | | | ] ] | | I ] | | ] I | | ] ] _l
-10 -5 0 5 10 15 20
SM
7\‘HHH/%‘HHH
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di-HIggs p-values

* The smallest p Is found for
the narrow-width scalar at
280 GeV and corresponds
to 3.6 (2.3 global)
standard deviations from
the background-only
hypothesis.

* The p value for the
G. model with k/M=1 at
the same mass Is 2.5

standard deviati(_)ns, the
G. model with k/M =2 Is too
P  wide to fit the excess.

Tony Tong

HH4b: Current limits

1072

1073

1074

local po values

| | | |
\s =13 TeV, 27.5-36.1 fb™

X — HH — bbbb

—e— Scalar

= —G—GKK k/|\_/|P|= 1 [
; — GKK k/I\_/IPI =2
- o o N - .
0.3 04 0.5 1 2 3
m(X) [TeV]
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Current Resolved
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Current Resolved: Event Selection

Event Selection and Method

Cut Explanation
___________________________________ ., e, . Ensuedaaquaity
HLT_2|35_btight_2j35_L14J15.0ETA25 or
HLT_j100_2j55_bmedium or
HLT_j225_bloose (2015)
Trigger
HLT _2|135_bmv2c2060_split_ 2|35_L14J15.0ETA25 or

L T_J100_2155_bmv2c2060_split or

T _J225 _bmv2c2060_split (2016)
____________________________________________ JetCleaning | Do JetCleaning on the Resolved Jets with Loose cuts
 4SmallRJets | must have at least 4 small R jets (R=0.4 EMTopo) |

Jet Selections oT > 40 GeV; |n| < 2.5;
___________________________________________________________ dneut | [dn(hh)] <15 toreduce QCD background
A b-tagging Mv2C10, 70% wp, take 4 highest Mv2 jets, in case of more

Tony Tong (Harvard) 124
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Current Resolved: Event Selection

Resolved Selection Efficiency
o (Good trigger efticiency overall ~ 95%

e | ooser HC Pt and An cuts make up for 10 GeV rise in jet Pt cut

« SM acceptance is about the same as 2016 ICHEP result
Total Acc X EfflClency

2016 Trlgger Eff|C|ency

> B | AL NI S R B R 0.06_
<>_,’ I i ] 8 0.18— —e— 4 bjets s P >40 GeV —_
14— —— HLT OR — 14 - [ - —e— AR, (MDR) 3 ! 1
o (5= 13 TeV. 2016 24.3 fb” —e— 2|35_b60_2j35 s - ] § 0.16— P, h's (MDC) /s =13TeV, 201624307 — o005~ -
Eﬁ 1.2H— Resolved ’ ) j1 00_2155_b60 L 1 9 ] L] e IAnth <1.5 Resolved i |
—s— j225_b60 - - - x 014— o x <16 — o
- — - - o) - —e—X,<15 0.04+ —
1 1 O 012 [ —— T : — I~ ® m
— —e— -o————@- >— o— —o— o — - . C = rigger
B v— —e B i : i -lcE ®
. — og- - o O = S
B | i ] S - 0-03" 2
B N i ] 0.08 —
. ] 0.6_— - < B i B
0.06 B _ 0.02__ N
0.4 — B
’ i ] 0.04 — ) ]
. 0.01_— -
- 0= 0.02 7
| F——— ~
’-\ O ] ] ] ] ] ] ] ] ] ] ] ] ] ] O O ] ] ] ] ] ] ] ] ] ] ] ] ] ] ] O_
iib\‘ 400 600 800 1000 1200 SMNR 400 600 800 1000 1200 SMNR
= ms. [GeV] ms. [GeV]
KK KK
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Current Resolved: Event Selection

Jets Pair Combinatorics O o550

235 275 e if my; < 1250 GeV
my; m4; )

O<ARJ'J"1 ad < 1

« Add my; dependent requirements on dR;j; }

* [hen, select hh pair that has the minimal distance to the
diagonal line on the 2D mass plane

- B - e B — 0.04¢ 300
C<C] B — | Cé: B — |
2 30 /s =13 TeV, 2016 24.3 fb™ E _0.04(13 30 /s =13 TeV, 2016 24.3 fb™ 5 oo /
B s =13 TeV, 201 3 fb i B s=13TeV, 201 3fb b |
i - _ _ Iead H 1 —0.042 B SU IH - 240
3 s Signal Region: Resolved 7 C?J s ] Signal Region: Resolved 1 —0.03¢ /

o
o

o
o

< E E 008 th /
.0¢c 2.5: 7 |8O ‘ /
- [ | ~ 0.02¢ 5\(//
111
: : ||| .
0.02 190 ya

| B | e
E 0.01 E h || 7 0.01¢ SR K\
. 1: 0.01 60 »

0.01
i 2 <
0.00¢

o
o
Ny

N

o
o

Sublead HC Mass

0.0C

0 0 0

00 200 300 400 500 600 700 800 900 1000 1100 00 200 300 400 500 600 700 800 900 1000 1100 4
m4j [GeV] m4j [GeV] O 60 | 20 | 80 240 300

Lead HC Mass
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Current Resolved: Event Selection

Iwo Higgs Mass Plane o = ([

~ N\ 0.1 x mlead 0.1 X msubl
%2001—'"'|"'|"'|"'|"'I"'I"'__120‘%
° Slgnal Region (SR) Xnh < 1.6 ;3 180:_ (s =13 TeV, 2016 24.3 fb” _: g
ZI Resolved . %)
e Control Region (CR) : s g
 Ring outside SR (for validation) 1405_ _ "
* Balanced between low/high : -
masses Higgs candidates 2o B
e Sideband (SB): 100~ —
 Derive packground 0| -
normalization and kinematic ; 1~
reweighting functions O O

60 80 100 120 140 160 180 200
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Current Resolved: Background Estimation

%
, € 1200— E
o F Vs=13TeV, 243072016  [Jaco N
1000/— Sideband Region: Resolved ] Hadronic t =
— XZ/NDF =30.2/41 = 0.73 [ Leptonic tt N
B —— SMNR x 500 |
800 . —— NWS 260GeV u=0.15 7
B N Stat. Uncertainty _
* Baseline normalization and shape from MC cool o[ (S
- " 0.1mw 0.1m,
400—

* Build top discriminant Xwt: take three jets, sort them in MV2;
lower 2 makes W candidate; all three makes top candidate

200

o
o
-

 3-bin Fit to extract correct factor for ttbar:

-
%
By
e |

o
o

* Non-allhad: enriched in > 1 muon region X

MISTdata. FIT(MHISTged T Kallhad1STallhad T Knon-allhad

o All-had: enriched in Xuwt < 0.75 region : Cuns | Gonatbas

Prefit 0.227 1.0 1.0

e QCD: enriched in Xwt > 0.75 region Postfit  {0225+0.002| 11403 | 17402

data_3bin
Entries 3

» Constrains top yield in data and reduces impact of 4b MC o Crr e
mis-modeling e

8000 —

o
N
N
(e)}
(o0)
_
o

o After Xwt< 1.5 cut in selection, ttbar reduced by half to 5%

6000 —

of total bkg wo- QCD Allhad Non-
3 y allhad
‘i\i}\\ -tOp 00:0—511522|53
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Current Resolved: Background Estimation

Multijet background modeling

— —¢— Data
800 is=13TeV,24.31b 2016  [Jaco
= Sideband Region: Resolved [ Hadronie
¥2INDF = 283.55/25 = 11.34 [ Leptonic &

Events/10 GeV
~
S
|

 Baseline normalization and shape from 2b Data E Sl
j j i A - woE + before reweight -
» Combinatoric treatment of jet multiplicity: Details o N

» Apply weight to 2b events: wn = Ps-4p(n)/Pan(n) e -

after picking two light jets at random as b-jets g Z.‘...#%ftt{fﬁtf N
¢ A‘SO app‘y klﬂemath rewelghtlﬂg 80'5 """ 400 600 800 1000 '1;oo

| |
ot Mdjin
 pI of softest jet: turn-on _ 8 o L == T
Sideband £~ Smemmees 8 -
o
>
LL

DI of second-hardest jet oo e
* Average |n| of jets: - after reweight -

e 4pb events tend to be more central ol [ :

» dR; of two closest HCand jets, the other dR;;: gL .
A . . c\% 1 E_ toos «H:?'H+++ ¥+ s } * i
& » Correct for correlations in HCand dR; s stk

m,; (corrected) [GeV]
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https://indico.cern.ch/event/574958/contributions/2327861/attachments/1350617/2038601/Combinatorics.pdf

Current Resolved: Background Estimation

Multijet background modeling

* Baseline normalization and shape from 2b Data

o Combinatoric treatment of jet multiplicity: Details

Events/10 GeV
® S
S S

(o)}
o
o

« Apply weight to 2b events: wn = Ps—ap(n)/P2ab(n)

after picking two light jets at random as b-jets

e Also apply kinematic reweighting:

| M4j In
 pl of softest jet: turn-on Control

 pl of second-hardest |et:

* Average |n| of jets:
e 4p events tend to be more central

e dR; of two closest HCand jets, the other dR;;:
o Correct for correlations in HCand dR;;
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Vs =13 TeV, 24.3 fb™' 2016

- Control Region: Resolved

¥2/NDF = 156.19/25 = 6.24
+

Events/10 GeV

......................

Hadronic tt
Leptonic tt

' i 200 400 600

|||||||||||||

Vs =13 TeV, 24.3 fb" 2016
Control Region: Resolved
2/NDF = 27.19/25 = 1.08

|||||||||||||||||||||

...............

Hadronic tt

m,; (corrected) [GeV]
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Current Resolved: Background Modeling

e S o

ow/HIgh Mass Validation Heqion 2+ smweez 2.
= LMVR Region: Resolved ] Hadronic tt =

- 2/NDF = 41.55/42 =0.08 [ Leptonict -

Sl I 1440 & — X —— NWS 280GeV 1u=0.04 =

& 200 —_ g 10% 5 SMNR x 500 —=

= b IS=13 leV, 2016 24.3 1D - L B A Stat. Uncertainty =

%E'cv 180 LMVR Region: Resolved ‘ 1 —{120 i —

n mis™d —89.7GeV\?  (m$ib — 82.2GeV\® i 10E LOW Mass VR_

160:— XLM:J( 0.1m12§ad ) +( 0.1m§3‘b1 ) <1.6 — 100 E E

1402— — g0 1; T 1 _;

120_— | E

5 60 ]

e urther cross check othertwo - : o T .

. : oo BT TNY :

L 7 2 B \ 7

regions centered above the e b, A R N\ R :
B 20 % ;M+ f *+*+ _._\ § 7]

| B N :

H H maSS and be‘OW the H H ——— 05 500 200 600 800 1000 1200 | 1>oo' 1600 1800 2000
mlzejad [GeV] m4] (Z COrreCted) [GeV

0% e — T T T T T T T T T T
maSS _% 1 E—r l l l l l —l—Data l l —§
o F \s=13TeV,24.3f"2016 =~ [Jaco N
— | | T | | w 10°% & HMVR Region: Resolved [ Hadronic t —
B ool - £ £ +2/NDF = 18.04/38 =0.47 ~ [Jteptonict =
59 /s = 13 TeV, 2016 24.3 fb” - it N _ gm?: iO;ZV oot _
8E'cv180_ HMVR Region: Resolved ‘ _: — 100 102 = WA Stat. Uncertainty =

. [ |

- . : = High Mass VR
e (Good data/prediction S B o . E
\ i B |
agreement in Maj as well! - i E
100:— —: E _I_I_'_ E

i 1 10°" —
80— ol T 1T 7 ]
- mis®d — 160GeV\>  (m™ — 147 Gev'\ 1 2° g - ‘{ RS -
60— Xem = ( 0.1 ) +( 0.1m3 ) <o ] c\% 1 ;— M#“##Hﬂ\\ﬁ N\ T &\_ \\ —;
B R TR TR TR T R TR 0 o + lllll NE R .

o
(&)

migad [GeV] © 200 400 600 800 1000 1200 1400 1600 1800 2000
m,; (H corrected) [GeV
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Current Resolved: Systematics

OV@/’V/@W Of Sys Z—e maZ-ICS Model derived in Sldeband l\/odel derived in Control

Events/10 GeV
Events/10 GeV

e Signal MC uncertainty mainly comes from
b-tagging

o

? 3 mf+m+~++t*++~iﬁ;»+>¥m§\_\\*i\\\\\\\_\\\\\\\\\\\ }%
e Background modeling normalization £ T
n n . = = y —— Multijet —
uncertainty and shape uncertainty is Hre Sl Pogion: Reepivad C
: : — —— CR Weighted =
defined by the ditference between control ¢ \ Cenin . E
region derived signal region model and °F T |\ st Uncertainy
sideband region derived signal region e =
model : Multijet Variations :
e [he shape uncertainty is split into twc? 3 - §§\§ ------
separate Comporjents (by HT) to avoid Br §\>§§ :
’ii\)\ belng {00 restrictive 500400 600 800 1000 1200 1400 1600\18'00' 5000

Corrected m, [GeV]
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Runll 4b: boosted region definition

Machine Checked Signal Region

* Large-R jet mass is a good indicator for signal region
e Fixed cut on two of them or a more complicated selection”

leading pr Jet mass, transformed  subleading pr Jet mass, transformed

7000 . 4500 '

Signal oo Signal
6000 Background Background
3500 | :
5000 |
3000 |
4000 | : 2500 |
3000 | : 2000
1500 |
2000 |
1000 |
1000 | S0
AR 0—6 ~4 22 4 6 0—6 ~4 22 0 2 4 6
ii; a.u. a.u.
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Runll 4b: boosted region definition

Machine Checked Signal Region

* Neural Net is great for non-linear models, exploiting correlation
o Simple three layer NN gives a circular output

leading pr Jet mass, transformed

n 2 _
Signal S L

Background S ~ .
© 1.5

g L Signal Region Shape -
& 1
Q -

o) — _|
= B
w -
0.5—
a.u. B
subleading prt Jet mass, transformed -
Signal : -
Background u
_1:—
-1.5

_2:IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII
-2 -1.5 ~1 -0.5 0 0.5 1 1.5 2

leading jet mass

Apr 27,2018
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Back-up Slides

Current Boosted Backgrounds
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Current Boosted: Event Selection

Event Selection and Method

O Cut . Explanation
GRL —nsure data quality
Trigger HLT_j360_a10_Ilcw(2015); HLT_j420_a10_lcw (2016)
Jet Cleaning Do Jet Cleaning on the Resolved Jets with Loose cuts

must have at least 2 large R |ets
2 Large-R Jet (Anti-kt R =1.0 LCTopo, trimmed)

Leading jet pT > 450 GeV,
Large-R Jet Selections subleading jet pT > 250 GeV,
Large R jet |n| < 2; combined mass > 50 GeV;

dn cut [dn(j,j)| < 1.7; to reduce QCD background
Resolved Veto Veto 4 resolved b-jets (70% wp) events, passing resolved SR
4D b-tagging on 0.2 Trackjets (pT > 10 GeV), Mv2C10, 70% wp
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https://indico.cern.ch/event/571497/contributions/2313834/attachments/1342321/2022013/HH4b_tony_20160923.pdf

Current Boosted: Trigger Studies

lrigger urn on

 In MC and 16 data using: HLT_j420_a10_lcw_sub_L1J100;
e [n 15 data using: HLT_j360_a10_lcw_sub_L1J100;

GC) " "L ATLAS work in progress —— Datal5 - GC) " "{ATLAS work in progress —— Datal6 -
= 1.2 .~ RSG1.1TeV = 1.2 .~ RSG1.1TeV
- MCis=13TeV . Rsg1oTev - - MCis=13TeV . Rsg12Tev -
1?_'.'_'.'_'.'_'.'_'.'_'.'_'.'_'.'_'.'_'.".'_.'_'.'_'.'_'.'_'.'_"_ "'T"!"L'ﬁ'#"'__ 1?_'.'_'.'_'.'_'.'_'.'_'.'_'.'_'.'_'.'_'.'_'.'_'.'_'.'_'.' ...... ' "j"!"!"¥"T"'__'
e - I I -
0.8 — 0.8- | —
0.6 — 0.6 —
0.4 — 0.4- —
0.2 — 0.2 —
O_ I N | 1 1 1 | 1 1 1 | I N | | 1 1 I—_ O | 1 1 | I N | I N | 1 1 1 | | I I——
300 350 400 450 500 550 600 300 350 400 450 500 550 600
g@ p.. [GeV] p_ [GeV]
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Current Boosted: Event Selection and Signal Regions

Iwo Higgs Mass Plane 2bs prediction, MJJ plane
* Signal Region (SR): Xnh < 1.6
* "Egg’ centered at h mass

* Validation Region (VR) :
 Xnh > 1.6 && Rnnh < 33
* Ring outside SR (for validation) 150
* Sideband (SB):
¢ 33 < Rnnh && Rnnhigh < 58
* Ring outside CR (for modeling)

2 2
m2d — 124 GeV m$"*t — 115 GeV
Xnn = +
0.1 (mie2d) 0.1 (m5u!)

ATLAS workin progress

Vs=13 TeV, 36.1 b
Boosted

100

5% ] ] ]

Rih = \/ (mrlead — 124 GeV)” + (m3d! — 115 GeV)’ 100 200

D lead

\i\i%; Rzl fh = \/ (m}ead — 134 GeV)2 + (mfubl - 125 GeV)2 mJ [G eV]
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Current Boosted: background estimation

Background

 Background:
e 10-15% ttbar—MC

* 90-85% qgca—data ariven \/
N 2bs SR/VR

?7?7?

2bs

 Need shape and
normalization estimates for
gcd events

Tony Tong o 139

Apr 27,2018



Current Boosted: background estimation

Background

* Background:
e 10-15% ttbhar—MC

¢ 90-85% gcd—adata
driven

* Use lower-b-tag, lower-
signal yield region to
model higher-b-tag regions

e 2Dbs — use 1b data
D . 3b/4b — use 2b data

140 Apr 27,2018



Current Boosted: background estimation

> S

Background

e Backgrounad:
e 10-15% ttbar—MC
* 90-85% gcd—data driven

 Use lower-b-tag, lower-
signal yield region to model
higher-b-tag regions

* Derive the normalization
factor from the ratio, also
apply reweighting to correct

9 comp08|tlon d|fferences

Tony Tong

N2bs SR/VR

2bs

= N1bsrwvr*N2bsss/ N1b sB

141
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Current Boosted: Background Estimation

Boosted 4b Background

e Background composition:
e ~85% Qcd 4b

N 4b sr/cR — o
e ~15% ttbar = N2b sricr* Nab se/ Nab sB

 Background shape estimation comes from lower
number of b-tagged trackjet regions

e 2bs: use 1b data
* 3b: use ~ 80% 2b data (2 b-tag on one Jet)
e 4b: use the other ~ 20% 2b data

* Fit the leading jet mass in SB to extract ttbar and
¢y dcd normalization from 1b/2b/2b to 2bs/3b/4b

Apr 27,2018
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Current Boosted: Background Estimation

Normalization from Fit on Leading Jet Mass

Sample Hgcd Q7 P(Ugcds Xr5)
" . — Vb Vb
G ven. Ndata ” ch N gcd + Q’ N FourTag 0.0332 + 0.00423 0.892 + 0.616 -0.796
ThreeTag 0.158 + 0.00466 0.895 + 0.0808 -0.764
: . TwoTag split | 0.0627 = 0.000857 | 0.986 + 0.0265 -0.757
Simultaneous fit to extract Ugced, at
_ KS=0334 Obs/Est = 26137.0/25136.9 = 1.000 KS=0569  Obs/Est=4403.0/4402.7=1000 52 820956 Obs/Est=204.0/2040=1000
= - ATLAS work in progress ¢ Data - C 900—ATLAS work in progress ¢ Data — - ! ATLAS work in progress ¢4 Data -
%OOO__VS=13 TeV, 15+16, 36.1 fb™' Multijet ] > 800__\/S=‘|3 TeV, 15+16, 36.1 fb™' Multijet = g) 50_ Vs=13 TeV, 15+16, 36.1 fb™ Multijet _
n " 2bs:SB:leadHCand:Mass:s i i LL — 3b;SB;leadHCand;Mass;s i = LU ~ 4b;SB;leadHCand;Mass;s f i
pd - : < 700F = Z - -
- Stat Uncer. ] - Stat Uncer. 7 40+ Stat Uncer. —
4000¢ 2bs T G42000)30 600 3b T G§2000)x30 - 4b " 1G(2000)x30
3000 . QLL- = 500 = 3op | :
- - 400% E 201 b * SN | ]
20001 E 300/ = 5 - + 41T :
- *l 1 = ¥ 3 i 1 \ ]
1000 - 200¢ : 105 | b -
i — N 100 - - T N
5 -/ 5 = =
2 15¢ 1 215" 1 215 4 + -
i ~ =~ ‘ 1 N
Sos S o g Sos. T+ T T+ +
A 0 60 80 100 120 140 160 180 200 B 3080 100 120 140 160 180 200 S 60 80 100 120 140 160 180 200
\Q W o/
id Jeag M [GEV. Jioag M [GEV] Jeag M [GEV]
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Current Boosted: Background Modeling

Sideband Region MJJ

Good agreement in shape; normalization agree by construction

o 1O4K_.S. 0993 Obs/Est=204.0/204.1=0.999
,  KS=00847  Obs/Est=25137.0/25137.0=1.000 _ @ - O5K=$' =088 Oosifel= 2108000022 1000 2 ' £ ATLAS work in progress ¢ Data =
2 - ATLAS work in progress ¢+ Data & c = ATLAS work in progress ¢ Data E e ol - {s=13 TeV, 15+16, 36.1 fb” Multijet -
Q 10° £-Vs=13 TeV, 15+16, 36.1 fb” Multijet = o 10° ;Vg’gg%Tefo“G 36110 Multjet - 1 10° £ 4b;SB;mHH; ﬁ =
LLJ = 2bs;SB;mHH;| i - - = m tt = Z & Stat Uncer.
4 — — -] B '
Z 10 s Stat Uncer. = 10 s, AN Stat Uncer. _ 102 e S . G(2000)x30 =
103 ‘é'bzooo )x30 ] = G(2000)x30 = - -
S - 102 - i db -
10° E 10
10 . 10F E i _
: LIS 1 A z | f
1= | = - 3 - N\ |
- -|_ @% » - *i N 1071 = —=
107 = Ll | ]z 107 H] N | = - \ -
= 5 R SN s e ..,......\\.:\.:f:':':_
------------------------------ — T T Y SN \ . \
§) 1 5 -.-+ 'S \T\-.-Yg §) 15_ §§ + R \§ % 15__ ! -* \ N &
m - N i \ . 1 N € B SN
~ 1 ~ 1 ¢ o ¢ —~ n ' | A
g o \ S 550 NG h}}k\\\\ %0.5—....§...+. ...... \\\\\\
§ "0 500 100015002000250030003500 A 0 500 100015002000 250030003500 a 500 100015002000250030003500
m,, [GeV] m,, [GeV] m,, [GeV]
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Current Boosted: Background Modeling

Validation Region MJJ

Good agreement in shape and normalization

o  5=0736  ObsEst=81.0/768=1.085
, S=0796  Obs/Est=8486.0/83328=1018 o A0 Q.bf/E.S.t.‘.1553.0.”54.'6.5§ t R £ . ATLAS workin progress ¢ Data ]
€ 10° E_ATLAS work in progress ¢ Data — S ,~a ATLAS work in progress * “<4 ] S 10° e Vs=13TeV, 15+16, 36.1 fb Multijet =
o = Vs=13 TeV, 15+16, 36.1 fb” Multijet = 3 10 = Is=13 18V, 15+16, 36.1 1o Multijet = LI = 4b;Control;mHH;| f =
L 4 A4 L 2bs;Control;mHH;! : _ - 3b;Control;mHH;] ft . Z - -
107 E t = Z 3| ] 102 | Stat Uncer. __
- Stat Uncer. 7 10 = Stat Uncer. = = i G(2000)x30 3
10° ¢ i G(2000)x30 = f . .G(2000)x30 = - -
- 2bs | o E 105 4b -
0= ¢ S - 10F E L -
S Lt T 1= ¢ SRR . .
1 E L \T& E NN % %\ § 10_1 __ _:
10_1 B x§ il 10_1 = %\ = =
e ‘R L e
5 e e T T | e 0 L Sl ° \- .
15 LA § -;831.5_ \ § § 2 1.9¢ § + §\ § 7
o \\\’*‘“““”"J fodplel b g 1 4t \ § = \* §
Sost ot MLt s ) gof,%%\\\\\\_
A 0 500 100015002000250030003500 S 0 500 100015002000 550030003500 Ao 0 500 100015002000250030003500
m,, [GeV] m,, [GeV] m,, [GeV]
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Low Mass Validation Region

Extra low mass QCD enriched region is used for

unblinding tests—Ilooks fine!

1S =0939  Obs/Est=3256.0/33954=0960 o  (5=0.0909  Obs/Est=645.0/656.1=0983
E ATLAS work in progress Data = *GED 10° EATLAS work in nroa1ress ¢ Data =
o 1O 1S=18 18V, 15416, 361 10 7 Multijet N > - Vs=13 TeV, 15+16, 36.1 fb Multijet -
LL g 2bs;Signal;mHH;| f# g g 103 ;_ 3b;Signal;mHH| t —;
= 103 %_ ______ Stat Uncer. _% § Stat Uncer. §
- : 1G(2000)x30 = 1 02 _ 1 G(2000)x30 _
10°F E 3b
10 %_ _% 10 ? _§
1 %_ \ % ¢ —% 1 é_ i ‘ Yl\ § o §
- - u § 3 N
107" = SIONE 107" E \ §
5 e L | = C [ S
N © SN N SN NN
2 1.5 o 215, \
2 4= 2 ‘ +
M i \ —~ ; re T
A, & 05E 3 £ 0.5c Wit \\
o o 0 00 1860?91 5002000250030003500 8 "5 500 100015002000 250030003500
% y= P m,, [GeV] y=1 X + -2e-19, prob:0.97 m,, [GeV]
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Current Boosted: Background Modeling

%

S 10°
>
LL]

< 102

10

1

10~
®)

2 1.5
M
©

w O.
M)

ms¥! [GeV]

KS = 0.993

250

150

100+

ATLAS work in progress

— Data Vs =

RSG ¢=1.0

13 TeV

5

L
100

|
N
o
92
«Q
S
Qo
3
T
T

Multijet

Stat Uncer.

' G(2000)x30

4b

||||||

U'I_L

////

AN\

........

O 500 100015002000250030003500
y=1.1 x + -3.8e-18, prob:1
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Current Boosted: Background Modeling

High Mass Validation Region

250
ATLAS work in progressl

. RSGc=1.0 1F=SR
200~ Data Vs =13 TeV -

ms¥! [GeV]

Extra high mass ttbar enriched region is also used for |
unblinding tests—Ilooks fine!

1001
SB

R B R R R
5%0 100 150 200 250

m'®ad [GeV]
KS =0.999 Obs/Est=46.0/43.6=1056
KS =0.158 Obs/Est = 6446.0/6453.2=0.999 o KS=0.258  Obs/Est=1017.01047.2=0971 *(é') 108! ATLAS work in progress ¢ Data _
£ 10! ATLAS work in progress ¢ Data = S 10*|ATLAS work in progress ¢ Data _ o = Vs=13 TeV, 15+16, 36.1 fb” Multijet E
o - Vs=13 TeV, 15+16, 36.1 fb’ Multijet - > = Vs=13 TeV, 15+16, 36.1 1o Multijet 5 LLI _ 4b;Signal;mHH;l i N
it 10* - 2bs;Signal;mHH; t E g 5 [ SoiSignabmiin t = <10 Stat Uncer. 3
< 3 E_ Stat Uncer. j 10 % ______ Stat Uncer. % - G(2000)x3.0 -
0 e T G(2000)x30 = 102k . G(2000)x30 - ]
10° 5 2b$ 3 3b : 4b
= . 10= ¢ = - i
e I - 1| IR < T ; :
- N ex_t NN P - | Qi x N 10—1 = | =
107" = 107 = \ NN = - \ -
C LIS - NERRNNG = —
""""""""""""""" '\‘\"“— — — O N N N
m » \
2 9 %*ﬁz:*;%ﬁ% \ N S ~+ SN S ] 3 i*% \
~ * 0

- Fos i PR amasi s 0 PR e

Ey &0 500 100015002000250030003500 8 085500 700015002000 550030003500 8 ~70 500 100015002000250030003500
\\%( y=1 x + -1.9e-19, prob:0.84 sz [GeV] y=1 X + -3.8e-18, prob:0.8 sz [GeV] y=1 X + -3.8e-18, prob:1 m2'J [GeV]
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Current Boosted: Background Modeling

Signal Region: Smoothed

 Smoothing is necessary to compensate for high mass tail fluctuations

Dijet8 function is used to smooth both QCD and ttbar; = -

\/E
n K850 (EstObs)Obs=00;E=346,0=346
@ 107 e e S AREas N s a s e S AN AR S 12 ATLAS work in progress ' Dat Multjet
— = 41 . T
S ATLAS work in progress + paia EIMultueE g 10°= ATLAS work in progress* Data D'\"””‘% L [ Vs=13TeV, 15+16,36.1 b f Stat+Syst
> ¢ L E=13TeV, 15416, 36.1 s N statSet L [ Vs=13TeV, 15+16,36.1 fb" | ] \\Stat+Syst Z |- FourTag; Signal; mHH; pole TiRsG 20Tev 30 ]
Z ? TwoTag; split; Signal; mHH; pole " TRSG 2.0TeV * 30 E < 1()3 §_ThreeTag Signal; mHH; pole E:}RSG 2.0TeV * 30 = 10__ o |
10°= = - . - .
- E 10° = = 8 -
e ¢ ~ 2bs - B 3b E I b
10 ' = = = i -
i \ . e S E 4 —
% N N\ N\ § E R ‘ N § - .
10—1:— \“\ 107 ' § \\ N N 2__ AN —
E \“‘ E \ [ N s E--I --E —
- - \ - - :
0%, |, | = 102, | & = S—————————
A N S g 2 \\
®)) )] N\ \ X
D 15 \ B 15 \¥ \ - 1-5
‘\U 1\ § C\U | \ S 1 . .
SN \\\\\ SN AMMHUOMDMIZMOMdbBO*MINY 005\\\\\\\\\\\\\
0 500 1000 1500 2000 2500 3000 3500 0.5 5070505003060 550030003500 500 1000 1500 2000 2500 3000 3500
m,, [GeV] m,, [GeV] m,, [GeV]
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Current Boosted: Resolved veto

4b bkg prediction

e Use (20%) 2b events to predict 4b
distributions

* Resolved veto impacts boosted SR region
distribution

e |n 2D, also veto events that have 2b |ets +
2 non-pb |ets that can pass the resolved
signal region

» Number of events estimate changed from
36 46 to 34.62, turn-on shape changesa =

Tony Tong rvar 149

oo BT SR N

o O - =

- ATLAS work in progress
—e— NoVeto KS: 1

61— mHH | : ]
51— + —=— Veto KS: 0.266 |
4~
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%0 1000 2000 3000 4000 5000 6000 7000
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Background Estimation: Sideband Choice

Onelag Data / Nolag Data

* Moving outside the current SB will cause a bias in mugcad

3
; 250 _O ﬂ i<1 O | | | | | | | | | | | | | | | I I_
() 8 % 120— BB  SB mean: 0.263 = 0.001; Gaus mean: 0.262 width: 0.016 __
(2. = o — [P CR mean: 0.256 = 0.001; Gaus mean: 0.256 width: 0.012
e @ . B SR mean: 0.257 = 0.001; Gaus mean: 0.258 width: 0.010 |
5’:& > 500 D 100{— M OT mean: 0244 = 0.001; Gaus mean: 0.244 width: 0.026 —
c i i
o I t B
2 8o —
| L 4 —
150 - -
60— —
40— _
100 i _
20— —

>%5 100 150 200 250
) m'ead [GeV] " qed

Apr 27,2018
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Background Estimation: Sideband Choice

Iwolag Data / Onelag Data

e Similar as OneTag/NoTag ratio
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Background Estimation: Sideband Choice
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Boosted: Background Estimation: Reweighting

Improved Reweighting

 Reweighting accounts mainly for: ¢ For example, consider 2bs modeling:
o different QCD processes

¢ b—tagglﬂg eff|C|ency g - Reweight ob-sublH variables

to look like 1b-sublH

. —- ) -
dependence on trkjet pl ﬁdﬁ'

: neTag Region ina \ =
+ Recently add in a lot of et revmarg V= W
developments, see Intro; update; region
o | | | OneTag on SublH prediction
* Main idea Is b-tagging sculpting -~
has similar effects on b-taggeo y —¥- Reweight ob-leadH variables

Hcand, in lower b-tagged and
) higher b-tagged regions
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https://indico.cern.ch/event/614859/contributions/2480969/attachments/1414550/2165072/HH4b_tony_20170217.pdf
https://indico.cern.ch/event/625551/contributions/2529222/attachments/1433646/2203375/HH4b_tony_20170324.pdf

Boosted: Background Estimation: Reweighting

Improved Reweighting

S o T T T T netag
2 ; ATLAS work in progress :822%8 Iggg gn Isel?gl E
» Reweighting accounts mainly for: - adHCandmORL T oncrd b subl -
: 1E- =
o different QCD processes i -
e D-tagging efficiency ol -
dependence on trkjet p 1 Jrl'm‘—b%&{ -
107 = E
» Recently add in a lot of - I~ Notb-tagged :E%
. -1l Similar Kinematics
developments, see Intro; update; ] S e S AN SR R
O 1.4F |
 Main idea is b-tagging sculpting ;‘;_;
has similar effects on b-tagged .

Hcand, in lower b-tagged and
) higher b-tagged regions

300 4T> i
b-tagged 7 Pr ey
Similar Kinematics
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Boosted: Background Estimation: Reweighting

Addlag Reweighting o iter

* Reweight the non-btagged Hcand
ol and trackjets pT to be like a b-
tagged Hcand pT and trackjets pT
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Boosted: Background Estimation: Reweighting

AddTag on background estimation
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Boosted: Background Estimation: Reweighting

AddTag on Irkjet pI—CRH
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Background Estimation: Reweighting Comparison

Sideband Region: Boosted

Nine different reweighting methods’ mHH shape prediction comparison

with the nominal method

Gives similar results In the distributions
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Background Estimation: Reweighting Comparison

Control Region: Boosted

Nine different reweighting methods’ mHH shape prediction comparison
with the nominal method

Gives similar results Iin the distributions
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Background Estimation: Reweighting Comparison

Signal Region: Boosted

Nine different reweighting methods’ mHH shape prediction comparison
with the nominal methoad

Gives similar results in the predictions
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Boosted: Signals

Signal Shape
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Boosted: Resolved Veto

| |

Resolved Veto Impact 3¢ e

e [hree different limits plotted

KK Graviton Prediction (c=1.0) ]

10

e Full veto: veto If there are
4b jets (70%wp)

e SR veto: Pass current

o(pp — G*) x BR(G* — HH — bbbb) [fb

resolved SR selection ' o0 00000 Z00 3000
(without trigger) a0 =

» No veto: no veto at al R E

8 ofF —

 Impact~20-40%, but on the s L :
exclusion region S0 E

. . . 8 _401- -

o Will be picked up In the = 0 -
combination. since these =

ﬁ\b\ . I 1000 1500 2000 2500 300(%) v
& events are in resolved SR Mg [GeV.
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Boosted: SR optimization

Asymmetric Resolution + pl dependent Xhh

e Sigma used to be

0.1 md for lead /subl
 Updated to

e 0.085 mdlead

* 0.12 mdsuDbl
 More like an "egg” shape

e Xhh - (leadHpT/900 GeV - 1)
*04<1.6

 For 3 TeV signal, with
eadHpT ~ 1350 GeV, this
gives Xhh < 1.8

e Also see Jana’'s slides
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https://indico.cern.ch/event/588012/contributions/2370690/attachments/1370170/2077700/xhh.pdf

Boosted: Combined mass

Combined Mass Impact

o Jets are already trimmed at 0.05 pT
ratio with cone 0.2

e Pubnote

e Use both the calorimeter and track
iINnformation

* (Gain on mass resolution for high pT
large-R jets

e Switch to combined mass gains us
~5% In exclusion limits :)
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-035/

Boosted: Continuous b-tagging Studies

Divide Signal Regions

» Use different b-tagging working 1.5 TeV RSG

| . Tightwp- 77-77  50-77 6077  70-77
points to tag the two trackjets Loose wp |

- Introduce tight-loose categories 4 tight 8737 1010 2837 5862

..........................................................................................................................................................................................................................................................

e Tight: MV2 > higher b-tagging 3 light 1 3193 3863 2456

working point Leose L B

* Loose: higher b-tagging working loose

point > MV2 > lower b-tagging 1 tight 3
working point loose

...............................................................................................................................................................................................

+ Showing 1.5 TeV signal MC, entries 4 loose 176 16 0

are the number of events without 5
oy weight Sum 8737 8737 8737 8737

..........................................................................................................................................................................................................................................................
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Boosted: Continuous b-tagging Studies

' 210 e ICHEP combine
Combined Results 2 S — e
1 10E B
* Combined limits shows improvements 5 O EY, KK Grauton Prediction (o=.0)
0 :

—
o

* [hisis 5+4+3 = 12 signal regions compare
to 3 signal regions before

nnnnnnnnnnnnnnnnnnnnnnnn BREERREEREERRE]

o(pp = G*)xB

—h
<

| | | | | | | | | | | | | | | | | | | | | |
1000 1500 2000 2500 3000

* Gain 10 - 20 % overall in exclusion limits M. [GeV.
- :

s e :

» Could be used in the future analysis once g E e e
the continuous calibration is available, also f‘f 20 e -
when we have more statistics so that each 5 a0 =
signal region would have a reasonable ° b E
number of events T
% 1000 1500 2000 2500 mz?%)e\/:
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Limit Comparison

VR analysis has a similar limit

compared to 02 Irack|et
analysis

Above 2.5 TeV, gain In limit
~ 10%-20%

 Below 2 leV, expected Iimit Is
worse than fixed radius
trackjet, not well understood,
could due to increase In
background rate

* VR has some potential, once
the scale factors are ready,
more detailed/careful study is
necessary

Tony Tong

(Harvard)

Boosted: VR trackjets
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Back-up Slides

Current Boosted Systematics
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from

b-tagging

Boosted: Systematics

Overview of Systematics

Signal MC uncertainty mainly comes

Background modeling normalization
uncertainty is dominated by CR non-
closure tests

Shape uncertainty
deriving from contro

Table with all background systematics

IS also applied,

region

N percentage wise countdown
e 4b ~ 17.6%
* 3b ~ 5.6%

e 2bS ~ 2.9%

Tony Tong

(Harvard)
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TwoTag split totalbkg qcd ttbar | RSGI1 1000 | RSG1 2000 | RSG1 3000
JER 0.25 0.48 3.14 1.18 0.74 0.5
JMR 0.52 1.73 9.43 10.96 12.3 13.03
Top - - - - - -
JES/IMS 0.43 1.67 7.17 6.72 1.7 3.55
Bkg Est 2.7 3.32 24 - - -
b-tag SF 0.83 1.43 1.82 19.28 27.36 2.72
. Total Sys 2.92 4.37 12.62 23.2 30.05 13.79
Stat 0.6 0.41 2.47 2.0 1.2 1.07
Estimated Events | 4251.49 | 3392.79 | 858.7 10.87 0.6 0.039

Table 32: Percent impact of the dominant systematics on the background acceptance and on the signal acceptance
of RS ¢ = 1.0 graviton predictions in the 2bs signal region.

ThreeTag totalbkg qcd ttbar | RSGI1 1000 | RSG1 2000 | RSG1 3000
JER 1.38 3.52 17.5 1.41 0.93 1.08
JMR 1.35 4.26 24.38 14.3 12.33 15.53
Top - - - - - -
JES/IMS 2.03 1.26 26.22 5.19 1.94 6.35
Bkg Est 4.84 5.62 9.45 - - -
b-tag SF 0.47 0.53 8.45 2.45 2.01 9.27
Total Sys 5.61 8.0 41.82 15.47 12.68 19.2
Stat 1.32 1.44 2.47 1.2 1.0 1.83
Estimated Events | 780.89 | 701.52 | 79.38 26.0 0.76 0.013

Table 31: Percent impact of the dominant systematics on the background acceptance and on the signal acceptance
of RS ¢ = 1.0 graviton predictions in the 35 signal region.

FourTag totalbkg qcd ttbar | RSG1 1000 | RSG1 2000 | RSG1 3000
JER 0.45 0.27 3.98 2.44 1.07 0.67
JMR 7.9 10.35 | 39.95 12.33 13.16 15.08
Top - - - - - -
JES/IMS 1.32 1.49 | 24.36 5.18 3.72 5.62
Bkg Est 15.67 18.19 | 67.82 - - -
b-tag SF 1.11 0.79 | 18.85 18.34 28.11 27.73
Total Sys 17.64 21.0 | 84.62 22.83 31.28 32.07
""" Stat 313 | 329 | 247 1.97 1.63 4.9
Estimated Events 34.59 32.91 1.68 10.07 0.25 0.0016

Table 30: Percent impact of the dominant systematics on the background acceptance and on the signal acceptance
of RS ¢ = 1.0 graviton predictions in the 45 signal region.
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Systematics
2bs

O
L
Im
U

MC Syst

o Significantly smaller
signal systematic
uncertainties
compared with last
result

—
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Updated b-tagging
calibrations helped
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20F

e [hisis also applied to

R
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Ratio
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Tony Tong

CR Shape Systematics

CR Smoothed differences

« Compare shapes between prediction after reweighting (blue) and directly smoothed data distribution

Use the ratio to assign systematics in the signal region

T IIIIIII| T IIIIIII| T
_¢_
¢

—@— CRdata

CR data smoothed

CR Prediction smoothed
CR data smoothed variation
CR data smoothed variation
CR data smoothed variation

Entries

$

—@— CRdata

CR data smoothed

CR Prediction smoothed
CR data smoothed variation
CR data smoothed variation
CR data smoothed variation

3b

Entries

1500 2000 2500 3000 3500 400(

1500 2000 2500 3000 3500 400(

- CR Prediction

T

Ratio

2 CR Prediction

S
S
{4/

7/ ..
/

//

//
ik

s \\\\\\K\\Q\\Q\\i\

S
7
7
S90S

-

IIII|IIII':,‘£IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII

Y
//

Ratio

3000

(Harvard)

m,, [GeV]

3000

10

500

5
4.5
4
3.5
3
2.5
2

* This ratio is separated: below and above 2 TeV; to have unconstrained pulls for different mass ranges

—@— CRdata
CR data smoothed
CR Prediction smoothed

CR data smoothed variation
CR data smoothed variation
CR data smoothed variation

4b

1500 2000 2500 3000 3500 4000

,_ CR Prediction

IIII|II;1;¥"";I‘J';},!|IIII|IIII|IIII|IIII|IIII|IIII|IIII

7
7
7

//
/
/
/
/

7
7

/
/
/
/

/
/
//

/777

?/ ?/ // /7/7

7/

SIS

SIS
/7//
7

S S S S S S SSSSSSS SSSS S S S S
/ // 70000000
7
7%
S S S

/
/4
/)
7
/
-
/4

7
7

?/?/?/A/A/A/A
S S S S S S SSS S S S S S

weediicedveedeedbidiinvn i

7

/

%
%

////
SIS
//

/

SIS

4

7
7
7

;/
//
/7/7//
S90S /7

;j ;j 7 2%%%%%%//%
/?ﬁ/??/f

//

// i

/

S99

/7747777

7444/
/////////

74
Y IIIID

S0
S90S

74
/

/
//
/

\\\\\
\\\\i\\

? //// o7
/
//

3500
m,, [GeV]

Apr 27,2018

4000



Control Region Systematics

SB/CR variations

e 7/ Different variations:

, S 280 S 250 _ S BB0— o 250
u [0)) (o) > i >
® | O W 0] - ATLAS work in 0] - ATLAS workin - 8 . ATLAS workin 8 ATLAS work in
. = - progress S B SR = i progress S B 1T9sr = progress S B = progress S B
£72001~ Data (5=13Tev £72001 Data Vs = 13 Tev S a" E72001 Data 5 =13 Tev . E7200 Data 5 =13 Tev

e center shift up/down in
leadH/sublH by 3 GeV

e SB large/small:

cr 150/~

| sB

: Lar
150
1o0]-

| W 4 50
5%0 100 150 200 250 5%0 100 150 200 250 5%0 100 150 200 250
mhead [GeV] m[,ead [GeV] mhead [GeV]

~ < 250——m—m——m—— 77— S 250 < 250—————r——— 71—
@) I ; 0] i i | @ I
. . @ ATLAS workin @ [ ATLAS workin G ATLAS work in G, [ ATLAS workin
e radius 58 shitted u Lo o CR Py o T sn & Coogee . CR S 2 Nor "
£7200/- Data Vs =13 Tev £7200- Data Vs = 13 Tev £7200 Data Vs = 13 Tev

Smal

4 cR 1501

down by 3 GeV

e CR small:

CR 150

1001

SB

SB | sB SB

l__ _“H\“H\“H\HH__ 5 \\\\\\\\\\\\\\\\\\ 51_
% 100 150 200 250 %0100 150 200 250 %0 100 150 200 250 S0 100 150 200 250

e Xhh > 2.0 (default1.6)
&& Rhh < 33
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Control Region Systematics

S B C H / . Z_ . CR Varations FourTag Data Prediction (Predict - Data)/Data
n Or‘ ] ] a IZa lOn un C el’: Nominal 81.0+£9.0 | 76.77 £5.43 -5.22 % + 17.23 %
CR High 76.0 £8.72 | 71.12 £5.41 -6.42 % + 17.85 %
CR Low 91.0 £9.54 | 79.87 £5.45 -122% +15.19% &
CR Small 58.0+7.62 | 55.96 +5.35 -352% +£21.89%
SB Large 81.0+9.0 74.73 £ 5.4 -7.74 % + 16.92 %
. SB Small 81.0+£9.0 | 74.17 +£5.38 -8.44 % + 16.81 %
o I_arg eSt d |fference SB High 81.0+9.0 | 7871 £5.46 | -2.83 % = 17.54 %
SB Low 81.0+£9.0 | 76.53 +£5.38 -5.52 % = 17.14 %

e 4h: -12.9%

Table 18: Agreement between data and prediction in 4b tag CR. Showing stat uncertainty only.

o CR Varations ThreeTag Data Prediction (Predict - Data)/Data
. 3b: +2.6%
) + ) O Nominal 1553.0 £ 39.41 | 1565.36 + 18.14 0.8 % + 3.73 %

CR High 1461.0 £ 38.22 | 1459.76 £ 17.2 -0.085 % +£3.79 %
CR Low 1628.0 +£40.35 | 1671.45 +19.03 2.67 % +3.71 Yo Hgeemsammmsassosorsa

° 2 b S - 2 8 Cy CR Small 11340 + 33.67 | 1109.46 % 15.52 | -2.16 % + 4.27 %

. . O SB Large 1553.0 +£39.41 | 1560.38 + 18.05 0.48 % + 3.71 %

SB Small 1553.0 £39.41 | 1573.83 + 18.19 1.34 % + 3.74 %
SB High 1553.0 £ 39.41 | 1583.74 + 184 1.98 % + 3.77 %
SB Low 1553.0 +£39.41 | 1558.75 + 17.99 0.37 % + 3.71 %

 All within one sigma of Data/
Prediction statistics only
uncertainties

e Will be used as

Table 19: Agreement between data and prediction in 3b tag CR. Showing stat uncertainty only.

CR Varations TwoTag split Data Prediction (Predict - Data)/Data
Nominal 8486.0 +£92.12 | 8332.78 + 38.84 -1.81 % + 1.52 %
CR High 8174.0 £ 90.41 | 7937.44 + 39.61 -2.89 % + 1.56 %
CR Low 8907.0 + 94.38 | 8800.44 + 39.52 -1.2 % + 1.49 %
CR Small 5999.0 + 77.45 | 5873.37 + 32.31 -2.09 % + 1.8 %
SB Large 8486.0 +£92.12 | 8341.62 + 38.44 -1.7 % + 1.52 %
SB Small 8486.0 +£92.12 | 8333.08 + 39.12 -1.8 % + 1.53 %
SB High 8486.0 +£92.12 | 8377.73 + 38.45 -1.28 % + 1.52 %
SB Low 8486.0 +£92.12 | 8356.68 + 39.06 -1.52 % + 1.53 %

normalization uncertainty

Table 20: Agreement between data and prediction in 2bs tag CR. Showing stat uncertainty only.
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Control Region Systematics

S B / C H S H p /’e d / C l— / O N FouTsg | Predicion | /  Dift QCD b

Nominal | 37.19 % + 0.73 % |£0.0057 % + 3.93 % % 0.0021 % + 4.01 % | 0.077 % + 20.06 %
CRHigh | 37.63%+08% | 1.19% +4.13% § 2.31% +4.27 % -20.6 % + 15.92 %
CRLow | 36.28% +0.77% [ -244% +3.98% [ -0.89% +4.13% | -32.4 % + 13.55 %
CR Small 376 % +08% | 1.1% +4.13% . 3.16% +4.3 % -38.9 % + 12.24 %
SB Large | 36.19% +£0.76 % [} -27% +397% § -195% +4.09% | -17.2 % + 16.59 %
SB Small | 3532% +0.75% |$-5.02% +3.87% ;| -5.04% +3.96% | -4.63 % + 19.11 %
SB High | 38.71 % + 0.82 %  4.1 %o +4.25% f | 6.92% +4.46 % -50.7 % + 9.89 %

o SR prediction under different
variations shows gooa Tireetig | Prcitn
agreement with the baseline Nominal | 77266 % + 1595 %

Table 37: Varaitien in Prediction in 4b SR region.

QCD ttbar

' 0.00062 % + 4.13 ‘,‘ 0.0007 % + 3.92 % | -6.6e-05 % + 20.31 %

CR High | 773.21 % + 16.04% | 0.071 % +4.14% §| 1.16 % + 4.03 % -8.9 % + 18.5 %
CRLow | 781.85% +1623% | 1.19% +4.19% || 2.36% + 4.08 % -8.52 % + 18.58 %
m e't h O d CRSmall | 77634 % +16.15% | 048% +4.16% || 1.5% +4.04 % 7.97 % + 18.69 %
SB Large | 770.96% +16.1% [i -022% +4.14% { | 0.43 % + 4.0 % -5.56 % + 19.18 %
SB Small | 782.88 % + 1636 % |t 132% +4.21 %} | 2.01 % + 4.06 % -4.33 % + 19.43 %
SB High | 787.05 % + 16.28 % | % 1.86 % + 4.21 % 3.29 % + 4.11 % -9.92 % + 18.29 %

o AH Of the tot a‘ yle‘d Table 38: Vonediction in 3b SR region.
. . . / ' » QCD ttbar
orediction differences are

TwoTag split Prediction

Nominal 4258.01 % + 27.74 % § 7.3e-05 % + 1.3 °7' -9.5e-06 % + 0.92 % | 0.00038 % + 5.13 %

CRHigh | 4261.42% +27.13% || 0.08% +129% § 1.24 % +0.94 % -4.27 % + 4.91 %

Sm al |er th an 'th e CO ntrO‘ CRLow | 4276.75% +2724%}| 044%+129% | 1.59 % + 0.94 % -3.88 % + 4.93 %
CR Small | 4273.59 % +27.14%}| 0.37 % = 1.29 % 1.65 % + 0.94 % -4.45 % + 4.9 %

: : : : SB Large | 4274.69% +268% | 0.39%+128% || 2.23 % + 0.95 % -6.49 % = 4.79 %

re g | O N Va [l at | O N S—g OO d S | g N SB Small | 4272.43% +27.38% | 034%+13% [ 1.22%+0.94 % -2.97 % + 4.97 %
SB High | 4288.75% +26.83% [\ 0.72% + 1.29%/ | 2.65 % + 0.95 % -6.51 % + 4.79 %

Table 39: Varaition in Prediction in 2bs SR region.
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Smoothing Systematics

Functional Range

Default is 1200-3000 GeV, vary range in SR prediction; drop the variations
with prob < 0.001 and large normalization differences
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CR Smoothing Systematics

' , ' Name Functional Form
unctional Form variations
M2 f2(x) = po(1 — x)P1eP2 >
MJ3 f3(x) = po(1 — x)P1xP2*
MJ4 fa(x) = po(1 — x)P1xP2 In x
MJS f5(x) = po(1 = x)P1(1 + x)P2 *
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