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Important Caveat
In this talk Higgs boson stands for the scalar boson predicted independently by
R. Brout, F. Englert and P.W. Higgs,

a more appropriate name would be BEH boson
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Integrated luminosity in 2012

CMS Integrated Luminosity, pp, 2012, Vs = 8 TeV

Data included from 2012-04-04 22:37 to 2012-12-16 20:49 UTC
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CMS Integrated Luminosity, pp, 2012, Vs = 8 TeV

Data included from 2012-04-04 22:37 to 2012-12-16 20:49 UTC
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Integrated luminosity recorded in 2012: ~22 fb-

CMS Integrated Luminosity, pp, 2012, Vs = 8 TeV

Data included from 2012-04-04 22:37 to 2012-12-16 20:49 UTC
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Integrated luminosity in 2012

Integrated luminosity recorded in 2012: ~22 fb-
2011: L=~6 fb-

CMS Integrated Luminosity, pp, 2012, Vs = 8 TeV
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Integrated luminosity in 2012

Integrated luminosity recorded in 2012: ~22 fb-
2011: L=~6 fb-

CMS Integrated Luminosity, pp, 2012, Vs = 8 TeV
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Integrated luminosity recorded in 2012: ~22 fb-

2011: L=~6 fb-

ATLAS Online Luminosity \s=8TeV

CMS Integrated Luminosity, pp, 2012, Vs = 8 TeV

Data included from 2012-04-04 22:37 to 2012-12-16 20:49 UTC
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Excellent LHC peformance and very high data-taking
efficiency of the two detectors
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A 3'year IOng Sprint.... CMS as example

Ch. Sander

CMS Integrated Luminosity, pp
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A 3-year long sprint....  cwmsasexample ..

Ch. Sander

102 LHC, /s = 8 TeV
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CMS Integrated Luminosity, pp

Data included from 2010-03-30 11:21 to 2012-12-16 20:49 UTC
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A 3-year long sprint....

CMS as example ...

CMS Integrated Luminosity, pp

Data included from 2010-03-30 11:21 to 2012-12-16 20:49 UTC
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CMS Integrated Luminosity, pp

Data included from 2010-03-30 11:21 to 2012-12-16 20:49 UTC

N
o

diJet(pr > 100 GeV)
o

o)
(8,
T

=y
=]
S
e 103 A diJet(pr > 400 GeV)
=

)

op}

0

7

o

O

Total Integrated Luminosity (fb ')

'xloo

, w2010, 7 TeV, 44.2 pb ' === 2011, 7 TeV, 6.1 fb ' === 2012, 8 TeV, 23.3 b '

10f
|
Z' (I'=0.1-m)
103 Z' (T = 0.01-m) 51
el AT 0
10 6L NPT N :
10 100 1000

Scale / Mass [GeV]

first MinBias / UE
studies, particle multiplicities

first incl. b x-section, 8/nb
0~15%

first incl. jet x-section, PF jets
60/nb  d ~20-30%

From G. Dissertori (ETH)

first incl. W/Z x-sections, 200/nb
0 ~4-6%, +11% lumi

0 .. relative uncert.

A .. absolute uncert. first incl. J/WY x-section, 100/nb

0 ~20%

DESY, 04/11/2014

RS

oe®

e
49

first WW xsec, 36/pb
0 ~40%
first limit on HWW

e
D

Y
ate

oe®

‘3\0‘ \’\\)(\ N 639

e(‘
4 A

3
(UTC)

Future Higgs Physics at HL-LHC - Paolo Giacomelli

0

25

120

115

110

nr r=>»



Ch. Sander

10 LHC, /s =8 TeV
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CMS Integrated Luminosity, pp

Data included from 2010-03-30 11:21 to 2012-12-16 20:49 UTC
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Ch. Sander

CMS Integrated Luminosity, pp
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10'2; LHC, /s = 8 TeV
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first spin parity analysis
of the boson, 17 /fb
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New boson with a mass of ~125 GeV
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LHC and HL-LHC
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LHC and HL-LHC

L H C Energy increase Injection
8 TeV to 13/14 TeV upgrade
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LHC and HL-LHC

L H C Energy increase Injection
8 TeV to 13/14 TeV upgrade
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LHC and HL-LHC

L H C Energy increase Injection
8 TeV to 13/14 TeV upgrade
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LHC and HL-LHC

L H C Energy increase Injection
8 TeV to 13/14 TeV upgrade
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LHC and HL-LHC

L H C Energy increase Injection
8 TeV to 13/14 TeV upgrade
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LHC and HL-LHC

L H C Energy increase Injection
8 TeV to 13/14 TeV upgrade
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L H C Energy increase Injection
8 TeV to 13/14 TeV upgrade
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LHC and HL-LHC

L H C Energy increase Injection
8 TeV to 13/14 TeV upgrade
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LHC after LS1

Ratios of parton luminosities at 14 TeV
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From G. Dissertori (ETH)

LHC after LS1

Ratios of parton luminosities at 14 TeV
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We are about to explore a new territory!
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Pileup in 2012
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Pileup in 2012

CMS Peak Luminosity Per Day, pp

Data included from 2012-04-04 22:37 to 2012-11-03 08:06 UTC
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Pileup in 2012

CMS Peak Luminosity Per Day, pp
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Pileup in 2012
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Design value
25 pileup events
(L=1034, BX=25 ns)
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Pileup in 2012

CMS Peak Luminosity Per Day, pp
Data included from 2012-04-04 22:37 to 2012-11-03 08:06 UTC
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Rha Phi

Event from special high pu run:
78 reconstructed vertices and 2 muons...

L7 Table

Peak: 37 pileup events

Design value
25 pileup events
(L=1034, BX=25 ns)

Future Higgs Physics at HL-LHC - Paolo Giacomelli

n»r-=»



DESY, 04/11/2014

4l Pileup in Run 2 and at HL-LHC

Future Higgs Physics at HL-LHC - Paolo Giacomelli

)

10

n»r-=>»



10

Future Higgs Physics at HL-LHC - Paolo Giacomelli

DESY, 04/11/2014



DESY, 04/11/2014

4l Pileup in Run 2 and at HL-LHC

Future Higgs Physics at HL-LHC - Paolo Giacomelli

)

10

n»r-=>»



Simulated Event/Display/at Lzax1077 ¢m 2672
140PW (102 Vertices)
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Simulated Event/Display/at Lzax1077 ¢m 2672
140PW (102 Vertices)
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Basically, life will not be easy...
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Detector and trigger challenges
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* Need detectors and trigger with high performances from low
to high energy scales
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* Need detectors and trigger with high performances from low
to high energy scales

— 125 GeV SM-like boson measurements
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* Need detectors and trigger with high performances from low
to high energy scales

— 125 GeV SM-like boson measurements
— Multi-TeV new physics searches
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* Need detectors and trigger with high performances from low
to high energy scales

— 125 GeV SM-like boson measurements
— Multi-TeV new physics searches

* Phase 1 Upgrade: twice LHC design luminosity
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* Need detectors and trigger with high performances from low
to high energy scales

— 125 GeV SM-like boson measurements
— Multi-TeV new physics searches

* Phase 1 Upgrade: twice LHC design luminosity

— Event pileup reaches ~50 collisions per beam crossing (@ 25 ns)
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Detector and trigger challenges %

* Need detectors and trigger with high performances from low
to high energy scales

— 125 GeV SM-like boson measurements
— Multi-TeV new physics searches

* Phase 1 Upgrade: twice LHC design luminosity

— Event pileup reaches ~50 collisions per beam crossing (@ 25 ns)
— Factor 5 increase in trigger rates relative to 2012 run
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Detector and trigger challenges
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* Need detectors and trigger with high performances from low

to high energy scales

— 125 GeV SM-like boson measurements
— Multi-TeV new physics searches

* Phase 1 Upgrade: twice LHC design luminosity

— Event pileup reaches ~50 collisions per beam crossing (@ 25 ns)
— Factor 5 increase in trigger rates relative to 2012 run

» Phase 2 Upgrade: 5x LHC design luminosity
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Detector and trigger challenges %

* Need detectors and trigger with high performances from low
to high energy scales

— 125 GeV SM-like boson measurements
— Multi-TeV new physics searches

* Phase 1 Upgrade: twice LHC design luminosity

— Event pileup reaches ~50 collisions per beam crossing (@ 25 ns)
— Factor 5 increase in trigger rates relative to 2012 run

» Phase 2 Upgrade: 5x LHC design luminosity

— Event pileup reaches ~140 collisions per beam crossing (@ 25 ns)
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* Need detectors and trigger with high performances from low
to high energy scales

— 125 GeV SM-like boson measurements
— Multi-TeV new physics searches

* Phase 1 Upgrade: twice LHC design luminosity

— Event pileup reaches ~50 collisions per beam crossing (@ 25 ns)
— Factor 5 increase in trigger rates relative to 2012 run

» Phase 2 Upgrade: 5x LHC design luminosity

— Event pileup reaches ~140 collisions per beam crossing (@ 25 ns)

— Need solutions to cope with very high rates (10-15 x 2012), radiation
and pileup
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Detector and trigger challenges %

* Need detectors and trigger with high performances from low
to high energy scales

— 125 GeV SM-like boson measurements
— Multi-TeV new physics searches

* Phase 1 Upgrade: twice LHC design luminosity

— Event pileup reaches ~50 collisions per beam crossing (@ 25 ns)
— Factor 5 increase in trigger rates relative to 2012 run

» Phase 2 Upgrade: 5x LHC design luminosity

— Event pileup reaches ~140 collisions per beam crossing (@ 25 ns)

— Need solutions to cope with very high rates (10-15 x 2012), radiation
and pileup

ATLAS and CMS were designed to cope with L= 1-2 x1034 cm~s’
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Upgrade challenges and recipe %

Maintain low trigger thresholds, efficient particle and physics object reconstruction at

high rate and pile-up
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%L Upgrade challenges and recipe %

Maintain low trigger thresholds, efficient particle and physics object reconstruction at
high rate and pile-up
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Maintain low trigger thresholds, efficient particle and physics object reconstruction at
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Maintain low trigger thresholds, efficient particle and physics object reconstruction at
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%L Upgrade challenges and recipe %

Maintain low trigger thresholds, efficient particle and physics object reconstruction at
high rate and pile-up

. tH HCAL
; , Clusters
Need new technology R&Ds to: g A H\ detector>
. . S
— Increase granularity e
. : oton ECAL
— Increase data bandwidth s Clustérs
— Increase processing power | Y
. . ﬁgﬂﬁﬁ;’ <>article-flow HH
— Improve radiation hardness

— Minimize material in tracking devices
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Physics program priorities
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The discovery of a SM-like scalar boson at my~125 GeV
defines the physics priorities
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-}l Physics program priorities %

The discovery of a SM-like scalar boson at my~125 GeV
defines the physics priorities

« With LHC 13/14 TeV data until ~2022 (~300 fb-")
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The discovery of a SM-like scalar boson at my~125 GeV
defines the physics priorities

« With LHC 13/14 TeV data until ~2022 (~300 fb-1)
— Measure SM-like scalar boson properties
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Physics program priorities
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The discovery of a SM-like scalar boson at my~125 GeV
defines the physics priorities

« With LHC 13/14 TeV data until ~2022 (~300 fb-")

— Measure SM-like scalar boson properties
« mass, JPC, width (indirect method)
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Physics program priorities

The discovery of a SM-like scalar boson at my~125 GeV
defines the physics priorities

« With LHC 13/14 TeV data until ~2022 (~300 fb-")

— Measure SM-like scalar boson properties
« mass, JPC, width (indirect method)
* individual couplings with 5-15% precision
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Physics program priorities %
The discovery of a SM-like scalar boson at my~125 GeV
defines the physics priorities

« With LHC 13/14 TeV data until ~2022 (~300 fb-")

— Measure SM-like scalar boson properties
« mass, JPC, width (indirect method)
* individual couplings with 5-15% precision
— Search for new physics at a higher mass scale (new energy region)
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Physics program priorities %
The discovery of a SM-like scalar boson at my~125 GeV
defines the physics priorities

« With LHC 13/14 TeV data until ~2022 (~300 fb-")

— Measure SM-like scalar boson properties
« mass, JPC, width (indirect method)
* individual couplings with 5-15% precision

— Search for new physics at a higher mass scale (new energy region)
« SUSY
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Physics program priorities %
The discovery of a SM-like scalar boson at my~125 GeV
defines the physics priorities

« With LHC 13/14 TeV data until ~2022 (~300 fb-")

— Measure SM-like scalar boson properties
« mass, JPC, width (indirect method)
* individual couplings with 5-15% precision
— Search for new physics at a higher mass scale (new energy region)
« SUSY
 Exotics
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Physics program priorities %
The discovery of a SM-like scalar boson at mp~125 GeV
defines the physics priorities

« With LHC 13/14 TeV data until ~2022 (~300 fb-")

— Measure SM-like scalar boson properties
« mass, JPC, width (indirect method)
* individual couplings with 5-15% precision
— Search for new physics at a higher mass scale (new energy region)
« SUSY
 Exotics

+ With HL-LHC 14 TeV data until ~2032 (~3000 fb-)
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Physics program priorities %
The discovery of a SM-like scalar boson at my~125 GeV
defines the physics priorities

« With LHC 13/14 TeV data until ~2022 (~300 fb-")

— Measure SM-like scalar boson properties
« mass, JPC, width (indirect method)
* individual couplings with 5-15% precision
— Search for new physics at a higher mass scale (new energy region)
« SUSY
 Exotics

+ With HL-LHC 14 TeV data until ~2032 (~3000 fb-)

— High Precision SM scalar boson measurements
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A Physics program priorities %

The discovery of a SM-like scalar boson at my~125 GeV
defines the physics priorities

« With LHC 13/14 TeV data until ~2022 (~300 fb-")

— Measure SM-like scalar boson properties
« mass, JPC, width (indirect method)
* individual couplings with 5-15% precision
— Search for new physics at a higher mass scale (new energy region)
« SUSY
 Exotics

+ With HL-LHC 14 TeV data until ~2032 (~3000 fb-)

— High Precision SM scalar boson measurements
— Study Higgs boson rare decays and self-coupling

DESY, 04/11/2014 Future Higgs Physics at HL-LHC - Paolo Giacomelli 13

n»r-=»



n»r-=»

CMS =
A Physics program priorities %

The discovery of a SM-like scalar boson at my~125 GeV
defines the physics priorities

« With LHC 13/14 TeV data until ~2022 (~300 fb-")

— Measure SM-like scalar boson properties
« mass, JPC, width (indirect method)
* individual couplings with 5-15% precision
— Search for new physics at a higher mass scale (new energy region)
« SUSY
 Exotics

+ With HL-LHC 14 TeV data until ~2032 (~3000 fb-)

— High Precision SM scalar boson measurements
— Study Higgs boson rare decays and self-coupling
— Study VV scattering
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The discovery of a SM-like scalar boson at my~125 GeV
defines the physics priorities

« With LHC 13/14 TeV data until ~2022 (~300 fb-")

— Measure SM-like scalar boson properties
« mass, JPC, width (indirect method)
* individual couplings with 5-15% precision
— Search for new physics at a higher mass scale (new energy region)
« SUSY
* EXotics

+ With HL-LHC 14 TeV data until ~2032 (~3000 fb-)

— High Precision SM scalar boson measurements

— Study Higgs boson rare decays and self-coupling

— Study VV scattering

— Characterize any New Physics discovered during Phase 1 at 14 TeV
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A Physics program priorities %

The discovery of a SM-like scalar boson at my~125 GeV
defines the physics priorities

« With LHC 13/14 TeV data until ~2022 (~300 fb-")

— Measure SM-like scalar boson properties
« mass, JPC, width (indirect method)
* individual couplings with 5-15% precision
— Search for new physics at a higher mass scale (new energy region)
« SUSY
* EXotics

+ With HL-LHC 14 TeV data until ~2032 (~3000 fb-)

— High Precision SM scalar boson measurements

— Study Higgs boson rare decays and self-coupling

— Study VV scattering

— Characterize any New Physics discovered during Phase 1 at 14 TeV
— Search for new physics in very rare processes
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4. Higgs Physics at HL-LHC

Production
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Production
top qg w/z ;
A ._*__y - =
q iw/z
top
. _H
top
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Higgs Physics at HL-LHC

Production
gg fusion

top q ] % H
A q_*__ﬂ - =

q %

top
_,_H

top
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Higgs Physics at HL-LHC

Production
gg fusion VBF

top q ] % H
A q_*__ﬂ - =

q %

top
. _H

top
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Higgs Physics at HL-LHC
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Production
gg fusion VBF
top q ] @/Z H
A e ﬂ - =
q %

top
_,_H

top

ttH
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Higgs Physics at HL-LHC
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Production
gg fusion VBF
top H g W/Z_ ,1
_._F . %
top
_._H
gbar N fop
Associated production ttH

(Higgstrahlung)
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Production
gg fusion VBF
top H g W/Z_ ,1
_._F . %
top
_._H
gbar N fop
Associated production ttH

(Higgstrahlung)
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Higgs Physics at HL-LHC %k
S
Production Deca
U) 1_—| I I I I I | I I I | I I I I I I—_‘t:;
i o F
gg fusion VBF 5 ) WW i
o | '
top o} %10-1_ Tt Y74 —:¥.
d _._H 8 .
q m [ i
107 E
o i i
) ] .
-~-=-  1q0°® E
top B E
gbar N
= = / " , ~
Associated production ttH 1080900 120 140 160 180 200
(Higgstrahlung) M, [GeV
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A Higgs Physics at HL-LHC |
S
Production Decay

U) 1_—I I I I I I | I I I | I I I I I I—_t:_)

i O - 33

gg fusion VBF 5 ) WW :g

o | :

‘ -.- A T8 f z

qa w/z m g

\ il E ]

tOp E : ZY E

) ] .

-~—-=  q0° : 3

top - : ]

gbar N :

- . / 0 | =
Associated production ttH 1080900 120 140 160 180 200
(Higgstrahlung) M, [GeV]

Large variety of final states to study
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Higgs Physics at HL-LHC
HL-LHC is a Higgs factory!
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HL-LHC is a Higgs factory!
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Higgs Physics at HL-LHC
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DESY, 04/11/2014

HL-LHC is a Higgs factory!

HL-LHC
3000 fb

Higgs bosons
at Vs=14 TeV
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HL-LHC is a Higgs factory!

HL-LHC Higgs bosons
3000 fb at Vs=14 TeV
All 170 M
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Higgs Physics at HL-LHC
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DESY, 04/11/2014

HL-LHC is a Higgs factory!

HL-LHC Higgs bosons

3000 fb at Vs=14 TeV
All 170 M
VBF 13 M
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Higgs Physics at HL-LHC
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DESY, 04/11/2014

HL-LHC is a Higgs factory!

HL-LHC Higgs bosons
3000 fb at Vs=14 TeV
All 170 M
VBF 13 M
ttH 1.8 M
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Higgs Physics at HL-LHC
HL-LHC is a Higgs factory!

HL-LHC Higgs bosons

3000 fb at Vs=14 TeV
All 170 M
VBF 13 M
ttH 1.8 M
H—-Zy 230 k
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HL-LHC is a Higgs factory!

HL-LHC Higgs bosons

3000 fb at Vs=14 TeV
All 170 M
VBF 13 M
ttH 1.8 M
H—-Zy 230 k
H—uu 37 k
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Higgs Physics at HL-LHC
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HL-LHC is a Higgs factory!

HL-LHC Higgs bosons

3000 fb at Vs=14 TeV
All 170 M
VBF 13 M
ttH 1.8 M
H—-Zy 230 k
H—uu 37 k
HH 121 k
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~ 4 Higgs Physics at HL-LHC

* What can we do at HL-LHC in the Higgs sector?
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Higgs Physics at HL-LHC

* What can we do at HL-LHC in the Higgs sector?

—Measure existing decay channels with the highest precision
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Higgs Physics at HL-LHC

(\%

* What can we do at HL-LHC in the Higgs sector?

—Measure existing decay channels with the highest precision
— Observe rare Higgs decays
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Higgs Physics at HL-LHC %

* What can we do at HL-LHC in the Higgs sector?

—Measure existing decay channels with the highest precision
— Observe rare Higgs decays

* H—-up
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Higgs Physics at HL-LHC %

* What can we do at HL-LHC in the Higgs sector?

—Measure existing decay channels with the highest precision
— Observe rare Higgs decays

* H—-uu

e H-Zy
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Higgs Physics at HL-LHC %

* What can we do at HL-LHC in the Higgs sector?

—Measure existing decay channels with the highest precision
— Observe rare Higgs decays

* H—-uu

e H-Zy

+ H—cc (?)
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CMS 2
|l Higgs Physics at HL-LHC ¥

* What can we do at HL-LHC in the Higgs sector?

—Measure existing decay channels with the highest precision
— Observe rare Higgs decays

* H—-up

e H-Zy

-« H—cc (?)

—Double Higgs production (Higgs self-coupling)
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CMS (2
|l Higgs Physics at HL-LHC Y

* What can we do at HL-LHC in the Higgs sector?

—Measure existing decay channels with the highest precision
— Observe rare Higgs decays

* H—-up

e H-Zy

-« H—cc (?)

—Double Higgs production (Higgs self-coupling)

—Vector boson scattering
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A Higgs Physics at HL-LHC %
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* What can we do at HL-LHC in the Higgs sector?

—Measure existing decay channels with the highest precision
— Observe rare Higgs decays

* H—-up

e H-Zy

-« H—cc (?)

—Double Higgs production (Higgs self-coupling)

—Vector boson scattering
—Look for small deviations from SM predictions

DESY, 04/11/2014 Future Higgs Physics at HL-LHC - Paolo Giacomelli 16
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"l Higgs Physics at HL-LHC Y
" IF you don Z have the ball y You cannotl score )

Now with the Higgs boson in their hands,
particle physicists can... play as well as Germans against Brazilians

— Higgs as a target es— - Higgs as a tool e
- observe it in as many channels as » a portal to New Physics
possible to measure its properties * in initial states: rare decays
» check of the coupling structure of eg., h—pur,h—> J/V+y
the SM and its deformations » in final states as an object that
* interpret deviations of Higgs can be reconstructed and tagged
couplings as a sign of NP e.g.,t = h+c, H — hh

C. Grosjean - ECFA 2014 see G. Perez's talk

- Why going for HL-LHC? To gain more statistics! |

The winners are the channels that
1) are very rare: 0 * L < O(1) @ 300/fb but o * L > O(1) @ 3/ab
2) do not saturate the statistical uncertainties, such that S//B still scales like /L
(need to reduce the theoretical uncertainties as much as possible)

DESY, 04/11/2014 Future Higgs Physics at HL-LHC - Paolo Giacomelli 17
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CMS upgrade program

LS1 Projects ME4/2
- Complete Muon coverage (ME,RE4) -__ i

* Improve muon operation, DT ;: !

electronics I . S ]
* Replace HCAL photo-detectors in Hof=,; RE,43

Forward (new PMTs) and Outer ™ Sotencid maget |

(HPD—SiPMs) § |
. DAQ1-DAQ2 //

| Pixel s i P ey O _—

LS1 (now)
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CMS upgrade program

LS1 Projects e o ME4Z g
 Complete Muon coverage (ME,RE4) ’

RET3 |
RE2/2 || RE2/3
Y | A kY Y

* Improve muon operation, DT
electronics

» Replace HCAL photo-detectors in

Forward (new PMTs) and Outer Seienoid magnet
(HPD—SiPMs) = ‘
- DAQ1—DAQ2 Y A 97R TH
? %SECAL ) , e -

tracker

‘ Pixel AW e S """ 7

LS1 (now) LS2 (2018:
| ]

Phase 1 Upgrades <

 New Pixel detector, HCAL electronics and
L1-Trigger upgrade

« GEMSs for forward muon det. under review
* Preparatory work during LS1

- New beam pipe for pixel upgrade
- Install test slices of pixel, HCAL, L1-trigger
- Install ECAL optical splitters for L1-trigger

DESY, 04/11/2014 Future Higgs Physics at HL-LHC - Paolo Giacomelli 18
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cms =7
-4/ CMS upgrade program %

DTs
CSCs
M RPCs

LS1 Projects | I —
« Complete Muon coverage (ME,RE4)

* Improve muon operation, DT
electronics

» Replace HCAL photo-detectors in :
Forward (new PMTs) and Outer Solenoid magnet
(HPD—SiPMs)
. DAQ1—DAQ2 S
| Pixel Sy T —
__LS1 (now) LS2 (2018) LS3 (~2023)
Phase 1 Upgrades <« / _
. New Pixel detector, HCAL electronics and ~ Phase 2: being defined now
L1-Trigger upgrade * Tracker replacement, L1 Track-Trigger
« GEMs for forward muon det. under review * Forward: calorimetry, muons and tracking
* Preparatory work during LS1 » High precision timing for PU mitigation
- New beam pipe for pixel upgrade * Further Trigger upgrade

- Install test slices of pixel, HCAL, L1-trigger + Further DAQ upgrade
- Install ECAL optical splitters for L1-trigger

DESY, 04/11/2014 Future Higgs Physics at HL-LHC - Paolo Giacomelli 18



CMS Phase Il upgrade program

Muons

e Replace DT FE electronics

 Complete RPC coverage in forward region
(new GEM/RPC technology)
* |Investigate Muon-taggingupton ~ 3

New Tracker
e Radiation tolerant - high granularity - less material

e Tracks in hardware trigger (L1)

* Coverageupton~4

Barrel ECAL
* Replace FE electronics
e Cool detector/APDs

' |New Endcap

Calorimeters
e Radiation tolerant

iy

Trigger/DAQ,

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

* L1 Latency 12.5 us

e HLT output rate 7.5 kHz

Other R&D
e Fast-timing for in-time pileup suppression
* Pixel trigger

DESY, 04/11/2014 Future Higgs Physics at HL-LHC - Paolo Giacomelli 19
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-l CMS Phase Il detector simulations %
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CMS Phase |l detector simulations

Increase det. acceptance up to |n|=3.0
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CMS Phase |l detector simulations

Increase det. acceptance up to |[n|=3.0
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CMS Phase |l detector simulations

Increase det. acceptance up to |[n|=3.0
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CMS Phase |l detector simulations h
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Increase det. acceptance up to |[n|=3.0
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CMS Phase |l detector simulations
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Increase det. acceptance up to |[n|=3.0
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CMS

CMS Phase |l detector simulations

CMS Simulation 2014 \'s =14 TeV L = 3000 fb™’
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CMS Phase |l detector simulations

CMS Simulation 2014 \'s =14 TeV L = 3000 fb™’
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CMS Phase |l detector simulations

CMS Simulation 2014 \'s =14 TeV L = 3000 fb™’
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Dramatic increase in statistics!
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ATLAS detector

25m

e w— -
--------

Tile calorimeters

LAr hadronic end-cap and
forward calorimeters

---------------- Pixel detector ,
............ Toroid magnets LAr electromagnetic calorimeters
Muon chambers Solenoid magnet | Transition radiatfion tracker
Semiconductor tracker
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ATLAS upgrade program

2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023

Prepare for: Phase 0. LSI| Phase LII LS?2 PhaseII LS3

“Phase-0" upgrade: consolidation “Phase-1" upgrades: “Phase-II" upgrades: M

V's = [3~14TeV, 25ns bunch spacing  Jultimate luminosity Linse=5 x10%* cm2s! (u=140) w.leveling
Linse = x10%* em2s! (u=27.5) Linse 22-3 x10%* ecm?s”! (u~55-81) ~6-7 x10% cm2s-! (U=192) no level.

J Linse 50 fb! [ Linee =350 fb! J Linse 3000 fb!

ATLAS has devised a 3 stage upgrade program

DESY, 04/11/2014 Future Higgs Physics at HL-LHC - Paolo Giacomelli From M. Diemoz ,,



2;1 ATLAS upgrade program

2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023

Prepare for: Phase 0.1 LS| Phase LI |LS?2 Phase II LS3

4

“Phase-IlI" upgrades:
Linse=5 x103% cm-2s-! (U=I40) w.leveling

~6-7 x103* cm2s-! (U=192) no level.
I Linse = 3000 fb-!

“Phase-0" upgrade: consolidation
V's = 13~14TeV, 25ns bunch spacing
Linse =I x103% cm2s-! (u=27.5)

[ Linse 50 b

“Phase-I" upgrades:
ultimate luminosity

Linse =2-3 x10%* cm2%s™! (u=55-81)
J Linse =350 fb!

ATLAS has devised a 3 stage upgrade program

* New insertable pixel b-layer
(IBL)

* New Al beam pipe

* New pixel services

e Complete installation of EE
muon chambers

 New evaporative cooling plant

e Consolidation of detector
services

e Specific neutron shielding

 Upgrade magnet cryogenics
DESY, 04/11/2014 Future Higgs Physics at HL-LHC - Paolo Giacomelli From M. Diemoz 4



Prepare for:

“Phase-0" upgrade: consolidation

V's = 13~14TeV, 25ns bunch spacing

I_inst ZI X I O34 Cm'ZS" (p2275)
[ Linse 50 fb-!

“Phase-I"" upgrades:
ultimate Iuminosity
Linse 22-3 x103% em2s™! (u=55-81)

| Line =350 fb"!

ATLAS upgrade program

2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021

Phase 0.1 LS| Phase LI |LS?2 PhaseII LS3

“Phase-II"" upgrades:
Linse=5 x1034 cm-2s-!

~6-7 x1034 cm-2s-!
[ Linst = 3000 b

2022 2023

4

(M=140) w.leveling
(U=192) no level.

ATLAS has devised a 3 stage upgrade program

New insertable pixel b-layer
(IBL)

New Al beam pipe

New pixel services

Complete installation of EE
muon chambers

New evaporative cooling plant
Consolidation of detector
services

Specific neutron shielding

Upgrade magnet cryogenics
DESY, 04/11/2014

e New Small Wheel (nSW) for

the forward muon
Spectrometer

High Precision Calorimeter L1-
Trigger

Fast TracKing (FTK) for L2-
trigger

Topological L1-trigger
processors

New forward diffractive
physics detectors (AFP)

Future Higgs Physics at HL-LHC - Paolo Giacomelli

From M. Diemoz
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~ i ATLAS upgrade program %
2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 ... 203

Prepare for: Phase 0.1 LS| Phase LI |LS?2 PhaseII LS3

4

“Phase-0" upgrade: consolidation “Phase-I" upgrades: “Phase-II"" upgrades:

s = |13~14TeV, 25ns bunch spacing jultimate Iuminosity Linse=5 x10%* em2s-! (u=140) w.leveling
Linse =1 x10%* cm2s7! (u=27.5) Linse 22-3 x10** em™?s! (u=55-81) ~6-7 x103* cm2s”! (4=192) no level.

j Lins( — 50 fb-l J Linst 2350 fb" j Linst = 3000 fb.l

ATLAS has devised a 3 stage upgrade program

* New insertable pixel b-layer e New Small Wheel (hnSW) for ¢ Completely new tracking
(IBL) the forward muon detector
* New Al beam pipe Spectrometer * Calorimeter electronics
* New pixel services e High Precision Calorimeter L1- upgrades
e Complete installation of EE Trigger » Upgrade part of the muon
muon chambers e Fast TracKing (FTK) for L2-
 New evaporative cooling plant trigger system
o , , e Possible L1-trigger track
e Consolidation of detector * Topological L1-trigger "
services processors rlgge.r
e Specific neutron shielding * New forward diffractive * Possible Chahges to the
 Upgrade magnet cryogenics physics detectors (AFP) forward calorimeters

DESY, 04/11/2014 Future Higgs Physics at HL-LHC - Paolo Giacomelli From M. Diemoz ,,



ATLAS upgrade performances

e

sFCal with improved
segmentation and reduced pulse
length in 3.1<n<4.9

1?7

Extend ITK tracker to v
2.5<n<4 + LO/LI Track

Trigger

”I \ St

All possibilities under study and
being considered piecewise for
their performance benefit

Segmented timing
detectors in front of

EMEC/FCAL in 2.5<n<4

Recommendatlon on upgrad I (MBTS location)
actions to be given in March 2015 |_ (~100pm;~10ps) _|

\Muon spectrometer extensions to
,2.7<n<4.0

DESY, 04/11/2014 Future Higgs Physics at HL-LHC - Paolo Giacomelli 24
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ATLAS upgrade performances
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CMS/

)l ATLAS upgrade performances

light jet rejection

g """ param"‘

0.7 0.75

o
S
(&)
o
%))

DESY, 04/11/2014

b-tagging efficiency

Future Higgs Physics at HL-LHC - Paolo Giacomelli
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CMS/

light jet rejection

Light jet rejection

..... ~

g """ param

o
¥ SN il BEFEEE b P SR Septi)
I53) ’

DESY, 04/11/2014

075
b-tagging efficiency

10

b,

ATLAS upgrade performances

nr r=>»

Future Higgs Physics at HL-LHC - Paolo Giacomelli

L L L L L BN L BB
ATLAS Simulation oileup=0, ITk

» o pileup=50, ITk

S o pileup=140, ITk

E o pileup=0, IBL

L . A pileup=50, IBL

8 R

N Al

- 1t, IP3D+SV1

3 b-tagging

- improvements

i with new iTk

506 0.7 08 0s

L 111l

| IIIIlIll | lIlllIll

| IIIIIII

b-jet efficiency

25



ATLAS upgrade performances

n»r-=»

light jet rejection

=}
»
5
b IET: VO
o
o
Pt
o
o
o

di-photon mass
resolution
in ttH channel

DESY, 04/11/2014

C | I I I I I I I I I I I | | I I I I | I I I I ]
o . . ]
g ATLAS Simulation oileup=0, Tk :
'g 10° _ o pileup=50, ITk -
D = e pileup=140, ITk .
_-53 - s pileup=0, IBL i
-l 102 = - A pileup=50, IBL =
- Ta .
- 1t, IP3D+SV1 |
101 b-tagging E
= - improvements -
I with new iTk .
07 075 bs 0.6 0.7 0.8 0.9 1.0
b-tagging efficiency
b-jet efficiency
5 300
s ATLAS Simulation =1
> _ 1 [ JVBF
8 fL dt = 3000 fb —r
£ 200 4
o
iphoton
150 B ttbar
100

50

qOO 110 120 130

140

diphoton mass [GeV]
Future Higgs Physics at HL-LHC - Paolo Giacomelli
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CMS
~ i ATLAS upgrade perform
>
(® Study impact of various ITK and MS f
pr resolution and trigger acceptance 3
scenarios g
(® Lepton requirements
® pr U >20,15106 GeV
® AR,ml2,m34 as in Run| analysis
(® Using the best setup: c—é
® /um pixel reso., full muon upgrade §
® 35% Acceptance gain from nearly 100% §>
efficient muon reconstruction

® Mass resolution degrades quickly with n

DESY, 04/11/2014 Future Higgs Physics at HL-LHC - Paolo Giacomelli
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500

400

200

Illlllll

300

1001

ATLAS Simulation Preliminary

Mi<2.5

|
i

[ |77 ZZ background

i<4
— H—=4u

| [] ZZ background

with Z mass constraint

I I 1 1 1 I I 1 1 I
\s=14TeV

f Ldt = 3000 b

L

!

I
=

IllllIllllIllllIllllIlT

110 115 120

125 130 135 140

m,, [GeV]

0.3
0.25
0.2
0.15
0.1

0.05

%

rTrr1yr1r1r1ry rrrry rTrT T T T T T T TTTT]T
I ! I ! ! I

!

0

I I I I

— I _I<25

—— 254" _1<3.0
—— 3.0<’" <35
— 35<d"_I<4.0

I 1 1 1 I 1 1 I 1 I 1 1 I 1
ATLAS Simulation Preliminary {s=14Tev

1

I T I I 1

f Ldt = 3000 fb"'

with Z mass constraint

| I | |
110 120

130 140 GI\?O
L. Grey - ECFA 2014 ™ %"




CMS/

JINR, 03/03/2014

From 2012 to HL-LHC

Prospects of the Higgs Sector at HL-LHC - Paolo Giacomelli
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cms

il From 2012 to HL-LHC

L]

 From 30 to 3000 fb': two orders of magnitude extrapolation in
luminosity

JINR, 03/03/2014 Prospects of the Higgs Sector at HL-LHC - Paolo Giacomelli 27



cms

L]

il From 2012 to HL-LHC

 From 30 to 3000 fb': two orders of magnitude extrapolation in

luminosity

JINR, 03/03/2014

To calculate physics projections at HL-LHC

Prospects of the Higgs Sector at HL-LHC - Paolo Giacomelli
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From 2012 to HL-LHC

 From 30 to 3000 fb': two orders of magnitude extrapolation in
luminosity

To calculate physics projections at HL-LHC
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From 2012 to HL-LHC

 From 30 to 3000 fb': two orders of magnitude extrapolation in
luminosity

To calculate physics projections at HL-LHC

Similar trigger and
reconstruction peformances as
in 2012

JINR, 03/03/2014 Prospects of the Higgs Sector at HL-LHC - Paolo Giacomelli 27



From 2012 to HL-LHC

 From 30 to 3000 fb': two orders of magnitude extrapolation in
luminosity

To calculate physics projections at HL-LHC

Similar trigger and
reconstruction peformances as
in 2012

Need upgraded detectors to offset the much harsher LHC
conditions and radiation damage

ATLAS and CMS have launched a comprehensive upgrade program

JINR, 03/03/2014 Prospects of the Higgs Sector at HL-LHC - Paolo Giacomelli 27



CMS/

n»r-=>»

Higgs boson projections after LS1 %

DESY, 04/11/2014 Future Higgs Physics at HL-LHC - Paolo Giacomelli 28



cms %
A Higgs boson projections after LS1 %

n»r=»

Approaches adopted for physics projections

DESY, 04/11/2014 Future Higgs Physics at HL-LHC - Paolo Giacomelli 28



CMS/ |

~ |, Higgs boson projections after LS1 %

Approaches adopted for physics projections

e ATLAS: perform physics studies using fast simulation to mimic
the beam effects on momentum and energy resolution,
acceptance, identification and reconstruction efficiencies, fake
rates, etc.

DESY, 04/11/2014 Future Higgs Physics at HL-LHC - Paolo Giacomelli 28
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CMS

~ }i Higgs boson projections after LS1 %

Approaches adopted for physics projections

e ATLAS: perform physics studies using fast simulation to mimic
the beam effects on momentum and energy resolution,

acceptance, identification and reconstruction efficiencies, fake
rates, etc.

e CMS:. assume that an upgraded detector will compensate the
effects of the higher pile-up, using three different scenarios:

DESY, 04/11/2014 Future Higgs Physics at HL-LHC - Paolo Giacomelli 28
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Higgs boson projections after LS1 %

Approaches adopted for physics projections

e ATLAS: perform
the beam effe

physics studies using fast simulation to mimic
cts on momentum and energy resolution,

acceptance, identification and reconstruction efficiencies, fake

rates, etc.

e CMS: assume t
effects of the hig

nat an upgraded detector will compensate the
ner pile-up, using three different scenarios:

- Scenario 1: a
with respect to

DESY, 04/11/2014

| systematic uncertainties are kept unchanged
those in current data analyses

Future Higgs Physics at HL-LHC - Paolo Giacomelli 28
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Higgs boson projections after LS1 %

Approaches adopted for physics projections

e ATLAS: perform physics studies using fast simulation to mimic
the beam effects on momentum and energy resolution,
acceptance, identification and reconstruction efficiencies, fake

rates, etc.

e CMS: assume that an upgraded detector will compensate the
effects of the higher pile-up, using three different scenarios:
- Scenario 1: all systematic uncertainties are kept unchanged
with respect to those in current data analyses
- Scenario 2: the theoretical uncertainties are scaled by a factor
of 1/2, while other systematical uncertainties are scaled by 1/\L

DESY, 04/11/2014 Future Higgs Physics at HL-LHC - Paolo Giacomelli 28
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Higgs boson projections after LS1 %

Approaches adopted for physics projections

e ATLAS: perform physics studies using fast simulation to mimic
the beam effects on momentum and energy resolution,
acceptance, identification and reconstruction efficiencies, fake

rates, etc.

e CMS:. assume that an upgraded detector will compensate the

effects of the higher pile-up, using three different scenarios:

- Scenario 1: all systematic uncertainties are kept unchanged
with respect to those in current data analyses

- Scenario 2: the theoretical uncertainties are scaled by a factor
of 1/2, while other systematical uncertainties are scaled by 1/\L

- Scenario 3. set theoretical uncertainties to zero, leave other
syst. uncertainties the same as in 2012

DESY, 04/11/2014 Future Higgs Physics at HL-LHC - Paolo Giacomelli 28
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~ 4| Higgs signal strength with 300 fb-* %
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CMS

_ |l Higgs signal strength with 300 fb-*

 Extrapolation by two orders of magnitude to higher luminosity
— Is subject to large uncertainties
— scenarios 1 and 2 provide likely upper and lower bounds

DESY, 04/11/2014 Future Higgs Physics at HL-LHC - Paolo Giacomelli
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S &
~§l, Higgs signal strength with 300 fb- %

 Extrapolation by two orders of magnitude to higher luminosity

— Is subject to large uncertainties

— scenarios 1 and 2 provide likely upper and lower bounds

» Experience at LEP and Tevatron indicates that scaling with 1/4L is not unrealistic

n»r-=>»
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Higgs signal strength with 300 fb- %

 Extrapolation by two orders of magnitude to higher luminosity

— Is subject to large uncertainties

— scenarios 1 and 2 provide likely upper and lower bounds

» Experience at LEP and Tevatron indicates that scaling with 1/4L is not unrealistic

n r=>»

CMS Projection

1) 1 I 1] | 1 ) I | 1 | ] l ] | 1} | I
Expected uncertainties on | 300" at fs =14 TeV Scenario 1 .
Higgs boson signal strength — 300fb"at fs =14 TeV Scenario 2 300 fb'1, 14 TeV (Scenarlo 1 )

300 fb1, 14 TeV (Scenario 1)

Hoyy $

L = 6/G sm
H—-> WW

——
-4

H—2ZZ 4

-

H— bb

J
|

R

Ho1t1 4 |

! T R P R SR SR I T SR SR N MR
0.00 0.05 0.10 0.15
expected uncertainty
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Higgs signal strength with 300 fb-1 %

 Extrapolation by two orders of magnitude to higher luminosity

— Is subject to large uncertainties

— scenarios 1 and 2 provide likely upper and lower bounds

» Experience at LEP and Tevatron indicates that scaling with 1/4L is not unrealistic

CMS Projection

I — 1 T T ]
Expected uncertainties on 1 300fb" at fs =14 TeV Scenario 1 .
Higgs boson signal strength — 300" at {5 = 14 TeV Scenario 2 300 fb1, 14 TeV (Scenario 1)
300 fb1, 14 TeV (Scenario 1)
Hoyy i ’
L = 6/G sm
H—-»> WW — i
H—ZZ : % :
With 300 fb-1the
H = bb precision on the signal
Hotr ; , strength, u = c/osm, IS
N expected to be 10-15%

expected uncertainty

DESY, 04/11/2014 Future Higgs Physics at HL-LHC - Paolo Giacomelli 29
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» Higgs signal strength with 3000 fb-* %
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Higgs signal strength with 3000 fb-* %

CMS Projection

| | I I I | ' l I I ' I | | ' | I I | ]

Expected uncertainties on = 3000fb”" at 5= 14TeV Scenario 1
Higgs boson signal strength — 3000fb" at {5 = 14 TeV Scenario 2

B
—

Hoyy

H—-> WW

——
4

W = /G sm
H—Z2Z

H— bb 1

—

Ho1t1t

! 1

| I | | I 1
0.10 0.15
expected uncertainty
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Higgs signal strength with 3000 fb-*

CMS Projection

Q%

n»r-=>»

[ NN L B N B L B B B R L B R
Expected uncertainties on — 3000 fb" at f5= 14 TeV Scenario 1
Higgs boson signal strength 1 3000 fb" at fs=14TeV Scenario 2
Hoyy } i
H—-> WW i %
WL = 6/0sm
H—Z2Z : {
H— bb ; |
H-o11 ; ;
1 . N N .
0.00 0.05 0.10 015
expected uncertainty
L (fb H—-yy |HHOWW| H->ZZ | H->bb | H>tt | H>Zy | H>uu | H—inv.
300 | [6,12] | [6,11] | [7,117 | [11,14] | [8,14] | [62,62] | [40,42] | [17,28]
3000 [4,8] [14,7] 14,7] 15,7] [5,8] | [20,24] | [20,24] | [6,17]
DESY, 04/11/2014 Future Higgs Physics at HL-LHC - Paolo Giacomelli 30



CMS

Higgs signal strength with 3000 fb-*

CMS Projection

nr r=>»

| —r 1 T 1
Expected uncertainties on = 3000fb" at 5= 14TeV Scenario 1
Higgs boson signal strength 1 3000fb" at {5 = 14TeV Scenario 2
H-ovy } :
H—-> WW } {
WL = 6/0sm
H—ZZ } !
H— bb ; {
Ho1t1t ; ;
1 . N W N
0.00 0.05 0.10 015
expected uncertainty
L (ib H—-yy |HHOWW| H->ZZ | H->bb | H>tt | H>Zy | H>uu | H—inv.
300 | [6,12] | [6,111 | [7,11] | [11,14] | [8,14] | [62,62] | [40,42] | [17,28]
3000 | [4.8] [4,7] [4,7] [5,7] [5,8] | [20,24] | [20,24] | [6,17]

With 3000 fb-1the precision on u is expected to be 4-8% per channel

DESY, 04/11/2014

Future Higgs Physics at HL-LHC - Paolo Giacomelli
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Higgs boson couplings fit framework %

A. Apyam - 2014 ECFA HL-LHC workshop
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Higgs boson couplings fit framework %

» Leading order tree level framework

 Signal cross section scaled

« Quantify possible small deviations from SM
* Assumptions:
« Single resonance with m=125 GeV 2012
« Zero width approximation
* Tensor structure of Lagrangian assumed the same of the SM

 Effective couplings for loop induced processes

* H—yy, H—>Zgy, gg—H

A. Apyam - 2014 ECFA HL-LHC workshop

DESY, 04/11/2014 Future Higgs Physics at HL-LHC - Paolo Giacomelli 31



Higgs boson couplings fit framework %

» Leading order tree level framework

n»r-=>»

- Signal cross section scaled o BlggoHoy) KK
rsmgg — H) - Bsw(H = vy) K2,
« Quantify possible small deviations from SM
* Assumptions:
« Single resonance with m=125 GeV 2012
« Zero width approximation
* Tensor structure of Lagrangian assumed the same of the SM

 Effective couplings for loop induced processes

* H—yy, H—>Zgy, gg—H

A. Apyam - 2014 ECFA HL-LHC workshop

DESY, 04/11/2014 Future Higgs Physics at HL-LHC - Paolo Giacomelli 31
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4§ Higgs boson couplings @300 fb-*
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e

cms <
A Higgs boson couplings @300 fb-’ %

e TWO scenarios:

« Scenario 1: same systematics as in 2012

e Scenario 2: theory systematics scaled by a factor %2, other
systematics scaled by 1/~L

n»r-=»
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awms 5
A Higgs boson couplings @300 fb-1 %

e TWO scenarios:

« Scenario 1: same systematics as in 2012

e Scenario 2: theory systematics scaled by a factor %2, other
systematics scaled by 1/~L

CMS Projection
o T T 300 fb-', 14TeV (Scenario 1)

Expected uncertainties on F— 300fb"at s =14 TeV Scenario 1
Higgs boson couplings — 300fb"at fs =14 TeV Scenario 2 300 fb1, 14TeV (Scenario 1 )

| | | | ] I | | ] 1 I | ] | | I 1
0.00 0.05 0.10 015
expected uncertainty

300 fb1 14 TeV, Scenario 1
300 fb-!' 14 TeV, Scenario 2

DESY, 04/11/2014 Future Higgs Physics at HL-LHC - Paolo Giacomelli 32
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CMS

-

4l Higgs boson couplings @300 fb-* %

n»r=»

e TWO scenarios:

« Scenario 1: same systematics as in 2012

e Scenario 2: theory systematics scaled by a factor %2, other
systematics scaled by 1/~L

CMS Projection

I L
Expected uncertainties on
Higgs boson couplings

I 1 1] ] 1 I 1 1}
= 300fb"at (s =14 TeV Scenario 1
— 300fb"at {s =14 TeV Scenario 2

.I

000 005

| ] | I | 1 | | I 1 ]
0.10 015
expected uncertainty

300 fb1 14 TeV, Scenario 1
300 fb-!' 14 TeV, Scenario 2

DESY, 04/11/2014

300 fb-1, 14TeV (Scenario 1)
300 fb-1, 14TeV (Scenario 1)

With 300 fb-'the uncertainties on the
Higgs couplings uncert. should be in
therange o (ky)~4-7%

o (K; )~ 6-15%

Future Higgs Physics at HL-LHC - Paolo Giacomelli 32



n r-=>»

= Higgs boson couplings @3000 fb- %
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2;1 Higgs boson couplings @3000 fb-1

CMS Projection

I | I I I | ' I I | ' I I | ' I I I 1 I

Expected uncertainties on 1 3000fb" at 5= 14 TeV Scenario 1
Higgs boson couplings 1 3000fb" at 5= 14TeV Scenario 2

——

A
N

-
P .

1 L

. R B P
0.00 0.05 0.10 015
expected uncertainty

DESY, 04/11/2014 Future Higgs Physics at HL-LHC - Paolo Giacomelli 33
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Higgs boson couplings @3000 fb-

CMS Projection

Q%

n»r-=>»

Experlzted uncertaintiels on — Isooolfb" at (§]= 14'TeVIScenario1

Higgs boson couplings — 3000fb" at fs= 14 TeV Scenario 2

Ky

Kw

Kz

Kg

Kp

Ky

000 005 010 015

expected uncertainty

L (pb K K K K K K K K K
300 CMS | [5,7 4,6] 4,6 16,8] |[10,13]|[14,15]] [6,8] [[41,41]][23,23]
3000 CMS | [2,5 [2,5] 2,4] 13,5] | [4,7] | [7,10] | [2,5] [[10,12]] [8,8]
300 |ATLAS| [9,9]1 | [9.91 | [8,8] |[11,14]][22,231|[20,221([13,14 [[24,24]|[21,21]
3000 [ATLAS| [4,51 | [4,5]1 | [4.4] | [5,9] |[10,12]] [8,117 | [9,101|[14,14]| [7.,9]
DESY, 04/11/2014 Future Higgs Physics at HL-LHC - Paolo Giacomelli 33



Higgs boson couplings @3000 fb-

CMS Projection

Expected uncertainties on

Higgs boson couplings

I ] | ] | I
b= 3000fb" at 5= 14 TeV Scenario 1

— 3000fb" at fs= 14TeV Scenario 2

n»r-=>»

K.{

Kw

Kz

Kg

Kp

Ky

000 005 010 015

expected uncertainty

L (pb K K K K K K K K K
300 CMS | [5,7] | [4.6 4,6 [6,8] [[10,13]][14,15]| [6,8] [[41,41]][23,23]
3000 CMS | [2,5] | [2,5 2,4] 13,5] | [4,7] | [7,10] | [2,5] |[10,12]] [8,8]
300 |ATLAS| [9.9] | [9.9] 8,8] [[11,14]][22,23]][20,22]|[13,14|[24,24]|[21,21]
3000 |ATLAS| [4,5] | [4,5] 4,4 5,91 ([10,12]] [8,11] |[9,10] |[14,14]| [7,9]

With 3000 fb-' the Higgs couplings can be determined with high precision (2-7%)

DESY, 04/11/2014

Future Higgs Physics at HL-LHC - Paolo Giacomelli
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Higgs projections @3000 fb-

n»r-=»

CMS Projection

Scenario 3: No Theory uncertainty

CMS Projection

I | I I | | ' I I I | I | ] | I I | J I | I I | | ] I | | | I | ] ' I I | U
Expected uncertainties on F— 30001 at 5= 14 TeV Scenario 1 Expected uncertainties on F—1 30001 at {5 = 14 TeV Scenario 1
Higgs boson signal strength F— 3000 %" at {s= 14 TV No Theory Unc. Higgs boson couplings =1 30007 at {5 = 14 eV No Theory Unc.

Scenario 3 " - Scenario 3
Hoyy : : ¥ —
Kw % :
H—-> WW } i
K5 4 |
H—2Z i | Kg : |
K - |
H— bb ; | b '
Ky : |
Ho1tt } ! K, -
| | | | | I | | 1 I | | | I 1 1 | 1 | | | 4 I | | | l | 1 | I 1 ]
0.00 0.05 0.10 0.15 0.00 0.05 0.10 0.15

DESY, 04/11/2014

expected uncertainty
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Higgs projections @3000 fb- %

Scenario 3: No Theory uncertainty
CMS Projection

CMS Projection

I I | ' I I I ' | I | ] | I I 1 ' I | | ' | | | ' | I | ] ' I I
Expected uncertainties on F—1 3000 at 5= 14 TeV Scenario 1 Expected uncertainties on F— 30001 at 5= 14 TeV Scenario 1
Higgs boson signal strength F— 3000 %" at {s= 14 TV No Theory Unc. Higgs boson couplings =1 30007 at {5 = 14 eV No Theory Unc.

Scenario 3 " - Scenario 3
H-yy : | Y b
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H—-> WW } !
K ' |
H—2Z : | Kq : |
K 1 |
H— bb . | b 1 1
K, . |
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| | | | ] I | | | 1 I | [l | | I 1 1 | 1 | | | | I | | 1 | I | 1 ! | I 1
0.00 0.05 0.10 015 0.00 0.05 0.10 015
expected uncertainty expected uncertainty

« Extrapolation by two orders of magnitude to higher luminosity
— Is subject to large uncertainties
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CMs £
_ | Higgs projections @3000 fb-" ¥

Scenario 3: No Theory uncertainty
CMS Projection
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CMS Projection

I 1) 1 ' I L) L ' 1 ] 1 ' L L) ] 1 L ] 1 Ll ' [ ) 1 ' L I 1 ' L 1) ]
Expected uncertainties on F— 3000 at {5 = 14 TeV Scenario 1 Expected uncertainties on F— 30001 at 5= 14 TeV Scenario 1
H|g gs boson signal Strength = 3000 %" at s =14 TeV No Theory Unc. H|g gs boson couplin gs = 3000®" at {5 =14 TeV No Theory Unc.
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0.00 0.05 0.10 015 0.00 0.05 0.10 015
expected uncertainty expected uncertainty

« Extrapolation by two orders of magnitude to higher luminosity
— Is subject to large uncertainties

* Results will become syst. limited due to theory uncertainties. We must
encourage our theoretical friends to improve their calculations!
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Higgs couplings @3000 fb-1
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CMS/
_ }i Higgs couplings @3000 fb-’

* Remove assumption on total width

* Only ratios of the coupling scale factors can be determined at LHC
» Use given process as a reference (H—ZZ)
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gl Higgs couplings @3000 fb-

 Remove assumption on total width
* Only ratios of the coupling scale factors can be determined at LHC
» Use given process as a reference (H—ZZ)

ATLAS Simulation Preliminary
's =14 TeV: |Ldt=300 b ; [Ldt=3000 fb
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Higgs couplings @3000 fb-1
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 Remove assumption on total width
* Only ratios of the coupling scale factors can be determined at LHC
» Use given process as a reference (H—ZZ)

ATLAS Simulation Preliminary
's =14 TeV: |Ldt=300 b ; [Ldt=3000 fb

IIII|IIII|IIII1IIII
&
& H . .

CMS (scenario 2, scenario 1

)

L(fb™") | k¢ -kz/ ku | Kq/xz | kw/xz | kp/%z | k2/%z | Kz /K | Ki/Kg | ku/Kz | Kzo /K7
300 [4,6] [5,8] [4,7] [8,11] [6,9] [6,9] | [13,14] | [22,23] | [40,42]
3000 [2,5] [25] | [23] | [35] | [24] | B5] | [68] | [78] | [12,12]
| 57 |26(3.1(98|89(8.7(94(53]| 14
| | l |
0O 0.05 0.1 0.15 0.2 0.25
K
AAXY=A(K—§)
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Higgs couplings @3000 fb-1

 Remove assumption on total width
* Only ratios of the coupling scale factors can be determined at LHC
» Use given process as a reference (H—ZZ)

ATLAS Simulation Preliminary
's =14 TeV: |Ldt=300 b ; [Ldt=3000 fb
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0 0.05 0.1 0.15 0.2 0.25
Moy =A G

n»r-=3»

CMS (scenario 2, scenario 1)
L(fb™") | k¢ -kz/ ku | Kq/xz | kw/xz | kp/%z | k2/%z | Kz /K | Ki/Kg | ku/Kz | Kzo /K7
300 [4,6] 58] | [47] | 8111 | [6,9] | [6,9] | [13,14] | [22,23] | [40,42]
3000 [2,5] [2,5] [2,3] [3,5] [2,4] [3,5] [6,8] [7,8] [12,12]
| 57 [26(3.1/98|89(8.7|94|53]| 14

« With 3000 fb-" the couplings can be determined with high precision (up to a few %)
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e By LHC14@300, we'll have probed all 3rd

G. Salam, A. Weiler

generation fermion couplings to O(10-20%)

e H — U*u- glives us access to 2nd lepton

generation, 1.e. Is the
mass-generation mechanism
same for all generations, for
quarks and leptons”
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e v/ like YY and gg loop induced, but sensitive to
effects invisible In yy and gg (because of chiral

n»r-=»

COUp|IﬂgS) G. Salam, A. Weiler

e |n composite Higgs: Not protected by Goldstone
symmetry, large yZ while yy and gg smal

Z
SM

_____ w+
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e v/ like YY and gg loop induced, but sensitive to
effects invisible In yy and gg (because of chiral
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COUp“ngS) G. Salam, A. Weiler

* |n composite Higgs: Not protected by Goldstone
symmetry, large yZ while yy and gg smal

Z
SM
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New
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H—-Zy

e v/ like YY and ggd loop induced, but sensitive to
effects invisible In yy and gg (because of chiral

couplings)

* |[n composite Higgs: Not protected by Go
symmetry, large yZ while yy and gg smal

Z

SM

W+

New
physics

DESY, 04/11/2014

['(h—Zy)/SM

G. Salam, A. Weiler

dstone

dm/m = (m,1) — maa))/(M@1) + maa)) and r = m22)/(Mm@a

o ! ! | !
e e MR
. 01<r<25 ' | '
»ol_ . f=800GeV R
. 01l<r<?25
: Rescaling tree—level |
: couplings 5ghwzv2/f2
o= @ . .
-0.6 -04 -0.2 0.0 0.2 04 0.6
om/m 1308.2676
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e Hcc coupling can still be 4-8 x SM

* |n composite HIggs

2 2,02
e~ 140 (”—2) +0 (egng )
f iy,

large for composite
charm and light charm
partners
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e Hcc coupling can still be 4-8 x SM

* |n composite HIggs

2 g2 v?
cczl+(9(f2>+0 €2 7‘1’7[)12
Y

large for composite
charm and light charm
partners

Measuring it?

Like H—=bb, but with
charm tagging?

Or via H—= J/P Y ? 1306.5770
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Higgs boson pair-production
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_ il Higgs boson pair-production
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CMS

Higgs boson pair-production

Destructive interference between the two diagrams
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Higgs boson pair-production

Destructive interference between the two diagrams
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Taken from “Higgs self-coupling measurements at the LHC” by M. J.
Dolan, C. Englert and M. Spannowsky, JHEP 10 (2012 112.
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CMS

Higgs boson pair-production

Destructive interference between the two diagrams
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Higgs boson pair-production

Destructive interference between the two diagrams
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Higgs boson pair-production

Destructive interference between the two diagrams
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NNLO cross-section at my=125 GeV:

c=40+31b
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CMS

~ §i| Higgs boson pair-production

Destructive interference between the two diagrams
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Many channels to investigate

Most promising ones:

bbW*W- (large BR but large bkg.)
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bbyy (clean but small BR) °
Y
bbt*t
bbu*u- also being considered
bbbb — ——
bb2I2v 0 40 o0
Ecm(TeV)

NNLO cross-section at my=125 GeV:

c=40+31b

DESY, 04/11/2014

G. de Florian, J. Mazzitelli, 1309.6594
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At HL-LHC with L=3000 fb-? we will produce ~120000 HH events
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At HL-LHC with L=3000 fb-? we will produce ~120000 HH events
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At HL-LHC with L=3000 fb-? we will produce ~120000 HH events

However we pay a big price

in BR’s ...
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However we pay a big price
in BR’s ...

bbW*W-  ~30000 events
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At HL-LHC with L=3000 fb-? we will produce ~120000 HH events
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di-Higgs production

However we pay a big price
in BR’s ...

bBW*W-
bbyy

~30000 events
320 events

DESY, 04/11/2014

—l
IIIIIII|

g ratios

—h
Q

Branchin

—
<Q
\V)

10°

104

At HL-LHC with L=3000 fb-? we will produce ~120000 HH events

I I I | I I I | i I I | I I I

: WW

bb

a
-

7

80

100 120 140 160

Future Higgs Physics at HL-LHC - Paolo Giacomelli

M, [GeV]

)

E\\i )

n»r-=»

I O III|
LHC HIGGS XS WG 2013




di-Higgs production
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At HL-LHC with L=3000 fb-? we will produce ~120000 HH events

However we pay a big price
in BR’s ...

bbW*W- ~30000 events
bbyy ~ 320 events
bbt*t ~ 8800 events
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At HL-LHC with L=3000 fb-? we will produce ~120000 HH events

However we pay a big price
in BR’s ...

bbW*W-  ~30000 events
bbyy ~ 320 events
bbt*1 ~ 8800 events
bb2|2v  ~ 1460 events

DESY, 04/11/2014
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At HL-LHC with L=3000 fb-? we will produce ~120000 HH events

However we pay a big price
in BR’s ...

bbW*W-  ~30000 events
bbyy ~ 320 events
bbt*1 ~ 8800 events
bb2|2v  ~ 1460 events

New preliminary results
from ATLAS and CMS on

bbyy
bbW*W-

DESY, 04/11/2014
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di-Higgs production %

* Nominal performance for Phase Il scenario and 3000fb!
* CMS:

* Parameterized object performance tuned to CMS Phase Il
detector at <PU>=140

* 2D fit of M, and M, , distributions

* ATLAS:

* Parameterized object performance obtained from full
simulation

* Cut based analysis

* Electron to photon misidentification probability of 2% (5%) in
barrel (endcap) is assumed

* ATL-PHYS-PUB-2014-019

A. Apyam - 2014 ECFA HL-LHC workshop
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Events/10 GeV

~§i| di-Higgs production

HH—)bbW
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Events/10 GeV

avs | . <
~ 4l di-Higgs production %

H H—)bbW
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Events/10 GeV

avs | . <
~ 4l di-Higgs production %

H H—)bbW
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ATLAS Simulation Preliminary & 251 ATLAS Simulation Preliminary
20 \s=14 TeV, 3000 fb™ et - \s=14 TeV, 3000 fb™
18 = H(bb)H(yy) ttH(yy) o [ EEH(bb)H(yy) ttH(yy)
16 ™ bbH(yv) X 2 20 ™ bbH(yy) - X

Z(bb)H(yv) = bbyy S | Z(bb)H(vv) = bbyy
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Preliminary results with L=3000 fb-’
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CMS, o _ YT
_ 4l di-Higgs production %

process Expected events in 3000 fb™

SM HH->bbyy 8.4+ 0.1

bbyy 9.7+1.5

ccyy, bbyj, bbjj, jivy 24.1+2.2

top background 3.4+2.2

ttH(yy) 6.1+0.5

Z(bb)H(yy) 2.7+0.1

bbH(yy) 1.2 £0.1

Total background 47.1+£3.5
S/VB (barrel+endcap) 1.2
S/VB (split barrel and endcap) 1.3

DESY, 04/11/2014 Future Higgs Physics at HL-LHC - Paolo Giacomelli 48
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~ 4l di-Higgs production %
HH—)bbW
SM HH- bbyy 8.4+ 0.1
bbyy 9.7+ 1.5
ccyy, bbyj, bbijj, jjvy 24.1+2.2
top background 3.4+2.2
ttH(yy) 6.1+0.5
Z(bb)H(yy) 2.7+0.1
bbH(yy) 1.2 £0.1
Total background 47.1+£3.5
S/VB (barrel+endcap) 1.2
S/VB (split barrel and endcap) 1.3
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CMS ()
~ 4l di-Higgs production %
ATLAS HH—bByy
SM HH- bbyy 8.4+ 0.1
bbyy 9.7+ 1.5
ccyy, bbyj, bbijj, jjvy 24.1+2.2
top background 3.4+2.2
ttH(yy) 6.1+0.5
Z(bb)H(yy) 2.7+0.1
bbH(yy) 1.2 £0.1
Total background 47.1+£3.5
S/VB (barrel+endcap) 1.2
S/VB (split barrel and endcap) 1.3
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di-Higgs production

Process / Selection Stage | HH | ZH | ttH | bbH | yy+jets | y+jets | jets | tf
Object Selection &
Fit Mass Window 228 | 296 | 178 | 6.3 2891 1616 | 292 | 113
Kinematic Selection 146 | 146 | 3.3 | 20 128 96.9 20 | 20
Mass Windows 99 | 33 | 15 | 08 8.5 6.3 1.1 | 1.1

Table 3: The expected event yields of the signal and background processes for 3000 fb~" of inte-
grated luminosity are shown at various stages of the cut-based selection for the both photons in
the barrel region. Mass window cuts are 120 GeV to 130 GeV for M, and 105 GeV to 145 GeV
for My,. A large fit mass window, 100 GeV to 150 GeV for M.,., and 70 GeV to 200 GeV for My,
is used for the likelihood fit analysis. The statistical uncertainties on the yields are of the order

Vs=14 TeV, PU=140
I 1 I 1 l I 1 I I
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. - — . s, =
5 601 — differences and avenues for sensitivity
F B . .
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5 40 B
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ﬁ E l I I I IE
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di-Higgs production
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Process / Selection Stage | HH | ZH | ttH | bbH | yy+jets | y+jets | jets | tf
Object Selection &
Fit Mass Window 228 | 296 | 178 | 6.3 2891 1616 | 292 | 113
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Table 3: The expected event yields of the signal and background processes for 3000 fb~" of inte-
grated luminosity are shown at various stages of the cut-based selection for the both photons in
the barrel region. Mass window cuts are 120 GeV to 130 GeV for M, and 105 GeV to 145 GeV
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differences and avenues for sensitivity
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di-Higgs production
HH—)bbW

Process / Selection Stage | HH | ZH | ttH | bbH | yy+jets | y+jets | jets | tf
Object Selection &
Fit Mass Window 228 | 296 | 178 | 6.3 2891 1616 | 292 | 113
Kinematic Selection 146 | 146 | 3.3 | 20 128 96.9 20 | 20
Mass Windows 99 | 33 | 15 | 08 8.5 6.3 1.1 | 1.1

Table 3: The expected event yields of the signal and background processes for 3000 fb~" of inte-
grated luminosity are shown at various stages of the cut-based selection for the both photons in
the barrel region. Mass window cuts are 120 GeV to 130 GeV for M, and 105 GeV to 145 GeV
for My,. A large fit mass window, 100 GeV to 150 GeV for M.,., and 70 GeV to 200 GeV for My,
is used for the likelihood fit analysis. The statistical uncertainties on the yields are of the order
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di-Higgs production %
HH—)bbW

Vs=14 TeV, PU=140 Vs=14 TeV, PU=140
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* The average expected relative uncertainty on the di-Higgs cross
section measurement is shown as a function of the integrated

luminosity (left) and the scale factor for the non-resonant
background (right).
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di-Higgs production %
HH—)bbW

Vs=14 TeV, PU=140

Vs=14 TeV, PU=140
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* The average expected relative uncertainty on the di-Higgs cross
section measurement is shown as a function of the b-tagging

efficiency (left) and the photon efficiency (right).

DESY, 04/11/2014 Future Higgs Physics at HL-LHC - Paolo Giacomelli 51



CMS,

_ Ji| di-Higgs production

n»>»r=»

DESY, 04/11/2014 Future Higgs Physics at HL-LHC - Paolo Giacomelli 52



di-Higgs production

)

n»r-=»

HH—bbWW
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CMS/

di-Higgs production

HH—bbWW

* Based on Delphes fast simulation tuned to CMS Phase Il detector

* Considering only the main tt background

* The rest of the SM processes are negligible

* Neural Network discriminant to suppress tt

* Signal region: Neural Network output > 0.97
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HH—bbWW
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di-Higgs production %
HH—bBWW

* Results are quoted as a function of the background systematic
uncertainty

* Data driven techniques will likely constraint the uncertainties to
the percent level

3000 fb ', ys=14 TeV, PU=140
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bbt*t  seems rather promising, studies are ongoing
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bbt*t  seems rather promising, studies are ongoing

bbbb under consideration

DESY, 04/11/2014 Future Higgs Physics at HL-LHC - Paolo Giacomelli

54



A di-Higgs production %

bbt*™t-  seems rather promising, studies are ongoing

bbbb under consideration

bb2|2v  could be an interesting possibility, studies not yet started
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CMs <
A di-Higgs production %

bbt*t  seems rather promising, studies are ongoing
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bbbb under consideration

bb2|2v  could be an interesting possibility, studies not yet started

Higgs boson pair-production is a flagship channel of HL-LHC.
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bbt*t  seems rather promising, studies are ongoing

bbbb under consideration

bb2|2v  could be an interesting possibility, studies not yet started

Higgs boson pair-production is a flagship channel of HL-LHC.

di-Higgs production %

There is ongoing work in both experiments in order to be able to

assess the full potential at HL-LHC.
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bbt*t  seems rather promising, studies are ongoing

bbbb under consideration

bb2|2v  could be an interesting possibility, studies not yet started

Higgs boson pair-production is a flagship channel of HL-LHC.

di-Higgs production %

There is ongoing work in both experiments in order to be able to

assess the full potential at HL-LHC.
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CMS

~ §i di-Higgs production %

bbt*t  seems rather promising, studies are ongoing
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bbbb under consideration

bb2|2v  could be an interesting possibility, studies not yet started

Higgs boson pair-production is a flagship channel of HL-LHC.

There is ongoing work in both experiments in order to be able to
assess the full potential at HL-LHC.

There i1s good hope to reach a sensitivity of ~3c per experiment
with L=3000 fb-"
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VV scattering: unitarity violation

Taken from “Prospects for VV scattering: latest news” by S. Bolognesi (JHU)
talk at Implications of LHC results for TeV-Scale physics (March 2012)
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Taken from “Prospects for VV scattering: latest news” by S. Bolognesi (JHU)
talk at Implications of LHC results for TeV-Scale physics (March 2012)
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S channel

Taken from “Prospects for VV scattering: latest news” by S. Bolognesi (JHU)
talk at Implications of LHC results for TeV-Scale physics (March 2012)
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S channel

Taken from “Prospects for VV scattering: latest news” by S. Bolognesi (JHU)
talk at Implications of LHC results for TeV-Scale physics (March 2012)
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S channel T channel QGC

Taken from “Prospects for VV scattering: latest news” by S. Bolognesi (JHU)
talk at Implications of LHC results for TeV-Scale physics (March 2012)
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S channel T channel QGC

Taken from “Prospects for VV scattering: latest news” by S. Bolognesi (JHU)
talk at Implications of LHC results for TeV-Scale physics (March 2012)
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Vv v W
vY,Z
W w
w w
v Vv
S channel T channel QGC

Without the SM boson, W* W —-W* W~
violates unitarity at Vs = 1.2 TeV
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talk at Implications of LHC results for TeV-Scale physics (March 2012)
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T channel QGC

Without the SM boson, W* W —-W* W~
violates unitarity at Vs = 1.2 TeV

Taken from “Prospects for VV scattering: latest news” by S. Bolognesi (JHU)
talk at Implications of LHC results for TeV-Scale physics (March 2012)
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S channel
Without the SM boson, W W-_—W* W i
violates unitarity at Vs 2 1.2 TeV —

Taken from “Prospects for VV scattering: latest news” by S. Bolognesi (JHU)
talk at Implications of LHC results for TeV-Scale physics (March 2012)
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QGC

Without the SM boson, W* W —-W* W~
violates unitarity at Vs = 1.2 TeV

Taken from “Prospects for VV scattering: latest news” by S. Bolognesi (JHU)
talk at Implications of LHC results for TeV-Scale physics (March 2012)
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QGC

Without the SM boson, W* W —-W* W~
violates unitarity at Vs = 1.2 TeV

W, Z masses (— longitudinal degrees of
freedom) arise from the BEH mechanism:

Taken from “Prospects for VV scattering: latest news” by S. Bolognesi (JHU)
talk at Implications of LHC results for TeV-Scale physics (March 2012)
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VV scattering: unitarity violation

v v w
Y,Z
w
v
v S channel T channel
Without the SM boson, W+ W-—W-W- [ " "W MW\
violates unitarity at Vs = 1.2 TeV — hﬁ.wwww
W
| | LW w Py
W, Z masses (— longitudinal degrees of
freedom) arise from the BEH mechanism:
( 2 2 )
N P 1 ) t
AW, W, = W W, = —|-s—tH+ — .
vol s —my t—m )/

Taken from “Prospects for VV scattering: latest news” by S. Bolognesi (JHU)
talk at Implications of LHC results for TeV-Scale physics (March 2012)
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VV scattering: unitarity violation

N

%
o

v v
Y,Z
v
v S channel T channel
Without the SM boson, W+ W-—W+W- [ "W WW\
violates unitarity at Vs = 1.2 TeV — hg.mw
W
. . \W w )
W, Z masses (— longitudinal degrees of
freedom) arise from the BEH mechanism:
( (2 2
+ 177 — + 117 — N l
AW, W, = W, W, )= tH+ — 5
% \ [9 —my [ — mH)

VV scattering is the smoking gun for EWSB!

Taken from “Prospects for VV scattering: latest news” by S. Bolognesi (JHU)

talk at Implications of LHC results for TeV-Scale physics (March 2012)
DESY, 04/11/2014

Future Higgs Physics at HL-LHC - Paolo Giacomelli
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VV scattering as a probe for EWSB %

VV Scattering spectrum, o(VV—VV) vs M(VV)

Is the fundamental probe to test the nature of the BEH boson or to find
an alternative EWSB mechanism

afls) A
1

Adaptation from “Boson Boson scattering analysis” by A.Ballestrero (INFN Torino)
talk at First LHC to Terascale Workshop (Sept 2011):
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VV scattering as a probe for EWSB %

VV Scattering spectrum, o(VV—VV) vs M(VV)

Is the fundamental probe to test the nature of the BEH boson or to find
an alternative EWSB mechanism
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talk at First LHC to Terascale Workshop (Sept 2011):
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VV scattering as a probe for EWSB %

VV Scattering spectrum, o(VV—VV) vs M(VV)

Is the fundamental probe to test the nature of the BEH boson or to find
an alternative EWSB mechanism
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VV scattering as a probe for EWSB %

VV Scattering spectrum, o(VV—VV) vs M(VV)

Is the fundamental probe to test the nature of the BEH boson or to find
an alternative EWSB mechanism

SM No-Higgs
afls) A Agg<1TeV gg
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eakly coupled
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Adaptation from “Boson Boson scattering analysis” by A.Ballestrero (INFN Torino)
talk at First LHC to Terascale Workshop (Sept 2011):

DESY, 04/11/2014 Future Higgs Physics at HL-LHC - Paolo Giacomelli 57



VV scattering as a probe for EWSB %

VV Scattering spectrum, o(VV—VV) vs M(VV)

Is the fundamental probe to test the nature of the BEH boson or to find
an alternative EWSB mechanism
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VV scattering as a probe for EWSB %

VV Scattering spectrum, o(VV—VV) vs M(VV)

Is the fundamental probe to test the nature of the BEH boson or to find
an alternative EWSB mechanism
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VV scattering as a probe for EWSB %

VV Scattering spectrum, o(VV—VV) vs M(VV)

Is the fundamental probe to test the nature of the BEH boson or to find
an alternative EWSB mechanism
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Search for possible resonances in VV scattering (VBS) spectrum

Adaptation from “Boson Boson scattering analysis” by A.Ballestrero (INFN Torino)
talk at First LHC to Terascale Workshop (Sept 2011):
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~§l| VBS experimental signature

From “Study of Vector Boson Scattering including Pile-up with the ATLAS Detector”
by P. Anger (TU Dresden), DPG Friihjahrstagung Karlsruhe 2011

DESY, 04/11/2014 Future Higgs Physics at HL-LHC - Paolo Giacomelli
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CMS,

_ }l VBS experimental signature
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(1)

proton - .
7% ¢ O

proton (2 [
vV
) Six fermion
From “Study of Vector Boson Scattering including Pile-up with the ATLAS Detector” f| N al State

by P. Anger (TU Dresden), DPG Friihjahrstagung Karlsruhe 2011
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_ }l VBS experimental signature

Longitudinal plane

/ = (1)

(1)

proton - .
7% ¢ O

proton (2 [
vV
) Six fermion
From “Study of Vector Boson Scattering including Pile-up with the ATLAS Detector” f| N al State

by P. Anger (TU Dresden), DPG Friihjahrstagung Karlsruhe 2011
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VBS experimental signature %

Longitudinal plane Transverse plane

(1) (1)

/ = (1)

(1)
\

proton (2) [
(3)
vV
proton (2 [
3)
vV
) Six fermion
From “Study of Vector Boson Scattering including Pile-up with the ATLAS Detector” f| N al State

by P. Anger (TU Dresden), DPG Friihjahrstagung Karlsruhe 2011
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VBS experimental signature %
Longitudinal plane Transyers? plane
o @

(1)

(1)

/ = (1)
(1)
\

Signature: forward-backward “spectator” jets with very high energy

(1)
proton ] (2) i
vV
proton (2 [
vV
) Six fermion
From “Study of Vector Boson Scattering including Pile-up with the ATLAS Detector” f| N al State

by P. Anger (TU Dresden), DPG Friihjahrstagung Karlsruhe 2011
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VBS experimental signature %
Longitudinal plane Transverse plane
& (2) | 2)

(1)

(1)

(1)

/ = (1)
=

Signature: forward-backward “spectator” jets with very high energy

L (1)
» tagging jets (1): large pr, large An  proton o (2) 1
A/ W
» few jets between tagging jets ‘ ) y
» final state (v/lv: oroton ‘ (2)_ -1
» leptons (2) between tagging jets ‘ W W 3)

S St . .
» missing E1(3) (1) Six fermion

From “Study of Vector Boson Scattering including Pile-up with the ATLAS Detector” f| N al State
by P. Anger (TU Dresden), DPG Friihjahrstagung Karlsruhe 2011
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VBS final states
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VBS final states %

e According to the vector bosons’ decays we have a multitude of
possible final states. We can group them in:

e Fully leptonic
*pp—qq #t (t=p.e)
*pp—qq v
*pp—qq Hvv

e Semi-leptonic

°pp—qq jetjet £
°pp—qq jetjet {v

DESY, 04/11/2014 Future Higgs Physics at HL-LHC - Paolo Giacomelli 59
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VBS final states %

e According to the vector bosons’ decays we have a multitude of
possible final states. We can group them in:

e Fully leptonic

*pp—qq tttt (t=p.e) Clean
* pp—qq v Can reconstruct myv (not with 2v)
e pp—qq vV Very low yields...

e Semi-leptonic
°pp—qq jetjet £
°pp—qq jetjet {v

DESY, 04/11/2014 Future Higgs Physics at HL-LHC - Paolo Giacomelli 59



nr r=>»

VBS final states %

e According to the vector bosons’ decays we have a multitude of
possible final states. We can group them in:

e Fully leptonic

*pp—qq tttt (t=p.e) Clean
* pp—qq v Can reconstruct myv (not with 2v)
e pp—qq vV Very low yields...

e Semi-leptonic
*pp—qq jetjet & Better yields...
*pp—qq jetjet tv Large backgrounds
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CMS

_ ji, VBS final states %

e According to the vector bosons’ decays we have a multitude of
possible final states. We can group them in:

e Fully leptonic

*pp—qq tttt (t=p.e) Clean
* pp—qq v Can reconstruct myv (not with 2v)
e pp—qq vV Very low yields...

e Semi-leptonic
*pp—qq jetjet & Better yields...
*pp—qq jetjet tv Large backgrounds

Detector needs
Excellent lepton ID, energy resolution, hermeticity, jet tagging at high n
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~ 4l VBS 2e2u candidate event
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VBS 2e2p candidate event

Run Number: 209109
Event Number: 76170653
Date: 2012-08-24, 08:31:00 CET

EtCut > 1.0 GeV
PtCut > 0.4 GeV
Muon: blue
. Electron: black
\C%hMHK
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DESY, 04/11/2014

o
W Cells: Tiles, EMC

Run Number: 209109
Event Number: 76170653
Date: 2012-08-24, 08:31:00 CET

VBS 2e2u candidate event

EtCut > 1.0 GeV
PtCut > 0.4 GeV
Muon: blue
Elcctron: black
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VBS 2e2p candidate event

Run Number: 209109
] I n ] Event Number: 76170653
Date: 2012-08-24, 08:31:00 CET

EtCut > 1.0 GeV
PtCut > 0.4 GeV
. Muon: blue

\' . Electron: black
\ Cells: Tiles, EMC

DESY, 04/11/2014
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VBS 2e2p candidate event

Run Number: 209109
] I n ] Event Number: 76170653
Date: 2012-08-24, 08:31:00 CET

EtCut > 1.0 GeV
PtCut > 0.4 GeV
N Muon: blue

% . Electron: black
\\ Cells: Tiles, EMC
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VBS 2e2p candidate event

Run Number: 209109
Event Number: 76170653
Date: 2012-08-24, 08:31:00 CET

EtCut > 1.0 GeV
PtCut > 0.4 GeV
N\ Muon: blue

" \ ° Electron: black
\ Cells: Tiles, EMC

DESY, 04/11/2014 Future Higgs Physics at HL-LHC - Paolo Giacomelli

pp—2e2 jetjet
in 8 TeV data
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WZ resonance
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DESY, 04/11/2014

WZ resonance

pp—WZ+2j—{+v+2{+2j channel

Future Higgs Physics at HL-LHC - Paolo Giacomelli
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WZ resonance
pp—WZ+2j—{+v+2{+2j channel

o)
n»r-=»

Entries

- i
450 ATLAS Simulation Preliminary [l VBS WZ (SM) =
vz £1,=1.0 TeV* =
> VBS WZ (SM) 3
300 L] E
250F- SMWZ QCD =
200 E
: Vs=14 TeV :
150 E
100f- E
50F- "
— : | 1 1 | ~
0.6 0.7 0.8 0.9 1

m3|v [TeV]

) P v

L1 = 27 T Way W] X Te[ Wys W]

DESY, 04/11/2014 Future Higgs Physics at HL-LHC - Paolo Giacomelli 61



450
400
350
300
250
200
150
100

30

Entries

L1

DESY, 04/11/2014

WZ resonance

pp—WZ+2j—{+v+2{+2j channel
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CMS

-}l WZresonance
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pp—WZ+2j—{+v+2{+2j channel

@ ' —— T T T ] v 1071717 ]
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Sensitivity to anomalous WZ resonances in Vector boson scattering
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~ i WW resonance
pp—WW+2j—2{+2v+2] channel
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Entries

WW resonance
pp—WW+2j—2{+2v+2] channel
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WW resonance
pp—WW+2j—2{+2v+2] channel
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WW resonance
pp—WW+2j—2{+2v+2] channel
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LHC has an exciting physics program for the next twenty years!
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CMS Phase Il Muon detector
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CMS Phase Il Muon detector

Increase det. acceptance up to |n|=4.0
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CMS Phase Il Muon detector

rease det. acceptance up to |n|=4.0
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CMS Phase Il Muon detector

Increase det. acceptance up to |n|=4.0
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CMS Phase Il Muon detector

Increase det. acceptance up to |n|=4.0
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CMS Phase Il Muon detector

Increase det. acceptance up to |n|=4.0
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Signal strength @3000 fb-*
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ATLAS Simulation Preliminary
(s = 14 TeV: [Ldt=300 b ; [Ldt=3000 fb
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CMms ()8
"Il signal strength @3000 fb-! ¥

ATLAS Simulation Preliminary

(s = 14 TeV: [Ldt=300 b ; [Ldt=3000 fb
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| signal strength @3000 fb" ¥

ATLAS Simulation Preliminary ATLAS Simulation Preliminary
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« With 3000 fb-1 the couplings can be determined with high precision (a few %)
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2 HDM models

* Second Higgs doublet present in many BSM models
* Existence of 5 observable Higgs bosons

* Both experiments set exclusion limits for large areas of parameter
space

AT [ P e f Ldt =300 o™ : No theo.

DESY, 04/11/2014

: ATLAS Simulation Preliminary,
Combined h — yy, ZZ*, WW*

h — Zy, uu, T, bb
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_— f Ldt = 3000 fb™ all unc.
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~
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Higgs portal to dark matter %

* BR of Higgs decays to invisible final states
* ATLAS: BR. < 0.13 (0.09 w/out theory uncertainties) at 3000fb™

* CMS: BR. < 0.11 (0.07 in Scenario 2) at 3000fb™
* The coupling of WIMP to SM Higgs taken as the free parameter
* Translate limit on BR to the coupling of Higgs to WIMP
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Arbitrary units
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Arbitrary units
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ZZ resonance
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DESY, 04/11/2014

ZZ resonance

pp—~ZZ+2j]—4t+2] channel
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Entries

-}l ZZresonance

nr r=>»

pp—~ZZ+2j]—4t+2] channel
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Entries

ZZ resonance

pp—~ZZ+2j]—4t+2] channel
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WZ scattering

Sensitivity to anomalous WZ resonances in Vector boson scattering
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CMS,

|l WZ scattering

pp—WZ+2j—'s+v+2j channel

Sensitivity to anomalous WZ resonances in Vector boson scattering
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(number of events)/bin

W/Z scattering

pp—WZ+2j—'s+v+2j channel

CMS Projection: s = 14 TeV, L = 300 fb'
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WZ scattering

pp—WZ+2j—'s+v+2j channel

CMS Projection: Vs = 14 TeV, L = 300 b’ CMS Projection: Vs = 14 TeV, L = 3000 fb'
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WZ scattering

pp—WZ+2j—'s+v+2j channel

CMS Projection: Vs = 14 TeV, L = 300 b’ CMS Projection: Vs = 14 TeV, L = 3000 fb'
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ZZ resonance
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ZZ resonance

pp—~ZZ+2j]—4t+2] channel
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Entries

ZZ resonance
pp—~ZZ+2j]—4t+2] channel
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ZZ resonance
pp—~ZZ+2j]—4t+2] channel
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Entries

ZZ resonance
pp—~ZZ+2j]—4t+2] channel
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HCAL Upgrade

« Upgraded HCAL

— New photodetectors
— New electronics (frontend, backend)
— Improved longitudinal segmentation

— Improved background rejection, Missing E+
resolution and Particle Flow reconstruction

 Hadronic showers spread out
with increasing depth

Particle Flow With Depth Segmentation
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Depth 1 I =
ECAL 0

9
Tracker (

15

HCAL HO

54321

\\\\%%%%\\\\\\

2

16

NN\
D W

AN N O O VO O VO W U |
W W W W W VA W W |

2

A

0
HCAL - HB

Long. segmentation

near, 2 HB 3 segments
7 HE o HE 5 segments

16

He;dronic cluster width
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Pileup challenges

Muon isolation

Reconstruction of hard collisions in high pileup g [T
environment requires detectors with very high ;81-00M
. u: L
granularity: o8t -
» efficient association of charged tracks to collision Vool Efficiency is stable in ]
vertices g rhigh PU environment
 reconstruction of charged and neutral particles in 20940 g
JetS IELLO.QZ:— MUONS -e- Data, 2012 _:
 pileup neutrals corrected w/global energy density (p) : B simuiation | -
0.90 - CMS Preliminary, Ys=8TeV ]
M50 15 20 25 30 35 40
Number of vertices
_ . . . . . 38MS Preliminary 2012 Z—uu
Physics with high pileup requires full particle 27T | -
flow reconstruction assuring: 250 oenony, MiSSING ET -
* precise jet energy correction S b _— resolution, ;3
* robust missing energy measurement g : o R :
- efficient lepton isolation =F S -
10;— . et e 5
Very efficient reconstruction code is needed 5;—" “ :
to stay within computing budget o]
0 10 20 30

Number of Primary Vertices
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Vector Boson Fusion (VBF)
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Vector Boson Fusion (VBF)

>
%

Generic diagram for vector boson fusion (VBF) process
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Vector Boson Fusion (VBF) %

Generic diagram for vector boson fusion (VBF) process

q
Signature: forward-backward
“spectator” jets with very high
energy

q
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™S (0
A Vector Boson Fusion (VBF) %

Generic diagram for vector boson fusion (VBF) process

q
Signature: forward-backward
“spectator” jets with very high
energy

q

* Once the vector bosons decay, we have a six-fermion final state
* The full set of qg—©6 fermions diagrams has to be considered
*In order to investigate EWSB, one has to isolate VV processes from all
other six-fermion final states
= Apply tight kinematic cuts
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CcMms ,
A Vector Boson Fusion (VBF) %

Generic diagram for vector boson fusion (VBF) process

n»r=»

q
Signature: forward-backward
“spectator” jets with very high
energy

q

* Once the vector bosons decay, we have a six-fermion final state
* The full set of qg—©6 fermions diagrams has to be considered
*In order to investigate EWSB, one has to isolate VV processes from all
other six-fermion final states
= Apply tight kinematic cuts

Typical kin. cuts
ptj>20 GeV  |nj|<6 pr%>30GeV  |nji-n;2|>4.0
NitNz2<0 m;>600GeV
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VV scattering: semileptonic

Semileptonic is most promising: reasonable signal yield

Number of events for 20 fb™

(fully MC based, no systematics, 14 TeV)

ATLAS |N sign. |N back. CMS N sign. |N back.
~00GeV: 1 6.2 16 500GeV | 337 |20759
WV -> Injj 800GeV | 13 17
1.1TeV | 4.8 9.2 >1 TeV 45 3281
For recent inclusive Higgs search:
* more sophisticated analysis developed
(btag categories, angular analyses,
mj; = mz kinematic fit)

* data driven background

Improved JES: mj reso from 20-25% to 10-15%

DESY, 04/11/2014

Events / GeV

CMS N sign. |N back.
500 GeV 62 3415
zZV -> lljj
>1 TeV 5 348

CMSpcehmry lLdt 120fb l— 8 TeV

HIG-12- 046

Z->jj mass for
H->ZZ->212¢

150

L L l L L L l I I

50 100
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CERN-OPEN-2008-020



» Ratios of partial widths @3000 fb-*
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CMS <
A Ratios of partial widths @3000 fb-1 %

ATLAS Preliminary (Simulation)

\'s = 14 TeV: [ Ldt=300 b ; [Ldt=3000 fb"
[Ldt=300 fb™" extrapolated from 7+8 TeV
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~ il Ratios of partial widths @3000 fb-*

ATLAS Preliminary (Simulation)

's = 14 TeV: [Ldt=300 fbo'; [Ldt=3000 fb"
[Ldt=300 fb™" extrapolated from 7+8 TeV
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ATLAS Preliminary (Simulation)
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LA A
m - - -1 N I
Ratios of partial widths @3000 fb X
ATLAS Preliminary (Simulation) ATLAS Preliminary (Simulation)
's = 14 TeV: [Ldt=300 fb ' ; [Ldt=3000 fb 's = 14 TeV: |Ldt=300 fb ' ; [Ldt=3000 fb”
det:BOO fo™' extrapolated from 7+8 TeV ILdt:SOO fo™! extrapolated from 7+8 TeV
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« With 3000 fb-1the couplings can be determined with high precision (a few %)
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Cﬁsﬂ

Ratios of partial widths

Scenario 1
partialWidths | 300/fb (% err.) | 3000/fb (% err)
r_bZ 24 /-18 12/-9
r gz 16/-13 8
r tZ 18 /-15 9/-7
r WZ 15/-12 7/-6
r topglu 32 /-24 17 /-13
r Zglu 17/ -16 10/-9

c_gluZ 12 / -11 8
Scenario 2
partialWidths | 300/fb (% err.) | 3000/fb (% err)
r bZ 17 /-14 4.5
r gz 9 4.5
r tZ 11 3.5
r WZ 10/-7 2.5
r topglu 28 | -22 11
r Zglu 11/-10 5
c_gluZ 7.5/-55 4

DESY, 04/11/2014

CMS

Scenario 1: systematics as in 2012
Scenario 2: theory syst. scaled by a
factor 72,other systematics scaled by

1AL
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