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La découverte du Boson H
au LHC

Y. Sirois. LLR Polytechnique CNRS-IN2P3



Discovery and measurements of the H boson
with ATLAS and CMS experiments at the LHC
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S organisateurs, la présentation est effectuée
avec un support de diapositives en anglais




Discovery and measurements of the H boson
with ATLAS and CMS experiments at the LHC

The Ques

1964 - 2011




The Elegance of the SM

The standard model (SM) finds

« Its roots in the unification of electricity
and magnetism in 19t century

« Its body in the marriage of relativity and
quantum mechanics in the 20t century

« Its shape from symmetry principles
(gauge symmetries)

The existence of identical fermions + marriage of relativity and QM =

« The “underlying reality” is made of quantum fields

« There are interactions (gauge bosons) as a consequence of
gauge symmetries

« All “particles” must be massless.

« All ordinary particles must have spin 0, 2, or 1

Notes:

Particles with spin 2 (graviton) appear in relation to quantum fluctuations of space-time
Particles of spin 3/2 (gravitino) appear if adding new quantum dimensions (supersymmetry)



Chronicle of a Death Foretold

Gauge Bosons Fermions
Generic Theory Leptons Quarks
Gauge Symmetries a | BIE
SU(3)xSU(2)xU(1) N el | [on.d
% 2) (s)
® OV
External structure -
BEH MeChanism, HIggS bOSOI’\ Colour (for quarks)

« There must exist additional structure to explain the origin of mass,
i.e. to preserve gauge symmetries at the fundamental level
« Additional structure is needed to preserve unitarity

One cannot save the theory by injecting measured observables i.e to allow for
renormalization as for electrodynamics

R G.E’ E?
Awiw; = 2.2.)= O (1=

SM limited to E < ~ 1 TeV in absence of regularisation

e.g. the H boson allows for exact unitarization

/J.V’;IJ\_\;\V—\'\ H boson or equivalent or new physics at the TeV scale ?




The BEH Mechanism and the H boson

One postulates the existence of a scalar
field which pervades the Universe

Below a critical temperature, the
potential acquires a minimum
at a non-zero value <vev>=+0

Spontaneous breaking
of EWK symmetry

.. The Z et W= bosons acquire mass Re(#)
(absorb golstone bosons as longitudinal components)
— Gauge symmetries are preserved at fundamental level

— The propagation in the physics vacuum breaks the symmetry

... Elementary fermions interact with the field l
and acquire mass : H

|

|

Fields of right- and left-handed
chiralities get mixed: o

.. There exists one physical H boson



The Long and Winding Road*

Spontaneous symmetry breaking ("BEH") mechanism - 1964

Electroweak Theory ("GSW")
Renormalisability *t Hooft 1971 S,

Discovery of neutral currents \
(Gargamelle @ CERN)

*The Beatles, 1970
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_ ..~ We should perhaps finish with an apology and a caution. We apologize to ex-

perimentalists for having no idea what is the mass of the Higgs boson, unlike the

case with charm |3,4] and for not being sure of its couplings to other particles, except
that they are probably all very small. For these reasons we do not want to encourage
big experimental searches for the Higgs boson, but we do feel that people performing
experiments vulnerable to the Higgs boson should know how it may turn up. \

We should perhaps finish with an apology and a caution. We apologize to ex-
perimentalists for having no idea what is the mass of the Higgs boson,

and for not being sure of its couplings to other particles, except
that they are probably all very small. For these reasons we do not want to encourage
big experimental searches for the Higgs boson,




The Long and Winding Road*

Spontaneous symmetry breaking ("BEH") mechanism - 1964

Electroweak Theory ("GSW")
Renormalisability ‘t Hooft

Discovery of neutral currents
(Gargamelle @ CERN)

Discovery of Z & W bosons
(UA1 and UA2 @ CERN)

/ < 1984 Lausanne
< 1990 Aachen

Precision measu,‘r;‘em‘éﬁ;t"ék@ LEP & SLAC

Découverte.du-Quark Top
(CDF and.b@-@"Tevatron 1995)

Particle phy__s.ligs:frfii’éééurements
at colliders-described by the
_standard model sue). x su@), x u()

*The Beatles, 1970



First meetings of the LHC proto-collaborations in 1989 ...
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Figure 18 - Construction schedule of the LHC




H boson: Theory Constraints

SM: 1 SU(2) doublet of Higgs fields = 1 physical boson (CP-even)

M, is a free parameter

Theory constraints :

Unitarity:
M, <700-800 GeV /c>
“Triviality” (self-coupling of the H boson)
A*y?
3In(A /v)
“Stability” of vaccuum:

4m; “In(A/v)

2

g <

2

M >
JU V

A = “cut-off” scale

A Quadratic divergencies:

m

2

M, [GeV]

Mi2=2AV?; Vv~ 246 GeV

350 R LA WL I L l LI l LI I LI l LI l I 1 I i
K — Perturbativity bound )
- | Stability bound .
300 )\ =9 | Finite-T metastability bound |
- L B Zero-T metastability bound -
- AET Shown are 1o error bands, w/o theoretical errors
250 [~ -
200 [~ -
: Tevatron exclusion at >85% CL
150 [~ -
~ LEP exclusion -
~ at >85% CL ]
| i L L LLLLL Ll
100
12 14 16 18
, A2 Iogm(A/GeV)
my + OA—
l6m

If H boson and A << Planck scale : then new physics at the TeV scale ?



M,, [GeV]

The Landscape at EPS 2011

cg. H
W, Z meas. sensitive to My, M, via radiative corrections: w%

80-55 | T T 1 | I T T T T T T 1 T | T 1T | T T T 1 | T T T 1
E G 10 band for Moo WA
80.5 [ ggy, 95%, 99% CL ft contours
E excl. M, m, incl. Higgs searches
8045 F band for M, WA
804 [ AL o A
80.35 [ 66%, 95% 99% CL
- c M, ]
80.3 ]
80.25 | -
80.2 . -
80.1 5 1 | 1 1 | | o1 | | 1 1 | | | 1 1 | | B
140 150 160 170 180 190 200

m, [GeV]

The H boson is preferably light ...
if it exists !

o 10 r [T T T 1]
X RIRENE
< H [l fitter]s):-
9 | M 2 ata s N 17 iy Sl A A 30
=

5 W W

20

t-= Fit and theory uncertainty -
— Fit including theory errors

10

1 1 1 | 1 1 1 | | I I |

50 100 150 200 250 300

Indirect: M, [GeV]
Best fit: M, = 96 +_3214 GeV

M, < 169 GeV (95% CL)

M, > 114.5 GeV (95% CL) LEP
My & 158 — 173 GeV (95% CL) Tevatron

Direct:



La découverte du boson H au LHC

La Decouvert

2011-2012

The Discover




The Large Hadron Collider

Conceived as an exploration machine with a large bandwidth

¢ High luminosity:
search for the H boson

e High energy:
W, -W, scattering at TeV scale
= Vs,,~ 14 TeV

First beam Lt all starts with a small hydrogen bottle !

at CERN
in 1959 |

~ Proton (or Ion)
~injection 25




W, -W, scattering at TeV scale

10° 3 T — T
s [ . .
10 3 Chot ; :
10" Tevatron 5 f
10° 5 :
10° ;_ //E’ E
100 [ % z : !
10° o . ! /
102 S (E > Vs/20) : :
a : ;
€ w0k S 1
. ' . .
o [ i z : : :
© 10 E_o-iet(ETIEt>100 GeV) : ><
10" | ; / ;
107 ; / :
ok S ; E %
Sy : / :
10° E Czz , :

The Large Hadron Collider

Conceived as an exploration machine with a large bandwidth

¢ High luminosity:
search for the H boson
e High energy:

= Vs,,~ 14 TeV

proton - (anti)proton cross sections

= (o3

F ggH
s [ M,=125 GeV{ Swh

r o]

VBF

[ wudszo12

0.1

.
Vs (TeV)

L
10

3 10°
1 10°
1107
1 10°
1 10°
1 10*
1 10°
1 10?
1 10"
1 10°
1 10
1 10
1 10°
4 10°
] 10°
1 10°

1 407

33 2 -1
10" cm”s

events / sec for ¢

(o™ (H125)% L )evatron X 50 ~ ( OtOt(H125) x L )hc

25



Le Large Hadron Collider
Une machine d’exploration avec un large bande passante

e Haute luminosité:

recherche du boson de Higgs
e Haute énergie:

diffusion W, -W, a I'échelle

du TeV = Vs, ,~ 14 TeV

* Aimants dipolaires: 8.3 Tesla « Cavités radio-fréquence a 400 MHz
* Bobinage niobium-titane refroidis * Collisions a 40 MHz — 25 ns/croisement
a I'hélium superfluide (1.9 °K)
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Signatures

ATLAS:
Pixel & trajectométre Silicium X\
Solenoid supra. ) :
Calorimetre e.m. Lar Hacronic
Calorimetre had. Tuiles
Toroid — spectromeétre u

The dashed tracks
are invisible to
B the detector
Electromagnetic
Calorimeter

Solenoid magnet___
Transition 3 < -
Radiation G \ S ATI AC

Tracking Tracker X S L Al
Pixel/SCT mMilLMJ

detector

http://atlas.ch

CMS:

Pixel & trajectometre Silicium
) ‘ Calorimetre Cristaux PbWO,
il § : Calorimétre had. Tuiles
Electromagnetic ‘ SOléﬂO'd Supra.

Calorimeter /

SIS Retour de fer (u)

Calorimeter ~ Superconducting
Solenoid Iron return yoke interspersed

with Muon chambers

Tm 2m 3m 4m 5m
] I ] ] ] ]

Muon Electron Charged Hadron (e.g. Pion)

Neutral Hadron (e.g. Neutron) Photon
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" Europe prend
e leadership en
physique des
particules

Les detecteurs du LHC

~ 18 ans de.conception,
R&D, et construction

Achevement de la
construction en «~ 2007/

Des contributions
francaises majeures !
(CEA et CNRS)

Collisions pour la physique
a partir de mars 2010

CMS - 2007




CMS Experiment at the LHC, CERN

@/// Data recorded: 2012-May-13 20:08:14.621490 GMT
a

— | Run/Event: 194108 / 564224000

e W




The H — yy Channel

Narrow peak over falling ~ monotonic background

Very high mass resolution but S/B < 1 y ;
in gg-fusion production mode . ﬂ:ﬂi Lo

------- W - e t
Low rates ( o x § ~ 48.6 fb at 125 GeV); W t
Slgnaié{re : CM CMS Experiment at the LHC, CERN
Two isolated photons D | e

A nal vS 1S ,éey :

Photon E measurement (ECAL)
Photon angles

(ECAL and primary vertex)

Photon ID and Isolation

Disc rinunad /‘/?3 ‘/dh‘dé/ eSS

MYYI PTy

Event categorization
(Optimize sensitivity to different
Myy resolution, or different

production modes) " Candidate




Run Number: 204769
Event Number: 82599793 \
. Date: 2012-06-10, 13:12:52 CET

EtCut>0.4 GeV |
__ PtCut>1.0 GeV

Muon: blue
Cells:Tiles, EMC




The H — 2Z2* — 4( Channel

The “golden” channel — Narrow peak over a locally flat continuum
Very high mass resolution and S/B >> 1
Very low rates (o x p ~ 0.8 fb at 125 GeV)

S/Bnafé(re-'
Four isolated leptons from
Common primary vertex

Analysis Key:

* Precision on lepton (E,P)
& highest possible g,
down to lowest P

« Maintain the reducible
background well below
the ZZ* continuum

Dis crinunad /‘hﬁ \/d)‘/‘aé/ esS -
My,
Kinematic Discriminant (e.g. M,,, M,,, 5 angles from decay chain)



Décembre 2011

AN AN I N AN NN [N I S Y A N N S N N N I Y SN
—a— (Observed

CMS, \s =7 TeV

|l =4.6-4.8 fb-1 Expected (68%)
. . I : Expected (95%)

LEP excluded

/| Tevatron excluded
CMS excluded

—l
o

—h

=

92
3
@
-
o
=
£
_l
O
TN
LO
o

100 200 300 400 500 600
114.4 — 127.0 GeV/c? Higgs boson mass (GeV)

Moriond 2012 Similar results from ATLAS




No one ever said it would be so hard V...,

Does Nature hides a
most precious treasure
In least accessible place ?

N - ~—
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What followed now belongs to the
2x50itatns so far HiStory Of SCience

| s
-

4 July 2012
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oN 0] > n
' N Data S/B Weigh . © 35 ¢ Data .
N (c?n ool ATLAS | ‘ataS .elg ted E & L mm Background 22 ATLAS *
’(.\T ; C —— Sig+Bkg Fit (mH=126.5 GeV) 7] Q 30:_ - B_ackground Z+jets, it H_>ZZ( )%4|
pa A A Bkg (4th order polynomial) ] "2 - [ Signal (m, =125 GeV)
~ 2 - . & [ [ Signal (m =150 GeV)
© = b E 1 251 I Signal (m =190 GeV)
K A C i - W Syst.Unc.
& o - 20F, .
£ Y . N s =7TeV: [Ldt=4.8 fb
- Vs=7 TeV, [Ldt=4.8fb" — C
4 201 J i 15i(s =8 TeV: [Ldt=5.8 fb”
g - (=8 TeV, [Lot=5.9f0” H=yy 1 -
£ I R T BT R ! ! ] C J
o 2 e ' ' ' - 10
4F ; C
' Ay b S C
% OE_FFFH_‘_L‘_*A*‘AiA‘* by = 5 U
D 4E E
$ sE , , , E L
A Y

00 110 120 130 140 150 160 100 150 200 250
m, [GeV] m,, [GeV]
CMS Vs=7TeV,L=51f"Vs=8TeV,L=5.3fb" CMs Vs=7TeV,L=511" (s=8TeV,L=53fb"
— % 7T T I LI I | ‘ 17T 2 ] % : T ; T T ‘ T T \> ‘ T T T ‘ ‘ T : T ‘ ‘ T T T ﬁ
O L > T T i - Data [Ny > 0. El
rc:% g i 3 ! Unweighted 11 g 16: I z+x g sb o> 0% 37 2
~ - ] ] ~ 1402y 2z 4k 11
g ;1500, , 0 - [ ]m.=125 GeV %37 . O
o B B | cC - -
N % I 1 G>) 12: 2ok ] 1
© 2 - . I 10f ; ]
N 1000 30 ] N 120 140 160 .
@ ® (GeV) 8 m,, (GeV) ] 2
B < i - N
9 2 i 6~ -
. < ¢ Data C

% < 500?—S+B Fit aF

~ | e B Fit Component
e Q@ [ 1o y >

(7)) | B +20 |

¥ 0 1 | I | | | | ‘ | | | | ‘ | | | | ‘ | | | 1 I | 1 0 ‘ 1 L L ‘ T T ] Gl § ) T T T

n 110 120 130 140 150 80 100 120 140 160 180

m,, (GeV) m,, (GeV)

Discovery at My ~ 125 GeV, in both ATLAS and the CMS experiments
combining X — yy and ZZ* channels (additional evidence from X — WW*)




The discovery of the H boson at the LHC

2012 - 2014

The Measurements




Higgs Boson : Production Cross-Sections

agswmw t HO
87% 5 ggH ty
2099000000 t
g g fusion
7.1%
q
W2 W.Z
4.9%
- VH e
W, Z bremsstrahlung
fﬂ“";r t
0800090000 T HO
0.6% ° O

t t fusion

|

0/0: (My = 125 GeV)

o(pp — H+X) [pb]

10°

—
o

—h

At the LHC
§ \s=8TeV 1
E_I | I ] | | | | | | I—E
80 100 200 300 400 1000
M, [GeV]
Y. Sirois - LLR Ecole Polytechnique & CNRS 1



Higgs BR + Total Uncert

10°%—

Higgs Boson : Decay Channels

3% AM/M ~ 1-2%  High resolution

1 1 L 11
LHC HIGGS XS WG 2

H — vy Rare, S/B < 1
H—Z2*—4 \Veryrare, S/B>>1
77/ - | .
AM/M ~ 10-20% Medium resolution
H — bb Abundant, S/B << 1
7 H—=1t Abundant, S/B < 1
Y Zy 1 AM/M > 30% Low resolution

L L I Xk
00 20 10180 180 200 H — WW*— 2£2v Very abundant, S/B < 1

M, [GeV]

4 production modes x 5 decay modes (yy, ZZ, WW, <z, bb)

~ 100 exclusive final states (production, decay, event categories)
are contributing for M, ~ 125 GeV !



E weights / GeV

E weights - fitted bkg

my"" = 125.98 + 0.42(stat) £ 0.28(syst) GeV

_I T I T T T T I T T T T I T T T T I T T T T I T T T T _]
180[— fLdt=45f" Vs=7TeVv ATLAS —
C = -1 = ]
160~ fLdt=203fb" Vs=8TeV 4+ Data =
y S/B weighted sum ) -

. . — Signal+background |

140 Signal strength categories _—
C === Background T
120 :_ — Signal —:
C m,,; =125.4 GeV .
100[— —
80— 3
60— -
40— =
20— i
op—— -
10 3
o .

Mass Spectra: H — yy

ATLAS, arXiv:1408.7084v2; Submitted to PRD

150 160
m,, [GeV]

u=1.17 £ 0.24 (@ 125.4 GeV)

120 130 140

110

I' < 5.0 GeV (95% CL)

S/(S+B) weighted events / GeV

-100

CMS, Eur. Phys.

J. C74 (2014) 10, 3076
19.7 b (8 TeV) + 5.1 b (7 TeV)

x10°

3.5

- CMS
E H—yy
M, &

S/(S+B) weighted sum
¢ Data

S+B fits (weighted sum)
B component

+0.26
A47,5;

4.70 = 0.34 GeV

N

200

100

B component subtracted

i

&
_I 11 1 I 1 1 1 I L1 1 | I 1 1 1 I L1 1 | I 1 1 1 I L1 1 | I 11 1 I_
110 115 120 125 130 135 140 145 150
m,. (GeV)
— +0.26
W= 1147

my"" = 124.70 £ 0.31(stat) £ 0.15(syst) GeV
I' < 2.4 GeV (95% CL)

Results consistent, and compatible with a single narrow resonance



Mass Spectra: H — Z2Z* — 4|

ATLAS, arXiv:1408.5191v1; Submitted to PRD CMS, Phys. Rev. D89 (2014) 092007
CMS \s=7TeV,L=51f";Vs=8TeV,L=19.7fo"
> LI LN L L O LN I B L B > /NS L e e B B B B B B B B B B
8 35 :_ ATLAS ¢ Daa _: 8 35:_ * Data —:
To) E H — 77* — 4] \:l Signal (m,, =125 GeV u = 1.51) E ™ - .Z+X .
S 30 L s=7Tev f Ldt=45" B occcorouno zz.* ] B E) 30:_ . DZY*,ZZ B
..(B s Tev det=20.3 o - Background Z+jets, tt . Sq:) C ]
GC) 25 — 7////% Systematic uncertainty ] > 25__ I:l mH=126 GeV
S L ] LLl - ]
TN B ] B i
20 — ] 20__ -
151 - 151 -
10 1 0f 1
5 5i—
0 0 A
80 90 100 110120130 140 150 160 170 80 / 100 120 140 160 180
m,, [GeV] m,, (GeV)
— +0.40 — +0.29
u 1.44_0_33 (@ 125.4 GeV) u = 0.93 029
my?%4 = 124.51 + 0.52(stat) = 0.06(syst) GeV m %2 = 125.6 £ 0.4(stat) £ 0.2(syst) GeV
I' < 2.6 GeV (95% CL) I' < 3.4 GeV (95% CL)

Results consistent, and compatible with a single narrow resonance
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Precision Mass Measurements

ATLAS, arXiv:1406.3827v1; Submitted to PRD CMS, PAS HIG-14- 009
7JI"“\"“\‘“‘\“"\‘“‘\““\““\““\““L 1 10 w197fb (8TeV)+51fb(7TeV)
C —— Combin + ] 3 Combined i
Gé.’:.l;%l\'g/ﬂ_dt:AS fb - EO*?{Y o ] < 9;* EIVIIS —— H — vy tagged H
- s =8TeV [Ldt=203 10"  Ho7r o 1 < refiminary —  H-—-ZZtagged |
C , ] o 8H—yy+H—2ZZ =
50 S V\.mhout syster'natlcs - ' 7: . (ggH ttH),
: ' ] : n, (VBFVH) ]
- —20 6F E
BETRAN
: E = =
: . \\\// /
- - oF =
- —Jto g .
: \ . 1F E
0523 1235 124 1245 125 1255 126 1265 127 12‘75 Pz 124 S 125 126 127
m, [GeV] my, (GeV)
Expt. Decay Signal Strength | Measured Mass (GeV)
Channel IL = Opeas./Osy | mass + statistics 4 systematics
ATLAS H— vy 1.2919-30 125.98 4-0.42(stat) + 0.28(syst)
H—ZZ%— 4¢ 1.661032 124.51 +0.52(stat) & 0.06(syst)
Combined — 125.36 -0.41
CMS H— yy 114192 124.7 +£0.31(stat) £ 0.15(syst)
H—ZZ*— 44 0.937032 125.6 4 0.4(stat) £ 0.2(syst)
Combined — 125.03+0.30

my = 125.16 + 0.24 GeV




Measuring I,

- ExpectI'y ~ 4.2 MeV in SM for a H at my; ~ 125 GeV {

« No direct access to I'y at LHC < Indirect constraints “via the propagator

at the LHC

T =n/Ty =2 x 10725

II'

Exploit relative intensity of the signal on- and off-peak:

= BT J
2 B 22
_—_ i H(125) peak
> I 1
bl [ 8 TeV
S
S F. Koala, K. Melkinov
S L (I| &= ' N. Kauer, G. Passarino
AN Ef ' J.M. Campbell, R.K. Ellis, C. Williams
o [ [ |
1| I Recover CPS
N ; (~BW) trend
10~ :
| 1 Threshold effects
rj at 2m, and 2m,
10 6 ' 4
100 2M;  2My,, 1000

M,y [GeV]

Principle:
« Use finite-width propagator scheme
« Profit from sizeable contribution of
H* — ZZ at M, > 2 x M,
enhancement of O(10) %
« Account for interference between
gg — ZZand gg — H* — ZZ
+ alteration of coupling to top quark

Observation:

Consider off- (H*) and on-shell (H) prod.
on X BR(h — ZZ — 40) N’f?,gh K’%LZZ
[Uh X BR(h — L7 — 46)]81\/[ Ph/F%M

doy, . .
% ~ "ﬁggh(s) K%ZZ(S) 3

Access = Iy, / I\,

C. Englert, Y. Soreq, M. Spannowsky




Events /0.05

Events / bin

Constraints on Intrinsic Width I,

CMS 19.7 b (8 TeV) + 5.1 fb! (7 TeV)
—————————

® Data

- All contributions (I'; = 10xI's", u = 1)

i gg9+VV — ZZ (FH = Fﬁ'\", u=1)
0 g5~ 2z
B z+x

20

15
m,>330 GeV

10

0
0 0.2 0.4 0.6 0.8 1
MELA D,
CMS 19.7 6" (8 TeV) + 5.1 fb" (7 TeV)
FT T T I T T T T I T T T T I T T T T I T T T T I T T T T '—
I e Data T
10— o sm —
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Similar results from ATLAS in
ATLAS-CONF-2014-042 (July 2014)
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Measuring S? at the LHC

« The spin-parity of the Higgs boson candidate (assuming pure JP state)
can be tested in di-boson decay channels or via associated production

H—yy ATLAS, CMS
Test 0* against 2+ states cos(67,) = 2 x 2P Eipz
e.g. exploit the prod. dependent scattering Mooy \/m,zw +p%.,

angle in the Collins-Sopper frame

H— 2Z2*% — 4] ATLAS, CMS

Test 0* against spin 07, 1* and 2* states
e.g. use kinematic discriminants exploiting
production and/or decay angles

H—- WW* — 2/ 2v ATLAS, CMS
Test 0t against 0~ or 2+

e.g. exploit the prod. dependent ATLAS PLB726 (2013) 120-144
2D distributions in mrand M, cvs prD110 (2012) 081803 ariv:1312.5353 & 1129, PAS-HIG-13-016

H — b anti-b DO

Test 0t against 0" or 2+

e.g. exploit the prod. dependent shape of invariant mass (Mbb) spectra
in VH associated production (V = Z/W)

DO Conf. Note 6404, 6387
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H boson: spin-parity (1)

H—yy Testing 0* and 2* hypothesis
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H — ZZ* — 4( Testing 0+ against 0~ hypothesis
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_IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII_
C e Dat 3
=2 o,f"a Dy g>0.5 ]
E J= .
- [ Z2z/zy> E
E A Z2+X 3
= Tl TR 1%
0 010203040506070809 1

Dy
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H boson: spin-parity (2)

Testing 0+ against various exotic S = 0%, 1%, and 2* models

CMS V1s=7TeV,L=5.1f"Ys=8TeV,L=19.7 b’
[ -@- CMS data - - - Median expected : : : :
60 WO +10 S0 ]
L 0"+ 20 L NN
40'— 0++30_ JP+30 ]
20
; .i 'I i .I 'l 'l ﬁ 'l “ ﬁ
-20
-40 _ : : : : : : :
- + - - + + + + + + + -
0 0, 1 1 1 1 2., 2, 2, 2, 2, 2,
any any qq—X any qg—=X any gg—X qg—=X any gg—X gg—=X gg—X
ATLAS ATLAS
H— vy ® Data H— yy e Data
Vs =8 Tev fLt =207 " v CL, expected Vs=eTev jdt=207 7 v CL, expected
H— 2Z* — 4l H— zz* — 4l

assuming JP =0*

_ _ -1
Vs=7TeV [Ldt=4.61b 1o

Vs=8TeV fLdt =207 fb"

H — WW* — evuv/uvev
Vs=8TeV fLdt=20.7 fb"

0 25 50 75

100
fqﬁ (%)

assuming JP =0*

_ — -1
Vs=7TeV fLdt=4.6 fbo He1o

Vs =8 TeV [Ldt=20.7 fo'

H — WW* — evuv/uvev
Vs =8 TeV [Ldt=20.7 fo'

(HOZ) 680 "ASY 's/\ud SIWD

($T02) 92/9 "1o1 'SAyd SY1LY

The pseudoscalar (0°)
hypothesis is excluded
at > 99.9% CL (CLs 0.05%)

All spin-1 hypotheses
excluded at > 99.9% CL

All spin-2 hypotheses
excluded at > 95% CL

All 0-,1%,2* hypotheses
excluded at > 97.8%

Other exotic states tested in
CMS PAS HIG-14-018 (PRD)



The H — Fermions

Large rates ( By _. pp ~ 58%) and medium mass resolution

S/Bnaz‘are : A na/ysz‘s %ey :

H — bb ggH, H— bb is saturated by QCD Mass discrimination
background = focus on WH and ZH against background
prod. with b-tagged jets and = 1 lepton from Z/W + heavy

H — tt Exploit production and t lepton flavours

decay dependent categorisation

First evidence in the H — bb channel from Tevatron in 2012:

(0]
o
o

. % °F TevatronRunll, L _<9.7 fb q
CDF + DO 10 fb = [ 1+2Db-Tagged Jets £
ccs> 600/— ;Data- Bkgd I
Al ~ WZ Y
~ - A
WH — ZV bb E 400? |:IE"Zggs Signal , :
7/H — % bb S - m =125 GeV/c*| 3
/H — vv bb i 2001~ 2
: DU U Rp=

. 0=
Excess with more than 3o an 4t 5
significance at ~ 135 GeV 200~ e i}

1 | | 1 1 | 1 1 | | 1 | ‘ | 1 1 | ‘ | 1 | | ‘ 1 1 | | ‘ 1 1 | 1
0 50 100 150 200 250 300 350 400
Dijet Mass (GeV/c?)




H — Fermions

H—r1t Combined H - tt & H—bb
¢ CMS, 4.9 fb" at 7 TeV, 19.7 fb™ at 8 TeV CMS (5=7TeV,L=5f" (s=8TeV,L=19-20 fb"
m 10 T T T T I T T T ] | 20_
1= ~— SM H(125 GeV)— Zomnseen o
S 10 B Eerogmsaal IRL S m,, = 125 GeV ,
> -e- Observed i o —
L 10° 0-jet lLz, , | 16 VH — bb 40
1-jet e O ~ 3.80 —H—=1t
10° M vBFtag 2 14 — Combined
—e— ot
0 e
10
10° o f
m o
2 ) -
10 o of-
10 S 4%/ 2. 20
= :\ standard
1 = - model
‘_E 2j lo
10'1 1 1 1 1 l 1 Cooa b b I Tl b b
3 2 1 0 0O 02 04 06 08 1 12 14 16 1.8
log(S/(S+B)) H
H—nt ATLAS® CMS H—bb + =t CMS
Strength 14495, 0.78 £0.27 Strength 0.83+0.24
Significance 4.10 (exp3.20) 3.20 (exp 3.70) Significance 3.80 (exp 4.40)

See also: H — bb CMS PRD 89 (2014), ATLAS-CONF-2013-079 (M H — tt ATLAS-CONF-2013-108

(+102) 0T 'sAud a4menN



Signal Rates / H Decay modes

Signal strength measured per decay channel
(best fit values with 68% CL uncertainties)

References:
ATLAS, arXiv:1408.7084

ATLAS, arXiv:1408.5191
ATLAS-CONF-2014-060
ATLAS, arXiv:1409.6212
ATLAS-CONF-2014-061

CMS, EPJ C74 (2014) 74:3076
CMS, PRD 89 (2014) 092007
CMS, JHEPO1 (2014) 096
CMS, JHEPO5 (2014) 104

CMS, PRD 89 (2014) 012003
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Signal Rates / H Production modes

19.7 b7 (8 TeV) + 5.1 fb' (7 TeV)
T T T T ‘ I I I I I I I I T

£ H — ttvtagged
%= H-— WW tagged
%= H— ZZtagged
H — bb tagged
4 H— yy tagged

t: 1 O ]_] I T 1T l T 1T | T 1T I T 1T | T T 17T l T 1T | l| T .I T I T 1T I_I I 6 T T ‘ ‘ ‘
u L & Standard Model ", ATLAS Prellmlnary - > CMS
g . ,l \‘ -
ST - X Bestfit . s L w | '~
N3 ol —68%CL ' \s=7TeV JLdt =4.6-4.8 fb = S Preliminary
N 8 . esmaL : " Vs=8TeV [Ldt=203f" |_ = [
s> : K > -
1 — 4 - _I 4
6 __ —H-oyy ] ‘% L
- —HoZZ >4l 1A i
B —H-oWWsiviv 4O
B H-o 1t . % B
4 1y 2r
L 1S -
] 1%
- HE= -
o 1S _
i 1= B
of- Jg 0
u 1 L
[ my=1255GeV 1 -
_2 1 1 | 1 11 1 | 111 | 1111 | 1111 | 1 11 1 | 1111 | 1111 | 1 111 | 1 1 ~ |
2 4 0 1 2 3 4 5 &6 -1 0
YY,ZZ* WW* 1t
IJvggF+t’[H

The ratio Wygp vy / Ween.un 1 ~ independent of decay
+0.6

ATLAS:  UWygr | Uyppy oy =1.4%0.3(stat.),(syst.) < U/ Uy profiled

CMS: Uypr vi /MggH’t;«H = 1.25t8:3§

wyge €vidence established at ~4c level

Note: ATLAS preliminary combination here does not included latest H — yy results
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Setting H Coupling Constraints

The production x decay are always sensitive at LO to a linear combination
of products of two couplings < model assumptions required to disentangle

e.g. Prescription from HXSWG in arXiv:1209.0040

o.xI.
Consider a narrow width approximation o x 5, = lI“ i
H
. |
Introduce SM modifiers for production x; = (Z;W and decay KJ? =L
op .
21 SM l J
And sz r]

Define benchmark scenarios:

- Test custodial symmetry : A,, = Bw (Ayz =1inSM)

VA
- Test bosonic & fermionic couplings: consider k,(=k,, =k,) & K,(=K, =K )

- Assume either only SM particles in the loops,
or

“new physics” in width or loops (allowing or not invisible decay)

15



H Couplings to Fermions and Bosons

CMS Preliminary 19.7 fo" (8 TeV) + 5.1 fb™ (7 TeV)

18 FTTTT | TTTT | TTTT | TTTT | TTTT | TTTT | TTTT TTTT TTTT | 71T “—
v F ° o F
A= ATLAS Preliminay =0 4|b “Ho Wy -+ Observed o  SMHiggs
- (s=7TeV[idt=4648%"  3gH — vy @Combined &~
30 \s=8TeV [Lot=2031" OSM X Best Fit Z
- '. 15 _
2 : g : L =
- - - — 0
S N E e
E — = _E .E (O %
OF 18 | $
: = S
-1 —_% T — E
B ] Q B <
- 1% - S
B3 BN 3
| | 1111 | || “I | | | | 1111 | 1111 | 1111 | 1 11 Il 1111 | 1 11 17 _2 | | |
06 07 08 09 1 11 12 13 14 15 16 0 0.5 1 1.5
Ky
Ky
+0.08 +0.17 +0. +0.
ATLAS: (k,,k,)=(1.15770,0.9971) CMS: (k,,k,)=(1.0177,0.89717)

The (x,,k)=(1.0,-1.0) is disfavoured at 2c level by ATLAS, and 3o level by CMS

Y. Sirois — IN2P3/CNRS - LLR Ecole Polytechnique
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Coupling Constraints

Custodial A

Symmetry WZ
K

Coupling to v

bosons ( « M\?)

and fermions (o« M;) KE

Heavy quarks
in the prod. loop

1 <

W boson and K,
top quark in the loop

Flavour [
Symmetry (3¢ fam.) 3  9Y
Lepton-quark r 7‘|q
Structure (3 fam.)

Coupling constraints from a combination channels
(best fit values with 68% CL uncertainties)

Preliminary

ATLAS
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B CMS I
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L CMS IR
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CMS e e
| ATLAS el —
JCMS o T

O 0.2 04 0.6 0.8

(b10Z AINC) SWD * (FT0C AeW) SY11V

1 121416 1.8 2

parameter value

All combination of couplings found consistent with SM H expectation
at a precision from ~15% (A, xy) to 20-30% (xg, Ag,)



The discovery of the H boson at the LHC

Les Sequelle

The Aftermath




The Landscape (1)

Couplings to fermions and to weak bosons
(verified to ~10-30% precision)
19.7 o™ (8 TeV) + 5.1 f' (7 Tev)
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« SM-like H at ~125 GeV is compatible with global EWK data at 1.30 (p = 0.18)
 Indirect constraints now superior to some precise direct W, Z measurements

Indirect (EWK fit): My =

Direct (World average): M,y =

80.359 + 0.011
80.385 £ 0.015
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The Landscape (2)
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The H Boson discovery is now firmly established

My ~ 125 GeV

Couplings to fermions and to weak bosons (verified to ~10-30% precision)
consistent with the minimal scalar sector required for the BEH mechanism

v Custodial symmetry verified (~ 15% precision) and the existence of a boson
with non-universal family couplings established (tt evidence + no uu signal)

ANIAN

A truly astonishing achievement !

« Culmination of a reductionism strategy evolving from the question of the
structure of matter to that of the very origin of interactions (local gauge
symmetries) and matter (interactions with Higgs field)

« We understand the origin of mass (i.e. scalar field, BEH mechanism)
for particles in a quantum field theory with local (i.e. point like) gauge
interactions

« Ignoring gravitation, we have for the first time in the history of science a
theory which is at least in principle complete, consistent, and coherent
at all scales ... (up to the Planck scale ?)

... but it is not over




The Scalar Sector & the Malicious H Boson (1)

The H boson is not a gauge boson
(its mass is not protected by symmetries of the theory)

Scalar fields “qualitatively” changes the nature of the vacuum

Cosmological problem:
Quantum fluctuations at Planck scale involves Planckian energies (space-time distorted)
— contribute to a vacuum energy density disagreeing with our universe by 10120 orders
— the principle of locality (a pillar of quantum field theory) breaks down at Planck scale !
Hierarchy problem:
Fine tuning by 1030 orders needed to cancel the scalar field coupling to quantum
fluctuations of space-time at the Planck scale

The complexity of the Standard Model is encoded a scalar sector

C’%M — ] (Aa’ \Vl) T %iggs (Symm. Break.)((l)’ Aa’ \Ijl)

gauge
Natural / Ad hoc N
verified with high precision; stable but necessary (other mass terms forbidden by
with respect to quantum corrections; EWK gauge symmetries); unstable with respect
highly symmetric to quantum corrections; possibly at the origin of

(gauge and flavour symmetries) flavour structure and all other problems of the SM



The Scalar Sector & the Malicious H Boson (2)

G. Isodori et al.
We live in a very particular corner

of parameter space !

Assuming SM up to Planck scale, the fate of the Universe
depends on the precise values of M,,, and M, !

010 y
r -12
008 | M; = 125 GeV
r 30 bands in
. _ _ [ M, =173.1 0.7 GeV
- }}:fi?’lnfgm{? SUSY > 006 a,(Myz) = 0.1184 £ 0.0007
504 -natural =
=
{ Mgygy =1 TeV E 004-
1 8
2
. £ ooz
0 = - >
0 50 % ! N M, = 1710 GeV
2 000 SR o
MHiggs [GeV] i TG = 01205 4
—0.02 TS _aMp) =063 ]
, M, = 1753 GeV
=004, . 0wy -

102 10* 106 10% 10" 102 10 10'¢ 10'% 10%
RGE scale g in GeV

MSSM at the weak scale

Strumia
50 60 70 80 90 100 110 120 T 130 140

The Higgs boson mass at ~ 125 GeV is very special !!! Extrapolation to very large
scales seems possible but no indication provided for the scale for SUSY breaking



The Scalar Sector & the Malicious H Boson (3)

Most the “problems” with the SM remains, and new questions are raised !
The (many) “Exotic” models tested up to the ~ TeV scale, do not address many of the problems

Arbitrariness of the Higgs potential after EWSB

(arbitrary Higgs boson mass, of the self-coupling and sign of w ...)

Q? Can we avoid the arbitrariness ? By the gauge sector ? By the geometry ?
Q? Is the Higgs boson sufficient for an exact unitarization of the theory (W W, scattering) ?

Origin of the flavour structure of the theory
(3 families of fermions, flavour mixing, matter-antimatter asymmetry in the Universe ...)

Q? Is the scalar sector at the origin of fermion families (H — uu, H — 1)

Origin of the specific gauge symmetry / set of conserved charges
(cancelation of triangle anomalies, gauge unification ? etc.)

Q? Is the scalar sector talking to neutrinos (v <>vg) ?

Hierarchy between EWK and the Planck scale ( and GUT scale ? )
(metastability of the EWK vacuum, problem of quantum gravity etc.)

Q? Can the scalar sector destabilize the vacuum ? (my,,, my)

Q? Can we avoid the problem of Hierarchy with respect to Planck scale ?

Q? Scalar fields play a vital role in cosmology (inflation and reheating): could the H field
(BEH mechanism) be a key ingredient of cosmology

Q? Could the scalar sector be a portal to Dark Matter ? Address baryogenesis ?



The discovery of the H boson at the LHC

Conclusions

The discovery of the H boson by ATLAS and CMS experiments at the
closes one chapter of a fantastic collective adventure ... and opens ug
new avenues for the future...

The boson discovered has properties so far consistent with the “H*
scalar boson expected from the BEH mechanism (i.e. the minimal
scalar sector incorporated in the SM)

The precision reachable at the LHC or HL-LHC is possibly sufficient
for the observation of deviations caused by possible extra structure
or an extended scalar sector ( talks this afternoon !)

The capacity to establish additional new physics heavily depenas
on the progress in experimental and theory modeling 0 SMIproce
in the years to come (including extensive usage o A

VVV production




The discovery of the H boson at the LHC

CMS LHC/HL-LHC Specific Goals

In addition to all the great SM precision measurements with Z, W
and the top quarks, HI Physics, flavour physics etc. ...

Complete precision measurements of the Higgs boson
Observe Di-Higgs production and access the self-couplir
Measure trilinear and quartic couplings of weak bosor

Measure rare decays and search for forbidden H de
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Search for an extended scalar sector

Search for extra-structure, supersymmetric
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"For the theoretical discovery of a mechanism
that contributes to our understanding of the
origin of mass of subatomic particles, and which
recently was confirmed through the discovery of
: the predicted fundamental particle, by the ATLAS
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