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) LHC/HL-LHC Plan
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| ~ 10 m in diameter!
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We only discovered the Higgs
a few years ago, but we are moving
into the precision measurement era
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https://www.quantumdiaries.org/2013/08/19/a-fresh-look-for-the-standard-model/

The Higgs Potential

‘ﬁ The Higgs is the center of the
‘“ Standard Model!
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https://www.quantumdiaries.org/2013/08/19/a-fresh-look-for-the-standard-model/

h"ﬂ The Higgs is the center of the
‘“ Standard Model!

The Higgs is unique:
Originates from “Electroweak
Symmetry Breaking” of the
Higgs potential
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h"ﬂ The Higgs is the center of the
‘“ Standard Model!

The Higgs is unique:
Originates from “Electroweak
Symmetry Breaking” of the
Higgs potential

b, 1y
V(g) = 2#45 +4/1¢
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The Higgs is unique:
Originates from “Electroweak
Symmetry Breaking” of the
Higgs potential

b, 1y
V(g) = 2#45 +4/1¢
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h"ﬂ The Higgs is the center of the
‘“ Standard Model!

V(@)
The Higgs is unique:
Originates from “Electroweak
Symmetry Breaking” of the
Higgs potential
1 - 1 ) % ¢
V(g) = — 5/4 $- + Z’l¢ % — U = 246 GeV
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h’\ﬂ The Higgs is the center of the
‘“ Standard Model!

V(@)

The Higgs is unique:
Originates from “Electroweak
Symmetry Breaking” of the
Higgs potential

V(¢) — = lﬂ2¢2 T 1/1¢4 a — — 246 GeV
2 4 W
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Why Measure the Potential! 5

The potential isn’t static: it had a
different shape in the early universe
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The potential isn’t static: it had a
different shape in the early universe

. Electroweak Baryogenesis |
‘ \ More from D. Morrissey “

If the potential had the right shape
as it cools after the Big Bang, this
phase transition might explain the
universe’s matter/anti-matter
asymmetry!
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Measuring the Potential ¢

1 Taylor expand

__122 . 4
V() = 2ﬂ¢ +4/1¢ —>

V(@)




1 1 Taylor expand m2
— — 2 p2 4 g p4 2772 H 173
V(¢)
¢
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V) = - S + i) iy
2Ry 2T

V(@)
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1 Taylor expand

__122 1 44
V) = =1 + 700" e

V(@)
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Measuring the Potential

1 1 Taylor expand 1 m2
= -+ ~ Loy, Ma s
V(¢) o H ¢”+ 4ﬂ¢ _>2 VeV + th | 2v2 n
ASM = ﬂ K, = AHHH 4l l,‘.
V@) T <
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1 1 Taylor expand m
2 42
V() = = —u'¢” + 24! —_— VR Vo omih? 2‘}’;’ v +
aSM m_,% . AunH
V() HHH — 5.2 1= Tm a4
¢
8 66666001 o H
K, K ///
S
H AN
8 666660601 N H
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1 1 Taylor expand 1 m2
V@)= =S¢~ + 40 — ViR Vot Smph® + —=vh” +
TR S oy N7 |
V(¢) 202 LA Ay /
¢

We can measure these di-Higgs events at the LHC!

E 76666000

E 76606600

M. Swiatlowski (TRIUMF) August 17,2021



1 1 Taylor expand
V() = — 5,42452 + Z/1¢4

1
VaV,+ Eméhz |

"1 Aunn

LA sm
1 Apfn

SM _
/1HHH _

V(@)

¢
We can measure these di-Higgs events at the LHC!

How often these di-Higgs happen
& 76000000 ~- + H lets us measure the Higgs potential
LA by measuring k,

8 56606001 N H
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1 1 Taylor expand
V(g) = — 5,42452 + Z/1¢4

"1 Aunn

LA sm
1 Apfn

SM _
/1HHH _

V(@)

¢
We can measure these di-Higgs events at the LHC!

How often these di-Higgs happen
& 76000000 ~- + H lets us measure the Higgs potential
LA by measuring k,

If we see something
g 66600601 Ny from the SM prediction, we
know k;, # 1!
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earching for Higgs Pairs €2

ATL-PHYS-PUB-2021-03 1
I R L T L .

ATLAS Preliminary —— Observed
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139 fp~1 Phys. Lett. B 801 (2020) 135145
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139 fp~1 ATLAS-CONF-2021-016
b6T+T_ — Nfr;Zised to o, ?::,?BF -
139 fb~1 ATLAS—CONF—Z?)QZLO?O

2 5 10 20 50 100 200
95% CL upper limit on o (pp = HH) normalised to ogpv

Here, show what factor of the SM
X-sec we canh exclude
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| A'II'I=-PHYSI-PUB-202 1-031
- — T T
Preliminary L e
.......... Expected
Expected + 2 0
B Expected =10

ATLAS
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Combined — 6Négnali ssssss 1 9 —
27.5—36.1fb71 Lett. B 800 (2020) 135103
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95% CL upper limit on o (pp = HH) normalised to ogpv

Here, show what factor of the SM
X-sec we canh exclude

Two Higgs bosons means two decays:

bbyy and bbtt channels each
exclude around 4x the SM
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ATL-PHYS-PUB-2021-031
T T T T

ATLAS Preliminary — Observed
Vs =13TeV,275-139f~t 7 Expected
Expected = 2 0

B Expected 10

Obs.  Exp.
Combined — BI\IEJ?naIi ssssss 1 9 —
27.5—36.1fb71 Lett. B 800 (2020) 135103
bb—l+\)l_\) — l\l4(;9n lllll dt002|:9 —
139 fp~1 Lett. B 801 (2020) 13
bbyy 4.1 5.5
139 fp—L aion

bbttt™
139 fb~1

10 20 50 100 200
95% CL upper limit on o (pp = HH) normalised to ogpv

Here, show what factor of the SM
X-sec we canh exclude

Two Higgs bosons means two decays:

bbyy and bbtt channels each
exclude around 4x the SM

More channels and more data mean
the SM x-sec is in sight!
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ATL-PHYS-PUB-2021-031 _ ATLAS-CONEF-2021-016
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>
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bb—l+\)l_\) — l\l4(;9n lllll d t002,:9 . T e
139 fp~1 Lt oot 020y 13515 | § e NTTTesl
139 fp—1 203101 ‘ F Observed: k) € [-1.5,6.7]
bbtrt- N4.7|. ) 3.9 | - Expected: k) € [-2.4,7.7]
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95% CL upper limit on o (pp = HH) normalised to ogpv

| . . . Kh
Here, show what factor of the SM | Here, show sensitivity to k;:
X-SeC we can exclude i the aCtuaI deVIatlon N the

Two Higgs bosons means two decays: Higgs seli-coupling

bbyy and bbtt channels each
exclude around 4x the SM

More channels and more data mean
the SM x-sec is in sight!
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Searching for nggs Pairs e~
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ATLAS Prellmlna Observed 1 £ : —— Observed limit (95% CL) |
VS =13 TeV, 27.5— 139f:)y1 """"" Expected = - ATLAS Preliminary { ---- Expected limit ((957 CL)) :
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W Expected + 1 0 i L 4| HH—bbyy [ Expected limit 1o
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Obs.  Exp w S’¢  SM prediction
>
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95% CL upper limit on o (pp = HH) normalised to ogpv

| . . . Kh
Here, show what factor of the SM | Here, show sensitivity to k;:
X-SeC we can exclude i the aCtuaI deVIatlon N the

Two Higgs bosons means two decays: Higgs seli-coupling

bbyy and bbtz channels each | \ijyes below -1.5 and above 6.7
exclude around 4x the SM |  excluded: even full HL-LHC

More channels and more data mean |dataset will critical to tighten this!
the SM x-sec is in sight! |
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Also important to search
for resonances, which
actually cause the change
in the potential
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Searching for Higgs Pairs ’(‘@,

ATLAS-CONF-2021-035
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Also important to search
for resonances, which
actually cause the change
in the potential
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_ actually cause the change
| in the potential
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| Here, search in the bbbb
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e | - channel: most common
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m(X) [GeV] decay mode
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Run: 351223
Event: 1338580001
2018-05-26 17:36:20 CEST

} ATLAS-CONF-2021-016


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-016/

 ATLAS was hugely productive in the past years:]
’ preparing for run 3, installing upgrades, |

ATLAS

e , EXPERIMENT
building new detectors, and analyzing

Event: 1338580001
~~ 2018-05-26 17:36:20 CEST

|
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ATLAS was hugely productive in the past years:]
’ preparing for run 3, installing upgrades, |
building new detectors, and analyzing

| all of our data! Run: 351223
e j/ N . A ‘ R Event: 1338580001

- s 2018-05-26 17:36:20 CEST

ATLAS

EXPERIMENT
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ATLAS was hugely productive in the past years:]
. preparing for run 3, installing upgrades, |
building new detectors, and analyzing

| all of our data! Run: 351223
. j/ N o, ‘ R Event: 1338580001

- s 2018-05-26 17:36:20 CEST

ATLAS

EXPERIMENT

| Lots more results than | could possibly &=
- talk about: read more here or our £
new “‘briefings” page

8 ATLAS-CONF-2021-016


https://twiki.cern.ch/twiki/bin/view/AtlasPublic
https://atlas.cern/updates/briefing
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-016/

ATLAS was hugely productive in the past years:]
. preparing for run 3, installing upgrades, |
building new detectors, and analyzing

| all of our data! Run: 351223
. j// N o, ‘ R Event: 1338580001

- s 2018-05-26 17:36:20 CEST

ATLAS

EXPERIMENT

¢

| Lots more results than | could possibly =\
- talk about: read more here or our 4
new “‘briefings” page -

Stay tuned for more upgrades, more data,
- and more measurements that elucidate
our biggest questions!
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higgs 2 decay

| |
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higgs | decay
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HH4b Results
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HH4b VBF

Can also measure
other effects!




HH4b VBF

HDBS-2018-18
§ :EI: T | T T T | T T T T T T | T T T | T T T | T :IE:
5 - ATLAS = Theory prediction . q
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Can also measure
other effects!

Here, search for
4-point VVhh coupling
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HH4b VBF

HDBS-2018-18
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Can also measure
other effects!

Here, search for
4-point VVhh coupling

First world limits!
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HH4b Background

e Background estimate uses 2b

events to model 4b events

e | earn correction factors
from 2b to 4b using CR,

and derive systematics in
the VR
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A))

Estimating Backgrounds &

(not-tagged)

(not-tagged) 2 b-tag events are
background enhanced,

signal depleted

(tag)
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(not-tagged)

(not-tagged) 2 b-tag events are
, background enhanced,

signal depleted

Learn how to
‘correct’ 2-b events to
mimic 4-b
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Estimating Backgrounds &

(not-tagged)

(not-tagged) 2 b-tag events are
, background enhanced,
signal depleted

Learn how to
‘correct’ 2-b events to
mimic 4-b

2 b-tag events

subleading Higgs mass

—

leading Higgs mass
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Estimating Backgrounds ?z\),

2 b-tag events are
background enhanced,
signal depleted

Learn how to
‘correct’ 2-b events to
mimic 4-b

(tag)

(tag)
A A

& 2 b-tag events & 4 b-tag events
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—> —>

leading Higgs mass leading Higgs mass
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Estimating Backgrounds ?z\),

2 b-tag events are
background enhanced,
signal depleted

Learn how to
‘correct’ 2-b events to
mimic 4-b
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Estimating Backgrounds ?z\),

2 b-tag events are
background enhanced,
signal depleted

Learn how to
‘correct’ 2-b events to
mimic 4-b

(tag)

(tag)
A A

o | 2 b-tag events [ 2 4 b-tag events
é 5 e Step liuse CRto T &
" derive NN which can "
8 reweight events s
I L
00 0.0
= : =
9 Step 2:use NN corrections ©
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leading Higgs mass leading Higgs mass
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HH4b NN

[E—

. log(py) of the selected jet with the 2"%-highest pr,

log(py) of the selected jet with the 4™-highest pr,

log(AR) between the two selected jets with the smallest AR,
log(AR) between the other two selected jets,

the average || of selected jets,

log(py) of the HH system,

AR between the two H candidates,

A¢ between the jets making up H,

o X 3N N BE LD

A¢ between the jets making up H,,

[—
<

log(min(Xy,,)), and

[E—
[S—

. the number of jets in the event with pp > 40 GeV and || < 2.5, including jets that are not selected.
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Interference

E 76660000 , H

8 6666600 N H
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Interference

E 76660000

E 6666000

This couling is what we want
to measure

M. Swiatlowski (TRIUMF) August 17,2021



Interference

E 76660000

E 6666000

This couling is what we want
to measure

This tells us about the shape
of the Higgs potential
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Interference

Kt
E 76606600 > — — ————- H
Y
E 76666000 & — — . H
Kt
This coulling is what we want
to measure This process has the same final state,
, but K, doesn’t appear: no information
This tells us about the shape about the Higgs potential

of the Higgs potential
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Interference

Kt
E 76606600 > — — ————- H
Y
E 76666000 & — — . H
Kt
This coulling is what we want
to measure This process has the same final state,
, but K, doesn’t appear: no information
This tells us about the shape about the Higgs potential

of the Higgs potential

These two processes destructively interfere in the SM,
leading to very low cross section: 500x rarer than single Higgs
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Interference

Kt
E 76606600 > — — ————- H
Y
E 76666000 & — — . H
Kt
This coulling is what we want
to measure This process has the same final state,
, but K, doesn’t appear: no information
This tells us about the shape about the Higgs potential

of the Higgs potential

These two processes destructively interfere in the SM,
leading to very low cross section: 500x rarer than single Higgs

Di-Higgs production is a rare process
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Higgs Stability

Higgs More simply: we do not know
potential | if the Higgs potential, and our
vacuum, is stable!

source
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Higgs More simply: we do not know
potential | if the Higgs potential, and our
vacuum, is stable!

Measuring the potential
can tell us about the
fate of the universe

source
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Dark Matter via Higgs

New searches
for Higgs decaying
to Dark Matter

M. Swiatlowski (TRIUMF) November 21,2018
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Dark Matter via Higgs

ATLAS-CONF-2021-004/
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New searches

for Higgs decaying
to Dark Matter

New methods push
sensitivity to strongest
levels yet!

November 21,2018

x|
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DNN for HWW

Variable VBF V(had)H ttHvstt ttHvs Z — 77

Invariant mass of 2 leading jets
pr(iJ)

7 Product of n of 2 leading jets
g Sub-leading jet pr
2 Leading jet n °
5, Sub-leading jet n o
£ Scalar sum of all jets pr ° °
- Scalar sum of all b-tagged jets pr °
Best W-candidate dijet invariant mass °
Best t-quark-candidate three-jet invariant mass °
@ A¢(jet 0, jet 1)
= [ Anfet 0,jet 1)) .
% AR(jet 0, jet 1) o
T AR(r7.jj) .
L; AR(T, T) o
2 Smallest AR (any 2 jets) o
< |An(r,7)| ° o
% pr(7T) ¢
= Sub-leading 7 pt
S Sub-leading 7 n
= Fg pr(Hjj) B ¢
© pr(H)/pr(jj)
é Missing transverse energy Emp'™s o o o
Ty Smallest Ag (1, Ep ™) .
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Mpp

AR(T,T)

AR(D,b)

ApT (67 7_)

Sub-leading b-tagged jet pr
mr

EFIPHISS

miss

pT @ centrality
Ao(TT, bb)
Ag(l,pr)

A¢ (LT, pt™™)
St

AN N NN
SN SN S
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Variable

Definition

Photon-related kinematic variables

pr/myy

n and ¢

Transverse momentum of the two photons scaled by their
invariant mass 1.,
Pseudo-rapidity and azimuthal angle of the leading and
sub-leading photon

Jet-related kinematic variables

b-tag status

pT, 1 and ¢
PR’ pp and ¢y

myp
Ht

Single topness

Highest fixed b-tag working point that the jet passes

Transverse momentum, pseudo-rapidity and azimuthal
angle of the two jets with the highest b-tagging score
Transverse momentum, pseudo-rapidity and azimuthal
angle of b-tagged jets system

Invariant mass built with the two jets with the highest
b-tagging score

Scalar sum of the pt of the jets in the event

For the definition, see Eq. (1)

Missing transverse momentum-related variables

E%IISS and ¢mISS

Missing transverse momentum and its azimuthal angle
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