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the LHC and beyond
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Part |
Introduction: EWSB mechanism

*The quest for the Higgs boson at the LHC
*Higgs boson: where we stand

Part I

* The production of pairs of Higgs bosons

* Tools and how-to of the double-Higgs hunter
*Double-Higgs results at the LHC...

*...And beyond

*Not only double Higgs

*Conclusions
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The Big(gest) Picture [_/W\.

4 "forces”: Strong, Electromagnetism, Weak,

* These forces explain the universe on a large range of
scales, from the subnuclear to the galaxy
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But not much beyond galaxies and not all the
way to the Planck scale
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The fundamental interactions | UL

Strong force:

* Responsible for the stability of nuclel,

- Strengths increases with distance, short range

- Confinement, Asymptotic freedom, 8 gluons, 3 quarks

Weak interaction:
* Responsible for radioactive decay
* Short range interaction, mediated by massive particles (W/Z)

Electromagnetic interaction
*Goes as 1/r2
* Infinite range: mediated by massless photon

Gravity
*Goes as 1/r2, infinite range, described by general relativity
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I The Standard Model

The standard model is a
Quantum Field Theory that
explains the behaviour of the
e.m+weak+strong interactions by
means of interactions between

particles, fields and force carriers

*electromagnetism < photon,
electric charge

‘weak « W/Z bosons, Isospin
charge

- Strong < gluons, colour charge

The forces acts on force-carrier

bosons and on the fundamental

particles:

-3 leptons families (e,,T) and 3
quarks families (u/d,s/c,t/b)
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Plus the Higgs...
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‘Symmetries | UL

The Standard Model is a gauge theory — Invariant under

some symmetry

*In particular, the symmetry of the SM is
SU(3)colourXSU(2)weakisospinXU(1 )hypercharge

Which in practice means that we know how to write a

Lagrangian invariant under

*SU(3) [we need to put in 8 gluons for the strong force]

-SU(2) [we need to put in 3 “weak” bosons (W)]

*U(1) [we need to put in 1 boson]

Problem: adding a mass term breaks the gauge invariance
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‘Spontaneous symmetry breaking | [1{_

»Spontaneous electroweak symmetry
breaking is the way to include mass
terms in the SM Lagrangian without
breaking gauge invariance e

*Introduce a new scalar field H. The minimum of the H
potential is not symmetric under a given symmetry (and the
ground state is degenerate)

*When the system moves to the ground state the symmetry
IS broken.

*In the SM, this process creates new interaction terms
between massive particles and the Higgs and introduce
mass terms

*Bonus: in addition to W/Z it also gives mass to fermions
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'Higgs is the mass-giver | UL

The Electroweak Lagrangian before EWSB: |
Iggs field

1 1 _ _ _ 2\ 2
— Wi Wi, = 7B B [+|QiiP Qi + Wi Dwi + dii D d; + LiiD Li + @i e |+{| Dyl |* — A <|h|2 _ %) n

Boson interactions Kinetic term i€ 1l Qg — Yai; h Q;dS — yeij h LieS + h.c.

Yukawa term (interaction h-fermions)

After EWSB, the Lagrangian of the SM takes its definitive
shape, let’s only recall:
* The kinetic term, where masses appear:

— 1 1 1 1
0 @~ e~z @i~ s B -

* The Higgs sector, with the Higgs self-interaction terms:

-
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‘Now the SM is complete

LU

“Easy and simple” expression which
describes in detail the behaviour of
weak, electromagnetic and strong

Interactions

Depends on 26 free parameters

*(leptons and fermions masses,
CKM angles, coupling strengths,
Higgs vacuum expectation value,

Higgs mass + neutrinos)

The Higgs mass is a free parameter

of the SM
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'Now the SM is complete | UL
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‘With a few caveats | UL

The SM works amazingly well

*spans over ~20 orders of magnitude

*Has been tested to incredible precision

» predicted successfully the top, W, Z masses and H
existence

*Not so many free parameters (26) after all

But a few things don’t actually tick the box:
* Unification of interactions

*Metastability

*Neutrino mass hierarchy

And a big elephant in the room: gravity
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‘The making of a standard model L UL

1954: Yang and Mills: SU(2) non-Abelian gauge theories
1961: Goldstone theorem. SBS bring massless scalars
1964: Brout-Englert-Higgs propose the Higgs boson
1964: Gell-Mann and Zweig theorise the “quark model”
1967: Weinberg, Glashow, Salam create the EW theory
*1968: SLAC experiments confirm nucleons are composite
1970: Glashow, lliopoulos, Maiani predict the charm quark
-1983: W and Z are found at SPS
1989: LEP starts operations
1993: Superconducting Super Collider abandoned
*1995: top quark found at Tevatron
2001: LEP ends operations, among fierce debate
2009: LHC starts operations
-2012: Higgs discovered at the LHC
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The Higgs before the LHC

LU

Theory side: Use high precision LEP
data and our knowledge of the

Standard Model to identify where is
most probable that the Higgs boson

Two complementary approaches to search for the Higgs
boson before LHC-era
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Higgs evidence,
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LEP, no discovery
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‘The Large Hadron Collider L UL

| s
R — =
NS
LHC - B CERN
PNl = ATLAS ALICE
-7 +, Point 1 =g, Point 2

CERN
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‘The Large Hadron Collider L UL

CERN Accelerators
(not to scale)

-LHC is a very complex machine, and it
IS just the endpoint of a long chain of
accelerators

*Operating the machine is a challenge

0.999999¢ by here

ALICE
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The Large Hadron Collider

CERN Accelerators
(not to scale)

-LHC is a very complex machine, and it
is just the endnnint nf a Innn chain of K.N
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‘Upgrades of the LHC LU

Every year LHC performances improve
*More luminosity, more events, more Higgses (and more
chances for new physics)

CMS Integrated Luminosity, pp

Data included from 2010-03-30 11:22 to 2016-10-27 14:12 UTC
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»Need to change S 30 J30
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Triggers

LU

proton - (anti)proton cross sections

cannot record all oftho>
> o

@ﬁns physics
o o
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The rate of collisions for LHC is
~40MHz

It is impossible to record all of
them, CMS can afford ~1KHz

A trigger is a system to discard
“not interesting” events by flagging
only those that have some signal-
like feature, at the very basic level
For double Higgs we search
events triggered by:

-e/p (pT>~20GeV),t (pT>35GeV)
‘b jets or high pT jets
*photons
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After the first run L UL

- T s, CWSpreliminary Results after the first 2 years of
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‘The discovery LU
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‘The discovery LU

CMS Preliminary
v

% 30 —
™ F ¢ Data Vs=7TeV:L=00f"
- m,=126 GeV :

D 25F 2y* 22 =
0 - ] z+X ]
S 20F -
> -
W F -
15 __
tof -
5 —

) S | | -

80 100 200 300 400 600 800

m,, [GeV]

Giacomo Ortona 18 Torino - 16/03/2017



1500

Events / 1.5 GeV

1000

S/(S+B) Weighted
(@)]
(@)
o

o

W

o
III'IIIIIIIIIIIO
Jz
)

N
)

- zvents / 3 GeV
S

cms \Js 7TeV, L= 51fb1\1§

8TeV, L= 53fb1

CMS Fs

-7TeV, L= 51fb ls=8TeV,L = 53fb‘

IIIIIIIIIIIIIlIIIIIIIIIlIIIIlIIIL

120 130 140 150 160 170 180
m,, (GeV)

ot
110

s 8 T L
= - —- Observed
B — 77 —
\g i3 H 4 B9 Expected (68%)
. Expected (95%)
5 o 1
of ]
o ]
E ] F_
= 5 E S =
- ]
o ., E
o\o ]
2 s ]

1010

= Combined obs.
-==. Exp. for SM H

T =—H-oyy

—H 5 77
—H - WW
— o TT
—— H— bb

102

lllllllllllll

60

70

110 115 120 125 130 135 140 145

CMS (s=7TeV,L=51M"1s=8TeV, L =53’ s SMSfe=TTeVL-Sif is-8Tev,

T T v rrrrr7 %) 3 0‘_ H—)'Y'Y —s— Observed :

I > P g e B Expected (68%) ]

i 21500_ nweignte st - F e Expected (95%)|]
- o 2.5 7

: g E. :

I Si1000] - 2-0:_ -

L | O -

~ 170 | ° 1.5

I m,, (GeV) | S f

[ ] »

i i 1.0

¢ Data i

i S+B Fit |

[ e B Fit Component 0.5

[ I+lo i

| +20 i

|||.||||||||||lll|llllllI I 0.0|||||||||||||||||||||||||||||||||||||||

110 120 130 140 150 110 115 120 125 130 135 140 145 150
my, (GeV) 20 m,, (GeV)

- 800
m,, [GeV]
Giacomo Otona 18  Torino-16/032017

my, (GeV)




Events / 1.5 GeV

S/(S+B) Weighted
(@)]
(@)
o

1500

1000

o

s T T e Ges
CMS \g s B Expected (68%)
put ' ----- Expected (95%)
> - T 15 4
30 £
ooV E .
O ¢ 2
~— o 3
v ~ 2
et -
& 20F 1
> B
Il _
CMS \s=7TeV,L=5.
I B R A BLE A
- >
[«}]
L O
_ ©1500F
: 5
i mi1ooo}
B 120
_ My
| ¢ Data )
i S+B Fit o
| meeem B Fit Component S
[ J+ic
20
1 1 I 1 L 1 1 I 1 1 1 1 l L | | 1 I 1 1 1 1 I | |
110 120 130 140 150
m,, (GeV) 20!

CMS \s=7TeV,L=51fb"\s=8TeV, L=53fb"’

| = Combined obs.
=== Exp.forSM H
- —Hoyy
~H->ZZ
- WW
ST

110 115 120 125 130 135 140 145 150
m, (GeV)

my, (GeV)

800
m,, [GeV]

60

70



Higgs results: spin and couplings
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Higgs trilinear coupling
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HH Studies: Resonant | UL
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of j 1 couples with the Higgs
: P - | - | —E

800 250 300 350 400 450 500 550 600
M, [GeV]

Such a particle would only be visible through its HH decay, and would
appear as a resonance (peak) in the double Higgs invariant mass spectra

Several theoretical model available for such a particle (SUSY, extra
dimesions...)
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CMS DETECTOR STEEL RETURN YOKE

Total weight : 14,000 tonnes 12,500 tonnes SILICON TRACKERS

Overall diameter : 15.0m Pixel (100x150 pm) ~16m* ~66M channels
Overall length :28.7m Microstrips (80x180 pm) ~200m? ~9.6M channels

Magnetic field :3.8T

SUPERCONDUCTING SOLENOID
Niobium titanium coil carrying ~18,000A

MUON CHAMBERS
Barrel: 250 Drift Tube, 480 Resistive Plate Chambers
Endcaps: 468 Cathode Strip, 432 Resistive Plate Chambers

PRESHOWER
Silicon strips ~16m? ~137,000 channels

FORWARD CALORIMETER
Steel + Quartz fibres ~2,000 Channels

CRYSTAL
ELECTROMAGNETIC
CALORIMETER (ECAL)
~76,000 scintillating PbWO, crystals

HADRON CALORIMETER (HCAL)

Brass + Plastic scintillator ~7,000 channels
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How CMS detects particles
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Key:
Charged Hadron (e.g. Pion)

Muon Electron

Neutral Hadron (e.g. Neutron) Photon
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How CMS detects particles | UL
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Key:
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How CMS detects particles
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How CMS detects particles | UL
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CMS Experiment at LHC, CERN

Data recorded: Sat Oct 15 04:30:50 2016 CEST
Run/Event: 283270/ 2175159753

Lumi section: 1286

Orbit/Crossing: 336875428 / 2815



CMS Experiment at LHC, CERN

Data recorded: Tue Oct 18 15:12:45 2016 CEST
Run/Event: 283408 / 3943805833

Lumi section: 2320

Orbit/Crossing: 608021932 / 3050




CMS searches | UL

4 different searches performed in CMS bb |33-6'/o l
24.8%

presented today: (EhFi ?zr;ac;(yy o
- bbbb, bbWW, bbtt, bbyy
g9

At least one h—bb to have large enough BR = 100
: 1.3% ]
Rare processes, low o, complex environment gl L3

WW

= 1072

ZZ A% i
B-tagging algorithm to identify b-jets from -  10¢
jet constituents v |26 0% B seoll
At high myp—boosted regime—merged jets ™ b ww g9 = zz  arer
jet1 Jet1 Trade-off between BR and contamination,

Jet2 complementarity among channels

- bbbb: highest BR, high QCD/tt contamination

S+ «bbWW: high BR, large irreducible tt
/7=~ background

etz

. . relatively low background and BR
- bbyy: high purity, very low BR

Giacomo Ortona 25 Torino - 16/03/2017



Experimental challenges

LU

CMS Simulation \s = 8 TeV

wt,

0.2

Difficult event reconstruction

> : — Hotrm, =125 GeV ‘%:,’ 030" 271 AS Simulation PrelimEry n\]/§= Z;'E?GTe%v‘
- Limited resolution on bjet 3 ote- e L e oo
Invariant mass "o "3 i ememseet 0| oo oo
_’ regreSSiOn / mH rescale Oc())ilé 50.12 DZ_HT 0.15} ° PP ”
- Missing energy in tt searches '
— likelihood methods L e
Looking for signal using 4-body invariant & s
m. [GeV]
Mass P L — _—— fo” (mf
- Improve resolution with kinematic fit ”
b-jets from high mass resonances t S ey ;
fet ety @op i
overlap i 1Jet et 0o, — i
- jet substructure techniques - x

Small signals with large backgrounds
« MVA methods to separate from
overwhelming backgrounds

E e ;¢
?x&\%\\*:x\m&x\\\*&\%\Q\wx\k\}\x\\(\;\\‘x\?\\x&ww\;

08 06 04 02 0 02 04 06 08
BDT output
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hh—bbtt: BDT and categorization

35.9 1™ (13 TeV) 35.9 1™ (13 TeV)
£ 450FCcms bb pt + Data 2 - CMS bb i F CMS bb e Data
GC.) = preliminary channel . mtt GC.) - preliminary channel GC.) 400preliminary . . \channel it
L|>J 400 SCEY S 300 4 Data S - QCD
= rell-Yan (NN - tt (NN - Drell-Yan
350F Other bkg. - QCD 350 o Other bkg.
= I SM Higgs 250 Drell-Yan o W\ bkg. uncertainty
300 N bkg. uncertainty N Other bkg. 300 ceem k, =1 (SM&
g --(k =1) (SM) - [ SMHiggs Y —— m, =300 GeV
= . —mj =300 GeV 200 e bkg. uncertainty 250 —— m, =650 GeV
250 —m¢ =600 GeV SRR %h = M, B —— m, =900 GeV
o y - s = E
=3 arbitrary signal scale - m. = 600 GeV 200 - arbitrary signal scale
200F 150 :
150 u 150
= 100~ -
100 - 100
50f- 50 N
1.3 : 1.4 1.4 - —
O ME ¥ O MET, | ‘ O ., E 04 1
S ZE e ey S L e = R e e
C\U 081§ \‘.\Ij+w¢ LA o C\U 0815 } T? \++Y\7Ar7 *w’# X 3 ¢ e B 081§& \%k\\i\\\ NP ANNNSSSNNN NN x*\\‘,\ NN N\
"(EO':H T T T P P i Ll "(E0'5H‘\HH\HT‘\HH\HH\HHM EO'5H\H‘\H‘mH\H‘\H‘\H‘\H"\H\H
(| 6O 05 1 15 2 25 3 35 4 45 5 (| 6O 0.5 1 1.5 2 a_f'i H3 | 60 20 40 60 80 100 120 140 160 180 200
R(xx) Ap(H_, H)) m.(t) [GeV]
£ 300Fcms bb vt » Data £  Fcwms bb 1t . Data &£ 500Fcms bb vt
GC.) I preliminary channhel it cD ClC.) 4 :_preliminary cha nh th c | preliminary channhel
2 250F Blber e > 40 acp > [ o paa
L [ . - Drell-Yal B 1
- = Dkg: tng8ainty " asof- Other bkg. M 400 === By
- rﬁx = 858 Ge¥ = N bkg. ungertainty B BEﬁII-Ybell(n
s my = e [ --k, =1 (SM - er .
200 + ; — my =900 GeV SOOE —m, = 3(00 eV - NN\ bkg. uncgrtainty
5y arbitrary signal scale o50f- N _ m, = 650 GeV 300 - k/. =1 (SM
200 } arbitrary signal scale - mi - 900 GeV
E 200 | arbitrary signal scale
100 150 :
100 R ]
sof - 100f i
B 50— L
1 27 0: =ca i o b 0 il g
Q iz R Q 1 1, X SR r— .
S B hatppinnnhgpngptg S o\ ety NN S, gj*\ N s
"cB'O'E T A Eoi\\\\\\\\r\ﬁ\ "&;'0'5””\H‘\HH\“\HH\HHM
Q%% o5 1 15 2 25 Q %% 05 115 2 25 3 35 4 45 5 Q%% "5 1 15 2 25
Ap(H, E™ R(b,b Ag(H , EMSS
oH_, E™™) AR(b,b) oH_, ETT)

Goal: use information from the event to separate signal from background
Build a list of variables for which background and signal have different
distribution, and compute a probability for each event
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hh—bbztt: BDT and categorization [_/l/(L

35.9 b (13 TeV)

g ., o YEJ 10t |-CM8S bb ut. + Data oy

2 ‘OO = preliminary channel o tt Drell-Yan
350? q>J - QCD § AN\ Sl:geLblég tainty
300F- L1l - Drell-Yan N ZEmsodoy
250 - Other bkg :m Z 900 GeV
soof- . = SMHiggs | & e
150f- 10 " bkg. uncertainty

(k =1) (SM)
—m =300 GeV
—m =600 GeV

100f-

Data/MC
co -
d))oo_.l\)-ho
o
ar
o 4
—
o
N
TTITT1 |_|||||||| | [|‘_ILI

arbltrary signal scale

Events

10

i 1.4
: Q i
S
(_)1.4E
%;'Ei\w{%&&i@wg\\s S 825 o | | o | |
B ogh—ge—t— O -1 "08-06-04-02 0 02 04 06 0.8 1

HM Resonant BDT score [GeV]
Goal: use information from the event to separate signal from background
Build a list of variables for which background and signal have different
distribution, and compute a probability for each event
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hh—bbtt

LU

Intermediate BR, fully reconstructed final state
17n+1 isolated leptons (e, p,TH)+2 bjets final state
3 final states: etH, ptH, THTH

Main backgrounds: tt (from MC), QCD multijet (from
data in control regions)

BDT to separate signal and background events
3 cateqories: 1biet. 2biet. boosted b-iets cateaory

36.3 1" (13 TeV)

T2 [GeV]

36.3fb" (13 TeV)

[1/GeV]

—
o
T 1

—
T ETTT T T T

NINFIT
HH

dN/dm

107

102

10°ECMS bst. bb e, mmm tt
- preliminary channel 8re|| Yan

'r||||||||||||||| 1111111111 IR NN

300 400 500 600 700 800 900 1000

;I __CMS, bb 7T, o tt meFlt [GeV]
[0)) 1 = preliminary channel QCD HH

Q N DrelkYn Resonant search:

SR \ L e, e Limit extraction on

) B \ . .

2 kinematic fit of the 4-body

invariant mass;
Non-resonant analysis:
e stransverse mass as final
variable

= i b1 ..,71
0 50 100 150 200 550 300 350 400 450 500mT2 = pT1+I;1;?:p%r{maX[mT(mbl P My pTl) mT(me Pt Myis) pTZ)]]

b2 ...12
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hh—bbtt

U

Intermediate BR, fully reconstructed final state

36.3fb" (13 TeV)

S 10°ECMS bst. bb er, it
o B reliminary channel 8r -Yan
. . . F P Y tﬁerbet(
1tn+1 isolated leptons (e, p,tH)+2 bjets final state = | S
L 10
3 final states: etH, ptH, THTH T |
Main backgrounds: tt (from MC), QCD multijet (from 5
data in control regions)
107
BDT to separate signal and background events ™=
3 cateqories: 1biet, 2biet, boosted b-ietscateaorv ~ “{| | Lk
35.9 " (13 TeV) 36.3 b7 (13 TeV) 300 400 500 600 700 800 900 1000
*2 10* E_;():rgﬂrg’inary brt:aM el ﬁt?ata %I 1;—22{/!n§inary gﬁaﬁ;& :IgCD mﬁ'ﬂF” [GeV]
: | o |2 Pey  EEm | Resonantsearch
o f%s’kk“g:zzsgmvy E e S T Tom 10 e Limit extraction on
TS| 3 == kinematic fit of the 4-body

T

N\
S\

_§J‘¢¢ +$+ \\ +§ £+$?++$+“

1 080604020 02040608|
HM Resonant BDT score [GeV]

T2 [GeV]

m

0 50 100 150 200 250 300 350 400 450 500 ‘T2

Invariant mass;
Non-resonant analysis:
* stransverse mass as final
variable
bl ,..71 b2 .,T2

= min Amax[my(myy, P, Mg, prs ), me (s, P Mg, P )|
Pr1tPT2=PT
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hh—bbtt: results

35.9 fo™' (13 TeV)

“CMS  bbput +bbert, +bbr,,

— 900 E—prehmfna,(y ........................... hCombmedChanne|s ........ .....
800 : ' 5

700
i--o--- Expected CLs

o Expectedtio f il L »
600 Expected + 2¢ °

Theory prediction, k=1
ooee 'Theowpmdlcnﬁn{k!=2' ............. 8

T

o
z
2

.........................................................................................................................

111

500
400 .......................... ............ . 1.
300Fse : 1

RARANRAREN

i

100 FRRINALE. e TN O S ............... i ................................ -
f s A { - - -

i | | | | I | | | | I

-20 -10 0 10 20 30
CMS preliminary 35.9 fb (13 TeV) K,/K,

95% CL on ¢ x B(HH— bbrtt

,’II| LN L L L
’

~1.5F "

C II:IlLIII|IIII|II4LI|A"IJ_IJIIII|IIII|IIII
-20 -15 -10 -5 0 5 10 15 20
[ ]Observed CLs Expected 1o ¢ SM k
- --Expected CLs Expected +20 Cy=Cy=Cyy=0 A

Final limit on resonant production is
~25 times the Standard Model

Sensitive to the sign of ki

No peak visible in resonant
production

35.9fb" (13 TeV)

CMS bb wch + bb érh + bb é'chth |
P r?hmmar}{ 5 . Combined charjnels

—
o
W
UL

...l.....l...J..I.J.J.l.I.l........I.....I..

102

1T 1Tl III|
....l....l...I..J..I..I.I.LI.....

10F o Gbserved Gls

-G Expec;ted CLs 5 :

W Expected = 1o =
; Expeciied + 20 | : : :

1 [l [l [l [l [l [l [l [l [l [l [l [l [l

300 400 500

95% CL on o x B(S— HH— bbrr) [fb]

800 900
mg [GeV]

| 1 1 1 1
700

600
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“hh—bbyy

Most sensitive channel for non-resonant production

NEW

- Di-photon trigger + 2 b-jets in the event egsing.
- MVA to select events, as in SM H—vyy

» 2 b-tag categories (low/high purity)

- Background from fit to the data

* 2D fit on the reconstructed H1,H> masses

- Effective mass Mx=Mjy-M;i+125 GeV to remove
background (resonant) or categorise events (non-

Tight

Medium

WP

Subleading Jet

Loose Medium Tight btagging
resonant) we WP we
> 6_‘ L L L e
o4 8 [ ATLAS Preliminary e Di-Higgs
= My y) 0 [ (s=13TeV, 32" - Single Higgs
s — - Smallest interval with 10 coverage of signal shape ~ -~ 5 n 2-tag 8|gna| regon  eeees Continuum Bkg _
c03sF- I [F€T | e M, g F — Sum ]
S E i E ) Maagion = 250 GeV L Poaa S
E oaF. : % Radion — u
:16, E E D MRadion =300 GeV 3l 7
> L 2 _ B i
10.25 — ; E MRadion =400 GeV - .
0.2 :_ D MRadion =500 GeV _:
E D MRadion =600 GeV .
0.15— = [ Mgagion = 700 GeV ]
. 15 I [ Mggi0, = 800 GeV 3
P = - _ w
- = iz D MRadion =900 GeV o _
i . g
0.05— i ©° Fx A
= : : ~l £, ey .7
0 Aﬁﬁ : . 110 120 130 140 150 160
200 300 400 500 600 700 800 900 m,, [GeV]
Reconstructed Resonance Mass [GeV]
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hh—bbyy results [_/l/n\.

With 2015 (limited) statistics of 2.7fb-1: sensitivity at the level of 91xSM
Like all HH analyses, this is statistics dominated

The precision of the background estimation is limited as well by the
statistics

2016 data is ~36fb-1, the sensitivity is ~15-20xSM level (not public yet)

CMS Preliminary L=2.70fb" (13 TeV)

= — -1
il 5 —
O - My =320 GeV Selection ______ Background model S E CM S
= (2nd Order Bernstein Pol.) 3 45—
B 7_— High Purity Category ' 5 F
c ~ Fit = 1o = 40—
g 6/— g -
i - Fit = 20 1 35 =
— - -
5— I —
— @ 30—
— X -
e T 50
- T -
33— [ ] a 20—
— Q. -
- ° -
o . 15
10 I |
1 ® L N N ] ® { ] [ [ ] —
5
[ I l 1 1 1 1 l M 11 l § I ) T s | ) I — Y p——  — : -
g?00 110 120 130 140 150 160 170 180 0‘15 ! 1l5
M(ry) [GeV] Lambda
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HH—bbWW L UL

‘Search for hh—bbWW —bb212v, BR~2%, huge irreducible tt background
* ATLAS is planning the fully hadronic channel
* Select events with 2 OS leptons (SM H—=WW ID) +2 medium b-tag jets
* Reject pairs in the Z peak
* BDTs to remove the background
* Mjj side bands to check the background
* 2D fit in (Mwy,BDT) CMS Preliminary 36.15 fb" (13 TeV)

o LI I L LU BN B LN LN I IR I

At the moment not large sensitivity, mostly s **[ uuchannel P van
due to the small BR € — m, = 650 GeV
— m, =900 GeV

Uncertainty

about 90xSM (down from ~400 with 2015 staf) ™
Other searches with bbZZ under development

IIII|IIII|IIII|IIII|
IlII|llII|IlII|IlII|

1000
CMS Preliminary 35.9 fb™ (13 TeV) CMS Preliminary 35.9 fb™! (13 TeV)
| o H . ' [} H R
—e— Observed 95% upper limit ;| SM i /ﬁ —e—Observed 95% upper limit- - - : :
-® Expected 95% upper limit : : i~® Expected 9]5% upper limit
. M 1 std. deviation f : .
£ 2 étd. deviation ¥ ; g 500
2 1034 - THeory (K, ke=kEM) - £
fir=1 : e}
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R 1
g
,% = 200
X t
= 102 1 : £
£ Z 0
@ @ 150
x X
—_ -
£ = CT T T T [T T T T [T T T T[T T T T[T 11T TT T[T T T rrr[rrrr3
: i &) 1 a ETTIIIIT RS I AR L AL LI R L IAAE
& 10" £ 1001 = = -
5 2 — 1.2 __+ .............................................................. —
S = - é * -
2 E ..Cg [ SRR B §§ é* §§§§* % * ........................................... —
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“hh—bbbb

LU

* Most sensitive resonant channel (both for CMS and ATLAS)

* Different strategies for resonant/non-resonant

-CMS 3-4 b-tag at trigger level, =4 b-tag in the event

* ATLAS overperforming CMS (for now) thanks to trigger system

Resonant analysis:

Low Mass (mn<400) and High Mass
(400<mpn<1200) studied separately

Background shape estimation from data

22.04 fb'2016 (13 TeV)

22.04 o' (13 TeV)

SR

I L1

§ rcms:io i C. Vernieri

L Preliminary

ExpectedE Upper Limit :
W Expected + 1o
~ Expected+20 i
—e— Observed Upper Limit:

>LBr(X—>H(bE) H(bb)) (fbé

o
w
TTTT LI

(Pp—X)

0
q’
TTT

——— Bulk Graviton k=0.1

Events / 1 bin

|lll||ll

1000 1200

Non-Resonant analysis:
Final limit:
CMS: 342xSM (with 2.7fb™")

ATLAS: 109xSM (with 3.2fb)
29xSM (with 13.3fb™")

IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII

120
backgrounds

Bkg Shape Unc.
500 x SM HH

100

0 B L1 1 1 l L1 1 1 I L1 1 1 1 1 1
0 50 100 150 200 250
my, (GeV) my (GeV) 2D bin
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Summary and combination | UL

2.3-3.2fb7 (13 TeV)
| | | | | I | | | | | | | | | | | | |
LHCHXSWG bbiviv (CMS-PAS-HIG-16-011)

iy
(@]
[}

o F =
channel | luminosity limit exp.(obs) = F ’ b -
L [ . Unpublished bbrr (CMS-PAS-HIG-16-013) ]

+ fissumes SM Higgs BR bbbb (CMS-PAS-HIG-16-002)
bbbb 13.3fb"! 29(38) e\ .
) %>< VA bbbb (ATLAS-CONF-2016-017) Z
bbWW 35.9fb | 91 (96) T T bbyy (ATLAS-CONF-2016-004) N
g YE — Observed "=
bbtt 35.9fb"! 25(28) A r+r Expected -
| S W N _
bbyy 35.9fb"! ~20 ) e E
lumi analysed @ |3TeV, obs(exp) non-resonant limitXSM o\u‘; B .
o 10° =
E | | | | | | | | | | | | | | | | | | | E

400 600 800 1000 ) 10200
Spin-
my - (GeV)

bbbb, bbtt, bbyy all have similar sensitivities

Combining those channels together effectively amounts to
iIncrease x3-5 the available statistics and further improve
sensitivity

Planned once all 2016 data have been analysed

More channels are preparing results as well
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Future

LU

HH analyses are clearly a topic for HL LHC

LHC

13-14 TeV

2015 2006 | 2017 | 2018

CMS projection

T
~

10T boip

VVbb
yybb
- -- stat. err. only

95% C.L. upper limit on o(pp—hh)/ SM prediction

C | — ztbb

I SO - SO0 -0 0 0 SUUUURE- SO GOSN SO0 001 35S ST S-S O S -0 SOt SO S A

.| Current projections, based on limited
statistics.

Underestimate the possible
performances, mostly because larger

© % Currentresutts |

14

TeV

injector upgade
orpo Paint 4
Chell Eng. P1.PS§

2019 2020 |

saperiment Lpgrade  — .

phase !

14 TeV

3= statistics will improve the background

10

1
total luminosity [fb™]

estimation, and does not include all the
| 2016 improvements.

- | We will over perform
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‘Trilinear coupling from single Higgs| 1L

/ t
9 “TO000) t H_ }rJ | 1%
H / | ~ T~
S H / | 7/ N
®----- o : o -1 -4@
/// \ | \H / V
P \ Ll:L | ~ _ -
7 N
g “000000" ~ o |

Assumption: NP only manifest itself via an anomalous trilinear coupling,
while all other couplings are unchanged (or modifications are negligible)
Several discussions are ongoing to decide if it is a reasonable
assumption,Ag(equires ANP to be not too high

\ \ 10 === ggF
= ggF+VBF
——  ggF+VBF+VH

\ \ I ===+ goF+VBF+VH+ttH = CMS-II 300 fb™!

== CMS-HL-II 3000 fb™!

| 1 1 |
-20 -20 -10

Quick projection: results are competitive with what is obtained from double
Higgs production.
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‘Trilinear coupling from single Higgs| 1L

9 TOOG00) t H_ }rJ | t 1%
H / | ~ T~
< H / | 7/ AN
®----- o : o -1 -4@
/// \ | \ H J V
P \ Ll:L | ~ _ -
7 N
g 000000 ~ o |

Assumption: NP only manifest itself via an anomalous trilinear coupling,

while all other couplings are unchanged (or modifications are negligible)
Several discussions are ongoing to decide if it is a reasonable
assumption, requires ANP to be not too high

A)(2
p—value HL-II, 1% uncertainties

\ . 1===r ggF
35- " ]
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1
1
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Quick projection: results are competitive with what is obtained from double
Higgs production. ttH production is the main driver of the sensitivity
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Conclusions | UL

After 60 years, since the discovery of the Higgs boson the
Standard Model can be considered complete

The EWSB is the crucial feature of the theory, and the
measurement of the trilinear coupling is important to test it
and understand whether it works as predicted by the theory

* The double Higgs production is the best tool we have to
perform such studies.

The current non-resonant results are showing performances
beyond most expectations, and the physics program is well
on track to reach the SM sensitivities

* Even neglecting upcoming upgrades to the detectors
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Room for improvements | UL

efficiency vs 0

Upgrades are being developed in the non-resonant analysis:

- BDT tuning and reduced mass MX = M(4j)-M(jj ,,)-M(jj,,,)+250 GeV

* ATLAS can benefit from 2 b-tag online ev. selection, analysis optimised for several

years

But the most important update to cover the gap will be the pixel upgrade: ATLAS got a
factor 2-4 boost from their upgrade. We will get:

* Higher tracking efficiency

* >10% improvement in b-tagging (for each b-jets)
2017 trigger: general request is HT increase at L1, need to assess the impact on bbbb
After EYETS: How to fully exploit new pixels capabilities? Any contribution is welcome
Summary: CMS can cover the gap with ATLAS, but a lot of work to do!
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HH Studies: Resonant [_/W\.

250 400 600 800 1000 2000 3000 MH [GeV]

MSSM/2HDM: Additional Higgs doublet— CP-even scalar H.

* We can probe the low ma/low tanf3 region where
BR(H—h(125)h(125)) is sizeable.

Singlet model: Additional Higgs singlet with an extra scalar H.
» Sizeable BR beyond 2xmiop, NON negligible width at high mg.

Warped Extra Dimensions:

spin-2 (KK-graviton) and spin-0 (radion) resonances.

» Different phenomenology if SM particles are allowed (bulk RS) or
not (RSI model) in the extra dimensional bulk
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HH-bbZZ and yyyy | UL

New entries in 2017! Only entering for resonant searches for now.

Preliminary 27.21" (13 TeV) Preliminary 27.2 1" (13 TeV)

Loms o2 Fows e HH— bbZZ —bb212j BR=0.15%
ok Oher background | ohervoaond | ® Can use a lot of kinematic
- i LT 10 SMenggSHH—» bbzZ .
£ 10°g 951:320 (ﬂgo) bbzz 0 S ﬁni:soo (x100) handles/ recoils
= 2 Mg=900 (x500) : Mz=900 (x500) . . .
£ 1o * but a lot of jet combinatorial as
0 i

well
_ * Analysis not finalised yet
mflf?‘?*;"?3'1311’?; _____ enE e+ 37l *Good data/(private)MC

=%
«°*
O : t._!}ﬂ
-~ o

I LU L L BRI BRI L IR L

g e SRET ‘ ' agreement
g : 36.2 fb™ (13TeV)
= -E1ioo 6 160 2<E)o ac;>o 450 5(;0 sc';o 0 550 1050 15:00 ZOEOO 25300 % 50:_[ dMS Il3r1elil[‘nilnarer B 0 Dat:-: | | E
(MP°-125) from H [GeV] M, [GeV] g - Treiile .
: 40 :_ N l{J:\l:::'tamty .
_9 C — Signal M300x100:
=
HH=vyyy $ 30-) ]
* Inheriting from SM H—y7y, basically same strategy with 20" ‘ |
0) -
oosen photon-ID € :
. . 3 10§ \\\\L j
* Impressive resolution, almost 0 BR " ;
. . . . Lo LN
* No estimate about sensitivity yet, but very few events in 150 200 250 300
. . Invariant Mass H1 ( GeV)
the signal region g -
g o‘ B ) 4 R | T f '
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‘Width off-shell LU

The Higgs boson, like all unstable resonances, can be
produced off-shell

This was a feature that was exploited to measure the Higgs
decay width

Technique developed in Turin

Crucial for double nggs productlon as well

— 10— | , , CMS 19.7 o™ (8 TeV) + 5.1 f5" (7 TeV)
= = - — -
8 - ATLAS Simulation Preliminary Vs=8TeV £ 10— #/ observed
~ B < Fee e 4] expected
Q2 olFp 88 = ZZ — 2e2u B ol —— 2/2v +4l__ . observed
= 1 O ? r||1 — gg— H* - ZZ (S) ? ! 8 ; ...... 212V + 410n—shel| eXpeCted
'CE) N r' LL, """ 99— ZZ (B) ] i Combined ZZ observed
B i | hL'l. ) — 997 (H:_>) Zz ] [ eeenen Combined ZZ expected
S 10%H i [.L: ., 7T 99 (H'=) ZZ (4, 1, =10) i
| 6
4 __95%CL _ |
2
- I ol _e8wcL _|
1 0-6 L [ Lo L1 [ L L1 Il-IJ 0 ‘;_.‘_',_’ : A |
200 400 600 800 1000 T T =
m,, [GeV] I}, (MeV)
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HH Studies: BSM

9 - h

g@mj———h
ty
g oOO0 ---h

o>Mun(13TeV) = 33.45fb**3% ¢ g%(scale unc.) £3.1%(PDF+0s unc)!!]

The non-resonant double Higgs production is the principal way to extract the Higgs
trilinear coupling (Annh). Even if in Run2 we will not have full sensitivity to “measure” Anhh

— The BSM physics can be modelled in EFT adding dim-6 operators!?! to the SM
Lagrangian, and the physics can be described with 5 parameters: Annh, Yt, €2, C2¢, Cg

* Non SMYukawa and Anh couplings
* New diagrams and couplings in the game

g% S hg - h
t e 7 ___</
g C2 ~h g Cg ~h g Cq ~h

To be noted :

in a linear EFT ¢z = cagand ¢ =—(3md/2v)y,

[T LHCHSWG Yellow Report 4
[2] Phys. Rev. D91 (2015),no. |1, 115008

gg> h rate within 6 of SM

1+oy,

6w——7———7———————

Excluded by 20%
:I— measurement of

tth
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LU

Projections for resonant : bbbb

Typical BSM spin-0 production diagram

Projection of the sensitivity to the resonant HH production at 3 ab~! expected to be
collected during the HL-LHC program. The projections are based on 13 TeV analysis performed
with data collected in 2015. The 95% CL expected limits are provided for different spin-0 res-
onances masses assuming: preliminary analysis from 2015; Scenario 2 - reduced systematic
uncertainties taking advantage of a larger data sample and upgraded detector; no systematic
uncertainties. For each resonant mass the value of the mass scale Ag = \/3exp[—kl] Mp) ex-

cluded at 95% CL is also provided.

mx( TeV) Median expected or(Ar =1TeV) | Ag (TeV)
limits on o (fb) (fb) excluded

23fb~! | ECFA16 S2+ | Stat. Only
0.3 2990 46 41 7130 13
0.7 129.4 7.3 34 584 8.9
1.0 81.5 4ot 24 190 6.6

. CMS-PAS-HIG-16-002: gg — X — HH — bbbb



gg— hh parametrization | UL

The relevant lagrangian terms of gg—HH production in D=6 EFT

m? 3 S h h?
Lo = — b (1—§cH+c6) i+ 5o (; : QUQ)GzyGﬁ:”

m C _ me [ 3¢ C _
[ vt (1 5 Ct) trtrh + h.C.} - [v; ( Zt — 7H> trtrh?® -+ h.C.}

arXiv:1410.3471

9 //h g < ___h
g ~hoog L ---h

SM diagrams
g 2:3>< _-h 9 j:;@@ -h g _-h
t g --<_
g ~h g ~h g ~h
ttHH non-linear interaction Higgs-gluon contact interactions
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An EFT implementation for hh LU

The dOUb'G H |ggS prOdUCthn Ry, = Og& Lo Ak} + Ayes + (Azk} + A4C§)/€§\ + A5c§g + (Agey + Arkyky )k}

CrOSS SeCtion Can be Written aS a Ohh —I—(A8/itf€)\+Agcgl€)\)CQ+A1002029+(Allcg/iA+A12c2g)/£?
function of the 5 EFT T (Aygrncy + Avscag gk + Arscycagfis
parameters: Annn, Vi, C2, C2g, Cq ———

2D (MHH,cos9*) signal shapes from . = B

different points in the 5D EFT phase ™ .5
space are clustered together.

o 1+ i i,
b 1 ; l..

[ O 1 ETH

,."‘i e TR
i 4’ i

| i H

ot
H

0 100 200 300 -100 500 10 20:) 300 S 500 100 200 300 400 500 CD 100 200 300 400 500
p" (GeVic) Gch'» p (GeVic) (Gch)

Cluster 5 Cluster 6 Cluster 7 Cluster 8

|2 clusters are identified according to~f
there kinematical properties

Inside each cluster, a representative TR g T T T 2 B’
shape is identified, as the one with the

minimum distance (in the test statistics|
from all other shapes in the cluster 4

299

D 100 200 900 400 500 D 100 200 300 400 500
P; Gch p; (GeVic) p} (GeVic)

00 200 300 400 500 =500 200 200 400 500
p" (GeVic)

Each point of the phase space can be mapped by means of its cross-section and
representative shape
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