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Toni Baroncelli: The Discovery of the Higgs

(The “once”)
Missing Piece in the Standard Model




m,and m, — EW fits

There are very many EW measurements: cross sections, asymmetries and many others.

Some diagrams contain loops where top and Higgs bosons circulate —
slightly modify observables — indication on top mass and Higgs mass

o Summer 2004 before their discoveries
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Higgs and the levatron: Reminder on Discoveries

The Higgs Boson was also searched for at the Tevatron. Without success! Why?

3 i Signal significance: S = Ns

- " | . JNp+Ng

~. 20000 | | Ns: # signal events

< signal; width due to Ng: # background events Kinematically out of reach?
;_::_'; detector resolution In the “signal region”

17500
By “convention” a discovery is claimed when the significance
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i S>5:
15000 _ This means that the signal

N Ns = Ntot -NB

i is 5 times larger than statistical uncertainty on Ns+Ns — the
12500 |~ probability of a fluctuation is very small: the Gaussian

i probability that upward fluctuation by more than 50 is

. observed is
lm i 1 P5G = 10_7

105

The sensitivity to a signal increases with increasing statistics
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Loop with circulating tops, other

quarks contribute much less
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Gluon-gluon fusion
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Associated production
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Vector bosons fusion

tt fusion

Higgs couples to massive particles, cannot
couple directly to gluons and photons

OO

Vertex with Higgs & bosons

Vertex with Higgs & fermions

We will find the same vertices also

in the Higgs decay!
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Higgs Search at the Tevatron (forecast)

combined CDF /DO thresholds

My reach when different channels are combined
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CDF

DO

Channel Luminosity (fb™') mg range (GeV/c?) Reference
WH — fvbb  (ST,DT,2,3 jet) 53 Sensitivity range ,  100-150 [14]
VH — 7t77bb/qqr 7™ 4.9 of the channel 105-145 (15, 16]
ZH — vobb (ST, TLDT) 5.2-6.4 100-150 (17, 18]
ZH — 0707bb  (ST,DT,ee,ppr,e€1c R, fbfbirk) 4.2-6.2 100-150 [19]
VH — (°0F +X 5.3 115-200 [20]
H—WW~ = efveFv, pFovuFv 54  Athighmy—  115-200 [21]
H—WW™ = efvuTr  (0,1,24 jet) 6.7  decay to WW 115-200 [22]
H— WIW ™~ — (pjj 5.4 130-200 23]
H — vy 4.2 100-150 [24]
ttH — ttbb  (ST,DT,TT,4,5+ jets) 2.1 105-155 [25]
Channel Luminosity (fb™') mzy range (GeV/c?) Reference
W H — (ubb 2-jet channels 4x(TDT,LDT,ST,LDTX) 5.7 100-150 [5]
W H — {vbb 3-jet channels 2x(TDT,LDT,ST) 5.6 100-150 6]
ZH — vobb  (TDT,LDT,ST) 5.7 100-150 7]
ZH s /4 0-hh A (TDT ILDT.ST) 57 100-150_ 8, 9]
H— WTW~  2x(0,1 jets)+(2+ jets)+(low-mee)+(e-Thaa) +(1-Thad) 5.9 At i 110-200 [10]
R . : ) igh my —
WH —-WW™W (same-sign leptons 1+ jets)+(tri-leptons) 5.9 110-200 [10]
ZH — ZWHW~  (tri-leptons 1 jet)+(tri-leptons 2+ jets) 5.9 decay to WW_o9g 10]
O+ X 17 (Ljet)r(2 jets) 2.9 T00-150 [11]
WH+ ZH — jjbb  2x(TDT,LDT) 4.0 100-150 [12]
H — vy 5.4 100-150 [13]
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95% CL Limit/SM

Tevatron Upper Limits on Higgs Mass

Observed and expected 95% C.L. upper limits on the ratios to the SM cross section, as functions of the Higgs
boson mass for the combined CDF and DO analyses :

If the experiments could be repeated 100 times, 95% of times they would get the same ‘exclusion’ result
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Delivered Luminosity by LHC in Run 1& 2
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Higgs Search at the LHC

Higgs production cross-section at centre-of-mass energies of 14 TeV, as a function of my

Different production mechanisms
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il T T TR
g_ I M(H)=125 GEY—E% Vs (TeV) Production cross section (in pb) for mpy = 125 GeV Calculation
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LHC HIGGS XS WG 2012
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M, [GeV]

s=13TeV
iggs(125 GeV)

= 2.2%

Tevatron: ggF then WH
LHC: ggF then VBF

Relative ratios between different production modes is ~
constant at LHC energies: ggF — VBF — VH — ttH
The total cross section for the production of an Higgs of 125
GeV increases significantly with centre-of-mass energy &

decreases with mass
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Discovery driven by
significance
of different channels

LHC HIGGS XS WG 2013

.‘.\

What really counts is how well one can
distinguish an Higgs signal from the
background
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= o)

Higgs discovery

Example: the decay of the Higgs into a pair of photons is very
small (H »WW is ~ 100 times larger that H >vyy), however the
distinct topology it generates made it very important in the

— Y
10° - H
4 | | | R
108 100 120 140 160 180 200 Y
M, [GeV] O Channels used for the Higgs discovery:
[/ 10 4 leptons
Formy =125 GeV: H > bb, WW, gg, tt * Two photons

Formy > 160 GeV: H - WW, ZZ dominant .

Two WW to leptons and neutrinos (a bit late!)
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Decay channel Branching ratio
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The Story of the Higgs (Discovery) in one Slide

Indirect bounds on my from global EW fits : two decades at LEP, SLC, Tevatron suggest a ~light Higgs
my = 89 +35 26 GeV
Direct and model-independent search at LEP up to 209 GeV cms gave a 95% CL lower bound on my

mp > 114.4 GeV 95% CL
Direct search after LEP shutdown in 2000 at Tevatron ppbar collider using 10flb-1 gave

a] excluded intervals 90-109 GeV and 149-182 GeV
|:> b] broad excess at the level of 3 o in the interval 115<mp<140 GeV with a maximum

at 125 GeV

LHC runin 2011 (7 TeV, 5 fb-1), 2012 (8 TeV, 20 fb-1) gave evidence for a new particle decaying to yy and ZZ
with rates as predicted by SM. Evidence for decays to W*W- but no evidence for bbar and t*t-

LHC July 2012 : ATLAS & CMS claim a discovery of a new particle with a mass of about 125 GeV



Most Promising Higgs Decay Channels

Channel LHC Potential
gg >~ H > bb Huge QCD background (gg > bb); extremely difficult
gg > H~ T Higgs with low pr, hard to discriminate

from background; problematic

> H > Small rate, large combinatorial background, but excellent determination of mH
99 Yy (CMS: crystal calorimeter)

> H = WW Large rate, but 2 neutrinos in leptonic decay, Higgs spin accessible via lepton
99 angular correlations

gg >~ H>2ZZ ZZ » 4p: “gold-plated” channel for high-mass Higgs (ATLAS: muon spectrometer)
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Topologies!

4 MuonNS [Mu = Mz]

Two high-energy

photons
Electron +
muon + MET

e R E R
-$- Data 201142012

R RR RS
TLAS
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1. Choose channels with low SM background

... without associated production
...(VH mode,V=W,7)

... despite of small branching ratio .
... With one Z decaying leptonically
... large signal and large background

not possible: H > bb
possible: H > vy
H>ZZ

H > WW

2. Optimize detector resolution

Example:mass resolution om worsen by a factor of 2;
Ns doesn’t change; signal region has to be increased by a factor 2
— number N of background events increases by factor of 2

S = Ns//Ns decreases by /2

3. Recorded luminosity L
Signal: Ns ~ £
Background: NB ~ L

S~ ——

S~/L

- .
St
< 20000
P N
5 |
m -
17500 |
1000 |-
thus: E
12500 |—
10000 L :
105 120 135
m, (GeV)
Decay channel Mass resolution
H — vy 12%
H—ZZ — (= 0+¢- 1-2%
H—WYW™ — (Tl =iy 20%
H — bb 10%

H— 7t 15%




(Pre-Discovery) Discovery Potential

[ATL-PHYS-2003-005)

8 - H - qq Statement in 2003
8 det=30fb = ttH(H — bb)
= (no K-factors) s H - 22" - 41
g ATLAS CH o WWY o by « Full mass range can glready be covered after a few
; 102] « qqH — qq WW" years at low luminosity
£ | 4 qgH — gqqtr « Several channels available over a large range of
w | — Total significance Masses

| Expectations in 2003 : : —r

P » [ ow mass discovery requires combination of three of

the most demanding channels

« Comparable situation for the CMS experiment

{—3 Significance=5¢

— Discovery
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10 |

Prediction almost correct:
* vy, ZZ 10 4 leptons, WW to Ivlv (higgs to ggrtt not used)
 Combination of channels




Higgs lerms in the Lagrangian

JHHH ;73 , YHHHH 174
H 24 H V=W=orZ OW=1,06Z=1/2

« The dominant mechanisms for Higgs
boson production and decay involve the
coupling of H to W, Z and/or the third
generation quarks and leptons.

Toni Baroncelli: The Discovery of the Higgs

2m
_ |4
JHHVV = =5 Coupling to bosons (W or 2) < m?
Im2 Coupling to fermions o« mg
2
, , , Y
» The Higgs coupling to photons is generated by loops f
» virtual W+W- pair provides the dominant contribution
> virtual tt pair is subdominant. T /
« The Higgs coupling to gluons, is induced by a one-loop graph: H couples to a / v

virtual tt pair.
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In the H — yy and H — ZZ — 4l channels, all final state particles can be very
precisely measured and the reconstructed my resolution is excellent (typically
1-2%).

the H > W*W~ - [Tv,I”¥; channel has relatively large branching fraction,
but the my resolution is poor (approximately 20%) due to the presence of
neutrinos.
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On July 4, 2012 the observation at the LHC of a narrow o 1

resonance with a mass of about 125 GeV was announced. <_§ 1135
Initial strategy: integrate all production modes for one decay — .
channel o
The observed decay channels indicated — is a boson. 10’
Decays rates to yy and ZZ consistent with the Standard Model e
(SM) Higgs boson. o
There were indications that the new particle also decays to W+W-. :g::i

~N

The significance of these observations are quantified by a p-value,
the probability for an experiment to give a result compatible with
lbackground only.

ATLAS / CMS observed a significance of 5.9 /4.9 o at a mass my =
126.5GeV / 125.5 )

Summer 2011
CMS Prel. C2
ATLAS Prel. A4

Spring 2012
CMS Prel. C3
ATLAS PRD A5

Is=7TeV
JLdt=1fb
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(a)
Summer 2011
CMS Prel. C2 Is=7 T‘?V
ATLAS Prel. A4 JLdt=11b
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Spring 2012
CMS Prel. C3
ATLAS PRD A5

{s=7TeV
JLdt=5 b

Summer 2012
CMS PLB C4
ATLAS PLB A6

{s=7and 8 TeV

X Po = probability that
the excess can be
described by

(€) background only

{s=7and 8 TeV
JLdt= 10 b

A po of 2.87x10-7
corresponds to 5o
excess over the
background-only
prediction.

JLdt= 25 b

December 2012
CMS Prel. C5
— ATLAS Prel. A7

A() /] 0

my [GeV]
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ggf, gluon-fusion process :

« largest cross section
» Loop with heavy top quark. No very distinctive feature in the topology!

VBEF, vector boson fusion :

« second-largest cross section
 scattering of qq’(qq), mediated by the exchange of a W or Z boson.
» The scattered quarks give two hard jets in the forward and backward regions with a

large dlijet mass (= 400GeV) and separated by An; = 3.5 — one jet very forward + 1 jet

very backward.

\

VH, associated production with W and Z gauge bosons :

» Third cross-section
« W and Z leptonic decay(s) — MET & high pr leptons — clean signatures.

ttH: Higgs radiation off top quarks

* High pt leptons, MET, b-tagged jets. Complex topology with many decay channels

J
4

q w/z*




Improve Initial Discovery

s the observed resonance the Higgs Higgses produced in ATLAS & CMS in LHC Runl
boson predicted by the SM? Production Mode ggF VBF WH+ZH ttH
—> more analysis Higgs events 500.000  40.000 20.000 3.000

There are three

Production — Higgs main decay
Five modes: Three main modes channels: the vy,
ggF vbf WH ZH ttH 77, WW

You see this!

3 x 5 = 15 combinations — too many for an (initial) search,
not enough statistics!
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Strategy was:
« define categories for each production mode and for each decay mode (— check with SM)
» optimise the search using characteristics of the (production-decay) topology of the event
| * _then integrate over all production modes and give results for 3 decay channels only (\WWV arrived a bit later) |

Events selected for the discovery were very few: between 1 and 100 for each production-decay category.
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Categorisation

Example: H — yy

Several production modes:

Consider one production mode at a time (from the

most distinct, ttH, to the least distinct, ggf)
Is the topology / kinematics of that event
compatible with that production?

Go to next production] [ Go to next event ]

Attribution to one category is exclusive!
There is some wrong attribution
Composition of one category studied by MC

decision

N

ATLAS Simulation Preliminary

ttH lep BDT1

ttH lep BDT2

ttH lep BDT3

ttH had BDT1

ttH had BDT2

ttH had BDT3

ttH had BDT4

VH dilep

VH lep High

VH lep Low

VH MET High

VH MET Low

qgH BSM

VH had BDT tight
VH had BDT loose
VBF High-Hjj BDT tight
VBF High-Hjj BDT loose
VBF Low-Hjj BDT tight
VBF Low-Hjj BDT loose
ggF 2J BSM
ggF 2J High
ggF 2J Med
ggF 2J Low
ggF 1J BSM
ggF 1J High
ggF 1J Med
ggF 1J Low
ggF 0J Fwd
ggF 0J Cen

Reconstruction Category

0 0102030405060.70809 1
Fraction of signal process / Category

H-yy
m.=125.09 GeV
Vs=13TeVv

[ 9gF
B VBF
[ WH
Il q9—ZH
Il 9g—ZH
i ttH

[ boH
[]twH
CJtHjb
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Of the Categorisation

Initial discovery was based on a low sample of events — limited sensitivity to SM Higgs predictions

Selection: decay modes only, integrate production modes
Peak in the mass — a resonance, not necessarily a Higgs

Later in time — more statistics — Need to check if also
production modes are in agreement with SM

Start with most distinctive and finish with least
distinctive

Separate production processes with topological
characteristics — categorisation.

One category ~ mostly one production mode (but also
others) — not a measurement of that production cross-

section.

UOISIOBP

v

ATLAS Simulation Preliminary

ttH lep BDT1
ttH lep BDT2
ttH lep BDT3
ttH had BDT1
ttH had BDT2
1tH had BDT3
ttH had BDT4
VH dilep

VH lep High
VH lep Low
VH MET High
VH MET Low

H-yy
m,=125.09 GeV
s=13TeV

[ 9gF

B VBF
[JWH
Bl qg—ZH
Il 99—ZH
i ttH

[ boH
[JtwH
CItHjb

Reconstruction Category

qgH BSM

VH had BDT tight

VH had BDT loose
VBF High-Hjj BDT tight
VBF High-Hjj BDT loose
VBF Low-Hjj BDT tight
VBF Low-Hjj BDT loose
ggF 2J BSM

ggF 2J High

ggF 2J Med

ggF 2J Low

ggF 1J BSM

ggF 1J High

ggF 1J Med

ggF 1J Low

ggF 0J Fwd

ggF 0J Cen

0 010203040506070809 1
Fraction of signal process / Category

Simulations are used to determine the relative contributions of the various Higgs production modes in a

particular category.
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Higgs Decay to ITwo Photons

f ~Only top quarks
contribute,
T f contributions from light
f fermions negligible
~
Method: look for a peak in the invariant mass of two high pt photons over a smoothly falling background distribution.
> 0.16_ T T T T | T T T T | T T T T | T T T T I T T T T ]
8 - H—yy.m, =125GeV ATLAS Simulation Preliminary %140001 ' T ]
g 0.14— Vs=13TeV -] 9 ATLAS ]
0120 ] ©12000 2 Vs =13 TeV, 36.1 fb' ]
'g\ ‘ - barrel FOJ CEN, 6., =1.7 GeV . § E E
> oif e 1110000 v =
125 - = Signal Model . - =/ .
= 008 End_Cap ggF 0J FWD, o, = 2.1 GeV 7 8000:_ =i B
- e MC — - —
0.06— —— Signal Model ] 6000[— ®e ¢ Stat. Unc. -
0.04F ] - Sese, [ Tot. Unc. .
e : B 4000 S —
- Pea ution . .
0.02:— 3 2000 =
O_ @Sl %t\j:;:-, e receacaar -
15 120 125 130 135 140 0 '“'wﬁo e e Y T T R
m,, [GeV] m,, [GeV]
Gaussian central part + power law tails on both sides. Fits to large control samples of data or simulated

background events
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29 Categories in Higgs — yy

Summary of the 29 event reconstruction categories for the measurement of production mode cross sections.

Each event is assigned to the first category whose
requirements are satisfied, using the descending order given

in the table.

As a result,
the event
populations
of categories
are mutually
exclusive.

ATLAS Simulation Preliminary

ttH lep BDT1

ttH lep BDT2

ttH lep BDT3

ttH had BDT1

ttH had BDT2

1tH had BDT3

ttH had BDT4

VH dilep

VH lep High

VH lep Low

VH MET High

VH MET Low

qgH BSM

VH had BDT tight
VH had BDT loose
VBF High-Hjj BDT tight
VBF High-Hjj BDT loose
VBF Low-Hjj BDT tight
VBF Low-Hjj BDT loose
ggF 2J BSM
ggF 2J High
ggF 2J Med
ggF 2J Low
ggF 1J BSM
ggF 1J High
ggF 1J Med
ggF 1J Low
ggF 0J Fwd
ggF 0J Cen

H-yy
m,=125.09 GeV
Vs=13TeV

[ agF

B VBF
[ WH
Il qg—ZH
B 9g—>2ZH
I ttH

[ boH

[ twH
[CItHjb

Reconstruction Category

0 0102030405060.70809 1
Fraction of signal process / Category

Category label Selection

ttH lep BDT1 Nigp 2 1, Np_jer 2 1, BDTyyye, > 0.987 S
ttH lep BDT2 Nigp 2 1, Np_jor 2 1, 0.942 < BDTigpgiep < 0.987

ttH lep BDT3 Niep 2 1, Np_jet 2 1, 0.705 < BDTygpiep < 0.942

ttH had BDTI Nigp = 0, Njees 23, Np_jor 2 1, BDTyppeq > 0.996

ttH had BDT2 Nigp = 0, Njets 2 3, Np_jor 2 1, 0.991 < BDTypnag < 0.996

ttH had BDT3 Nigp =0, Nigts 23, Np_jo 2 1, 0.971 < BDTyypeg < 0.991 e
ttH had BDT4 Niep =0, Njets 23, Np_jo 2 1, 0.911 < BDTynag < 0.971 &
VH dilep Nip 22, 10GeV < mge < 110GeV o
VH lep High Niep = 1, mey - 89GeV| > 5GeV, pi T > 150GeV Q
VH lep Low Nip=1, Imey —89GeV| > SGeV, py 1 < 150GeV, ET signific g )
VH MET High 150GeV < EP™ < 250GeV, EP™* significance > 9 or EF*™ > 250 Ge %
VH MET Low B0GeV < EP*™ < 150GeV, EP™ significance > 8 =
gqH BSM N 22, prj1 > 200GeV 5
VH had BDT tight 60GeV < mj < 120GeV, BDTyy > 0.78

VH had BDT loose
VBF high-p& // BDT tight
VBF high-p; */ BDT loose
VBF low-p}'*/ BDT tight

VBF low-p// BDT loose

60GeV < mjj < 120GeV, 0.35 < BDTyy < 0.78

1Angs1> 2, Inyy - 0.5(nj1 +m)l < 5, P! > 25GeV, —0.32 < BDTS
A1 > 2, Inyy - 05055 +n)l < 5, pi* <25GeV, BDTIZ. > 0.
[An g1 > 2, nyy = 0.50n + )| < 5, P/ <25GeV, 0.26 < BDTIN.

1Ang41 > 2, 1iyy — 0.5(75 +np)l < 5, P > 25GeV, BDTYS: > 0.3
<047

< 0.87

ggF 21 BSM
ggF 2] High
ggF 2] Med
ggF 2] Low
ggF 1 BSM
ggF 1] High
ggF 1] Med
ggF 1] Low
ggF 0] Fwd
ggF 0J Cen

Niets 22, py = 200GeV
Njeis 22, py’ € [120,200] GeV

Nis 22, )Y € [60,120] GeV

Njeis 22, py” € 10,60] GeV
Njes = 1, pJ¥ = 200GeV
Njess = 1, pJ & [120,200] GeV

Njeis = 1, p}7 € [60,120] GeV

Njars = 1, p}" € [0,60] GeV

Njets = 0, one photon with |p| > 0.95
Njets = 0, two photons with || < 0.95




The m,, distribution with ~80fb™"

m,, in the four production categories 3 3000f. ¢ Daa  ATLAS Prelminay 3

> T T T T T 3 > T T T T T —~ E \f§=13TeV,139fb'1 E

§ [fom o e 8 o o sr 1 Cumulated m 225005 Background m,=12509GeV

g 1000 ::’im{“:i d m-.::)w?;vlms-wr g *F :.::::...-.w aa?s;?::dms-vw _ d .t b .t f Wth H -% 20005_ —— Signal + Background All categories _E

g £ eof . IStrioution 1or the ?_1 ooE In(1+S/B) weighted sum J
o S 2 —> deca © 15 =Tnclusive E
2 E 500 e &t y Ug) 1000 Bckg shape =
2 @ D ok __E E
5 p o Signal-strength is defined [l e
g g g as the ratio between 3
2 g 2 observed and the SM .
= I’ expected cross section 110 120 130 140 150 16
= m,, [GeV]
é O.measured X B Rmeasured
= § [T wemm ] § [T ]y = — — u for the H > decay Channel
E S O I N | § B R RN ] 0> XBR i IS A=A S

3 2 Hoyy. ly,) <25 Total ( Stat Syst )

% ol VH % This observables tells how oo oa7 13 (romt 3

? ? well data are in agreement | (1w (o2 em)

2 2 Wlth SM VH 108 05 (fh fam)

% 5 . .

¢ < Signal consists of Top 2 N8 (R 3

g 5 between 150 and 200 PR T AN U YT [N TN T T T Y T T T AN T Y Y N T A SN

. 0.5 1 1.5 2 2.5 3
o N H— vy decay candidates (6xB)/ (o B,




Higgs decay to ZZ — 4 leptons (80 b7)

Method: H - ZZ* — [T I~ I'* '~ look for a narrow mass peak over a continuous background.

H — Z7Z" — 4( decay (4u, 2e2u, 2u2e, 4e)

Different event-observables — the probability for the event to be signal-like or background-like {» Neural Network ]
Event selection to magnify the ratio S/B

%D
q% R . — SN JermiadTev)  Number of expected and observed events in the four decay
S S = ¢ Data - channels after the event selection, in the mass range
: IR e 115 GeV< my < 130 GeV.
E % o + mm9g-2Z,z* ] The sum of the expected number of SM Higgs boson events and
8 - B EW - : , ,
5 o B Z+X 1 the estimated background yields is compared to the data.
@ 150 — —
5 B i
= N . Final  Signal zZ* Other Total  Observed
100 - state background backgrounds expected
- . 4y 405+17 190=1.1 171+0.10 61220 o4
sol- - 2e2u 282+12 133:08 1.38:0.10 42814 o4
B R 2u2e 22.1+14 9209 299:0.09 343+17 39
- i 4e 21.1+x14 B86+08 290+009 325:16 28
O 100 120 140 160 Total 112+5 504  896x0.12 [171z6 195 |

Signal Region My (GeV)
Agreement data/MC to 1.7 o



Composition of the Signal

A categorisation ~similar to what was used for the  Simulated signal composition for ~80 fb-1 of luminosity at 13

H — yy decay is also used for the H — 4| decay TeV: The ggF component, as expected, dominates.
; . Simulation-based categories (= truth)
@ article level Reduced : Reconstructed event categories
00 Stage production bins Stage 1
T ) : 0 p e 100Gov Reconstructed SM Higgs boson production mode
o =0t D | orntow N.=0p< eveot category =oF VBF WH ZH aH bbH H
S : 0j-p¥ -Low 54£5 064+0.12 02130032 0.199£0.030 i 0.56 0.28 -
> P <60 GeV : TR p< 60 GeV 1j-p¥ Low 16.1£22 | 1.05£006 0291+0.035 0.173+0.021 0.0017 £0.0010 0.23+0.12  0.00140 £ 0.00030
< ' _ & . 1j-p¥-Med 96+1.5 | 138+0.15 0292+0.033 0.194:0.022 0.0018+0.0011 0.049+0.025 0.0021 = 0.0004
3 —15ot] | s0<p<120Gev _ ] S0P <1ZCN| N=1 | | 1j.pH High 24205 | 0.60£007  0.115£0014 0.1060.013 0.0018+0.0006 0.009+0.004 0.0017 +0.0004
2 P 2> 120 GoV VBF—enriched-p:’:r-itrw 78216 | 4104 | 035:005  029:004 0.124:0.013 010005  0.0550.007
v —_ 1yt High VBFenriched-pj-High 55+1.1 043 +0.04 0.051 £0.008 0.053+0.027 0.0169 = 0.0022
= = _ <m0 Gov VH-Had-enriched 070 £0.20 0.050 +0.008 | 0.038+0.005 0.0014 +0.0007 0.0119 £0.0013
= e | VBF-enriched:p/Low ~——— m > 120 Gev VH-Lep-cnriched | 0.030 +0.004 0.0084 £0.0004 | 0442004  0.116:0011 | 0.083£0.011 0.00280.0014 0.01720.0018
3 | e 0j-p¥-High 0.059 £ 0.022 0.0096 = 0.0017 0. 0852 0. - -
| VBF I . J-Pt
S OF [e>me L P/>200GeV | n_=2| | #H-Had-enriched 009£0.00 00200004 0013000027 0.028=0006| 038004 | 001220006 0.054=0.006
ks s 3 A itH-Lep-enriched - 0.0026 + 0.0006 0.0018 = 0. 0.212 +0.025 . 0.0204 + 0.0022
g -CLJ Hadronic V decay _: @ m, < 120 GeV Total | | 8604 249+0.25 1.76 £0.17 0.90 £ 0.09 1.0£0.5 0.181 £0.020
= | =
N_=0,p*> 100 GeV

\5'] Leptonic V decay 0fp,*-High

GJ _ N_=5 .

= —— 11 Reconstruction- . |

3 :m, . Categorisation works!

ttH-Lep-enri
ATLAS :
Preliminary ; 13Tev. 798"

A correspondence is determined between reconstruction and simulation categories



Details of the Results

>
‘::L;: i’jﬂmi"ary ‘{E-«-wsw § ‘:7_':';: _p:i'eiminaw ﬁng'sw Cross section [fb] Data (= (stat.) + (syst.) ) Standard Model prediction p-value %]
e s -—— G 18R - T4y 097 =£0.17 =0.05 0.886 + 0.039 62
2 Tse 061 =0.21 =0.07 0.886 + 0.039 25
4e 0.88 +0.21 +0.08 0.786 + 0.035 66
| 262 | 137 £0.22 +0.07 0.786 + 0.035 | 0.3 I
The signal strength u has also been calculated:

0 0
80 90 100 110120 130 140 150 160 170 80 90 100 110 120 130 140 150 160 170

Integrated = 1.19 + 0.12(stat.) = 0.06(exp.) "% (th.) = 1.19%)-1¢
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-0.15°
m,, [GeV] m,, [GeV]
(a) (b) lllllllllllll'll.ll'lll||||||||||||I||||I||||I||||
ATLAS Preliminary ¢ emceasw
> > 4'0-""l'"'I""|""|""|""|""|""|"'I C B :‘;;;vzggafb“ i!q”msm.* ]
8 ATLAS Preliminary :’“ & .._F ATLAS Preliminary ;"‘ ; -5 Stage 0y 1<25 SM Prodiction
© Ho 72 - 2u0e -:u(mfuzem s 35 1 - 22" — 2621 :':-l("\ﬁvsem 3 HQ = B H G- [m] o), ] _|
Ry 13TeV, 798" Bl zps £ S v N anE13Tev, 7081 B 2pts. 2. v, W (@) -
P 8 carary & 30F W vecsrsony £ S ggF 1220+185 117080
= 2 ] 5 O .
& & BF ; c O B  — .
?MQG 20F 262“ E g S VEF | 250485 91728
v - E 0N += — -
1 15F E T (]CJ % VH — 50+50 524°28
588 ;
=2 t% & H P Sl tsen
0 0 : [+
80 90 100 110 120 130 140 150 160 170 80 90 100 110120 130 140 150 160 170 Inclusive 1570£175 133090
my [GeV] my [GeV] 0 2 3 4 5 6 7 8 9
(c) @ o-Bl(c-B)
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W mass measurement at Colliders

SM
DO | 80478 + 83 ®
— Tevatron (pp, 2 TeV)
(| CDF I 80432 + 79 ®
DELPHI 80336 + 67 ° N
L3 80270 + 55 &
LEP (e*e™, < 200 GeV)
OPAL 80415 + 52 B
ALEPH 80440 + 51 ® j
' DO I 80376 + 23 s
[ ATLAS 80370 + 19 —o— LHC, pp, < 13 TeV ]
-[CDFII 80433 + 9 @ ]
T T T T T e
79900 80000 80100 80200 80300 _80400 80500
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where

The mass of the parent particle M:12* = [Er(1) + Er(2)]> — [pr(1) + pr(2)]? Lammmmm——n
can be Constraineq with the =m3 +m3 + 2[Er(1)Er(2) — pr(1) - pp(2)] ( pr(1) = Emlss:’
observable M+ defined by . SN "
o1 " T ] ]
2 __ _ £X5) MSTW2008NNLO |
For m1~m2~0— MT - 2|pT(1)||pT(2)|(1 COS ¢12) wof I gﬁmgﬁo _
: My > 40 GeV
~  300f Ermies > 25 GeV _]
':é 1 I Priep > 20 GeV |
= IMepl < 2.6
<]

Important characteristic: the end point of this distribution is
MPex = M

Also the distribution of the pt of the lepton has memory of

my: the end-point is my/2

100

200

Breit-Wigner+

/ Resolution effect

— sharp fall —»
— smooth fall
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Higgs — WW — ev uv (36 fb)

Dominant diagrams

~ No jet s et
w q
W
ot (o )-a
H W
w* |42
T ~— '
q4 Jet
(a) ggF production (b) VBF production

Background is computed using simulation.
Control regions in data (orthogonal to the
signal region) are used to normalise the
MC predictions for most important
backgrounds:

* Non resonant WW

» Top pairs production

» Di-bosons (WZ and ZZ) and Drell-Yan

Coupling to fermions

Coupling to bosons

Event selection

2 OFOS leptons (eve pv,) — no Z decay!

Category | Net(pr>30 Gev) = 0 28F | Njet (pr>30 Gevy = 1 ggF | Niet,(pr>30 Gev) = 2 VBF CR || Neproocey =028F | Neprosoca) = 128F | Neygpro30 cev) 2 2 VBF
. . V V
Two isolated, different-flavour leptons (£ = e, zz) With opposite charge 5 <'A";‘ 2‘;%06 - mf‘; Ei())(ges Gev
. P> 22 GeV , pPPead > 15 GeV ww s o
Preselection b-jet,(pr>20 Gev) =
mee > 10 GeV max (mf) > 50 GeV
PP > 20 GeV |
. Np_jer,(20 Gev<pr<30 Gev) > 0 Noje(pr>30 Gev) = 1 Np 20 Gev) = |
Np_jet,(pr>20 Gev) = 0 i FEe e Np.jer 20 Gev<pre30 Gev) =0 L0 G
Background rejection || Ag(£€, EF™) > /2 max (mf) >50 GeV | 1wt A‘ﬁ(ﬁf’ Ex™) > n/2 max (my) > 50 GeV central jet veto
£ 5 30 GeV <mz—25GeV pr > 30GeV mee <mz — 25 GeV
Pr M z Ager <2.8 outside lepton veto
H— WW*— evuy mee < 55 GeV central jet veto Npget(pro20 Govy = 0
topology Ager<1.8 outside lepton veto Z/y mee < 80 GeV
4 miss i t tral jet vet
Discriminant variable mrt BDT 0Py fEquiEmed ¢ v CoIE Jes vl
. . ot max (m}) > 50 Ge outside lepton veto
BDT input variables mjj, Ayjj. mee, Adee, mr, X¢ Ce, Le,jmejs Py Adee > 2.8 Mee > myz — 25 GeV Imer — mz| <25 GeV




Results: m+as proxy of my,

Process  Njg=0ggF Nj=1 ggF Njet 22 VBF

Inclusive  BDT: [0.86, 1.0] ggF populates mostly the Njgt:O andl Njet=1 region
Hegr 00 e el e VBF populates mostly the Njet>1 region
Hygr 7+ 1 31+ 2 28+ 160 16+ 6
. WW 3016203 1053£206  400+60 | 11+ 2 BDT (Boosted Decision Tree) is an analysis technique that
& 4% 333+ 38 208+ 32 7012 3+ 1 . . . . . . .
T /Wi 834130 1397:170 12770:8001 145 2 combmes many different variables in one unique |nlo!|cator
s Mis-ld 447+ 77 234+ 49 90x30| 6+ 2 ranging between -1 and 1: the more negative (positive) values
o Z/y* 27+ 11 716+ 24 280+40) 4+ 1 . . . .
3 fr . : * * are the more background-like (signal-like) is the event
2 Total 5067+ 80 3296+ 61 2170+£50) 60+10
g Observed 5089 3264 2164 60
E > _'I""I""I""l'\w"'l_"'_ > 1200_'I""I'"'I""I'x"'l_II i
E 8 1200 ATLAS e g 48 - ATLAS Sl s
5 ) - HosWW Sevuy, N =0 O ﬁ::” O WV:VF . & 1000 H-ww*—evuv, Ng =1 O ﬁx;t 0O Wvl:lF _
@ ~ 1000 ys= 1 : . =~ [ (5= 1 " i
@ * — Vs=13TeV,36.11b Wz [ msid ] & Vs=13TeV, 36.1 b W zy [ Misid
= = - . I o _'
. & 8oof - 1 8™ .mv :
6005— Njet =0 _f 600:_ S Njet =1 _:
400F = 400 =
~ 1000 H — WW 200:_ _: 200:— —:
events selected oF . o ]

150 200 250
125 GeV m; [GeV]

150 200 50
125 GeV my [GeV]



Higgs to WW: Results

Combined my distribution for Nie; < 2.

1 —
;fgggwta\hmw ] 2 - 6% CL. ATLAS y
2 1600: ;:TVLV;S N; Elgfw =:;r';= VBF invisidle S L5F & Bes:fit Vs=13TeV, 361 b ]
~ o - —evuv, Nig < L |
o % 1400_ Vs=13TeV, 36.1 fb™ .Z/J’ ] Mis-id _ i , + SM .
3 @ 1200} mw ] & Lop ]
S 1000¢ s |
> 800F 5 o5} ]
g 600F '
= 400¢ 0.0F -
200 |
% 9308:-| | | — .I---||-|l|..|--|||||-: —05_56é1|01l52'025
F“E E - Total - . OggF * Bru-ww* [pb]
5 8 2% background 3
S 0o | E—— 7] _ +0.10 +0.13 +0. 14 +0 21
op : _ +0.29 +0.12 +0 36
s : uvBe = 0.627577(stat.)"y ;3(theo syst.) + O lS(exp Syst. ) 0.62735.

60 80 100 120 140 160 180 200 220 240
m; [GeV]

Difference between the data and the estimated background for a SM Higgs boson with mH = 125 GeV.

The signal is fitted to the data with a floating signal strength — expect p = 1 for SM Higgs
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Higgs decays to
two photons and
four leptons: well
reconstructed
My channels.

ATLAS & CMS

L L L DL AL L
ATLAS ~-Total [|Stat. only
Run 1: Vs = 7-8 TeV, 25 fb”, Run 2: s = 13 TeV, 36.1 fb™ Total  (Stat. only)
Run 1 H—4/ ' . : | 124.51+0.52 ( +0.52) GeV
Run 1 H-yy . ~  126.02 +0.51 ( +0.43) GeV
Run 2 H—4/ # ' 124.79 +0.37 ( + 0.36) GeV
Run 2 H—yy ' ﬁl_L ' 124.93 +0.40 ( £ 0.21) GeV
. Run1+2 H—dl ‘:.;Hﬁ """"""""""" 124.71+0.30 (£0.30) GeV
Run 1+2 H—yy —— 125.32 + 0.35 ( +0.19) GeV
. RuniCombined +— = 12538+ 0.41 (+037) GeV
Run 2 Combined v-% 124.86 +0.27 ( +0.18) GeV
Run 1+2 Combined 124.97 £ 0.24 ( £ 0.16) GeV
| ATLAS+CMSRuni E. """""""""" 125.00 +0.24 (+0.21) GeV |
..I....I...-I. T TR R N NS TR ST S N MR
123 124 125 126 127 128

m,, [GeV]



ATLAS —olstat) . Total uncertainty

—o0
my = 125.36 GeV Gfttﬁzgrgy)

+0.23
-0.23

+0.16 :

u—1 17+028 -0.11 '__|
Cooe oo | i,

1035 . :

H — Z2Z* -0.31 l_
: M
H

H— yy

+0.19

W= 1467001707

-0.34 |- 011 o

-

+0.17 . g
_ 1 1g'0-24| o ; 1
H=T100 0o o T R L =
+0.30 . N

H- o : 5
+o. . Ry —

10.42 |-023 ' :

n= 1.44 +0.16 : :
037|010 | . ... . ].H
+0.31 . —
-0.30 : :
10.24 :
M _ 0 63+039 -0.23 =
“Voos7loor | L W

136 : :

H - uu -3.6

+0.5
7 |-07 E

].L=-0.7+3 104 N :
3.7 |-04 i R N

+43 : i
H—>2Zy “h2
+1.7
-13 :

n = 2.7+4'6 14 ] :
45| 03 T B B

T
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+0.10

Combined o1

H
+0.11 : :
"orto : T

H

_ +0.15 H .
w=18 e |
| L

\s =7 TeV, 4.5-4.7 fo —1 0 1 2 3
\s=8TeV, 203 fb" Signal strength (u)
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Same vertices in Higgs production and

] N % (a) gluon fusion (19 pb @8 BV) decay — in the SM they are dependent.
| —_y @H (b) VBF (WW or ZZ fusion) Use

ig t (c) Associated production (VH) gmeasured s, p pmeasured
% g 9, 9 (d) ttH production U= —SMx GRSM
©) @
3 A i g ‘ w—  Fermions — if one vertex is modified by a
2 y o correction factor in production the same
= ; HO. = Dosons correction factor has to modify also the
é 9 : corresponding vertex in decay

Use all possible measurements in the
different categories and parametrise the
correction factor with the signal strengths
One unique u
The combination will give a better
indication of how well SM describes data




The Analysis Model

s = (2@ ol ey @ B £

i,f production decay

ns = number of events selected in one category c
Category is a sample of events selected by analysis cuts

U; is the ratio between the observed cross section and the one predicted by the SM
The production index i € {ggH, VBF, VH, ttH} and the decay index f € {yy,WW, ZZ, bb, TT}

o™ and BR]§M production cross sections, decay branching fractions for a SM Higgs
ff and eff are the signal acceptance and the reconstruction efficiency for given production and decay mode

in the category c.
L€ is the integrated luminosity used for that specific category.

Toni Baroncelli: The Discovery of the Higgs

Combination = fit u; and u; — best agreement between data and (modified) SM prediction in different categories.
Includes Signal Regions and Control Regions

There are different ways of combination — different assumptions (~ simplifications)



How Complex is the Fit?

ng = z w - oM Afr - efr - up - BR}SM . L€ | € {ggH, VBF, VH, ttH}
. f e {yy,WW, ZZ, bb, 1 1}

. “f 5 values of i (VH=WH+W2)
= Y 77 (46) WW (fviv) T~ bb 5 values of f
g ggF (high pi) A A — A —
§ ggF (incl. or low pif) A-C A-C A-c | A=ATLAS, C=CMS
% geF 1-jet — C A-C C —  Possible ways of fitting:
i VBF A-C A-C A-C C
: WH (1-0) A-C A A-C o a.c 1. Ixfmakes 25 free parameters |
5 2. One reference process (characterised by g, and
= WH (two jets) A-C A-C - — — of BR;
: 21 00 N A B N BRref) + ' [ores + [BRyep (— 1+ 4 + 4 parameters)

ZH (2.0 AC A ] — 3. Further assumptions (see later)

4. Effective Lagrangian, introduce vertex modifiers
ZH (two jets) A-C . -
ttH (1-0) A-C — A-C A-C A-C

ttH (2-€) -

ttH (hadronic) A-C




Toni Baroncelli: The Discovery of the Higgs

Signal Strenght ()

e 99F VBF | WH/ZH | ttH
mechanism
Events produced at
the LHC 500 K 40 K 20 K 3K
Selected events O(500) O(500) O(50)
Events produced at
the Tevatron 10K 2K

ng

Lf

z.ui'o-l

SM . »

For each decay channel “c” we define
categories to maximise the sensitivity of
the analysis to one particular production
mode.

However a mixture of different
mechanisms in one category is inevitable.
— This implies the cross section of one
category is not the cross section of only
one production mechanism.

el BRP) £

Where m,, is ration between measured & expected events in that category and

Measurement of . gives an indication of how well SM describes data

i = ggf, VBF, VH, tth and f=gg,WW,ZZ,bb,tt
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1 most general case

Signal Strenght u = (o B)Obs/(a - B) gy

. No significant deviation from the SM
. 25 — 5 = 20 parameters determined

Yy Z7 (4¢) WW (fviv) mtr bb Comb.
+0.22+40.07 +0.33+0.09 +0.12+0.12 +0.4+0.4 +0.16
gk L10Z551 7005 1131050 007 0841g12 011 100Zg4 g% —  L03I54
+0.2 +1.1+0.2 +0.4+0.2 +0.340.2 +0.25
VBF 1.3+0.5 g7 0.175%6 022 1.2753 022 1379335022 — L18Ip53
+1.340.2 +1.040.6 +1.240.7 +0.4+0.3 40.40
WH 05535501 _ 1.6 50 05 L4777 08 10194 05 089150
3.0 +0.5 +2.3+1.1 +2.240.8 +0.3+0.2 4+0.38
ZH 0.5225705 — 5955708 22077506 04Ig3lg3 0.797573
1.6 +0.2 +1.541.0 +3.241.9 +0.540.8 +0.7
ttH 22771301 — 5001500 1955708 L1155 08 237056
+0.19 +0.26 +0.18 +0.24 +0.29 $+0.11
Comb. 1.1410-19 1.29+0-26 1.0910-18 L1t 070%922  1.00+0-11
ATLAS and CMS —e— Observed +1o
LHC Run 1 [ Th. uncert.
1 | 1 | I
n T_ : _.!- | I
[ i . : ; i :
Zz T : no data
r | - I T T T
I I | I |
WwW - —fo— to— | —e—o | ——
! L ! i : !
| | | | |
: il ! i !
. : + * +
05 0 05 1 15 05 0 05 1 15 4 2 0 2 4 6 8 4 20 2 46 8 4202 406 8
ggF VBF WH ZH ttH
o - B norm. to SM prediction
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Fit Type 2: Fewer Parameters

Take the Higgs produced via ggF and decaying to ZZ as reference

| = production, f = decay
loF} »
/‘l'i — SM ﬂgg—»H—»ZZ
OggF0;
BR;
# f— —
I BR, ,BRSM

1

SM SM
Hgg—H—ZZ { [ggF X pzz|X o; ~ X BR}

Then, the master formula applies for all i and f indices except when
bothi=ggFandf=2Z
— 8 + 1 parameters
Improved precision in the fit, due to fewer parameters, shows no
deviation from SM (assumption production and decay independent)

Finally if all deviations are included in a single parameter

u=1.09 £0.07 & 0.04(expt) £ 0.03(th.bkg) + 0.07(th.sig)

-o-ATLAS+CMS
-+ ATLAS

-+ CMS

—+io

—+20

pu Th. uncert.

ATLAS and CMS
_LHC Run 1 |
o(gg—H—-Z2) F
GVBF/ oggF i é.:__
O Oggr ; i
05 /Cpye
O/ Oggr _. -
B"W/BZ :‘*-.l:
B"/BZ i $
B"/BZ i g;

Custodial
symmetry

B®®/BZ - |
IIIIIIIII IIIIIIIIIIIIIIIIIIIIIIII
1 0 1 2 3

- 5

6

Parameter value norm. to SM prediction



ATLAS Recent Results: references

I | ] I | ] I | I I | I | | | | | | | | | | | | | | | | |
ATLAS e Total  |Stat. =3 Syst. | SM
Vs=13TeV, 24.5-79.8 fb
g m, =125.09 GeV, |y, | <2.5
E Poy = 93% Total Stat. Syst.
g oo = 113 £013 (7012 | +0.06)
: Sver/ Ogor == 124 oo (To% . o5 )
_.g Oy Oggr I_‘_I__‘_I 124 0% (D035 + “o29)
E S 21/ Oggr H_l__H 101 "0 (1026 To19)
g O tti.tt CogF = 120 T0% (Poai . Totr)
S Byy/ Bz, |§l‘ 087 gs (D017 Toos)
Byw/Bzz  H=m=] 084 s (D017 Totr)
BulBz = 086 ‘03 (To17 s To1s)
B/ Bzze  HE=—— 0983 ‘037 (1031 To1s)
| | | | | | | | | | | ] | | | | | | |

| | | | | | | | |
0 0.5 1 1.5 2 2.5 3
Parameter normalized to SM value




ATLAS and CMS -8 ATLAS+CMS ATLAS and CMS -~ ATLAS+CMS § T T L
LHC Run 1 ¥ ATLAS LHC Run 1 - ATLAS + +ATLAS and CMS (JH-w
e - +CMs _ 2@ 3[LHC Run 1 [(JH->2z
| —ztic = I
— 1 mn —_-— 25 i [CJH->ww
uyy _—_--.-— 420 ggF T I D H-o 1t
2 - O B 2- CJH-bb ]
ZZ —t e —— —r—————
£ H e e e - ~
Y— | —————— I
g uWH » 1 — -
g uw el -
o) o
[ u . ——— .
[a) - ol _
E u — - h
= [ M _
" — [ -
= — ! b -
¢ | - -
o bb —————— 1 -
= n —_—— ——
@ T ST H e | —68%CL + Bestfit * SM expected
' s T S Y ST T -, S, Y -G, S ¥ < v b b b b v b b b by a - 2 L a 2 . . L 2 L A A L A 2 2 -
o S 05 005 1 A5 2 2s 8 95 4 1050 05 1 15 2 25 3 35 4 0 1 2 .3
SHENTIERON Va0 Parameter value uggF+ttH

One more assumption: vertices
VBF & VH scale with one p and
ggF and ttH with another u

Assume all BRs are SM ones
— fit only modifiers of
production cross-sections

Assume all production cross
sections are SM ones — fit
only modifiers of BR’s

No (significant) deviation observed so far, need more statistics | — LHC at High Luminosity




A Different Approach

Elaborate even more: introduce modifiers k, of vertices in the Lagrangian.
In this way production and decay vertices are treated in the same way.

2 2 2
S—-1) —m 2m B
L= s Lk 22,20 H 4[ rwl—- W W H

£ K3

2  Pv v v

Frdss ge gy 1% A AWH +[r, A, 7MY H
S I12m0 MY T 0 H V™ H

= Qv

= 2 -

Hrvy]5— (cos O Zyuw 21 + 2 W W W) H

[
—Mﬁtx “Lirlem] Y SLir e ] > SLF | A

fZ’U,,C,t f:dasab f:ea/*l’aT
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Final Result

2

b |
Iy
bl
b, |

ATLAS and CMS — G
LHC Run 1 - ATLAS+CMS -+ ATLAS —+CMS — 320
— —— — ———

: F. . ¥.

] = | =
i . i -
ﬂ—. | ~i- ;

= =
—— ——t—
. KVIS1 ' - '

Bosuz20  o— Besu =0
IIIIlllllllllllllﬁlllllllllIIIIIIIIII llIIIllIIIllIIIllIIIIlIIIllIIIllIIIIlIIIIl

-13 -1 035 0 03 1 13 2

-15 -1 05 0 05 1 15 2
Parameter value



[ atest Results

Analysis Integrated luminosity (fb=") Fo I .I ! tord | o | tord | !
H = y (ncluding 7H, H = 77) 79.8 ATLAS Preliminary .y 1ota - Stat. == Syst. 11" SM
H— ZZ7*— 4f (including ttH, H — ZZ*— 4f) 79.8 \s= 13215'e3g é:\? -79.8 tg .
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ATLAS and CMS

Conclusions

Production Decays e Thanks to the first 36-80 fb! of Run-2 data:

gluon fusion ® The bosonic decay channels entered a

TOOION, . o8 '

g ; > H _H precision era (—3x improvement
A 2 _

g tt, WW and , w.r.t. Run' I )

[9.0.9.0.0.0.000)

® Direct observation achieved for all main
vector boson fusion (VBF) . \
~—q / , production and decay modes!
q = H
wzm, H W - . . .
g WZa" ) ® Direct confirmation of coupling to all
= 3rd generation fermions

associated prod. with ng H " (top-quark, bottom'quark, taUS)
q e ceooee
“Sanranel’ JNEw b v e Sensitivity to double Higgs production

C A approaching 10 x SM Higgs to 2 Higgses
associated prod. VVV‘,’,",’,” tt r ___H__< J L ] nggs Ph)’SiCS an important indirect probe for

O, ! New Physics: so far no deviations from SM...

- — . h< e But still at the beginning of a long journey!
S Only analyzed <3% of the final LHC
’ NEW luminosity.
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