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Motivations: Resonant searches

250 400 600 800 1000 2000 3000 MH [GeV]

MSSM/2HDNAdditional Higgs doublet CP-even scalar H.

¥We can probe the low m/low tan' region where BR(H h(125)h(125)) is
Sizeable.

Singlet modeAdditional Higgs singlet with an extra scalar H.
¥Sizeable BR beyond 2wginon negligible width at highyn

Warped Extra Dimension#

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

¥Different phenomenology if SM particles are allowed (bulk RS) o#not
(RSI model) in the extra dimensional bulk
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%Mn(13TeV) = 33.45ft#3%5 pofscale unc.) +3.1%(PD&gunc)H

The non-resonant double Higgs production allows to directly probe the Higgs triline
coupling $nnr). Even if in Run2 we not have full sensitivity to OmeasureknsM

I The BSM physics can be modelled in EFT adding dim-6 opéefatothe SM
Lagrangian, and the physics can be described with 5 paranfiers, ¢, g G

¥ Non SM top Yukawa anflhnn couplings
¥ New diagrams and couplings in the game

g - h g - h g
t : Zb.%.: Zb.%’_h_
g C2 ~~p g Cg "~ g Cg

To be noted :
In a linear EFT & cogand @ =!(3m ¢/2v)y

[1] LHCHXSWG Yellow Report 4 N
[2] Phys. Ré»91 (2015), no. 11, 115008 C

g9 h rate within! of SM

Excluded by 20%
:I— measurement of

tth
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I CMS searches

¥4 different searches presented today: ‘g e T
bb BRsw(HH! xxyy) —83 ;51
¥bbbb, bbWW, bl##, bbl! WW |
g =107
¥At least one th bb to have large enough ﬁlﬂm;% 14 100
¥Rare processes, low, complex cc| | 10
environment 27| | 4 10
¥Resonant and non-resonant searches Zaaie""’ _|igg 10°
. ad
performed in Runl and Run? - I107
o NN .

¥Run1 bb IWWI gg | 00' CC IZZI aa Za WW o o dect
¥bbbb Resonantis 749 (2015) 56arxiv:1602:08762

¥bbtt# ResonantyLs 755 (2016) 21PAS-EX0O-15-00NON-resonantrAs-HIG-15-013

¥bb!! Resonant and Non-resonantiiv:1603.06896
¥Run2

¥bbbb Resonantas-HiG-16-00PAS-B2G-16-008
%b Of# Resonantras-HIG-16-029 Non-resonantAs-HIG-16-028
¥bbWW Resonantras-HIG-16-01, Non-resonantbas-HiG-16-024
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Searches: how and where

3 Datasets used for this presentation:
¥Runl,' s=8TeV,%=17.9-19.7 i3

¥Run2, 2016, s=13TeV,%=12.9 fb'

B-tagging algorithm to identify b-jets from jet constituents
¥CSVv2: Based on displaced tracks+secondary vertexestMVA
At high ny! boosted regimé merged jets

¥Reconstruction using substructure information for jets, b-tag
¥bbbb, bl# channels

0.6 fbl, {s=13 TeV, 2016

Trade-off between BR and contamination, ¢ semmay

0 )
~ 10° Multijets

complementarity among channels 1 Males (500, <2505
¥bbblh  higheg BR high QCD/tt'tontaminaion =

¥bbWW: high BR large irreducible t t'backgound
¥bo##  relatively low background and BR ",
¥bb!! :  high purity, very low BR

{ 3 3 ..".....b'..‘.........‘.".....".'.....'

Data/MC
H

a1 = a1
[ [
b

o

0 01 02 03 04 05 06 07 08 009 1
[MIJINST 8(2013) P04013 CSVv2 Discriminator
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hh! bb!! : run1 results W
CMS 19.7 fo™ (8 TeV)

Lowest BR among all channels, but excellegt ey

WED: kl = 35, k/MPI = 0.2, elementary top, no r/H mixing

reSOI Utl O n O n m 'g 102 - rad?on (8 =3TeV) ----#--- Observed 95% upper limit

T ESIIOESR;V?J:V) ---------------- Expected 95% upper limit
No excess observed In resonant searches.: ;
Already sensitive to BSM physics below 1'IIeV

Non-resonant sensitivity ~70xSM. Limits m%
3D phase space regiongk:, ) of EFT theory 1%

Expected limit £ 1 std. deviation

== Bulk KK-graviton

Expected limit £ 2 std. deviation

CMS 19.7 fb™ (8 TeV) 3 -

Hop HHt uEh) [ mee T T Sy N R T T T T T
Obs. 95% CL upper imits| | @/[@ 1 @ V[V @@ o V@], 10 300 400 500 600 700 800 900 1000 1100
vl—l.Sfb .1.5-2fb r |§| |§| . v Ii‘ _:_Iz‘. . .|§|_:1 mx (GeV)

2-25f  A25-3fb | [ I Jos
Ve e v@i®e Vv e@] 19.7 tb™ (8 TeV)
D Excluded _ _:_ _30'6 LI I L L LI T T T 1 T T T T T T T T L L L L Y
e b 8143 Jdd fadd Hdd pa = 105 cMs E
- A Ranc o A B M LR LA Ea e e e G C ]
S14 %= 10 T %=15 T %=20 1.4 g T el B TERPRPS T—— 0 ""’ """ weoo .
£y A D@}V A DEDias @ @EE, g [ e - T gen——% sy i
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TV VY A @e+V A ODE ftea a4 @Dei & 1= —
X I T ] & - 3
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14 %A=- T %A=-15 T %=-20 1.4 ~ ---e-- Observed 95% upper limit * =
14 @@ AVIi@E @ Ami@E B @A, tF = -
: 1 : ] [ o Expected 95% upper limit N
1| @@ Vi@E A ae @E & ami ¢t P PP . .
5 1 1 ] Q| eeeee- " =10,¢c,=0, Expected limit + 1 std. deviation
08 @@ Vvi@e®e A eV iI@E A aePs 102 t 2 p |
0.6- . T T 10.6 = Assuming SM H decays Expected limit + 2 std. deviations 3
04:_ f$§ 5 ;‘9 _:_ (;\Q,\SQ,:,\Q Qq’@ ';‘\Q _:_ $$ Qq:io ,:;\Q _:04 I_I | L1 1 1 | L1 1 1 | L1 1 1 | 11 1 | L1 1 1 | L1 1 1 | L1 1 1 | L1 1 1 | L1 1 1 | I_I
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Giacomo Ortona 7 ICHEP2016 - Chicago - 05/08/2016




hh! bbbb

Very sensitive channel in the resonant searches

b-tagging at trigger levél 4 b-jets offdine 250

Low Mass Region (#&400) and High Mass Region ..,
(400<mh<1200) studied separately :

Background shape estimation from data in LMR, HI(_ i;fig;;

Dedicatedboosted analysiabove Mi=1TeV

2.7 fb™* (13 TeV)

N
o

- ICMS —¢— Data

- CMS .
L Preliminary SR

=
0]

Preliminary

background prediction

total uncertainty ¥d O u b | e b -tag g SDT
statistical uncertainty .I:rO m Jet p ro Oe rtl eS +

'_\
N

Events / Bin Width (GeV)
H
(o))

=
N

30

Events / 20 GeV
w
ol

woubiebtagng | ¥SUDJet b-tadpackground

pp! X! HH! bbbb

e g;;;én Al
0000 0 T 000 om0 %0 ON number Of b tagged

M (GeV)

sub—Jets

N O DN

Data - Bkg
Sgat. unc.

2 analysis strategies: % S ST

background estimation -
from multiple sidebandsz";‘ ‘

bt + 3 categories baseatl -

14
' 400 600 800 1000 1200 1400 1600 1800

50 100 150 200 250 300
my, (GeV)
:: ng{ilrfin y + Data in SR
- v

m, (GeV)
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I hh! bbbb: results

No evidence for the presence of new resonances so far over large mass ral
Sensitive to Radion (below 2TeV) and Graviton production (below 800GeV)

Boosted analysis:
¥double b-tagger: at low/high mass

¥sub-jets b-tagging: for 1200<mH<2000 GeV

2.7 fb1 (13 TeV)

2.3fb™ (13 TeV)

[ —
o
3

—_ | T T T T T I T T T T | | § -
o) . _ ~ -
E 10% & CMS Radion (%, =1 TeV) = ~ L C|\f|S --------- Expected Upper Limit
2 = . —— Observed 95% upper limit = 2 | Preliminary Expected + 1o
Ig B Prellmlnary > . _ = Expected + 2 ¢
e B - - - - Expected 95% upper limit . L * o
103 - o o | 2104 —e— Observed Upper Limit
:—E' = Expected limit + 1 std. deviation 3 Qo KK-Graviton, kL=35, k/M_=0.1
L = Expected limit £ 2 std. deviation E %
— B X
2 ] —
x 10°E E o2
m - = = E 103
S - T T T T~ == — X
< 10 = L
- - 2
— - a =
Q B _
= 102
* 1 E
10$1 | | | | | | | | | | | | | | | | | | | | | | i
1000 1500 2000 2500 3000 Lo b e b b by ]
M(X) [GeV] 200 400 600 800 1000 1200

m, (GeV)
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CMS Preliminary 2.30fb" (13 TeV)

‘hh! bbWW .

Search for hh bbWWw! bb2I2 .#
2 isolated OS leptons + 2 b-jets in the bnal state* | |
2015 dataset at s=13 TeV
Final BR for bb2I2Pnal state: 1.22%
Main backgounds: tt,'DY, single top =
2 BDT discriminantgh masses, angles, transvers i AR R N
mass) to separate signal from background at Iow  cusvemmy  ssowemy
(mn<450) and high mass ¢w450). Optimised for 5 = *=*= “From B
mu=400 and m=650.1 single BDTtrained for : g
non-resonant searches.
Resonantcut&count experiment in 4 categories:
(mp-peak,mp-sidebands) x (low BDT, high BDT)

12D btin [m(bb), BDT score]to = & l “+I++I+-****I*u%*u+#¥l ‘ :
extract the ||m|tS . ﬁi:ﬁjj.j_ﬁjlj{jj.jjﬁjj.Ijjﬁjj.jljﬁj;,jiijﬁﬁjj;jIjjjjﬁﬁjjjjIjjjjj‘]jjﬁjjlj._jj.jjﬁjjj.ﬁf{j[;I..I._._jﬁ.jjﬁjﬁﬁjj;l....jjﬁjjjljjﬁjjljjﬁ;

) BDT output
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‘Compact Muon Solenoid

| bbWW: results

4 CMS Preliminary 2.30 b (13 TeV) 4 CMS Preliminary 2.30 fb™ (13 TeV)
31 O - T T ‘ T 1T ‘ T : T T ‘ T 1T ‘ T 1T ‘ T 1T ‘ T 1T | T i 310 :\ T ‘ T T ‘ T T : T T T T ‘ T 1T ‘ T T ‘ T 1T | T i
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hh! bb##

‘Intermediate BR, fully reconstructed bnal state

1#1+1 Isolated leptons (&, #4)+2 b-jetsin the Pnal stat

3 Pnal states#g, (# 1, #4#H
Main bkgs.tt'(from MC), QCD multijet (from data in

control regions)
Resonant search

Limit extraction on kinematic bt of the 4-body invariant”zé

mass, 3 categories: 1bjet, 2bjet, boosted b-gatggory

12.9fb™ (13 TeV)

51800-CMS bb u$ ¢+ Data
L1600F Qcp
S u Drell-Yan
91 400 Other bkg.
o8 RS \a bkg. uncertainty
1200 k, =1 (SM) ("!5000)
---- k, =20 ("1'100)

BDT output

0
O 14;_ .........................................................................................................................
< 1&«\’\ %Q\\\!!«‘ %%\‘k\m (g SN \Q}\Q\\\\a )\;
S 0.8E
(U 06 gy b by R I Tt T ) L Tt R i IR S ey
) %98 906 W4 W2 0 02 04 06 08

dN/dm, . [1/GeV]

12.9 fb1 (13 TeV)

102 ;_CMS bb %% ¢ Data
E preliminary channel g tt
- QCD
10 Drell-Yan
F Other bkg.
= N\ bkg. uncertainty
1 —— kg =1 (SM) # " 50
o o c-- kg =20
- ™™
10 1 §_ ‘_H_QA_H \\\\\ * \\\\\
10'2 [
103
10 E
EI L1l | Ll 1| | Ll 1l | Ll 1l | Ll 1l | IIIIIIIIIIII
200 300 400 500 600 700 800 900 100C

My, [GeV]

12.9 fb1 (13 TeV)

10°ECMS

res.bbet, o
- preliminary - channel I:I tt

AN\

||||||IT

Data

QCD

Drell-Yan

Other bkg.

bkg. uncertainty
m,, = 800 GeV
m,, = 550 GeV
m =300 GeV
(0 x BR =1 pb)

T e |

300 400 500 600 700 800 900 1000

klnflt [G eV]

Non-resonant analysis
¥kinematic BDT discriminant
to reducett,'only angular
Information
¥visible masas bnal variable
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hh! bb##: results

12.9 fb* (13 TeV)

cMs - pow +bbe+boty | Non resonant limits starts to make dent:

Comt;)ined channels

bb! 1) [pb]

In part of the 5D EFT modegdhase space

No signiPcant excess observed in the
resonant analysis

hhll

+ Observed

CMS Prellm/nary 12.9fb™ (13 TeV)
| o L L L L .
Expected 0 aIIowed ¢ excluded

- ExpeCted + ]$ .~ | oObserved: » allowed 4 excluded
Expected + 2% X : : o

L | I N | I I | | I I | I I | I I | I N | 25 B . . o ®® @ @ @ ® @ @ @ @
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my, [GeV] : Seeoe pooo o @
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95% CL on $# BR(H"

129 fo” (13 Tev) 20 %0 o .2 0ooo @ec o o @
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Combmed channels i '...® °0 ® ®:’.®...®“@. o o

15 @°0 0 @ 0000 220@ © .0 .0 © -

10 oVeo o © . 000000000 0 0.0 @ -
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R 2.
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: @ 200 @ @ @ © A
) : : szcgzczgzo.
5 5 i S I RN SN SN R I BN
] ] ] ] ] ] ] ] ] ] ] | ] ] ] ] | ] ] ] ] | _15 _10 _5 0 5 10 15
20 "10 0 10 20 30 K,
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sz Theory prediction
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[
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Summary of Run1 results

Several analysis performed at CMS
Coverage ranges from 2xto few TeVs

hMSSM: Effective MSSM model Wlthc

Mh=Mol*]

H! hh searches are providing an
important coverage of the low pilow
tan' region

17.9-19.7 fb™’

(8 TeV)

) (fb)

I H
IIIIIH”

IIIIIH” I IIIHH|
P —

T
CMS
Supplementary

Assumes SM Higgs BR
and narrow width for X

WED: gg! X, k=35
no radion/H mixing

]
* .
L]
-
R L

T T | T T
##bb (arXiv:1603.06896)
bbbb low mass (PLB 749 (2015) 560)
bbbb high mass (arXiv:1602.08762)
$bb low mass (PLB 755 (2016) 217)
$$bb mid. mass (CMS-PAS-HIG-15-013)
$$bb high mass (CMS-PAS-EXO-15-008)
radion %;=1TeV
radion %;=3TeV

— Observed
-- Expected

/

95% CL limit on
o
ILHE|_

[1]LHCHXSWG-2015-002, 2015

spin-0
My

'E)
)
=

S50 |
40

20

10

w »~ 01O

\

E Observed exclusion 95% CL

s

—==== Expected exclusion 95% CL

_ _, Model not strictly applicable
E h(125) (HIG-15-002)

A/H# bb (arXiv:1506.08329)
A/H/h# pp (arXiv:1508.01437)

gy (bb$$)/A#Zh(ll$$)
(arXiv:1510.01181) i
H# hh (bb%8) (HIG-13-032) ||}

H# WW/ZZ (arXIV 1504 00936)

200

300

400 500 600 1000

m, [GeV]
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‘Summary of Run2 results

: 2015 data
(2.3/fb) at s=13TeV e e M s
\Vip) mass regiOnS, Optimised f( ’%“ E Preliminary bblvlv (CMS-PAS-HIG-16-011) E
MH=400 and mH=650 C-’T 10°

Assumes SM Higgs BR
bbre (CMS-PAS-H|G-16-029)*&
«

hh! bbbk 2015 data (2.3/fb) a

bbbb (CMS-PAS-HIG-16-002)

%><
!
' s=13TeV \% ) — Observed
. 210 §_ --- Expected _§
¥Boosted regime not shown s ¢ -
hhi - bl 2016 data (12.9/b) = [ )
' s=13TeV s F ?
¥Boosted category to improve [, S T
high mass sensitivity T e Gey)

200 X) (SM) «k

74 X) (SM) (Runl)
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Conclusions

Several competing analyseslifierent Pnal stateander study in
CMS, providing excellent coverage In different decay modes.

Non resonantdouble Higgs production is the main way to measur
Higgs self-coupling.
¥At the moment, we can probe O(10-100xSM). Much larger luminosity Is

needed to reach SM sensitivity, but we are starting to probe BSM and to
constraint exotic BSM

Resonant searchean already provide important constrain on BSI
physics (MSSM,WED, heavy scalars).
¥KK-graviton excluded below 800 Ge\g=1TeV Radion below 2 TeV

Further improvement awaited with end-of-the-year luminosity anc
the among all channels

Exciting prospects for double Higgs searches
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dgg! hh parametrization

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

2 : 2
m 3 | h h
Lpp = ° 2—\? 1" QCH T Co h° + j.. v B Gﬁ! Gg!
. 1 1L l . N/ d\\x.
Ilm W C e e m 36 C
o Lo Ay ¢ @tgrh+ h.c. — 2t Zt _7H Butrh®+ h.c.
v, 2 . ;o (

t L ty A
g " ~h ¢ »—L ---h

SM diagrams
g _ 7 h g _ 7 h g 7 h
t - -- <’
> T
g ~ h 9 ~h 0 ~ h
ttHH non-linear interaction Higgs-gluon contact interactions
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‘An EFT implementation for hh

LO

. - _ S L 14+ Ao + | 2+ Agc)! 5+ Accs, + cp+ Azl
The double Higgs production cros&: =g = A'i+ Aaz+(Aali+ Ascg)! 3+ Asez, + (Ageo+ A )10
section can be written as a function of the Ej Ajcg! ; AA<A Arpep)! §
5 EFT parameters_hhh, M, Cz, ng’ Cg 13- \%g 14%2g7- t* A 15%¢“2g° X -

| JHEP04 (2016) 126

© 00 20 30 400 500
p" (GeVic)

space areslustered together

12 clusters are identibed according»-{
there kinematical properties

Inside each cluster,/@presentative
shapas identibed, as the one with th
minimum distance (in the test statisti
from all other shapes in the cluster

Cluster 8

0

p" (GeVic)

Each point of the phase space can be mapped by means of its cross-sectio
representative shape
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hh! bb!!

‘Lowest BR of all channels considered, but excellent
resolution on m

Selection: p Ym! <1/3, pr' 4/m! <1/4 + mass cuts

Two categorieslb-jet (low purity category), 2 b-
tagged jets (high purity)
Different signal regions at low and high mas

¥mn<400 GeVb-jet regressiornt 2D signal bt
extraction based on (j{m:!

¥400<my<1100 GeV#
kinematic pof the #
4-body Iinvariant mass

\6

Non-resonant analysis: aF

19.7 fb™* (8 TeV)

pp" X" HH" !!bb
Medium-purity

-
N
LI

-8~ Data — Background model
68% CL 95% CL

vents / 20 GeV ™~

E

2_

2 b-tag cat. X 2 cat. m
¥m! <350 && |cos ¢y < 0.65
¥mnr >350 && |co% ¢9<0.9

00, CHNAIAULEANE

400 500 600 700 800 900 1000 1100 120

mil} (GeV)

Events / 10 GeV

!

pp" X" HH" 11bb, m, =300 GeV-
Medium-purity ,

-8~ Data — Background model
68%CL  95% CL

AhiAINS

110 120 130 140 150 160 170 180

m,, (GeV)

19.7 b (8 TeV)
T T T | T T T

35

30

[ [ ' [ [ [
:?m pp" X" HH" !lbb, m =300 GeV]

Medium-purity

-8~ Data — Background model
68% CL  95% CL

120I 140 I160I I180
m; (GeV)

80 100
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hh! bb!!
‘Lowest BR of all channels considered, but excellent
resolution on m

Selection: p Ym! <1/3, pr' 4/m! <1/4 + mass cuts

Two categorieslb-jet (low purity category), 2 b-
tagged JetS (hlgh purlty) Signal hypothesis Select # categories Fit

(1) my! 400GeV mkn. 2 (b tags) my , M

Different signal regions at low and high mass;, ., c. mom 2(btagy  min

¥mu<400 GeVb-jet regression+ 2D signal bt &Nomesonant o'’ 40 tags.mify) me .y
extraction based on (fpm: )

¥400<m-|<1100 GeV# Photons Jets
kKinematic bof the # Variable Range Variable Range
4-body Invariant mass o3 m, >13 g (Gev) > 25
0.2/ my >1/4
Non-resonant analysis: " | <25 |yl <24
my (GeV) [100,189 my (GeV) [60, 18Q
2 b-tag cat. X 2 cat. m btagged jets >0

¥m! <350 && |cos ¢4 < 0.65
¥mnr >350 && |co% ¢9<0.9
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