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Outline

Why HH ?
Why hadronic HH ?

Experimental Challenges:
- Trigger
- Background Modeling

Themes from organizers:

- How do we design future analyses to fully utilize a doubled dataset, beyond statistics ?

- What lessons have been learned from Run 2 analyses ? How do we apply them to Run 3?
- What new SM measurements would you like to see ?

- How would you like to see measurements improved beyond the current state-of-the-art?
- How might we benefit the most by using new triggers or trigger techniques?

- How can novel ideas from ML be utilized in the analysis of data?

Emphasis on answering these.
Focus on what could be improved / Differences in approach.




Why HH ?

HH production interesting because sensitive to A
Measuring A important because 1t probes the shape of the Higgs potential
Shape of potential gives relationship between A and mu and v

900000 . ~h HH Small in Standard Model.
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Just seeing HH 1s hard ... real goal is to constrain A
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Why HH ?

HH production interesting because sensitive to A
Measuring A important because 1t probes the shape of the Higgs potential
Shape of potential gives relationship between A and mu and v
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Why Hadronic HH ?

Phenomenologically rich set of final states. hh-Br
Larger Br-h 1
decay bb
1 -1
WW 0
99 10%
T 10°
cC 104
ZZ 1 0-5
YY 10
4
Y 1 0-7

8
bb WW g9 Tt CC ZZ VY ZY uu 1 garer Br-/ decay



Why Hadronic HH ?

https://arxiv.org/abs/1906.02025

ATLAS —— Observedl o

L _ 4 mmee-- Expected -
I I I (s=13TeV, 27.5-36.1fb B Expected = 1o

033’,': (pp — HH) =33.5fb Expected = 20 |

Phenomenologically rich set of final

Larger Br-A

decay b b
WW

Obs. Exp. Exp.stat. _|

HH— bbt*t 12.5 15 12
gg HH— bbbb 12.9 21 18
HH— bbyy 20.3 26 26

TT

HH— W'WW'W 160 120 77

o HH— W'Wyy 230 170 160
HH— bBW*W 305 305 240
ZZ Combined 6.9 10 8.8
10 102 10° 10* 10°
YY 95% CL upper limit on o_ . (pp — HH) normalised to o:g':"F
2y
10”7
uu
WW gg Tt CC 77 zy w10
bb Y Y Y Rarer Br-4 decay



Phenomenologically rich set of final

Larger Br-A

decay bb
WW
g9

TT
CC

ZZ
VY

Why Hadronic HH ?

bbyy - “solved” / but not enough

bb WW g9 Tt

https://arxiv.org/abs/1906.02025

HH— bbt*t
HH— bbbb
HH— bbyy

HH— W'WW'W
HH— W'Wyy
HH— bbW*W’

Combined

ATLAS - —— Oblslt;,lrved

fs=13Tev, 275-36.1" = Eiggggg o]
» oggf: (pp — HH) =33.5 b Expected = 20 _
L Obs. Exp. Exp.stat. _|

125 15 12

| 129 21 18 ]
| 20.3 26 26 ]
| 160 120 77 |
| 230 170 160 ]
| 305 305 240 |
E' o e 10 a8

10 10 10° 10* 10°
95% CL upper limit on o_ . (pp — HH) normalised to ojg"F




Why Hadronic HH ?

bbyy projection HL-LHC

set of final

https://arxiv.org/abs/1906.02025
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ATLAS Simulation Preliminary
HH—bbyy, k. =1
A -1
Vs = 14 TeV, 3000 fb
No systematic uncertainties

20 evidence for HH

II|IIIIIIIII|IIII|IIII|IIII|III

I—2IHO 2H|4|H6|H8HI
https://cds.cern.ch/record/2652727
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{H— bbbb
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VW WW
> WWyy

> bbW'W

|Combined

3e-3

1Y

bbyy - “solved” / but not enough

—

ATLAS
{s=13TeV, 27.5-36.1fb"

ogg"F (pp — HH) =33.5 b

Obs.
12.5

12.9
20.3
160

230

Exp.

15

21
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Expected

[ Expected = 1o
Expected = 20

Exp. stat. _|

12

18

26

10? 10°

10
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10*
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Rarer Br-/ decay
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Why Hadronic HH ?

Phenomenologically rich set of final

Larger Br-A I I

decay bb
WW
g9

TT
CC

27
YY |3e-3

bbyy - “solved” / but not enough

bb WW g9 Tt

https://arxiv.org/abs/1906.02025
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HH— bbW*W’

Combined
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Why Hadronic HH ?

: : https:/arxiv.org/abs/1906,02025
Phenomenologically rich set of final| ">

Larger Br-h | | | [ {s=13TeV, 275-36.1f" e |
deca I Expected = 1o
Y bb - ogg"': (pp — HH) =33.5 fb Expected = 20

WW HH— bbt*t 12.5 15 12

g9 HH-» bEbE 129 21 18
HH—> bbyy i 203 26 26

TT HH WWWW | 160 120 77
o HHo WWiyy | 230 170 160
L HH BBWW | 305 305 240

ZZ Combined

A TLAS —e— Observed

Obs. Exp. Exp.stat. _|

VY |3e-3

10 10? 10° 10*

10°
95% CL upper limit on o_ . (pp — HH) normalised to osg"F

bbyy - “solved” / but not enough
bbbb - all hadronic

' ' |
bb WW 99 TT CC ZZ vy Zy MW

Rarer Br-/ decay
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Why Hadronic HH ?

https://arxiv.org/abs/1906.02025
ATLAS —e— Observed

Phenomenologically rich set of final

Larger Br-4 - a ] P Expected -
§ I I I s=13TeV, 27.5-36.11b o Expodted = 1o
ceay bb - ogg"': (pp = HH) =33.51b Expected = 20 -

Obs. Exp. Exp.stat. _|

WW HH— bbt*t 12.5 15 12

g9 HH—> bBbE 129 21 18
HH—> bbyy i 203 26 % |
TT HH WWWW | 160 120 7
o HHo WWiyy | 230 170 160 |
L HH BBWW | 305 305 240 |

77 Combined 69 10 8.8

YY [3e-3 95% CL upper limit on o_ . (pp — HH) normalised to osg"F
bbyy - “solved” / but not enough '°
bbbb - all hadronic 1077
bbtt - bbthth most important channel g

. . I
bb WW gg T CC ZZ Y Y ZY uu Rarer Br-/ decay
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Why Hadronic HH ?

Phenomenologically rich set of final

https://arxiv.org/abs/1906.02025
ATLAS —e— Observed

Larger Br-/ I [ {s=13TeV, 27.5-36.1 o o Eiggggg 1 ]
decay bb | OSJ;VIL (pp — HH) =33.5 b Expected = 20 .
L Obs. Exp. Exp.stat. _|
ETR N 12.5 15 12
https://arxiv.org/abs/1808.00336 7
Observed -lo Expected +1o 129 18 _
o(HH — bbrT) [fb] 57 499 96 203 26 26
@ Tlosy 235 205 (284 ) 395 2
o(HH — bbr7) [fb]  40.0 30.6 424 59 160 120 7r
padhad Tlosw 164 125 (174 ) 242 230 170 160
Combination o(HH — bbt7) [fb] 30.9 26.0 36.1 50 -
olorsm 12.7 10.7 14.8 20.6 305 305 240
y Ay A= Compmea | __ 6.9 10 8.8
L ool L ool L Lo Lo
| 10 10° 10° 10 10°
YY [3e-3 95% CL upper limit on o_ . (pp — HH) normalised to ojg"F
— ™

bbyy - “solved” / but not enough

bbbb - all hadronic

bbtt - bbthth most important channel

' ' ' ' ' |
bb WW 99 TT CC ZZ vy Zy MW
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108

Rarer Br-/ decay
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Why Hadronic HH ?

Phenomenologically rich set of final

https://arxiv.org/abs/1906.02025
ATLAS

—e— Observed

Larger Br-/ I i I fs=13Tev, 27.5-361 16" = - 1322223 i
decay bb | OSJ;VIL (pp — HH) =33.5 b Expected = 20 .
L Obs. Exp. Exp.stat. _|
ETR N 12.5 15 12
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Observed -lo Expected +1o 129 18 _
o(HH — bbrT) [fb] 57 499 96 203 26 26
@ Tlosy 235 205 (284 ) 395 2
o(HH — bbr7) [fb]  40.0 30.6 424 59 160 120 7r
padhad Tlosw 164 125 (174 ) 242 230 170 160
Combination o(HH — bbt7) [fb] 30.9 26.0 36.1 50 -
olorsm 12.7 10.7 14.8 20.6 305 305 240
y Ay A= Compmea | __ 6.9 10 8.8
L ool L ool L Lo Lo
| 10 10° 10° 10 10°
YY [3e-3 95% CL upper limit on o_ . (pp — HH) normalised to ojg"F

bbyy - “solved” / but not enough
bbbb - all hadronic
bbtt - bbthth most important channel

—

"bb WW gg Tt -

27 ALA

1077

L 4 111l 10-8

In following, will focus on 4b and bbtntn
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Irigger

Major experimental challenge in 4b and bbtntn

15



Efficiency

1.4

1.2

0.6

0.4

0.2

4b Triggers

https://arxiv.org/abs/1804.0617
|

ATLAS Simulation

—e— HLT OR

2i35 b60_2j35
- - j100_2j55_b60
—e - |225_b60

Vs=13TeV, 24.3fb™
Resolved, 2016

m(Scalar) [GeV]

e wrt to signal region

il , y ]
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| /, / _
— S / —]
- ,’ / -
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< / _
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4b Triggers 2016

Trigger L1 Seed L1 Rate HLT Rate
4j35 (2 b-tags) 4xJ15 ~3.5 kHz ~60 Hz
(ATLAS)
: 4xJ50 ~2.5 kHz
A5 G b-tags) 1 300 -9 kHz ~30 Hz
(CMS)

(Rates scaled to £ =1.2 x 10*cm257")
17



4b Triggers 2016

On plateau ~65 GeV |

s igee;@ e epeeeey
. . e
e~ 50% at ~40 GeV 9 j

Trigger L1 Seed 06:— P o ™

ATLAS Preliminary

III|III|III|III|II(

0.4 : N ¢ Data 2016
- : e : X ©: Data 2015
L o E E ; 9

0.2 : I X

° - - = oe L
4]35 (2 b'tagS) [ e ? . oe L1_4J20
-.—*—.—l:'j-‘-l—.-l—.-‘*ﬂ- ! ! ] ! ! ! ] ! ! ! ! ! !
O 40 60 80 100 120 140

(ATLAS)

n" offline jet p. [GeV]

: 4xJ50 ~2.5 kHz
4j45 (3 b-tags) HT300 0 ki» ~30 Hz
(CMS)

(Rates scaled to £ =1.2 x 10*cm257")

https://twiki.cern.ch/twiki/bin/view/AtlasPublic/JetTriggerPublicResults 18



Trigger

4b Triggers 2016

L.1 Seed

4)35 (2 b-tags)
(ATLAS)

4)45 (3 b-tags)
(CMS)

41.5 o (13 TeV)

—h
T

Y YVYVYY uAAAAuAmM

Efficiency

o
o
I B

J90: £ ~ 50% at ~90 GeV

4xXJ1J

0.4 .............. §

E . n
0 # " im ¥l

150

S0 100

https://arxiv.org/abs/2006.10165

I T S

4 E®Y' > 35 GeV

+E™"">90Gev

-+ E" > 120 Gev
Eie‘ B> 180 GeV

200 250 300
E_Cr)alo jet, offline [GeV]

‘(Rates scaled to £ =12 x10>cm 25~ ")
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4b Triggers 2016

Trigger L1 Seed L1 Rate HLT Rate
4j35 (2 b-tags) 4xJ40* ~3 kHz ~40 Hz
(ATLAS)
: 4xJ50 ~2.5 kHz
4)45 (3 b-tags) HT300 0 ki» ~30 Hz

(CMS)

* quoted at € ~ 50%

(Rates scaled to £ =1.2 x 10*cm257")
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4b Triggers 2017

Trigger L1 Seed L1 Rate HLT Rate
4j35 (2 b-tags) 4xJ40* ~3.2 kHz ~13 Hz
(ATLAS)
HT280 +
HT300 + 4j + 3b ~10 kHz
(75.60.4540) | TN | <1 kHe ~10 1z
(CMS)

* quoted at € ~ 50%

(Rates scaled to £ =1.7 x 10*cm257")
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4b Triggers 2017

CMS | | | 41.5fo" (13 TeV)

—
T

Efficiency

Trigger L1 Seed | 08l
J200: € ~ 50% at ~ 180 GeV

T ______________________ o

4j35 (2 b-tags) | 4xJ40* N T e T G S S
(ATLAS) Tod oo e

e wi s - L1H, >120 GeV
02_. ........ o E ........... A ..................... + L1 HT > 200 GeV -
o =? . —— L1 H; >320 GeV

A

HT300+ 43+ 3b ﬁ__.- ~+ L1 Hy > 450 GeV
(75,60’45J,40) J70/55/40/35 500 ‘égo 300400500 600 700

(CMS) 4XJ6O https://arxiv.org/abs/2006.10165 Ofﬂlne Calo H [GeV]

* quoted at € ~ 50% (Rates scaled to £ = 1.7 x 1034 em—2571)
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4b Triggers 2017

Trigger L1 Seed L1 Rate HLT Rate
4j35 (2 b-tags) 4xJ40* ~3.2 kHz ~13 Hz
(ATLAS)
HT260* +
HT300 + 4j + 3b ~10 kHz
(75.60.4540) | TN | <1 kHe ~10 1z
(CMS)

* quoted at € ~ 50%

(Rates scaled to £ =1.7 x 10*cm257")
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4b Triggers 2018

Trigger L1 Seed L1 Rate HLT Rate
4535 (2 b-tags) 4x]J40* ~3.2 kHz ~15 Hz
(ATLAS)
HT330 +4j+ 3b HT300* +
(75,60,45,40) | 170/5504035 | 22 KHZ ~12 Hz
(CMS)

* quoted at € ~ 50%

(Rates scaled to £ =2.0 x 10*cm257")
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4b Triggers 2018

Trigger L1 Seed

L1 Rate

HLT Rate

4535 (2 b-tags) 4x]J40*

(ATLAS)

~3.2 kHz

~15 Hz

HT]

(74

CPU for tracking was a major constraint

One of the primary limitations in the trigger 1s HLT CPU usage
b-jet triggers are among largest user of HLT CPU
Several major campaigns to reduce b-jet trigger CPU usage:
Implement 2-step tracking / PV finding: trk PT 1 GeV — 5 GelV

* quoted at € ~ 50%

(INAtCS STArCaO 0 L= 27U X I0_ Ccnt 5 )
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4b Trigger Acceptance
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4b Trigger Acceptance
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4b Trigger Acceptance
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bbtt Triggers 2016

Trigger L1 Seed L1 Rate HLT Rate
2T +j 120(1) T12(1) N N
35/25 + 80 +]25 6 kHz 5> Hz
(ATLAS)
27 35 2x130(1) ~12 kHz ~40 Hz
(CMS)

(Rates scaled to £ =1.2 x 10*cm257")
30



bbtt Triggers 2016

Trigger L1 Seed L1 Rate HLT Rate
2T + 135(1) T20(1) N N
35/25 + 80 +J50% 6 kHz 5> Hz
(ATLAS)
27t 35 2x130(1) ~12 kHz ~40 Hz
(CMS)

* quoted at € ~ 50% (Rates scaled to £ = 1.2 x 10%cm2s~")
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bbtt Triggers 2017

Trigger L1 Seed L1 Rate HLT Rate
2T + 135(1) T20(1) N N
35/25 + 80 +J50% > kHz 00 Hz
(ATLAS)
27t 35 2%x132(1) ~10 kHz ~50 Hz
(CMS)

* quoted at € ~ 50% (Rates scaled to £ = 1.7 x 1034 em—2571)
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bbtt Triggers 2018

Trigger L1 Seed L1 Rate HLT Rate
2T + 135(1) T20(1) N N
35/25 + 80 +J50% 0 kHz PO Hz
(ATLAS)
27t 35 2%x132(1) ~17 kHz ~60 Hz
(CMS)

* quoted at € ~ 50% (Rates scaled to £ = 2.0 x 1034 em=2s71)
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bbtt Trigger Acceptance

Neither experiment discusses the impact of the trigger on the Run 2 analyses

34



bbtt Trigger Acceptance

Neither experiment discusses the impact of the trigger on the Run 2 analyses
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bbtt Trigger Acceptance

Neither experiment discusses the impact of the trigger on the Run 2 analyses

) AL L B BRI BRI LRI B LRI P 1 O
E 80:_ ATLAS CSimuilatinn —l Q

- _ l—ol 7 T —]
B 70K Vs=14T & : ATLAS Simulation Prellmlnary i
& [ HHoubl & 6L ys-14 TeV, HH- bbrr =
21—605_ é’ 5_ 7, %0y SLT —+— E
- 50 ;_ LI; E T ThadThad _+_—+— ~ _#:_T_ -
Q] - QO 4 —A— —4— _|
= 40 s —+—-+-$++ t |
8) - 2 af N _+_ —¢— .
- — 30_ ] ~ 4 _+_ _
© — 8 - —4—_+_ _
© = < . —4— i

- 0 25 —+— ]
D 20K S i
= - na ~+- e
» 10 - .

_+_I | | | | | | | | | | | | | | | | | B

i
%OO 400 600 800 1000 1200

i e i B end b
0 10 20 Truth-level m, [GeV]
https://cds.cern.ch/record/2652727

https://cds.cern.ch/record/2285584?In=en = T



bbtt Trigger Acceptance

Neither experiment discusses the impact of the trigger on the Run 2 analyses
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Trigger Upgrades

Upgrades critical to hadronic HH In many cases driving specs
Keys: L1 jet thresholds / CPU b-tagging
Run-3: Better L1 jets / GPU tracking mitigate CPU cost
Phase-2: Tracking in trigger (40 MHz (@ CMS)

http://cds.cern.ch/record/2714892
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Trigger Upgrades

Upgrades critical to hadronic HH In many cases driving specs

Keys: L1 jet thresholds / CPU b-tagging
Run-3: Better L1 jets / GPU tracking mitigate CPU cost

Phase-2: Tracking in trigger (4 > 1-2p— oo
o - HH— 4b Simulation -
CMS Phase-2 Simulation 3000 fb' (14 TeV) g 1 B ]
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Backgrounds

The other big challenge in 4b and bbrtt

Will focus on 4b.
Same comments apply (to a lesser extent) to bbrr.
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4b Background

https://arxiv.org/abs/1804.06174
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Y A, \\§\ \k\\\;
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(4] ~ * AN N
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Background Model

Original Event Hemisphere library Mixed Event
break in two hemispheres filled in 1t pass, queried on 2" using replaced hemispheres

0 N/
\ /
AN
TNV O
\
0 \
| |
\ |
(> oy
\ -— /
transverse transverse
thrust axis thrust axis
— — p b-tag jets — — p non b-tag jets

https://arxiv.org/abs/1712.02538



Background Model

Use 2b events to model 4b background
Correct 2b—4b kinematics with ABCD

Sideband Signal

https://arxiv.org/abs/1804.06174

ATLAS 220 8
Vs=13TeV, 24.3 fb™

M3 [GeV]
N
S

-
o]
o

apply

Resolved, 2016
|
_ |
|
120 i
|
100
|
- D
- 4b 4

60 80 100 120 140 160 180 200
lead
mz? [GeV]

C
4b background = (Z) X B.



Background Validation

Control Region Signal Region
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Reasonable check of modeling in the variable used to set limits.

https://arxiv.org/abs/1804.06174
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Background Validation

Validation becomes much harder when analyses become more sophisticated

Control Region
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https://arxiv.org/abs/1810.11854
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Background Validation

Validation becomes much harder when analyses become more sophisticated

Control Region

35.9f" (13 TeV)
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https://arxiv.org/abs/1810.11854
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Background Validation

Validation becomes much harder when analyses become more sophisticated

Control Region

35.9f" (13 TeV)
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https://arxiv.org/abs/1810.11854
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Background Validation

Validation becomes much harder when analyses become more sophisticated
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Potential Improvements
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Potential Improvements
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Potential Improvements

Sideband
fit

2b fit| A

4b

C
— X B
A Classifier

Background Method: HH-Comb-FvT Signal Region
@ 2000 T
2 = o . —e— 4bData
<= 1800 b 4b Simulation =0 oae
c - R = = SMHH
L - - 1 = = Scalar (270 GeV)
1600 — ' I = = Scalar (280 GeV)
, ] 1 —_—— e
1400— ;
1200 :
— [}
1000 —
800—
600|—
400
200 -
0 - e —
o 1.5
& I
S S—— Y Ay
= , + T 'Tl'ﬂT HHI T
[a) C
0.500 200 300 700 500 600 700 800

Four-jet mass [GeV]

Background Method: HH-FvT Signal Region
B 2000 o
= - R —e— 4b Data
E 1800 N 4b Simulation - e
— [N} : - caa: :
1600/ T ooy S 0o
1400 ! C
1200 ' ) X B
1000— .
- Classifier
800— B
600|—
400—
200 .-
0:4 L —
o 1.5
g {T
_.\g 1k boe et tibyp it u++ +11++4» |+l+l#+1l_++ ++ 1’##{' ii + I H{‘
8 f P TH
0505 200 300 200 500 600 700 300

Four-jet mass [GeV]

51



Potential Improvements

Background MethoclileH-Comb-FvT Signal Region
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EP-IT Data science seminars

PHYSTAT seminar: Optimal Transport With Applications to Background
Modeling

by Larry Wasserman (Carnegie Mellon University) httpSI//lndICO.Cel‘n.Ch/event/968985/
Wednesday 28 Oct 2020, 15:00 — 16:00 Europe/Zurich (papel” in pl’epal’ation)
@ CERN
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SM Standard Candles

/7. and ZH obvious first steps 1n path to HH

' (27 = 4b)  15-10% b x 0.152

o(HH — 4b) 33 fb x 0.582

o(ZH — 4b)  15-103 fb x 0.15 x 0.58

Y

o(HH — 4b) 33 fb x 0.582

7

bbrr:
o(Z7Z — bbrT) - o(ZH — bbrT)

o(HH — bbrT) oc(HH — bbrT) ~

Good stress test of trigger / background techniques
Known compare with known (measured) signals

53



@ CMS, g/[ alﬁrlegie
L - Conclusions Uﬁiv‘é’;sity

\’A\\\
EXPERIMENT &) |

Not all HH events are equal:
Low mu#r worth more, harder to trigger

Hadronic analyses will be key to constraining A

Trigger:
- Need to live on L1 turn-ons / Avoid HT 1f possible
- HLT CPU often biggest limitation

Background modeling:
- Need to validate background in region most relevant
- Exacerbated by sophisticated ML classifier
- Need new approaches to explicitly check underlying assumptions

Measuring ZZ/ZH 1n 4b and bbrtrt serve as ultimate dry-run for HH

54



E

@?} CMS. Carnegie
— Mellong

LAS = References University

2\
XPERIMENT &) 1 1

HH Whitepaper: https:/arxiv.org/abs/1910.00012

ATLAS
4b: https://arxiv.org/abs/1804.06174
bb11: https:/arxiv.org/abs/1808.00336
HH Combination: https://arxiv.org/abs/1906.02025
Phase 2 HLT TDR: https:/cds.cern.ch/record/2285584
HH Projections: https:/cds.cern.ch/record/2652727
Jet Trigger: https:/twiki.cern.ch/twiki/bin/view/AtlasPublic/JetTriggerPublicResults

CMS
4b: https:/arxiv.org/abs/1810.11854
bb1t: https://arxiv.org/abs/1707.00350
Phase 2 L1 TDR: http:/cds.cern.ch/record/2714892
HH combination: https:/arxiv.org/abs/1811.09689
L1 Run 2: https://arxiv.org/abs/2006.10165
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Per-jet efficiency for jets with nearby jets
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bbtt Triggers 2016
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bbtt Triggers 2016
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hh Production in SM

Higgs potential:

V(9) = —126 + 2!
Expanding about mimimum:  V(¢) — V(v + h)
V =Vo+ A2h? + h® + 2h?

= Vo + Lm2h2 + Duyh? 4 1% pe

4 202
e MNihh o Mh o
Higgs mass term Tt .~,~ o ‘*Z o
hh-production hhh-production

- Shape of potential gives relationship between Awwr and ma, v

s
VA

= v 246 GeV
Standard Model:
2
_ my
Ahhh = 5.5

- Measuring Anhh important because it probes the shape of the Higgs potential

- hh production interesting because it measures Axih
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