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 Highlights for Higgs physics @ Run 2
 H->bb observation

 HL-LHC and Higgs prospects
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» Higgs physics for Future colliders
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SM Higgs production at the LHC
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« ggF: dominant, larger initial
state radiation from gluons

« VBF: two forward jets with high
mass and large rapidity gap

- VH: vector boson (lv, I, qq’)

3 =« ttH: many b-jets, leptons, E,™Miss
3 Total cross-section =56 pb at 13 TeV
6 7 8 9 10 11 12 13 14 15
/s [TeV]
g q 7 w/zZ g t
-- H -- H -- H
g q q H 9 r
(a) gg —» H (b) VBF (c) VH _ (daH
87% 7% 5% <1%
June 27, 2019, IPPP-Durham University 3



Higgs decay channels
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LHC Run 2

- LHC has produced > 3 years of 13 TeV data

Integrated Luminosity (fb!)

with fantastic performance

- >150 fb-! data by the end of the 2018 run
- Maximum peak luminosity ~2x1034 cm-2s-’

with mean pileup ~33 in 2017, ~38 in

2018

- DESIGN peak luminosity exceeded by a

factor of 2!
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CMS/ATLAS in 2017/2018 (after LS1)

- Si strip Tracker
2018: loweroperanng

\
e \\ Electromagnetic Calorimeter

2018: New DAQ llinks.

\/ U /S

Hadron Endcap Calorimeter
2018: Upgraded HPDs—SiPMs in Endcaps
\ ~ ' 2017: Upgraded HPDs—SiPMs in one 20° readout

-

Pixel Tracker

2018: replaced DCDC converters
and 6 modules

2017: new detector with 4 layers ;.
Run1: 3 layers

a
/
/

y T I/ Z ,
I Hadron Forward Calorimeter

LAr hadronic end-cap anc
forward calorimeters

Muon Detectors

Drift tubes (VME — uTCA' ROS) LAr electromagnetic calorimeters

Toroid magnets

. Solenoid magnet | Transition radiation tracker

N G

Muon chambers

Semiconductor tracker
2017 e 2017 i » New IBL detector installed in LS1 (2013-2014)

/ = | . e - » Tracking optimized for high-PU and high-pr environ-

7 = /HI"I/Q ments
— e Better ML algorithms 4 insertable

: 2016 R

\ 3 layers ayer (IBL)

2016~

Large impact on b-tagging performance
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H->bb

Motivation:
* H-> bb has the largest BR (58%) for m;=125 GeV
« Unique final state to measure coupling with down-type
quarks
« Drives the uncertainty of the total Higgs boson width
* Primary decay mode for searches at LEP and Tevatron
—> a long history or searches
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First H>bb searches started at LEP...

Physics Letters B 5635 (2003) 61-75
Search for the Standard Model Higgs boson at LEP

ALEPH Collaboration ' DELPHI Collaboration® L3 Collaboration * OPAL Collaboration *  PHYSICS LETTERS B
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... and continued at Tevatron

PRL 109, 071804 (2012) PHYSICAL REVIEW LETTERS 17 AT 12

[ g‘s
Evidence for a Particle Produced in Association with Weak Bosons and Decaying
to a Bottom-Antibottom Quark Pair in Higgs Boson Searches at the Tevatron

{*CDF Collaboration)
q ("DO Collaboration)
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H->bb search challenge:

Needs: °

Good b-jets identification performance:

70% efficiency with < 1% qg/g mis-identification probability
Best possible resolution on m(bb)
Capability to exploit all possible information from the event to
improve S/B

H(bb) compared with discovery channel

H - 4¢ H - bb

: : H - bb
Branching Ratio 0.03% 58%
mass resolution 1% 10% bkg

| »
>

S/B 2 0.05 125 GeV myp,

Higgs-strahlung - VH (4%) is the most sensitive channel
leptons, E{™ss to trigger and high p; V to suppress backgrounds

Data used Significance Significance Signal strength

expected observed observed

- @CMS-SO far- Run1 2.5 2.1 0.89 044
Evidence established in 2017 n "~ . 07 _0.42
Phys. Lett. B 780 (2018) 501 Run 2 2.8 33 1.19773%
Combined 3.8 3.8 1.06+031
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VH(H->bb): analysis strategy

Analysis strategy:

3 channels with 0, 1, and 2 leptons and 2 b-tagged jets
To target Z(vv)H(bb), W(Iv)H(bb) and Z(Il)H(bb) processes

Signal region designed to increase S/B

Large boost for vector boson
Multivariate analysis exploiting the most discriminating variables (m.,, AR,,;, b-tagging)

Control regions: to validate background samples and control/constrain
background normalization and systematics

signal irreducible backgrounds

/fk @ 4 Z+bb] <

V4
ﬂ”/w 0 Gﬁ : '

y e single t
0-lepton (MET) W-+bb
y 1-lepton [e,] /

N
2-leptons [ee, ] normalization from data, shapes from MC
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Improvement of b-tagging

CMS: better mis-identification
rate and data/MC agreement

with Phase 1 pixel detector and

DeepCSV algorithm
» Efficiency ~70% per fake rate at <
1%

Vs=13 TeV, Phase 1
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Improvement of di-jet mass resolution
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Kinematic fit in 2-lepton channel
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e Final state fully reconstructed
e High resolution on leptons
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Run 1 + Run 2 results (CMS)
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Physics landscape at the end of Run 2

LHC experiments confirm that the SM is robust but it should not be the

ultimate theory of particle physics, because of many questions:
* why is the Higgs boson so light (“naturalness’/fine-tuning/hierarchy
problem) ?
» what is the the nature of the dark part (96% !) of the universe ?
» what is the origin of the matter-antimatter asymmetry ?
* why is gravity so weak ?
» [Is supersymmetry realized in Nature?
* Inflation

No excess in data for direct signs of new physics:
* Supersymmetry
* Long-lived particles
 New heavy resonances
« Dark Matter and its nature

Doing Precision measurements (Couplings, Cross Sections, Width, Differential
Distributions,...) which might be an indirect sign of BSM physics

N. De Filippis June 27, 2019, IPPP-Durham University
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The Big Questions

The four big questions for Higgs physics

+ How well can the Higgs boson couplings to fermions, gauge bosons and to itself be
probed at current and future colliders?

+ How do precision electroweak observables inform us about the Higgs boson
properties and/or BSM physics?

+ What progress is needed in theoretical developments in QCD and EWK to fully
capitalize on the experimental data?

+ What is the best path towards measuring the Higgs potential?

The four big questions for BSM (@colliders):
+ To what extent can we tell whether the Higgs is fundamental or composite?
+ Are there new interactions or new particles around or above the electroweak scale?

+ What cases of thermal relic WIMPs are still unprobed and can be fully covered by
future collider searches?

+ To what extent can current or future accelerators probe feebly interacting sectors?

N. De Filippis June 27, 2019, IPPP-Durham University 17



LHC and HL-LHC schedule

LHC

£ EYETS
13-14 TeV -

2017 2018

Nominal scenario: £ =5x103* cm1s!
for 3000/fb; Pile-up = 140

Ultimate Scenario: £ =7.5x103*cm1s?
for 4000/fb; Pile-up = 200
=25% increase in integrated lum.
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CMS Phase 2 upgrade

New Tracker

« Radiation tolerant - high granularity - less
material

» Tracks in hardware trigger (L1)

« Coverageupton-~4

Barrel ECAL
* Replace FE electronics
» Cool detector/APDs

Barrel HCAL
* Replace HPD by SiPM

* Replace inner layers scint. tiles?

Trigger/DAQ

« L1 (hardware) with tracks
and rate up ~ 750 kHz

L1 Latency 12.5 ys

 HLT output rate 7.5 kHz

« New DAQ hardware

Other R&D
« Fast-timing for in-time pileup suppression

Muons

Replace DT FE electronics

Complete RPC coverage in forward

. region (new GEM/RPC technology)
X Investigate Muon-taggingupton ~ 3

CSC replace FE-Elec. for inner rings

(ME 2/1, 3/1, 4/1)

—

New Endcap

Calorimeters

,, » Radiation tolerant
| + High granularity

* Timing resolution ~ 10 ps

» Space resolution ~ 10’s of ym
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ATLAS Phase 2 upgrade

New silicon Inner Tracker (ITk)
Optional:
High Granularity Timing Detector (HGTD)

LAr/Tile (Hadronic cal.)
front end electronics

New muon chambers and front
end readout electronics

DAQ off detector electronics:

L0 hardware triggers will provide
trigger decisions within a latency of
10 ps.
©  Based on muon and
calorimeter data + their
combinations in the
topological processors.

The L1Track trigger processes LO
Rols to search for ITk tracks with
high transverse momentum.

The L1Global uses full-granularity
calorimeter information and
improved granularity for the entire
detector.

Itk: All-silicon tracker which provides coverage for tracking for up to |n| < 4.0.
Optional: A new High Granularity Timing Detector (HGTD) instrumenting

the gap region between the two LAr cryostats

Muon: new RPCs and sTGCs which are able to cope with the high rate trigger

N. De Filippis June 27, 2019, IPPP-Durham University
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Detector performance for Phase 2 upgrade

Detector performance
after Phase-2 upgrades:

Effective pileup mitigation

Overall performance similar
or better than during Run 2

Extended capabilities with
new algorithms

| Pile=-up suppression
CMS simulation preliminary 13 TeV
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Strategy for Higgs physics @ HL-LHC

Phase Il Detector Upgrades:

* Radiation hardness

« Mitigate physics impact of high pileup

« > Object reconstruction efficiencies, resolutions and fake rates are
assumed to be similar in the Run-2 and HL-LHC environments

nggs@HL -LHC.:
Precision Measurements (Couplings, Cross Sections, Width,
Differential Distributions,...) = looking for deviations from the SM
« BSM Higgs direct searches: extra scalars, BSM Higgs resonances,
exotic decays, anomalous couplings
« VBS scattering
 Rare decays and couplings
« Di-Higgs production =» Higgs self coupling

h - tb ho

h v} fh
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Analysis approaches for HL-LHC

* Method 1: Full simulation (CMS): use of the most advanced geometry, algorithms
and tuning, PU simulation

« Method 2: Full analysis with parameterized detector performance (CMS): use
DELPHES with up-to-date phase-2 detector performance (tracking, vertexing,
timing, dedicated PUPPI jet algorithms, increased acceptance, performance of new
detectors)

« Method 3: truth + smearing (ATLAS): truth-level events overlaid with jets (full
sim) from pileup library, reconstruct particles (electrons, muons, jets, MET) from MC
truth+overlay and smear their energy and p; using appropriate smearing functions

» Cross checked with some of the ‘real’ data analyses

 Method 4: projections (mostly CMS and LHCDb)
» Existing signal and background samples (simulated at 13 TeV) scaled to higher
lumi and Vs luminosity and 14 TeV. Analysis steps (cuts) from present analyses
« 2 scenarios for uncertainties:
Scenario 1: all systematic uncertainties are kept unchanged with respect to those in
current data analyses + PU/detector upgrades (S1+)
« Scenario 2: the theoretical uncertainties are scaled by a factor of 1/2, while other

systematical uncertainties are scaled by 1/7/L + PU/detector upgrades (S2+)
N. De Filippis June 27, 2019, IPPP-Durham University 23



Modeling the projections for HL-LHC

Experimental uncertainties:
 Estimates of ultimately achievable accuracy based on the upgraded Phase-2

detectors studies (TDRs).
» Assumption that sufficiently large simulation samples will be available

Table 1: The sources of systematic uncertainty for which minimum values are applied in S2.

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 pr and 7 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
light mis-tag (syst.) Varies with pr and 7 Same as Run 2
b-/c-jets (stat.) Varies with pt and 7 No limit
light mis-tag (stat.) Varies with pr and 7 No limit
Integrated lumi. 2.5% 1%

Theoretical uncertainties:

* Build upon existing/recent TH progress/studies

« Assume a scaling down by a constant factor

e QCD calculations (1/2), understanding of PDFs (1/3), top pT (1/2), etc.
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H->vy

Projections for: two isolated photon candidates passing good quality
* H>yy(ggH, VBF, VH, ttH)  requirements in the precision regions of the detectors

The main systematic uncertainties affecting the results are the background modeling
uncertainty, missing higher order uncertainties causing event migrations between the

bins, photon isolation efficiencies and jet uncertainties

3000 b (13 TeV)

T I I T T T T T I T T T T T T T T T T T
ATLAS Preliminary ' " Wi Run 2 syst. uncert. (51
Projection from Run 2 data CMS w/ YR18 5351 uncert. ((82))
= 3 Projection
Vs =14 TeV, 3000 fb Total Stat Syst w/ Stat. uncert. only
Hoyy. ly <25 | Ty
ggF+bbH H—e— 1.00£0.04 (£0.02,%003 ) OggH 0.02 (Stat); 0.08 (S2); 0.04 (S1)
VBF H . H 100 550 (£004,£008) Over [ ! 0.05 (Stat); 0.13 (S2); 0.2 (S1)
, e — | . N +005 oY "
VH ' & | 100+£009 (£008, " ) WH 0.14 (Stat); 0.14 (S2); 0.14 (S1)
e w +008 oo :
top - | — 100 47 (005,006 ) ZH 0.23 (Stat); 0.23 (S2); 0.24 (S1)
le4Total | - Stat E| Syst | SM vy
AR S TR T N T R TN M N TN S N M NN T M s il 111 GHH emm— |
0.8 09 1 1.1 1 2 1 3 1.4 0.08 (Stat; 0.08 (52): 009 (51
(cxB)/(cxB) 0 01 02 03 04 05 06
SM Expected uncertainty

Achievable precision @3000 fb-': less than 10 % (VH dominated by stat uncert.)
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H->ZZ->4l

Projections for: at least two same-flavor opposite-sign di-lepton
« H>ZZ->4l (ggH, VBF, VH, ttH)  pairs, chosen from isolated e and u candidates

passing good quality requirements in acceptance
BOOOfb (13 TeV)

T T T T T T T | T T T T T T T T T | T T T T
ATLAS Preliminary CMS w/ Flun25yst uncert (1)
Projection from Run 21data b — W/ YR18 syst. uncert. (S2)
Vs =14 TeV, 3000 fb" Total Stat Syst Projection ——— w/ Stat. uncert. only
H— Z7* |¥||<25 I
77
O HH
ggF = 100+0.04 (£002,+004 ) ggH 0.02 (Stat); 0.03 (S2); 0.04 (S1)
+0.10 oL |—
VBF = 1.00+0.12 ( g 2007 ) VBF 0.12 (Stat); 0.13 (S2); 0.15 (S1)
| —— . +019 , +018  +007 oL H
VH ' = ' 100 “o1s ( “047 " —006 ) WH 0.47 (Stat); 0.48 (S2); 0.48 (S1)
- L o1 | 1.00 +023 +022 +006 GZZ ——
ttH ' I|—' | 00 "% U oon " oos ! ZH 0.76 (Stat): 0.78 (S2): 0.82 (S1)
I—O-ITotaI - | Stat Syst SM
[ T TS R N S SR N B t? |:| || L1 G%E — . )
06 08 1 1 2 1 4 1 6 18 | | 0A24(Sllat),0_24 (sz)l,o_zs(sn
(6 xB) /(o xB) 0 0.2 0.4 0.6 08 1
SM Expected uncertainty

Dominant systematic uncertainties:

« for ggH: on the lepton reconstruction and identification efficiencies, and
pile-up modelling uncertainties.

« for VBF and VH: on the jet energy scale and resolution, and by the
missing higher order uncertainties + the parton shower modelling for ttH.



H->WW-2|2v

Projections for:

events that contain two opposite-charged isolated

- H>WW->212v (ggH, VBF, VH) leptons passing good quality requirements in the

precision region of the detectors and missing
transverse momentum

-1
llllllllllllllllllllllll||||Illllllllllllllllll T T .SOOOfb.(13TeV)
ATLAS Preliminary CMS w/ Run 2 syst. uncert. (S1)
Projection from Run 2 data ; . w/ YR18 syst. uncert. (S2)
fs= 14 ToV. 3000 &' Total  Stat. Syst. Projection ___ ystat. uncert. only
_)
WW
(8 ——
ggF = 1.00 fgﬁ (+£001,+004) ggH 0.01 (Stat): 0.03 (S2): 0.04 (S1)
GWW e
VBF 0.06 (Stat); 0.07 (S2); 0.08 (51)
VBF : | 100 *0%0 (003, *200)
: : GWw e
WH LI | 1 i )
013 (Stat); 0.14 (S2); 0.16 (51)
FedTotal | | stat [ Syst | sm
WW
O }-
OéllblﬁllbléllblélllllIII1|1IIII1|2I||I1|3IIIi|4IIII1|5IIII16 ZH 017(Stat];018{82)|019(s1)
(cxB)/(ocxB) 0 005 01 015 02 025 03
SM Expected uncertainty

The measurement of the ggH cross section by branching fraction is dominated

by theoretical PDF uncertainty, followed by experimental uncertainties affecting the
signal acceptance, including uncertainties on the jet energy scale and flavour
composition, and lepton mis-identification.



H->tt

Projections for: Three subs-channels (T, Tieps TiepThag AN ThadThag) are defined
« H->tt(ggH, VBF) Dby requirements on the number of hadronically decaying t-
leptons candidates and leptons (electrons or muons)

3000 b (13 TeV)
IIIIIIII.I_IIIIIII|IIII|IIII|IIIIIIIII|IIII|IIII .............................
ATLAS Preliminary CMS —— w/ Run 2 syst. uncert. (S1)
Projection from Run 2 data e —— w/ YR18 syst. uncert. (S2)
Vs=14TeV, 3000 fb™ Total  Stat. Syst Projection  _ st uncert onyy
H—1r
B 0 reom 33
TT
Oggh [—+—+
0.03 (Stat); 0.05 (S2); 0.06 (S1)
VBF L 1.00+0.08 (+0.03,+0.07 )
le Total | - | Stat |:|Syst | SM G‘\?BF —-
IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII Om(smi)'o'm(sz}’OOE(SfJ
06 0.7 08 09 1 11 12 13 14 15 16 |
(cxB)/(cxB) 0 005 01 015 02 025 03
SM Expected uncertainty

The dominant contributions to the systematic uncertainty come from:

» the experimental and background modeling errors

« the uncertainties on jet calibration and resolution, on the reconstruction of the Emiss
» the determination of the background normalization from signal and control region
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H->bb

Projections for: » Leptonic decays of the vector boson for
 VH, H>Dbb and boosted H->bb triggering and to reduce the multi-jet
background

- Final states: two b-jets and either zero, one or
two electrons or muons.

3000 b (13 TeV)
AL B LI N L L IR
—— w/ Run 2 syst. uncert. (S1)
CMS _w[YR‘]asyst_ uncert (82) T T T I T T T |-I I'I T I LI T | T II_I I T T | T T I T I-I‘I
Projection — wi/Stat. uncert only ATLASPreliminary vH, H—bb s=14 TeV, 3000 fb
Projection from Run 2 data
— — (Tot.) ( Stat., Syst.)
0 lept. — 0.05 (Stat); 0.06 (S2); 0.07 (S1) Total Stat. y
‘ +0.10  ,+0.04 +0.10
WH Fed 1.00 -0.10 (—0.04 » —0.09 )
1 lept. — | 0.05 (Stat); 0.09 (S2); 0.16 (S1)
) ‘ +0.12 4009 +0.08
4> ZH e 1.00 -0.12 (-0_09 1 —0.08 )
2 lept. —+H 0.08 (Stat); 0.09 (82); 0.10 (S1)
gg— ZH M +0.43 4033 +028
Combined—+—+ 0.03 (Stat): 0.05 (S2); 0.07 (1) = = 1.00 -0.43 (2335 2029 )
1 1 1 1 I 1 11 1 1 1 1 1 I 11 1 1 l 11 1 1 I 1 1 11 l 11 1 1 I 1 1 11
PR S T AN S RN TR SR NN T ST SR S T SR SO T T S S S S
0 0 02 03 02 0.5 0 0.5 1 1.5 2 2.9 3 3.9 4

Expected uncertainty Best fit o/ogy

The largest component of the systematic uncertainty is theoretical. This arises from the
uncertainty in the gluon-induced ZH (gg—>ZH) production cross section due to QCD

scale variations



Rare decays: H>uu

« Signature: 2 OS isolated muons, resonant peak

at the Higgs mass Experiment ATLAS
« BR(H—pu)=0.022. Only visible at HL-LHC Process Combination
 di-muon invariant mass width is .reduced inorder  g..hario T
to match the expected increase in performances _ L15%  413%
: : Total uncertainty 4% _13%
due to the upgrade in the tracking system 6 g
14 TeV. 200 PU Statistical uncert. jg% ﬂﬁfﬁﬁ
0 0_050 - 1 I I I I I I 1 I I I I . T I - +3(}{ +'2(}1
) - . . - - /0 /0
< 0.045F CMS Phase-2 Simulation E Experimental uncert. | “30, 50
0.040 £~ bamel-barrel category | | Houyw, Prase2 = Theory uncer. f?g‘ fi;’?
—  mass resolution: 0.65% = =7 =
0.035 T CoussFil.Phase2 =
= — - Gauss Fit, Run-1 3
0.030 = = Experiment CMS
0.025 —
0.020 = E Process Combination
0.015 E_ n _§ Scenario Sl S2
0.010 = Total uncertaint 13% 10%
E y
0.005 ¢ \ E Statistical uncert. 9% 9%
0.00Q formtss ' R .
10 120 130 Experimental uncert. | 8% 2%
: : Theory uncer. 5% 3%
CMS detector will be able to reach in the best category Y ’ ’

a di-muon mass resolution down to 0.65%
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Higgs boson cross section

Projections for:
« H>ZZ->4l (ggH, VBF, VH, ttH)
« H>WW->212v (ggH, VBF, VH)
 H->vyy (ggH, VBF, VH, ttH)
« H->7t (ggH, VBF)
« VH, H>bb and boosted H>bb
* H->uu (ggH and VBF)
« ttH, H->leptons, H>bb

+ studies about tH

Systematic uncertainties will
dominate, in particular theoretical
uncertainties on signal and
background are the main
component for S2 scenario

N. De Filippis

3000 fb*
ATLAS and cMS [l st + Exp.
HL-LHC Projection + Theory
- Bees  Poms
OggH
7z
Oggh
WW
OggH
1T
GQQH
bb
OggH
i
GQQH
7y
Oggn . : , ,
0 0i_ 02 03 04 _ 05
Expected relative uncertainty
3000 fb"!
ATLAS and cMs [l st - Exp.
HL-LHC Projsction + Theory
Paras  Pous
0 04 06 0.8

0.2
Expected relative uncertainty

June 27, 2019, IPPP-Durham University

V= =14 TeV. 3000 fb "’ per expariment

[ Total

ATLAS and CMS
— Statistical HL-LHC Projection
—— Experimental
—— Theory
Uncartainty [3]
Tot Stat Exp Th
N =F
GggH _,_] 25 13 1.7 11
G‘%H E] 25 16 16 12
WW =
GggH —-:,] 25 11 11 18
TT —
Ogar == || 45 23 26 28
b
OggH = | 101145 1.8 123
i
USQH =N | 11110716 23
OZY T | 24422035 101
ggH 1 1 1
0 0.1 0.2 03
Expected relative uncertainty
1= = 14 TeV, 3000 fb' per experiment
[ Total ATLAS and CMS
SE;’""S‘."’” | HLLHC Projection
—— Experime Uncartainty %]
—— Theory
Tot Stat Exp Th
o= a5 50 50
Ouer — ‘ 78355
77
Over = | 05 74 20 52
Over —-:] 55 33 18 40
GC'T'BF o 39 32 14 18
i
Gu\i"BF 307278 82 102
GVZTBF 12440 *? =0
0 0.1 0.2 0.3 0.4 05 0.6
Expected relative uncertainty



Higgs boson cross section

—— 3000 fb’ Vs = 14 TeV, 3000 fb™" per experiment
ATLAS andCMs [l it + o [ Total ATLAS and CMS
—— Statistical N
- fecti HL-LHC Project
HL-LHC Projection + Theory Experimentsl rofection
. ATLAS .CMS —— Theory Uncertainty [%:]

Tot Stat Exp Th

O

ggH 1.6 07 08 12

1L

GVBF GVBF e 3118 13 21

g
-

Owh - Owh : 57 33 24 40
-

GZH Oy — 42 26 13 31
oy Ouy —— 43 13 18 37
PRI BT RS S S TR RS R |
0. 0 2 0. 3 0 4 05 0 002 004 006 008 01 012 014
Expected relative uncertainty Expected relative uncertainty
ATLAS CMS
3000 fb~ ! uncertainty [%] 3000 fb~! uncertainty [%]
Total Stat Exp SigTh BkgTh Total Stat Exp SigTh BkgTh
N ST 35 08 21 21 1.6 U ST 24 08 12 16 0.9
ssH 9 24 08 17 12 1.0 ssH g2 17 08 09 09 0.6
St 55 20 27 37 2.1 ST 41 26 21 20 1.3
OVBF o) 42 20 23 22 17 OVBF s 35 26 16 18 03
SI 93 40 40 51 5.4 St 81 46 52 26 33
OWH & 77 40 34 33 45 TWH s 64 46 32 15 27
. SI 62 34 24 34 3.0 . St 67 39 21 43 25
ZH g2 48 34 18 20 2.1 ZH g 54 39 17 24 2.3
St 67 19 31 37 43 St 58 18 31 19 4.1

N. De Filippis el g 53 19 28 24 33 el g 46 18 24 11 3.4




Higgs boson branching ratios

3000 fb™

ATLAS and CMS Ml stat. + Exp.
HL-LHC Projection + Theory

Pamas Powms

005 01 015 02 02
Expected relative uncertainty

For the combined ATLAS-CMS extrapolation
 uncertainty range from 2 to 4%, with the exception of that on B(uu) at 8% and

on B(Zy) at 19%.

N. De Filippis

{s =14 TeV, 3000 fo™ per experiment

[ ] Total

ATLAS and CMS
—_ Statlst_lcal HI-LHC Proiecti
—— Expenmental
—— The
oy Uncertainty [%]
; ; Tot Stat Exp Th
— | 26 10 15 19
— | 29 12 15 22
= | 28 11 12 23
=" | 29 14 13 22
—'__i. 44 15 13 40
— ' 82 74 15 30
19.1143 32 122
o 005 01 015 02 025

Expected relative uncertainty
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Higgs couplings formalism
LHC Higgs Xsection WG - arXiv:1307.1347v2

» Single resonance with mass of 125 GeV. Pwwor 2
‘SM
IWW(*)
» Zero-width approximation | p—— ,
™M T ¥
, oi-I'f 77(*)
I’y P})E - K2
> the tensor structure of the lagr. is the SM one - observed 0*| T}V "
. , . Lot 2
» coupling scale factors K; are defined in such a way that: M T
T 7T

» the cross sections o, and the partial decay widths T
scale with K% compared to the SM prediction

» deviations of K; from unity = new physics BSM

» Results from fits to the data using the profile likelihood ratio with k;
couplings
» as parameters of interest or as nuisance parameters
N. De Filippis June 27, 2019, IPPP-Durham University 34



Higgs couplings formalism

arXiv:1307.1347v2
Production modes Detectable decay modes Currently undetectable decay modes
OgeH _ { Kg(Kb,Kt,m}[) F\,\r“!(') KQ E _ KQ
SM S™M w M - %
Uggl] Kg I‘\SI{\,{W(-) I\ft\{
(o) .
Uzﬁf = ogpr(ew,xz,mu)  Lggo Doy
oy, o3y
OWH K%v Y/AS I
o FLF - 2 ITSC_% = &
028 _ 2 sy b .
9 ™ — %
OiiH . K2 M = K s
a.fthrlll - t L ru wt _ o
Ty ®2 (ks &y, Koy Ky, M) SM | “
TN " K} .
ﬁ K(zz-{} (Kh’KL)KuKW7mH) Total width 2
Production Decay - .
a. H K br w2z Ty=Zgy Ty (+ Tgsm)
. Kwz b, Kwz
------- -H > wz < M —— W,
q / ’ (j.‘w'.z b,‘[ “ I W.Z
W,Z2 a9 ] ! . -y, Z - Contributions from new
e SKyz Ky Wbt~ .
et S H H « Wbt physics through INggy
q r q g ~2000000/ t  Naaww and loop processes



Higgs boson couplings

» Results for couplings in k-framework
« Six coupling modifiers corresponding to the tree-level Higgs boson couplings are
defined: K, Ky, K, K,;» Ky Kz (+ Kg: Ky KZV)

— 3000 . 15=14TeV. 3000 " per experiment

ATLAS and CMS [l stat + Exp. ] Total ATLAS and CMS
HL-LHC Projection + Theory — g:)tzti]r(:zlntal HL-LHC Projection

Bouss  lows e Tot St Exp h
Ky Ky = | 1.8 08 10 13
Kw Ky =— 1.7 08 07 1.3
K5 K; = 15 07 06 12
Kqg Kg =-'_,, 25 09 08 21
Ky K; B 3.4 09 11 341
Ky Kp i,_. 37 13 13 32
K; K; = I 1.9 09 08 15
Ky Ky =— 1 43 38 10 17
KZT KZY — | |9.8 72 17 64

0 002 004 006 008 01 012 0 002 004 006 008 01 012 014

Expected relative uncertainty Expected uncertainty

Uncertainties on the k's 2-5%, apart from Zy
Mostly limited by theoretical uncertainties



Anomalous HVV interactions

Performance to be estimated using the H— 4£ analysis @13 TeV.
SM

leading momentum expansiin higher order cp-even  cp-odd

VV .2 VvV .2 Vv 2
K1y +R3as Ky (0 ga) 2 (1) pe(2), i I\ po(1) Fe(2),pu
O T Gy | Ch Rl ) ol

A vy 1
()

= Parameterisation of
decay amplitude: A=

1

Powerful constraints on anomalous couplings:
- Exploiting information from:

3000 ' (13 TeV)
T TT | TTTT

S
3

7||||||\\|‘\\\\‘\\\\
 CMS Projection

L — On-shell + off-shell (I, =T"5")

* H decay (on-shell)

r — Only on-shell

* H on-shell production

w/ Run 2 syst. uncert.
95% CL

* H off-shell production:

- Sensitivity driven by o N

on-shell production-level info. E
@ Standard Model |
Some model dependance from St
assumption on HWW/HZZ ~Sgu senswe
re Iation - To— 7355: gt-superimposedE

Sy T — °7'2"'!1'_15"L‘{"4‘)‘_5”‘o“'b_‘s'"j"'%_'é'”z'

lg,l/g, fa3 cOS(9,,) X 10
Parameter Information from 95% CL interval .
fa3 £120- 104 ' | Constraints on fractional
fa3 decay & production +1.8 . 104 LCP-odd presence <1.6-10-4

faz decay & production & off-shell *1.6- 104
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Differential Higgs cross sections

Combined differential cross

sections using:

* Hoyy, H-ZZ—-4l

* Plus boosted H—bb in the
high p;" tail

Looking at distortions of differential
distributions

With respect to the uncertainties at
the current integrated luminosity
the uncertainties at 3000 fb-":

* in the higher p;" region are
about a factor of ten smaller
(statistically dominated)

* in the lower p;" region the
reduced systematic
uncertainties in S2 yield a
reduction in the total uncertainty
of up to 25% compared to S1
(no statistically dominated)

CMS Projection 3000 fb™' (13 TeV)

9 10 Ew/ YR18 syst. uncert. (S2)
) - Ao(p: > 600) / 250
(2 TEsev nevsy Aa(p:'>200) /120
o] - e Voiienn .
o - Ao(p!! > 600) / 250
N 10—1 - A®
T S | Combinaton | I
o) i ombination
% 102§ H-bb e
I R
S T 7 A
1074 = aMC@NLO, NNLOPS
" oy, from CYRM-2017-002 b
10_5—0—III|IIII|IIII|IIII| IIIIIIIIIIIIIIII |IIII
& 1.5F
-"§ L
S i
g 1 18y ied --M---i-@i-----M---?-M-----@5-----%{%--% 4
[e) i
% 05__| |||||||||||||||||||||||||||||||||||
o 0 15 30 45 80 120 200 350 600 <

pt (GeV)
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THE HIGGS POTENTIAL

After spontaneous symmetry breaking:

A
ARGT? + 1774 + Ahgn®

m3 = 2\h? h h, H
X4
$~"l -h N "
l' ‘s ~‘
L4 . Qb
h h

The strength of the triple and quartic couplings is fully
fixed by the potential shape.

 itis the last missing ingredient of the SM, like the
Why iS |t Higgs boson was the last missing particle, we need
to prove that things really behave like we expected
relevant?

* It has implications on the stability of the Vacuum

it could make the Higgs boson a good inflation field
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Double Higgs production

Main probe for frilinear Higgs coupling Auun. Diagrams interfere destructively in SM

Yt
g r \_)’\' W H o d 5“"’51:1‘ “TH gt = 33.49+434 (scale) + 2.1 (PDF) + 2.3 (as) fb
q “vo H oo - H g Tooo ‘(t_ -H [13 TeV, NNLO + NNLL with top mass effects, HXSWG, arXiv:1610.07922]
;7}’.} Y
sensitive to possible BSM contributions &;!,~ ----- <. D'
3> RS RSN I T10
A large maitrix of final states
;
BR HH—xxyy !10_.
(mn = 125 GeV) :
_ o2 bbb largest statfistics
— 1079 .
> .:_: =" bb(yy.rt) good compromise
~ . betweenstatistics and $/8

" Not enough data in Run 2 to
- approach the SM sensitivity
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Prospects for HH measurements

Search of Higgs boson pair (HH) production and the measurement of the Higgs
boson self-coupling (Ayun)

Decay channels: HH-> bbbb, bbzz, bbWW(-=>Ilvv), bbyy (most sensitive), bbZZ(—>4l)

Events/(1 GeV)

CMS Projection

3000 fb' (14 TeV

~—

B T | L | T
- pp—HH-yybb

50 :— High-mass region
- High-purity category
40
30
20f }
10f- {

T | T T I T | T T T T | T T T I | T
+ Pseudo-data

....... Nonresonant background

m—— FUll background

= Signal + Full background

|

II|IIIlIIIII|IIII|IIII

—
[l

B

| | | | | |
905 110 115

120 125

130 135 140 145
m,, [GeV]

Significance 95% CL limit on o/ 0Py

Channel Stat. + syst. Stat. only Stat. + syst.  Stat. only
bbbb 0.95 1.2 2.1 1.6
bbtt 1.4 1.6 1.4 1.3
bbWW(fvév) 056 0.59 3.5 33
bbyy 1.8 18 1.1 11
bbZZ (£62¢) 0.37 0.37 6.6 6.5
Combination (26 ) 28 (077 ) 0.71

0 CMS Phase-2 3000 fb' (14 TeV)
g - Simulation Preliminary Assumes SM HH signal
- - (. —_ — [
3 L L] e
& el 1l || -bbr l

Lt —-bBvvviy) |
Lo |'+ ~— bilyy (R

F© 4 || bbzz*4l) |, /
°F # l L =e= Combination [ /.,’

- » .I '1
o f
4:—____3,____&_1_‘ _________ oot | ||| 95%

ST S / f
3__ Q ' . \ ’ “

2 h\‘ 4

- . . i »

- D d sy _ L ] 68%
- 8 - P i PR e S
GE | | T“h I a4 .f

Measurement of the k, =\, /ASM

HHH

in the range [0.4, 1.9] at the 68% CL

>-Durham University

41



HH: CMS and ATLAS combined

Statistical-only Statistical + Systematic

ATLAS CMS ATLAS CMS
HH — bl_)bb 1.4 1.2 0.61 0.95
HH — bbrT 2.5 1.6 2.1 1.4
HH — bé’}-”j«‘ 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
_ SM
Kr = A_—HHH //\-1_[_]_11_]-
ATLAS and CMS HL-LHC prospects 3 ab-1 (14 TeV) 47;‘-5.3.3'“‘.’ ,C.""ls. _ 3000 fio” (14 TeV) .
~l2— - — HL-LHC is
% i SM HH significance: 4o — Combination bbyy Lo et AT&OSSPGC s
Jof 0.1 < K2 < 2.3 [95% CL] i . M on
D 0.5 < 12 < 1.5 [68% CL] -~ bbyy bbrtt HER— — Stat. uncertainty
[ 5 |
994%cL 8 i\ N bbre e B — *
62 ---- bbbb = | E——
bbZZ*@4)  bBVV(vlv)| e —
9%CL o\ et ] -~ bBVV(lvhv) a , | .
: bbZZ(4l) - : =
2__ H | -
68%CL [ n_SN_S\__ S ] combined T
|||||||||T1-u | IJJ4TIIIIIIIIIIIIIIIIIIJJJJJJJJ!I I lllllfl l IIJI I 4
570 1 2 3 4 5 6 7 8 2 0 2 8 10 12 14
KA K)\
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Differential XS and limits on self coupling

(fb/GeV)
_o:o

H
T

dolt*H x BR(H—YY) /dp
2

w0

N.

At NLO Higgs boson production modes

include contributions involving the trilinear

Higgs coupling = ttH most sensitive
Focus on ttH, H=>yy using Delphes

simulation

At 95% CL: -4.1<kx<14.1 = complementary
to the stronger constraints from direct di-

Higgs production

CMS Phase-2 Simulation Preliminary

3ab™ (14 TeV)

------------

—8—— Stat + exp. syst. + ggH+VH theo. uncert.
Hadronic categories only
Leptonic categories only
Expectation ¥,
Expectation «,
ttH+tH theo. uncert.

- IYh<25
L Hopye p: =20 GsV, Il <25
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=10
=-5
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Constraints on the trilinear coupling

N. De Filippis

Ka
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Limits on the Higgs width

=

Y
L]

Coniparisnn of on- and off-shell rates in H=>Z/7-4l can constrain the Higgs boson width.
Current constraint: <14 4 MeV (ATLAS), '<9.2 MeV (CMS)

CMS projection: 4.1 ", MeV, ATLAS projection: 4.1 "% MeV

« ATLAS projection based on Run | analysis, used large theoretical uncertainties that have
been reduced in the meantime
Assuming ATLAS analysis would have same sensitivity as CMS analysis at HL-LHC, combined
. ] +.7
constraint on the width 4.1 08 MeV

3000 fb" (13 TeV)

3.5_171 ] TT11 7 1 I LI I LINLILI I LI I 1 LI I"' LI l LI J— rT i [ LR | LR | I I I I LR l—
- Ldt = 3000 15" {5=14 TeV | . . CMS Projection |
o — Mo eystamatics i — 7l
3r — Mo syetemtios 3 S W/ YR18 syst. uncert. (f =0) ]
- Normsshape sysismalics a .
o5 | o w/ Run 2 syst. uncert. (fai=0) ]
o : .~ w/ Stat. uncert. only (f =0) 4
of - 10% -
i i O
1.5 ]
- \ . _ o %weL S
0.5 arLaAs . I ]
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Higgs to Invisible decays

Current observed (expected) limits on
Binv at 995% CL:

»  ATLAS: <26% (17%)

3000 fb™" (14 TeV)

400

« CMS: <22% (17%) ~ 20T e
QE ~ CMS Phase-2
(% 1 8 — Simulation Preliminary
VBF production mode dominates RS 16:— = Median exp. vs E™*
sensitivity = HL-LHC sensitivity studied ’g " [ 68% exp. '
using Delphes simulation T 14F [ 95% exp.
:1E - 4 Median exp. smeared E:“ss
& 12
With optimised selection: Binv<3.8% at X 103_
95% CL with 3000 fb-1 at HL-LHC o} -
& 8
Degradation of Ermissresolution doesnot £ 6 7
iImpact the sensitivity significantly 5 4 B
o .
I . 0 2 =
Combining with previous ATLAS CID ]
projection of VH channel, and assuming o Ol
both experiments would perform equally % 150 200 250 300 mi§s5o
well in both channels: Binv<2.5% at 95% Minimum threshold on E;™ (GeV)
CL
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What has been the focus now?

FUTURE HIGGS PLANS WITH NEW L1
TRIGGER DESIGN FOR PHASE 2

N. De Filippis June 27, 2019, IPPP-Durham University
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HIG-related plans for L1 Trigger TDR

General goal:

Evaluate the impact of Phase-2 L1 Trigger on benchmark physics analyses -
Phase-2 L1 Trigger TDR

Phase-2 L1 Trigger Menu & seeds:
Some recent progress/developments by L1 trigger team

Displaced muons seeds - check if sustainable
 double muon path with displaced muons algos (h—ypyp— HuXX)

Extended n Seeds - check rates
« standard double Muon(Electron) paths up to n 2.8(3) (HWW,HZZ)
« HT+QuadJets with extended jets up to 3.5 (HH,bbbb)

New cross triggers to lower thresholds
- MET+VBF (VBF H—invisible)
« HT+QuadJet+softMu-within-jet (HH,bbbb)
e T+m+m, t+v+m, t+r+softMu-within-jet (h—aa—bbTT, HuTT)
» VBF+softMu-within-jet (VBF h—aa—bbbb)
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VBF H->invisible

Some analysis details:

HE/HL-LHC YR analysis: FTR-18-016

« Current VBF H->invisible analysis relies on pure MET triggers.
 For 2017-2018 data: VBF L1 trigger in menu - still to

be integrated into the analysis—> gain in signal efficiency
in a complementary low MET - high M; phase-space

Plans for the future:
 Investigating a 2@ complementary VBF-based trigger:

%)

minimum one pair of jets

with pT > 110, 35 GeV, Mjj > 650 GeV.

at HLT: MET> 110 GeV

Additional criteria to loosen the jet p;thresholds:
* min(A¢(jets,MET)): to reject QCD multi-jets

Ad(jj): background rejection sensitive to HIG CP nature.

* loose MET criteria.

Depends on:
« PU-resilience of jets and MET at L1.

95% CL upper limit on ¢ x B(H— inv)/o

< 18 simutation Prefiminary
’ 16 - = Median exp. vs E:iss
14F [ 95% exp.
12
10

3000 fb™" (14 TeV)
T T ‘ T T T T T T T T ‘ T T T

r T ‘ T T T T ‘ T T
r CMS Phase-2

L [ 68% exp.

s+ Median exp. smeared ET'"iss

o N A OO

L Il ‘ Il Il Il Il ‘ Il Il Il Il ‘ Il Il Il Il ‘ Il Il Il Il ‘ Il Il Il Il
150 200 250 300 350 400
Minimum threshold on ET** (GeV)

« Feasibility of implementing corresponding algorithms in firmware
— need L1 experts for a VBF jet+MET trigger with jets p;, M; and (jets,MET) criteria.
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HH->bbbb

Some analysis details: HE/HL-LHC YR analysis: FTR-18-019
Gluon fusion production gg >HH

g _-H g ~F---H Channel B [%)]
:ﬂ> H S~ ‘T bbbb 33.6
g S H g —---H

014Tev2[ff]/: l;lb)\T/JW(h fv) Z;

+ . Oo ’ ] .
36.6977 4o, (scale) £ 3.1%(PDF) + 2.1.%(045.) + 2.1%(top) | bb7y 026
HH->bbbb to measure/constraint Higgs self couplings A;: bbzz(¢¢e¢)  0.015

“Resolved” topology:
» four jets from reconstructed separately, CMS Phase-2 3000 fb™' (14 TeV)
« usage of BDT explored to efficiently discriminate the

signal from overwhelming multi-jet QCD background.

30 Simulation Preliminary

5| HH — bbbb

Studies performed for the HL/HE YR showed the
importance of low jet thresholds to ensure enough
signal acceptance (and then the significance)

15~

10~

Plans for the future:

Loss in signal significance [%]
T

« Study the impact of lowered threshold and of the 5
jet n extension on the sensitivity AT
 Study effect of pr-asymmetric & jet+HT triggers T 0 % 60 e T e 80
+ like : pr>90,70,40,40 GeV + H; > 350 Gev inimem jet pr threshold [GeV]
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ggF H>¢¢—> bbbb (displaced jets)

] ] HE/HL-LHC YR analysis: FTR-18-018
Some analysis details:

Consider scalar ¢ with a macroscopic decay length (1-50mm) - displaced jets

The team already investigated the capabilities of L1 track finding to increase the L1

trigger efficiency for such signals via:

» a jet clustering algorithm that uses the L1 tracks with a primary vertex constraint

« extension of the L1 track finder to off-pointing tracks (Kinks), and develop a jet
lifetime tag for tracks with |n| < 1.0.

5 CMS phase-2 Simulation Preliminary  PU 200 (14 TeV)
F T ;: LI 1T T 1 1T T 1 ‘ 1T T 1 ‘ 1T T 1

I \ \

CA—— H, Prompt Tracks

Plans for the future: B

« Expanding the off-pointing track finding at L1 to the g [
full acceptance of the outer tracker |

« Matching track jets with high transverse momentum -
(pr) deposits in ECAL,; and finding new ways to
evaluate track quality to suppress “fake” tracks

:1.__ —— H; Extended Displaced Tracks :

‘500‘ — ‘GOC
H, [GeV]

400

1 I Lt
0 100 200 300
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H—>aa—> bbrr, putt

HE/HL-LHC YR analysis: FTR-18-035

Some analysis details:

Exotic decays of the Higgs boson to a pair of light 2
pseudoscalar bosons explored: %
h->aa->2b2t: 3
« currently trigger on e+mu, e+tau, single-e, single- £
mu, and mu+tau £
 no study the final state with two hadronic taus :

because of the lack of triggers. This final state could

be analyzed using a low-mass di-tau trigger. Such a

trigger was deployed at end of the 2018 data taking
h->aa->2u2r: S
* may benefit from a mu+mu-+tau trigger é
£
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h—> aa—> 2b2t (13 TeV)
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N. De Filippis

Future colliders
European Strategy Group

from Granada workshop
& more
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ILC, CLIC, FCC-ee/hh,CepC/SppC

ILC Candidate site in Kitakami, Tohoku

i 20km
N e
e
]
‘j';'h .I:'J

Ehevation {maSL

-
- i
-
-
-
-t
-
.

CEPC: multiple candidate sites in China
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ILC, CLIC, FCC-ee/hh,CepC/SppC

>
ILC (Japan): }% FCC-ee/FCC-hh (CERN):
+ Linear collider with high-gradient + Protons to extend energy frontie
superconducting acceleration « 100 km ring with 16T magnets
+ Ultimate: 0.5-1(?) TeV + Use FCC-hh tunnel for e+e- collider
« TO secure (...) funding: reduce cost by « Technology for ee: “standard”
starting at 250 GeV (H factory) CEPC/SppC
+ Essentially an FCC-ee, then hh with (a)
CLIC (CERN): more conservative luminosity
+ Linear collider with high gradient estimates and (b) in China
normal-conducting acceleration Outliers:
+ Ultimate: multi-TeV (3) e+e~ collisions + LHeC/FCC-eh; extend LHC with
+ Use technology to overcome minimal cost; FCC-eh: intermediate
challenges machine? PDFs?
+ Stages, for physics and funding + “Low-field” (7T) magnets @ FCC (?)
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Future accelerators: comparison

Collider | Type NG 22 %] NiDet.) Zinst Z Time Rels. Abbreviation
e fe™] [10%]em 357" | [ab 1] [years]
HL-LHC pp 14 TeV - 2 5 6.0 12 [10] HL-LHC
HE-LHC np 27TeV - 2 16 15.0 20 [10] HE-LHC
FCC-hh pp 100 TeV . 2 30 30.0 25 [1] FCC-hh
FCC-¢e ee M (/0 2 1004200 150 1 [1]
My (/0 2 25 10 1-2
240 GeV 0/0 2 7 5 3 FCC-eesy
2y (/0 2 T 1.5 ) FCC-eess
{+1) (1y SD before 2m;,, run)
ILC ee 250 GeV  £80/£30 I 1.35/2.7 2.0 11.5 [3,11] ILCasy
350 GeV  +80/+30 I 1.6 0.2 1 ILCs
500 GeV  +80/£30 I 1.8/3.6 4.0 8.3 ILCs0n
{+1) {1y SD after 250 GeV run)
CEPC ee Mz O/0 2 17/32 16 2 [2] CEPC
My /0 2 10 2.6 1
240 GeV /0 2 3 5.6 7
CLIC ee 380 GeV HRO/0 l 1.5 1.0 ] [12] CLIC330
1.5 TeV +80/0 l 37 2.3 7 CLIC 500
3.0 TeV +R0/0 I 6.0 5.0 i CLIC 3000
(+4) (2y SDs between energy stages)
LHeC ep 1.3TeV - I 0.8 1.0 15 [9] LHeC
HE-LLHeC ep 1.8 TeV - I 1.5 2.0 20 [1] HE-LHeC
FCC-eh ep 35TeV E I 1.5 2.0 25 [1] FCC-¢h
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The challenges

Linear ee colliders:
+ Acceleration gradient
e ILC: 30 MV/m; CLIC: 72 MV/m

+ Luminosity (to be partially recovered
by polarization)
e *loss: e.g. at 3000 GeV, 1/3 at
>0.99Vs

+ Tiny beam spot:

e vV: 8nm for ILC; 3 nm for CLIC3000.

+ Power consumption
e ILC: 130-300 MW
e CLIC: 170-590 MW
Circular ee colliders:
+ Power consumption: 260-350 MW
+ Luminosity drops with E

N. De Filippis

hh collider:
+ Magnets!

e Need 16 TeV (x2 LHC); they do not
exist today

+ High stored beam energy (8-9 GJ)
e Beam handling, beam dumping
e Collimation

+ High synchrotron radiation inside
magnets: several MW

+ Beam screen design and cryogenic
efficiency;
+ Power consumption: 580 MW
Costs (GU):
+ ILC: 5.0 (for 250 GeV); 7.8 (500 GeV)

+ CLIC: 5.9 or 7.3 (for 380 GeV) + 5.1
(1500 GeV) + 7.1 (3000 GeV) (Tot: 19.5)

+ FCC-ee: 11.6; but 7.1 is the tunnel
+ FCC-hh: tunnel + 17 (Tot: 24)
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Higgs studies for FCC-ee/CepC

N. De Filippis June 27, 2019, IPPP-Durham University
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FCC-ee/CepC motivation

e) There is a strong scientific case for an electron-positron collider,
complementary to the LHC, that can study the properties of the Higgs boson and
other particles with unprecedented precision and whose energy can be

FCC-ee/CepC: focus on a 90-250 GeV e*e™ machine (100 km circumf.)

5 ab! integrated luminosity to two detectors over 10 years - 10° clean Higgs events
- FCC-ee/CEPC can measure the Higgs boson production cross sections and

most of its properties with precisions far beyond achievable at the LHC

€ Higgs-strahlung (m,, = 125 GeV)

SannF o —h s = 240 GeV
g300 C Z —e*e - HZ
8250F —WW o H
o E e v/ — Total
@ - : :
5200; /'/_’—'*\‘““\ L

=/ : T

100/ f \W‘i/
] R
. AW E
50- . S

9— S - - H

00 220 @ 260 280 300 320 3‘%0( Gg:’G'_D

€ The gluon can be studied with Higgs decays (BR ~ 10%)
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o(fh)

Higgs production at FCC-ee/CepC

VBF production:
Higgs-strahlung ore'e> ZH  e*e>vvH (WW fus.), e*e->He*e (ZZ fus.)

2z
»0 i i i CEPC Preliminary Process Cross section Events in 5 ab™* w | :é
C Higgs boson production, cross section in fb &
200 ete” — ZH 212 1.06 x 10° e ) _g; T—g
I ete~ — viH 6.72 3.36 x 10* i\ E
[ ete” > ete H 0.63 3.15 x 10° wE e - =
1501 Total 219 1.10 x 10° e W
100 [ Background processes, cross section in pb s wh B
i ete~™ — eTe~ (Bhabha) 25.1 1.3 x 108
3 efe” —qq 50.2 2.5 x 10° 102 b 1 5% 10°
s0k ete™ — pp (or 77) 4.40 2.2 x 107 W fusion
L ete” = WW 15.4 7.7 % 107 'y
i ‘ ete- = ZZ 1.03 5.2 x 108 Z fusion -
gﬂ ?.50l - 1360- . I3‘:li|]l - ]400 ete” —eeZ 473 2.4 x 107 i3 i R kL
+,— ;.14 9 7
e+e-ﬁ ffH [Ge‘r] ‘e eyl‘ 5-14 26 - 10 50 100 150 200 250 30‘0 35‘0 400

\F[Gev]
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FCC-ee/CepC Higgs factory: Vs = 240 GeV

Model-independent precision measurements
A Higgs boson is tagged by a Z and the recoil mas

m;, =Ss+m, —2\/§(E+ +FE)

Measure o(ete” — HZ)
Deduce g,,,, coupling
Infer I'(H—ZZ2)

Select events with H—-»ZZ*

Measure o(ete” — HZ, with H—-ZZ*)

(H — ZZ)

o(e'e =HZ —=77Z7)=0(e'e” = HZ)x

H

Deduce the total Higgs boson width T",

Select events with H — bb, cc, gg, WW, t, vy, uu, Zy, ... e’ 7 ~H
Deduce Gy » Ghice » GHgg » Iiww > Irer » Iryy » G s THzy » -+
Select events with H — “nothing” e 7

Deduce I'(H—invisible)
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Higgs from recoil mass method

Noecoit = (V5 — Eff)? — piy =5 — 2E;5\/5 + mi;

Best mass precision can be achieved with the Z->1l (ee,uu) decays

Cross section, ZH and the Higgs-Z boson coupling g(HZZ), can be derived in a model-
independent way

g(HZZ) and Higgs decay branching ratios can be used to derive the total Higgs boson decay

width. . : .
A relative precision of 0.9% for the inclusive

cross section has been achieved with CepC.

The Higgs mass can be measured with a I CEPC Prefiminary
precision of 6.5 MeV; the precision is limited by 3000 - 2 s s
the beam energy spread, radiation effect and I 4 CEPC Simulation
detector resolution % . — Signal
A relative precision of 0.51% on o(ZH) by 22000‘_ Background
combining ee,uu and qq channels S i
g(HZZ) can be extracted from o(ZH) with a S i
relative precision of 0.25% = I
Z decay mode AMyg (MeV) Ac(ZH)/a(ZH) AgHZZ)/g(HZZ) k21000 __
ee 14 2.1% IS,
o 6.5 0.9% L
ee + 5.9 0.8% 0.4% L |
qq 0.65% 0.32% [1)20 125 , 130 135 140
ee +pp + 0.51% 0.25% Nlt,leroil[GeV]
CepC CDR
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Higgs coupling measurements

> 10 parametel‘s Kpy Kepy Ry, R‘p? Kz, Kw, K"rﬁ Hga BRinv& Ph
» assuming lepton universality - 9 parameteks, k., &; = K, Kz, Kw, Ky, K5, BRigy, [y
» assuming the absence of exotic and invisible decays -7 parameters:

CepC CDR " s B = By

Precision of Higgs couplingmeasurement (Contrained Fit)

i 1 1 Projections for CEPC at 250 GeV
: R | with 5 ab™" integrated luminosity and
7 parameters fit

| 7==3 r—=1 m CEPC 250 GeV at 5 ab™' wifwo HL-LHC

Relative Error

CEPC CEPC+HL-LHC
Luminosity (ab™!) 0.5 2 5 10 0.5 2 5 10
Ky 37 1.9 1.2 0.83 23 1.5 1.1 0.78
Ke 5.1 32 1.6 1.2 4.0 23 1.5 1.1
Kg 47 2.3 1.5 1.0 29 1.9 1.3 0.99
Ew 38 1.9 1.2 0.84 23 1.6 1.1 0.80
Kr 42 21 1.3 0.94 29 1.8 1.2 0.90
Kz 0.51 0.25 0.16 0.11 0.49 0.25 0.16 0.11
Firy 15 74 47 33 26 2.5 23 2.0

K:

f K Kg Ky K; Kz Ky
Concerning BR,, a high accuracy of 0.25%, while the HL-LHC can only
manage a much lower accuracy of 6-17%.
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Summary about Higgs couplings

> 10 parameters Kpy Ky Ky, R‘pﬁ Kz, Aw, KRy, 'F':ga BR; Fh-

1TV 3
» assuming lepton universality - 9 parameteks, k., &; = K, Kz, Kw, Ky, K5, BRigy, [y

» assuming the absence of exotic and invisible decays -7 parameters:

Kp, Koy Ky = Ky, Kz, Ry, Ky K

s Kg
kappa-3 scenario HL-LHC+
e ILCysy TLCsgg ‘ CLICsgy CLIC;5099 CLIC3000 ] CEPC ‘ FCC-eeayy FCC-eeygs FCC-ee/eh/hh
K (%) 1.1 0.29 0.75 0.4 0.38 0.95 0.95 041 0.2
Kz(%) 0.29 0.23 0.44 0.39 0.39 0.18 0.19 0.17 0.17
Kq(%0) 1.4 0.84 1.5 1.1 0.86 1.1 1.2 0.89 0.53
Ky (%) 1.3 1.2 |.5% 1.3 1.1 1.2 1.3 1.2 0.36
Kzy (%) 11.% 11.% 11.% 8.4 5.7 6.3 11.% 10. 0.7
K. (%) 2. 1.2 4.1 1.9 1.4 2. 1.6 1.3 0.97
K (%) 2.7 2.4 2.7 1.9 1.9 2.6 2.6 2.6 0.95
Kp (%) 1.2 0.57 1.2 0.61 0.53 0.92 1. 0.64 0.48
Ky (%) 4.2 39 4.4% 4.1 35 3.9 4. 3.9 0.44
K (%) 1.1 0.64 1.4 0.99 0.82 0.96 0.98 0.66 0.49
BRjyy (<%.95% CL) | 0.26 0.22 0.63 0.62 0.61 0.27 0.22 0.19 0.024
BRypt (<<%. 95% CL) 1.8 1.4 2.7 2.4 2.4 1.1 1.2 . 1.

All ee colliders achieve major (and comparable) improvements in their first stage already in probing
Higgs sector compared to HL-LHC: at least half of couplings get improved by factor 5 or more

W/Z effective couplings and BR(H—invisible) probed to ~3x10-3

Model-independent total cross section measurement — access to width, untagged BR

Clean environment to study H if/when anomalies are seen to understand underlying physics




Higgs studies for FCC-hh/SppS: HH

Single-H production
+ Sensitivity via loop diagrams

HH proauc;tion

+ hh: o(HH)0.010(H); must use differential

measurements;

+ ee: Complementarity of ZHH and VBF

production

z ¢
>_A.J\.AAC\,JJJJ:‘ h
Z s
‘\
s
h
€

[
w' ® H
W' lH T
E

N. De Filippis

Y ]

i

3 ) X
v -
Q >- > &

i ) /" s ~}

— e & vVHH 1400 GaV '_,{
eee ol 3 THH 3000 GaV

oo + ZHH 500 GeV
— e + ZHH 1400 GeV

Higgs@FC WG [l di-H, excl. [l di-H, glob. I single-H, excl. [l single-H, giob ]

All future colliders combined with HL-LHC

HLLH | it

HE-LHC]

FCC-eefeh/hh . [T . |

0 10 20 30 20 50
May 2019 68% CL bounds on «; [%]

Single-H: FCC-ee or ILC ~ 35% (global analysis)
HH production:

HL-LHC: ~50% (perhaps can do better)?

HE-LHC: ~15%

ILC500: ~27%; CLIC1500 ~36%

CLIC3000: ~9%; FCC-hh ~5%
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The process towards a decision

Granada Symposium (May 13-16)
+ Opportunity for community to get together and exchange ideas.
+ Role of the Symposium: collect input from the community and organize scientific
arguments that will determine the future strategy of particle physics
Now: compiling Briefing Book.
+ In parallel, ESG working groups on
e Social and career aspects for the next generation
e Organizational structure for European participation in global projects
e Relations with external bodies and fields of physics

e Knowledge and technology transfer
e Outreach, education and communication

+ Briefing Book Draft to be handed from ESG to CERN Council: Sep 10
Strategy Update: Drafting Session Jan 20-24 (Bad Honhef, Germany)

New Strategy to CERN Council: March 2020; Council approval: May 2020.
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Many issues

CHF, €, $, ¥, Yuan, £, GDr, MiniBots

+ EXxplaining all this to Condensed Matter Physicists, Biologists, Lawyers, etc ...
Time scales; TO .AND. Program duration (time to deliver full result)
Sociological:

+ Number of experiments... Linear ~implies single-experiment setup (push-and-pull
alternative... but...?!? Double line? Costs... half the lumi...)

+ Time scales: potential loss of expertise (accelerator/detectors), N generations
Location and parallelism

+ What if Japan proceeds with the ILC? Does it make sense to have another ee collider? If
yes, what type of ee collider? What if China builds the CEPC?

+ Does it make sense to go straight to an inexpensive FCC-hh? CSC @ 37.5 TeV? (new
homework... along with what does FCC-hh look like without an FCC-ee beforehand?)

Power consumption, long-term sustainability...

+ E efficiency can be significantly be improved in: District heating, energy storage, magnet
design, RF power generation, cryogenics, SRF cavity technology, beam energy recovery

Integrating potential (very long-term) technology breakthroughs?
+ Plasma Wakefield Acceleration? 150 TeV hh? Muon collider?

+ Ultimate limitations? Beam size/Luminosity for ee? Synchrotron radiation for pp?
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Summary/Conclusions

HL-LHC: potential for new physics discoveries and precision measurements:
= Per-cent level precision on most Higgs couplings
= B . <25% @95% CL

inv

= Width measurable to within 1 MeV

Many inclusive measurements limited by systematic uncertainties = work
needed from theoretical and experimental side

FCC-ee/CepC: large potential beyond the HL-LHC

» Measurement of the Higgs mass at few MeV level

» Sub-percent measurement of the higgs couplings

» Model-independent measurement of the Higgs width
» deduce I'(H—invisible)

» show evidence of BSM Higgs

FCC-hh/SppS:

Large potential on Higgs physics and more... if realized it will be the future of the field
An exciting journey ahead!
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CMS-HIG-16-040 (arXiv:1804 02716)
CMS-PAS-HIG-17-015

ATLAS-2016-21 (arXiv:1802 04146)

(a) ¥ (b) w
W, (R
K W H
o,
¥
CMS 3591 (13 TeV)
Indirect probe of coupling through production loops E woof oy }jfc;ie'g'o}i A ;:
= Sensitive to vector/fermion couplings (Kv, Kg) » japgo - - 125-4 GeV, =118 SI(S+8] woighte ;
- Can test NP in the loops 5 12000 e E
WiomalE Y B component  —
Search strategy: peak over (abundant) and regular background B o — i -
oo I f+2 e 1
CoB Tl o
Observed width dominated by detector resolution 2 ook
. . ) 2000 =
Efficient selection (40%) ZREN
= Trigger, photon ID, Er, isolation,... .
- Abundant number of selected events allows for a large number of oo
categories—sensitivity to different production/decay modes . N
. . - - - . . . =3 ; . + 4 ¥ _
Main uncertainties: photon ID/resolution, luminosity, statistical " . e ]
100 o 120 130 140 150 160 170 1aon

uncertainty still the largest factor m,, (GeV)

N. De Filippis June 27, 2019, IPPP-Durham University 71



H->vyy: categorization

Vertex+photonlD+kinematic BDT to select and classify the events
Large number of categories, with different S/B ratios and sensitive to different production modes
» Can be tuned to increase sensitivity to the STXS scheme (ATLAS)

CMS Simulation

W oM W ver DRI
B veteptonic [ ZHiepionic [ Wihadroeis [ 2 hacreeic DI S/(S+4B)

ttH Hadronic

ZH Leptonic

WH Leptonic

VH LeptonicLoose
VH Hadronic

VH MET
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qq — Hi &= 1-jel, 150 = pr

ATLAS Simulation H
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aggH (= 2-jet, 120 = p* < 200 GeV)
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ggH (0-jet)

Y, mH =125.09 GeV
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aoH 1IMED [
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H->vyy: cross section

CMS-PAS-HIG-17-015
ATLAS-2016-21 (arXiv:1802.04146)

f5=13 TeV, 36.1 o™
T L I B RN T T T T L ATLAS H_"I'Y,'“H=125409GEV

ATLAS 8 woml CMS Preliminary ~ 35.9 fb” (13TeV)
liphoton fiduzial | H—7y, ¥5=13TeV, 36.1 b % ’ o) L ' ' ' '
s 1 L= -1
—+- Dala, lol. unc. Sysl. unc. GoH {1 Jot, pl! <80 GoV) — et 2,_1035_ LI SN 19V, w1000 Gt
L E E Data SUH BMCENLD 4+ HX
[} =3 c +
VBF-enhanced 3 oM (1 fot, 80 = plt < 120 Gov) | — e .8_ 2L .gﬂmm+m
10°F 5 B oo
B E e o
oM (1 jot, 120 < pltc 200 GaV) [— =
I C |
Nigaon 2 1 g a5 ggH =2 ey |— —_— 105_ I - B
F L L
a3 — Haq (9, <200 Gav) — —— B —————t——
1 | M = 125,08 GeV 1= : =
Hif}n E’T‘“ = 95% €L, E NBLD + XH agH + 0g — Hog BEM-IKe) |— > C 1 1 1 1
P go—=H dstault MG + XH LT
r I B FPowheg NNLOPS + XH 7 "M uponic) | g 13 I 1
‘_ o B XH - VBF+VH: tiH+bbH g 56— 3
tH-enhanced 2% G.L. ol | i BJE.. L3 a0
| < i T T . L Looolainelyy § o ¥ ¥ % + —r—
1 il 1 111l T T I W SM prediclion 03 0 035 1 13 2 25 Nl(|7|‘|¢2.5)
froea | 0*1 1 2 3456 10 20 30 1 01 Measured o x B normalized to SM
Oty [”3]

Both fiducial (inclusive) cross section, STXS, and differential distributions show good agreement with
theoretical predictions

Experimental uncertainties are comparable to theoretical ones in the most populated bins (low pt, Iow Niets)

Differential cross-section as a function of pt(H), Njet, yH, cos9™ (see backup)

ATLAS: EFT reinterpretation to probe anomalous couplings
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H->Z2Z->4l

CMS-PAS-HIG-18-001 JHEP 03 (2018) 095
Phys. Lett. B 775 (2017) 1 ATLAS-CONF-2018-018

Low signal rate, but very clear signal topology over a small, flat background (mainly qqZ/Z, Z+jets)
-4 isolated leptons in final state combined in 2 Z pairs
-Kinematical information (matrix element KD discriminants) or BDT techniques to separate signal

and background and categorise events

2015 + 2016 + 2017 _ CMS Preliminary 2016 + 2017 77.4 10" (13 TeV)
> _I 7T | TTTT | TTTT | .I T I.I I TTTT | TTTT | TTTT I TTTT | TTT I- > &O —T T I T T T T T T T T I —]
& [ ATLASPreliminary * >= 1@ - s Data ]

B I Signal {m =125 GeV) | (D 200 — —
0100~y 77+ 5 4 — < TF [ H(125) :
c\j B 4 ) T ~ :_ Equ—’Z, ZT* _:
Ay - 13 TeV,79.8 fb I z+ets, o, 64V, VWV 1 o 180 mgg—ZZ.Zy"
2 g0l P vty 15 el mmzsx =
e [ - E
L L 4 C -

60 - . 120 -

i i 100 — —

40 - ] 80 =3
[ i 60 — —
20 - 1 e ~
i 20 =
0 s ‘ -
80 90 100 110120 130 140 150 160 170 0780~ 100
m, [GeV] m,, (GeV)
Analysis is still being improved: Dy
-lmproved event categorisation to target VH and ttH productions a

-CMS: dedicated discriminants to target different production modes (ggH, VBF, VH)
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H>ZZ->4l: cross section

CMS Preiminary_2017___

41.5 " (13 TeV)
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Parameter value norm. to SM value
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ATLAS already attempting at (simplified) stage-1 STXS subprocesses.
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CMS show a small excess (mostly driven by excess in 2e2p)

no ttH event observed yet in either of the experiments
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H->ZZ->4l + H>yy: mass measurement

CMS-PAS-HIG-16-041

arxiv:1806.00242
H—/Z7—4l and H—yy are the final states with the highest precision for the mass measurement

ATLAS performed the combined measurement of the
Run1 and Run2 (2015+2016) H—»ZZ—4l and H—yy

mass measurements, my = 124.97+0.24 GeV

CMS 3‘%91’0 HﬂTerl
1 8 ‘. 18
E | |
< 7 \ J J
od l'
LB \ / l
: / L
5__ \
4 "'. / ’
— 4(.1 'I 'II‘I r
3 — zemu \ / |
L 4e '5, ’ / ]
2 — Comhined \ i ]
----- Combined (stat. only)’ [ ]
| NN 1
0 R
120 121 122 123

124 125 126 127
my, (GeV)

LI L B L L I LI L ) B I
ATLAS -HTotaI Stat only
Run 1: 1§ = 7-8 TaV, 25 I, Fun 2 &= 13 TeV, 361 b Total  (Stat. only)
Run 1 H—-4J r—C—Ii 124.51 = 0.52 | = 0.52) GeV
Run 1 H—yy H————1 12802 = 0.51 { = 0.43) GaV
Run 2 H—-4] A 12478 = 037 | = 0.36) GsV
Run 2 H—yy »—.l——u 124.93 = 0.40 { = 0.21) GaV
R A e T 154712030 (< 030) Gav b
Run 142 H—yy - 12532:0351m19:&w$
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Most precise measurement at the moment comes

from CMS H—/Z7—4] mass measurement with
2016 data my = 125.26+0.21 GeV
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H->ZZ->4l + H->vyy: signal strength

H—yy

+0.07
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018 [+2.16 +007 + 007
agn — ad Mo =081 Sona L 216 oos 'n.os]
s L e o 008 R[]
L 1038 [0 2
Hpyny [ smsvee o4 Moy = 1-17 g [—n.2.3 -0 n;a- -0 :ﬁ]
L l Ll 1 l LA 1 1 L b 1 l | - l 1 1 1 l | 1 L - - l 11

0 1 2 3 4 5 6 F 3
Signal strength

Very good agreement between
measurements and with expectations.
Run1: ATLAS excess, CMS deficit

25% improvement on Run1 combination
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f = 1.20 + 0.12(stat.) + 0.06(exp.)0:%8(th.)
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New resonances

Performance estimated using Z' and W' searches @ 13 TeV (HVT or RS model)
* W' — tb — bbZ#v : high-pr lepton, significant Etmiss, two b-jets
- L' — tt = 2vb qq'b / qq'b qq'b : Exploit boosted topologies

Low top py

Search for resonance decaying to HH (WED or KK model)
- Exploit boosted H->bb final states (narrow width approximation).
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SUSY searches |

Performance estimated using the (simplified) analyses F>4.
- Direct stau pair production: Simplified models, assume 100% BR of T — T X% Y‘
» Main background:W+jets, ttbar b
- Direct stop pair production: Compressed mass spectra } Z"E_i
- Low stop - neutralino mass difference, channel needs high luminosity F) W

f

Direct stop pair production: Direct stau pair production:
- e S — —-— Expected enciussion —— Expacted discovery
o 1400 ATLAS pE% L asciusion, a_ = 15% ] ]
a M . il 1
— Simulation Preliminary -«--- #% CLaschision 5, = 3%
cl' 1—1200 ‘E-1d TEV,S ab"‘ T &s:ﬁﬁwuy,a” - 10

] -
w
2 I >0 e Gl scchision

3

95% CL upper lmit on cross saction [pb]

jl.llll.l

lllll

%

l

2
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T | ..|..."|, ilissl
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e

| Discovery reach m(stau) < 470 GeV

current exclusion limits about | 10 GeV

i_ Discovery reach m(stop) < 1.25 TeV

N. De Filippis June 27, 2019, IPPP-Durham University 80



Dark sector

Simplified models for comparisons with direct detection:
- mono-Z : Z accompanied by a mediator decaying to DM particles

- mono-top : Top accompanied by a mediator decaying to DM particles

- dark photon : It can couple to SM particles via kinetic mixing.
(possible long-lived signatures for small kinetic mixing)

Mono Z search Mono top search Dark photon search
CM5 Projection 3.0ab~" (14 TeV) _ 1 CMB Pruwe 5 Scvatsion Ptcucary M = 0 et 14 T
08 E o T T T I. ' T T T T £ P——————
— with YR18 sy, uncert, ] z E ATLAS Sinwdaton Pralisingey Theary : o w mui\t:l.'lw £, Frass-3 stavincae)
paq | == With Run 2 syst. uncert. : " E TR = 14TV, 3000 aaeses 9% CL Exp Limil ] - wy e medion (330 ', Frase-3)
*  with stat. uncert. anly = = T Nonresonant modal B - e N (3000 I, Prase2. who sl
4 a % 3 |j'i!ﬂ.ﬁ.£lp-h E e T R .
Vector mediator, Dirsc OM 2 S = T []wsatm.m 1 . [ 3 wgma sasaion
= B0 g = 0%, gy = 1.0 = F W 3 Wt ———
E .§ [] E \'\\ E
s g o . 7
& 001 - T 3
& C - ]
W T,
E - 3
220 i F ;
g 0 L
= E E
o o1 10.5 ' | 1. [ | i s el o a1y 1 sl 10;1 1
N Q0 o0 I LG 1ed 2ma e 1000 1800 2000 2500 2000 3BI0 4000 4500 BO0D m 1 10 i
MMy (GaY) cr, (e

m, [Gev] To

Exclusion: m(med) > 1.6 TeV | | Exclusion: m(V’) > 4.6 TeV I 1 Excl.: 10 < m(yp) < 30 GeV l
depending on kin. mixing.

N. De Filippis June 27, 2019, IPPP-Durham University 81




N. De Filippis

ttH

June 27, 2019, IPPP-Durham University

82



ttH - topHiggs coupling

Motivation Properties %17‘”02.“
= Provides a direct probe of the m Xsec: 0.5071 pb +6.8/-9.9% |
important top—Higgs coupling » NLO QCD and NLO EW accuracy e
» Yukawa coupling y; ~ 1 = Expect ~18,000 SM ttH events &
» Indirect loop measurements can in 2016 data at CMS =
be influenced by BSM physics > ~ 36 fb-1

v 8 t = | O Feynman diagrams:
H<: l t _H_
¥ P t

= First measurement of Higgs
coupling to up-type fermion

g t q t
= Non-SM ttH rate could indicate ; - ..
presence of new physics (000000 -H 000 ~H
g t q t
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ttH experimental search

Indirect (loop)
ggH: 44 pb

Final state with additional
leptons, jets, b-jets

- H-(WW,7)
multileptons

Theory systematics Simple background
U -
( Low yield

Low signal/background

tH+V, ti+jets

l bockground)

Clean bump
hunt

background
prediction
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ttH observation

Decay channels analysed:
Fermions: H—bb H—-1T

Bosons: H->WW H—-ZZ H—yy

517 (7 TeV) +19.7 " (8 TeV) +35.9 b (13 TeV)

. CMS ¢ Observed
10° 3 [_] Background
F [ Uncertainty
10°F tH (u_ =1.26)
F tTH (u™'=1.00)
10} ™

10’—
102F

o E LA

Events

I

}

Obs. / Bkg.
=]
=

40 -05 00
Iogm(SfB}
» First observation of tree-level Higgs—
top coupling
» Consistent with standard model Higgs
within 1 sigma
N. De Filippis

30 25 20 15

CMS Phys. Rev. Lett. 120, 231801 (2018)

ATLAS arxiv:1806.00425
T T T T | T T T T | T T T T | T T T T | T T T T | T T
ATLAS I-e— Total Stat. [ Syst. — SM
Vs=13TeV, 36.1-79.8 fb™
Total Stat. Syst.
tiH (bb) e 079+ oof (* o2 ,+0.53)
ttH (multilepton) i 156+ 092 (£ 3%+ 2%
ttH (vy) —== 139+ 09 (0% .+ 0%)
ttH (Z22) fe <1.77 at 68% CL
Combined H=—H 132+ 0% (£0.18,+ 02
1 1 | 1 | 1 1 | 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 I | 1
—1 0 1 2 3 4
SM
GttH/ GitH

CMS Run 2 (2016) 4.5¢ obs. (4.10 exp.)
ATLAS Run 2 (2015-2016) 4.2¢0 obs. (3.80 exp.)

ATLAS Run 2 (2015-2017) 5.80 obs. (4.90 exp.)

CMS Run 1 + Run 2 (2016) 5.20 obs. (4.20 exp.)

ATLAS Run 1 + Run 2 6.30 obs. (5.10 exp.)
(2015-2017)
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Strategy for BSM physics @ HL-LHC

HL-LHC is a great opportunity to address some of the
guestions mentioned

Focus on relatively broad scenarios with rather generic
expectations

Make use of either consistent EFT approach when possible or
simplified models

Perform specific “signature based” analyses with minimum
theoretical bias - model independent studies

Think about new strategies optimized for HL-LHC and maybe
not been overlooked because not optimal at LHC (different
triggers)

In case of a deviation from the SM prediction focus on more
specific BSM assumptions to identify the origin of new physics
In case of no deviation the constraint should be set in the most
model independent way possible.
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Higgs @ HL-LHC in a nutshell

HL-LHC as a "Higgs Factory™
- Expected: ~1 70M Higgs bosons,

~120k of HH pairs

- Enables a rich Higgs physics program,
including couplings precision measurements.

Higgs boson couplings @ HL-LHC:

= ATLAS and CMS measure a range of processes
with different production and decay modes

= Projections based on LHC Run-2 results (36-80 fb-1)
- Consider model(s) with the most important physics

K-framework : coupling modifiers

message: Ke, Kn, Kr, Ky, Kw, Kz, (+ Kg, Ky)

Channels used by ATLAS and/or CMS

o

. ) HIEH-“
osm(ttH) - Bsu(H — 2Z) - =5~

R

see Andrew's and Stefan's talks for details

BSM effects on Higgs coupling (1-10%)

=
ponamnelused s ggF  VBF  VH  tiH - Model Ky K iy
HoZZo4l ¢ « ﬁ' Singlet Mixing ~ 6% ~ 6% ~ 6%
H—yy A A - 2HDM ~ 1% ~ 10% ~ 1%
no oo 2 Decoupling MSSM  ~—00013%  ~16%  ~ 4%
H—rr v v v L Composite ~ —3% ~—B3-9% ~-9%
H— up v v T Top Partner ~ —2% ~ —2% ~ +1%
H—Zy v v N
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Higgs boson properties

Projections based on Run-2 combined differential XS (HIG-17-028):
« Channels: H—yy, H>ZZ—4l, boosted H—bb (in the high p;H tail)
» Constraints on effective kb, kc, kt, cg couplings (competitive with direct probes).

Expected 2D limits in (cg, kt)

o CMS Projection 3000 fb' (13 TeV)
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Reduction of uncertainties @3ab":

 High-p;" region: x10
« Low-p;" region: x4
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Constraint on the I', from H*(126)>Z2Z

'ﬁ@) CMS

gluon-gluon fusion production Off-shell H*(126)>VV  (V=W,2)
6 WW 1 = InN. Kauer and G. Passarino, JHEP 08

o I| n{120) peak Z7Z (2012) 11 it has been shown that the off-
1 = 8 TeV ' shell production cross section is sizeable at

high ZZ invariant mass

102 |
= that comes from a peculiar cancellation

e | i . between BW trend and T(H>VV)
i} | Recover CPS

[ pb]

(~BW) trend = Enhancement of 7.6% of total cross section

da
—_
’I'Ul'l'

oot L : : . .
o : \ \ 4 in the ZZ final state
i Thrgshold effects o T
| at 2rinz and 2mt Tnl.l |n|)J .\['/./ > 2 -‘//lp]»] I}*.*
107° I i . g9 — H — all 19.146 0.1525 0.8
gqg —+ H = Z7Z | 0.5462 0.0416 7.6
100 2M; 2 M, 1000 ~

1‘[;"' [ (}(‘\“v:
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Constraint on the I';, from H(126)>2ZZ

F. Caola, K. Melnikov (Phys. Rev. D88 (2013) 054024 ) and

J. Campbell et al. (arXiv:1311.3589)
showed how this feature can be turned into a constraint on the total Higgs width

do,,_. F(mzz) 88t
gg_.H_;Z_Z ) yv4 on_PeakI ggH HZ7Z off—peak 2
> X LegHSHZZ - “ T, & Y =
8ggHS ("”.zzz — "”121 )2 _Hn% r121 gg—+H—ZZ Ty gg—+H—ZZ g.ggHg%{ZZ

2
dnzzz

--> so measuring the ratio of ¢°fPe2k and g°n-reak 5 measurement of I',

2,2
K
on—peak  "ghZ _ _ SM
gg—>]i-l—>ZZ -, (0-BR)sm = p(0 - BR)sy Kg = ngH/ngH
_ SM
A Kz = QHzz/ 8177,
O —peak o off—peak M 5 Off—peak SM S SHZZ
WegoH-7z _ 2 5 "VggHozz _ "Tgg—H-7Z r="Tu/TPM
dmzz 82 dmzz o dmzz

Once p is fixed a determination of r is obtained and so for Iy, :

u from CMS 41 paper arXiv:1312.5333 “u expected”: use expected signal strength

and provide result in two ways: “u observed”: use observed signal strength

The interference with continuum gg — ZZ is taken into account at high mass - gg2VV/MCFM
VBF production is 10% at high mass > PHANTOM
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Limits on the Higgs width: off-shell anaysis

Systematic uncertainty: 3000 fb" (13 TeV)

* 10% additional uncertainty applied f CM|S Projécﬁon | | | f
on the QCD NNLO K factor on the 15— >
gg background process is kept the |~ W/YR18 syst. uncert. (f_=0) -
same in this approximated S2 in i w/ Run 2 syst. uncert. (f =0) I
order to remain conservative on the g --- w/ Stat. uncert. only (f =0) ]
understanding of these corrections 1ol A b
on this background component. -

Precision reachable combining CMS

and ATLAS predictions with 3000 fb-" - ’

'\ 95% CL
41755 MeV I N

68% CL

DIIIIIIIIIIII\T . ’lllllllllllll
1 2 3 4 5 6 7

I, (MeV)
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Sensitivity to BSM effects in Higgs physics

Several studies on probing the BSM effects in the Higgs phvsics :

» Probe for anomalous interactions & rare/exotic decays: P Y5l 1.
. isi I CMS Phase-2
[ ] He |nV|S|b|e 18:_SimulationPrelilt1inary N
Binv < 4% (compare to 20% @Run2) [FTR-18-016] :j 5 oden o v
r 95% exp.

4+ Median exp. smeared E?iss

—_
N
TT

» Exotic/rare/forbidden decays and signatures

- Bggy < 6% from couplings combination
(compare to 34% @Run2) [FTR-18-011]

- H—>BSM or LFV decays
[FTR-18-035, not in time for YR v2)

—_
o
T T

Ee v b b b by
150 200 250 300 350 400
Minimum threshold on ET"** (GeV)

o N M O
T =7

95% CL upper limit on o x B(H— inv)/oSNI (%)

« LAT TrackdJet for BSM Higgs signatures
- signatures with displaced jets [FTR-18-018]

CMS Projection

95% CL expected exclusion: YR18 syst. uncert.
[::}JHEP_(1)9(2018)007 i =10 B *20 .
« Anomalous couplings and width: . B0
. e . . . . c [ "'h
- significant improvement in limits on anom. coupl. g i

[ myssv . 125 + 3 Gev

Width: I, C [2,6] MeV @ 95%CL [FTR-18-011]

40H
« Search for additional Higgs bosons and/or scalars : 30%
* MSSM H->trt search [FTR-18-017] 20

« High mass search X->ZZ->212q 1of L
[FTR-18-040) AR s

AN VRN
500 1000 1500 2000
m, (GeV)
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HH production and self couplings

Probing HIG boson trilinear coupling Auun important @HL-LHC

* Information on the shape of the scalar Higgs potential, and potential anomalous effects

(LA TaTe T4 ) .- H B Ono0— ---11 R T Ta S < H B- m.): .~ H - r'h.ﬁ 0 dlnm R
1 - - t . e
. I 1 2 - [ ! ___.1"- . ﬁﬁht.l - TJ* Y

_ g T
“H & oo ---H g0 e N

" H

ATLAS and CMS performing extensive sensitivity studies in individual channels:
= Analyses in bbbb, bbVV, bbrz, bbyy (expertise from LHC Run-2 + further optimisation/developments)

Performing combination of all channels, and also ATLAS+CMS combination (to be public soon)

VBE vVH ar)fw |l7[(£liﬁ 9 | ?53 arXiv:1709.08649
- " “ i [ il H, wy anchusiva it ' III ) i 1 N A—
.. . VAR o 1 :-:-: T'I :::I[-il:l w; auriigie i |" & "'I' ”""Ilh:; ;
| . e ) g ::F, f'";" H i o . it i .. ,"'_ r 4 \ ‘Inl.'-. VAT aveee
tHq tH s . ';;;f N
- A - o M, __.r-""

,.-"
546510
i

= Important possibility to constrain Ayun from single Higgs precision measurements
- HH differential information further improves the measurement
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FCC-ee and CepC

= Double-ring colliders with full-energy top-up booster ring
+ CEPC started as 54 km, single-ring design; nowadays ~ FCC-ee 100 km, double-ring
+ 2 1Ps, 2 RF straights, tapering of arc magnet strengths to match local energy
+ Common use of RF systems for both beams at highest energy working point
+ Synchrotron radiation: 50 MW (30 MW) at FCC-ee (CEPC)
+ Beam lifetime >12 min; top-up injection, e* rate ~10"/s.
= Asymmetric IRs: limit SR of incoming beams towards detectors
+ — large crossing angle

AAIP)
30 mrad

J(RF) " D(RP

200, 100
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FCC-hh and SppC

Circumference ~100 km, high luminosity 3(1) x 1033cm—2s-1 (SppC)
+ Two IRs at high lumi potentially two more experiments (possibly combined with
injection section, collimation insertions, extraction/dump insertion, RF insertion,

FCC-hh L A g s SppC

o ", = L_sep
‘.’-.N.
Exp.

= |_arc

based on Inj. + Exp. o Inj. + EXp. new injector
existing CERN N I /! chain,
injector chain, 1.4km
; o - simultaneous
T

operation with

Luminosity goal ] e<ol <« 28km —» extractionf} D
’ e*e~ collider

~20 ab~1 per -

main IP within 1.4 km
25 years v l \\
e 2
.hl#‘#
H G F
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Higgs physics at ee/pp colliders

Biggest difference (in H physics reach) between ee and
pp colliders:

+ Lepton colliders: measure I, from total o(ZH) Ty =

SM .2
_ Ty Ku

e BR,,, K’s and BR,,, constrained via joint fit to data. I — (BRiny + BRunt )
+ Hadron colliders: not directly sensitive to Higgs width

e Need additional theoretical assumption (eg |k, |<1 or
constraint from off-shell Higgs measurements) has to be
imposed when untagged decays are allowed

e Can probe H further, at high p;. This is not included...

Kappa framework vs SMEFT “Untagged” width:

+ Kamrra: simplest parametrization which can probe the h(125)—XX
deviation from the SM induced by some well-motivated BSM [T S-M e p—
models (SUSY, composite Higgs, ..) y
rare SM decays

“Invisible” width: constrained
directly at all future colliders
(ZH, VBF H—invisible)

e Fitfor k,, K, K, K,, K,, K, K, and effective K, K, & K,

+ But some limitations
e H couplings keep SM helicity structure; SMEFT doesn’t
e Blind to power of polarization; SMEFT not
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FCC-ee/CepC challenges

CepC: 5 ab! integrated luminosity to two detectors over 10 years - 10°

clean Higgs events will be produced

during this period

- FCC-ee/CEPC measure the Higgs boson production cross sections
and most of its properties with precisions far beyond achievable at the LHC

Projection on maximum luminosity.
Z WW HZ tt

* %

Compared with hadron

‘|I__| : v | T v T T T T T T | T I: . ) . .
NG - @2 (912GeV): 46 x 107 o ©  FCGeo (Baseline.2 Y 1  collisions at LHC, e*e" collisions
5 [\ LEPx10°! . reewnowsmneon | are not affected by underlying
gO 102 TFéé‘ ............................................................................ ILC (with Jumifenergy. Upgrade)........... — events and p||e'Up eﬁ:eCtS
r, - Na W'W (161 GeV): 6.4 x 10% cm2s™ CLIC (Baseline) =
Za C ° Y CEPC (100km, double ring) ] .
B - 1 Tagging of e*e- > ZH events
o | ¥ \ B ] .
E W\HZ (240 GeV) : 1.6 x 10 em?s through the recoil mass method
3 10 ?CEPC‘\x’ ........... \“\ ........................................................................................... _g |S Independent Of the nggs
: TN e e | Poson decay
L H2:08:13x10% em?%s ] T o — - FCC-ee can reach the ttbar
1(')2 ' '1(')3 ' " threshold
(s [GeV]
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Higgs factories

oA N
ML
T 1oL ]
o F"{_{ HZ ]

o f
B’ 1? =
107k E
2-1. PR L L 1
o 0 1000 2000 3000
Is [GeV]

Schemes for increasing luminosity:
» FCC-ee: consider more IRs/running longer
» |LC: more bunches per pulse, doubling repetition
rate?
« Each: x 2 in lumi; higher power consumption
and somewhat higher cost
» CLIC: doubling repetition rate at 380 GeV?
« Factor 2 in lumi; power increases from 170
MW to 220 MW (+slight cost increase)

1000

100 ¢

L[10*em™2s™)

10

1 1 1
1000 \

LxP, ,E,> FomlGeV]
Low energies: circular colliders superior performance
Higher energies: CC lumi reduction due to
synchrotron radiation; linear colliders better:
luminosity per beam power roughly constant

N. De Filippis

Longit. polarisation: only at Linear Colliders
e 80%; e*: 30% @ ILC; 0 @ CLIC (not needed)
FCC-ee: transverse polarization for precise E;,,
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FCC studies: HH

K. Peters;
C. Helsens
24x 21x 46x 33x 96x 36x
108 1090 108 108 108 107
180 170 100 110 530 390
process precision on ogys | precision on Higgs self-couplings
HH — bbyy 2% ~0% @20
HH — bbbb 5% Sufficient to
HH — bbde ~ 25% Az € [~ 0.6,~ 1.4] address the
HH — bbe+e- ~15% Az € [~ 0.8, ~ 1.9] EW phase
HH — bbeti—y - - transition
HHH — bbbbyy ~ 100% Ay E [~ —4,~ +16]

Table 26: Expected precision (at 68% CL) on the SM cross section and on the Higgs trilinear coupling. All the
numbers are obtained for an integrated luminosity of 30 ab™! and do not take into account possible systematic

arXiv:1606.09408, arXiv:1607.01831, CERN Yellow Repts
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