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Why looking for HH?
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Non-resonant production ‘ ‘)
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SM prediction @13 TeV [NNLO+NNLL]

Opp—»hh = 33.49+4'3—6.O (Scale) + 2. (PDF) + 23 (Ofs) fb
[HXSWG, arXiv:1610.07922]

Main way to extract trilinear coupling Annn
No sensitivity at LHC with current luminosity
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HH production at 14 TeéV LHC at (N)LO in QCD
M, =125 GeV,:MSTW2008 (N)LO pdf (68%cl)
: Physics Letters B 732 (2014) 142-149
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Sizeable effects from BSM physics

Eob e e o | o o enhancement, kinematics modification
£k Parametrised with effective Lagrangian using 5

MadGraph5_aMCE@NLO

iIndependent parameters: Annn, Vi, C2, Cg, C2g
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Here focus on main production mode: gg fusion
Oniybordgem | el e o VBF and other modes presently out of reach
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Why looking for HH?

Resonant HH production not predicted in the SM
Any observation would be a sign of new Physics

Resonant production

250 400 600 800 1000 2000 3000  Mx[GeV]

lll } MSSM/2HDM ‘ Singlet model I WED

= MSSM/2HDM: additional Higgs doublet gives CP-even scalar H
o probe the low my - low tanf region of the MSSM plane where BR (H—hh) is sizable

= Singlet model: additional Higgs singlet S gives an extra scalar H
o sizable BR beyond 2xmiep, NoN negligible width at high my

= Warped Extra Dimensions: spin-2 (KK-graviton) and spin-0 (radion)
resonances

o different phenomenology it SM particles are allowed (bulk RS) or not (RS1 model) to
propagate in the extra-dimensional bulk
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How looking for HH?

HH production and decays are
decoupled effects

o assume SM BRs in the analyses

Require one h—bb or h—=>WW
decay to keep BR sufficiently
high

Tradeoff between BR and
background contamination in the
choice of final state

o various channels are
complementary

o different sensitivities in different
mass ranges
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Searches outline

~ -1
Lumi analysed @13 TeV [io"] | " Run | searches on ~20 fbo-! of data
o bbbb, bbrz, bbyy, yyWW, lepton+photons

Channel o ATLAS performed a combination of the 4
| channels analysed

o 13 TeV searches sensitivity is already close
(or higher!) to Run | despite the smaller
luminosity

o Only 13 TeV results are presented here

= Different luminosities collected at 13 TeV
are analysed in the various channels

= Both resonant and non-resonant searches
iIn all final states

o extended coverage to non-resonant BSM
couplings in bbWW and bbtt (CMS)

o resonance mass range from 250 GeV to 3 TeV
depending on the analysis
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Experimental challenges

., CMSSimulation 1528 Tev wt, "fg’ 030F ATLAS Simulation Prelirrllinary Vs =27153 C;I'?/V'
= Difficult event reconstruction ~ £°= . e
. . . . E; ' ; CMS Simulation \s = 8 TeV ut, E . 2§:350 G:V
o Limited resolution on b jet F o s o e || Sol s niote s |
. . o g 0.14f " constraint applied to Mub
iInvariant mass ? o Mz«
— regression / my rescale o0k Y
. . . 0.041 08l
o Missing energy in 1t searches o ot
— likelihood methods LI YN

o

o

S
T

Mobyy [GeV]

= Looking for signal using 4-body L
iInvariant mass: improve resolution
with kinematic fit

CMS Ppreliminary
—_———

2.30 o' (13 TeV)
T — 7

T
uu + ee + ue + ep channels ¢ Data o

[aV]
g 160 Signal (1 pb) [ Drell-Yan —]|
2 — m, = 400 GeV [l Single top |
5 140 — my =650 GeV | VWV 3
. . c 129167 (13 TeV) — B‘ﬁ;ggmev L] snr?nl Higgs ]
= p-jets from high mass £ P oD :
2 QcD
[ Drell-Y
resonances overlap 5 e
L W\ bkg. uncertainty

—— k, =1 (SM) (6x5000)
---- k, =20 (0x100)

— |et substructure
techniques

, : ightthatity it
= Small signals with large backgrounds e e b pns| | S S
_} MVA methOd S to Se parate from % 1‘2'11 ;\K\k!\\'\\l\!\w\{\‘\%\Q\%\(\;\\i\(\;\\}\ﬁf\\#\u\ﬁ\\‘\ oo outett
overwhelming backgrounds 8 st sy e s

BDT output
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é-llg/lLéA\IS:’A(\;SOI-NIIFGaOg%(?ZAf ?CMS-PAS-HIG-1 6-026 h h — b h b b

ATLAS
= pb-tagging at trigger level, require 4 b- "
tagged jets offline K

= Signal and control regions defined in the
(mjjlead’ mjjsublead) p|ane

= Main background: QCD multijet. Estimated

20

10

from data °
o ATLAS: relaxed b-tag and inverted mass < 3007
sideband %2505 Frlmiary @
o CMS resonant: fit to data in mass sideband E - . e
200 . i

o CMS non-resonant: “hemisphere mixing” to R A O
create background template mixing data sof- LA
events topologies - R e

100l iR
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ATLAS-CONF-2016-049
CMS-PAS-HIG-16-002 , CMS-PAS-HIG-16-026
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= Exploit invariant mass of objects to look
for a signal

o ATLAS, CMS resonant: exploit 4] invariant
mass. CMS does a separate study of low
and medium mass regions

o CMS non-resonant: 2D fit in (m;lead,
mjjsublead) p|ane
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ATLAS-CONF-2016-049
CMS-PAS-B2G-16-008 hh —bbbb : boosted ATLAS

EXPERIMENT

> L S L L L L L L B

= Require two jets with cone 1.0 (ATLAS) / 0.8 (CMS) 3 1°2§L%¢esvf£%“$'”ary R
9 - ignal Region, Boosted 4-tag [t 5

o trigger: one R=1.0 jet (ATLAS), jets+ Hr sums (CMS) 5 | Wamowt

10

= pb-tag criteria applied
o ATLAS: categories with 2/3/4 b-tagged track-jets matched

o CMS: two separate methods :
1) b-tag on sub-jets + 3-4 tag categorization /

Data / Bkgd
— l\‘) O‘c\ &
,-—¢—'- - .', .
i

2) double-b tagging MVA algorithm on R=0.8 jet - S

| Background from da’[a 0 56\0 1000 15:'00 2000 2500 3000 \3\26}
m,, [GeV]
o ATLAS: multijet+tt yield I (5 S —

CMS pp — X — HH — bbbb 2.7 (13 TeV)

simultaneous fit to jet-mass
distribution in sideband.
Multijet shape from data.

n
o

Preliminary 4 b tag category

- |CMS —+— Data

- |Preliminary

_~
®
\

M es% CL ¢ Data

95% CL Background model
Alternative background m
-------- Gl o(MX=1 .6TeV)=201

background prediction

10

(2]
T T

] ;
R total uncertainty

D statistical uncertainty

Events / 50 GeV

- - -
N

Events / Bin Width (GeV)

o CMS: two separate methods

1) simultaneous functional fit i3
of signal and bkg to data : ) doubled tagging
. . - pp— X — HH — bbbb
2) interpolation of b-untagged/ A | =
- lead 1000 1200 1400 1600 1800 2000 2200 2400 O gopt— - iiporte b iigsinl
b-tagged event ratio vs. my M ( M o
Into the signal region — | T ———
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ATLAS-CONF-2016-049 , CMS-PAS-HIG-16-002 ' @
CMS-PAS-HIG-16-026 , CMS-PAS-B2G-16-008 h h b b b h - res u lts ATLAS

EXPERIMENT

wou (L B B e B S B S £
= E  ATLAS Preliminary Bulk RS, k/M, = 1.0 .
:§ i Vs=13 TeV, 13.3 fb" —— (E)bserve;j I_Limit ((95% gll:)) ]
------ xpected Limit (95%
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s | | 2.3/2.7 o by CMS
/|\ - _
A0 B \osveo| mooste = ® Limits set for resonant (spin-0 and spin-2)
1T : and non-resonant production
o
° 10F 3 m Sensitivity to non-resonant production still
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=500 7000 1500 2000 2500 _ 3000
mg. [GeV]
o 2.3 (13 TeV) _ - . - 2.7Ifb'l‘(1|:'5'I'IeV)
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B | Femmay . sl o 2 Peimnay T Oveessshumenimt Obs (exp) limit on non-resonant
‘3104_ T gﬁ_sg:\;?,ioi?ii;?i”wpﬁm :;f: 10° E_ I Expected limit = 1 std. deviation_§ G (pp_)hh) X BR (hh_)bbbb)
i :T: E Expected limit + 2 std. deviation E
i x 10° E -
ol <10 | | &) 330 ( - ) fb
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5 toE
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CMS-PAS-HIG-16-011
CMS-PAS-HIG-16-024 hh = bhWW

CMS Preliminary 2.30 b (13 TeV)

g 450 = T T T T I T T T T I : T T 7I I T T T T I T : T T I T T T T I T T =]

g —_ ¢ Data VIt . : —

° - Signal (5 pb) ' mmm Drel-van  dileptonichannels 3

E —sm | I Single top : -

2 400 — BM2 oWy —

S C  —BMs V.tV -

> 350 f~ —BV6 § 1 SM Higgs ]

L - — BM12 | I Other : -
- Uncertainty : :

300 E= : 75GeVsmH<14OGeVi mjz14OGeV

= WW-lvilvi (I = e, u) = bbee, bbup, bbep

= Dominant background: tt (same final
state)

= Exploit event kinematics to select signal
using BDT method | 1 6

o resonant search: low and high-mass BDT

Data / MC

BDT output, mjj bins

CMS Preliminary 2.30 b (13 TeV)
[ T T T I T T T T T T T

1 ! ol T T T T T T T T N

tral n | ngS g 160 f— Hp+ee + pe + ey channels * gizt:al (1 pb) =I§rell-Yan —:

. ..g = — my =400 GeV Il Single top

. — —_ = GeV \AY —]

o non-resonant search: common BDT trained gk B —roormy
120 — * Uncertainty SM Higgs ]

on optimal BSM topology
= Simultaneous fit of BDT distribution in
signal region and mj; sideband to
constrain background

Data / MC
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CMS-PAS-HIG-16-011
CMS-PAS-HIG-16-024 hh = bhWW.:
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= Limits set for spin-0 and spin-2 resonances in the mass range [250, 900] GeV
o similar sensitivity to both spin hypotheses

= TJest of anomalous couplings
o 1-dimensional scan of the 5 effective Lagrangian parameters
o some corners of effective Lagrangian phase space parameters start to be excluded
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CMS-PAS-HIG-16-028
hh — bz

1290 (13 TeV)

Srooof S T o D
. .. Dok Qcb
= Main backgrounds: tt, QCD multijet, DY 8ol = Daren
L - N\ bkg. uncertainty
. . . B — Kk, =1 (SM) (ox5000)
® 7T mMass reconstructed with likelihood method jjgg k=20 (0x100)

= Signal extracted using 4-body mass
= Resonant case

o b-jet categorisation , e
4'. .........................................................................................................................

o boosted b-jets topologies S 3?\t%t\‘s§>>>f>f\f>t‘>>f>f>>>f>f>>>>>>$>>>>#>>>>>ffffm
‘,E 06 S S S O S S S

. . . ‘0O -0.8 -06 -04 -0.2 O 02 04 06 08

o Kinematic fit of four-body mass BDT output

12.9 b (13 TeV)

*
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L
.
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= Non-resonant case S Sy e
. = 1F rell-Yan
o BDT to reject tt background based on angular o _ii\ §§k‘gggﬁsgrta.my
variables £ | _E -se0cot
| | 210_1:_ T+ (6xBR =1 pb)
= Background estimation R —

o tt: from MC with pr reweighting

1072

o QCD: from data same-sign sideband

SESSS ENSINS

o DY: MC shape + data-driven yield in pu sideband

1073

A Lrinrr L
300 400 500 600 700 800 900 1000

klnflt [GeV]
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CMS-PAS-HIG-16-
cvemstiateos| W —bbTT : results

= 3 final states combined: bbetn, bbuth, bbthtn

12.9 fo'! (13TeV)
bbm: +bber, +bbrt

Comblned channels

2— "
10 E CMIS

- preliminary

= | imits to resonant production in range [250,
900] GeV

= TJest of anomalous couplings (including
modified signal kinematics)

o 1D and 2D scans of ki = AnnnSM/Annn, ki = YiSM/y

CMS Prellm/nary 12.9fb" (13 TeV)
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Events /2.5 GeV

Data - Fit

Events/(1 GeV)

A A |

I
. ATLAS Preliminary
C Vs=13TeV,3.21b"
5[ 2-tag signal region

T T T T I T T T T I T T T T
---------- Di-Higgs N

----- Single Higgs

----- Continuum Bkg. ]

— Sum ]
¢ Data

CMS Preliminary

150 160
m,, [GeV]

L=2.70f" (13 TeV)

C  pp—>X—>HH->bbyy

(¢}
IIII|IIII|IIII|IIII|IIII|II

- My =320 GeV Selection
High Purity Category

+ Data

U Ftsto

Fit = 20

Background model
(2nd Order Bernstein Pol.)
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170 180
M(yy) [GeV]

HH review for ATLAS and CMS

= yy trigger, require offline two photons and

two b-tagged jets

o MVA for yy vertex identification taken from
H—yy analyses

Mpb resolution improvement with rescaling to
H(125) mass (ATLAS) and multivariate
regression (CMS)

Main background: continuum |jyy production

Background from data

o 0 b-tag sideband (ATLAS) or functional fit in
signal region (CMS)

Exploit excellent m,, resolution in signal

extraction

o ATLAS non-resonant: fit on my,

o ATLAS resonant: counting exp. in Mppgy, Window

o CMS: 2D unbinned fit on (Mpo, Myy)

25/11/2016
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hh = bbyy:results SV

EXPERIMENT

D _ CMS Preliminary L=2.70fb" (13 TeV)
Q — = o)
o - Lo .. 3 — B —sX—HH—bb ---0--- Observed 95% upper limit
S 5o ATLAS Preliminary — Obs. limit 4 = ¥ . xpected 95% upper limi
£ _E Vs=13TeV,32f0" - Exp. limit 3§ | Spin0Resonance o Exiocted e i
ha 205 [ Exp. limit +10,,, 3 '5? 102 T Bulk Radion, Ag =1 TeV Expected limit + 20
Q 18 [ ]Exp.limit:20,, 4 L F...
¢ 16 = U
S 14 ER O
E 12F = S | £ -
8 101~ = 105
2 8E = :
S  6F = -
4F = |
25_.|...|...|...|...|...|...|.~5 =P I B S A B
280 300 320 340 360 380 400 300 400 500 600 700 800 900
m, [GeV] M, [GeV]
. Obs (exp) limit on non-resonant
= | imits set for resonance masse up to 400
(ATLAS) and 900 (CMS) " 0 pphi) x BR (h—0by)
o both spin-0 and spin-2 hypotheses tested for CMS, @ 10-1. (14.0) fb
very similar sensitivity ATLAS [obs : 117 x SM]
= Sensitivity O(100) times the SM production 7.90 (7.85) fb
A [obs: 91 x SM]
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ATLAS-CONF-2016-071

= WWyy = qgg’'lvWWyy final state analysed

= yy mass requirement compatible with
H(125) within + 20,y (0yy = 1.7 GeV), two
jets (w/ b-jet veto), one lepton in signal

region

= Background yield estimated from data in
m,, Mass sideband, using acceptance
calculated in zero-lepton sidebana

= Signal extraction with counting experiment :

Process Number of events
Continuum background 7.26 +1.23
SM single-Higgs 0.616 +0.115
SM di-Higgs 0.0187 £0.002 24
Observed 15

Obs (exp) limit on o (pp—hh) x BR (hh—WWyy) :

24.4 (12.6) fb [obs: 747 x SM]

Luca Cadamuro (LLR)
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o(gg— X) x BR(X — hh — WW yy) [pb]

Events /1.7 GeV
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Results overview - resonant searches

= Complementarity of
searches in different
mass ranges

= Similar sensitivity for
many final states

o much to gain from a HH
combination!

Luca Cadamuro (LLR)
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bbbb  conF2016-049 PAS-HIG-16-002
_3.2

bb]/)/ CONF-2016-004 PAS-HIG-16-032
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PAS-B2G-16-008

PAS-HIG-16-011

12.9
PAS-HIG-16-029

] ] ]
NOTE: ATLAS bbbb limit is for spin-2, other limits are for spin-0,
but expect very similar sensitivity in the two spin hypothesis
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Result overview - non resonant searches

Obs. (exp) 95% C.L. limit on o/gsw = (Good complementarity between

channels and experiments
Channel @ o bbbb and bbyy with the best sensitivity to
ATLAS hp> SM production at the moment

EXPERIMENT

= Not the same amount of data analysed!
342 (308) o ranging from 2.3 to 13.3 fb-

= CMS studied also anomalous couplings
410 (227) hypotheses in the bbWW and bbzrt final
states

208 (172) o shape variation from 5D effective
Lagrangian parametrisation taken into
account

117 (161) 91 (90) o limit scan of effective Lagrangian
parameters

747 (386) - = Many interesting results from 8 TeV
analyses not shown
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= HH production at the LHC allows us to probe the scalar sector structure,
test its extensions, and identify signs of new physics. It will ultimately give
access to the Higgs boson trilinear coupling

= Both resonant and non-resonant production mechanisms must be
explored to gain access to a broad range of underlying (new) physics

= The searches performed by the ATLAS and CMS collaborations with 13
TeV data are shown. Many different final states with complementary
sensitivities are explored

= No sign of deviation from the SM is observed. Limits are set as a function
of the X—hh resonance mass and for SM and BSM couplings in non-
resonant production

o still far in sensitivity from SM production

= About 2x/10x of the analysed luminosity has been collected this year

o expect update from most analyses by Moriond 2017 and possibly a combination
of different final states by the end of the year

= | ooking forward for the results on the latest data!
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Additional material




summary of 8 TeV results

17.9-20.3 fb™ (8 TeV)

LHCHXSWG

Phys. Rev. D92, 092004 (2015)
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ATLAS to SM HH production
Analysis vybb yyWW* bbtt bbbb  Combined
Upper limit on the cross section [pb] 0 CMS: 74 (62) x SM from
Expected 1.0 6.7 1.3 0.62 0.47 bbyy
Observed 2.2 11 1.6 0.62 0.69
. . . . o ATLAS: 78 (48) x SM from
Upper limit on the cross section relative to the SM prediction . .
Expected 100 680 130 63 48 combination
Observed 220 1150 160 63 70
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