What HL-LHC can (not) do
(based on examples with CMS)?

Serguei GANJOUR
CEA-Saclay/IRFU, Gif-sur-Yvette, France

ILC Club, Saclay
December 12, 2013

CEA

- Saclay



Higgs Physics Goals ﬂ

CEA - Saclay

Last year discovery of a new boson at the LHC opened the new horizons
at the Energy Frontiers

Is=7TeV,L<5.1f' \s=8TeV,L<19.6fb"

15 The boson that we found looks rather

CMS Preliminary m, = 125.7 GeV
“standard” scalar at first sight P00
H_)bb1 15+ 0.62 =
. . . . pn=1.15%+0. '
1z Unraveling its nature is the major effort
H—>11:HO 0.41 _._
p=1.10+0. '
A Higgs Boson—
" %uﬂg(}]?i 0.27 +
Hg}pmSiOQO ——
Hézzogz 0.28 +
. p=092%0. ;
i The SM begins to unravel when probed b,
beyond the range of current accelerators Bestfit olag,,
CMS preliminary  {s=7TeV,L=5.1fb" {s=8TeV, L=19.6 f5" CMS preliminary Ys=7TeV,L=51fb" ys=8TeV,L= 1961’
. . g ';‘“‘\““\““\“‘E_._‘.E\OL“‘\““i %‘ ;'"'\“"\""I";__:':E\O“"\'\I\
1 No hint of New Physics so far: e " - g o Bz
o o R S o L — CMS data z r L =06%) ]
indirect searches become pivotal! §™ .
E 0.06- £ 0.06]-
- precision coupling measurement ooif oo
A k / k x 1 /szl 0.02? | L] 0.02f ]
Ak/k ~10(1)%= M, ~1-1.5(3-4) TeV S o PRI
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LHC approved running to deliver 300 fb~! by 2021 with 20x Higgs
boson production so far

LHC Up To 2021 and Beyond

1 Post LS3 operation at 5x 10%* cm 257!
LHC revamp is resuming in 2015,

w25 ns bunch spacing with /s unlikely exceeding 13 TeV

mw 3000 fb~! over 10 years Vo
w140 events per bunch crossing | s
' Major upgrades required on the LHC e S
(replace more than 1.2 km): — e
LS1 | Phase 0 I | Phase 1 | Phase 2
L 4 new IR_quadS Nb3sn (Inner trlpletS) ,‘9:’ i ,\?Nh i ,19"(5 i .{.&". é,.p':\ i mm':b : ,9'9 ; ,9"‘? i ,.39;\ i ,@'ﬁb i ,\59? : q'@'h i ,\-9“?
m new 11 T NbsSn (short) dipoles | [FLLHC project]

- collimation upgrade
™ cryogenics upgrade

m crab cavities

Projections done assuming 14 TeV,

little difference for analysis performance
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Ezxperimental Challenge

29 distinct vertices have been
reconstructed corresponding to 29
distinct collisions within a single
crossing of the LHC beam

Leptons and MET are almost
insensitive to pileup at current

lumi

- s preliminary 2012
1y 1 1 CMS preliminary Run2012  V¥s=8 TeV - —=— MVAPFE, data 1 _ b
EXperlment WaS deSIgned w 125\ I B CombReIIsoPF dB<02 I I T T |E ,(3, 25?% MVAPFETSimuIationlz'Zfb at s=8TeV @L—
for mean 20 events per 11 1o [ nerurrRae BIt2en
. E E 5 | —%— No-PU PF E; simulation & i
bunch-crossing e e e e e I IR f
15 continue to do an excel- %9 . 1 s " i
. . F uons ] - ]
lent job with 30 events 08 : : osih
0.7 i A 10 £ o aammBEEED EEEERS
. - P > 20 GeV +Data B i _‘ nnnnnnnnn i
1= handle 70 events of pileup b ez e ] s |
. s ~+Datamc ] S T
BUt 140 events Ofplleup 0-5(;\\1\5\”\10||||15||||20||w|2\5|\||3\0|\||:;5 L§> Jﬂizggmg@@ﬁﬂmWHEEEHQHHBEQ@B&QEQQE’@E
. : 8 °f 1
will be a Cha]]eﬂge Number of vertices & 08f——=—5—1—55——55—35—35

number of vertices
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Detector Upgrade

1 Detector upgrade needed

> to withstand radiation dam-
age and pileup

" to maintain or enhance the
current physics performance

1 CMS will undergo a series of
detector and trigger upgrades

> several subdetectors will be
improved or replaced

> trigger is a key component
=> mandated by need to
study the Higgs boson

=> thresholds not too dis-
similar to today

WH - evbb

WH - pvbb

H- 11,

H - et

H - Mt

H - WW - eew
H - WW - ppvv
H - WW - epvv

H - WW - pevwv

[CMS-NOTE-13-002, arXiv:1307.7135]

CMS Simulation Vs =14 TeV, L =2.2 x 10* cm%s?, 25 ns
T T T T T

: @@ Upgrade
{@current

Efficiency (%)

Current and Phase 1 trigger efficiency:
upgraded trigger system available for data

taking in 2016
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HL-LHC" Physics Goal a

CEA - Saclay

trigger paths
Iy mv
mJiy
v Bs - W'Y
my
[ 'ow p_double muon
high P, double muon

10°5 2011 Run,L=1.1fb?
1 cMs \Vs=7Tev

¥ What have we learned?

Events per 10 MeV
=
Om
|

. . . 103—;

m the experiment is working remarkably ] ?
=> operations, detector performance 101
and simulation 13
10" =

- the SM is in great shape : . . .

1 10 10?
. dimuon mass [GeV]
> N(N)LO calculations match data .

Oct 2013 CMS Preliminary
Very We” ﬁ 10° ;f.t 77 TeV CMS measurement (L < 5.0 ™) é
o) ; - ESTeVCMS measurement (L £19.6fb") ;
. . . . T ) —7 TeV Theory prediction ]
1> HL-LHC Physics Goal in Higgs Sector 5 10t —8 ToV Theary precicion
B - r N “CMS 95%CL limit .
: 5 10°E - J
w rare decays & couplings g B o=l T N
: : 5 102k I TR R T, =
m spin and CP studies o TE RN S :
.0 B ] % a® 3 7
. o 10 l - - : =
- BSM Higgs boson searches 3 F 3 'f -
(@] = |
. . . Y 1 f% =
w Higgs boson pair production R i 2 10 g
C _— ]
" = 3

Wz 22 o Taat 2 Vo log Tagp Taa e U T g g b e e Ty g haw wiz ! 22 v&;gg}" kNV'ylggH g{?f' VH ' ttH
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¢ .
% HL-LHC as Higgs Factory ﬂ

1> HL-LHC is a real Higgs factory

w3 couple of Higgs events produced per sec
m compare to e" e~ colliders:

=> less than 10 events per hour at
L=10%cm 257!

Channel | o, pb Rate, Hz Events, Events |,
15 Most of the exclusive final L=50pb~ ' s~! L=3ab~! L=30fb"!
states are accessible, including (14 TeV)  (14TeV)  (14TeV) (8TeV)
in particular very rare ones ggH 50.4 2.52 150M 600K
VBF 4.2 0.21 13M 48K
w 20K H — 77 — 4l WH 15 0.08 45M 21K
m 30K H — (L /H 0.9 0.04 2.6M 12K
w50 1 = /i ttH 0.6 0.03 18M 4K
(couplings to c-quark) Enable to probe redundantly most of

the coupling factors
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Tools for Projections

Projection Approach:

1 Scale results of current analyses
iz T'wo scenarios considered:

m Scenario 1 (conservative):
same experimental and theory
systematic uncertainties as today

m Scenario 2 (ambitious):

experimental syst. scaled by
1/+/L, theory syst. halved

1= Assume detector upgrade keeps
current performance

1 Supported by full simulation studies

Events/0.003

Fast simulation (DELPHES) validated

against full G4 simulation
CMS Simulation ?Ol? ' : (s=14TeV

|

2500 Phase | Detector - PU140

Fast Simulation (Delphes
Full Simulation

~

2000

1500

1000

IIIIIIIIIIIIIIIIIIIIII—

500

0.05

K=}
OFTTTI
=
\
o
o
(3
o

reco

(pIe*° - pE*y/pl”

use more pessimistic performance for
current studies
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Example of Analyses ﬂ

H— 727 — 4u
1= Worth full study with DELPHES

1 Considered coverage extension
from [n| < 2.4 to || < 4 —
in Phase II detector upgrades

- sizable acceptance increases 45%

H— 2u

i Rescale of current analysis

15 Allows direct study of coupling to
two different leptons

s tests lepton flavor violation

1> 3000 fb ! at 14TeV offers new
possibilities

m signal to background marginal

m but a measurement is possible

Events/1.0 GeV

[FTR-13-003]

500

400

300

200

100

CMS Simulatiort 2013 Vs = 14 TeV L = 3000 fo*
L L L

Phase Il Detector - PU140

[ Conf3:H - ZZ* - 4p
[ Conf4:H - ZZ* - 4p

B Conf-3:2/ZZ - 4p
Bl Conf-4:2/ZZ - 4p

100 250 300

M4 H [Ge\/]

[HIG-13-007]

Expected Significance

6

CMS Preliminary Standard Model H —»ppu

[ Vs = 14TeV

1 I 1
1000

1 | 1
1500

Integrated Luminosity [fb]
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¢ .
% Signal Strength ﬂ

1" First step to assess compatibility to SM

i perform single parameter ﬁt, signal Strength H = O'/O'SM
m group decay channels together and express results as o,/ it

CMS Projection CMS Projection
T | T T T T | T T T T | T T T T ‘ T T T T | T T T T | T T T T | T T T T ‘ T T
Expected uncertainties on 300" at f5 = 14 TeV Scenario 1 Expected uncertainties on 1 300017 at 5 = 14 TeV Scenario 1
Higgs boson signal strength 1 300fb"at fs =14 TeV Scenario 2 Higgs boson signal strength — 3000t at fs=14 TeV Scenario 2
Hoyy } i Hoyy
H— WW } | H— WW
H—o ZZ } | H—o ZZ
H— bb : | Hobb [ — +
Ho1t1 } ] H—o1t1
| | | | | | | | | | | | | | | ‘ | | | | | | | | | | | | | | | L L | ‘ L L
0.00 0.05 0.10 0.15 0.00 0.05 0.10 0.15
expected uncertainty expected uncertainty

[Scenario 2, Scenario 1]

L(fb )| vy | WW | ZZ bb TT 7y (L[ inv.
300 |[6, 12] | [6, 11] | [7, 11]|[11, 14] | [8, 14] | [62, 62] [40,42] [17, 28]
3000 [4,8] | [4, 7] | [4, 7] | [6.7] | [5,8] |[20, 24] [14,20] [6, 17]

Not always straightforward to interpret: worth separation of production modes
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Couplings to Bosons and Fermions ﬂ

Tl sy k2 - k2
oB(it - H— ff) ~ = osa - Bsar -t
I k2
tot H
CMS Preliminary Vs=7TeV,L<5.1fb" {s=8TeV,L<19.6fb*
X | ‘

] ] ] ] I ¢ SMHiggs @ Fermiophobic @ Bkg. only
i Estimate Higgs boson couplings into 2

“Vectorial” and “Fermionic” sets:

m H— ~~ is the only channel that is 1r
sensitive to ky or kp relative sign I
=> possible to sort out degeneracy Ok
Lgg ~ ki Loy ~ |aky + Bkr| 1

In agreement with the SM within
uncertainties
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Higgs Coupling Results So Far

et

(s=7TeV,L<5.1fb" {s=8TeV,L<19.6fb"

CMS Preliminary i 68% CL
==05% CL
KW e
KZ i al——
K¢ —*:—
Kp e e ——
Ky e p,,, = 0.52
o b b b b
0O 05 1 2 25

five-parameter model not
effective loop couplings

(the SM structure is assumed

for loop-induced couplings)

parameter value

The generic

Q \\\‘ \“ ‘
— -
S | |=es%cL
D 4l |—9esmcL o
5 | wZ.
< 4
10t . E
- b /,"
- '[ ,"
102 % -
i Il Il Il \\\\\‘ Il Il Il \\\\\‘\HHHH‘\HHHH
1 2345 10 20 100 200
mass (GeV)

couplings as function of

CMS Preliminary ys=7TeV,L<5.1fb" {s=8TeV,L<19.6fb*
— e

Not effective loop

the mass

Compatibility with the SM Higgs Boson Couplings

(s=7TeV,L<51fb" {s=8TeV,L<19.6fb"

CMS Preliminary i 68% CL
' ==95% CL
| -
Ky _E*_
Ko| e
Ky -'.'— p,,, = 0.78
Sl = P

0051152253354455
parameter value
New particles can modify the
loop-mediated couplings and
contribute to the total width

Lot = S lism) + I'Bsm

No significant deviations from the SM Higgs boson are found so far

S.Ganjour
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Coupling Fit Tools ﬂ

Extracting Higgs couplings requires
assumptions at LHC

CMS Projection, {s=14 TeV
T | T T “II T |
- —— L=300fb ", Scenario 1

= Total width I’y ~ k% is not measurable

==== L=300fb ", Scenario 2

2AInL
T

m not possible to measure directly a produc-
tion cross section as at a eTe~ collider

==== L=3000fb ", Scenario 2

—— L=3000fb ", Scenario 1
1= Follow recommendations and fit models de- e ¥ 7
scribed in Yellow Report 3 [arXiv:1307.1347] '

w assumed ky = > k;BR;, only for i in SM

=> total width controlled by H — bb i

> H — ccis a 5% unaccessible contribu- I
tion (assumed to scale with bb) 0——F¢ 1 TE

=> no contributions from BSM Ky

= Global fits targeting the k factors Results reported in terms of 68%
uncertainties (-2A1In L=1) on k

m do not resolve loops, effective coupling in-

stead (k,, k; and kz,)

S. GaﬂjOlll“ Prospects for Higgs Coupling Measurements at the HL-LHC with CMS 13



¢ . . : !
% Coupling Fit Results ,‘

CMS Projection

1= Assume no new undetectable modes ookt oo T T T T T T T
Higgs boson couplings —1 3000 fb"at §s= 14 TeV Scenario 2
m® in an ambitious scenario, ultimate precision is .
about 2% for couplings involved in the main S e —
K; ——+——
decay modes N I
Kp }
15" Results are more “stable” if total width absorbed K
L R—
by a reference scale factor S
0.00 0.05 0.10 0.15

expected uncertainty

m ook at ratios of couplings for
. . CMS Projection
dlreCt Comparlson ‘Ex‘peclted‘ un‘c:ertla\int‘ies‘cmI | ;—; 3o$0fb':at i‘§=1;TevI5cer|1ario‘1

Higgs boson couplings ratios 1 3000 fb" at ¥5= 14 TeV Scenario 2

A
Kg® KZIKH

HL-LHC can lead to an accuracy of about 5-8% e

for many coupling constants in scenario Swheg [+
Kk lx, [ t—

conservatively covering the range of future iy [
L e e—
performances e
! L T E T N N TR N T N
[Scenario 2, Scenario 1] 000 0.05 %;I(gected unc%:tginty
—1

300  |[5 7] [4 6]|[4 6] [6, 8] [10, 13]|[14, 15] [6, 8] | [41, 41] | [23, 23] [14, 18]
3000 |[2,5][25][2 413, 5] [4 7] |[7,10] [[2, 5] /[t0, 12]| [8, 8] | [7, 11]
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Theoretical Uncertainty a

Current results are still limited by
statistical uncertainty

1 Two major questions arise for the future
prospectives:

m» what are the most relevant
systematic uncertainties?

m what role do the theoretical
uncertainties play?

1= Theoretical uncertainties affects the ulti-
mate precision achievable by experiment

1 Reducing them it is worth the effort!

CMS Projection

I I | I I I I | I I I I | I I I I | I I
Expected uncertainties on F—1 300015 at 45 = 14 Tev Scenario 1
Higgs boson couplings — 30001 at ¥ = 14 TeV No Theory Une.

| | | | | | | | | | | | | | | |
0.00 0.05 0.10 0.15
expected uncertainty

HL-LHC' can ultimately reach an
accuracy of below 5% for many
coupling constants

S. GaﬂjOlll“ Prospects for Higgs Coupling Measurements at the HL-LHC with CMS 15



Invisible Higgs Decays B Ry, ﬂ

1= Current direct observation using

HIG-13-018
VBF and VH channels: ) | |
5 u= [ CMS Preliminary —— Observed
Ll 4 BRznv < 0.54 at 95%) CL 02 L4 Combination of VBF and | == Expected (68%)
] ] ] S -~ ZH,H - invisible | Expected (95%)
m consistent with global fit: E 1'2:_ {5=8 TeV L = 19.6/fb (VBF + ZH)
BR,,, < 0.52 at 95% CL o 1 (97 Tev L= 5.4/ &)
g L
. . Lo .
1= Estimate sensitivity to BR;,, by © °%F
ER' control in ZH, Z — 11 06~
b about 10% with 3ab~! e
o . 02f-
1= Sensitivity can be remarkably im- N TR
proved if VBF channel is considered My (GeV)

If direct searches are combined with the
other SM channels, precision could be
pinned down to 5% level

m strongly dependent on
experimental conditions

m not reliably projectable so far

The combined precision on invisible decays at ILC
can be reduced to 0.5% level
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Jer Properties ﬂ

Tensor structure of the Higgs
sector (J“Y numbers) can be best
probed by angular analysis

i HL-LHC will allow assessing the individ-
ual terms in a generic parameterization
of the Lagrangian

T T :
= MiXIng between CP_even and CP_Odd 2' 95_ OO OO Ot 1P OO U OESUOU O UOE-SURUUUURY SOV PO UPOE JUUPOTRT: SOPUOUUPRUL SUPTRPPOTE: SOOI E
state can in particular being studied f S R e

r -~ fs=14 TeV, L= 300 f6" (Scenario 1) | ]

[ S S ]

15 The decay amplitude for a spin-0 boson « o fita T, L 000 " Scenaro)|
A=vle"e (a9, M5 + asqiuqo, + a3€uuaﬂQ?Q26) 5% é

41— —:

- SM-Higgs — ZZ WW: L -

> a; #0, ap ~0(1072), a3 ~O(10~11) = :

m BSM pseudo-scalar Higgs: ag #£0 |y

S0 s WUR PR DU NOUR N T O PR O =

_ _ _ 00""0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 02 022
1= Fraction of CP-odd £, is defined f
under the assumption as = 0

a3

Big sensitivity gain from HL-LHC
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BSM (2HDM) ﬂ

CEA - Saclay

Many BSM mOdels have eXtra Configuration 3 with <N [FEE_13_024]
doublet (H,A,H", H™) 3 10'F G smaton 303 B8, 6. 55,555
o _ _ _ 8 108 F ¥s=14 TeV L=3000 fb* =E’tB'“’ U8
1= Search additional Higgs fields at high masses & [ vz« — H - 22 (m, =300 GeV)
o CE H ~ 2Z (m =500 GeV)
] c 7 - H - ZZ (m =800 GeV)
= Performed full MC analysis of H = Z7 and 2 123
A — 7Zh resonances in Type | and || 2HDM's 102
. 10
s type II includes MSSM
w constrained 2HDM parameter space of 10
200 400 600 800 1000 1200 1400
tan 3 and cos(8 — «) m(22) [GeV]
w# indirect constrain from coupling fits favor Cl Smulation 2013 Ve=14Tev  L-3000 7"
cos(8 — a) — 0 (the SM Higgs boson) 501
w H /A decays have tt threshold effect .
=> discovery potential my/y < 2my (type Il) s
Direct search can probe region close to the B
alignment limit, that may still be allowed
by coupling fits - e Seniemee
(difficult to compare with ILC expectations 015 —0.10 ~0.05 0.00 0.05 010 0.15
due to incoherent assumptions) cosip-e)
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Higgs Self Coupling a

Double Higgs production among the main Higgs self coupling process
objectives of HL-LHC, but this process is 8 . e
very challenging , B
= Low rate makes high demands on detectors and 8 ! H
integrated luminosity SM Double Higgs production
m tiny cross section o(HH) = 40 + 3fb (120K) . AR H

w finding one requires at least 500K events

e theoretical studies suggest possible:[arXiv:1309.6318]
: . _ : RS EEERTE L) SN S H
m problematic also at high energy e ¢~ machines !

. . [ 71
1= Self coupling diagrams interferes destruc- Produced Events at 30001b

tively with double Higgs processes

Mode Yield

m ook for a deficiency in a small signal bbWW | 30000
Ongoing studies suggest some sensitivity. bb77 9000
To reach comparable sensitivity the ILC has to WWWW | 6000
run at 1 TeV ~vvbb 320

S. Ganjour Prospects for Higgs Coupling Measurements at the HL-LHC with CMS 19



Focus on ILC(250) Run

ﬁ
/

1= |nspired from MSSM couplings

boson are modified at tree Worth to focus on tasks where ILC(250) can go
beyond HL-LHC

[Scenario 2, Scenario 1]

of the light SM-like Higg
level:
4
Aky [k ~ —0.3%<W)
ma
2
Ak /k ~ 1—1.7%<W>
ma
2
Aky./k ~ 1+40%<W>
ma

1= Loop induced couplings are
modified due to a scalar top-

partner as
1 TeV\2
Ak, /k ~ 1+1.4%< © )
mr
1 TeV\2
mr

put under the pressure by the
current stop limits

Coupling | LHC [[HL-LHG [[iLc(250) T1LC(500) [ ILC(1000)
o [46]% || 25%| 1.9%| | 024% | 0.17%
ky 46% || [2.41% ||| 0.44%| | 030% | 027%
Ky 10,13)% || @ 71% || 2.7% | | 0.94% | 0.69%
kg [6,8]% || [3,5]% 4.0% 2.0% 1.4%
k., [5,7]% || [2,5]% 4.9% 4.3% 3.3%
k., [6,8]% || [2,5]% 3.3% 1.9% 1.4%
k. - - 4.7% 2.5% 2.1%
ks (14,15]% || [7,101%] || 14.2%| | 93% | 3.7%
k, 2323]% | 8.8]% || - - 16%
A - 30% — 104% 26%
BRiw | [1418]% || [7,11%]| [ 0.44%| | 0.30% | 0.26%
ot - — 4.8% 1.6% 1.2%

Can go much beyond the HL-LHC for BRj,y,
['tot and k.. Remarkable improvement for k.,
can be achieved.

S.Ganjour
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Summary :‘l

i 30 fb~! of LHC data has allowed the Higgs discovery

w overall we see so far is very well compatible with the SM
w precision Higgs boson property studies become pivotal

= The approved LHC plan is to deliver 300fb™" by 2021

m the upgrade of the machine is designed to integrate
up to 3ab~! in about 10 years

» major detector and trigger upgrades are planned to
maintain or improve current physics performances

1= Higgs properties are expected to be pinned down to
the level of a few percent at HL-LHC phase

1 First stage of the ILC (250) can go beyond HL-LHC in the following analyses

m» invisible branching BR,y of a Higgs boson

> measurement of the total width I'iyt

w . » — most sensitive Higgs couplings to NP (MSSM)
> f. — not accessible at LHC

Worth to consider a possible contribution of the group to these analyses!
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Backup ﬂ

Backup
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Where We Are?

2

CEA - Saclay

The boson that we found looks rather
“standard” scalar at first sight:

(Check the vacuum stability up to
the Plank scale Mp; ~ 10¥ GeV)

1 Experimental clues of the BSM physics
w Dark Matter (DM) points to WIMPs
w» Baryogenesis requires B processes
™ neutrino mass

1= Indirect Searches
% precision coupling measurement

Ak/k < 1/M3

m extended Higgs sector in SUSY
m Be g — putp”, TGC, etc

1= Direct Searches of BSM
u SUSY, DM, heavy resonances

[J.Ellis, et al., Phys. Lett. B679:369-375 (2009)]
5'350_"|"'|"'|"'|"'|"'|"'|'_
a L —— Perturbativity bound ]
== - [ | Stability bound B

300 — [ Finite-T metastability bound ]
o= Il Zero-T metastability bound -
: =1 Shown are 1o error bands, w/o theoretical errors :

250 — -]

200 :— —:
L Tevatron exclusion at >35% Cl E

150 — ]
[~ LEP exclu
 at =85% CL ==

ool = oz
4 6 8 10 12 14 16 18

Iogm(AlGeV)

CMS Projection

Expected uncertainties on
Higgs boson signal strength

| T T T T ‘ T T
1 3000 at fs =14 TeV Scenario 1

— 3000 at fs =14 TeV Scenario 2

Hovyy

H—- WW

H-ZZ

Hobb |—

Ho1t1t

IO-OOI I I \0.05| 1 1

| | | 1 | | ‘ | 1
0.10 0.15
expected uncertainty

Ak/k ~10(1)%=> M, ~1-1.5(3-4) TeV

S.Ganjour
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Characterization of the Excess: Mass

ﬁ
/

> Allow for free cross sections in three
channels and fit for the common mass

s H—-Z7—4l:

m [imited by statistics
- exploit m(4l) and kp

m very good control of lepton
energy scale and resolution

mx = 125.8 £ 0.5(stat) £ 0.2(syst) GeV

i H— ~:

> [imited by systematics
- 0.2% due to e — 7y uncertainty

- 0.4% extrapolation Z—ee to H— ~~
mx = 125.4 £ 0.5(stat) &= 0.6(syst) GeV

[HIG-13-005]

Combine two best mass resolution
decays vy and 2/

CMS Preliminary s =7 TeV, L<51fb E:STev,l_slg.eﬂa'l
\\\\\\\“\\\\\\\ T T T T T T T T 71

[HEN
O

_cl ‘Hoyy+H_ 27z |— Combined
Qb M (G, oW

o 8f M (VBFVH) ——H-2z 1
7
o
3
2k £
i
0*”””‘1221”” 126 128
m, (GeV)

mx = 125.7 & 0.3(stat) £ 0.3(syst) GeV
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Compatibility with SM: Signal Strength ﬂ

CEA - Saclay

[HIG-13-005]

s=7TeV,L<5.1fb" {s=8TeV, L<19.6 fb™ s=7TeV,L<5.1fb" {s=8TeV, L<19.6 fb™
Combined CMS Preliminary m,=125.7 GeV Combined CMS Preliminary m,=125.7 GeV
u=080+014 | Pg, =0.52 W=080+0.141 p  =0.65
H - bb -
Untagged 5 p=1.15+0.62

H=0.78+0.16

H- 1t
VBE g p=110+0.41 .
tagge
pn=1.02+0.34 ™
H-yy —_——
H=0.77+0.27
VH tagged
i =1.02+ 0.49 H- WwW =
1 =0.68+ 0.20 u
ttH tagged
u H_- ZZ
W=-0.15+286 L=0092+0.28 o
1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 1 1 1 1 I 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1
-4 -2 0 2 4 0 0.5 1 1.5 2 2.5
Best fit o/a,, Best fit o/ay,,

i Overall best-fit signal strength in the Eve.nt yields in different
combination: o /gy = 0.80 + 0.14 production and decay modes are
self-consistent
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Couplings to the W and Z bosons ﬂ

1 Combination of “inclusive” WW (0/1jet)

and ZZ yields gives the ratio of the Higgs 1 5.0/ Pre}tminaw}f?wLss'lfb'l,ﬁ:ﬂev’LSlQ'efb_l

couplings to WW and ZZ, gy/gz, which = a5 "W 37 — Observed

. . < - ----Exp.forSMH |

is protected by custodial symmetry o« 4.0F . .

3.5F -

Mw aw - :

p p— p— p— ]_ 3.0; =

My cosOyw gz cosOw »el E

, . 200 £

w o =% 1 is possible in new LsE E

physics models 1'0 ]

1 Perform combination of all channels to 05k i E

assess \yyz = kw /kz 0.0k LS

™0 0.5 1 1.5 2

m |ikelihood scan versus 3 n.d.f.: Az
Awz, kz, and kr gives Consistent with the SM

Awz = [0.62 — 1.19] at 95% CL expectation
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Constraint on BSM

4B
%

d— e—

o 2.0r
N4

1 New particles can modify the loop-
mediated couplings and contribute to the
total width

Liot = 2 Uiy + Usu

1= Parameterize the photon and the gluon
loops with effective scale factors (k,,k-)

> Allow total width to scale as 1/(1-Bi.y)

No large invisible branching
fraction

1.8
1.6
1.4
1.2

1.0k

0.8

0.6F
0.4f

0.2

0.0
0

-2A1InL

3.5f

3.0
2.5
2.0
15

1.0F

0.5

0.00 ==

CMS Preliminary ys=7TeV,L<5.1fb" ys=8TeV,L<19.6 fb™
T T T 11T TrT rrrrryjrrrrrrrrrJrrrrr1rrrrT

_______

-

0 0.5

CMS Preliminary {s=7TeV,L< 51t Vs=8TeV,L< 19.6 fb*
TTT T T T T T[T TT IRy AR TTTTTTTTTTTTT1]

5.0p
4.5f
4.0f

‘ T TT 11T ‘ T l TT ‘
Ky Kgs BRBSM — Observed

----Exp. for SM H E

.
-
1l ‘ | I ‘ L1l L1l ‘ Ll 1]

\\\\‘\\\\\\\\\:
0.8 1
BRBSM

0.2 0.4 0.6
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Spin and CP-Parity o

CEA - Saclay

CMS preliminary  {s=7TeV,L=5.1fb* {s=8TeV, L=19.6 fo*
L

j% e R
, c o1 o' .
== Spin-0 and 2 are only allowed by H— 7~ channel £ | Tlo *
: : : oy : S 008 — CMSdata
m spin-0 is required if it is a Higgs % :
m spin-2 induced by KK-graviton couplings $ 006 il
: 0.04F .
1= Parity :
: 0.02- -
- SM Higgs - CP-even : £ .
w BSM Higgs - CP-odd % 20 10 0 10 20 30
2xIn(L, / Ly)
H_>ZZ_>4] IS mOSt Stl”alghthl“WaId CMS preliminary ¥s=7TeV,L=511f" ys=8TeV,L= 196"
¥ production comment expect (u=1) | obs. 07 [ obs. J¥ | CL; > 1-' rrTTTTTTTTTTTT I'I'Elﬂ*l T
0~ gg—+X pseudoscalar 2.60 (2.80) 0.50 33c | 0.16% % 0. (99)
0, 8¢ —+ X | higher dim operators | 1.7¢ (1.80) 0.0c 170 8.1% © — CMS data
2o | 88— X minimal couplings 1.8¢ (1.90) 0.8c 270 1.5% g 0.08 (CL;™ =06%)
2o | 1 —X minimal couplings | 1.7 (1.90) 1.80 400 | <0.1% S
- g9 —+ X exotic vector 2.80 (3.10) 140 >4.00 | <0.1% ﬁ
1" g7 — X exotic pseudovector | 2.3¢ (2.60) 170 >4.00 | <0.1% a 006

The data disfavors the 0~ (27 ) hypothesis 0.04
with 99.8% (99.4%) CL
The observation is well compatible with
SM Higgs expectations (0")

0.02

EIAP
o

20 -10 0 10 20 30
-2 x In(L /L.
( 2.(a9) o)
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Spin-0 vs

Spin-0 and 2 are only allowed by
H— ~v channel

1= Discrimination between spin-0 and spin-

2 is straightforward with WW and ZZ:
w WW is most significant (0-jet only)

w modify selections to extend spin-2 en-
riched phase space

/7 WW Comb
exp. 6.8% 1.4% 0.2%
obs. 1.4% 14.0% 0.6%

1 Observed results weaker than expected
especially for WW due to best fit © <1
(like having less luminosity)

1 Observed better than expected for ZZ
due to a fluctuation

The data disfavors the 2
hypothesis with 99.4% CL

’ szn_z m
CEA - Saclay
o T T T T
> - R —SMHiggs JP = 0+
() | -e data — my=125 GeV CMS Preliminary | L i 4
N . PSHiggs JP = 0-
Sl B =BT ST [ WWOjet Sameionen
- v Top - e r :
= g ww ’s= o —MNon-resonant
g 800;& stat.[Jsyst. Ojeten |
o N
F -
600 [— N -
[ .:-\ N . ]
a00[- = O Jet ]
W *&%\ 1
200! . .
i . N
L — e =
I %‘.;N
0 Tt
o 25
2
2 is5f E
a E -
g o0s R ANRRAC MRS GO TR S 0 T A
0
0 100 200 300 0 100

50 150
Ad(leptons) [degrees]

m, [GeV/c?)

CMS preliminary ¥s=7TeV,L=51f" ys=8TeV, L=1961"
1T T 1T T 1T T T

| | | | T T T 1T | T T T I
z T : :
% 01 o .
cC L 2.(gg) —
1]
© I~ CMS data 7
> r obE. _ , 7
2 o8k (CL™ =06%) |
=) L 4
[4+]
T . i
E L -
@ 006 -
0.04- —
0.02- -
% 20 -10 0 10 20 30

-2 x In{L /L.
{2;(95;1 o)

The observation is well compatible
with SM Higgs expectations (0™)
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Measured CP-Parity with H — ZZ — 4l ﬂ

CEA - Saclay

CMS Preliminary (s=7TeV,L=5.1fb" {s=8TeV,L=19.6fb"
- L e e CMS Preliminary \Vs=7TeV,L=5.1fb";\s=8TeV,L=19.6 fb”
C | | i 3_1= I I I | 1 1 I_|_|_|_I | I 1 ﬂ 45
q 10 L s ............................. ........................... _ - ]
'\ - ] 1
i —CMS Data | h : i
gl....|-Expected | 1 T . | 1 —ss
_ —30
N —i 20
:'_“_".”_”."_"_"."_"."_".'{.”_"."_“_"."_”."_"_"."_"."L‘.}'.”_"."_“_".”_”."_”_".”_”.'”;'.”_"."_“_"_"_”."_"_"_"_'."."-."_”_"."_“_"_"_”."_”_"_"_“.".‘{"__ —15
_ 10
— 5
] 1 1 1 | 1 1 1 | 1 1 1
L | 0 0.2 0.4 0.6 0.8 1
! f
f a3
a3

Expected separation between
SM 0" and 0™ is 20 Fraction of CP-violating
combination to the decay
Data disfavor J' =0 at 2.50 (< 3% CL) amplitude: f,3 = 07 ¢
J¥' =07 is consistent with observation (0.60)
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Higgs Boson Production

1y

Gluon fusion (GF) and Vector Boson Fusion (VBF) are the two most
copious Higgs production processes at LHC

: Vector Boson Fusion (7.1% 10° I
. Gluon Fusion (87.4%) q ec or} oson USlOﬂ}( O)q E - 5= 8 TeV E;
<[ ik
R G ; Wb H : 10F EL
» T F J
W,z LF :
o | ]
8 q » > q T 1= —
Associated with W/Z (4.9%) Associated with Top (0.6%) E 3
WZ g Q0 Q rm—m—>—t i ]
A 107 =
.................. H E N
A B
g QQQ fJ—<——1 10°F, | . . -
. 80 1 (l)O 200 300 400 1000
My [GeV]
iz GF production is dominant iz VBF has clean signature
but low rate
w |arge k-factor (~2)
- associated jets are emerged due to w low k-factor (~1.1)
soft gluon radiation at NLO - associated with LO jets primarily
m |arge theory (systematic) uncertainty w Jow theory (systematic) uncertainty
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Higgs Boson Decays

Eg

Very rich mass region but
also very challenging...

1= 5 decay modes exploited:
Y, LZ, WW, T1,bb

LHC HIGGS X5 WG 2010

1 2 best mass resolution decay
modes (~1%): vv, ZZ

Branching ratios

iz Also includes searches in
H — 7~ decays

Decay Exp. Sign. oy /M

at 125.7 GeV
H— vy 3.9 1-2%
H—ZZ -4 7.1 1-2% 103 C N, N
H—WW—2[2 53 20% 100 120 | 140 160 180 200
H—bb 2.2 10% M, [GeV]
H—77 2.6 10%
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LHC Performance 2010-2011-2012 ﬂ

i Stellar performance of the LHC

- extremely successful opera- CMS Integrated Luminosity, pp

t|0n .For these 3 years Data included from 2010-03-30 11:21 to 2012-12-16 20:49 UTC

N
(6}

25

T,

m— 2010, 7 TeV, 44.2 pb
2011, 7 TeV, 6.1 fb
| = 2012, 8 TeV, 23.3 b !

w7 TeV collisions are started
in March 2010

N
o

m ypgraded  center-of-mass sl Moriondll?’J
energy to 8 TeV in 2012
. 10+ 110
1 Available dataset for the analy- N,

ses with all subdetectors on
w7 TeV: <5.1 fb™!

m 8 TeV: <19.6 fb! RE ?x« RS
w high detector efficiency

Total Integrated Luminosity (fb ')
6]

R Q
A PT 9% 40
Date (UTC)

Observation(ICHEP)

LHC restart in 2015 with a
collision energy of ~13 TeV V/$s=8 TeV: 25-30% higher cross section

and increased beam than /s=7 TeV at low Higgs boson mass

intensity
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Detector Layout and Subsystems

ﬁ
/

Silicon Tracker
Microstrips/Pixels

Superconducting
Coil (3.8 Tesla)

ECAL Barrel
PbWO, crystals

Muon Barrel
DT/RPC

HCAL Scin./brass
sandwich

ECAL Endcap
ES Preshower

Muon Endcap
CSC/RPC

S. Ganjour Prospects for Higgs Coupling Measurements at the HL-LHC with CMS

34



Data and Reconstruction Challenge

2

CEA - Saclay

CMS Average Pileup, pp, 2012, Vs = 8 TeV
60 . . 60

<p> =21

Recorded Luminosity (pb '/0.04)
w
o

0 [}
[\) ) 40 4% 20 )] 20 2 a0
Mean number of interactions per crossing

= Particle Flow (PF) algorithm:

m provides a global event de-
scription in form of list of
particles

™ improvements In jet, tau

and E7"® measurement

Improves reconstruction
performance at high PU

1 Excellent performance of the CMS experiment in 2012

m 90% of recorded data with all subdetectors on

w peak luminosity 7 x 10%3cm ™2™
at 8 TeV CM energy

w mean pile-up (PU) 21 events

I I 1 I 1 I L L

om im 2m im 4m m 6m im
Legende :
Muons b
Electrons h
——— Hadron chargé ¢ b
- — — - Hadron neutre =N
-=--- Photons @ %

Trajectographe

& ¥ .
. Calorimétre '\ TIIR
:1_|“ électro- 4 y
magnetique <
Calorimétre Aimants

WiUE FanSverse I1adrnnique (supraconducteurs) .
de CMS —_— Chambres a muons
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B

4 PU Control >,

- Saclay

29 distinct vertices have been
reconstructed corresponding to 29
distinct collisions within a single
crossing of the LHC beam

Leptons and MET are almost
insensitive to pileup

a{ LHC CERN
hulApr 505:47:32°2012 CES

CMS preliminary 2012

T T 1 ‘ T 1 T 71 ‘ T 1 T 171 ‘ T 1
. CMS preliminary Run2012 ¥s=8 TeV %' - —=— MVAPFE, data . 5
cMms Preliminary,@:STev,IL dt = 19.6 fb’ w 1.2 T 251 ~122fblat s=8Tev
. - CombRellsoPFdB<0.2 | ] O, 7L = MVAPFE simulation 1
& E 113 17 ~_ | — No-PUPFE, data ; ig% 1
o 09F = = L 8 ]
E Eéeoro00io o, , i E T ] EbL | —— No-PU PF E; simulation ]
] o.sg e g E 1;4 i L T ] 20f+PFETdata 7
0'75 E i i s T S SR P PP ] I —=— PFE; simulation .
06F - E C ] i N
o5k tlectrons E 0.9) . e 1
0_4§ Barrel ET >.10 GeV ; E MllOHS E - 14 ; ;% %,
03k . E 0.8 . i ]
3F =s=Data E r 1
02f ] B ] 107 552;7
2 “IDY(MC) - = = i ]
01 - 0-7: p, > 20 GeV -4-Data ] AR .
5 ' E - 4 DatalMC 5 —
3 1Egre-re+e-—e-ie-e *—+0—0—+-9- 0 -9 WH = r 7 v b b b b b by
g E E 1.4 [™ ]
%00922 % 0.5 - E— L S II‘I‘I‘II‘I‘II g 1:O@M@§@@MM@EEHHHQEHQEQ@@&QEEQEB:
& ossE E 0 5 10 15 20 25 30_ 35 3 i ]
') S S S S S S S Number of vertices 8 038 510 15 30 35 30 35
# vertices number of vertices
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Precise SM Measurements > a

CEA - Saclay
CMS preliminary L=50fb"" /s =7TeV
S 022 T J ; : T JADE 4jetrale
s i|—=C— LEP event shapes
0.20 —O— DELPHI event shapes H
July 2013 C M S —O— ZEUSinc. jets
—_— | -0 H1DIS
o) = : : = 0.18 |—— Doinc. jets
— : | - ‘| —— Do angular cor.
& : : W : § 7 TeV CMS measurement : 0.16 - —— ay(Mz) = 0.1184 + 0.0007 (world avg.)
105 | ! Z ! E 8 TeV CMS measurement | o1al  au(Mz) = 0.1160*39%72 (3-jet mass)
— o . 1 — i i i
S E | : ' —— 7 TeV Theory prediction = o
| |> H N _._| . ) : . |
o) = :—1J : © ! —— 8 TeV Theory prediction _
- 4 O ST 1 , o 0.10 {{—@—"cms Raz ratio
= 107! _ 21 ! L. cMS 95%CL limit —- —B- oS Fprod
o E : 22] : : I E 0.08 H —— ?MS Sr|et'mass ‘ ‘ ; ; ‘
= — : = . | | - 5.100 101 2-10'  5.100 10> 2.102 5-10° 10° 2-10°
) o[ - — : s : : ] Q (GeV]
(0] = | >3] - | 5 | | i
(0))] 10 E o P Wy : : = CMS Preliminary \s = 8 TeV
i > : ; ! AV ! 3 TY\NS =
1 . 1 . 1 . . . 1 1 -
n ! 24j: ! —o—WW+WZ \W\W : ! -
o 102 = § ; y ? : 5 5 5 : =
= = _? 24, : —0— 5 & WZ : = l
O — : ! : ! : : : ! [ CMS prel. (e/p+jets) 228+ 9+ 2 +10pb
c | E : : : E : O _._ ZZ E E _ TOP-12-006 (L=2.8/fb) (val £ stat. syst.  lumi)
@) E. ! i : | ]
= 10 = : : o .
Q — jet 1 y 1 : | [i— o
S — E; > 30 GeV " Ey>15GeV ! v CMS prel. (eeup,ep) 227+ 3+11+ 10 pb
I iet I I I I TOP-12-007 (L=2.4/fb) (val.£ stat + syst. £ lumi)
s 1 In* | <24 | AR(y)>0.7 | Wy
Ny = ! ! 19.3fb% 3
s = : : . Lz T
— 1 1 1 1 1 49 fb 49 fb 1 [ CMS prel. combined 227+ 3+11+10pb
10_1 | 36, 19 pb ! 5.0 fb '5.0fb 35 i 10.6 fbt ! v (vl st st i
§ 1 1 1 . . —— §
JHEP 10 132 (2011) EWK-11-009 EPJC C13 2283 (2013) (WV) SMP-013-009 [ NNLOSNNLL QGD, Gzakon et al, arkiv:1303.6254 (2013)
JHEP 01 010 (2012) SMP-12-006 (WZ), 12-005 (WW?7), 13-005(2Z8) = Ao ANLOWNLL 0 anovains 339 G011
SMP-12-011 (W/Z 8 TeV) JHEP 1301 063 (2013) (2Z7), PLB 721 190 (2013) (WW8) B ror NNLONLL b, Langetetd o o PR 3 2000 051008 e oy
| | | |
0 100 200 300 400
a(tt) (pb)

1 Good understanding of the detector and accurate theory predictions

 precise measurements of the SM processes over many orders of magnitude

w ocood knowledge of the background to Higgs analyses and BSM searches
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The Global Electroweak Fit of the SM ﬂ

CEA - Saclay

= Standard Model (SM) is confirmed to cws preliminary

0 : ! i .
better than 1% uncertainty by 100's of S 2010 dlepioy
- . CMS 2010 lepton+ets I 173.1% 2.1+ 2.7
p rec I S I O n m ea S u re m e n ts PAS-TOP-10-009 (L=36 pb*) (val. £ stat. + syst.)
CMS 2011 dilepton I 1725+ 0.4+15
arXiv:1209.2393 (L=5.0/fb) (val. + stat. + syst.)
w Higgs boson was the only s 2o epronyjrs N
. ————
missin g pie Ce Of t he S M g\“é—?o%g}})glkjgt.;ﬁb) 1VZ|35§1§OS7 ;". 13
CMS combination ) 173.4+0.4+0.9
up to L= 5.0/fb (val. * stat. + syst.)
' inati —— + +
1> Mass of W boson is a fundamental pa- Tevatton 2012 combinaton
rameter of the SM (WA my, = 80385+15 MeV) B T TS
mtop [Ge\/]
1 ; 80.5 [ T T T T | T T T T | T T T T | T ] T | T T T "J’ I T T T T ]
myy = Uyes 3 L |l 68% and 95% CL fit contours i | miin Tevatron avérage + ]
— . ~, - /o M, and m, measurements i -
' G 2sin 0w +v1—AR I ' 2
F \/_ w E; 80.45 —  68% and 95% CL fit contours -]
L wio M, m and M, measurements |:| - -
Radiative corrections AR ~ 4%: 50,4 My worldaverage : 1o
80.35

H

W LW 80.3
M(—'. “\'."'.ﬂ

[ 7272005 (2012)

80.25 -
1 "r 1 1 1 F" | ' 1 1 | 1 1 1 1 I 1 1 1 1 T
AR ~ 10 140 150 160 170 180 190 200
gEMHu m, [GeV]

Observed agreement demonstrates

CMS: m;=173.4+1.0 GeV impressive consistency of the SM

Tevatron: m;=173.2+0.9 GeV
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