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Non-resonant HH production
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" OnH . Main way to extract Higgs
trilinear coupling AxHnH

HH production at 14 TeV LHC at (N)LO in QCD : o direct information on the shape of

e My=125 GeV, MSTW2008 (N)LO pdf (68%cl) ] the SCalar nggs pOtentlal
~~~~~~~ Phys.Lett. B732 (2014) 142-149
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o dominated by gg fusion, other
production modes out of reach
with current data

= Destructive interference of the
two diagrams — small onH

Effective lagrangian used to
model BSM eftects: anomalous
: : : | . . . ' AHHH @nd y: couplings and three

MadGraph5 aMC@NLO
|

Mgy new contact interactions
o large modification of onH

Luca Cadamuro (LLR) Search and prospects for HH production 19/03/2017 2 .




Resonant HH production
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lll } MSSM/2HDM ‘ Singlet model I WED

= Many different theories predict resonant Higgs pair production X—=HH
o just a few examples quoted in the scheme!

= \ery different theoretical motivation, but similar experimental signature

= Full coverage of a broad mx range is crucial to maximize the sensitivity to
different models

o no “golden” channel, multiple analysis techniques

Resonant HH production would be evidence for a new state, not predicted by the SM
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Which final state?

channels w 107

o similar sensitivity to YY ww .
| | | |

non-resonant production

1
= Phenomenologically rich set of bb BR HH—)XXW I

final states (i = 125 GeV) = 107
WW .

= One H—=bb or H=>WW decay e
required to keep BR high
enough 99 J

0 common techniques across E 10

analyses (e.g. b-tagging) + b :

channel-specific challenges E 107
= Complementarity of the 2z I

v
rarer
TT
o different coverage in mx b WW 99 2z U rarer
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Phys. Rev. D 94, 052012 Searche S at 8 Tev
Phys. Lett. B 749 (2015) 560

CMS-PAS-HIG-15-013 ATLAS

EXPERIMENT

Analysis vybb yyWw* bbtt bbbb  Combined
Upper limit on the cross section relative to the SM prediction
Expected 100 680 130 63 48
Observed 220 1150 160 63 70
= 10— T T T T T T
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= - ATLAS \s=8TeV, 20.3 fb” -
- Four Channels explored and '% 10 :_ —o— Observed @~ e bbtt exp _:
COmblﬂed N ATI_AS % E ..... Expected ~ ---:- WWryy eng
o bbyy and bbtt with similar g - 0] + 1o expected —— bbyyexp
sensitivity at low mass, bbbb T b +2c expected — — bbbbexp _
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= -
" bbyy + bbrr + bbbb explored ° .| _
in CMS but not combined yet : ]
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ATLAS-CONF-2016-049

CMS-PAS-B2G-16-008 _}
CMS-PAS-HIG-16-002 H H b b h b

CMS-PAS-HIG-16-026
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= High BR, large contamination from l: eI L S

multijet background g —n

o estimated from data ok e T -

= Two event topologies explored i N

o resolved: four separate jets 10_}_ ] - \ \g -

L 3 f N

© boosted: jets from H—bb decay overlap, £ P, MW}\E\'_ \ \

use jet with radius 0.8/1.0 + substructure § ¢ 3&\

200 1 000 1200

technigues m, [GeV]

2.7 (13 TeV)

N
o

- |cms —+— Data

= |Preliminary

= Crucially relies on b-tagging

o b-tag at trigger level for resolved
analyses

N
®
I

background prediction

total uncertainty

Events / Bin Width (GeV)
N
T TTT | T

—_
N
TTT]TT

o double b-tagging on 0.8 radius jet based

on multivariate method for CMS boosted
analyS|S a double-b tagging -
pp— X — HH — bbbb
= |nvariant masses of selected jets used 0
to search for a signal
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ATLAS-CONF-2016-049

CUSPAS 825 150 HH— bbbb &)

CMS-PAS-HIG-16-026 EXPERIMENT
= ATLAS: 2F cms

23171 (13 TeV)

z " Proliminary el Expected Upper Limit
8 - Freliminary [ Expected = 10
O 133 fb-1 analyzed f i Expected + 2 ¢ o
g R
o non-resonant search excludes 29 X SM T I S
10
x|
= CMS 21035—
T C
o 2.3/2.7 tb1 analyzed 5
©
o non resonant search excludes 324 x SM a3
o search for both spin-0 and spin-2 resonances
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< - Expected + 20 = :f: 10 3 I Expected limit = 1 std. deviation 3
1 B i :!|‘: - Expected limit = 2 std. deviation ]
. 02 = Resolved | Boosted — 3 10° =
o - = @ - ]
rF : x T
8'_ - | f 10 ;— 5
5 10 = s [ ]
- - 2
- ] °© 1= E
1 o 1 | 1 1 1 1 | 1 1 1 1 1 1 1 1 | 1 1 1 1 | 1 1 1 1 'I— 10—1|_ | 1 1 1 1 | 1 1 1 | 1 1 1 1 | 1 1 1 1 _l
500 1000 1500 2000 2500 3000 1000 1500 2000 2500 3000
Mg- [GeV] M(X) [GeV]

Luca Cadamuro (LLR) Search and prospects for HH production 19/03/2017 1 .



CMS-PAS-HIG-16-011 _’
CMS-PAS-HIG-16-024 H H b bww

2.30 b (13 TeV)
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= WW-=Lvp v (£ = e, u) = bbee, bbup, bbep

450 ¢ Data E e tt

<
o .
= Signal (5 pb) ' [ Drell-Yan dileptonEChanneIS
- — SM ' I Single top :

. . . J’E’ 400 BM2 W

= Dominant background: tt (same final state) E b o mu,

L — BM12 ' I Other H
Uncertainly % 75GeV <m <140GeV |  m =140 GeV

o constrained from mpp sideband

250

= Exploit event kinematics to select signal using BDT =

150

m; <75 GeV

o used as final discriminant

100

= Updated results on 35.9 tb-1 are coming for 50 |
MOrlOnd QCD' 05 0 0.5 1 15 2 2.5

BDT output, mjj bins
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CMS-PAS-HIG-17-002 H H _} b bTT

35.9 fo' (13 TeV)

. %‘ 140_—CMS res. bb ut ¢ Data
= 3 7 final states: ytn, €tn, Thtn 8 |ty o iy
hat B QCD
o require the presence of Y, e, th candidates = S
' i 9 - M Higgs
and 2 jets in the event z I S,
' ' . B —— mg =300 GeV
o m,, (from likelihood technique) and mpp must be ; —— m, =600 Ge
. . — —— mg =900 GeV
COmpat|b|e Wlth mH = 125 Gev 60; o(gg—8)xB(S—HH) = 100 pb
40
= Main backgrounds: !
o tt: from MC simulation L T
. . . 0o 50 100 150 200 250 300 350 400 450 500
o Drell-Yan : MC simulation corrected in data Z—pup My, [GeV]
sideband _ 35.9 fb'' (13 TeV)
' - D Aoty ot 0%
o multijet : from data sideband S 35;" i -
. . . T E_ | Drell-Yan
= (Categorization on the selected H—=bb jet £ o | B over i
candidates S 1\ o ety
, o —— mg =600 GeV
o 2b-tagged jet category T =900 Gov
1.5 - 0(9g—>S)xB(S—>HH) = 1 pb
o 1b-tagged jet + 1 untagged jet category i
o “pboosted” category with a R=0.8 jet to improve 05| |
reconStrUCtlon H decays at hlgh mX 0- 50 100 150 200 250 300 50 400 450 500

m,, [GeV]
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CMS-PAS-HIG-17-002 HH L bbTT

35.9 b (13 TeV)

;‘ 5__CMS res. bb ¢ Data
8 :preliminary channel -gCD . )
= | Ty = {t background rejected with
E 4 h -Otheribkg. )
§E§ : { §§IZ_H1157%egae|\r}ty BDT methOd In UTh and eTh
Q o(gsg:S)xB(S—>HH) =10 pb I
< flnal states 35.9 fb' (13 TeV)
. _,g CMS res. bb wr, ¢ Data
o based on angular separation  § | peiminay chamet ¢
G sooft
of leptons and reconstructed | — oyan
H candidates and mrt 400 e
. N bkg. uncertainty
= Fitted observables: e
0O 300 350 400 450 SOQ .550 600 . . ST
My [GeV] o resonant search: kinematic
35.9 fb' (13 TeV) :
= P reconstruction of HH decay
8 preliminary channel it
= 1 o DrellVan o non-resonant search:
5 thth Seihae “stransverse mass” Mrz that S5 0402 0 02 0406 05
o) 3 NN . uncertaint . .
2 1o e has optimal separation of LM BDT score
o signal from background
107°
10 — . b 1 b2 2
Mmry = min Tf{max[mT(mblrpTl'm};isrpTl)rmT(me'pT rm};is'pTz)]}
10 PT1+tPT2=DPT
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CMS-PAS-HIG-17-002 HH L bbTT

35.9 fb (13 TeV)

. -1 — B E
_ CMS preliminary _ 35.9 o (13 TeV) Q CMIS _ bb M‘E +bb e1: +bbrr ]
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= Non-resonant search excludes 28 times the SM 25|
o anomalous AqnH and yt couplings tested

o sensitive to the sign of yi

= Resonant productiontesteduptomx =900GeV, | & ¢
and interpreted in the hMSSM 200 250 300 350 400 450 500
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ATLAS-CONF-2016-071
ATLAS-CONF-2016-004
CMS-PAS-HIG-16-032

HH —>bhyy [ WWyy

@

ATLAS

= Rare but very clean
final states

o large signal
acceptance

o main background
from continuum jjyy
(+£) production
estimated from data

o exploit excellent
resolution on my, to
look for a signal

Events /2.5 GeV

Ea

Data - Fit

- ATLAS Prellmlnary
" {s=13TeV,3.21b"
[ 2-tag signal region

bbyy

D| Higgs

Single Higgs
Continuum Bkg. ]

— Sum

¢

Data

—_
Y
o

150

160
m,, [GeV]

= Two photons and two jets in the event for bbyy

= One additional lepton for WWyy—jjlveyy

= Dedicated methods to improve mpp resolution

= Additional categories with 2 and 1 b-tagged

jets for CMS bbyy

Events/(1 GeV)

Events / 1.7 GeV

Data - Fit

EXPERIMENT

I ———————————
14— ATLAS Prellmlnary ¢ gzt::inuum kg,
1o Vs=13TeV,133f" .. SMHiggs

D SM di-Higgs -
10:_ ww —— Sum —:
Z yy N(lepton)=1 ]
8— -
= —
2} S ‘ =
e e A :IiT:::::
5r ]
0 ! | te, 4,
¢ [ EREYX) ’ Yoo e 0
-5_I | | | | | | | | | | | | | | | | | 1]
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m, [GeV]
CMS Preliminary L=270fb" (13 TeV)
N pp—X—HH—bbyy ¢ Data
- M, =320 GeV Selection Background model
High Purity Category I(:2nd Order Bernstein Pol.)
it +1o
Fit + 20 bhyy
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S HH—bhyy [ WWyy &

EXPERIMENT

CMS Preliminary L=2.70fb" (13 TeV)
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10™
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Results overview

ATLAS CMS Obs. (exp.) 99% C.L. limit on a/osm

L [fb-1] L [fb-1]

—h
(@)
o

%
o
<

— 133 2.3/2.7
bbbb  conr2016-049 PAS-HIG-16-002 ATLAS
PAS-B2G-16-008

N
)
o1

EXPERIMENT

— 3.2 —27
bb)/]/ CONF-2016-004 PAS-HIG-16-032

342 (308)

I 13_3

1 04 = ~ WW)/)/ CONF-2016-071
= ST s - 410 (227)
- \\/\/\ bbWW PAS-HIG-16-011 2
\ = . - 28 (25
~ :bbtt PAS-HIgii-OOZ (29 [

117 (161) | 91 (90)

—h
&)
N

WWyy | 747 (386)

2.3-3.2 fb! 13.3 fo'! 35.9 fb”

95% CL limit on o(pp—X—HH) [fb]
o

10 E_ —Obs [=]: Test of anomalous HH couplings. |
- = Complementarity in
— | | | N | | | | d
ifferent mass ranges
300 500 1000 3000 5000 | J
NOTE: ATLAS bbbb limit is for spin-2, other limits are for spin-0, o much to gain from a
but expect very similar sensitivity in the two spin hypotheses mx [G eV] combination!
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ATL-PHYS-PUB-2017-001

ATL-PHYS-PUB-2016-023 Futu re ro S e cts
ATL-PHYS-PUB-2015-046

CMS-DP-2016-064 &:I;!T nﬁ |\§

= Measurement of onn and determination of AuHH are one of the main points of
the physics programme at the HL-LHC (3 ab-! of data)

= [wo alternative approaches to estimate the sensitivity to HH production

@ o parametric simulation of o extrapolation of results from CMS,
ATLAS upgraded detector response 13 TeV, 2.3/2.7 fo' to HL-LHC <
(conservative: current results not =

o A optimal for high luminosity)
= CATLRS ... Expected Limit (gse/roeglsloni

g _ CMS Projection s=13Tev ~ SM gg — HH
I-Q bbyy’ L L L LN L LN L . .

% bbrr and — ECFA16S2 — Stat. Only S|gn|f|Cance

8 bbbb i 1 bb 16
% . uwbb — .

studied e il 144 o
of : e - bbtt 0.39¢0
T — R TR TR l o ' | beV O 450-

s i l |
o Best significance is 1.05¢ from bbyy Hoom — bbbb 0.390

expected uncertainty

Combination of final states and of ATLAS and CMS will be crucial to observe HH production
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= What can we learn from HH production”
o search for new physics via resonant production

o probe the 5-dimensional structure of the BSM effective Lagrangian
o access the shape of the scalar Higgs field via AqHH

= \Where do we stand?

o several HH final states explored at 13 TeV by ATLAS and CMS
o no sign of (B)SM HH production yet: best limit is 28 x SM

= \What's next?
o more updated results with full 2016 luminosity
o new HH final states and a combination are coming soon

o projections show that in the long term (HL-LHC) we can have some sensitivity to
SM HH, but analyses are evolving quickly, and we expect to do better!
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HH 1s (almost) at reach!

ms CMS Experiment at LHC, CERN
Data recorded: Tue Oct 18 15:12:45 2016 CEST
N\ Run/Event: 283408 / 3943805833
Lumi section: 2320
<\ Orbit/Crossing: 608021932 / 3050
S
) )

HH—bbtt or background?
We expect to have already recorded a few HH events
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Additional material




Effective Lagrangian parametrization

JHEPO4 (2015) 167 , LHCHXSWG-2016-001

= Effective Lagrangian obtained by adding dim-6 operators to the SM

Lagrangian
= Results in a modification of the SM Annn and yt couplings and

iIntroduces three new contact interactions

o changing these 5 couplings affect onn and the HH kinematics
= Analyses are exploring the 5-dimensional space of these couplings

o a parametrization of OHH(AHHH, Vi, C2, Cg, C2g) IS USED
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CMS-PAS-HIG-17-002 new results!

CMS preliminar 35.9 fb' (13 TeV . .
—=1000F; = 4 Ty bb( - > = Limit set as a function of the
S ~: e Observed ut, + erh + ThThE _ k k _ h k _ }\ }\ SM
+— 900 o ExpectedCLs o CEmbined ¢haniels ratio }\/ t Wi A= HHH/ HHH
5 = I Expected = 1o 3 SM
2 800F Expected = 20 e | M e o o and ki = yt/yt
1 s s |
T = The shape of the signal
Q depends only on the ratio of
. the couplings for the gg
= fusion mechanisms
— .
O o under the assumption that the
§ other BSM couplings ¢z, Cq, Cog
are zero
g _-h 9 oT00) ---h
g Yth?\hhh\\h 9 TOOO ---h
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ATLAS-CONF-2016-049 _}
CMS-PAS-HIG-16-002 H H b b h b
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L 0 16—_ — m4]. epenadent Cuts, hh T - m N B
10 1 0.06- -
X - —— X, 7 B ]

Q 014 — - ’ 107" = =

8 - —o— Trigger - 0.05— - E E

% 0.12— ] IS - i

<<E.> - _ B ] - .
0.08 - - o003~ -

N . - - 1072 —e— Trigger —

0.06— — B ] u N

C 1 0.02- — B —e— 4 b-tagged jets ]

0.04— — B ! i —— HH candidate _

- 4 0.01- - . :
0.02|— — - ’ B —e— Signal Region A
O :I | | 1 111 | 1 111 | 1 111 | 1 111 | 1 111 | 1 111 | 1 111 | 1 111 | 1 11 1 | | I: 07 | 10—3 11 | L 111 | L1111 | L1111 | 1111 | 1111 | 1111 | 1111 | 1111 | 1111
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= 13.3 fb!' (ATLAS) and 2.3 fb-! (CMS) analyzed

= Different set of triggers used: require 1 or 2 b-tagged jets (ATLAS) or 3 b-
tagged jets (CMS)

= Different definition of control regions: both use a mass sideband, but ATLAS
also inverts the b-tag requirement
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wavase Boosted HH—bbbbh &)

EXPERIMENT

LN A S L L B B B B

102—ATLAS Preliminary ¢ Data ]

C (s=13 TeV, 13.3 fb” ] Multijet

- Signal Region, Boosted 4-tag [t -
N Stat+Syst

= Require two jets with cone 1.0 (ATLAS) / 0.8 (CMS)
o trigger: one R=1.0 jet (ATLAS), jets+ Hr sums (CMS)
= pb-tag criteria applied
o ATLAS: categories with 2/3/4 b-tagged track-jets matched

o CMS: two separate methods R
1) b-tag on sub-jets + 3-4 tag categorization
2) double-b tagging MVA algorithm on R=0.8 jet

......

Events / 100 GeV

10

Data / Bkgd
N O‘J H

N
0 500 1000 1500 2000 2500 3000 3500

m,, [GeV]

= Background from data > o e
D - CM.‘:? . pp — X — HH — bbbb .

o ATLAS: multijet+tt yield simultaneous fit s [T — +4b;aafa°a‘eg°ry ]
to jet-mass distribution in sideband. o ok 95°% CL. Background model |
Multijet shape from data. [ [ o oMt ToN) 20T

o CMS: two separate methods . ]
1) simultaneous functional fit of signal L |
and bkg to data - -
2) interpolation of b-untagged/b-tagged : i
event ratio vs. mylead into the signal _. PN N l‘
reg|on 1000 1200 1400 1600 1800 2000 2200 2400 2600

M= (GeV)
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s HH—bbyy paglh

EXPERIMENT

@ Some details on the selections and techniques used in the two analyses  [~jig

ATLAS =

= 2yof Ev/m,, > 0.35(0.25) = 2 yof Er> 30 (20) GeV and

= ?jets of pr > 55 (35) GeV, Et/myy > 0.33 (0.25)
both b-tagged = ?jets of pr > 25 GeV, 1 and 2 b-tag

= signal selection effciency is 5-8% categories
(resonant with mx < 400 GeV) and = gsignal selection efficiency is ~20% for
10% (non-resonant) mx < 400 GeV

= pbb 4-momentum rescaled by mn/mps | ® multivariate regression method to

= fit over m,, for non-resonant search, estimate Moo

counting experiment in my,pp Window | ® improved 4-body mass resolution
INn resonant search using mx = Miyy, - Mjj + 125 GeV

= 2D fit over (Myy, Mbp) in @ window
around Mpoyy (resonant search) and
for Mpbyy, > 350 GeV (non-resonant
search)
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