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Motivations: Resonant searches

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 tanP region where BR(H—h(125)h(125)) is
sizeable.

Singlet model: Additional Higgs singlet with an extra scalar H.
* Sizeable BR beyond 2xm¢.p, non negligible width at high mn.

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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The non-resonant double Higgs production allows to directly probe the Higgs trilinear
coupling (Anhh). Even if in Run2 we not have full sensitivity to “measure” SM Annh

— 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 SM top Yukawa and Annh couplings
* New diagrams and couplings in the game

g% S hg - h
t Ve Ve ___</
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To be noted :
in a linear EFT ¢z = cagand ¢ =—(3md/2v)y,
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[2] Phys. Rev. D91 (2015),no. 11, 115008 c
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CMS searches

* 4 different searches presented today: R - .1

BRsm(HH—=xxyy) 88 |+

* bbbb, bbWWY, bbtt, bbyy WW . I
ag —§' 1072
* At least one h—bb to have large enough BR| __ £ 4 10
* Rare processes, low ¢, complex cc| P2 10
environment zz| d10°
* Resonant and non-resonant searches ;Y s 10°
performed in Runl and Run2 M;— * 107
10°®

*Runl: bb WW 99 Tt cC zz vy zy ww . [J0
e bbbb Resonant: PLB 749 (2015) 560, arXiv: 1602:08762

e bbtT Resonant: pLB 755 (2016) 217, PAS-ExO-15-008 Non-resonant PAS-HIG-15-013

* bbyy Resonant and Non-resonant: arxiv:1603.06896
* Run2:

* bbbb Resonant: PAS-HIG-16-002, PAS-B2G-16-008
4&- bbtt Resonant: PAS-HIG-16-029, Non-resonant PAS-HIG-16-028
* bbWWV Resonant pAS-HIG-16-011, Non-resonant: PAS-HIG-16-024
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Searches: how and where

3 Datasets used for this presentation:
*Runl, v/s=8TeV, £=17.9-19.7 fb’

«Run2, 2016, v/s=13TeV, &=12.9 b’

B-tagging algorithm to identify b-jets from jet constituents
» CSVv2: Based on displaced tracks+secondary vertexes MVAL]

At high my—boosted regime—merged jets

* Reconstruction using substructure information for jets, b-tag

e bbbb, bbtt channels

° L] § 108

Trade-off between BR and contamination, 5
= 10°

complementarity among channels 10

104

*bbbb:  highest BR, high QCD/tt contamination ;]

102

* bbWWV: high BR, large irreducible tt background
. . relatively low background and BR
«bbyy: high purity, very low BR

Data/MC

o
(3

[IJINST 8(2013) P04013

1

10
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0.6 ™", {s=13 TeV, 2016

¢ Data
Preliminary o
Multijets ¢
AK4 jets (50 < P, < 250 GeV)

[

B udsg

(] b from gluon splitting
[ ] pile-up

CSVv2 Discriminator
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hh—bbyy: run1 results

CMS 19.7 b (8 TeV)
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hh—bbbb

Very sensitive channel in the resonant searches 2317 (13TeV)

£ 250/

$ fcms.
b-tagging at trigger level, >4 b-jets offline P @ |

Low Mass Region (my<400) and High Mass Region 200%
(400<mn<1200) studied separately :

Background shape estimation from data in LMR, HMR/;

Dedicated boosted analysis above My=1TeV fd
2.7 0" (13 TeV) - i
S o [CMS t peta N 2 analysis strategies: TR -0 B R
5 Preliminary background prediction my, (GeV)
= 16 e e,
» otaluncertainty * double b-tagger: BDT 5 “Eows $ ouanen
E statistical uncertaint . . § 351 Frefminary
5, ’ from jet properties + ¢ -
10 background estimation = = A Y
. . 20 /
g from multiple sidebands  * {1} }
6 . 15 1f !
4B double-b tagging ¢ SUbjet b-tdg: baCkgI‘OUﬂd 1ol %
’ AT fit + 3 categories based | h } . |
O B e %0 OoN number of b- tagged z —
M= (GeV)
95 5 sub-jets
gg_g . 500800800000 20014007600 7800

m, (GeV)
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hh—bbbb: results

No evidence for the presence of new resonances so far over large mass range

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

s(pp — X) x B (X — HH — bbbb) [fb]

10?

-
o

T IIIIIII| I IIIIIII| [ T 1Tz

2.7 b (13 TeV)
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-

I ]
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237 (13 TeV)
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--------- Expected Upper Limit
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"hh—bbWW

Search for hh—=bbWW —bb2I2v.
2 isolated OS leptons + 2 b-jets in the final state

2015 dataset at +/s=13 TeV
Final BR for bb212v final state: 1.22%
Main backgrounds: tt, DY, single top

2 BDT discriminants (h masses, angles, transverse
mass) to separate signal from background at low
(mH<450) and high mass (my>450). Optimised for
mH=400 and mp=650. | single BDT trained for
non-resonant searches.

Resonant: cut&count experiment in 4 categories:
(mpb-peak,mpb-sidebands) x (low BD'T, high BDT)

: 2D fit in [m(bb), BDT score] to
extract the limits

Giacomo Ortona 10
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h—=bbWW: results

‘Compact Muon Solenoid

4 CMS Preliminary 2.30 b (13 TeV) 4 CMS Preliminary 2.30 b (13 TeV)
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hh—bbtt

Intermediate BR, fully reconstructed final state

| tH+ | isolated leptons (e, p,TH)*2 b-jets in the final state

3 final states: eTH, LTH, THTH

Main bkgs: tt (from MC), QCD multijet (from data in

control regions)

Resonant search:

Limit extraction on kinematic fit of the 4-body invariant _
mass; 3 categories: | bjet, 2bjet, boosted b-jets category o

12.9fo” (13 TeV)
c [
-=1800 _CMS bb MT ® Qata S
% - preliminary channel o it % 10?
- - QCD
C1 600 - Drell-Yan g
91400-_ Other bkg. — 10
L 5 % 2\ bkg. uncertainty =
1200k k, =1 (SM) (0x5000)| &
- -- k, =20 (0x100) o
1000y <
107

K&%&l%&%&&\*ﬁ®x®®¥$wxaw§

-

....................................................... g e e
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BDT output
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S Other bkg.

- A bkg. uncertainty
E — k, =1 (SM) o x 50
e T -- k, =20
e

m,, [GeV]

300 400 500 600 700 800 900 100C

12.9 b (13 TeV)

102ECMS

||||||IT

res. bb et,

F preliminary channel  EEEI tt

¢ Data

QCD
Drell-Yan
Other bkg.
A bkg. uncertainty
m, =800 GeV
m, =550 GeV
e m = 300 GeV
(0 x BR =1 pb)

I IIIIIIII i 1 I

300 400 500 600 700 800 900 1000

klnflt [GeV]

Non-resonant analysis:
* kinematic BDT discriminant
to reduce tt, only angular

information

e visible mass as final variable
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hh—bbtt: results

12.9 fb (13TeV)
cms  bbur +bber,+bbry, | Non resonant limits starts to make dents

Come|ned Chadnels in Part of the 5D EFT mOdel phaSe Space
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Summary of Run1 results

Several analysis performed at CMS

Coverage ranges from 2xmn to few TeVs

CMS Preliminary <5.11"(7 TeV) +=<19.7 fb" (8 TeV)

. . . 60
hMSSM: Effective MSSM model with 2 ool P
MKr—Mm |-|o[ 1] 40
o o 30
H—hh searches are providing an
important coverage of the low ma/low 20
tanf region
17.9-19.7 fb™ (8 TeV) Model not strictly applicable
3 F T T T T T T T ™ 1 O —————————————————————
= ~ CMS ——————  yybD (arXiv:1603.06896) ]
—~ Supplementary =
5 ) —  bbbb low mass (PLB 749 (2015) 560) ] )
% 10 = stﬁvrgrerf)vfnfvigtlggi‘grs)? ————— bbbb high mass (arXiv:1602.08762) 3 E Observed exclusion 95% CL
? - ——————  bD low mass (PLB 755 (2016) 217) ] 6 <~ Expected exclusion 95% CL
o B ———————  Ttbb mid. mass (CMS-PAS-HIG-15-013) 7 5 - _ _
£ 10% ttbb high mass (CMS-PAS-EX0-15-008) = L _ _ _1 Model not strictly applicable
< = radion Ap=1TeV 3 4 [ | h(125) (HIG-15-002)
/|\ = NG S e radion Az=3TeV — ;
10° _ 3 A/H — bb (arXiv:1506.08329)
g-; = TN — Observed 3 A/H/h = up (arXiv:1508.01437)
2 - : ...... Y ExpeCted | 2 I A/MH/N — 11G-14-029)_____Il
S 102 — | — H — hh (bbrr) /A — Zh (k) ||
’g = i WED:gg— X, k=35 = (] (arXiv:1510.01181) !
= - : no radion/H mixing .':\ - H— hh (bbyy) (H-3-32)
(_JI 10 = N —= H— WW/ZZ (arXiv:1504.00936)
O\O E : h | | E 1 ’ I I I I I I I
0 e E—— 1(')3 130 200 300 400 500 600 1000
spin-0 m, [GeV]
[1]LHCHXSWG-2015-002, 2015 my(GeV) al '
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‘Summary of Run2 results

: 2015 data

2.30-12.9 b (13 TeV)

[}

(2.3/fb) at \/S= I 3 TeV § 10 §| C|M|S | T T T T T T | T T T | T T T | T ;
*2 mass regions, optimised for I r rooumen S Higgs BF oivlv (GHSPASHIGTE0TD -
mH=400 and mH=650 ET 10° = bt (CMS-PAS-HlG-16-029)‘k =
& — A =
hh—bbbb: 2015 data (2.3/fb) at > r /. - -
o | bbbb (CMS-PAS-HIG-16-002) ]

\/S= |3 TeV o — Observed
o 10" --- Expected 3
*Boosted regime not shown S ¢ -
e [ ’

hh—bbtt:2016 data (12.9/fb) at 7 |

O 0E =
Vs=13TeV R F -
(@)) B < _
* Boosted category to improve P e

. e o o 400 600 800 1000 ~ 1200
high mass sensitivity mP"™ (GeV)

200 X 6(SM) «k

74 X o(SM) (Runl)
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Conclusions

Several competing analyses in different final states under study in
CMS, 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). Much larger luminosity is

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

Resonant searches can already provide important constrain on BSM

physics (MSSM,WED, heavy scalars).
* KK-graviton excluded below 800 GeV, Ar=1TeV Radion below 2 TeV

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

Exciting prospects for double Higgs searches
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gg—hh parametrization

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

2 2
3
Ly = — Th (1 — —cg + 66> h? | DTy (E | i ) GZVGQW

2 A7 \v 20?2

(e C — m 3c CHy \ -
[ vt (1 5 Ct) trtrh + h.C.} - [v; ( zt — 7) trtrh?® -+ h.C.}

9 //h g < ___h
g T~ g > ---h

SM diagrams
g 2:3>< _-h 9 /?;g‘%) -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

The double Higgs production cross thzfs% LA+ Agcs + (Aghi + Aycy)Rx + Ascay + (Ages + Agryi )i
hh
section can be written as a function of the +(Aghiytin + Agcghin)es + Argacay + (Arrcghin + Aracag)i

+(Azrrncy + AraCog)kikin + AgscyCaghiy -

5 EFT parameters: Anhh, Yt, €2, C2g, Cg

| JHEP 04 (2016) 126 |

. Cluster 2 Cluster 3
2D (Mun,cos9*) signal shapes from ’
different points in the 5D EFT phase "Jil 4 ;
SPace are Cluste red togethero :t' 100 200 JCI'D' ?(C:Ocvg:o v 100 200 JOCp: ?g:cvl‘z?: 100 200 30091 Cécovlg:;c % 100 200 3:032 ?8(;\[[?0

Cluster 5 Cluster 6 Cluster 7 ) Cluster 8
300 .
\J"- pes = ‘6

N:.u'\_r. = ee

12 clusters are identified according to ={.
there kinematical properties g

Inside each cluster,a representative ~ “ 77 wES TEEEES TEEEEE TEEEES
shape is identified, as the one with the [ g " '

minimum distance (in the test statistics)

from all other shapes in the cluster

Noarons =23

© 700 200 300 400 0 O 100 200 300 400 500 400 50 O 100 200 0 400 500
p? (GeVic) p. (GeVi) p. (GeVic) p" (GeVic)

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

Giacomo Ortona 19 ICHEP2016 - Chicago - 05/08/2016




hh—bbyy

Lowest BR of all channels considered, but excellent

19.7 fb™ (8 TeV)
14IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII

reSOIUtion on mYY E . CMS pp—>X—>HH—>YYbB,mX=300GeVE

Medium-purity _

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

Selection: p17!/myy<1/3, pt72/myy<1/4 + mass cuts

Two categories: | b-jet (low purity category), =2 b-
tagged jets (high purity)

Different signal regions at low and high mass

ﬂﬂ\; !

1 11 Illlll 1 1 |III | 1 I|I ||1|_LLLLLLL|:
900 110 120 130 140 150 160 170 180

m, (GeV)

* mH<400 GeV: b-jet regression + 2D signal fit
extraction based on (m;j,my)
>

19.7 b7 (8 TeV

O qp|- CMS pp — X — HH — yybb — 19.7 o (8 TeV)
+ 400<mu<1100 GeV: & R TRTIT T 105
8 -¢-Data — Background model 8 - © Pp = X = HH~yybb, M = 300 GeV
. . 10 — C ium-puri i
kinematic fit of the ~ S kb Medium-purity :
- A - -~ Data — Background model N
4 . . C 3 4 = 68% CL  95%CL
-body invariant mass S 2
!' :
6 - >
LLl

Non-resonant analysis: 4

2_

2 b-tag cat. X 2 cat. mry MM

emyy <350 && cosJCS| < 0650 400500 600 700 800 900" 1000 1100 120
miin. (GeV)

C 1 1 1 | 1 1 1 | 1 1 1 | 1 1
%O 80 100 120

e myy >350 && |cos9-°|<0.9 * m, (GeV)

1 1 1 |
140
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Lowest BR of all channels considered, but excellent
resolution on myy

Selection: p17!/myy<1/3, pt72/myy<1/4 + mass cuts

Two categories: | b-jet (low purity category), =2 b-

tagged jets (hlgh Purlt),) Signal hypothesis  Select # categories Fit
. . . . (1) mx < 400GeV  min, 2 (b tags) Moy, 1M
Different signal regions at low and high mass "~ cv 070 20w i
- . : 3)N 0S5, 4 (b tags, m<in. i

* mH<400 GeV: b-jet regression + 2D signal fit ~SNowesonant Jeosfuia] 40 tags miy) .
extraction based on (mj,mry)

*400<mn<1100 GeV: Photons Jets
kinematic fit of the Variable Range  Variable Range
4-body invariant mass o m S1/3 P (Gev) <05

Py /iy >1/4
Non-resonant analysis: 174/ <25 | <24
Moy (GeV)  [100,180]  m; (GeV) 60, 180]

2 b-tag cat. X 2 cat. myy
e myy <350 && |cos¥3| < 0.65
e myy >350 && |cos9-°|<0.9

b-tagged jets >0
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