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The Higgs role | U

LHC delivered amazing results in Higgs physics. In 7 years of running:
Discovery
»Spin and parity have been assessed, mass and couplings with ever higher precision.

-Observed (most) Higgs production and decay modes (VBF, ttH, VH, HVV, Hyy, Hzr...)
But searches for deviations from the SM have so far turned out empty-handed

The ElectroWeak Symmetry Breaking is the central feature of the Standard Model
*“Precision” Higgs measurements are meant to provide access and test this feature

OGh O gf v° _ j/’#

dh f2 B A%SM

Y

With O(10%) precision on the couplings, we can probe the
region Assm > 500(g+/gsm) GeV
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The Standard Model as of today | UL

The precise knowledge of the Higgs couplings and mass is crucial ey + Observed
to test the SM - -
Most general parametrisation for couplings: product of S ww| i
production x decay signal strength with all parameters floating ob| —
- 5x5 matrix ui={ggH, VBF, WH, ZH, ttH} x p’={yy, ZZ, WW, bb, Tt} ¢ 2 —_—
» 22/25 measurements available ! +
Most precise measurements: ggH, ZZ, WW, yy (10% precision) s Z :
35.9 fb™' (13 TeV) i e
=S S N ["TT" T - Starting to explore differential _ Ei —
S F | measurements N |
i =
o = WZVG: .—:-—
A S e 1 v : N B
3F — 2e2 - : _ _ 2 1 0 1 2 3 4 5 6 7 8
e - Higgs mass determination uif
g * CMS HZZ alone my = 125.26 + 0.21 GeV (0.2% uncertainty)
st W W72 W
P20 121 122 123 124 125 126 127

m,, (GeV) NB: double Higgs is not present in this picture!
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Higgs couplings | U

LHC run1&2 allowed to study the Higgs boson properties wiogged uo1170%| B iz
Main focus: mass and couplings esged 70571 % 1058

VBF-2jet

- Signal strengths, k-framework, anomalous couplings used

VH-hadronic _ 0_76+g.78

to quantify possible BSM effects

General strategy: identify selection/categories sensitive to e
different production/decay modes

u=0.63"""| @i
-0.34

-0.00

VH_EmiSS
T _
tagged n=

1 .25+8.75 |.
-1.25

ftH tagged u = o.ooigﬁg-—

> t L L L l '

E‘: 1 ATLAS and CMS ,

2 | LHC Run1 W B ,A o
S

Overall picture from

E”“> 107 '¢ . \ ;
d - couplings highly consistent |
102 ] with the Standard Model |

| ¢ ATLAS+CMS expectation

------- SM Higgs boson

107° , E
— [M, €] fit
68% CL
95% CL
10% ¢ o e
107 1 10 10? _ | _
Particle mass [GeV] woo
ggH,ttH
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U

Why measure HH?

Measurement of HH gives access to the magnitude of the Higgs self-interaction:

. N
V = \°H? + \vH" + ZH‘I

Higgs trilinear coupling constant A only depends on the Higgs field VEV and Higgs
mass. Purely determined by EWSB (in the SM).

The shape of the Higgs potential is determined by the self coupling value (EWPT)

E> 1 ATLASandCcMS ) | |
£ | LHC Run‘ _ V(¢) = 1 (¢'0) + M@'0) 1) Linked to naturalness/hierarchy problem
e“i el 2) Controls the stability of the EW vacuum
< : 3) Dictates the dynamics of EW phase
102k - 0, transition and potentially conditions the
} ATLAS{CMS - 7 generation of a matter-antimatter
mM = SM oo 6,  asymmetry via EW baryogenesis
% gg; gt 4) Constraints on coupllings assume ka=1
T T 5) Access to off-shell Higgs properties

107" 1

10

10?

Particle mass [GeV]
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The Higgs trilinear coupling

g B0
tv>-
Y,

g BT

Ahhh

g “0000)
Ly
g 0000

G°Mnhn(13TeV) = 33.451b+4-3%.6 o(scale unc.) £3.1%(PDF+as unc)l’
About 1/1000 smaller then single H production

(13 TeV)

| | ] | | ]
HH production at 14 TeéV LHC at (N)LO in QCD : 5 0.025 =
~~~~~~~~~~~~~ My=125 GeV,:IMSTW2008 (N)LO pdf (68%l) ] © i —k, =1, SM
2L TR i _ i — Kk = -
102 -y i _ 0.02 |- k, =0, only box diagram
Oop..; = s — k, =2.45 , maximal interference
E ; 0015 k kK, =5, soft spectrum
O ; — k, = 20, mainly triangle diagram
< : : K = Anhh/AnrhhSM
© ; 5 - 3 0.01
: : : | =
| : : 10
. ; A =
Py ; m\
5 i . % 0.005
107 F ¥ /,{\\,\‘(\ 43 N
arXivi1401.7340 PP ; 1% el N
[arXiv:1408.6542 : ¥ : 1= 5\ 00 O NN NN OO O S S mo e tes
| | | | i | : |
. 250 300 350 400 45 500 550
4 3 2 - 0 7 2 ¢+ 3 4 / My [GeV]
AHHH/AHHHSM 5 g b — il
Only box diagram i Maximal interference , 2}>'f[< s A N P
gM  between diagrams
The value of Annh affects both the production cross-section and the hh kinematics
[1] S. Borowka, N. Greiner, G. Heinrich, S.P. Jones, M. Kerner, . Schlenk, U. Schubert, T. Zirke Phys. Rev. Lett. [ [7,012001 (2016)
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gg—hh parametrization | U

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

m# 3 ascqg (b h?
£ — L 1 — — h3 | 59 | a v
hh 90 ( 26[{ =+ CG) pp (U 2?}2) GMVGQ

my (1 -
), 2

my (3¢ cp

| Ct> thRh -+ h.C._ — |5 ( 5 5 ) t_LtRhQ—I— h.c.

arXiv:1410.3471

SM diagrams
g 0000 - h g -h g - h
~ - h N - ~ -
g o000 ~ h g ~h 9 ~h
ttHH non-linear interaction Higgs-gluon contact interactions
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Motivations: BSM searches [_/I/(L.

g TOEO) o h J TEEE _
tV>-—h—£: Ty
g oosov " RN gmj———h

0SMpn(13TeV) = 33.45fb+43%.¢ ge(scale unc.) +3.1%(PDF+as unc)(!]

The non-resonant double Higgs production allows to directly probe the Higgs trilinear coupling (Annn).

Even if in Run2 we do not have full sensitivity to “measure” SM
gg» h rate within d of SM Anhh = The BSM physics can be modelled in EFT adding dim-6
' operatorsl2l to the SM Lagrangian, and the physics can be

‘9 Excluded by 20% d€scribed with 5 parameters: Annn, i, C2, C2g, Cg
:l_ measurement of * Non SM top Yukawa and Annn couplings

tth * New diagrams and couplings in the game

.___...__...,.:_:'::::_':;.:. g /ij
g fcsm C2 g ¢ " ~h

[1] S. Borowka, N. Greiner, G. Heinrich, S.P. Jones, M. Kerner, |. Schlenk, U. Schubert, T. Zirke Phys. Rev. Lett. | [7,012001 (2016)
[2] S. Dawson et al. Phys. Rev. D91 (2015), no. I I, 115008
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An EFT implementation for hh

2D (Mun,c0s9*) signal shapes from different

_ ) Ry = % £ Alﬁf + Aycs + (Aslf? T A403)/<3?\ T A5ng + (Agca + A?’Wﬂ)’f%
Ohh
points in the 5D EFT phase space are st A1)+ Argtatar + (Arieoms + Argen 2
clustered together. F(Avgracy + Avaeag)rerin + ArscyCoghin

12 clusters are identified according to there
Kinematical properties

Inside each cluster, a representative shape is
identified, as the one with the minimum
distance (in the test statistics) from all other
shapes in the cluster

samplos =

0 100 200 4300 400 500
P3 (GeVic)

Cluster 6

20: Ns.’; pos = 16

L
'''''

0 100 200 300 400 500 700 200 300 400 500

The double Higgs production cross section can e s POy [ ey U e
be written as a function of the 5 EFT B o |
parameters: Ahhh, yt5 C2! 029! Cg © 700 200 300, 400_ 500 '. 100 oaoo_-’m: 50 % 100 200 -’z:-: 500 5:‘:0 700 200 300 400 500

Each point of the phase space can be mapped by means of its cross-
section and representative shape
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Motivations: Resonant searches | UL

25 400 600 800 1000 2000 3000 MH [GeV]

MSSM/2HDM: Additional Higgs doublet— CP-even scalar H.
*We can probe the low ma/low tan3 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 Studies: Resonant | UL

“TOO00000T0 _ r X W/
TR /"( . h /{
(i s —';-— - =g E—— P =
:’,f AN ! N
TOUTOUOOT0 Y L N
0.3 UL [ [ ol | LI | I I LI [ | L
:Hlllang et |al Phys|.ReV.]597,OI75OOl 32018)S|M | ]
025~ 1 o0y kel et M Non-resonant production is a SM process, but
_ P\ - K= 1,A3=A3 i - . :
A\  400GeV k=10 - there |s.|nterest in probing resonant HH
S N — 400GeV k=11 03=A5M production
= 0.15— ,"' N Y - - 500GeV,k=1.1,A3=0 -
, 1:," NN : Higgs couples to massive particles. We can
i : think of a particle with Mx>2Mn that in the SM
0.05, N A . sector mostly couples with the Higgs
;':~‘\: --~o i
AP I IV PPN PN IO i O M o . L2 2 e B
0 400 600 800 1000 1200 1400
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 dimensions...)
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The CMS detector

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 : 28.7 m Microstrips (80x180 um) ~200m* ~9.6M channels

Magnetic field :3.8T

ST DUCTING SOLENOID
Niobium titanium coil carrying ~18,000A

MUON CHAMBERS
Barrel: 250 Drift Tube, 480 Resistive Plate Chambers
Endcaps: 468 Cathodec 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 PhWO crystals

HADRON CALORIMETER (HCAL)
Brass + Plastic scintillator ~7,000 channels

*Most of this
presentation will

focus focuses on
CMS results

«Similar sensitivities/
strategies in ATLAS



B-jets identification at CMS

Start: AK4 jets. Jets are reconstructed using the anti-KT algorithm (radius of 0.4)
% . trackcleanpg ¢ w\_\ K[ : 1 Track-based jets}!
L 4 ‘:;?\ : t Combined 1
jet . ' . &
: . : SV-tagging _.¢°" } | Secondary Vertex i
: - \ P § algorithm (CSV)
PV ' ' .
‘ | i SVijets
displaced Lepton tagger D § {
jet tracks Clhee[l)rt%id

eavyj-ef{avour Basic idea: exploit HF distinct

’--~
"

3 ' Combined MVA |
. A ] r i (CMVA)
topology (displaced vertex, Impact .~ X ° \} ,'; |
parameter, track directions and RN '—’I enton-taqaed iets :
t multiplicity...) to separate light from \ E ;~‘ P J9¢ed ] |
b (and c) jets . ,

IGiacomo Ortona 14
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B-jets Performances

P

Jets / 0.02 units

Data/MC

Jets / 0.04 units

Data/MC

10°

10°

10°

L IS T T T T P P P P B S P TP P PP D D P P P P P T L P P PR PR R PSP EO A =
1 i_,..’......,..9..9..9..9..‘...0.! 0.2.0.0.0.0.0.0.0.000000000000000000¢ 0 .".".""'.‘".‘".‘"."—i

N E

10°

35.9 fb! (13 TeV, 2016)

- CMS ¢ Data ]
[ Muon-enriched multijet B udsg 7]
— 50 <p_<250 GeV Jc _
— [ ] bfrom gluon splitting =
s . b

0 01 02 03 04 05 06 07 08 009 1

DeepCSV discriminator

35.9 fb' (13 TeV, 2016

N

- CMS ¢ Data -

— eu channel, = 2 jets B udsg ]

- p.>20 GeV [ ] Pileup —

- T e —
e

15:_ ...................................................................... A R A _:
1Poe00000ctatecetocetonses,®eyegoyy ceveeg e =
N e E

1  -08 -06 -04 -02 0 02 04 06 08 1

cMVAV2 discriminator

probability

Misidentification

EI L él L | I L | | L | Idl [ | | L I L I L | | L | '?}
- ~ —Uudsg: s
- Slmulatlon ... C g; ' —~
- tt+jets | ' _
10—1 | p >2()Gev RAPE A gt 2 SN SV 4 AR |
L B B s S =
— P i JP ' —
- — C8V (Rurﬂ) N
- —— CSW2 (AVR) -
B 2 Ky — CSWv2 -
1073 b= ' ,0” ........ ,-’.{..f. ............ yawd AR NI —DeepCSV ........... _ |
= B j ' ' —— cMVAV2 | =
_I | 1 4 |’.I | 1 1 | I'.I 14 ] ] | 1 | I I | | 1 1 1 | I | | 1 1 1 | I I_

13 TeV, 2016

—h

01 02 03 04 05 06 07 08 09

1

b jet efficiency

Best performing algorithm depends on the main

background of each analysis.

For double Higgs in CMS, we use DeepCSV,

cMVA, CSV

Giacomo Ortona
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-Jets identification at CMS: boosted topologies

_(_:MS Simulation 13 TeV, 2016

’*g = = Subjet CSVv2, minimum among two subjets "' = = Subjet CSVv2, minimum among two subjets ‘,o’,,*
= - «.rAK8 jet CSVv2 g - «.vAK8 jet CSVv2 R
S = AK4 jet CSVv2, AR(AK4 jet, AK8 jet)<0.4 o = AK4 jet CSVv2, AR(AK4 jet, AK8 jet)<0.4 "o‘:“u"'-
c ~ == double-b < - ==double-b O
2 107 3
| . T axis IS N -
, Taxis \ 3 - B
| | o -
\ \ Q.
. 1072 =
O = R AR
D X A
. o .
= B AKS jet L AKS jet
F 50 <m <200 GeV a 50 <m <200 GeV
10231, 300<p_<500GeV [ 1200 <p_< 1800 GeV
=1 =1
-: | 1 ; 1 1 1 i 1 1 1 i 1 1 1 ; 1 1 1 i -tl 1 1 L] 1 1 1 1 1 1 1 i 1 1 1 ; 1 1 1 i
| 1 .. Subjet CSVv2, minimum among two subjets . Subjet CSVv2, minimum among two subjets
AKS8 jet - _ L ... AK8 jet CSVv2 L ... AK8 jet CSVWv2 ey
] SUbIEtS dOUbIe b = AK4 jet CSVv2, AR(AK4 jet, AK8 jet)<0.4 = AK4 jet CSVv2, AR(AK4 jet, AK8 jet)<0.4

0.8 - —double-b --- == double-b

o
n
“

Misid. probability (g—bb)
o
(e}

*Boosted topologies: 2 or more final state objects
are close (merged) together
Sensitive to high mass resonances, or particular o

300 <p_<500 GeV

AKS jet
50 <m < 200 GeV
1200 < p, < 1800 GeV

non-resonant topologies. s _~ FIESSer
-Most HH analyses in CMS have at least one Bl -
boosted category to enhance sensitivity
+Dedicated double b-tagger algorithms/subjet | g e
taggers are used to identify the 2 component jets "L T el T

and identify their properties
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hh searches at CMS
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hh searches at CMS

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




hh searches at CMS

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
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CMS searches

=

Larger\Br—h I I I | 1
decay
4 main channels presented today: bb BRew(HH-xxyy) _! o
Ww

- bbbb, bbWW, bbtz, bbyy 90 | 4107
At least one h—bb to have large enough BR vt (7% N
Rare processes, low ¢, complex environment L | 107
- 77 e
Covering both resonant and non-resonant searches - | g 107
3e-3 6
L _ 10

* Run2: Zy
. 10-7

» bbtt Resonant and non-resonant pLB 778 (2018) 101/PAS-B2G-17-006 ur

| | | | | -8
bb WW gg T CC ZZ 1Y ZY U Rarer Bl-(i?decay

Trade-off between BR and contamination,

 bbWW Resonant and non-resonant JHEPo1(2018)054

» bbyy Resonant and non-resonant pas-HIG-17-008 complementarity among channels
- bbbb Resonant pas-Hig-17-009/arxiv:1710.04960 NON-resonant pas-Hic-16-026 *bbbb:  highest BR, high QCD/tt
“Runt SbWW: high BR, lrge irrecucible

. | - . : hig , large irreducible
bbbb Resonant: rpLB 749 (2015) 560, arxiv:1602:08762 background

» bbtt Resonant: rLs 755 (2016) 217, PAS-Ex0-15-008 NON- . . relatively low background and
resonant PAS-HIG-15-013 BR

» bbyy Resonant and Non-resonant: arxiv:1603.06896 -bbyy: high purity, very low BR
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Experimental challenges

U

Difficult event reconstruction
» Limited resolution on bjet
Invariant mass
— regression / mH rescale

- Missing energy in tt/WW searches

1/dm, [1/GeV]

o
N

0.18
¢ 0.16
0.14
0.12

0.1
0.08
0.06
0.04
0.02
0

CMS Simulation \s = 8 TeV BT

—— H—ttm, = 125 GeV

CMS Simulation \1s =8 TeV KT,

— H—ttm, = 125 GeV

Fraction of events

>3 ATLAS Simulation Preliminary v's =13 TeV'
0.25 }
0.20}

0.15}

0.10}

0.00 &

— My =275 GeV
— My = 300 GeV
— Mmx=325GeV |
mx = 350 GeV
. Mx = 400 GeV

Solid lines indicate mp,
constraint applied to mgy

400

— likelihood methods . e e
ST T fbrgul[vaé]o ” .
Looking for signal using 4-body invariant mass
» Improve resolution with kinematic fit i
| | et et SeEREL L Sp '
b-jets from high mass resonances overlap ' e, /4. &b = ooy i
. . W Woore N\ X oM (o000
- jet substructure techniques sy ol T e R
Small signals with large backgrounds i
» MVA methods to separate from overwhelming backgrounds
O 14E
S A
CQU 0.6_08 -06 -04 -02 0 0.2 %E)Togut%ﬁt
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JHEPO1(2018)054

bbVV(212v)

U

CMS 35.8 fb' (13 TeV)
35.9 fb-! (2016). Low BR in the 212v final state (2.72%) I S ;gcgn
2 OS leptons (ee, ep, Ue, HK) =L = S
+Focus on the bbWW channel, Invariant mass cut to remove = »™ = ,
Z(Il) contributions .
-Large background contamination from tt, Z+jets (from MC) =k, M J}E : .y

CMS

35.9 b (13Tev)

95% CL limit on a(pp — HH) x B(HH — bblviv) (fb)

] — Observed ;95% upper limit

. = = Expected 95% upper limit ' |

ESM( =1,k 1)

Parametrised DNNs used to

discriminate against background o
.Resonant: mx, non-resonant ki, kv~ | g
-Limit extraction from DNN shape in &

3 mjj bins E 10

Results
*SM oxBR<72fb
*ODbs.(exp.): o/osm< 79 (89)

95% CL limit on a(pp — Xspin o

DNN output at k, = x, =

35.9 fb™* (13 TeV)

101

;—O—Ob

d95/ pp r limit

- —® - Expec td95/ pp r limit
. Il 68% expected :
: 95/ expec cted

-- Rd (/\ 1TVkL 35)

500 600 /00 800 900

Giacomo Ortona
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CMS-PAS-HIG-16-026
CMS-PAS-HIG-17-017

Non-resonant bbbb | UL

35.9 fb-1 (2016) Large Multijet (and tt) backgrounds. We want
-Highest BR among HH searches reliable background estimation with large statistics
-4 jets, 3/4 b-tagged jets — Hemisphere mixing

-Pairing: 2 pairs closest in mass  Data events cut in 2 hemispheres
*Hemisphere library — recreate events

* Pairing: nearest neighbour (kinematics)

»Validated in BDT sideband
*Small bias — systematic on bkg.

«Cut on BDT/® @\ /® @\

2.32fb! (13 TeV

IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII R

120 — CMS

Preliminary |

i

backgrounds
Bkg Shape Unc.
500 x SM HH

100

Events / 1 bin

(00]
o

o 2

~ Data/Bkg = 1.00 = 0.02 =

m 15E _—

~ 1 B i ot e R e @O e T T REL hgh WO T 0 G o AORETERTG 4 Bk 7, e TRRE o <eEtape 1 o fo@i it E e SEEE .

-‘g ff.._‘v,.__,_. T ] e 20 L2 T s TR R e L R e R S o 2 o e Ea e o "f"."'-:-'-:-,""r}:-.c'-rr:':-f-‘:z.;.{l.- hemlsphere
S 05E : — .

o OEBkgshapeuncertamtyE m|X|ng

Signal extraction:
2D shape of leading vs. sub-leading m;j; \@ @/ \@ @/
SM oxBR < 669 b potentially a amall signal facton Cvent that represent bkg-only
Obs.(exp.): o/osm < 59 (30)
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PAS-HIG-17-009

Resonant resolved bbbb

35.9 fb1 (2016)

4 b-tagged jets, deepCSV algorithm

b-jet energy regression to improve resolution, Kinematic fit for mun

Low Mass Region (mn<400) and High Mass Region

(400<mn<1200) studied separately to exploit kinematic properties

of the signal

Background shape estimation

35.91b ' (13 TeV)

from data in LMR, HMR

— 4
3 10 =
~ - CMS Spin-0
S [ Preliminary P
Qo N T T P Expected Upper Limit
I
—_ Expected + 10
Q 103 =
Q = Expected + 2 o
% — ——e—— QObserved Upper Limit
X L Bulk Radion A= 3 TeV, k=35
oM
x10° - S
x —
I r :
o B\
s L N\ TEN
o T W e O
10 &
1 |IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII

300 400 500 600 700 800 900 1000 1100 1200
m, (GeV)

Background estimation cross-checked

600

* In <4 b-tag side bands
- With alternate SR definitions

35.9 fb™' (13 TeV)

§ feomMs oo

Rl

£ 2501

400F

200

Pull

] |
50 100 150 200 250 300
my; (GeV)

35.9 fb" (13 TeV)
¢ Data in SR

l CMS, — Novosibirsk fit
— Preliminary Fit =10

Fit +20

Prob 2 = 0.28

300 350 400 450 500 550 600

Giacomo Ortona
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arXiv:1710.04960

Resonant boosted bbbb

P

35.9 b1 (2016)

«Search for a heavy (MX>800GeV) resonance
-2 “fat” jets (R=0.8), with double b-tagging

-B-tag based categories (LL, TT)

» Use constituent jets properties (“soft-drop” mass, N-subjettiness) S
- Signal extraction — reduced mass: Mieg=mjj —(Mj1—mnH)—(Mj2 - My) ;

10*

o(pp = X) B (X — HH — bbbb) [fb]

10°

10°

10

1

101+

35.9 fb' (13 TeV)

CMS

Radion (lAR =3 TeV)
—— Observed 95% upper limit

- - Expected 95% upper limit
B Expected limit = 1 std. deviation
Expected limit =+ 2 std. deviation

| | | | |
1000

| | | | | | | | | | | | | |
1500 2000 2500

3000

m, [GeV]

35.9 fb' (13 TeV)

a____ - - | !
> 10 = | LL category: Signal region E
© - CMS ¢ Data

& 10°:= —— Background pre-fit 5
P = Background post-fit -
c % I DEOREY Bulk graviton 1600 GeV N
2 10°§, — Bulk graviton 2500 GeV 5

. Signal cross section=10fb

1 iy \ * H
. ~. ™
ol P WA
L |
T T
alm O W Ll 1 n
C|©
QAT =2 [
1500 2000 2500 3000
M, 1oq [GEV]

Multijet background estimation

Mred < 1200 GeV: refined ABCD method
*m;j1 and b-tag sidebands

* Interpolate dependence on mj

Mred > 1200 GeV:

* Parametric fit

»Same shape SB & SR, yields from ABCD

Giacomo Ortona
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Phys. Lett. B 778 (2018) 101

bbtt

35.9 fb-1 (2016)

3 final states (etH, ptH,THTH), COVering 88%

3rd lepton veto

Kinematic fit (SVFit) to reconstruct m(tt)

ofthe BR piscriminant variable: '
+Non-resonant: Stransverse mass M2
» Resonant: Kmematlc Fit of m(jj’c’c)

———

Main backgrounds: tt, Z+jets (from MC) DY, multijet (from data)
*BDTs (low/high mass) to reject tt in semileptonic categories

Resolved analysis:
~+2 categories (1 or 2 b-jets)
- Elliptical cut in m(tt),m(j]

- ecut iIn m(tt),m())

Boosted (bb) analysis
*1 (R=0.8 jet), subjet b- taggmg

———— _ —— = =

Giacomo Ortona

CMS 35.9 fb™ (13 TeV)
3 Z_resolved 1b1j T, T, ¢ Data
10°E"channel o
) - Multijet
10°E Drell-Yan
- Other bkg.
10 3 [ ] SM Higgs boson
u N\ Bkg. uncertainty
1% ----- (k =1, SM) x 100
X — —— (k, =20)x 10
107 e-t . L
Eo1-- S
107 =
E —
10°F 3
] k====zcccc=cocococo-ood
10—4 |
10—5 —

O 50 100 150 200 250 300 350 400 450 500

M, [GeV]

CMS

35.9 fb' (13 TeV)

| _channel

Il

| resolved 2b t,t,

® Data
Tt
Multijet
Drell-Yan
Other bkg.

7] SM Higgs boson
N\ Bkg. uncertainty

mg =750 GeV
0(gg—S)xB(S—HH) =1 pb

-y

300 400 500 600 700 800 900 1000

mm[l]Flt [GeV]
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Phys. Lett. B 778 (2018) 10 bbTT - ReSUItS

CMS 35.9 fb™ (13 TeV)

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

-===:0==== Median expected
68% expected

95% expected
—— Radion Ag =3 TeV, kl =35, no R/H mixing :
1 | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | |

CMS 35.9 fb™ (13 TeV) 300 400 500 600 700 800 900
m, [GeV]

CMS 35.9 fb™' (13 TeV)

Non-resonant limits: hMSSM interpretation on | | R ek
-SM 0xBR<75.4fb top of narrow width T .-
ODbs.(exp.): o/osu< 30 resonant searches e |

LA 0 [0 T T R e |
JLABEEEAN

7

L

CMS 35.9 fb' (13 TeV)

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

L 1]

| :: ', ','
s K a 1 ’
- 3 1 N
[ |‘~.||| | ] f L] |, L || || |fo L 1| l| Ll 1 |.¢1“| L] s

20 -15 -10 -5 0 5 10 15 20 e
-20 -10 0 10 20 30 [ ] Observed 95% CL excl. [l Expected 16 4 SM k o

100

b

'E - ' ' : ' B Z_ L L B o B B BN L L R L
— 900 C 95% CL upper limits bb ‘UM’Eh + bb TT + bb T, T, 3 2 %3 5__ | . 'N %' %' . %;' %'_
E - Observed " Combined channels - SCOTLhMSSM: e s 2 8 3 8
Ie 800 :_ ------ Median expected .................. c\l ..................... ........................... _: . : & | & EI::; EI & & EI &
% 700~ MMM 68% expected | — — = 3| ]
% 600E- : 95% expected A& P N ,,\_f """" b | | | |
X 500 - N = 25 B —
B - = : 1 = : | ; =
g 400; EPUPPTRRRRRY: : - SR _; 3 i

_1 - = 1: B |
O 300 Bp s S = E i 2 _

N - ] 4

&) 200 00000000 WK EEunl ST SRR —] _: %

® : ] i _

) . e = _ N ‘, - AN -
k., /K T pecled ST B exel T Bxpeclad 220 757070 ""200 250 300 350 400 450 500
MK

[] Observed 95% CL excl. Spected=lo m [GeV.

= ---- Expected 95% CL excl. Expected +20
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Resonant boosted bbrz | U

35.9 fb-1 (2016), search for heavy mass resonances Fit on the mx distribution
X pHH—bbw 85907 (13TeV)
Boosted b-jet (anti-kT,R=0.8) and boosted tt (ItH,THTH) s Focms + Data ;
o - V+jets .
. . . — 21, 1 b-tag, H mass region e tf,t X 7
Kinematic fit to reconstruct 50<m<150GeV = == Fit unc. ]
2 10} Pre-fit _
: c B — m,=2000 GeV -
>O b'tagged SUb'Jet, 105<mj<1 35 Gev - I;r:JIkRadion (AeR=1):
CMS Preliminary 35.9 fb’’ (13 TeV) . . 1 o —
g Main backgrounds: tt, t+X,V+jets -
—_ L all channels, 1 and 2-btags combined Observed N . . ]
8 | T Median expected - ott, t+X: Shape from MC simulation, )
% amansy 1 NOrmalisation from CR i i
X 107 E . * %;
A \ { *V+jets: from mj sidebands, shape ¢ 3 :
T T i . . . 2 1000 1500 2000 2500 3000 3500 4000
e e corrected with simulation m, (GeV)
DO) E N \§§§\\\\ N E
107 06~ S000 " 2500 3000 3300 4000

m, (GeV)
Search performed up to 4TeV, excludes narrow width radion up to 2.5TeV
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, PAS-HIG-17-008 b bYY L/‘/(L'

359 fb'1 (201 6) CMS Preliminary 35.9 fb' (13 Te\/_i

%109_ : Grav. m, =300 GeV IVH (vy) +Data
Low BR (0.26%), excellent resolution, clear signature S Finum -socer Jvsrrn | st uncan.
S 10" (] sm HH (5000 H(yy bBH E
2 photons, 2 b-tagged jets (R=0.4) gmag_us e e : o
L|>J 05;_ ttH(yy _;
Reduced mass: Mx=mjjyy— mj - myy + 250 GeV 104!}***** :
BDT x Mx categorization: medium/high BDT purity and low/,; °
high reduced mass Mx<350GeV/Mx>350GeV) 105-.:

Main backgrounds: multijet, fake photons, SM Higgs

. . .
production o rypr Ay .90 (13 Te) 300 400 500 600 700 800 900
§ N PIIOeHHebby\-( ¢ Data E M, (GeV)
\?)/ B H|gh mass region — Full background model ]
c [ . . - CMS Preliminary Simulati (13 TeV)
I-CII>J> 10 High purity category ------- Nonresonant background _]| M = 2869(;‘”;(73:Vm Imula {-?\Z: 50 Gay =450 Gov _M — 00 GV 800 Gav e
N ——— SM HH Signal (x20) ) f X 3 : F
2D parametric fit ° E
. 6p- ¢ — : 5_
INn (mM;j,Myy) for il It :
signal extraction HW inig E I R & T S O W S/ S -,
10_0' - '11|0' %0 130 T Icllol = '15'50' = '1(%0' — '1}0 T 2ty 550300 . '300' “5 a0 00 - 500500 700 700600 600
M(yy) [GeV] Reconstructed Mass [GeV]
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PAS-HIG-17-008 b b'Y'Y - Res U |tS

CMS Preliminary 35.9fb" (13 TeV)
B ppeXeHH—>bbyy (Spm 0)
—o— QObserved 95% C.L. limit ---6--' Expected 95% C.L. limit

-

Sensitivity to non-resonant
production dominated by the high
mass/high purity category

—_
o
w

o(pp—X) x B(X—HH—bbyy) [fb]

Expected + 10 Expected £ 2 o
------- Bulk Radion, Ay =1 TeV ------ Bulk Radion, Ag =3 TeV

g gl

p

CMS Preliminary 35.9 fb' (13 TeV

—
o
N
[ IIIIII|

foobobb i)

PO B TR R R —

" n
ol
bl ]
-
-y [ o
L] L ]
~ L]
.........
...........
...........
L 2 "y
L L ]
~ D]
L] "y
& "
o LN
o LN

cfeb by

Most performant CMS channel:

1 *SM oxBR<1.67 fb T
.ObS-(eXp-): G/O-SM< 19-2 (1 6-5) 10_1; IS(A)OI - I4(i)OI - I5(i)OI - I6(’)0I - I7(i)0I - I8(i)0I - I92;)0

Resonance Mass [GeV]

—h

Q..
~
~
S

O .
| I L | L
| | | L1 11 |

.-..'. :
-5 N =

E E CMS Preliminary 35.9 fb™ (13 TeV) 18 CMS Preliminary 35.9 fb™ (13 TeV)
_1 5F = o F = o BBy i ? ? Gy = Cpy = C, =07
1.5¢ . = . pp—~HH—bbyy (SM) = TR
- i . IO —— Observed 95% C.L. limit g
_2__ g - |§ 10° 0 -=-e==: Observed 95% C.L. limit Expected 95% C.L. limit ::3 |§ - Serve _Im_l 3
N . . . = ro14f Expected 95% C.L. limit .......... R e —
Cc A e L L b b T % | Expected + 10 Expected + 2 0 - % 3 Expected + 10 ' ' ' ' :
20 -15 -10 -5 0 5 10 15 20 T [ 1 & PB epecedsze T E
i 2 s s — P - : : : : =
pp—HH—bbyy Ky = 10 s s s s s s sttt L 10 Theory Prediction (i, = 1)bmedorefhiosdin e —;
T - - | : : : : i
----- Expected 95% CL excl. Expected +1o ¢ Standard Model % = o 1 e Theory Prediction (,=2)y = J i3
Q_ [ eene e | 3 : \ . . 1

Observed 950/0 CL eXCl' ExpeCted 120 Cg = 02 = 029 = O % 10 __-.-__ b 6 Z_

R S Py

e = n@u = — =
IR S - 9= - - o LR TR =
oo o osen e 2 —
TE s = - 5 5 ? - 5 5 5 3
e Or' o e i L I BT IR
LM-MP  LM-HP LM Comb. HM-MP  HM-HP HM Comb. All Comb. -0 -5 10 =S 0 > 10 15 K/EO
At
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Summary

U

CMS Preliminary
I I I

35.9 b (13 TeV)
| |

—
(@]
HV)

95% CL limit on o(pp—X—HH) (fb)

10

rSpin-2 |

]
—— bblviv JHEP 1801 (2018) 054

—— bbrtt Phys.Lett. B778 (2018) 101-127
—— bbtt CMS-PAS-B2G-17-006

—— bbbb CMS-PAS-HIG-17-009

—— bbbb arXiv:1710.04960

—— bbyy CMS-PAS-HIG-17-008

— Observed
--- Expected

Spin-2

NG
~

S e

~

iy
S
~

| | | |
300 400 500 600

3000 4000
m, (GeV)

| | |
1000 2000

CMS Preliminary
| | |

95% CL limit on o(pp—X—HH) (fb)
| I IIIIIII| I IIIIIII| I

35.9 b (13 TeV)
| |

— bblvlv JHEP 1801 (2018) 054

—— bbrtt Phys.Lett. B778 (2018) 101-127
—— bbtt CMS-PAS-B2G-17-006

—— bbbb CMS-PAS-HIG-17-009

No evidence for either spin-0
or spin-2 resonance up to 4
TeV

Obs. (Exp.) limit on
0/Osm

Excluded cross-section
ranges from <1pb (300 GeV)
to ~4 b (3 TeV)

Sensitivity to non-resonant at
~15 times the SM expectation

35.9 fb-!

h " —— bbbb arXiv:1710.04960 —; . . 359 fb-!
TR —enasesnene 1 ANOMalous Higgs trilinear
~eees - COUPIlING constrained in the
- Spin-0 ; .
: R 1 region -8.8 <A/Asm< 15
g Spin-0f TN _§
BT T R R T 05—
m, (GeV)
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Summary (ll) | UL

. bbVV . bbtt . bbbb bbyy . Combined

CMS Preliminary | 359107 (13 TeV) CMS gg — HH

Assumes SM H'ggs branch'ng fractions

Run | combined

1 2 3 4 5 6 7 8 9 10 11 12 SM k,=0 bbbb
Shape benchmark

Combination ongoing. Expected

CMS preI/mlnary 35.9 fo' (13 TeV) bbtt

R . 95% CL upper limits Ilmlt at arOund ~1 1 XSM

-, [ 68% expected | _
. e Median expected

@[] 95% expected

W s Theoretical Predgiction - An O m a I O u S H I g g S trl I I n e a r CO U p | I n g bbYY

bbVV

95% CL upper limit on o(gg—HH) [fb]

N
o
o
o

1500 -

1000

95% CLs limit on o(HH) [fb]

constrained in the region -6 < A/Asm 1 S pperi
<12 Combined sy ocan expocte
L 1 | ] ] L |
. . 6 10 20 30 100 200
Each channel constrain different 95% CLon
benchmarks

500

Ky =M oy

95 / expected
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CMS vs ATLAS U

Both CMS and ATLAS perform resonant and non-resonant searches in the 4 main

channels
‘bbtt, bbyy, bbbb, bOWW

On top of these, ATLAS is considering yyYWW and WWWW, and CMS is studying bbZZ

Some strategies are significantly different across the experiments. Discussion is
starting on the best practices.

ATLAS has better trigger on b-jet. Significantly better results in bbbb:
«21XSM expected exclusion (13 observed) with 27fb-1

CMS outperforming ATLAS in bbyy (~27xSM expected)
Similar sensitivity in bbtt (ATLAS paper not out yet)
The combined ATLAS result should be similar to CMS one (~10xSM)

If this holds, for the legacy we can expect:
*10 x SM / / 3lumi /if Dexperiments ~ 5 x SM exclusion after LHC-Run2
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Constraints from single Higgs production

Anomalous trilinear coupling affects single H production @NLO

g
g _\\[{ g <
N t N
\ \\H \ |
\ H S . Y |
. e--T- ,, u o ~@ - - ®--u :
/ e |
/ s
" / // |
0 g : 0000998
g t g t g

Precision at the % level expected on most H couplings at the (HL-)LHC

Ay?
Constraints on anomalous Higgs couplings can be translated, i HL-LHC ;=
into constraints on k. L jem
- Assuming all anomalies are due to k. deformations \= 4 j oo e
\go \ ',’ 7
Otherwise, double Higgs data can be used to constrain flat A i P s
direction in the global fit \ | |
Most of the sensitivity is obtained by ttH, VH production RS

modes.

Experiments are looking into the feasibility of this approach
for Run2 already S e it e
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Single and Double Higgs production [_/I/(L

HL-LHC Projections show this method has similar sensitivity to direct HH searches

Different systematics, different parametric and theoretical uncertainties
Good complementarity between single and double Higgs measurements

A global fit of all the SM couplings is probably the best approach if we want to narrow
down the SM trilinear coupling

Differential measurements can provide further handles
It must include double Higgs data to work properly

Incl. single Higgs data H & HH all inclusive incl. H & ditt. HH

12_' "‘ """""""""""""""" II" '3' l'_ll_ 10_I — T T — .I '.| T 'i' — I_ 10_| LA I -Il |||||||| .' T — RN |
T K, exclusive fit Il 1D O s K, exclusive fit : _ | P | mmmene K\ echlIsze fit ; _
105 K, exclusive CMS || ! ] gl : global fit : ' gl : global fit ; ‘
LR - / ' I : i : | ] : ' ! |
5 | : | ———-qglobal fit (H dat L : i : lobal fit (H data @ LO) : |
gt | global fit (Higgs + TGC) x20 ! ; ; global fit (H data @ LO) : _ .__ 9 ( @Lo) ; _
B / . : _ : |
N [ ‘\ ! _ 6 ] | Y 6 I |
6 \ ! S| : - _
< [ \ / R g | - g | _
- ‘\‘ \\ ,l 0,0" : 4 B . 4 __ —_
4 X \ V4 'o" __ : : - 7
‘\ \ // '''' | I | | i
\‘ \ A T 2 — . 2 B N
2 " PRy x20 | - | ;

e / _ -1 ] -1

O e p—— .“g. _t“’:‘——:—ﬁ e ] O ...... 3 .al). L O .................. B.al.) l
-4 -2 0 2 4 6 8 10 10 8§ 10

6K,\
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Double Higgs at HL-LHC

LHC / HL-LHC Plan

U

S High
Luminosity
B LHC

LHC
Run 1 I | Run 2 | I Run 3
13-14 TeV energy
splice consolidation Injector upgrade
7Tey B8 TeV button collimators crya Point 4 ,Cr',‘{e‘l';,c”‘,'fon HL-LHC installation DORNIAL
R2E project Civil Eng. P1.-P5 reaions puminosity
2o o L avio | awie | oo g | | e | aoe m
radiation
darmage
2 x nominal lumingsily
experiment nominal lum nosity — experiment upgrade — — experiment upgrade
al beam pipes " phase 1 phase 2
osity l /
/’/,/
- i
-1 integrated
30 1b" 150 fb" - 300 10" | Ty

Double Higgs searches are an important
physics case for HL (and HE) LHC

CMS will undergo relevant upgrades for
the HL-LHC phase.

New all-silicon tracker, [n|<4, track-trigger

Barrel calorimeters: new electronics
New endcap calorimeter (high granularity)

Muon detectors to |N|<2.8
Trigger: L1 @ 750 kHz, HLT @ 7.5 kHz

Giacomo Ortona
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wsrricoz DOUDIE nggs at HL LHC, Projections [_/I/(L
» Dedlcated studies: pas-FTR.15-00

‘ bbW, bbTT, bbVV(IVIV, IVjj) ~50% precision

Extrapolations of 2015 analyses: pas-Frr-16-002

T _—

(s=14 TeV, PU=140 |
% T g T MM ML \ bbYY, bbTT, bbbb, beV(lVIV)
50— —— Combined fit — |
T . HH->bbyy ] . .
5 aof Aosonant bk - Poor stat. for projections
5 ] % 1{ i Non-resonant bkg; POl CMS Projection \s=13Tev  SM gg — HH
Q 2 .
E 30 ] ||||||||||||||||||||||||||||||||||
3 : ]L + —— ECFA16 S2 —— ECFA16 S2+
20— T + + — CMS projection (13 TeV) — Stat. Only
B ¢ Dbl o O 5 5
ob + . - f = ggeHHerrbb channel 9 = -
: I Sosfo
- i = . u B
O o saeeta . Sieni . 5045 ECFA16 51 | e b
100 105 110 115 120 125 130 135 140 145 150 Slgnlﬁcance° I 90— R ECEA{G S2
M, [GeV/c] | 04| S L — - — n
5120 .S.=.14|T.e\./’.P.U|=1.4c._) 0.35F |~~~ Stat. erroronly |... ..................... - w_ . ]
= | CMS Simulation - - — 1 1./
oo : N e .
: w T n
Tl Y] S S TSl NS et U0 0 N R W
5 60_— ] B — —
2 4ol - i A = L A . S
g 20:— Nomlnal LumInOSIty — 01__360 ------ 40|0 -------- III ------- I ------- |10|OO --------------------------- 2OIOO ---------- SOIOO I | I I | I | I | I | I
8 T o =2 -1 0 1 2 3 4 5
s | Total luminosity [fb™
o L
ol ésé"é' expected uncertainty
integrated Luminosity [10° o New studies with updated CMS simulations coming soon
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Beyond HL-LHC: HH@FCC-hh

80-100km accelerator, targeting 100 TeV pp collisions

LHC can get evidence of anomalous trilinear
coupling

HL-LHC can observe double Higgs production

To actually measure Annn we need the FCC

Several channels are being studied for FCC:
bbtt, bbyy, bbbb, boWW, bbZZ

Higher energy enhance HH production (x40),
large PU, large background

. Schematic of an
g 80-100 km

4 long tunnel

5
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Can study recoil against high pr jets for non-
resonant production




HH— bbyy (1)

| UL

Acceptance cuts

v isolation R = 0.4
(pr(had)/pr(v) < 0.15)
jets: anti-kp, parameter 12 = (0.4

|77b,f)',j| < 6

pr(b), pr(v), pr(j) > 35 GeV

mpy € |60, 200] GeV
M~ € [100, 150] GeV

FCC-hh Simulation (Delphes)

Backgrounds

* U
iy

* ||JY (fake photons, fake b’s)

pj—s~ = aexp(—pr,;/B)

FCC-hh Simulation (Delphes)

Final selection

v isolation i = (0.4
(pr(had)/pr(v) < 0.15)
jets: anti-kp, parameter K = (0.4

Moy < 4.5
pr(b1), pr(y1) > 60 GeV

pr(b2). pr(y2) > 35 GeV
my € [100, 150] GeV

pr(bb), pr(yy) > 100 GeV
AR(bb), AR(~v) <2.5,3.0
no isolated leptons with pr > 25 GeV

FCC-hh Simulation (Delphes)

> 10 T T T T T T T T [ > — rrd | I r | rr | tr | I rod | rr | tr — T T T 1 T 1T L T T T 1T L T T 1]

s hHke00) g1e000— — HH(<=1.00)  — g0 T L ke00)

@ 109Eg Vs =100 TeV o ttH - g - 1S= _‘19 B jy + Jets ] ©20000 VS = 100 TeV B jy + Jets —

> gL L=30 ab’ vy + Jets & 216000~ L=30ab vy + Jets — N - L=30ab’ vy + Jets .

2 3 E % - i - —

= E B jy + Jets ] 514000_ B ttH i 2 18000: B ttH .

E- = — — (O] - _

g 10 . 3 : . 316000~ -

10° = B 7 u -

= - 12000~ ] 140001 -

100 = - . - .

10 i 10000~ — 12000 =

N - 10000 o —

(o 8000 - F e - = -

= 6000 = B = - Tl

10:5 B i 6000— ]
102k 2

200 400 600 800 1000 1200 1400 1600 1800 2000 P8 120 122 124 126 128 130 132 0O 90 100 110 120 130 140 150
My, [GeV] m, . [GeV] m;; [GeV]
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HH—-bbyy (ll) L/I/(L.

FCC-hh Simulation (Delphes) FCC-hh Simulation (Delphes)

| L L L L I 1T 1 | I D N 2 L I L o L o I I
< 16:l G.Ortona., M. Selvaggi — D(D1 4l G.Ortona, M. Selvaggi // N
§ [ Vs=100Tev stat- only - ~, [ Vs=100TeV -
! 14 — §8,/S=1% ] 2 T i}
i _ 1 . _ B B -1 B
- L=30ab —— /S =8, /MtH=1% ] m 1.21 [ =30 ab i
121 — B -
HH— bb T ”
101 Y i i -
i ] 0.8 = —
8~ ] i i
i _ 0.6 _ ]
6 B ] __’// -
- - 0.2 —~
21 \ | 10 - i :
O —l 1 1 1 | 1 1 1 | | |1 | 1 1 1 | L1 1 I_ O_ | I | I | | I | [ 1 | | [ 1 1 | [ 1 | | [ 1 1 | | |

0.85 1 1.05 1.1 0 02 04 06 0.8 1 1.2 14
K, =, Jhg, K, =M /Moy

Delphes based study for hypothetical FCC-hh detector. " bKa(stat) ~ 3.

| SKa(stat + syst) = 4.5 %|
~ Or(stat) = 25% |
| Or(stat + syst) =~ 3% |

|
il
= =

2D parametric fit on myy:gauss, mnn: landau+exp
2D likelihood on signal strength/anomalous coupling
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HH-bbz (1) | UL

Banerjee, Englert,l Manlgano, Sel\faggi,lSpannowskyl802.0I607 . G(pp_’hhjy 100 TeV) ~ 100 * O'(ppﬂhhj, 14 TeV) :

I_>.=o-9ol*xsml - with pT(J) > 100 GeV
0'03? :;1:10*1:: _ * EXxploit large branching ratio
g 00?2 - i 2*BR(H_’bb)*BR(H_’TT) ~ /%
001 - » Requiring a boosted HH system recoiling against
: Ji jet(s), contains the invariant mass to small values
O T T T 000 — maintain sensitivity to the self-coupling
] m,, [GeV] _ _
Backgrounds:  Final states: both tiepthad and Tieptiep CONSidered,
but TiepThad by far the best...
¢ tt+jets
+ Zbb + jets (EWK + QCD) « Resolved analysis and thadthad final state were
+ ZZ/ZH (EWK) not considered, but they are by far the most

sensitive ones at LHC-Phasell and in

* Wi+jets (neglected) HL-LHC simulations

Caveat: no detector simulation!
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HH—- bbrz (lI)

* 1 Higgs tagged jet, with double-b tag , pr > 150 GeV
* Thad tagged

* lepton pr > 20 GeV |
 BDT based analysis @>

0.25 - | [ Ll 1] Ll L L T L J Ll | L] 1] L] _—

uls

3 '3' 0-5'_ e L I - —_— ' Y T T T T ™ T Y Y T Y
= I SM - = [ 'SM 2 03 - =
. -2 ] 2 = F sM .
:.,  BDT %.. £.  BDT & = BDT
O o2 ~05hgy L 04~ 0.5/ O 0.25[ -0.5hgy,
© f EW ] D EW = ——
& | ~QCD+EW: & § ~QCD+EW @ ooF - _QCD+EW:
N 0151 ~ttj ] &0 ~ttj - 0 _tﬁ
] 0
w | 0 @
o o © 0.15 g
& - & - o :
0.1+
E 0.05F ) = E
% i00 200 300 400 500 600 T 250 300 % 20 40 60 80 100 120 140 160 180 200
M-rg [Gev M:\T,colllnear [Gev- M::Itored [Ger
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ky = 0.5  0.169 0.176 29.81

ry = | 0.141 0.H2 0.07 | 0.37 0.96 0.147 24.97

Ky = 2 0.105 0.109 18.49

0.76 < k) < 1.28 3/ab,
oo — OK)(stat) = 8 %
Banerjee, Englert, Mangano, Selvaggi, Spannowsky 1802.01607 0.92 < kx < 1.08 30/ab
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Conclusions | U

‘Several competing analyses in different final states under study in CMS and ATLAS, providing
excellent coverage in different decay modes.

Non resonant double Higgs production is the main way to measure Higgs self-coupling.
At the moment, we can probe O(10-100xSM).

‘More luminosity is needed to reach SM sensitivity, but we are starting to probe BSM and to
constraint exotic BSM

Outperforming Run1 (scaled) results and projections.
Similar sensitivities in ATLAS and CMS

Resonant searches can already provide important constrain on BSM physics (MSSM, WED,
heavy scalars).
‘KK-graviton excluded below 800 GeV, Ar=1TeV Radion excluded below 2.5 TeV

‘Boosted categories enhance sensitivity to high mass resonances

Further improvement awaited from the among all channels
Planning ahead for future facilities
EXxciting prospects for double Higgs searches
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Huang, Lou, Wang, 1608 06619 EWSB phase tranSition l/‘/{L_

Real Scalar Singlet Model

current

*SM + a real scalar
singlet

*Plot show phase
space with a 1st
order phase
transition
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How CMS detects particles
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CMS upgrade:

Vs=14 TeV, PU=140

CMS Phase ll, Delphes
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Flat direction in the global fit
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2D shapes (bbgg@FCC)
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- exploit correlations of means in the signal, ex: myy vs mph
* build parametric model in 2D — myy: gauss, mnn: landau+exp

ttH

FCC-hh Simulation (Delphes)
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- perform 2D Likelihood fit on the signal strength and coupling modifier:

= Oobs/ OsM K\ = }\obs/ASM
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