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BEYOND THE STANDARD MODEL

» Higgs pair (di-Higgs) productions
» resonant

» non-resonant
» Searches status per decay channel

» bb bb
» bb WW
» bb 1T
> bb vy
» yy WW*
» BSM in non-resonant hh searches

» Future prospects
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HIGGS PAIR PRODUCTION

RESONANT * New resonances could be spotted out studying the Higgs
boson pair production

» Different BSMs describe such a scenario, assuming the

d X h - two final state Higgs are SM-like
----- ’\/\ > Higgs singlet model
g h | »hMsSsm

» Randall-Sundrum Warped Extra Dim

NON-RESONANT . * Double Higgs production is the principal way to extract
Y "o0000) h info about the Higgs trilinear coupling (Anhn)
O Y : : T
N > Run2 will not give us enough sensitivity to measure Aphh
g rooooD "h * Many BSMs are in agreement with the measured Higgs’
g i o h properties, although they predict a different App,
lo | » BSM models could lead to an enhancement of non-
h resonant di-Higgs production
9 « oo
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SEARCHES NON-RESONANT RESONANT

di-Higgs searches can be performed looking at different final states

p— | = 1
;: bb 34% A Four main decay channels
— — 41
T ww 10% 25% = 'O » bbbb : higher BR, high QCD/tt
é—- a0 BR(HH— XXYY) contamination
o

> bb WW : high BR, large irreducible tt
» bb 171 : relatively low background

» bb yy : high purity, very low BR

zZ
e in addition:
zy > yy WW*
Hp

TT

HRL  Zy YY ZZ CC g WW bb

BR(H— XX)

All challenging searches —> More Higgs More Fun
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SEARCHES NON-RESONANT RESONANT
'LHC Run1 (8 TeV, :. ------- - ATLAS: Phys. Rev. D 92, 092004 (2015)
I--I--l-(:- I-?l-J?:] .(.8.1:e.v. - .2_0_ tb_ _)_ CMS: https://twiki.cern.ch/twiki/bin/viewauth/CMSPublic/SummaryResultsHIG

ATLAS
Run1 Results Combination:

CMS
Run1 Results Summary

g 2b2y, 2b2T 4b e 2y2W

2 179197fb (8 TeV)
3‘ 1 0 = T TTT TT [T = —_ = T T T T T T I
o - ATLAS TeV i 3 2 - CMS ——————— b (arXiv:1603.06896) .
— | \s=8TleV, 20.3 tb’ _ — [ Supplementary Py 1
o i ] T 15 L Aseames S Higgs BR ——— bbbb low mass (PLB 749 (2015) 560) _:
< —o— Observed = e bbtt exp I — and narrow width for X == bbbb high mass (arXiv:1602.08762) =
% 10 "l = T — e 77bb low Mass (PLB 755 (2016) 217) 3
= - .. T Expected ~ ---- WWyyexpy ul ——————  ttbb mid. mass (CMS-PAS-HIG-15-013) N
% C e, W + 1o expected —— bbyyexp |1 & 107, 2 ~——————— ttbb high mass (CMS-PAS-EXO-15-008) IE
X i + 26 expected — — bbbb ex | :n>< E B . radion Ag=1TeV E
% 1E ' - B P P = 0 - L= e radion Ag=3TeV —
o . . o 10° =, B E
L= I i g BT NSNS — Observed =
© ] © - ey e N Expected
T — \ a
1 0 E = C
— - O 102 =_E YA =
- . = = | WED: gg— X, k=35 3
- ] g i no radion/H mixing } 3
-l B B
102 = O 10 = =
S | | | | | | L3 e = =
300 400 500 600 700 800 900 1 000 ey — : :
‘ .............................. m |:| O[OG.e.V.] ............................................... . X (Gev)

:» No excess observed for resonant searches

> Upper limit set on SM non-resonant hh production.
Observed limit:
» ATLAS (hh->bbbb) > 63 X osm
» CMS (hh->bbyy) > 91 x osm

PRECISION 2016 - QUY NHON

C.CAPUTO


http://journals.aps.org/prd/abstract/10.1103/PhysRevD.92.092004
https://twiki.cern.ch/twiki/bin/viewauth/CMSPublic/SummaryResultsHIG

SEARCHES

NON-RESONANT RESONANT

ATLAS
resonant non-resonant

el N ‘LAESM ______
hh-bbWW )

e | S
. e
e e

I T I R L e T T T R TR

1 1
E R i R R R R i R R R R
1

----------------------------------------------------

CMS
resonant non-resonant

CMS-PAS-HIG-16-002%,

CMS-PAS-B2G-16-008* | CM>PASHIG-16-026

CMS-PAS-HIG-16-011* E CMS-PAS-HIG-16-024*
CMS-PAS-HIG-16-029** E CMS-PAS-HIG-16-028**

CMS-PAS HIG-16-032*

C.CAPUTO

» *2015 data (~ 3 fb'")
» ** 2016 data (~ 13 fb™1)

» *** 2015+2016 data combination (~ 13 fb™")
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-049/

di-Higgs resonant searches
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RESONANT

Search for H—hh—hbhb

= ATLAS: ATLAS-CONF-2016-049 a0 231" (13 TeV)
> 3001 T Ty T T T e ] L : PAS.HIG-16. PAS.B2G-16- S >0 ' -
S [|ATLAS| [ATLAS Protminay 1 ¥ @ .+ = ] § CMS: CMS-PAS-HIG-16-002, CMS-PAS-B2G-16-008  § | cyg [SRJ
= L " {5 =13TeV, 2016, 10.1 fb™ '.i-._. ) 60 @EEEEEEEEEEESEEEEEEEEEEEEEEEES @ _ Preliminary - /
A& 250 — Resolved " — *“C-? L £ 250 R B
- L 47 & Resolved Analysis: ; TR |
- E 1 1 B
200 - '> Resolve all decay products 'oaoof
- L 1 I |
- - 1> 2 strategy for CMS: i N
150— ! 1 150+
- . N
- . > Low mass (mH<400 GeV) ! :
- 1 . -
100~ : » High mass (mH<1200 GeV) . 100
1 . B
- . regions : A
- 1 .« . . 1 -
s 1”7 Limit extraction on my, 50
B 1 . . .
- . distribution ' -
Oo_lII|5|0|II|1(|)0||II1é0IIII2(|)OIIII2é0IIII300 0 |_--------------------------l O_|||||||||||||||||||||||||||||
e 0 50 100 150 200 250 300
m; [GeV] m, (GeV)
e Y 2717 (13Tev)
> S S L L L B B AL L BB e i e >
© | ATLAS Preliminary { Data @ : . . " G, |CMS —t— Data
O - Vs=13 TeV, 13.3 fb™ [ ] Multijet EXPERIMENST 1 BOOSted AnalySIS. 1 % - Preliminary background prediction
S e | Signal Region, Boosted 2-tag [t 1 g S 16+ total uncertainty
T = » - ERLL mi i 8 :
_.\@ E Stat+SySt § 1 Opt|m|$ed for hlgher mass : % 14: \: statistical uncertainty
5 | L. GR00000 4 (> 1TeV) resonant hh. N REE
o 10 ERL . . !
- - 1" high-momentum Higgs bosons-> 1« "
A 1 v . . . .
oL | v high boosted 2 b-jets are in a g
= E ! 1 6
- | ] : ’|arge' Jet : double-b tagging -
n ' . ' ¢ pp— X — HH — bbbb
e * % > Apply substructure techniques. 2
= L [ PR ] 1
B 4 | * LimitextractedonMof2‘large’ 1 °
m 3 Ny W . .
S 2 \ {1 Jets. L gle o
5 L RN === == s s s s mm s s s mmmmmm s LoH
()] 0 500 1000 1500 2000 2500 3000 3500 Sli-2
m,, [GeV]
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RESONANT

Search for H—hh—bbbb AN

-1
ATLAS: ATLAS-CONF-2016-049 e 23fo (13 TeV)
S 10°E
CMS: CMS-PAS-HIG-16-002, CMS-PAS-B2G-16-008 =~ FCMS Expected Upper Limit
................................................................ ‘_/-g - Preliminary [ Expected+ 10
o r I Expected + 2 ¢
EXCIUS|on at 95 A’ CL o104 —e— Observed Upper Limit
S F KK-Graviton, kL=35, kiM,,=0.1
Z » CMS: % -
[ ] x :
» 1000<mpu<1720 GeV for Radion (Ag = 1 TeV) -boosted. o Q
—10°
» 350 < mu< 725 GeV. N
° a |
1> ATLAS: g !
. 102 =
» 360 < mu< 869 GeV for Graviton. .
: : | | | | | | | | | | | | | | | | | | | | |
:CMS on 2015 data, ATLAS on 2015+2016 data. . W w W e e
................................................................ X
4 2.7 fb' (13 TeV)
510 E T | T T T T | T T T T | T T T T | T T T T | T T T T 'I? 3 T | T T T T T T T | T T T T | T T T T |
— C ATLAS Preliminary —— Bulk RS, k/Mg = 1.0 = 10 = CMS Radion (AR =1 TeV) —
-~~~ —e— Observed Limit (95% CL (@) _ = =
Ig i {s=13 TeV, 13.3 0"  =eeess Exéeecr:\t/:d L|Immllt ((95% CL)) LAS 'ﬂ - Preliminary — Observed 95% upper limit -
I8 3 - Eiggg}gg ;‘; —— 'S W - - - - Expected 95% upper limit 7
) 10 - Previous Obs. Limit (L=32fb") 3 T 107 I Expected limit + 1 std. deviation 3
- - e Previous Exp. Limit (L =3.2 o) 3 T = -
< - _ I = Expected limit + 2 std. deviation -
| - . T
AP —~ x 10 E
S F E *
é C ey e S ] < 10 _
5 10 - I :
- ] Q.
- . v 1 E
1 =t 1 | 1 1 1 1 | 1 1 1 1 1 1 1 1 | 1 1 1 1 | 1 1 1 1 'I— _1|_ | I I | I I I | I I I I | I I I _l
500 1000 1500 2000 2500 GSO\(I)O 10 1000 1500 2000 2500 3000
M., [GeV] M(X) [GeV]
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RESONANT

Search for H-hh—-hbWW

CMS: CMS-PAS-HIG-16-016 CMS praiminary

. —

2.30fb (13 TeV)
=

N I I T T / I T T T I T —]
S / i E
S LIl + ee + e + ey channels ¢ Data I tt 3
. g 160 Signal (1 pb) [l Drell-Yan —]
Search strategy: 2 o 400 Gov M Snge op
2 ]
G>.) 140 —my=650GeV | VV
. . o — my =900 GeV [l v
» dilepton triggers " Dncoraimy 1 SM Higgs
100

»  two oppositely charged leptons (e*e™, p*u~, e*p¥) and 2 b-tagged jets

80

4 BDT: my, AR”, ARJ'J', A(PII,jj:pT”: ijj, min(ARj,|) and MT(”,MET) 60
»  Two BDT trained for my<450 GeV and for my>450 GeV *

20
» tt, Drell-Yann, single top production, SM Higgs as background 0
Q LT =
Signal extraction: = R T el g
. . g 08 ;_ ................... an k' e _;
> 4 categories: (mpp-peak,mpp-SB)x(lowBDT,highBDT). o0 By
4 CMS Preliminary 2.30 b (13 TeV) 4 CMS Preliminary 2.30 fb™' (13 TeV) BDT output
g-l O - T T TT1 | T T TT | T T : T T | T T 17T | T T TT1 | T T TT | T T TT1 | T I: g-l O T T 17T | T T TT1 | T T : T T | T T TT1 | T T TT1 | T T TT | T T TT1 | T l:
E B E Onserved 95% upper I.im.it _/2\ - E . Observed 95% upper limit =
> I~ Lo Expected 95% upper limit > I~ X
'ﬂ B | Expected limit + 1 std. deviation Ig B Lo e Expected 95% upper limit Q
T B ! Expected limit + 2 std. deviations T B :
T - — T - : Expected limit + 1 std. deviation —
% ——————— radion (Ag=1.0 TeV, kL=35) i’ . .
= 1 03 | ] o 1 03 B Expected limit 2 std. deviations s e e e e e e e
X E 2HDM, tanB=0.10, cos(B-0))=0.10 E X E E . .
= F N0 o0 Gav 125G, e, T | B Exclusions:
2 R A N _ 2 I N RS1 KK graviton, kL=35, k/M5=0.3 _ .
0 1 0 1 :Spin-2 RS1
r/:>< - — w>< — :
7 7 . .
S f . g f i | 1 ‘mH < 600 GeV
£ i i S i ' i :
3 B 7 3 B ! T e ececccccccccccccccet
®) L _ o L ! _
@ | | | | 1 II-\-\ | | I:I | | | | | | | | [ I\I'\l"l\l | 1 | [ @ | 1 : | | | | | | I:I | | | | | | | | | | | | | | | 1
200 300 400 500 600 700 800 900 200 300 400 500 600 700 800 900

my’"%(GeV) my’"%(GeV)
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RESONANT

Search for H-hh-bbrr

CMS: CMS-PAS-HIG-16-029

L=12.61f"(13 TeV)

—_
(@]
N

= D ; bbm +bber +bb11
-prefiminary !

Comblned channels

Search strategy:

iy
o

» 3 final states: etH, ptH, THTH

—

> Final state: 1ty + 1 isolated leptons (e, p,tH) + 2 b-jets

» Main bkgs: tt(from MC),
QCD multijet (from data in control regions).

95% CL on ox BR(H— H— hh— bb1r) [pb]
Q

Signal extraction: ; ;
2= @ — Observed = i
--0-- Expected CLs, all categories

[ Expected t+ 1o

Expected + 26

—
<

» 3 categories: 1b-jet, 2b-jet, boosted b-jets category.

-3
10 300 400 500 600 700 800 900
m,, [GeV]
12.9 b (13 TeV) 12.9 b1 (13 TeV) 12.9 b (13 TeV)
S CMS res.bbut o Data S 102ECMS res.bber, ¢ Data S | CMS res.bb 11, e Data
8 preliminary channel tCtJCD 8 preliminary channel tCtJCD 3 preliminary channel [ t('E)CD
- = Drell-Yan — = Drell-Yan — 1F = Drell-Yan
— 10 mm Other bkg. — mm Other bkg. — - mm Other bkg.
£ 2 bkg. uncertainty £ 10 2 bkg. uncertainty = 2 bkg. uncertainty
T T m,, = 800 GeV T T m,, = 800 GeV < T m,, = 800 GeV
- —— m, =550 GeV o —— m, =550 GeV o B N —— m, =550 GeV
O _— m =300 GeV O _— m =300 GeV o . _— m =300 GeV
= 1 (GXBR—1pb) > 1 (GXBR—'lpb) 210_1:_ + (GXBR_1pb)
o © R ey
107" 107" i
1072
® o
1072 1072 SSSSS NSNS
....... 10°

300 400 500 600 700 800 900

1000
klnflt [G ev]

C.CAPUTO
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Search for H—»hh—»bhw ) N [ Resonant

ATLAS: ATLASCONF2016008 {1 Lol e excalont resolution an
CMS: CMS-PAS-HIG-16-032 g e e
Search strategy: Signal extraction:

* Similar event selection both for ATLAS and CMS " CMS: 2D unbinned fitin mjand m,,

> Select mass window in M(jjyy) around resonance mass. » ATLAS:

» Two categories based on b-tagging (one for high mass region). > selection on myregion

* Counting experiment with fit on m,,

A ATLAS
> [ T | T T T T |. I. T T T I T T T T | T I. T 'I | T ] . .
3 - ATLAS Prellmlnar): ---------- Di-Higgs ] CMS Preliminary = L=2.70fb" (13 TeV)
T C {s=13TeV,32f0" ... Single Higgs ] < - X =
a S5 2-tag signal region ... Continuum Bkg. ] 8 8 pp—X—>HH-Dbbyy + Data
2 o — Sum ] g - M, =320 GeV Selection ______ Background model
L<|'>J> A ¢ Data B \\u? 7E- High Purity Category (2nd Order Bernstein Pol.)
- . = - - Fit + 1o
- - § N
3 - T Fit + 20
C ] 5
2:— ] ® [ ] — E
B _ 41—
1;\\0\0 ° ® ] ® ] 3:_ ®
B T T— _ :
— :' R T T S S ' T T T S S A AT = ol ® ®
L
2 oty 1
1]
s | t ot
O+ IH| | ! I III|IIII|IIII
........................... 900 110 120 130 140 150 160 170 180

110 120 130 140 150 160
M(yy) [GeV]
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Search for H—-hh—bbyy ) S [RESONANT

ATLAS: ATLAS-CONF-2016-004

CMS: CMS-PAS-HIG-1 6-032 g 24 :l 1 1 I 1 1 1 I .l I. 1 I 1 1 I I 1 1 |l I 1 1 1 I I 1 I I 1 1
= 22F ATLAS Preliminary — Obs. limit
T . - 20 C \s=13TeV, 3.2 ! .. Exp. limit
> No significant excess in both CMS and ATLAS. : & = [ Exp. limit 1o,
: , . coqg 18 [ Exp. limit +2o,,_
-» Exclusions at 95%: = 16F
. . . c = (g?)
» CMS: Spin-0 Radion below 750 GeV S 14g ATLAS
(except 650 GeV vicinity) E 12F E
- 10F —
» ATLAS: ~5 pb cross sections limits on L\g sE- E
Y — -
: narrow scalar 8  sE =
> o(pp=>X—hh—bbyy) for mx=400 : 4E =
(] ° 2 :f— 1 1 I 1 1 1 l 1 1 1 I 1 1 1 I 1 1 1 l 1 1 1 I 1 1 1 I 1 —Q:
: » CMS < 8 fb, ATLAS <12 fb : 280 300 320 340 360 380 400
®c 60 0606060600600 0600000060060 00600060006000006060000060006000e000® mX [GeV]
CMS Preliminary L=2.70fb" (13 TeV) __ _CMS Preliminary g L=2.701b" (13 TeV)
o O
=, " pp—X—HH—bbyy ---e--- Observed 95% upper limit E " pp—X—HH—bbyy ---e--- Observed 95% upper !imit
g ~  Spin-2 Resonance Expected 95% upper limit e ~ Spin-0 Resonance EXpeCteg |95°/° upper limit
2 , — Bmm Expected limit + 1 Q| - _ Bmm Expected limit + 16
'% 100 7 Bulk Graviton, k/Mp, =1 Eig:gtgd dﬂ:t + 2(; '% 102 Bulk Radion, Ag =1 TeV Expected limit + 26
T F r ..
L - T oot
T F OB
x L X
i oL
= S| A
° 1o ° 0
1:| u: T B i T |~.|..|~"|.‘| T e e | 1T| c v by b b b by
300 400 500 600 700 800 900 300 400 500 600 700 800 900
M, [GeV] M, [GeV]
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RESONANT

Search for H-hh-wwyy

ATLAS: ATLAS-CONF-2016-071 S 14 ATLAS Preliminary ¢ Da
N LT T Continuum bkg. S
: 12:— \@: 13 TeV,133 fb-1 ----- SE/I Higgs ° _:
. ' ~ - SM di-Hi ]
Final state yylvqq 2 Lok D
() N _
» 2 photons, at least 2 jets and no b-jet TR N(lepton)>1 -
' 105 GeV< myy < 160 GeV ot | A@S
» Signal Region: 4 ¢l le|| ¢ l } -
» One lepton region - requiring at least one lepton 2} By l E
> The di-photon mass my, within a 2o window of = 5_=+i — i+=‘+"="""" i+= . e
the Higgs boson mass (oyy = 1.7 GeV) % 2+ ¢+#+++ S N S ¥ U DU
D - _I | 11 | 11 11 | 11 1 | 11 | 11 | I_
o 20180 140150
1% T | T T T T | T T T T | T T T T | T T T T EI myy [GeV]
- ATLAS Preliminary —*— Observed .
L Expected 7
- (s=13TeV, 13.3 fb" Bl o expected _ e e e e
- - — : . . . _’ _’
+ 26 expected Limits in o(pp—X—hh)
10

¥ 47.7 pb (expected 24.3 ob):
:at my= 260 GeV
> 24.7 pb (expected 12.7 pb)§
. at my= 500 GeV r

102

6(gg— X) x BR(X — hh — WW y7) [pb]

1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1
250 300 350 400 450 500
m, [GeV]
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Summary of resonant searches

RESONANT

-» Atlas: no excess in any channel.

» No official combination yet.

:» CMS: Summary plots including all the latest results:

» Range from 2 x my, to few TeVs covered.

* hh->4b still provides best limit in a wide mass range.

* hh->bbyy has strong power in low mass regions.

2.3-129fb" (13 TeV

~

—_
o
\‘

CMS

—_
o
%}

e
S
-

—
Q
N

—_
o
w

95% CL limit on o(pp—X"""—HH) (fb

—_
o
]

bbivlv (CMS-PAS-HIG-16-011, 2.3 fb™)
Unpublished
10° Assumes SM Higgs BR bbtt (CMS-PAS-HIG-16-029, 12.9 fb'1) 10°

—
(=)
o

T T
———— bbbb (CMS-PAS-HIG-16-002, 2.3 fb™)
——— bbbb (CMS-PAS-B2G-16-008, 2.7 fb™)

bbyy (CMS-PAS-HIG-16-032, 2.7 fb)

e
Q
N
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-
U e
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o
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-
H mm

.
~
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&
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-
Q
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]
.....

95% CL limit on o(pp—X""?—HH) (fb

----
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2.3-12.9fb" (13 TeV)

T
CMS
Unpublished
Assumes SM Higgs BR

-
~
~
L4

bblvlv (CMS-PAS-HIG-16-011, 2.3 fb™)
bbbb (CMS-PAS-HIG-16-002, 2.3 fb™)
bbbb (CMS-PAS-B2G-16-008, 2.7 fo™)

bbyy (CMS-PAS-HIG-16-032, 2.7 fb™)

— Observed
--- Expected

my"? (GeV)
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di-Higgs non-resonant searches
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BSM non-resonant hh NON-RESONANT

-» The non-resonant Higgs bosons pair is a golden channel to study the Higgs
. potential.

» Probe the Higgs trilinear coupling (Anhnh).
» No sensitivity in Run2
:» Variation of Anhh wrt to SM value can be investigated with di-Higgs.

> EFT could model BSM effects adding dim-6 operators. 5 parameters space

Ly = 50uhd"h — Smih —SMvh — —(v +==hh) (trtr + h.c)

where  ky = Ayy/Aiu™ 5 ke = yo/yYs +Z 3 h - 5 Jh h) GMVG,LLV -
Ay =m2,/(2v2) = 0.129. Ty U
ke
) kt kn -1 9 OO0D -==f
. t --9 - ty
SM processes: hoo~ Ikt
Y ~ho g oo -=-=h
Tri-linear coupling Yukawa interaction
g “0000) - h ( - h
- C2g - c, k
BSM processes: 4 > %9 ’i;ag‘i }V
g oOo0" ~ h g "~ h
ttHH interaction Higgs-gluon contact interactions
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http://arxiv.org/abs/1507.02245
http://cds.cern.ch/record/2199287

BSM non-resonant hh NON-RESONANT

» Variation of the 5 parameters (couplings) implies a variation of the di-higgs
kinematics.

* Developed a technique based on test statistic (TS) to group parameters space
points and to identify benchmarks of each cluster based on final state kinematics.

» Study performed on 1500 initial points:

» compute TS for each sample.

» use TS to group samples in clusters.

> iterate procedure to get 12 final clusters.

Clustering Technique

Cluster 1

== benchmark

m,, (GeV/c?) m,,, (GeV/c?) m,,, (GeV/c?) m,, (GeV/c?)
......................................... Cluster 9 Cluster 10 Cluster 11 Cluster 12
Nsamples =187 Nsamples =49 Nsamples =23 Nsamples =299

Cluster 3
NE
<>

/ TS,

Cluster 2

Cluster 1

Tslzmin > T513mi"
Tslzmin > Tszsmin

> D>

Cluster 2

:Run 2 CMS searches have been :

‘based on this parametrization.

Cluster 1

07400600 800 1000 1200

m,,, (GeV/c?) m,, (GeV/c?) m,, (GeV/c?) m,,, (GeV/c?)
Cluster 5 Cluster 6 Cluster 7 Cluster 8
6000
Nsamples =16 Nsamples =112

iy
0400 600 800 1000 1200

077400 600 800 1000 1200
m,,, (GeV/c?)

Clusters and Benchmarks

Cluster 2

1 .‘ y ‘
il F‘. ; r;?:ft;niiiiﬁ:';._:' i,
i

LN | A A ; )
0 400 600 800 1000 1200

Cluster 3

Cluster 4

0™"400 600 800 1000 1200

200 | Nsamples =446

400 600 800 1000 1200

h AR,
il s i

0"400 600 800 1000 1200

0 400 600 800 1000 1200
m,, (GeV/c?)

0200 600 800 1000 1200

07400 600 800 1000 1200

0400 600 800 1000 1200
m,, (GeV/c?)

400 600 800 1000 1200
m,,, (GeV/c?)
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Search for hh—hbhb

ATLAS: ATLAS-CONF-2016-049
CMS: CMS-PAS-HIG-16-026

NON-RESONANT

------------------------------------------------- > =1 — T T T T T . T T [ T T T T T T 1 =
'hh >bbbb channel studied only the SM production so far § ''E [ATLAS| ATLAS Preliminary  —— bate =
I - s =13 TeV, 2016, 10.1 fb M =
------------------------------------------------- _'\Q B Signal Region: Resolved EI 2(300) <10 -
Search strategy: § 10 —— G(800) x10 —
w = SM hh x500 3
» ATLAS: same analysis strategy of the low mass resonant hh - N StatSyst Uneertainty ]
search. 2015+2016 data (13.3 fb™"). 3 S e E
» CMS: dedicated analysis to the non-resonant search. Only 1::} S . b
2015 data. -l N\
> Same trigger as resonant (3b-tag). 1021__ 1. ;&\ LN
> First 4 jets sorted in b-tag. §>
} . e o . . = +
. BDT tral.ned on QCD and tt (di-jet kinematics). g -\ o, “WW}\}\}W\ \
Signal extraction: o EQ
200 1000 1200
> CMS: 2D fit in [m(bb),m(bb)] plane to extract the limit. m,; [GeV]
ATL A . ittt ittt ececsenscscssesscsansensns
232 " (13Tev) ATLAS - SM observed LIMIT (13.3 fb™"):

||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||
120

[ backgrounds
Bkg Shape Unc.
500 x SM HH

o(pp—hh—bbbb) < 330 fb ~ 29 x osm :
Improved wrt 2015 (3.2 fb'): ~ 108 x oswm :

100

Events / 1 bin

2D bin
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NON-RESONANT

Search for hh—-hbWW

CMS: CMS-PAS-HIG-16-024

Search strategy: SM observed (exp) LIMIT: :
" bbWW=bb2[2v ‘o(pp—hh—bb2I2v) < 116.7 (92.8) fb ~ 400 x o5y :

4 2iSO|atedOS|epton$+2b-jetsinthefinalstate e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e eeeeeeeeeeeeeeeeeeeeees
" Main backgrounds: tt, DY, singletop
4

1 single BDT trained for non-resonant searches. - BSM SEARCHES:

> Performed on 12 benchmarks

Signal extraction: -» Extended to the 5-D parameter space :
» 2D fit in [m(bb), BDT score] to extract the limits

L] [ ] L] L] [ ]
12 Benchmarks Limit on different kj Limit on kj - k; plane
-1
CMS Prellm/ nary _ Z-d‘U b‘ (1§ TGY) CMS Pre//mlnary | ’ 2. 30 b (13 TeV) CMS Prellmlnary 2 30 fb-1 (13 TeV)
I I N S S S S T
X Observed 95% upper Ilmlt 107 X Observed 95% upperllmlt : : Sm pp hh & bbW bblvlv Co=- 3 0,Cq= cg , Cag=c5)
—— Expected 95% upper limit —— Expected 95% upper limit -, 25/ © ©@ .0 o e oo o000 0. 0 © ©
=) 10°F W 1 std. deviation E - 1 std. deviation : : . ,; Sy L K RARER
; 2 std. deviation X g \ . 2std. dewatlon : , ‘ : : < QQ"\Q . é@ . f .
2 —— Theory predictions I X z 100 3 3 v - & - 3
< sy . . ‘ . o C
1 o , ; 5 ; . o i
2 i X I X §T 2000 @ @ @ © 000 QOO 'O O O ©
'3 2 X ,‘/ L . . ! h . .
< 10 X X 2 10° Q .
< X ! Y N2
£ I — £ 2
xr = 0 v ; . ! : !
e} o i . /. ’ o ! .
X I 'f , 15 @ @& @©. 0 Qo VO . © @
£ - =" S - .'
7 10 : Q‘\Q o
S @
5 — =% . - R : '.
5 _ § 10" 10ph © 0 @ O OO QO @ 0 @ ©
E - - E P . ST g
4 10°F = o o
S — g ® 3
2 — o 10° A
o 05 @ @ ©O © Q0 QRO 0 © ©
1ot N -15 -10 -5 0 5 10 « 15
-1 | | | | | I I A
S, % S Sy % S % S Sy % S G S 8 10 — Z —
+%,)% % o, E o, g s, S o, E o, S s, % s, %e s, % s, % o, %e s, %sé% 15 10 5 0 5 10 Ky 15 Expected: ¢ allowed @  excluded (95% CL) -+ -+ Theory

P gy iy iy iy iy Oy Observed: »  allowed & excluded (95% CL)
. I N K
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NON-RESONANT

Search for hh—bbrr

CMS: CMS-PAS-HIG-16-028 CMS prefiminary ,1,2-|9,fbj1,<73|T,ey?
Search strategy: s | omerved ZZ:EXVVZS .: 212:3323 (95% CL) ¢ SM
" eTH, BTH, THTH 250 o e ¢ 0000 oooo o0 0 0 |
* Final state: 1ty + 1 isolated leptons + 2 b-jets | @ @ ®®® @@@ o @ @ |
» Main backgrounds: ,ol .\&Q@ @@ ] @@ @@@@@ @ @ @1.,2 %

> tt (from MCQC)

x.@". @:@".®;"':®j,®: 00 o @1‘.__:
» QCD multijet (from data in control regions). S

. . 154 2 o ¢ o0oo boeo o . 0.0 ° -
* BDT discriminant to reduce tt, only angular information. | ST 1010 _

Signal extraction: | o

. 1of 0o o 0 00bs00060. & 0. 0 @ -
» limit extracted on four body mass. | EARCA A AR 0P

© : .
\QQ B
S Q0 0000 0 0 %]
- 12.9 ™ (13 TeV) _ FOSIC R
=, FCMS  bb ut, +bb et, +bb’t’t 05 @ @ @ e oeoo 0000 o fz 2 szo‘
R - preliminary | Comblned channels ! | L . s
E PV L T D i =15 —10 °5 0 5 10 15
o 107E
T E: : K)\
c : l"""'|""' § © © 0 0 0 0 0000000000000 0000000000000 0000000000000 000 0 0 o0,
<
< 0 Emmmmum || it """""“ 3 SM observed (exp) LIMIT: 2
X . ; . :
° I o(pp—~hh—bbTT) <508 (420) fb ~ 200 x Og -
102 [ SN e I

o S :
6' - : L

_—0— Ob d
2 '.‘..‘.@..‘:. .... E’.‘.S;\.t/.;q_.@.lzﬁ .................................................................... .................................. BS M S EARCH ES .
g 10 S Expected * 16

i Expected + 2 1a+i —

s oo odion | | | : ka variations (k, c2, cg, c2g = SM value).

| ] ] ] ] | ] ] ] ] ] ] ] | ] ] ] ] | ] ] ] ] | L4 ]

20 -10 0 10 20 30 : ka- keplane with ca=cg=c2g = 0
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Search for hh—bbyy 2 I [ NON-RESONANT

ATLAS: ATLAS-CONF-2016-004
Search strategy: CMS: CMS-PAS-HIG-16-032, arxiv:1603.06896

* Almost the same strategy of resonant search for both ATLAS and CMS

f ATLAS - SM observed (exp) LIMIT: : .
: |||§| 19.7 fo! (8 TeV)

2
S
O
1
=y
-
!
o
o
<
=
N\
—_—
o
N
2
—t
on
l
N
—
)
X
Q
n
=

.................................................... g 'YF Cms E
............................................. I_/_g E E
CMS - SM observed (exp) LIMIT: =L |
: . T - E
-o(pp—hh—=bbyy) < 7.9 (7.85)fb ~ 91 x oswm : T -
ooooooooooooooooooooooooooooooooooooooooooooooooooo < 10-1 __ __
CMS :|9I.7Ifbl'1 |(8 IT?V) _ % E ...e-- Observed 95% upper limit -
o(pp — HH — yybb) Foo=1 J1.4% 1 N Expected 95% upper limit k ]
o imits| | I ® V! L o _
Ovb?_?i:;CL;pf:_r;::ts E 1 ol ® ;1'2 5’/_1 0_2 EEEEEE k=1.0,¢,=0, NS .Expected limit + 1 std. deviation ]
[f2-25 A25-31 f;m. ° .DELB © E Assuming SM H decays Expected limit + 2 std. deviations §
[ ::D. v .@: I_IlIIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|I_I
[] Excluded - + 18 20 15 -10 -5 0 5 10 15 20 25
Theoretical cross section a e @ ?\9, fx £ 8 T eae cﬁ £ 2 e Jo4 Kk
(Assuming SM H decays) tl\tvl—? ....... olv—lwl CT‘—. C: .O.‘—.N.
BT ST =15 Te=20 1.4
12¥Y A O@:veE A EEiAs & OFY, e BB Lttt ittt
tMY A4 @@+vY®E A EEifeis 4o HE] : .
| i BSM SEARCHES (8TeV):
EV A |§||§|VV A @@Vl A |:||§| :
i N B VAR U SRV A VAR RV O ST NN\ i - Interpretation with BSM samples still not
B i N i A s T : performed on 13 TeV data.
1 2@@ W AViIEE E AW i@E E AA X . . :
t@e/ /w wvi@m/a aeimm @ am} - Previously done on 8 TeV data -> exclusion :
ree/ m vy @@ A eV IO A a0 . limit set in the 5 parameter space.
od Lo/ o T 4ble/s/ ] o N ekl @ e
S, B S - e s R T B R
C2
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RESULTS NON-RESONANT

CMS
BSM interpretation
hh-bbbb 29 X osm (13.3 fb™") . 342 X osm(2.32 fb) :
hebbWw | A M0Xom(23foh) | J
hebbrr | T o X o120t |y
hh~bbyy : 115 X osm (3.2 fb") 91 X osm(2.7 fb™) J
hhoyyWW | 700Xos(133f6) b - i ]

No excess in Run 2 searches
Results on the SM prod. cross section extracted with 2015 data are compatible with Run 1
ATLAS bbbb result put the tighter limit on the SM process
CMS investigate also BSM effects, searching for Higgs anomalous couplings
» No excess has been observed
> Exclusion limit set to points of the parameter space far from SM couplings

v Vv v WV
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PROSPECTS M pAS FTR.15.002

bbtT, bbyy, bboWW channels: .
» Delphes simulation used Sij

103 T T T T | T T T T | T T T T | T T T T | T T T T | T T T |
CMS Simulation T

» Simplified Run1 analysis flow - 0 Wiy

» Phase Il Upgrade conditions included

Stat. uncertainty

N
I
| IIIIIII|

» SM signal and background

10

» Main focus is on SM non-resonant production

" XXX RN NN

\s=14 TeV, PU=140

U) _I T T T | T T TT | T T TT | T T TT | T T TT T T TT | T T TT | T T TT | T TTT | T TT I_ —
% - CMS Simulation —e— Toy data ] 'E
50— —— Combined fit —
Lﬁ R Y HH->bbyy 5 0 100 200 300 400 500 600
“— u Resonantbkg m-. [GeV/c?
S 40 l ; 1 (R Non-resonant bkg] T ]
m —
O i :
£ 30 | + -
2 - _ + R R EEEEEEEEE LR
20F Tl , + + _ : SM expected:
- + T f :Combining bbTT and bbyy
10— | . :
- : H . -expected significance = 1.9 sta dev.
O:_I_I__I_l_:_l_l__I_l__lr_gl_i_l_l__lr_l 1 11 i--l‘l 11 | | I‘I. I-'-||qlqr-‘l-‘I“-||-‘I-|-:-'I-‘-;ql-‘-l‘qlq:-‘l-‘l-‘qlql-'-:-.l_: ..............................................
100 105 110 115 120 125 130 135 140 145 150
M, [GeV/c?
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ATL-PHYS-PUB-2015-046
P RU S P ECTS ATL-PHYS-PUB-2014-019

. HL-LHC condition - 3000 fb-"
bbTT channel: " bbyy channel:
* Simple cut based analysis * Gen-level MC used
» SM signal and background * Simple cut based analysis
g BSM using an EFT for the Higgs potentlal * BSM using an EFT for the Higgs potential
SM expected LIMIT: E : SM expected: :
.o(pp—>hh—>bbTT) ~43 x0osm - -8 events - significance= 1.3 std dev.§
BSM SEARCHES: § 5 BSM SEARCHES: '
exclusion of kx<-4 and kx> 12 - exclusion of kx<-1.3 and kx> 8.7 :

o/ og, as afunction of A/ Ag,

ATLAS Simulation Preliminary

o]
IIII
W
6]

w
o

N
(&)

EEEEEEEEEEEEEEEEEEEE

95% CL upper limit on 6 / o,
o

Projected limit on the total HH yield (events)
N
o

4 =
3 15— ATLAS Simulation Preliminary

X \ - \'s = 14 TeV: 3000 fb"'
of— ==ee--. Exp. 95% CL *\ J 10—

-l ,o' A n ---- Exp. 95% CLs
1 — had-had selection 'r" L dt = 3000 fb 51— (= 10

[ meeee-. lep-had e selection or — +

- s Iepihad i selection s | Vs = 14 TeIV - | | | I | - 2| ) |
%0 5 0 5 10 N 0——= 0 > 4 6 8 k/710

SM '
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Conclusions

LHC Run 2:
» HH production searches at LHC started to be an interesting topic
» Excellent coverage in different decay modes
» resonant searches: bbbb, bbWW, bbTT, bbyy, yyYWW
» non-resonant searches: bbbb, bbWW, bb1T, bbyy
» SM process still out of range, but tight limit are set by ATLAS with 2016 data
» Higgs anomalous coupling parametrized by Effective Lagrangian
» Clustering technique developed to identify benchmarks
» First exclusion limit set by CMS searches
» No excess in BSM resonant searches
Prospects:
» 2016 dataset will provide a strong improvements in each final state searches

» Investigation on BSM effects on non-resonant hh production using Run2 data
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