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Completing the SM

Discovery of the Higgs boson completed the
Standard Model

—> Great success of LHC (Run-1)

—> Coupling structure in SM allows for rich
program of Higgs boson studies @ LHC/HL-LHC

Tree level coupling to vector bosons
and heavy fermions

7 Loop induced processes sensitive
= to interference & BSM effects
H
- W ,
w ,//
// h
v A ¢
0000000000, h \
£ t \h
: t Higgs boson
couples to itself!
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We aren’t done yet!

The Higgs boson was the missing piece of the SM and we’ve had it

now for ~10 years ...

* Is the Higgs sector SM-like 2 = Do
all the SM particles lie on that line?

* What is Dark Matter (DM)? - if DM
are massive particles, wouldn’t they
couple to the Higgs too?

* Why is there more matter than anti-
matter? 2 Can the Higgs potential
explain the evolution of the early
universe (baryogenesis)?
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These are fundamental questions in physics
—> The Higgs boson is a unique tool to search for physics beyond the SM (BSM)
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Higgs at Snowmass

The “Energy Frontier (EF)” group is exploring the TeV energy scale and beyond

EFo1: EW Physics: Higgs boson @ S, ATLAS PUB Note Y
properties and couplings ATLAS L2520\ CMS PAS Note i

ATL-PHYS-PUB-2022-018

EF02: EW Physics: Higgs boson as CMS PAS FTR-22-001

. 17th March 2022
a portal to new physics
Document summarizes expected Snowmass White Paper Contribution:
performance from YR18 + several Physics with the Phase-2 ATLAS and CMS
new analyses for Higgs studies at Detectors

the HL-LHC

The ATLAS and CMS Collaborations
ATLAS-PHYS-PUB-2022-018/

CMS-PAS-FTR-22-001

The ATLAS and CMS Collaborations actively work on developing the physics program for
the High-Luminosity LHC. This document contains short summaries of physics contributions
to the Energy Frontier and to the Rare Processes and Precision Measurements groups of
Snowmass 2021. The summary is based on the physics potential estimates that were included

I won ’t cover a I l new resu ItS in the CERN Yellow Report “Physics at the HL-LHC, and Perspectives for the HE-LHC”, and

. . also contains a number of recent results.
(please forgive personal biases)

Nicholas Wardle — Imperial College London


https://cds.cern.ch/record/2805993
https://cds.cern.ch/record/2805993

Higgs boson mass

Higgs boson determines couplings to SM particles
—> Precision in mass required to precisely specify “SM”’

Current precision from Full (partial) Run-2 (+Run-1) data at ATLAS (CMS)

ATLAS H—> 4l (ATLAS-CONF-2020-005)

myp = 124.92

i8;§(1) GeV

CMS H=>yy + H>4l (Phys. Lett. B 805 (2020))

mg — 125.38 £ 0.14 GeV

2 7 T T T T T T T T T m\ N T T
£ g ATLASPreliminary =~ 43&_’3,@" E
o rH—ZZ* — 4l _222p 1
5| Vs =13TeV, 139 o' Suze E
E 2c E
e S & sttty &
3 &
2 ]
E 1o E
L N S O B A -
0: | | | £ 1
124 125 126
m, [GeV]

CMS

Run 1:5.1 b (7 TeV) + 19.7 fb" (8 TeV)
2016:35.9 fb'' (13 TeV)

= Total Stat. Only

Total (Stat. Only)

Run 1 Hoyy | — 124.70 £ 0.34 (£ 0.31) GeV
Run 1 H— ZZ— 4l e 125.59 £ 0.46 (£ 0.42) GeV
Run 1 Combined —— 125.07 £ 0.28 ( + 0.26) GeV
2016 H->yy —— 125.78 £ 0.26 (£ 0.18) GeV
2016 H—» ZZ— 4l —— 125.26 £ 0.21 (£ 0.19) GeV
2016 Combined L 125.46 £ 0.16 (£ 0.13) GeV
Run 1 + 2016 r-%—- 125.38 £ 0.14 (£ 0.11) GeV
v P b b v b b by by
122 123 124 125 126 127 128 129

m, (GeV)
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http://dx.doi.org/10.1016/j.physletb.2020.135425

Higgs boson mass (@ HL-LHC

In addition to additional luminosity, can expect major
improvements from ATLAS and CMS upgrades

Upgraded/Extended tracking up to [n|~4, improved PU
rejection from timing detectors |n|<3 (CMS) 2.4 < |n| <4

(ATLAS)
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ATLAS Simulation
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Sigma
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Run-2 Detector

2.697 +0.013

ITk Upgrade

2.023 + 0.020

1245+ 0.0

1247 £ 0.0

CMS Tracker
Technical Design Report

Additional muon stations (ATLAS and
CMS) extends muon tracking capability

Improved stability and precision of
calorimetry (+new high-granularity
calorimeters at |n|>2.5 at CMS)

Expect improvements in

- muon momentum

- electron/photon energy resolution
- improved vertexing

- Vital for H>yy and H>4l channels

Nicholas Wardle — Imperial College London



Higgs boson mass @HL-LHC ../

220t 1D 5 =1.15 m

200

Events /(0.35)

H->4l : Projection based on Run-2 analysis + new 180;:
muon momentum constraints from vertex BS and on- 160> 1D". _ o =1.00
- VXBS =
shell Z mass 1401
1205 CMS-PAS-FTR-21-007
100
moncen 1) | gu | ge | 22 | 2uze
602—
Total 32 206 107 40F-
20:—
Syst component 15 189 04 95 20 - . s SR toelciosbntot
905 110 115 120 125 130 135M G \1/?0
a1 e

Can expect further reduction in statistical uncertainty due to improved tracking
—> total uncertainty could reach 25 MeV!




Higgs boson mass @HL-LHC ../

S 205 1D 5=1.15 4y
L . 2 200F
H->4l : Projection based on Run-2 analysis + new g oof 1Dyxes 0=1.07
muon momentum constraints from vertex BS and on- 160E- 4y _
= 1D'\ygs 0 =1.00
shell Z mass 140F-
120" CMS-PAS-FTR-21-007
100
eof—
Total 32 206 107 112 b
20:—
Systcomponent 15 189 04 95 20 S , . |L- T
905 110 115 120 125 130 135 140
M, [GeV]
Can expect further reduction in statistical uncertainty due to improved tracking
—> total uncertainty could reach 25 MeV!
H->yy : Projection based on 2016 analysis correcting for . 4CMS Phase-2 Projecton Preiminary 3000 "
. . . J4 [ H --- Stat. Onl
expected improvements in photon energy resolution e = 12538 £ 007 (002 at)GoV — St + Syt
More data at HL-LHC will lead to increased granularity of calibrations © -
Q‘ Sources of systematic uncertainty Contribution [GeV] 5* \
Electron energy scale and resolution corrections 0.06 af ! i
Residual pr dependence of the photon energy scale 0.05 oL : ;
Modelling of the material budget 0.02 2¥ v
Statistical uncertainty 0.02 g
( Total uncertainty 0.07 1; ¥
1054 izsn igss T s4 255 1256

m,, (GeV)

Background modeling strategy may not scale to 3000/fb ®

800-1¢-414-SVd-SWD



Higgs Couplings (@ HL-LHC

Expeczt to reach O(%)-level precision in many YR18 5 = 14 TeV, 3000 b por experiment
couplings! —— T T T T
| Total ATLAS and CMS
Assumes trigger & detector performance / Etat:t_'r‘r’]?a'mal HL-LHC Projection
. . . — EX I

reconstruction similar to Run-2 Thg ory Uncertainty [%]

2% 4% Tot Stat Exp Th
Uncertainty scaling: LR =—S i 1.8 08 10 13

Statistical Uncertainties _ Kw = 1.7 08 0.7 1.3

K-, = 15 07 06 1.2
x 1/VL z ‘ |
Until floor reached Kg 25 09 08 21
Theoretical Uncertainties _ K 34 09 11 3.1
Uncertainty dominated by systematic Ky 3.7 13 13 3.2
components in many cases for coupling . i i 19 05 08 15
. . T | | 2 0.9 08 1.
(inclusive) measurements ‘ ‘
Ky | 4.3 38 10 17
Caveat! Higgs boson couplings based on Kz, f f 98 72 1.7 64

partial Run-2 data - Represents only ~few %
of total expected HL-LHC dataset.

0 002 004 006 008 01 012 0.14
Expected uncertainty
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https://cds.cern.ch/record/2703572

Top-Yukawa

Direct access to k;from ttH measurements = ttH(bb) channel
among the most sensitive at Run-2

New CMS HL-LHC projection based on new analysis for ttH(bb)-OS DL channel

* Fit to mpp - reconstructed through kinematic fit of ttH system

 Backgrounds (incl. dominant tt) estimated from 2b events (ATLAS Tag Rate
Function method JHEP05(2016)160), corrected with MC simulation

CMS Phase-2 Projection Preliminary

[ CMS-PAS-HIG-18-030 |

- dilepton channel ; K tot  stat syst

— 35.97(2016) + ———R——n 1,04 107¢ 1039 f§§§

F 41.57(2017) i ' '

F 13 TeV !

[ Realistic 14 TeV

T scenario ! +0368 +0.27 +0.24

F L=300f" - 1.00 23" 026 020

; Run-2 unc. :

T scenario ! +0.25 +0.09 +0.23

- L=3000f" e 1.00 525" 000 021

C Conservative

E  scenario 5 +022 +0.09 +0.20

- L=3000f" i 1.00 537 009 014

[ Realistic ;

E  scenario 5 +0.13 +0.09 +0.09

= L=3000f" " 1.00 %32 009 -0.08

7\\‘I\I\l\l\li\\I\lllll‘\\\\‘llll
-1 0 1 2 3 4 5

L=0/0g,

Expected uncertainty on the signal cross-section ~12%
at HL-LHC

C00-1Z-d14-SVd-SIWD

Assume only statistical
part scales

Assumes background
systematics don’t scale

Uncert. based on YR18 S2

Nicholas Wardle — Imperial College London
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TOp-YLI kawa 9 “TBBTBVOBVTO0)

Direct access to ki from ttH measurements = ttH(bb) channel
among the most sensitive at Run-2

New CMS HL-LHC projection based on new analysis for ttH(bb)-OS DL channel

* Fit to mpp - reconstructed through kinematic fit of ttH system

 Backgrounds (incl. dominant tt) estimated from 2b events (ATLAS Tag Rate
Function method JHEP05(2016)160), corrected with MC simulation

o o . . . o

CMS Phase-2 Projection Preliminary Expected uncertainty on the signal cross-section ~12%
: | . .

= Slepron coanng 0 oot st syt = at HL-LHC > Need to keep high equiv. # of MC events

— 35.97(2016) + ———a——n 1,04 01 *039 4083 9

= arst o) | | s » to keep background model under control

E 13 TeV! wn

©  Realistic 14 TeV 4 CMS Phase-2 Projection Preliminary 14 TeV

L scenario H ps} » 1.05 -

C L=300 fbr1 R 1.00 j’[?;; Tg;g j}?;é &J ‘(-'O, E tIH,H—»bb - dilepton channel

= ) ’ ) - 8 1.04 ["] Numberof events equivalent to 140 fb™ x 10

C o 8 i Number of events equivalent to 300 fb" x 10

L o = = Number of events equivalent to 1000 fb" x 10

C Run-2 unc. H N § 1.03 I Number of events equivalent to 3000 fb" x 10

- scenario 5 +0.25 +0.09 +0.23 Assume onl istical S g

T L=3000fb" T 1.00 %25 To00 021 ssume only statistica w1020

B i part scales o

= o 01

D Jomeemelve - 1“

F  scenario 5 022 +0.09 +0.20 E E

T L=3000fb" it e 1.00 f0_17 Tg‘og T0_14 Assumes background 8 0.99F

C : S 0.99F

- ' systematics don’t scale e o8k

- = .

C  Realistic i 3 =

- scenario 5 043 +0.09 +0.09 % 097-

T L=3000fb" ""' 1.00 fmg Tg‘og f[)_og Uncert. based on YR18 S2 8 E

O ‘ | | | L1 11 i | | L1 11 ‘ | | ‘ L1 11 096:

71 0 1 2 3 A4A 5 0_95’|\\\\\\\\\\\\\\l\\\\\
L= o/ GSM 100 200 300 400 500 600
mbE[GeV]
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Top-Yukawa

Additional constraints on t-H coupling from differential

measurements @HL-LHC [1] 2 complementary to
direct measurements of k;

YR18
£ 1 _-o—o—-._.-—h—o—
'> = e e
[0 — e e
o B o e
” 0 e e
2107
=+ F ATLAS Preliminary =
S |® [ Projection from Run 2 data 370.05
1072 &= {s=14TeV, 3000 fb” e
- Hoyy+H—>2ZZ > 4 :
B 0.03
3| &  HL-LHC NoSys
10 = [ HL-LHC Sys. + Stat. 0.02
— [ HL-LHC Scaled Sys. + Stat. 0.01
| | | | | | | 1 ® 9

Ratio

o -

© a
I I

-0.01

0 10 20 30 45 60 80 120 200 350 1000 -0.02
p; [GeV]

03

:*}L_.o H G, GoH

[1] https://arxiv.org/abs/1705.05143

= |H|*

CMS Projection

3000 fb' (13 TeV)

—H ¥y

—H—+2Z

IIIIIIIlIlIIlI

B

IlIlIlIlIIIIIIlIIII

i\

— Combination| W/ YR18 syst. uncert. (S2)

I-I-Best fit *SM -

07 08 09 1

QLHC’U,R + h.c.,

03—|H|

7
Yukawas

1112 13 14
Ky

LHdR+hC

o
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https://arxiv.org/abs/1705.05143
https://cds.cern.ch/record/2703572

CPin H2> 1t

Measure H->tt decays differentially in O¢pto
access potential CP-odd contributions to H-t

coupling X
Hazy — *T
tan(a™'t) = =+
KT
CMS Suppiementary Projection, 3 ab™ (13 TeV)
J C T T T T I T T T T I T T T T I T T T T I T T T T I T T T T I T T T T I T T T T ]
S 60 ——— With YR18 syst. uncert. : G, =0+5
< i _ . e /8
N L ———— With YR18 syst. uncert. + bin-by-bin : Uy, = 0£5 i
. S0 B
i ———— With Stat. uncert. only : 5, =0+ 5 i
40 N . ~Hrtt ° “
With Run 2 syst. uncert. : a,,, =0+5

30

||_2()||

PR B 1
-10 0 10

1 I 1 1 1 1 I 1 1 1
20 30 40
a™ (degrees)

1 1 1 I 1 1
-30
CMS-PAS-HIG-20-006 (submitted to JHEP)

:' [ T T ‘ T T T ‘ T T T T T ‘ T T T ‘ T T T ]

< | == CPeven ==== CP odd |

0.1 == CP mix = z —

L Hee |

o Pl ]

0.08 . -

0.06/—¢ ]
0.04—

0.021 =

T Tttt — 't ) p;. >33 GeV 7

L L L ‘ L L L ‘ L L ‘ L L L L ‘ L L L L ‘ L L L L 1

0 60 120 180 240 300 360

CMS Simulation

13 TeV

([)Cp(degrees)

Projection of Run-2 analysis at CMS
—> Expect to constrain CP-mixing angle
(af™™) to 5 degrees at HL-LHC!

Nicholas Wardle — Imperial College London
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b/c

H-b/c Yukawa

. — VH->bb/cc measurements sensitive
%3 C .
105 ATLAS Preliminary x to b-quark and c-quark couplings
g Projection from Run 2 data H — b/C
- Vs=14TeV, 3000 fb 1>
6~ VH(- bb,c?) = d f _
- 17 Expected measurements of Ky-K. at
: 1 19
4 4 HL-LHC from STXS VH—>bb (STXS
ol 115 measurement) and VH->cc (inclusive
- =4 |IC . ..
ob R search) in resolved di-jet events
- B
oF - - Expected 68% CL T8 (ATLAS)...
C — Expected 95% CL 1%
_af- + SM 7 ,_,OJ
Cov T v b b b Ly 1 v CMS Phase-2 Projection Preliminary 3000 fb™' (14 TeV)
2 15 -1 -05 0 05 2 8 4"""SM'
i ¢
Ky sl —t1c ]
L e +t20 ]

...and in boosted events (p;>200
GeV) using ParticleNet [1,2] H(bb/cc)
merged-jet tagging

[1] CERN-CMS-DP-2020-002 T
[2] PRD 101, 056019 H | | | Tk,

Nicholas Wardle — Imperial College London
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Second gen lepton couplings

Evidence for H>uu decay in Run-2 S =
* ATLAS:2.00 (1.70) obs (exp) Phys. Lett. B812 (2021) &
* (CMS:3.00(2.50) obs (exp) JHEP 01(2021) 148 B

i 6
New projection from CMS based on Run-2 analysis §

(O]
* Expect toreach 56 @~300/fb - by the end of g

LHC Run-3
 Combination with ATLAS to reach 50 sooner!

CMS-PAS-FTR-21-006

3000 fb~'(14 TeV)
T I U | I T T

——
. CMS

Phase-2 Projection Preliminary

(

L

Snowmass 2021 projection
-6~ with Run 2 syst. uncert. (S1)
-@- with HL-LHC syst. uncert. (S2)

l | |

L i1 . | Il . L L
0 200 400

500 800 1000 1200

L [fbo~']
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Second gen lepton couplings

CMS-PAS-FTR-21-006

3000 fb~'(14 TeV)

. . 10— — —T .
Evidence for H>uu decay in Run-2 S | cms ' ' |
* ATLAS: 2.00 (1.70) obs (exp) Phys. Lett. B812 (2021) 8 f Phase-2 Projection Preliminary
* (CMS:3.00(2.50) obs (exp) JHEP 01(2021) 148 E [
> I
o 6
New projection from CMS based on Run-2 analysis & |
S [
Q 4} |
* Expect toreach 56 @~300/fb - by the end of oot
- B Snowmass rojection
LHC R.un 3. . \/V 2? -6~ with Run 225(;25: En(iertt. (S1)
 Combination with ATLAS to reach 50 sooner! ! -8~ with HL-LHC syst. uncert. (52)
CMS-PAS-FTR-21-006 3000 fb='(14 TeV) oo v o
S0 177 0 200 400 600 800 1000 1200
< [ CMS L [fo~']

g 0.25} Phase-2 Projection Preliminary
o B

0.20}

with Run 2 syst. uncert. (S1):  with HL-LHC syst. uncert. (S2):
A Snowmass 2013 Snowmass 2013
< Yellow Report 2018 Yellow Report 2018
-©- Snowmass 2021 Snowmass 2021

IIIIIlIIII

0.15} /
0.10} R
= A -
B S
0.05F .
0.00—— ' : -

c b e b
0 500 1000 1500 2000 2500 3000

L [fo~"]

- Expected improvement in mass resolution
~30% at HL-LHC brings sensitivity gain beyond

— sqrt(L)

Uncertainty in coupling ~4-5% at HL-LHC

Nicholas Wardle — Imperial College London
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Rare decays

Beyond SM physics canleadtolarge  H
modifications of 15t generation quark
Yukawas = possible enhancement in
H->ZQ/QQ compared to SM

CMS Phase-2 Projection Preliminary 3000 fo! (14 TeV)
T T T | T T | T T T T

pp — ZJly — 4p

—+— Pseudodata

Sig + bkg fit

---------- H— ZJly 126xBgwm

-
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o
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o
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Projection of Run-2 search for H>Z
JIWY =2 4uand H> YY = 4u

Analysis still very statistics limited at

HL-LHC = 3 eventsin H>YY Higgs
peak would constitute discovery!

95% CL Upper limit on B(H=>X) at (extended) HL-LHC

Channel 3000 fb~T (xSM) 4500 fb~1 (xSM)

H—Z]/y 29x107%  (126) 27x107%* (117)
H— Y(mS)Y(nS) 13x10° (02) 85x107° (0.14)




BSM in Higgs decays

Additional (BSM) decays of the Higgs boson results in modified Higgs boson width
* Indirect from total width from coupling measurements (+ offshell) measurements
* Direct measurement from H=>4l mass peak

CMS Phase-2 Projection Preliminary 3000 fb' (14 TeV)
= 0.25
CMS-PAS-FTR-21-007 & [ wozom _
' expected upper limit (MeV) | Projection || Optimistic | Pessimistic o2 -
Total 177 155 177
Syst impact 150 123 150 o
Stat only 94

0.1

Limited by experimental resolution (I';~ 4 MeVin SM)! o

RIS VU R TR, S R N I T I
15528 1253 12535 125.34 125.36 125.38 125.4 125.43 10544 125.46 125.48

m, [GeV]
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BSM in Higgs decays

Additional (BSM) decays of the Higgs boson results in modified Higgs boson width
* Indirect from total width from coupling measurements (+ offshell) measurements

* Direct measurement from H->4l mass peak

* Limited by experimental resolution (I'y~ 4 MeV in SM)!

CMS Phase-2 Projection Preliminary 3000 fb™" (14 TeV)

0.25

3 B H - ZZ' -4 ——— CL 68%
CMS-PAS-FTR-21-007 = LE e
' expected upper limit (MeV) | Projection || Optimistic | Pessimistic -
Total 177 155 177 015/
Syst impact 150 123 150 N
Stat only 94 o1
@ 207‘ LA L L B B B BB B T \?OQO‘be(‘\I‘l\TEV) A 0.05;
o r CMS Phase-2 = =
(% 18? Simulation Preliminary n B : H
L 16l = Median exp. vs E™* A 1B B S AT O I TR TR A TS A 5 T 4t
= 16 T > m, [GeV]
2 - [ 68% exp. n
o 14 ) sswexn. u
T T a4 Median exp. smeared E:’iss X . s e e
5 120 > Direct searches for VBF H=>invisible decays
5 10F 2 benefit from improved forward tracking &
5 8 . . calorimetry
E 6 E y = Sensitivity limited by trigger/selection
g 4 E y 4 thresholds achievable at HL-LHC
a2 ERE T e
2 07750 200 250 800 850 400 X = Need to get smarter to maintain or do
o]

Minimum threshold on E7*° (Gey

better than sqrt(L)!

Nicholas Wardle — Imperial College London
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Self-coupling

Remember in the SM, the Higgs
potential includes H3terms

2

V(H) = %Iﬂ W w3 |+ o

“self-coupling” generates
Higgs-Higgs interactions

V()

_/ Im(¢)

Re(¢)

Direct searches for Double Higgs
production one way to constrain the
Higgs boson self-coupling!

Nicholas Wardle — Imperial College London
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Self-coupling

.H ---H
H .7
Cancellation of diagrams leads to cross oy CH
section of dominant production mode
~1000 times smaller than gg—>H!
ATLAS and CMS HL-LHC prospects 3 ab1 (14 TeV)

HL-LHC dataset will be crucial for

12
ATLAS+CMS to probe Higgs self- = | SM HH significance: 40 — Combination
coupling at meaningful level J 1ol 0.1 <12 <2.3[95% CL] _
vl 0.5 < Kx1< 1.5[68% CL] bbyy
—> Combined searches for HH s0a%cL 8 i\ /TN bbrs
production in bbbb,bbyy,bbtt [ " bbbb
6;_
+(bbVvV(llvv),bbZZ CMS only) . bbZZ*(4)
decay modes ]
y 95%CL 4 -2t = e e R SR bbVV(Iviv)
—> Approach ~50% uncertainty ol
on K; 68% CL [ “n 3\ _ /o
0_llllllll\lt'r"1-'l;l' | J_J14-1~—I—I’I-I’I'I-I-lllllllIIIIJlJJJJIlll
-2 -1 0 1 2 3 4 5 6 7 8
Can we do any better? Ka
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HH->bbyy updates

CMSPhase2 sppglfb'jplq TeV) _ CMS Phase-2 3000 fb (14 TeV)
8 102% imulation 'n'wr"-’ l;rlalyl:lyy ’Y+jetS E 60; Sjmu:fzon P;eb[jmjnary ‘+ PS‘GUdO-d‘ata E ﬁﬁi bsz flt In mtib-myy to extract
o 10°F VBFHH selectio I teX (X = H) @ - PpoHHSYbb Nonresonant backgr. si na
B 107k B Hoyy 7 9gHH CAT 4 Full backgr. 1 Yy sig
2 10°k ——ggttaHoyy (SM).. 3 5 S —— Sig. + Full backgr. ]
=2V E — VBFHH-bbyy (SM) ] 5 [ ' ] . :
S0 T B a8 — signal 1 Categorisation based on BDT and
w 4p* T 5 ] ~
o E(U" 30: B MX = mbbyfy — (mbb — 125) — (mw — 125)
> u ]
W N O Y O B S ] . . .
7 oeof LLTE TR 4 Improved ttH rejection & dedicated
py) o n .
S 1of 1 VBF-HH categories lead to expected
S F .~ 3 significance of 2.160 (cf 1.860 in YR18)
600 700 800 _ 900 1000'b ?05 110 115 120 125 130 135 140 145
W, [GeV] m,, [GeV]
A12 T T T >
] ] ) ] =CI/ | ATLAS Preliminary 1 =
ATLAS: Projected Run-2 analysis with improved S| V5=14TeV,3000 fo- , 1 |
oL . . o 10[ HH - bbyy 4 1IE
categorization & inclusion of VBF-HH | Projection from Run 2 data | &
8; —4— All categories 7 - g
* 95% CL UL on HH signal from 1.2->0.93 L = o | | @
« Significance 2.00 22.20 with baseline of | 12
uncertainty scenario compared to YR18 [ f 18
4}t i}
Use of low (My<350 GeV) and high (Mx>350 GeV) _ ]
mass categories allows to lift degeneracy in Kk, ;
—12""—1I6"—8‘”—6H‘—|4‘—2 0 2” 21 é é ‘10
K
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+HH->bbtt update in comb

Additional update of bbtt with improvement of ~28% due to updated reconstruction
algorithms and analysis methods used in the Full Run 2 search compared to YR18

~

Vs =14TeV

HH - bbTt* T~ +bbyy
Projection from Run 2 data
Asimov data (k) = 1)

Significance [0]
6] D

ATLAS Preliminary

—+— No syst. unc.
—e— Baseline

Theoretical unc. halved
—+— Run 2 syst. unc.

4
3 //
2 —
1
ATL-PHYS-PUB-2022-005
0 | I | | | | I | | | | I | | | | I | | | I |
1000 1500 2000 2500

3000
Integrated Luminosity [fo~']

Main limitations in sensitivity due to
* Theory uncertainties on the HH cross-section + HF jet radiation single Higgs boson production
e Limited MC statistics in bbtt
* Background modelling (spurious signal) in bbyy

_2AIn(L)

20

16

12

ATLAS Preliminary
Vs =14 TeV, 3000 fb

HH - bbTt* T~ +bbyy
Projection from Run 2 data
Asimov data (k) = 1)

—+— No syst. unc.

—eo— Baseline
Theoretical unc. halved

—+— Run 2 syst. unc.

=2 -1 0 1 2 3 4 5 6 7 8
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New channels in decay

CMS HL-LHC analysis of WWyy + TTYYy

* Lower branching fraction than main channels

* leptons+photons in final state help reduce
backgrounds and provide narrow peaks

Final State Significance (stat+exp+theory)
WWy 0.21
TTYY 0.08
Combination 0.22

Events

QMS Phase-2 Simulation Preliminary 3000 fo' (14TeV)
igokt PRIy 20 Continuum Bkg.

oo Signal + Full Bkg.
160 ™ — Signal x 100

C -+ Pseudo-data
140[ + L+
120 + A_T.“.‘..*L

: Tdoe
100F- I # +
T
60~ 4
401
20—

T g SO P S P B

900 110 120 130 140 150 160 170 180

Di-photon Invariant mass [GeV]

€00-12-Y14-SVd-SIND
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New channels in decay + production

w E:MS Phase-2 Simulation Preliminary 3000 fo' (14TeV)
. S Lankl HHottyy, 20 . Continuum Bkg.
CMS HL-LHC analysis of WWyy + TTYYy @ " LF Signal + Full Bkg.
. . . l — Signal x 100
 Lower branching fraction than main channels 160F o Povudo.data
. . 140
* leptons+photons in final state help reduce ol ++ ++L
backgrounds and provide narrow peaks ook 7¥+#+
- — 80| + ‘+ +
Final State Significance (stat+exp+theory) - ¥ T
60F- + #
WWy 0.21 sof
TTYY 0.08 20f-
Combination 0.22 A SO cwn~ N O TUUT IO
00 110 120 130 140 150 160 170 180
Di-photon Invariant mass [GeV]
.’1"5 ':'.\\v. > .’-'_.vu\\'-.-. ,'-\'r?n:w_, J?:.’-:.r ! (R} -:';:
_om VRA0dm v YR Foaveniavtng w W arvaim
ttH H Slgnature Can be o VAN YR Taremarrwng 2 w Rl arsioim
enhanced through CM>-PASFIR21010 ~
¢ NOn-SM K)\ B 24922 | - e (T S (T
* Composite Higgs models
) o t
* Presence of heavy top T — 13 138 t
partners ttHH(4b)
4 1 AN
CMS ttHH(4b) analysis e —

expectes o(ttHH)<3.14 xSM

4% Sherme

Imtrnegon dnrsls

€00-12-Y14-SVd-SIND
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New angles of attack

Combinations with precision differential measurements
of Higgs production will push even further!

CMS Phase-2 Simulation Preliminary

3ab’ (14 TeV)

CMS Phase-2 Simulation Preliminary
[T S e e

3ab' (14 TeV)

95% CL

68% CL

=]

—— w/ YR18 syst. uncert.
------- Stat. uncert. only
Hadronic categories only

Leptonic categories only

K =1

|
o

|
o

o
id
>N

o

S
8 —4—— Stat + exp. syst. + ggH+VH theo. uncert.
S 102 — | Hadronic categories only
et - | Leptonic categories only z
T - Expectation «, = 10 ;
° L f -------- Expectation «, = -5
= L e ttH+tH theo. uncert.
T L
\I-/ r_- - == :
oC I :
o, { i
x 10°0= o SRREREEEEE :
= - (p! > 350 GeV)/150 GeV
Iz [ CMS-FTR-18-018 :
© B :
© — ] ] l
e | § B ——— !
- IYM<25 : l
- Hoyyip! >20 GeV, Iyl <25 E
>=2 jets: pjT > 25 GeV, Injl <4, at least one b jet E
107 ! ! ! i
0 45 80 120 200 350

Lint (ab™ 1) 68% interval 95% interval
1 [-3.1,10.9] [-6.2,20+]
2 [-2.2,6.5] [-4.6,17.0]
3 [-1.9,5.3] [-4.1,14.1]
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Maximising reach in New Physics

|
On-shell :_ Off-shell [ large g2
|
e SBOAST 7 (13 TeV) I
El; 5 CMS Supplementary wZ trL | 2
5 m,, = 125.38 GeV I. | § LHC max
E""|i10’1 ’ p-value = 44% 3 I g reach
10 % . f L tj?;,;; and neutrinos Quarks E : E
7 Dibie ol S
R A 2] - :
ol AhlE O - |
= 1.5;111 I I
R S R £t |
€ 085 4 15 6 I
particle mass (GeV) | Momentum transfer - q?
|
v 2 I q 2
5 ~Y —_ | 5 ~U -
A ' A
I
Inclusive Kk : high-precision yields i Differential: High momentum production
precision on new physics scale : sensitive to new physics

O,=1% 2> N~25TeV O, =15% (q=1TeV) > A ~ 2.5 TeV

Include differential measurements to exploit sensitivity at LHC!
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Differential VH=2>bb

At HL-LHC, expect comparable experimental and theoretical uncertainty at High
pr(V) bins = high p(V) bins sensitive to operators with anomalous qqZH

interactions!

q

0t0-120c-gNd-SAHd- 1LY

MC stats uncert ~5% impact in
high pr (not included here)
—> Need to ensure we can
produce high statistics MC

T | T T T | T T T | T T T T T T T T T T T T
ATLAS Preliminary
Projection from Run 2 data
VH,H — bb Vs=14 TeV, 3000 fb
® Exp. =—Tot. unc. Stat. unc. Theo. unc.
Tot. (Stat., Syst.)
Wt +0.16 +0.07 +0.14
WH, 150 <p."* < 250 GeV |—4:—| 1.00 0% (%% i)
Wt +0.09 +0.06  +0.06
Zt +0.18 +0.10 +0.15
ZH, 75 < p*' < 150 GeV ——e——  1.00 01 (2910, 91%)
Zt +0.08 +0.05 +0.06
ZH, 150 < p>' <250 GeV F—9—H 1.00 0% (9%, o)
Zt +0.08 +0.06  +0.05
ZH, p*'> 250 GeV = 1.00 000 (9% o)
1 | 1 1 1 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1
0.8 1 1.2 1.4 1.6 1.8

» samples at HL-LHC!

o x B normalised to SM
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STXS H=2>TT

Simplified Template Cross Sections designed in stages as more data are collected

* Designed to be an evolution of the signal strength measurements with kinematic
bins to reduce theoretical uncertainty
ATL-PHYS-PUB-2022-003

250
- ATLAS Preliminary

[ H -1, ly 1<2.5
200— )

— Projection from Run 2 data

- B Run2, Vs =13 TeV, 139 fb™

150 —MHL-LHC, Vs =14 TeV, 3000 fb™

—  Current theoretical uncertainties

| % Projected theoretical uncertainties

ATLAS STXS Stage 1.2
measurements in H>tt
projected to HL-LHC

Expected Ac/c, [%]

* Several scenarios in which
experimental precision will be

100
greater than theoretical!

* With 3/ab of data, expect finer >0

binning possible = greater

sensitivity to EFT 0
N(jets): >1 1 >2 >0 >0 >2 ! >2 >2
p;(H) [GeV]: [60,120]  [120,200]  [200,300]  [300, = [0,200] !
m, [GeV]: o, 3501* [0, 350] [350,[ ' [60, 120] [350, 0 !

gluon fusion + gg — Z(— qq)H ! VBF + V(- qq)H ! ttH
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EFT Interpretations — caveat 1.

STXS measurements don’t include relevant information

ATLAS-CONF-2021-053

. ATLAS Prelminary  — 68%CL
about decay of the Higgs setaTev i e 95 % CL
my = 125.09 GeV, |yu| < 2.5 —eo— Best Fit
SMEFT A =1 TeV
o o . . o 0 M = 59%
 Angularinformation (eg in 4l final state) sensitive a1 (0 T —e— |
to BSM effects e B —l—
e ATLAS/CMS use MELA/BDT to exploit this | - ——
information 045 —01 —0.05 0 005 01 015
CE}J““\““\“‘7‘—'-.‘_“77‘\““\““
EPJC 80 957 (2020) ut Clit m—e— -
g 3 TT IVYVIIIYYTTYVYYIYIVI]IVYTIYYTIITI C[1] 77_.’_7
2 | ATLAS Simulation ] Z ) . Hl Hal?
g o5l HOZZ'o4l Tl E g Chivwe| A
o - Vs=13TeV (0 -B)/(o -B),, . e o
> gg2H-0j-p.. -High et HG,uG,uH
b r TH (6-B-A)(c B -A),] - ] -
o 2r N ,° 1 CHW, HB, HWB, HDD, uW, uB, W
B I e A ] ot 3 2 1 0 1 2
2 k \ / 1 2 A - B
g 1.5 \ / = Chu,Hd, Hg™
5 i x 4 o e —— o — -
>z L N/, - HW, HB, HWB, HDD, uW, uB, W
1__k0_1 W_U _____ A e c ] -
L. - eH o
i 1 Need to account for non-SM Cat —— -
e {1 acceptance when interpreting S0 5 0 5 10
e e e §§C4 STXS measurements! Parameter Value
HB
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EFT Interpretations — caveat 2.

CMS/ATLAS are used to thinking of Signal [ Background - But EFT is a global approach!

JHEP 07 (2021) 005

ATLAS 'p-val tSherpla)=Ol.22 —¢— III)altaI j

sttt Sherpa qq—41 + X 3

X=gg—>4+H—41+VVVHIV(V)]

H—4l 3
g_g—>4|

— ttV(V)+VVV

do/dm,, [fb/GeV]

Lol 1

(0]
o~
+
Prediction/Data

50 100 150 200 300

Full pp=2 4l combinations are the correct way to interpret the data
—>Need to consider all contributions together to fully exploit our data
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New ideas to reduce effect of systematics

At HL-LHC, many (precisions Higgs boson) measurements will be systematics limited
—> can we do better at reducing their impact?

T g | /yo Ui, | = yg\

compute via automatic differentiation

o | T1 Zg

SIMULATOR OR
APPROXIMATION

| ...jkf ,,,,,,, @

NEURAL
NETWORK

1:75

1.501 \

1.254

1.004

profiled likelihood A(-Inc)

0.254

0.75 1%

cross-entropy
inference-aware

softmax 3o

81

82

D 8
SUMMARY
STATISTIC

T N
) I—l
80,00,
|
log £ 4 U
\ 4
INFERENCE-AWARE
LOSS

stochastic gradient update ¢ = p' + n(t)VeU

0.00
20

30

40 50 60 70
s parameter of interest

80

Machine learning ubiquitous for signal-vs-background /
signal classification = Typically not tuned for inference

INFERNO: Inference-Aware Neural Optimisation
(https://arxiv.org/abs/1806.04743)

See also:
https://arxiv.org/abs/1611.01046 (adversarial training to reduce effects of systematics)
https://arxiv.org/abs/2003.07186 (including parametric uncertainties in the optimization metric)
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Next generation

Future e*e" colliders (eg FCC-ee) will provide ultimate
precision in certain couplings

Total ZH cross-section measured from “missing mass” mzcon = (v's — Eu)? — |pul
combined with total VBF cross-section

—> Access to total width and precision Higgs couplings

2 2 o 2 2
01+ B B0 g
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Next generation

Future e*e" colliders (eg FCC-ee) will provide ultimate
precision in certain couplings

—> Access to total width and precision Higgs couplings
- B(H-—>inv) as small as 2.4% observable at 56 @FCC-ee

% 2000 | | — Signal g : g
o | | —ZZ {CMS@FCC-ee, 0.5ab™", 15=240GeV, BRH L, =100%
N - ww : : £ A
(7] — 1 All backgrounds 2 _ 2 - 12
E 1500 _- ............. g ....... mrecoil - (\/7 - Ell) - |pll| _____
2 - :
L = : :
1000 sns e s sl Povse sl vrnnnns
(5100 ) EEEUNSSSRSURION SUPVRRIIIION OO #7757 5 SRRSO SR
0
40

Missing Mass in Z— I'l tagged events (MZ+/- 4 GeV)

Eur. Phys. J. C (2017) 77

| 160
Missing Mass [GeV]

Significance [o]

@

~

[«

I+
e 4
\
gHzZ
\
e+ N H
5 e . . -1
Significance from simulation, J. Ldt= 3500 fb
. B Ros%limit BRsq
C CMS-like 0.92 £0.32% 25+0.2%
. A ... ILD-like 0.63 +0.22% 1.740.1%
—Iil | I|I | ||I|II|II!I|I|IIIIII|
0.5 1 1.5 2 25 3 35 4

Branching ratio H->inv [per cent]
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Next generation

Sub-percent precisions achievable during FCC program (W, Z, b, T)!

* Couplings to p/y/Zy benefit the most from the large dataset
available at HL-LHC

* High energy collider required to improve on H-top coupling JHEP 139 (2020

0 | B [ [ .02

[ Ky I K _Kt | Ky = Brjn,
m free & | [ R I | B

— Kvl<1 e | I I

SR R e — E—

00 04 08 12 1.6 20 00 04 08 12 16 20 00 08 16 24 32

(=)
—_
(8]
[95]
ESN
(9]
o
o
o
(@)}

1.2 1.8 24 30

= || || [ | 1
Kz L9) Ke ka Brymns
I I | D I I |
1 free Ky 1 I ] I | free K
[ K| <1 N I ] I kv ||< 1
[ [ ] ]
00 04 08 12 16 20 00 06 12 18 24 3.0 0 1 2 3 4 00 25 50 7.5 10.0 0 1 2 3 4
-_ -_ - FCC-ee/eh/hh - CLIC300() - ILCIOOO - LHeC IKV| S 1
Ky Kg W FCC-eesqs mmm CLIC;500 ILCsop MM HE-LHC |ky|< 1
N D FCC-eeqp CLIC3g0 ILCasp HL-LHC |ky| < 1
I | | B a
R ——— T CEPC
Future colliders combined with HL-LHC
nggs @FC WG Uncertainty values on Ak in %.
00 04 08 12 16 20 00 06 12 18 24 30 Kappa-3, 2019 Limits on Br (%) at 95% CL.
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https://link.springer.com/article/10.1007/JHEP01(2020)139

Next-Next generation?

Higgs self-coupling @ future colliders = complimentary approaches provide
ultimate reach in self-coupling

—

JHEP 139 (2020 Higgs@FC WG September 2019
1 1 1 1 | I 1 1 1 I 1 1 1 1 I 1 1 1 1 1 I 1 1 1 1 : s : 5
di-Higgs  single-Higgs
HL-LHC HL-LHC HL-LHC
...... 50%. ..o 2. 50% (47%)........
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HE.LHC e o e [10-20]%......... == 50%. (40%)......
= FCC-ee/eh/hh  [\\J FCC-eeleh/hh
N N N N N N N N 5% 25% (18%)
------------------------------------------------------------------------------------------------ LE-FCC O LE-FCC
FCC-eh \\: FCC-eh
FCC-eethh e @ | W A7e24% . bdna Y
............................................................................................... FCC-eel,
24% (14%)
under HH threshold FCC-ee,,
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_ """"""""""""""""""""""""""""""""""""""""""""""""""""""""""" R ﬁ?é/o (19%)......
1000 N 1000
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................................................................................................ 270/° 38°/° (270/0)
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CEPCl— | st/P éz.e.%.) .....
............................... 49% (17%)......
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CLC s GEIC
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380
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68% CL bounds on x, [%]

All future colliders combined with HL-LHC
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Summary

The Higgs boson turns 10 this year but we are far from finished studying it
* LHChas collected ~few % of its total dataset

Many studies available to explore the reach of the HL-LHC

* Higgs boson couplings could be measured down to O(2-5%)
level in many cases!

* Several recent updates submitted for Snowmass show
improvements to analyses during Run-3

More data brings new techniques/opportunities!

* Moving away from inclusive measurements (going
differential) brings new insights only possible with more data

* Need to make sure our analyses methods keep up to date
with the data = triggers, ID/tagging, MC simulation
production must maintain / improve in performance

* New ideas for data analysis available to squeeze more out of
the data!

Next generation lepton-collider will provide new measurements (I'y) but several
measurements (rare decays, self-coupling) will need the HL-LHC & higher energy machines to
pin down!

Nicholas Wardle — Imperial College London 37



Backup
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H—>4l mass resolution

CMS Phase-2 Simulation Preliminary

[ CMS Run2 = 1.16

95 Delphes HL-LHC = 0.82
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ttH=>bb TRF method
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ttH->bb Uncertainty scenarios

e Statistical uncertainties only This scenario indicates the ultimate precision limit.
Statistical uncertainties are scaled by 1/+/L, while systematic uncertainties are ne-

glected.

e Run 2 uncertainties scenario For the second uncertainty scenario the current Run
2 uncertainty values are used for all integrated luminosity projections. This sce-
nario is unrealistically pessimistic since by definition there will be an increase in the
available number of data and simulated events which in this case is not taken into
account. This projection is shown to highlight how the sensitivity would evolve by
only reducing the statistical uncertainties.

e Conservative scenario The third uncertainty scenario depicts the worst case one,
where the background normalization uncertainty, originating from the data and sim-
ulation agreement in the CR, remains the same. With the current available number
of events we do not see any difference between data and simulation within the 2%
uncertainty level. In this case, we assume that while the available number of events
increases, this 2% factor remains. The background shape uncertainty, related with
the background correction factor obtained from simulation, is scaled according to
the expected MC luminosity as 1/+/L. For this, the current ratio of simulated to data
events (x10) is used. For all additional sources of systematic uncertainties, the Run
2 values are used. The evolution of the uncertainties can be seen in Fig. 5.

o Realistic scenario The final uncertainty scenario is considered the most realistic one,
where both the background normalization and the background shape uncertainties
are scaled with the increase in luminosity as 1/+/L. The background normalization
uncertainty depends on the number of data events and its evolution as a function
of the integrated luminosity can be seen in Fig. 6. For the background shape uncer-
tainty projection, which depends solely on the number of available simulated events,
the evolution can be observed in Fig. 6 and Fig. 5 where ten times more MC than data
events are assumed. For the theoretical uncertainties related to the signal (QCD scale
and PDF+«, uncertainties) the YR18 recommendations [44] are followed. According
to these, the current uncertainty values, which are calculated at 14 TeV [11], are re-
duced by a factor of two. For all additional sources of systematic uncertainties, the

Run 2 values are considered.
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ATLAS ttH(bb)

tt+HF modeling based on MC
Dominant uncertainties at Run-2

but with HL-LHC, expect

additional data to help constrain
nuisance parameters via profiing
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ttb: norm.
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Fig. 20: Ranking of the ten most significant systematics uncertainties under S2 in the single lepton (a)
and di-lepton (b) final states at ATLAS listed in accordance to their post-fit impact on the ttH cross

section.

Final state Scenario Awi/0sm | Asar/Tsm Dexp/Tsm Asig/Tsm Dorg/Tsm | Dlksig
ttH,H —bb | Run2,36fb~" | Z0g) 103 1038 000 Toar | o5
(single lepton) | HL-LHCS1 | *g:35 002 010 006 To1r | fom

HL-LHCS2 | *315 0.00 0.09 0.0 Toal | Toor
ttH,H —bb | Run2,36fb " | FiGg o1 a1 MRT Too2 | Toia

(di-lepton) | HL-LHCS1 | 338 006 MrRH 007 Toa1 | oo

HL-LHCS2 | g3 .06 o 0.0 To1s | Yoo
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Reinterpretation recommendations

Recommendations emphasise:

1. Prompt availability of numerical analysis data
in digitised electronic form to enable re-use.

2. More complete publication of full-detail
experimental data:

S. Kraml @Reinterp2021

correlation information

public likelihoods

Open Data

forensic analysis code preservation

3. Community-wide dialogue regarding re-use of
unbinned fits and machine-learning algorithms.

Moreover, theorists should (start) to follow the same
reproducibility requirements as we ask them from the
experiments.

“Re-use means a longer legacy for analyses, as well as

Sci| SciPost Phys. 9, 022 (2020)

Reinterpretation of LHC results for new physics:
status and recommendations after run 2

The LHC BSM Reinterpretation Forum

SciPostPhys.9.2.022 (2020)

Abstract

We report on the status of efforts to improve the reinterpretation of searches and mea-
surements at the LHC in terms of models for new physics, in the context of the LHC
Reinterpretation Forum. We detail current experimental offerings in direct searches for
new particles, measurements, technical implementations and Open Data, and provide a
set of recommendations for further improving the presentation of LHC results in order
to better enable reinterpretation in the future. We also provide a brief description of ex-
isting software reinterpretation frameworks and recent global analyses of new physics
that make use of the current data.

Copyright W. Abdallah et al. Received 02-04-2020 )
This work is licensed under the Creative Commons Accepted 06-08-2020 -
Attribution 4.0 International License. Published 21-08-2020 updates
Published by the SciPost Foundation. doi:10.21468/SciPostPhys.9.2.022

New whitepaper on open likelihoods!
SciPost open likelihoods

compliance with ever stricter requirements of data-publication

and reusability for publicly funded research.”
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Optimal analyses

The future @ LHC could be to perform optimal analyses and inference that can be
packaged up and preserved in totality!

ratio

parameter @ >
l /, observable ! O ej
latent 2 \# > T 5 approximate
\\\\,\\ | | likelihood

— r(z, 2|0) > X
b 7 argmin L[g] — 7(z|0) —>
— t(z, 2|0) > 9
augmented data
0;
Simulation Machine Learning Inference
agﬂc;lzlclig?\g?:\(:c;rf:\(;?g:\ Use this information to Limit setting with
train estimator for likelihood ratio standard hypothesis tests

from simulator

N4

* CI4CD

distribution automation

SR Open Neural Network Exchange

The open standard for machine learning interoperability

https://github.com/diana-hep/madminer
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VH>cc
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VH-> cc (ATLAS)

Expected Limit
Chgnnet 68% CL  95% CL
0-lepton [-2.4,24] [-3.5,3.5]
1-lepton [-2.8,2.8] [-4.3,4.3]
2-lepton [-2.7,2.7] [4.1,4.1]

Combination [-2.2,2.2] [-3.0, 3.0]

— < 3_ I T 1 | T T I | I I T T &
| g - 0 _
_F Iy ATLAS Preliminary A
> 2 5H Projection from Run 2 data /]
L = /s = 14 TeV, 3000 fb" —
' . VH(— ct) i
- — Combined (exp.) i
1 5'_ — 0 lepton (exp.) ]
2 = 1 lepton (exp.) -
B — 2 lepton (exp.) ]
1 -
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0_ - | — |
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1(C
Nicholas Wardle — Imperial College London 46



V H E b b (AT LAS @ Ru n 2 ) Table 12 Breakdown of the contributions to the uncertainty in uI(,bH

for the VH, WH and ZH signal strength measurements. The sum in
quadrature of the systematic uncertainties attached to the categories
differs from the total systematic uncertainty due to correlations

Source of uncertaint T
y VH | WH ZH

Total 0.177 | 0.260 0.240
Statistical 0.115 | 0.182 0.171
Systematic 0.134 | 0.186 0.168
Statistical uncertainties
Data statistical 0.108 | 0.171 0.157
tf eu control region 0.014 | 0.003 0.026
Floating normalisations 0.034 | 0.061 0.045
Experimental uncertainties
Jets 0.043 | 0.050 0.057
E%l1iss 0.015 | 0.045 0.013
Leptons 0.004 | 0.015 0.005

b-jets 0.045 | 0.025 0.064
b-tagging c-jets 0.035 | 0.068 0.010

light-flavour jets  0.009 | 0.004 0.014
Pile-up 0.003 | 0.002 0.007
Luminosity 0.016 | 0.016 0.016
Theoretical and modelling uncertainties
Signal 0.072 ‘ 0.060 0.107
Z + jets 0.032 | 0.013 0.059
W + jets 0.040 | 0.079 0.009
1t 0.021 | 0.046 0.029
Single top quark 0.019 | 0.048 0.015
Diboson 0.033 | 0.033 0.039
Multi-jet 0.005 | 0.017 0.005
MC statistical 0.031 | 0.055 0.038
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Heavy Higgs bosons

Searches for Heavy Higgs bosons improve with additional
data (reach into tails from high statistics) > LHC Energy
limits the ultimate reach in mass scales

H—=>WW-llv 3000 fb™ (13 TeV)
YR18 CMS 95% CL Excluded:
Phase-2 Projection I 68% expected [ !Expected
H/A — 777~ expected exclusion (95% C.L.) Preliminary 95% expected
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+20 .
50 = with YR18 syst. uncert.
h(125) rates  M#£(125+3) Gev [ T T 0 LT T ',' ' ',IL \'/_
‘‘‘‘‘ ATLAS 36.1 fb™* & CMS 35.9 b By eV o
30 ATLAS 3ab™! @ CMS 3 ab™! . ] TOT
40 % ‘ Il ,' 4 7] ] 'R
: L I, i i g
i : Uy 7 ] % o
> : [l II ,, i [ @ TN ] -IU
Q. 30 r II ,l ,I t ) >
= B E ) . ] 1w
_fg : ll II " : E
20 = 2 ; ’ -1 110
» £y 4 i !
= ‘0 4 . N
B > ’ ,/ ’ . 4 7] c?
W : 1+ 118
[ o ... T, RO 1o
- ;' 2% M scenario
i el (0 Va0 VA vaa g I | | N A
500 1000 1500 2000 2500 3000 500 200 600
MA [GGV]
m, [GeV]
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