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What is the nature of dark matter ?
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Physics is Hard ot

- What is thé hature of dark matter ?
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iy - What is the nature of dark energy ?

What do we even mean by dark energy ?

Y - -
o - ’ . - = ) 4 . > ‘} - i
0‘ . | . r’ | 5, 'r

» )‘; C
{ fg!'.:.'
‘ -

- ~. .
O e




<§ &%ﬁ’"/\

N 0]

~ '\ 4 @)

b A 7

>4 w}%ﬁ

WS oy
@)

Stockholm
Universit

Physics is Hard

- Whatis thé hature of dark matte_r ?

F . »
What |s the nature of dark energy ?
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What do we even mean by dark energy ? _
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Where |s aII of the anti-matter ?
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Physics is Hard

- Whatis thé hature of dark matter ?

. _ i
What is the nature of dark energy ?
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What do we even mean by dark energy ?°5
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Where is all of the anti-matter ?
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Is inflation realised ? = .
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Physics is Hard
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- Whatis thé hature of dark matter ?

| - . A
What is the nature of dark energy ?
. “4. - (. ‘s
What do we even mean by dark energy ?
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Where |s all Qf the anti-matter ?

s inflation realised ? ’
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‘!Do we live in a stable or metastable universe ?
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What is thé hature of dark matter ?

| - MW
What is the nature of dark energy ?

. o .
What do we even mean by dark energy ?
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L ECREE of the anti'-matter i
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Is inflation realised ?
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‘!Do we live in a stable or metastable universe ?
‘e i .

What is the nature of SM particle masses ?
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What is the nature of dark matter ?
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What |s the nature of dark e~
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What is the nature of SM particle masses ?
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Particle Physics = Cosmology

Stockholm
University

- We are entering an era of precision cosmology and precision particle
physics experiments.

2 Detector characteristics
Muon Detectors Electromagnetic Calorimeters ] \[/;{idth:t . ‘2‘;’“

- iameter: 22m

<

Weight: 7000t

Solenoid

Forward Calorimeters

End Cap Toroid
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Hadronic Calorimeters
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Particle Physics = Cosmology e

University

- We are entering an era of precision cosmology and precision particle
physics experiments.

- We need to:

- Take advantage of that (I, for one, think we're doing at great job here).
- Establish and develop connections. Where do we start ?

2 Detector characteristics
Electromagnetic Calorimeters ] Width: 44m
\ 5
<«

Diameter: 22m
Weight: 7000t

Forward Calorimeters

Birmingham Seminar

Michael E. Nelson



The Standard Model of Particle Physics

Michael E. Nelson

University

- Six flavours of quark.
+ Six (leptons + neutrinos).
- Four gauge bosons.

- The Higgs Boson ... a

fundamental (?) scalar (?)

Birmingham Seminar



The Higgs: Why do
we care ?




1) It has a mass of ~125 GeV

Stockholm
University

- Higgs boson discovered during Run 1 of the LHC.

.............................
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--------- Bkg (4th order polynomial)
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From arXiv:1207.7214
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2) It connects the SM to BSM St

University

- Higgs mass explained by popular beyond Standard Model (BSM) theories
like Supersymmetry ... SPECIAL !
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3) It’s a scalar
Stockholm
University
- The only experimentally verified scalar ... SPECIAL !
.S § | T l | WL L I LT I | L T L I | I | L g
B 10° [ ATLAS H— ZZ* — 4] il ATLAS H— ZZ* — 4]
(_U E S=if Tevs 4.5 fb1 g —e— Observed Vg =7 TeV, 4.5 fb-1
g o Data s=8TeV,2031t' G5 | - Expected [s=8TeV, 20.3 f5'
= =T 0+ SM H—- WW* > evuv 3 - g+ zmi;z H— WW* - evuv
8 10 2" (kq=Kg) s=8TeV, 20.3 f5' i ] o0'SM:3o [§=8TeV. 20.3 f'
= - H_)YY = ) 10 H—>YY
Qo P
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4) It connects to cosmology

Stockholm
University

- Can construct models connecting the Higgs potential to inflation.

If Higgs-like scalar = inflaton => could drive the early expansion of the universe.

-

Inflation

V(¢)

—Q

Potential energy

/

— ime) Value of
- '
reheating end inflaton
e the universe inflation field

- We need to understand the global shape of the Higgs potential.

Michael E. Nelson Birmingham Seminar



4) It connects to cosmology

Stockholm
University

- The mass of the Higgs is intimately related to the stability of our universe.

[P j 180 —— T T = 1}010' 1
200 ¢ Instability/_ g - ]
: : > —— Meiaéétability,——’_;
% / 1 8 e - ; /_
S 150 s g 1755 :
.1 L | g - - - -
s 2 ;
é 100 | Stability g g
[ g o
01 = S Stability
R ——— es— . v . . .
0 50 100 150 200 115 120 125 130 135
Higgs mass M), in GeV Higgs mass M) in GeV

- We need a detailed understanding the electroweak symmetry breaking in the
early universe.

- Again, this comes from understanding the global shape of the Higgs potential.

Michael E. Nelson Birmingham Seminar



Let’s talk about the
Higgs potential ...
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The Global Higgs Potential oy

ey
- Q: How can one probe the global shape of the Higgs potential ?
1 1 1
V(g) = —5#%2 + Z)\¢4

Michael E. Nelson
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The Global Higgs Potential L

University

- Q: How can one probe the global shape of the Higgs potential ?

1 1 —
=22 4 4 V(9
V(9) = —gu"¢" + 1 2¢ = .
Perturb minimum, v, by amount h V(¢) — V(v + h) ’ ’ ......
272 3, 1,4 ‘,
V =Vy+ A°h® 4+ Avh +Z)‘h + ...

2 2
_ 1,.232 My o3 1My, 14

Birmingham Seminar
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The Global Higgs Potential

Stockholm
University

Perturb minimum, v, by amount h V(¢) > V(v+h) \\ -~ /A=

1 ‘ —
V = Vo + M?h? + Mvh® + ZAh‘l + ...
2 2
= Vo+ %m%hz | ;’;’5 vh3 + i%h‘l ...  Test the SM predictions:
Higgs mass HH production HHH production V= % = 246 GeV
/' /'
g il m3
——.\ - \———— )\:WWOL‘S
N\ N\
N\ N\
v i Cosmological implications !
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The Global Higgs Potential L

University

- Q: How can one probe the global shape of the Higgs potential ?

e

V()

V(6) = —oi2¢* + (26"

Im(¢)

1

/
»
4

V =V + M?h? + Mvh3 +
Test the SM predictions:

7
V= — = 246 GeV
VvV
_ mj

= 52 ~ 0.13

A

- y Cosmological implications !

Birmingham Seminar
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Measuring the Higgs Self-Coupling

Stockholm
University

- Can measure HH production at the LHC, hence constrain the self-
coupling.

- Start with the highest cross-section production process, gluon-gluon
fusion (ggF).

(using scale factors: k¢ = guirr /9% and kKx = AwHH /N H)

/'H
olm IT
I‘it \
\‘H

Michael E. Nelson Birmingham Seminar



Measuring the Higgs Self-Coupling K

University

- Can measure HH production at the LHC, hence constrain the self-
coupling.

- Start with the highest cross-section production process, gluon-gluon
fusion (ggF).

(using scale factors: k: = gtgH/gffﬂlf and kx = Agma/Ni)

S— | -H
Rt H ///

» fLofm T
/it__ t \\‘H

Destructive interference
=> small cross-section for HH production !

Michael E. Nelson Birmingham Seminar



Measuring the Higgs Self-Coupling

Stockholm
University

Standard Model Total Production Cross Section Measurements status: August 2016

L= 500 ub~1 .
2 1011 E-faﬁgg;b_l ATLAS  Preliminary B theony
5 = Run1,2 +5=7,8,13 TeV LHC pp V=7 TeV
10° BB Data 45-491b!
LRy L CEEE LRI LR LR EEEL LHC pp Vs =8 TeV
F A 2. SMZ production BN paa 203073
C 81 pb~? . .
: o LHC bp oo 13 Tev ] | Production mode | Cross section
3 x ~1000 BEM Data 008-133b7 3 (14 TeV)
: : ggoF-hh ~40 b
. VBF-hh ~2 b
_ o -
02k -l 8 E
SR E T TR =~ = e g . E V-hh ~11b
[ A SM h production B w5 o 3
10" £ 2010 L E tt-hh ~11b
- x ~1000 o e L] ] arXiv:1212.5581
1 F | ~ ==gre-sssssssssssooaar VH I 8 =
SM Zh production _ T m E
i l ttH —1 \'|_
101k X ~25 E
- V -
~40 fb ==PP = We = Z - mopfe - mm ot - - o WA = - - - b - W = - WZ - - - 22 - - W - $EZ- -
SM hh-production

*From J. Alison
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Measuring the Higgs Self-Coupling K

University

Standard Model Total Production Cross Section Measurements status: August 2016

| e | b—l
-8_ 101 éggﬁgg;,l ATLAS Preliminary B e é
L = Run1,2 5=7,8,13 TeV LHC pp VG2 7TV
10° BEE  Data 45- 491
----8-1'?;’1- .................... LHC pp Vs =8 TeV
5 L -
WE A =%,  SM Z production BN 0ea 20307 ?
C 81 !
» pb O
- 35 pb! LHC pp Vs =13 TeV
3 x ~1000 BE  Data 0.08- 1331k

~2 fb
V-hh ~11b
tt-hh ~11b

arXiv:1212.5581

- -t - - - t == =WAW - - - = He - - Wi = = WZ - - - ZZ- - £ tEW - HEZ- -
SM hh-production

*From J. Alison

Michael E. Nelson Birmingham Seminar




How might New Physics
Manifest in HH
Production ?




Searching for New Matter: Resonant Ky

University

+ One can use HH to search for new matter which modifies the Higgs self-
coupling and enhances the HH cross-section => oxn /oS > 1.

P4 'H X = New Matter
V4
X_‘ e.g. Spin-0: X = S, a new scalar
S \ e.g. Spin-2 X = G, Randall-Sundrum

graviton

- Different models and different X-masses allow for different sizes of
enhancement to the cross-section.

Birmingham Seminar
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Searching for New Matter: Non-Resonant K&

Stockholm
University

- Generic non-resonant enhancement is possibly in many BSM models,
such as composite Higgs and Little Higgs scenarios.

- Can get significant enhancements to the self-coupling.

- Look for enhanced kj or activation of new vertices.

- Also motivates an EFT approach to Higgs physics.

Michael E. Nelson

Birmingham Seminar



Which channels ?

Stockholm
University

We need to consider the most sensitive channels when searching for
H(—ab)H(—cd) production. Driven by two important factors:

- Branching fraction
- Complexity of final states

hh-Br
Larggzg'h | i | I I | 1
bb Leptonic decays (e/u) y
WW L+ X e ~30% 10

20+ X ..ueeeeee ~10% _

gg HE+X.... ~ 3% 1 0-2
3+ X....... ~ 1% L

T 7Y+ X o ~ 0.5% 1073

cc 10

ZZ 10°

YY 1 0-6

Z'Y 1 0-7

uu -

|
bb WW gg T cC ZZ YY ZY MM Rarer Br-4 decay

Michael E. Nelson Birmingham Seminar



Which channels ?

Stockholm
University

We need to consider the most sensitive channels when searching for
H(—ab)H(—cd) production. Driven by two important factors:

- Branching fraction
- Complexity of final states

hh-Br
Larggzg'h | i | I I I 1
bb Leptonic decays (e/u) y
WW L+ X e, ~30% 10

20+ X ..ueeeeee ~10% _

gg HE+X.... ~ 3% 1 0-2
3+ X....... ~ 1% L

T 7Y+ X o ~ 0.5% 1073

cc 10

ZZ 1 0-5

YY 1 0-6

Z'Y 1 0-7

up 10

|
bb WW gg T cC ZZ YY ZY MM Rarer Br-4 decay

Michael E. Nelson Birmingham Seminar



Looking for HH at
ATLAS



The ATLAS Experiment @ CERN Ll

University

2 Detector characteristics
Muon Detectors Electromagnetic Calorimeters ) V\{idth: 44m
— Diameter: 22m
- Weight: 7000t
Solenoid CERN AC - ATLAS V1997

Forward Calorimeters

End Cap Toroid

mumy i
———— A\ {

=) AR ae
-.E"lr= "/' @

D=

r—

— VL
——

=\ \

Shielding

Inner Detector

Barrel Toroid Hadronic Calorimeters
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A Slice of ATLAS
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Muon
Spectrometer

Hadronic
Calonmeter

Electromagnetic
Calorimeter

Iracking

Solenoid magnet \ ~
\.

\ o
i Ty
Muon K
\ Xk l , X
"' ' ( Neutrind|
.-‘\ ‘ .'
\ - ) - ; -~ . / »
~_\ 0 "
< 3 4
A e | .
o .\X \_ I A

Ny | 'o

N \ X
l *

Y o .
\ 4 »
. »

] r
] o
' 4
. ‘0

\ Proton L ’

: . L
( Neutron| J/ o The dashed tracks
\ : & ; are invisible to
‘ <3 the detector
" .
\ .: 4 “o
‘ X
- *Eleltrons
{Photoniiis h
\ 4 g
! COATIAC
% CVDEDIMENT

Transition

Radiation
Tracker X
Pixel/SCT

detector _

http://atlas.ch
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B-jet Identification

Displaced

b-jet
Tracks

Secondary
Vertex

Primary
Vertex

Stockholm
University

- Large branching fraction of H — bb

makes b-tagging essential in di-Higgs
searches.

- Exploit the relatively long lifetime of B-

hadrons => b-decay displaced from the
Interaction point.

- Displacement identified using tracking

and secondary vertices.

- Build multivariate discriminants from this

low-level information to “tag” b-jets.

Michael E. Nelson

Birmingham Seminar



Trigger Challenges stockholm

University

Interesting physics is incredibly rare and we cannot save all events from LHC
collisions to disk. Two-part trigger system:

Birmingham Seminar
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Trigger Challenges

Stockholm
University

- Interesting physics is incredibly rare and we cannot save all events from LHC
collisions to disk. Two-part trigger system:

L1
Hardware
Trigger

LHC collisions

40 MHz / 50 Tbs-1

Michael E. Nelson Birmingham Seminar



Trigger Challenges

Stockholm
University

- Interesting physics is incredibly rare and we cannot save all events from LHC

LHC collisions

collisions to disk. Two-part trigger system:

100 kHz / 150 Gbs1

. L1 High-level Offline

—_— Hardware |—» Trigger -_—

— Trigger reconstruction
1 kHz

40 MHz / 50 Tbs- ~ Gbs1

- We rely on tracking at the HLT for b-tagging, which is very CPU intensive. This

will get worse with more luminosity. We need to be smarter with tracking in
future.

- The dream: tracking and tagging at L1.

Michael E. Nelson Birmingham Seminar



HH — bbyy @ 36 fb-1



bbyy channel il

University

Small branching fraction, but very clean background and clean trigger on the y.

Y

Excellent m,, resolution.

Require 2 b-tagged jets and two y:
Non-resonant: ms, and m,, reconstructed around the Higgs mass.

Resonant: reconstruct the full mes,, system and scan for resonances.

Birmingham Seminar
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W

Number of b-tagged jets *
N

Michael E. Nelson

bbyy Regions

Stockholm
University

* Plus addition requirements on mj;, jet pr,
b-tagging efficiency ...

Non-resonant
| Sideband :" | Sideband

' Sideband | § | Sideband

! Resonant !

Control bkgs. here

105 120 130 160 m,, [GeV] *

Birmingham Seminar



bbyy channel

Stockholm
University

- Establish 0-tag regions (with loose and tight jet pt requirements) where the y+jet

background is estimated from data and data/MC corrections to m,, are extracted and
applied to the 1- and 2-tag signal regions.

Non-resonant Resonant

% L L L L L L I —— % i T T T T T T |_
(O) — A TLAS + Data — O] B A TLAS + Data |
g . V/s=13TeV,36.1 fb~" B singe "_"993 | = - V/s=13TeV,36.1 fo~" Bl singe l-.liggs |
» 2000 b-tag, tight selection B Vv ] %) 400 0 b-tag, loose selection B sV H
1= B B sMvyi n S B B sMvyi N
L?>.IJ : B Other SMyy +jets : Lﬁ - B Other SMyy + jets
Data-driven yj — __ Data-driven yj __

1 50 Data-driven jy __ 300 - Data-driven jy —
100 | 200 |

50 : 100 _

oL v b v by by 1y T 0= |
110 120 130 140 150 160 300 400 500 600
Myy [GeV] Myvii [GeV]
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bbyy channel

3 o e 4 o 3
8 | 2biag bossselcton e 2 20

2 151~ £
g i Non-resonant BEIRE
102{.\'\ _; 10
Py,
g{*{ - 0
% { . %’ 5
UTRMBEI S
Sb oI L = -5

110 120 130 140 150 160
myy [GeV]

Stockholm
University
" ATLAS '+| A
e o PR
: I Resonant
4 t
ﬂ}ﬁ H+ 4##“4*4hm Mu b _i
- 336 00500500
myyi [GeV]

- Example search regions in both the resonant and non-resonant channels.
- Results are statistically limited at 36 fb-'. Full run 2 analysis in progress.

- Use non-resonant search to set an upper limit on HH production from ggF, and the

resonant to set an upper limit on the cross-section for e.g heavy scalar production.

Michael E. Nelson
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- Set limits on both the
Higgs self-coupling and
the ggF production cross-§

Constraining «

Stockholm
University

ATLAS
Vs =13TeV, 36.1 fb™!

— HH) [pDb]

Observed limit
Expected limit
Expected limit +10

Expected limit £20
Theory

section for non-resonant

HH. _82<K1<13.2 @ 95 % CL

2.0

- bbyy sets stringent
constraints on k.

1.5

1.0

+ Upper limits on the mass of
X — HH(bbyy) set using the

0.5

resonant channel. U R I N N
Observed Expected -1l +lo
Og9—HH [PD] 0.73 0.93 0.66 1.4
As a multiple of ogqy 22 28 20 40

Birmingham Seminar
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of X — HH(bbyy) set using %2
the resonant channel. 0.0

1
IIIIIIIIIIIIIIIIIIIIIIIIIII

L |
400 500 600 700 800 900 1000
My [GGV]

Constraining New Matter
Stockholm
University
%‘_ 18: | T 1T 1 T 1T 1 T 1T 1 | T 1T 1 | 1T T 1 1T T 1 | L -
- Set limits on both the Higgs z 16 | ATLAS -
self-couplingand the ggF § | i vs=13TeV,36.1 b7 -

. - x 1.4 | —e— Observed limit ]
production cross-section for = = f | - Expected limit -
non-resonant HH. & 1.2 : mm  Expected limit 10 ]

10 i Expected limit +20 B

. bbyy sets stringent 08 E

constraints on k. 060 | e

- Upper limits on the mass 0'4;_ , E
_3

|
00
Observed Expected -1l +lo

As a multiple of ogqy 22 28 20 40

Michael E. Nelson Birmingham Seminar



HH — bbbb and
HH — bbrr @ 36 fb-1



bbbb C h an nel Stockholm

University

- bbbb uses a combination of small and large-radius jets to target highly-boosted

resonant production.

Resolved Analysis: Boosted Analysis:
- 2 anti-kt R=1.0 jets

- 4 btagged anti-kt 0.4 jets . .
- “h-candidates” pairs - 4 anti-kt R=0.2 trk-jets
- btagging on trk-jets

<
X—hh low mass <1 TeV X—>hh high mass > 1 TeV
non-resonant search

*From J. Alison
Birmingham Seminar
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bbbb C h anne I Stockholm
University

bbbb uses a combination of small and large-radius jets to target highly-boosted

resonant production.
Boosted Analysis:

- 2 anti-kt R=1.0 jets
- 4 anti-kt R=0.2 trk-jets
- btagging on trk-jets

Resolved Analysis:
- 4 btagged anti-kt 0.4 jets

- “h-candidates™ pairs

+20
43.6

Expected +1o
20.7 30.0

Observed | —20 —1lo
12.9 11.1 14.9

<
X—hh low mass <1 TeV X—>hh high mass > 1 TeV
non-resonant search

*From J. Alison
Birmingham Seminar

Michael E. Nelson



bbrr channel +
Stockholm

University

bbr lep7had

p >@ < p
/ H / H
e/ '
from 7 cliiay T ﬁgd
VIS
Thad T ﬁgd
|

)

- Single lepton triggering on events, with exactly two b-tagged jets and a
missing mass > 60 GeV. From arXiv:1808.00336

Birmingham Seminar
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bbrr channel R
Stockholm
University

bbr lepThad bbrhadrhad

ODbserved

o o(HH — bbr7) [fb] 57 49.9 69 96

lep "had o/os\ 23.5 20.5 28.4 39.5
o(HH — bbrT) |fb] 40.0 30.6 42.4 59

"hadThad ey 16.4 12.5 17.4 24.2

o(HH — bbrT) |fb] 30.9
o /oM 12.7

W A ‘V ’"‘ ad-

- Single lepton triggering on events, with exactly two b-tagged jets and a
missing mass > 60 GeV. From arXiv:1808.00336

Combination

Michael E. Nelson Birmingham Seminar



HH Combinations

Si gnal strength, O'HH/O'HHSM

Stockholm
University

—— Observed o) - -
= \(41-[1-:!'.3\/ 575.361 17 @ Expected — 2 E E = = T Exp. 95% CL limits
© B Expected = 1o T B ]
- Ogr (PP~ HH) =33.51b Expected =20 o T - 1 | = Obs. 95% CL limits
) - i
Exp. Exp.stat. | a — bbbb
HH— bbr't 15 12 = 16 E _
1 3 - 1 |— bbrr
HH— bbbb 21 18 o B .
_ ] B 4 |7 bbyy
= ooy 26 2 _ ~ Allowed x, interval ]
HH— W'WW*'W 120 77 {0-1l-at95% CL | Comb.
i | = Obs. Exp. ] - Comb. 1o (ex
) - ] - p.)
HH—> W'Wyy 230 170 160 - Exp. stat ]
- - - (Exp. stat) ATLAS ]
HH— bBW*"W’ 305 305 240 -50-120 | -5.8-120 ' \s = 13 TeV Comb. =20 (exp.)
SR 12 N i (-5.3 -11.5) . 27.5 - 36.1 fb1 | o
Combined _ | | 6.9 10| 8.8 10—2|||||||||||||||||||||||:|||||||||||||| |||||| TheorypredlCtlon

20 -15 10 -5 O 5 10 15 20
From arXiv:1906.02025 *

10 102 10° 10°* o°
95% CL upper limit on Oygr (pp — HH) normalised to ogg

bbtt, bbyy, bbbb provide the most sensitive limits on the cross-section of

non-resonant HH production.

Combine bbrz, bbyy, bbbb in a 2015+2016 limit of —5.0 < k4 < 12.0.

Michael E. Nelson
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HH Combinations
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ATLAS —— (E)bsecl;\t/eg _ i i
- 4 meeea- xpecte - n
\(§=13TeV, 27.5-36.1 fb” ] Exgectediw BeSt flt H+HH Comblnatlon.
B oSM. (pp — HH) = 33.5 fb Expected + 20 _|
9gF
B Obs. Exp. Exp.stat. KA - 4'7
HH— bB’U-hE- 12.5 15 12
HH— bbbb 12.9 21 18
HH— bBYY 20.3 26 gﬁ 1_4_1 LI I L I N L O I B B B T 1 T T :I T 1 1 I_
- ~ ATLAS Preliminary -
HH— W'WW*'W’ 160 120 1 32 Vs=13TeV, 27.5-79.8 f" i
B WO Ky =Ky;=K =K, =1 —
HH— W*'Wyy 230 170 C xSM e N
B ~ +BestFitH P N S I T LLbhhin ’
HH— bBW*W’ 305 305 1.2 + Bost Fit HeHH .
Combined 1.1:_ _HH | _:
10 10° 10° 10 - S : .
95% CL upper limit on Oygr (pp — HH) norma 13 —H+HH "~ ' _
0.9 —
Comblned upper Ilmlt 08:1 11 1 | 1 1 1 1 |:"I"I | | 1 1 1 1 | 11 1 1 | 11 1 | I‘|| 11 1 l:
20 -15 -10 -5 0 10 15 20
OHH | OHH®M < 6.9 K,
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HH Combinations

Stockholm
University

ATLAS —e— Observed

BLLECR SLteiil Best fit H+HH combination:
L ggF M (pp — HH) =33.51b Expected + 20 _
B Obs. Exp. Exp.stat. | KA —_ 4'7

HH— bbt*t 12.5 15 12
HH—> bbbb 129 21 18 '
HH— bBYY 20.3 26 2.-, 14 I L |. 1 \
- ATLAS Prelizs
HH— W'WW'W 160 120 13 Vs=13 g ‘
HH— W+W_yy 230 s ‘a‘ ‘
HH— bbW*W' ost Fit H+HH

595 “ope B 68% CL

'\ \0“‘ 11 ;HHO
ﬁ\\l Op
\Q

==
10

95%

90 — HH) norma

1

~ombined upper limit TSR SOV SUUTI T T N T
OHH | OHH®M < 6.9 Kio
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An optimistic illustration ? ...

Stockholm

University
iE 1 20 __I | | | I | | | | | | | | | | | | | | | | | | | | | | | | __
= - ® 201 5 =
E F -
E 100 B . —
O i . i
O 80 — *. ]
5 0 ¥ :
: - *+  Projection assuming ~ 1/N& -
4 60 S & -
O - ... _
o\o : Te. il 7. :
0 40 ICHEP e -
(@)) . T RmEmaL, —]
O 2016 S rmeeo LTI -
9 e L L T <
o 20— Now @===uu... -

Q

< - _
L] B | | | L | | L
0 5 10 15 20 25 30 35
*From J. Alison and C. Vernieri Datatset size [fb™]
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An optimistic illustration ? ...
Stockholm
University
S.E 120_|||||||||IIIIIIIIIIIIIIIIIIIII
E -
E 100_—
O =
%) -
S 80—
X
® i
- 60—
O -
o2 _
o 40
O i
D i
D 20—
Q i
x -
LL T T T T T T R
0 S 10 15 20 25 30 35

: -1
*From J. Alison and C. Vernieri Datatset size [fb ]
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An optimistic illustration ? ...
Stockholm
University

j:c 1025_I | | | | ] | | ] | ] | I | | I_E

E - :

c ::....... |

9 _....'~. Teea ]

S 10 el HL-LHC=

) - TN, N

— i i

@) u _

2

& T o ——————————s =

o) : _

9 N ]

& | _

0}

O | —

>

LLJ

107! ————

10°

: -1
*From J. Alison and C. Vernieri Datatset size [fb ]
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A closing example Stockholm
University
%3.4_;"I""l""l""l""l""I""I""l""l—"—
o - |
-~ - _— ’ N
© 32 ATLAS Preliminary P
2 g~ Vs=14TeV,L=3000 " N
E ,5- HH(bbbb) P
[ - ~ ."0. : 5
.g 2.6 ‘.-' ‘ N
= - K )
S 24F target N
® oF threshold porr® N
- &t p——— |
O 2__ ‘.‘. °
R e no tracking
o 1.8 e information
16 et -
140 1 b e e T
30 40 OS50 60 70 80 90 100 110
Minimum offline jet P, [GeV]

- Tracking information at the trigger level will be crucial to discovering HH
at the LHC.
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A closing example
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ATLAS Preliminary

Vs =14 TeV, L = 3000 fb™

HH (bbbb)

llllll!llll]:

lllllll|lll|llllllllllllllllllll_

no tracking |
information |
——i.
lllllllllllllllllllllllllllllllllllllllr;;

30 40 50 60 70 80 90 100 110
Minimum offline jet P, [GeV]

- Tracking information at the trigger level will be crucial to discovering HH
at the LHC.

Michael E. Nelson Birmingham Seminar



S umma ry Stockholm

University

- Breakthroughs in fundamental physics rely on establishing
connections => particle physics and cosmology of EWSB.
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connections => particle physics and cosmology of EWSB.

- HH production allows us to probe the global shape of the Higgs
potential for the first time. Powerful implications for EWSB and inflation.

Birmingham Seminar

Michael E. Nelson



,é"« (zﬁﬁf )b

Summary
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University

- Breakthroughs in fundamental physics rely on establishing
connections => particle physics and cosmology of EWSB.

- HH production allows us to probe the global shape of the Higgs
potential for the first time. Powerful implications for EWSB and inflation.

- At ATLAS we are pushing the boundaries of innovation and making large
gains in HH sensitivity, even without the full run 2 dataset.
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Summary

Stockholm
University

- Breakthroughs in fundamental physics rely on establishing
connections => particle physics and cosmology of EWSB.

- HH production allows us to probe the global shape of the Higgs
potential for the first time. Powerful implications for EWSB and inflation.

- At ATLAS we are pushing the boundaries of innovation and making large
gains in HH sensitivity, even without the full run 2 dataset.

- Prospects for discovery at (or even before ?) the HL-LHC are promising,
but we need bright ideas and innovation.

- | think we live in very exciting times for HH prospects. Come join the fun!

Michael E. Nelson Birmingham Seminar
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*From P. Bokan

HH production modified True to all orders *in QCD*
(using scale factors: Kt = gy /90 and kx = AwaE /AN iH)

=i b ,-H
» o7 T
t N\
/ft \‘H

A(kg, k)) = 2B + kT

A(1,00=B  A(1,1)=B+T  A(1,2)=B+2T
Express |B|?, |T'|? and (BT* + T'B*) in terms of |A(1,0)|?, |A(1,1)|? and |A(1,2)|?,

which leads to:
|A(’€t7 "»\)|2 — a(’ita K’A)|A(17 0)|2 + b(""’ta "»\)|A(17 1)|2 + c(’ita "»\)IA(L 2)|2
Any (K¢, k) combination at LO can be obtained

from a linear combination of some 3 (k; # 0, k)) samples!
Birmingham Seminar
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mun for Different k;
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:.2 0.14_] L I I I I.I LI I I I.I I I L I.I I.I LI | I l_ :.2 0.14_I L I | L l l.l LI l I I.l I l L l.l l.l LI I I l_
S - ATLAS Simulation Preliminary 1 5§ - ATLAS Simulation Preliminary -
£ - /s =13 TeV 1 £ - s =13 TeV -
= — - 2 o1 _ -
2 01: E ..... Kk= : < 0 1: K},_—5 -
- = _Kk= — I I T T T T T Kk= .
0.08[— — 0.08[- =
: K}\‘ = : : — K}\‘= 10 :
0.06~ — 0.06~ :
0.04[ i : 0.04[ .
0.021 - 0.021 -
B i B _ - I, i
Qe P CP L T W=t ST T Ton = T ok A R RN Rarne o et LT e LT 1 T £ P
300 400 500 600 700 800 300 400 500 600 700 800
m,,, [GeV] m,,, [GeV]

- Get different interference effects across muu, particularly for kx = 2.

- mny and ptHH can be dramatically modified.
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NLO EW enhancements on k;
Stockholm

University

(b) (c) (@)
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Non-resonant and Resonant Regions i
ockholm

University

Non-resonant

1-tag 2-tag
Loose Tight Loose Tight
m.,., range |GeV] 105-160 105-160 105-160 105-160
Jet b-tagging WPs used 60% + BDT 60% + BDT 70% 70%
Leading jet py [GeV] >40 >100 >40 >100
Subleading jet pr [GeV] >25 >105 >25 >30
m; range [GeV] 80-140 90-140 80-140  90-140
Resonant
1-tag 2-tag
Loose Tight Loose Tight
m.,. range (GeV] 120.39-129.79 120.79-129.39 120.39-129.79 120.79-129.39
Jet b-tagging WPs used 60% + BDT  60% + BDT 70% 70%
Leading jet pp [GeV] >4(0 >100 >40 >100
Subleading jet pr [GeV] >25 >30 >25 >30
m;; range [GeV] 80—140 90-140 80-140 90-140
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Non-resonant and Resonant Regions i
ockholm

University

Non-resonant

1-tag 2-tag
Loose Tight Loose Tight
M.y~ Tange (GeV] 105-160 105-160 105-160 105-160
Jet b-tagging WPs used 60% + BDT 60% + BDT 70% 70%
Leading jet py [GeV] >40 >100 >40 >100
Subleading jet pr [GeV] >25 >105 >25 >30
m,;; range [GeV] 80-140 00-140  80-140  90-140

Resonant
1-tag 2-tag
Loose Tight Loose Tight

m.,. range (GeV] 120.39-129.79 120.79-129.39 120.39-129.79 120.79-129.39
Jet b-tagging WPs used 60% + BDT  60% + BDT 70% 70%

Leading jet pp [GeV] >4(0 >100 >40 >100

Subleading jet pp [GeV] >25 >30 >25 >30
m;; range [GeV] 80—140 90-140 80—-140 90-140

Michael E. Nelson Birmingham Seminar



bbyy Systematic Uncertainties

Stockholm
University

Source of systematic uncertainty

% effect relative to nominal in the 2-tag (1-tag) category
Resonant analysis: BSM HH

Non-resonant analysis

SM HH signal  Single-H bkg

Loose selection

Tight selection

Luminosity +2.1  (£2.1)  +21 (£ 21) 421 (£2.1)  £21  (£2.1)
Trigger +0.4  (+04) 404 (£ 0.4) +04 (£04) +04 (+0.4
Pile-up modelling 432 (£1.3)  £2.0 (£ 0.8) 440 (£4.2) £4.0 (£3.8)
identification 125 (£24) +1.7 (£ 1.8) 426 (£2.6) £25 (£2.5)
isolation +0.8 (£0.8) +£0.8 (& 0.8) +0.8 (£0.8) 0.9 (+0.9)
Photon :
energy resolution - - +1.0 (£1.3) +1.8 (£1.2)
energy scale - - +0.9 (£3.0) +09 (£2.4)
Jot energy resolution +1.5 (£2.2) £2.9 (£ 6.4) £7.5 (£85) 6.4 (+6.4)
energy scale 129 (£2.7) 7.8 (£ 5.6) 430 (£3.3) £2.3 (£3.4)
b-jets 4194 (£2.5) 423 (£ 1.4) +34 (£2.6) +25 (£2.6)
Flavour tagging c-jets +0.1 (£1.0) +£1.8 (£11.6) - -
light-jets <0.1 (+5.0) +1.6 (+ 2.2) i i
PDF+ax 423 (£2.3) 3.1 (& 3.3) n/a n/a
+4.3 (+4.3) +49 (+ 5.3) n/a n/a
Theory Scale —6.0 (=6.0) +7.0 (+ 8.0) n/a n/a
EFT +5.0 (£5.0) n/a n/a n/a

Michael E. Nelson
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bbyy Yields ik
24 Stockholm
University
1-tag 2-tag
Loose selection Tight selection Loose selection Tight selection
Continuum background 117.5 4.7 15.7 1.6 21.0 2.0 3.74 + 0.78
SM single-Higgs-boson background 5.51 +0.10 2.20 +0.05 1.63 +0.04 0.56 = 0.02
Total background 123.0 +4.7 179 +1.6 226 +2.0 4.30 = 0.79
SM Higgs boson pair signal 0.219+0.006 0.120+0.004  0.305+ 0.007  0.175+ 0.005
Data 125 19 21 3
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bbbb channel

Stockholm
Resolved Boosted

University

';' B T | L | I . | L | L | L | L | I j C\l>
8 2001 — ATLAS Simulation — —0.168 % = ATLAS e I;)Itl o =
= L[| Vs=13TeV,24310" - 0 = 3 (5=13TeV,36.1 fb" LA -
S b ] N 10° E : . [ ] Multijet =
wEN 1801— Resolved, 2016 — o4 P = Boosted Signal Region, 3-tag O =
B 2 g S o ete e Scalar (2 TeV) 7
u - AT, 10° = - === Gy (2 TeV k/Mp=1) x 30 =
160— 0.12 c — NN Stat+Syst Uncertainties
L () L i ]
L > 10 = =
140{— 0.1 L = -
- U=y | : R E
120 0.08 - N s NN \§
107 § e 18— k
100 0.06 - ' = .
004 2 - \t\ L . \\ \\
80 . m 1: \\ N W'\ \{ \I\ \X\
C\U 0.5 - \ . . L 4 d.1.9
60 0.02 = 0 05 1 15 2 25 3 3.5
| | | e m,, [TeV]
| 11 1 11 1 | O

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

Michael E. Nelson Birmingham Seminar



Events / Bin

Data/Pred.

HH — bb:r

)
gww L Q
“—}w‘bj S
2 S
4//7+S\ﬁ

University

Stockholm

1 07 El— T T I LI I LI I LI I T I LI I T T I LI I LI I T T —lg -E 5 | T I LI I LI I T 1T I T I T TT I T T I T 1T I T 1T I T ] .E LI I LI I LI I LI I LI I LI I LI I LI I LI I T T I:
= ATLAS ¢ Data o 3 0 10 = ATLAS ¢ Data N E q\] ATLAS ¢ Data N ]
6L A — NR HH at exp limit 7 @ = P — NR HH at exp limit 3 o 10° . — G, atexp limit —
10 E 13 TeV, 36.1 fb Top-quark = = C 13TeV,36.11b Top-quark — = 13 TeV, 36.1 fb m,=500 GeV, k/Mp=1 3
E TiepThad SLT 2 b-tags jet — 1, fakes - g 1 04 E~ TCiephad LTT 2 b-tags jet — v, fakes E! 0>.) ThadThag 2 0-1agS Top-quark i .
10°E Z — 7t +(bb,bc,cc) — a8 o Z — tt +(bb,bc,cc) 3 L 10* — !e: : Thad IaEes (:\illultl-]ets) .
- B Other = e eeees@annnnns I Other . 7. r:hid(bi bo, c(:c)) =
As SM Higgs 7 10° = SM Higgs = B Other o -
10 Ee o ons ] Uncertainty E = Uncertainty 3 10° SM Higgs —
C R Pre-fit background J = eessss@eesessn i Pre-fit background n £ Uncertainty 3
10°E o — 10°E T . =5 0 B e Pre-fit background ]
E e .:--..'-.'.'- E E :-\-\-\-\c\c\-\‘\-\c\c\-\-\-\. E 1 02
1 02 :F ""E 10 :\.\.\.\.\:\.\.g.\}. i\\\\\\\\\\\*\“\\\“\\“_
= et
10 ' 108
1 -
1 e |
1 I 11 1 I 11 1 I 11 1 I 11 1 I 11 1 1 0_1 1 I 11 1 I 11 1 I 11 1 I 11 1 I 11 1 I 11 1 I 11 1 I 11 1 I 11 1 :I 1 I 11 1 I 11 1 I 11 1 I 11 1 I 11 1 I 11 1 I 11 1 I 11 1 I 11 1
12:IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIE _O'12:_||||||||||IIIIIIIIIIIIIIIII||||||||II_: -qc;125""IIIIIIIIIIIIIIIIIIIIIIIIIIIIIJIIIIIIE
- :_ N & o TF \\ \§ \; * :_ AN AR AN \QQ \\\Q\ \Q \\Q\ \QQ \E
e @ g @ @B g O T O Y 3 N s \\\\k\\S&\\%&\\&\\\QR \i& QL_ SN\ \\\\‘<\\\‘<<<<§\\\\&\\\\\\\\\\\i\\\\\\§\\\\§\\\§§k\\§\\\\§§k\\§\\k§&
0 81 ? ° . 4 . RN \$ AR’ 2NN _E % O 815 b AN \#\ N "\‘\\\\\\\\%\\\\\\\\\\\\ \\\\\\\\\QN\\\\\\\Q R 0 81:_ o §§\\\ \\\\ \&\ \\\\ \&i\ \\\\\&\\\k\\&\\\k\\\\i
-:IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIE E .:_IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII_: .a .EIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIE
-1 -08 -06-04-02 0 02 04 06 08 1 &) -1 -08 06-04-02 0 02 04 06 08 1 ] -1 -08 -06-04-02 0 02 04 06 08 1
BDT score BDT score BDT score
Observed —1o0  Expected +1o
o(HH — bbr7) 57 9.9 69 06
TMep T
ep 'had
P o/ogm 23.9 20.5 28.4 39.5
o(HH — bbr7) 40.0 30.6 124 59
Thad T
ad ' had
o/ogm 16.4 12.5 17.4 24.2
L. o(HH — bbrt 30.9 26.0 36.1 50
Combination

10.7

14.8

20.6

Michael E. Nelson
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bbrr channel
Stockholm
University

- — NR HH x 2000
- 13 TeV, 36.1 b m—

~ TiepThad SLT 2 b-tags jet — T, fakes
Z — 1t +(bb,bc,cc)
I Other
‘\'0‘- \ SM Higgs
o “%“ Uncertainty
. P e Pre-fit background

- Major analysis tool is the Boosted Decision
Tree algorithm.

Events / 25 GeV
(@)
(@)
o
O

Takes different combinations of 11 2000
kinematic variables in the difference lep-had
and had-had channels.

2000

Il'.“x-‘-- ‘

IzllII|IIII|IIII|IIII|IIII|

IIII|IIII|IIII|IIII|III
R ——
: ¢
[ 7
]

'
Q
L
®

03

. TlepThad Chanl’lel TlepThad Channel _O B T T L B LR |¢| T T
Variable (SLT resonant) (SLT non-resonant & LTT) ThadThad Channel &J 1 ;\‘W\“\\‘ SRPRNRR NS \\\‘k\t\\\\\i\ﬁk&§\§*
mHH \/ \/ \/ % 0_8:—r||||||||||||||||
MMC [ 0O 50 100 g150 200 250 300 350 400 450 500
M v v v m,, [GeV]
My, v v v
AR(7,T) v v v
AR(b,b) v v v .
s v Scale of the signal !
E=55 & centrality v v
%%
mr v N4 .
A¢(H, H) v —— o BDT |hpUtS
ApT (lepa Thad—vis) ‘/
Sub-leading b-jet pt v

From arXiv:1808.00336
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Acceptance x Efficiency

Stockholm
University

10 IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII

i ATLAS Slmulatlon 1

- Vs=13TeV by, 2b-tags - bbr, 5, SLT 1
= —— bB’Y’Y, 1 b-tag - bb’l:hadﬁchad
—— bbbb

= T 7 Exp. 95% CL limits

— Obs. 95% CL limits

e em o -
-~

-~

-~

Ll T
-
-

— bbbb

Gyyr (PP — HH) [pb]

—
o
'
5
i
i
i
i
i
i
i
i
i
i
i
i
i
i
i
i
i
(

— bbt*1"

~ bbyy

T 1T T 1T
% >
| | N | I

Allowed x, interval
| at 95% CL

Obs. Exp.
(Exp. stat.)

-50-12.0 | 5.8-120 ! \s =13 TeV
(-5.3-11.5) . 27.5-36.11b"

10—2 11111111 |1111|111||:||||1|1||1|||||||1||
—20 —15 -10 -6 0 5 10 15 20

K
A Ky,

— Comb.

- Comb. +1o (exp.)

Comb. +2¢ (exp.)

10~

Acceptance x Efficiency [%]

ATLAS

~ Theory prediction

—20 -15 -10 -5 O 3) 10 15 20

- Different k) obtained using a reweighing of the ggF cross-section.

- Cross-section varies based on the interference between the dominant
triangle and box diagrams.
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HH Combinations

Stockholm
University

10

o(pp — S — HH) [pb]

ATLAS
\s=13 TeV, 27.5-36.1fb™

ATLAS
Vs = 13 TeV

27.5-36.1fb7 !

= = Expected [ Observed
= = +10 (exp.) ===+ Constant ms [GeV]

spin-0

QS
_____

L B L

107 E
107 £ . .-
E ] :.\ E
3x107 10° 2x10° 3x10° 200 250 300 350 400 450 500 550
. Exp.95%CL __ Obs.95% CL Mg [GeV] ma [GeV]
limits limits
—WWWW — W Wy - Constrain spin-0 and spin-2 resonance models up
—BWW  —bBED to masses of ~ TeV.
= bbt*t = bbyy

== Comb. (obs.) .

Comb. +2¢
(exp.)

(exp.)

Michael E. Nelson

Comb. t1o

- Also probe hMSSM parameter space, constraining

heavy Higgs mass up to ~ 500 GeV.
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N
o

T T TTTTIT

o(pp — S — HH) [pb]

2

T T llIlllI

—
Q
N

10

o(pp = G, — HH) [pb]

2

—
<
N

Nelson

HH Combinations

T T TTTTIT

T lllIIII

ATLAS

Vs=13TeV, 27.5-36.1fb"

spin-0

Nl
-----

3x10° 10° 2x10° 3x10°
mg [GeV]
(a)

N I 1 T 1 1 I | 1 _
X ATLAS ]
L \s=13TeV, 27.5-36.1fb"  _
; spin-2 ?
I kMg, =10 1

T llIIIII

-
-----

1 llllll

1 1 lllllll

2x10° 3x10°

mg_[GeV]

10

< = HH) [pb]

o(pp = G

10~

1072

. Exp.95% CL __ Obs.95% CL
limits limits
—_—WWWW = WWyy
— bbW'W — bbbb
= bbt'1t’ = bbyy
Comb. 10
=e— Comb. (obs.) . (exp.)
Comb.+2¢
L I T T T T T ] T -
| ATLAS i

\s=13TeV, 27.5-36.1fb"
spin-2
k/Mg, = 2.0

1 1 lllllll

1 1 Illllll

3x10?

2x10° 3x10°
mg_[GeV]
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Stockholm
University

RS/

Inputs to the H+HH Global Fit

Analysis Integrated luminosity (fb~1)
H — vy (excluding ttH, H — yy) 79.8
H— ZZ"— 4¢ (including ttH, H— ZZ*— 4¢) 79.8
H—> WW*—> evuy 36.1
H—- 151~ 36.1
VH, H — bb 79.8
ttH, H — bb 36.1
ttH, H — multilepton 36.1
HH — bbbb 27.5
HH — bbtt1~ 36.1
HH — bbyy 36.1
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HL-LHC Prospects

Stockholm
University

- Extrapolated limits with the HL-LHC could lead to the 5o discovery of
HH production, and a definitive test of the self-coupling in the SM.
Further prospects in ATL-PHYS-PUB-2018-053.

+ Success of discovery dependent on innovation and systematics.

E I I I | I I I I I [ I I I I [ | [ I LI | I I I I I I I I [ L | 8 [ | T T T | T T T | I T T | T ! T I T T ! _
HT . L, n C .
© | ATLAS Preliminary 1 g £ ATLAS Preliminary E
bI = Projection from Run 2 data, Vs =14 TeV, HH— bbt*t | % - Simulation and Projections from Run 2 data .

c : _ L 6 - Vs =14 TeV, 3000 fb B

_8 =% - Basel!ne, Clep Thad E N Systematic uncertainties included ]
< 10> Baseline, 1,47, — D 55“ lllllllllllllllllllllllllllllllllllllllllllllllll ——Dpbbbb 4 P 3
—= v, - Baseline, combined - 2 - — .
CC) -, i - —— bb’Y'Y 3

® i 4= —— bbrtr —
E ‘ ME W ~-Combinaton /" / / E
o . u -

- u ]
@) - o _
S n .
O L i
o 1= ]
| | | | | | | | | | 1 | | | | | | I | | | | I | | | | | | | : O : :

500 1000 1500 2000 2500 3000 —2

A
>

Integrated luminosity [fb]
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HL-LHC Prospects

Stockholm
University

- Extrapolated limits with the HL-LHC could lead to the 5o discovery of
HH production, and a definitive test of the self-coupling in the SM.
Further prospects in ATL-PHYS-PUB-2018-053.
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HL-LHC Prospects: bbyy

Stockholm
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