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Higgs Physics at the LHC

e\\e have come a long way since the Higgs discovery in 2012

e The available LHC Run1i (7,8 TeV~25fb-1) & Run2 (13 TeV ~150fb-1) datasets
have pushed Higgs physics from search mode to measurement mode, probing
the nature of the boson and its agreement with the SM

e All the main production and decay modes under scrutiny by ATLAS and CMS
proton-proton 9
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What to ask the boson?

e s its production rate, where we measure it, at the correct SM level?
e How do we caracterize it? (mass, width, spin)
e How well can we model its behaviour?

e Does it couple to SM particles at the appropriate level?

e Does it couple to itself?

e Does it decay unusually?
e Are there more Higgses?

e Higgs as a tool for discovery

Larger datasets — rarer / more complex production

and decay modes become accessible
Precise differential measurements possible
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HL/HE LHC 7
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analysed so far)

So long Run?2...

e The 2nd run of the LHC has just ended
marking the conclusion of an extremely
successful data taking period.

e Over 150 fb-1 of 13TeV pp collisions
recorded for analysis (36fb-1/80fb-"
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e Standard Model works beautifully/
stubbornly at the LHC: no direct evidence
of new physics yet

Higgs realm: Observation of Higgs coupling
to third generation quarks
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upgrade of injector chain to @new interaction region layout
SO What neXtr? deliver brighter bunches and crab cavity

LHC

LHC

LS1 EYETS
13-14 TeV -

i lidati
71ey 8TeV | “Bution colimators. Pomtd
R2E project Eng. P1-P5

0 0 0 014 0 016 0 018 019 020

75% experiment nominal luminosity

nominal beam pipes
luminosity | I/_—-

energy

) | Run 3:
DSl : L =2x103*/cm?/s
for 300/fb

(* slide stolen from P. Azzi)
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experiment upgrade
phase 2

| integrated
luminosity

HL-LHC: Peak £ = 2 x 103°/cm?/s
level luminosity to
Nominal scenario: £ =5 x 103*/cm?/s

for 3000/fb; Pile-up <u> = 140

Ultimate Scenario: £ = 7.5 x 103*/cm?/s
for 4000/fb; Pile-up <u> = 200

=25% increase in integrated lum.



SO what next?

HE-LHC
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Precision physics at the HL-LHC"

e High statistics does not come for free: extremely challenging conditions
e High luminosity = 200 soft pp interactions per crossing
e Detector elements and electronics are exposed to high radiation dose

» Extensive upgrade program by ATLAS and CMS underway, with the goal of at
least maintaining the current performance despite the hard conditions

e Effective pileup mitigation & extended capabilities with new algorithms
* Increased detector acceptance
* Increased spatial granularity to resolve signals from individual particles

* Precise timing measurements to provide an additional dimension for
discrimination
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MUON SYSTEMS e BARREL CALORIMETERS
- New DT/CSC BE/FE electronics ... - New BE/FE electronics
- GEM/RPC coverage in 1.5<|n| B - ECAL: lower temperature
<2.4 - HCAL: partially new scintillator

- Muon-tagging in 2.4|n|<3.0 V o
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= Location: just outside the tracker

TRACKER
- radiation tolerant, high
granularity, low material
budget

- coverage up to |n|[=3.8
- track trigger at 1

TRIGGER & DAQ
- Track-trigger @L1
|- L1 rate ~750kHz

~ |- HLT output ~7.5kHz

(* slide stolen from P. Azzi)




/Trigger and DAQ

LO (Calo+u): 1 MHz
L1 (Calo+u+ltk): 400 kHz
HLT: 10 kHz

Preliminary design

Calorimeters

 New readout electronics compatible

with LO 1 MHz rate

« High granularity timing detector

(under discussion)

cover
Off detector

~

4x Si layers

— HGTD
@z~3500mm

All-silicon tracking detector
5 pixel+4 strip layers to |n|<4

(* slide stolen from P. Azzi)
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Precision physics at the HL-LHC"

» Studies of detector performance with fully simulated Monte Carlo samples in
HL-LHC conditions allow us to have an understanding of the expected future
performance of the detectors.

* These studies, performed extensively in 2017 for the ATLAS&CMS Technical
Design Reports, are critical to support our updated physics prospects (both
those based on projections of Run2 analysis and those directly using fast/
parameterized simulations of the HL-LHC performance)
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The HL-LHC/HE-LHC Workshop:
20138 Yellow Reports

® Obijectives of the workshop:

* Prepare a synthesis of current status of the HL-LHC physics program.
Reapypraise past projections, perform new analyses, complete partial
analyses and combine to provide the most complete picture.

* Begin a systematic study of the physics potential of the HE-LHC (27
TeV)

* Coherence: Harmonize results between LHC experiments and
projections from the TH community.

 Gather and discuss new ideas from the community and revisit
prospects in the light of increased precision in SM measurements with
the much larger data sample.

® The results of the workshop were summarised in Yellow Reports that were
submitted to the European Strategy group on 18/December/2018
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The HL-LHC/HE-LHC Workshop

20138 Yellow Reports

SM & TOP

The physics potential of HL-LHC

Editors:

‘Workshop steering group: A. Dainese, M.L. Mangano, A.B. Meyer, A. Nisati, G.P. Salam, M. Vesterinen

WG1 conveners: P. Azzi, S. Farry, P. Nason, A. Tricoli, and D. Zeppenfeld

‘WG2 conveners: M. Cepeda, S. Gori, P. liten, M. Kado, and F. Riva,

‘WG3 conveners: X. Cid-Vidal, M. D’Onofrio, P. J. Fox, R. Torre, and K. Ulmer

‘WG4 conveners: A. Cerri, V.V. Gligorov, S. Malvezzi, J. Martin Camalich, and J. Zupan

'WGS5 conveners: Z. Citron, J. F. Grosse-Oetringhaus, J. M. Jowett, Y.-J. Lee, U. Wiedemann, M. Winn
Contributing authors: see Addendum

ABSTRACT

This presents the y of the findings of the Workshop on "The physics of HL-LHC, and perspectives

on HE-LHC", which has run for over a year since its kick-off meeting on 30 October — 1 November 2017. We discuss here the

HL-LHC physics programme. As approved today, this covers (a) pp oolnswns at 14 TeV with an integrated luminosity of 3ab™ !

each for ATLAS and CMS, and 50b~" for LHCb, and (b) Pb—Pb and p-Pb with of 13nb~!

and 50 nb 1, respectively. In view of possible further upgrades of LHCb and of the it ions programrne me WG reports assume
for p-Pb

300" of Iummosny delivered to an Upgrade I of LHCb, 1.2pb™" of i and the addition
of collisions with other nuclear species. A separate submission covers the HE-LHC results.

The activity has been carried out by five working groups (WGs): “Standard Model” (WG1), “Higgs” (WG2), “Beyond the Standard
Model” (WG3), “Flavour” (WG4) and “QCD matter at high density” (WGS5). Their reports, extending this executive summary with
more results and details, are available on the CERN Document Server [1-5], and will appear on arXiv. The WG results include

both phenomenological studies and detailed sil lions of the antici of the LHC under HL-LHC
conditions. These latter studies implement the knowledge acquired during the preparation of the technical design reports for
the up and reflect the i gained by the i during the first two runs of the LHC.

The documents describing in full detail the HL-LHC studies performed by the experiments can be found in Ref. [6] (available in
early 2019) and in Ref. [7].

Three goals have been set for the Workshop: (i) to update and extend the projections for the precision and reach of the
HL-LHC and for their interp ion; (ii) to highlight new opportunities for discovery of phenomena beyond the
Standard Mode| (BSM), in view of the latest theoretical developments and of recent data; (iii) to explore possible new directions
and/or of the app HL-LHC particularly in the area of flavour, in the search for elusive BSM
phenomena, and in Ihe study of QCD matter at high density. In addition to enriching and consolidating the physics plans for
HL-LHC, and highli the that the full HL-LHC programme will bring relative to today’s landscape, this
contribution to the European Strategy for Particle Physics Update process is intended to help put in perspective the physics
potential of future projects beyond HL-LHC.
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ABSTRACT
This izes the physics p of the High-Energy LHC (HE-LHC), under consideration as a possible future

project at CERN. The HE-LHC is a 27 TeV pp collider, to be installed in the LHC tunnel, relying on the 16 T magnet technology
being developed for the 100 TeV Future Circular Collider (FCC-hh). The HE-LHC is designed to deliver 10-15ab™of integrated
luminosity to two general purpose detectors, during 20 years of operation. As for the LHC, the facility could host a dedicated
|r|teracl|on point focused on flavour physics, delivering 3ab~" of integrated luminosity to an upgraded LHCb detector, and would
the p! of heavy ion collisi The results p! here were ined in the context of the Workshop on
“The physics oi HL-LHC, and perspectives on HE-LHC”, whlch ran for over a year after its kick-off meeting on 30 October — 1
November 2017. These studies complemented those focused on the engineering and technological aspects of the project,
performed in the context of the FCC conceptual design report (CDR) for the HE-LHC, and documented elsewhere [1].
The activity has been carried out by five working groups (WGs): “Standard Model” (WG1), “Higgs” (WG2), “Beyond the
Standard Model” (WG3), “Flavour” (WG4) and “QCD matter at high density” (WG5). The reports from the WGs, extending this
executive summary with much more detail and many more results, are avail on the CERN D« Server [2-6], and will
appear on arXiv. The documents describing in full detail the HL-LHC and HE-LHC studies performed by the ATLAS and CMS
Collaborations can be found in Ref. [7] (available in early 2019).
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WG2: Higgs

CERN-LPCC-2018-04

eHuge collaborative effort, joining forces across the
LHC ring and with the theoretical community

e The bar for the Higgs studies was really high:

e Stress on combinations (LHC potential,
ATLAS+CMS)

e Stress on theo+experimental cross-feed:
revision of future theoretical uncertainties (theo-
>exp) and experimental updates feed to
theoretical teams to be able to attack the full HL
phase-space (exp->theo)

*400 authors
¢ 343 pages (x2 the original goal...)

| will focus on the experimental updates presented
in the Higgs chapter, and mostly on HL-LHC

CERN-LPCC-2018-04
S~ January 7, 2019
. Higgs Physics
, at the HL-LHC and HE-LHC
eport from Working Group 2 on ysics of the HL- , and Perspectives a
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Uncertainty Scenarios

eMain experimental uncertainties synchronised between CMS and ATLAS

e|In most cases, two complementary scenarios given for each of the updated projections:

» S1 - Conservative, based on the current Run2 systematic uncertainties (including theory)

e S2 - Ultimate, based on synchronised estimates of ultimate performance for experimental
uncertainties, and applying a factor of 1/2 for theoretical uncertainties

Source Component Run 2 uncertainty Projection minimum uncertainty
Muon ID 1-2% 0.5%
Electron ID 1-2% 0.5%
Photon ID 0.5-2% 0.25-1%
Hadronic tau ID 6% 2.5%
Jet energy scale  Absolute 0.5% 0.1-0.2%
Relative 0.1-3% 0.1-0.5%
Pileup 0-2% Same as Run 2
Method and sample 0.5-5% No limit
Jet flavour 1.5% 0.75%
Time stability 0.2% No limit
Jet energy res. Varies with pt and % Half of Run 2
MET scale Varies with analysis selection Half of Run 2
b-Tagging b-/c-jets (syst.) Varies with pt and 7 Same as Run 2

Integrated lumi.

light mis-tag (syst.)
b-/c-jets (stat.)
light mis-tag (stat.)

Varies with pt and

Varies with pt and 7

Varies with pt and %
2.5%

Same as Run 2
No limit
No limit

10/0

M. Cepeda (CIEMAT)
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Uncertainty Scenarios

» S1 - Conservative, based on the current Run2 systematic uncertainties (including theory)

e S2 - Ultimate, based on synchronised estimates of ultimate performance for experimental

eMain experimental uncertainties synchronised between CMS and ATLAS

e|In most cases, two complementary scenarios given for each of the updated projections:

uncertainties, and applying a factor of 1/2 for theoretical uncertainties
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HIGGS PHYSICS @ HL-LHC
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The HL-LHC: A Higgs Factory

What do we need to know? Where will the HL-LHC impact?

* Precision Measurements (Couplings to ~5%, Cross Sections,
Differential Distributions, Width, assessment of the top Yukawa)

* Di-Higgs production = self coupling

M. Cepeda (CIEMAT) 18 11/January/2019 - Gottingen



SM Higgs Precision Measurements

* Old studies (before 2018): comprehensive, but mostly based on
extrapolations of Run1/early Run2 results, plus specific analyses with
parametrised full simulation. Varying uncertainty assumptions. Single
experiment only!

Rates can be measured at Coupling can be

the few % level (10-20%
for rarer modes)

measured at the
few % level

* Complete revamp of the SM Higgs projections, starting from Run2 results
and incorporating the current understanding of the future ATLAS&CMS
performance

« All main decay x production modes incorporated to the study (yy, WW,
ZZ, tt, bb, py, Zy x ggF, VBF, WH, ZH, ttH)

* Individual experiment results, leading to a combination of the ATLAS and
CMS sensitivity (LHC reach)
* Theoretical systematics assumed fully correlated, experimental
uncertainties uncorrelated
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Results Per Decay Mode

3000 fb Vs = 14 TeV, 3000 fb™' per experiment
ATLAS and cMS I stat. + Exp. ] Total ATLAS and CMS
—— Statistical S
- iecti HL-LHC Projection
HL-LHC Projection + Theory Experimental J
—— Theor
vy . ATLAS . CMS Y Uncertainty [%)]
B = _— Tot Stat Exp Th
- B B | | 2.6 1.0 1.5 1.9
B ;
BZZ — 29 12 15 22
WW ?
BV 3
BWW = 28 1.1 1.2 23
BT
— B™ =. 2.9 14 13 22
bb i
B Bbb — 4.4 15 1.3 4.0
n |
B — B" =— 82 7.4 15 3.0
BZY BZY — 19.114.3 3.2 12.2
0 005 01 015 02 025 0 005 01 015 02 025
Expected relative uncertainty Expected uncertainty

e Importance of Theory / MC understanding: specially important for background modelling
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Results Per Production Mode

-1
..................... 3000 fb Vs =14 TeV, 3000 b per experiment
ATLAS andCMS [l stat + Exp. | Total ATLAS and CMS
HL-LHC Projection + Theory Statistical HL-LHC Projection
—— Experimental
.ATLAS .CMS —— Theory Uncertainty [%]
4% Tot Stat Exp Th
@) H O |
g9 ggH 1.6 0.7 0.8 1.2

Over VBF

3.1 1.8 1.3 2.1

5.7 33 24 4.0

ZH

4.2 26 1.3 3.1

B B
n Wm "

43 13 1.8 3.7

OH F OiH
T e e

01_ 02 03 04 _ 05 0 002
Expected relative uncertainty

004 006 008 01 012 0.14
Expected uncertainty
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Couplings @ HL-LHC

3000 fP'1 Vs =14 TeV, 3000 fb™' per experiment
ATLAS and CMS [l stat. + Exp. | Total ATLAS and CMS
HL-LHC Projection + Theory — Statistical HL-LHC Projection
— EXperimental
. —— Theo Uncertainty [%]
attas  Powms ry
K Tot Stat Exp Th
Y Ky = 1.8 08 1.0 1.3
Kw Ky = 17 08 07 13
KZ o K, = 15 07 06 12
K
g Kg = 25 09 08 21
K
t . K = 34 09 1.1 31
K
b [ [ —— 37 13 13 32
K
T — K, = 1.9 09 08 15
Ky prm——
K, = 43 38 10 17
LS —— 1 98 7.2 17 64
0 002 004 006 008 0.1 012

Expected relative uncertainty 0 002 004 006 008 01 012 0.14
Expected uncertainty

e Precision of 2-4% can be reached for the non-statistically dominated modes
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Uncertainty Scenario Comparison

T I T T T | T T T I T T T I T T T | T T T I T T T I T T T
ATLAS Preliminary Total e4  Stat. Syst. []
Projection from Run 2 data 1
Vs = 14 TeV, 3000 fb Total  Stat Syst 300 fb™' (13 TeV)
agF e +0.035 (+0.008 + 0.034 )
: CMS w/ Run 2 syst. uncert. (S1)
VBF E$5  +0.055(+0.020 % 0.051) C . w/ YR18 syst. uncert. (S2)
= Pr ion
: Oj eCt 0 w/ Stat. uncert. only
WH [ - +0.093 (£ 0.041+0.084) BBSM =0
E K ——
ZH S1 e £0.062(+0.084+0.052) Y 0.03 (Stat): 0.04 (S2); 0.06 (S1)
fiH E‘E‘ +0.068 (+0.019 % 0.065) K —
1 I 1 1 1 | 1 1 1 i 1 1 1 I 1 1 1 | 1 1 1 I 1 1 1 I 1 1 1 W 0'03 (Stat); 0'04 (82); 0'05 (81)
0.6 g 0.8 1 12 14 16 1.8 2
l Cross section norm. to SM value KZ i = 0,03 (Stat): 0.04 (S2); 0.05 (S1)
. tat); O. ; 0.
T I T T T | T T T I T T T I T T T | T T T I T T T | T T T K . . .
ATLAS Preliminary ol tel  Stat Syst. [ 9 0.03 (Stat); 0.05 (S2); 0.06 (S1)
Projection from Run 2 data
Vs =14 TeV, 3000 fb Total  Stat  Syst Kt
ggF & £ 0,024 { +0.008  0.022) 0.03 (Stat); 0.06 (S2); 0.08 (S1)
: K
VBF o +0.042 (£ 0.020 + 0.036 ) b 0.06 (Stat); 0.09 (S2): 0.11 (S1)
WH B +0.077 (£ 0.041+0.065) K
g K 0.04 (Stat): 0.05 (S2); 0.06 (S1)
ZH 82 Hee +0.049 ( + 0.034 + 0.035 ) K
: 1]
: H 0.22 (Stat); 0.22 (S2); 0.22 (S1)
ttH —— +0.053 (+ 0.019 £ 0.050 ) T S S
1 | 1 1 1 | 1 1 1 i | 1 1 | 1 1 1 | 1 1 1 I 1 1 1 I 1 1 1 0 0 -05 O- 1 O . 1 5 0-2
0.6 0.8 1 1.2 1.4 1.6 1.8 2 Expected uncerta|nty

Cross section norm. to SM value
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Comparison to older projections
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4 A 4 4 44 , 4 4 4 ; 4 A
5, B2 ) mo 2 3 ’ , I 3 3 I3
2 I2 2 IZI 2 I2 I2 2 I2
KY KW KZ Kg Kt Kb KT

B OLD CMS S1 B OLD CMS S2 B OLD CMS S2 B OLD ATLAS ALLUNC
B OLD ATLAS NO THEO OLD ATLAS NO THEO B YR18 CMS S1 YR18 CMS S2

e Rather good agreement between the new ATLAS and CMS projections - while they
differed clearly in the past

e Improvements wrt to old projections due to:
Theoretical uncertainties (how YR4, old YR3 - this is a factor of 2!)
Improvements in analysis going from Run1 to Run2 (eg: ttH)
Global fit / coherent study of all decay modes

Better understanding of performance at HL-LHC
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Time evolution

Expected uncertainty

o
N
o

o
)

o
-
&)

0.1

0.05

CMS Projection 13 TeV
- w/ YR18 syst. uncert. (S2) - Total

I -+ Stat

I Parameter: «, 4 SigTh

B % BkgTh

I Expt

End of Run3

B

—k

102

10°
Integrated luminosity (fo™)

Expected uncertainty

Expected uncertainty

0.2

o
o
o

o
[N

o
.
(62}

0.05[+

CMS Projection 13 TeV
r w/ YR18 syst. uncert. (S2) @ Total

-+ Stat
i Parameter: Mo & SigTh

& BkgTh

<+ Expt

W

107
Integrated luminosity (fb™)

0.1

CMS Projection 13 TeV
w/ YR18 syst. uncert. (S2) @ Total
-+ Stat
Parameter: x, 4 SigTh
B = BkgTh
-+ Expt

102

10°

Integrated luminosity (fb™)

Expected uncertainty

Expected uncertainty

0.4

0.3

0.2

0.1

0.4

0.3

0.2

0.1

CMS Projection

13 TeV

Parameter: Mo,

w/ YR18 syst. uncert. (S2) @ Total

-+ Stat
4 SigTh
& BkgTh
<+ Expt

10?

- 10°
Integrated luminosity (fo™)

0.5]

CMS Projection 13 TeV
i w/ YR18 syst. uncert. (52) <@ Total
-+ Stat
Parameter: x, 4 SigTh
& BkgTh
L + Expt

! >-|‘ L MR n i

1'03
Integrated luminosity (fb™)

e Measurements became systematically limited rather fast in almost all cases -> challenge
e Most Coupling modifier uncertainties projected to reach ~4-6% precision by the end of
Run 3, and 2-4% after 3000 fb-' at HL-LHC
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Ratios: Cancelation of uncertainties

ATLAS and cMs [l stat. + Exp.
HL-LHC Projection + Theory
Paras  Pows
Koz
}“Zg I
}"tg I
}"wz g
}\’72 I
}‘Tz I
;:bZ I
E——

0 002 0.04 006 008 0.1 0.12
Expected relative uncertainty

0 002 004 006 008 01 012 0.14

Vs = 14 TeV, 3000 fb™' per experiment

(| Total ATLAS and CMS

—— Statist-ical HL-LHC Projection
—— Experimental
Theory Uncertainty [%)]

Tot Stat Exp Th
1.8 06 0.7 15

26 12 09 21

3.4 09 12 30

15 07 08 1.1

1.5 07 1.0 08

1.8 09 10 12

3.1 13 13 26

42 38 10 15

|\ 7 T \|| L

98 72 18 63

Expected uncertainty
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Differential Cross Sections

* EXxploit the large dataset and go

i)
. . K=
beyond inclusive measurements £l 30
8° t
CMS Projection 3000 fb' (13 TeV) -
— 10e 20 ATLAS Preliminary
S Ew/ YR18 syst. uncert. (S2) "~ som 1250 - Projection from Run 2 data _
— A > / — _ -1
8 1 5 o(p; : 20— 5 ::I;Tyeﬁy W27 — 4l
T L Ao(p. >200) /120 B
~ — Le T
— O — [ HL-LHC No Sys
'8_ - o Ao(p > 600) / 250 15— I HL-LHC Sys. + Stat
~— 1 0_1 | s N _I HL-LHC Slcaled Sys. 41- Stat. | l
= s AR S S e S S S S M
IQ_'_ = + Combination ne 21.05
S i TIE SR A SRR AR AR R SR
B 10°E $ H-bb b ) 0 030 060 0.90 120 160 2;1'0
<] - H
103L *‘ - (b)
E + H—ZZ A.§
- T [ ———
10 aMC@NLO, NNLOPS 8 F
= x F
~ 04, from CYRM-2017-002 (E34 2 I e —
10-5 —_— 11 I L1 11 I L1 11 l 1 11 I L1 1 1 I L1 11 I L1 11 I L1 11 I L1 11 i" '-h.' — _
5 1.5 8|° [ ATLAS Preliminary
5 - Projection fiom Run 2 data
© - 10— Vs=14 TeV, 3000 fb A —
I I B B T s s 1 Rt (Ol S F Hovy+H-ZZ-d
g- - B 3 HL-LHC No Sys
= - [ IR HL-LHC Sys. + Stat.
% 0'5_ L1 L1 11 L1 11 L 11 L1 1 L1 11 L 11 L1 1 111 L, 4 IE‘ r’lL:ITFj?l&llaI‘eldlsly‘s'lTlSlta.t; |l v g0l i1 s m
o 0O 15 30 45 80 120 200 350 600 = o 1.1
H Fobe e s e & 4 E 4o
pT (GeV) 0-95 30 55 75 120 350
P [GeV]

Expected precision of ~ 10% for pt(H) > 350 GeV, statistically limited
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Differential Cross Sections

 Further

. . _ . . . . _1
characterisation of the - CMS Phase-2 Simulation Preliminary 3ab (14 TeV)
k|nemat|CS Of the 8 —:— Iitat+exp. syst.+ggHTVH theo. uncert.

é 102 — adronic categories only
bOSOﬂ: rarer : — H l Eeptorlictcategoriizonly
. e | I xpectation «;, =
production modes (tth) = [, e Expectaton x, —-5
X dlﬂ:erentlal % - }L_. ' . ttH+tH theo. uncert.
measurements < [T
: . . o "
provide further insight x<w= = # S
‘;tbg - 20-40% precision oy > 550 Ge.V)HSOGeV
» Example: can be A — %{ ..........
used to constrain the — Hovy:p) > 20 GeV, Il <25 §
. . . >=2 jets: p’T > 25 GeV, Il < 4, at least one b jet : '
Higgs self coupling in I . j
. 0 45 80 120 200 350
an alternative way to Pt (GeV)
the traditional HH
analysis
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Mass&\Width

e Width:
® Probe New Physics in the Higgs domain at large
momenta
® Direct measurement will be challenging also with HL-
LHC statistics
e From couplings: lNuif kV=1 —> 5% precision at 95%

CL

4L Offshell: 25% precision at 68% CL (20% assuming
CMS+ATLAS)

gammagamma interference study: <40-50 ['sm (ATLAS)

® Mass: Exploit H->ZZ->4p events. Reach dependent on

15

10[%

3000 fb' (13 TeV)

LI||||||||||||||||||||||||||IIL
. CMS Projection |

—

— w/ YR18 syst. uncert. (fai=0)
- w/ Run 2 syst. uncert. (fai=0) 7

.~~~ w/ Stat. uncert. only (f =0) [

4117 Mev.

95% CL

68% CL

f— — — — — — — — — — —— — — — — — ]

~
| | | > 2elilll | |
L 1 1 1 I 1 | I I

0
future improvements on muon momentum measurements 1 ° ° r, (K/IeV) ° ° !
ATLAS Aot MeV) | At MeV)  Agyt (MeV)
Current Detector 52 39 35
u momentum resolution improvement by 30% or similar 47 30 37
u momentum resolution/scale improvement of 30% / 50% 38 30 24
u momentum resolution/scale improvement 30% / 80% 33 30 14
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Connection between Higgs & Dark Matter

Run2 Limit ~20% @ 95%CL (in both experiments
sensitivity dominated by the VBF channel)

From the global coupling fit, if Besm = 0 (any invisible
or undetected states): Brsw <2.5% @ 95% CL

Prospects of direct searches @ 14TeV.:

VH: ATLAS, 2013: <8% @ 95%CL
VBF: CMS, 2018: <3.8% @ 95%CL

In the VBF case: full reoptimization of the analysis at
200PU to handle the impact of PU in MET

Events

SM(

95% CL upper limit on ¢ x B(H— inv)/c

CMS Phase-2 simulation Preliminary 3000 fb™' (14 TeV)
T T T T T T T T T

10f

Minimum threshold on ET"** (GeV)

! PP T —— VBF H(125)
Qcb
I Top .
I EWK Z—svv L
I QCD Z—vv
I EWK W+ijets— Iv
[0 QCD Wijets— Iv

3000 b (14 TeV)
T T T T T T

Illlllllllllllllll I
CMS Phase-2

Simulation Preliminary

= Median exp. vs E:““
[ 68% exp.
[ ] 95%exp.

s+ Median exp. smeared Er'ss

| | | | | 1

150 200 250 300 350 400

M. Cepeda (CIEMAT)

31

11/January/2019 - Gottingen



AHVV) ~ |a/" +

KVVg2 | YV g2 o 1) D)
: (jl\w)zz 2 m%/leV1€V2+a¥Vfﬂlg )f Qw1 gfVf wg )f @)mv
1

» Test for anomalous couplings: fai=|ai!20i/2|uj|2rfj Pai = arg (a;/a1)

3000 fb' (13 TeV)
|IIII|IIII| IIIIIIII | IIIIIIII |IIII|IIII|

I |
CMS Projection

! ! T .l ! T T | T ! ! | '

Sy [dtion-Preliminary | L = 3000-fb

]
—LI

| — On-shell + off-shell ([, =I'2")

- — Only on-shell

|IIII|II[

w/ Run 2 syst. uncert.

==Modulus sensitive P
= R(g )/g1 sensitive o]
e '-"""""—S(g4 /g1 sensitive =
= 68% CL N
=95% CL _
< 95% CL-superimposed—
R S ey S I ST S Y SRR R M1

0.8 1 1.2 0 :

g I/g 4
4" f s COS(¢a3) x 10

* Interference contribution becomes more dominant at smaller values of fai cos (fai)
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Rare decays

- High statistics: rare decays become 5 0080
. < 0045 = ase- Imuiation 3
access I b I e 0.040 E— barrel-barrel category |:| H—u*w, Phase-2 —i
0.035 ;_ mass resolution: 0.65%  Gauss Fft, Phase.2 _;
* Hpu: Probe coupling to 2nd generation —> prospects ~ >°F | E
for cross section and coupling measurement — 0020 E
8% & 5% uncertainty @3000fb-1 respectively 0015 E
0.010 =
. o 0.0055— —i
 Hcc: how close can we get” 0.009 == BT -[G' \1/‘?0
mw e
u(ZH, Hee, ATLAS)<6.3 @
95% CL, 3000fb1, 14 TeV 3 e T
- S o s St rmean B
(BeSt flt AUZSZ) é 3'0;_2scttags,(;5,sp$<150GeV ig;!(bgju
LHCb: 50xSM projected, but factoring in detector upgrades 2 asg 7 ots
5-10XSM could be achieved, LHCh-CONF-2016-006 50 gtth(ca) (100xSM)

 Also: 1.5

* H->J/@ y (ATLAS) -> probe c coupling (-x15 sm

Run2: B (H = dy)< 4.8 x 104, exp SM (2.31 + 0.11) x 106
B (H - py)<8.8x 104, exp SM(1.68 + 0.08) x 10~

III|IIII|IIII|IIII|]III|IIII|IIII|I

: 0.0 | : | ———
. H->6Dy/py (ATLAS) -> probe Ilght-quar_k g T
Couplln_gs.. pY already Close to e_XpeCtatIOn- E gggil I 1 1 1 l 1 1 1 l 1 1 1 I 1 1 I ‘:’ 1 T l T 1 T l T 1 !E
BR (H->J/W y) < (44*2° ,,-x 106) @ 95% CL R N
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Summary of rare Yukawa Couplings

HL-LHC projection 3000 fb~"

[ global (95% cL)
[ direct search (95% L)

 Indirect constraints (eg
from differential
distributions, off-shell = width (int., 95% oL)

. 14
couplings, O!’ from the K T Bl cxclusive (95% CL)
global coupling fits) 3.0 x 103

complement the direct
searches

[ kinematic (95% CL)
B width (off-shell, 6s8% cL)

 The combined LHC
(ATLAS+CMS+LHCDb)
reach for kappa_c could
reach the 1% level

1.4 x 10°

- - — == Y. Soreq P. liten et al
2.9 x 10°

100 100 102 10°  10f  10° 105 107
projected coupling limit
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DiHIggs Production

* 0~ 39.5fb@14TeV — HL-LHC

e Low cross section: destructive
interference

« Expanding list of final states w. Run2 &

extrapolated to HL-LHC : from the

classical 2b2gamma to rarer modes like
bbZZ 05

o Stat. Unc.

> | I I I I I I I I 1 I 1 1 1 I I I I I I I I 1 1 1 1 1 I I
benchmark 3 = ATLAS Simulation Preliminary 'S = 14 TeV, 3000 fo
: : o - I SM HH-bbyy
« Can we access the Higgs self-coupling = 3 B Single Higgs
A? ‘UE, n N bbyy
. o = I Reducible
L - Others

—_ N W B~ OO N O O

- Fully fledged MonteCarlo analyses m,, [GeV]
- 3000 fb™! (14 TeV) CMS Phase-2 Simulation Preliminary 3000 fb™! (14 TeV)
c :III+III|III'|I'II|III|IIIIIIIlILIIIIIlIII c CMSPhase2 CMS Phase-2 Simuiation Preliminary 3000 fb' (14 TeV) > Frr T[T T[T T[T [T T[T I [ TT T[T T[T T[T
o T ATLAS Preliminary —— SMHH — bbr*t ] £ Simulation Preliminary == mulijet F © 03— _
~ 07 L Projection from Run 2 data Top-quark - = HH — bbbb i H — bbWW, Pe + el channel_s 9 C = Wi o
o 'V E | 3 2 - Signal (x2000) il tt s I g VBRI bod
= E Vs=14TeV, 3000 fo [ Jet— 1, fakes (Multijets) J c [ single Higgs a S C e
g) 6| Tradthaq 2 Dtags Z — 1t + (bb,bc,cc) T o WY Bkg. uncertainty —x,=10 Il Drell-Yan ‘g 0.25[— [ tiH - bodl —
m 10°E I Jet 1, fakes (i) * —— SM HH (x 100) —x, =4 B o B
F [ | Other‘ c —x,=-5 C
10° Samm ; SM Higgs o — SM (x; = 1) 0.2 7
Uncertainty L u =

0.05-

llllllllllllllllllll||‘|‘|| 1 11 lllllll
-1-08-06-04-02 0 02 0406 08 1 - 04 06 08 0 0102 03 04 05 06 07 08 09 1
BDT score BDT output NN output

121 122 123 124 125 126 127 128 129 130
m, [GeV]
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DiHIggs: [oday

CMS preliminary gg—HH 35.9 o' (13 TeV)
bbVV ATLAS Preliminary  —— g;’::c"t'::

Expocied 86.8x5M (5=13TeV, 27.5-36.1 0" gy prpected = 10

B oSM (pp — HH) =33.4 fb Expected = 20
bbbb
Observed 74.6xSM B Obs. Exp. Exp. stat. |
Expected 36.9xSM

— HH—> bbbb 129 207 185
bbrrt i |
Observed 31.4xSM
Expected 25.1xSM _

B HH— bbt't 126 146 119
bbyy Ru n2 - -
Expecied 18.8xSM HH-> bbyy 204 263 25.1
Combined l\?lgggxegxpected Combined 6.7 104 9.2
Observed 22.2xSM - —— - Me ombine . : .
Expocied 12.6x SM _ggoj‘;ggggt‘gg L ..

6 7 8910 20 30 40506070 100 200 300 400 0 10 20 30 40 50 60 70 80
95% CL on o, Hloﬁnl_/ll 95% CL upper limit on OggF (pp — HH) normalized to O o

Constraint on ka = AHHH / AHHHSM . .
Observed : -11.8 < k) < 18.8 —5.0 < k) < 12.1 (—5.8 < k) < 12.0)

Expected : -7.1 <ka<13.6

~10 times the SM cross section (expected)
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DiHiggs: 3000fb-1

Combined significance of a single experiment: roughly 3 standard deviations

Combining the ATLAS and CMS results a significance of 4 standard
deviation can be achieved (including systematic uncertainties).

Statistical-only Statistical + Systematic

ATLAS CMS ATLAS CMS
HH — bbbb 1.4 1.2 0.61 0.95
HH — bbrr 2.5 1.6 2.1 1.4
HH — bbyy 2.1 1.8 2.0 1.8
HH — bbVV (llvv) - 0.59 - 0.56
HH — bbZZ(4l) - 0.37 - 0.37
combined 3.5 2.8 3.0 2.6

Combined Combined

4.5 4.0
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DiHiggs: 3000fb-1

ATLAS and CMS 3000 fb™" (14 TeV)
‘_el’ HL-LHC prospects
A ey
—e— Combination ATLAS and CMS HL-LHC prospects 3 ab1 (14 TeV)
* A12 ' !
J — I N ] 'l L'l . :
= SM HH significance: 4o : Combination
Z-Io_ Vi 01<Kk1<23 [95% CL] !
o Al I ] Ry
95% N 0.5<k1<1.5[68% CL] . bbyy
sl ! -' “-*- bbrr
(o] e ]
oo 994%CL Lt ho LD /.
- "*"" bbbb
6} s !
Y -~ bbZz*(4l)
ATLAS and CMS 3000 fb' (14 TeV) 95% CL 4> o\ oo Sl L === bbVV(Iviv)
T T G rospects A .
bbyy — —  ATLAS - " A O K
—— CMS o ' " ! ',’ \‘ K
_ g H—  —— Combination: 2~ s " ‘., .. Re )
bbtrt . : HIR—— Stat. uncertainty RN " ':',' oL ,",‘
68%CL | _n s _3\__Je T ]
bbbb - - i : :
— i-7////////J/////////////////////////////////- m—-i
beV(I\/I\/) l-'___|—l
— S KA
beZ(4|) —
combined *
L .I.llulllllu | PR R SR T T T N A SR
2 0 2 4 6 8 10 12 14
K

Second minimum of the negative log-likelihood excluded at 99.4% CL.
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Are there more Higgs bosons? GCan we find them at the HL-LHG?
Benchmark channel: Htautau

T T | T T T T | T T T T | T T T T | T T
ATLAS Preliminary — Baseline - 5¢ sensitivity =
Projection from Run-2data [l + 16  ---- Unreduced sys. J
Vs =14 TeV, 3000 fb! +2¢ ---- Stat. unc. only
b-associated production [/ Run 2 exp., 36.1 fb”’
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o xBR(¢ — 77) [pb]

1 INERNN IR NNY

CMS Internal 101k
95% CL expected exclusion: Wzi %
" HIG-17-020 o +26 ;
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30 é ) . _ ;
% o i
/ i :
7 1 40
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% cet i 20
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Update of the
traditional MSSM
scenarios:
comparison of
direct Htautau
limits and indirect
constraints from
the couplings
extrapolations

tan 3

o -1 ATLAS3ab '@ CMS 3 ab!
+lo
+20

50

H/A — 777~ expected exclusion (95% C.L.)

ATLAS 36.1 fb—! [JHEP 01(2018)055]
CMS 35.9 fb~! [JHEP 09(2018)007]

=

h(125) rates My (125 £ 3) GeV RN AR

----- ATLAS 36.1 fb~' @ CMS 35.9 fb*
22 ATLAS 3 ab ' @ CMS 3ab~!

1 14 TeV _

Y4 —

with YR18 syst uncert.

500 1000 1500 2000 2500 3000
MA [Ge\/]
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Higgs@HL-LHC: How much have we covered?
CMS . ATLAS © LHCb
Couplings Studies Vv k vvk
Differential
CrossSections vk vk
Width * v
Anomalous
couplings vk v
Rare Decays Zy,uu 2V:J/py,FCNC Hcc/Hbb
|  Hppycc
Exotic Decays ver I1j|:t\25|ble, Invisible (ZH) DarkSusy
DiHiggs & self '
coupling vvk i vvk :
Additional Scalars A->Zh, high mass rr HH ZZ_;__:_O">Zh’
Legend: Past Studies, 2017 TDRs, 2New in 2018
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What about the HE-LHC?

eThe HE-LHC will extend the HL-LHC reach in direct searches for new particles,
approximately doubling the reach in mass —> high impact on BSM Higgs studies

eIn terms of SM Higgs, it will enhance statistically limited processes and enable the
access to very large transverse momenta.

—— HL-LHC S1
110+ T T —— HL-LHC S2 10
—— HE-LHC S1

:" """ [ E2 o F II IEI[IIEE """ _EE;fntl : IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII |

......................................................................................................................................... -] 20

) 16 N L L L L L 4o
< - _
< 14 - HL-LHC/HE-LHC .
o - HL-LHC combined ]
115 1o Vs =14 TeV, 3 ab” =
’ _ —— current bounds - HE-LHC combined —

“\Vs=27TeV,15ab™

I|III¥III|III|I

0.95=—

fit by J. De Blas et al
0207 using CMS/ATLAS
0.85 , : . , [ [ | projections

Ky Kt Kp Kt Ku Ky Kg e N J1o

— ot AR EEE B R W S S

' 0 1 2 3 4 5 6 7 8

Ky
« As an hyphotesis, assuming an additional factor of * Once again, special focus on HH reach:
1/2 reduction of theoretical uncertainties plus the precision of 10% to 20% on kx could be

increase in cross section yields clear achieved from just the combination of the two

improvements in the global fit results main decay modes (bbtautau and
bbgammagamma)
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* Are there more Higgses?

How well will we know the Higgs
by the end of the LHC program?

s its production rate, where we measure it, at the correct SM level?
How do we caracterize it? (mass, width, spin)
How well can we model its behaviour?

Does it couple to SM particles at the appropriate leve

Does it couple to itself?

Does it decay unusually?

The HL/HE-LHC datasets will allow us to fully
characterise the Higgs boson
Will new physics be able to still hide after the scrutiny?
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Conclusions

* Higgs studies are central to the HL(HE)-LHC program:
» Measurement of the Higgs couplings possible to few percent

 Differential distributions and fiducial cross sections: probing
interesting phase spaces and reducing dependence on
theoretical uncertainties

« High statistics: rare processes become accessible

* Enhanced sensitivity to New Physics involving Higgs bosons

 The 2018 Yellow Report presents a coherent view of the
experimental and theoretical prospects for Higgs studies at
the HL-LHC, and broach for the first time the HE-LHC reach

 Now the plan is set, next: making these prospects materialise
In actual measurements!
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Runi-based couplings study

« Comprehensive study of Higgs couplings at HL-LHC
* Run1 extrapolations for the main decay channels and production modes

Snowmass13 Document

CMS Projection CMS Projection
T T T T T T T T T T T T T T T T T T I T T T T | T T T T [ T T T T I
Expel:ted uncertaintiels on — |:aooo o'at {s=14TeV ISoenario1 Expected uncertainties on — 30001 at {5 =14 TeV Scenario 1
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Hoyy } I Ky = =
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300 [6,12] | [6,11] | [7,11] | [11,14] | [8, 14] | [62, 62] | [40,42] | [17, 28] ((y)
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3000 | [2,5] | [2,5] | [24] | [3,5] | [47] | [7,10] | [25] | [10,12] | [8,8] | [7 11]

example: kt expected to improve substantially with the inclusion of latests

few % level
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Runi-based couplings study

ATL-PHYS-PUB-2014-016
ATLAS Simulation Preliminary ATLAS Simulation Preliminary
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4-5% for main
channels, 10~20% on
rare modes

* Do not include
iImproved detector
designs or
Improvements in
analysis techniques

e Impact of theoretical
uncertainty (shadow
band) not negligible
for several channel

 Reduction of
theoretical
uncertainties needed
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Runi-based couplings study

ATL-PHYS-PUB-2014-016

Au/u 300 fb~! 3000 fb~"

All unc. | No theory unc. | All unc. | No theory unc.

gg—> H | 0.12 0.06 0.11 0.04

VBF | 0.18 0.15 0.15 0.09

WH | 041 0.41 0.18 0.18

qqZH | 0.80 0.79 0.28 0.27

ggZH | 3.71 3.62 1.47 1.38

itH | 0.32 0.30 0.16 0.10

AK/ Kk =[no theory uncert., full theory uncert.] Model allowing contributions from new physics in loop

I T - P R R R 2

[9,9] [8,8] [11,14]  [22,23]
[4,5] [4,4] [5,9] [10,12]

300 fbt  [9,9]
3000 fb't [4,5]

[20,22] [13,14] [24,24] [21,21]
[811]  [9,10]  [14,14] [8,8]

4-5% for main
channels, 10~20% on
rare modes

* Do not include
Improved detector
designs or
Improvements in
analysis techniques

* Impact of theoretical
uncertainty (shadow
band) not negligible
for several channel

 Reduced theoretical
uncertainties needed
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ATLAS Preliminary, Simulation, {s=14 TeV
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