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Jll Motivations

s Key channel for SM study! .

= Probe shape of EWSB potential
m  Direct* access to Higgs sglf—coupling A
= SM prediction: Agy = ;nT’; ~ 0.13

T T T T T T
HH production at 14 TeV LHC at (N)LO in QCD
My=125 GeV, MSTW2008 (N)LO pdf (68%cl)
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= Main production mode: gluon fusion

m Destructive interference - small rate:
= o, =335fb@13TeV
s NLO (m +PS), NNLO+NNLL (m, - oo)
s Rate & kinematics sensitive to A

JHEP09(2016)151 JHEP10(2016)107
PRL117.012001 J.Nucl.Phys.B900(2015)412-430
1505.07122 PLB732(2014)142-149
JHEP08(2017)088, see also LHCHXSWG YR4

m  Start to be sensitive to SM with 3 ab! (14 TeV)

s BSM effects — early discovery possible!

* See e.g. Thibaud's talk (open session)
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[l Motivations: BSM reach ATL

EXPERIMENT
Resonant production of new states, for instance in:
= XMSSM/2HDM
(extra doublet)
EPICT3(201912650 PhysRevD(691055004 N,
= Higgs portal § Scalar resonances
(extra singlet) . — Model-independent results!
PhysRevD(72)093007 PhysRevD(89)095031 "2 ------------------------------------------------------
PhysRevD(91)035015 EPJC(2015)75:105
= Warped extra dimensions g h
/
= Radion P
/
= KK-graviton (spin 2, gluon fusion) X <
PRL(83)3370 PhysRevD(76)036006 JHEP09(2007)013 AN
PhysRevD(76)125015 NuclPhysB595:250-276 \
AN
= Searches assume narrow width g “\h

See also LHCHXSWG YR4
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https://doi.org/10.1103/PhysRevD.76.125015
https://doi.org/10.1016/S0550-3213(00)00686-6
https://doi.org/10.1103/PhysRevD.72.093007
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[l EFT and Higgs pairs ATLAS

EXPERIMENT ¥
m New states out of reach — indirect effects: EFT parameterisation

= 5 dimension 6 operators contributing to double Higgs
= Modifications of:

- Higgs self-coupling: k, = A/A,,
JHEP04(2015)167,1704.05700,

_ . — o t JHEP08(2012)154, PhysRevD.92.035001,
Top Yukawa: k, = y'/y',,,

JHEP09(2015)092, JHEP10(2016)123,
see also LHCHXSWG YR4 (p.199)

= New couplings = new diagrams
m Strong effect on rate & shapes — m(hh) sensitive at threshold
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Jll Higgs pairs in practice

Variety of final states to look at! Most rely on one h - bb:

= bbbb : highest BR, high bkg. (multijet, tt)

ATL

EXPERIMENT Ko

o bE'y'y : very low BR, moderate bkg. (multijet+photons, single Higgs)

" bbrr: compromise (moderate tt bkg.)
" bbWW* : high BR, high tt bkg.
m | oss from leptonic W decays

" ~yWW#* : very low BR, low bkg.

Best Run I results on SM hh:
Obs.(exp.) limit ATLAS CMS
ono,, /og,,: 70 (48) 43 (47)
PRD 92,092004 PRD 96,072004
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Searches in the bbbb final state

BR = 33,6%



[l ATLAS bbbb ATLAS

13.3 fb'data (2015 & 2016) ATLAS-CONF-2016-049

Resolved: m < 1TeV, SM Boosted: m > 1 TeV
= > 4Db-tagged jets (R=0.4) = 2 b-tagged jets (R=1), 450/250 GeV

: : : . m Cuton|An(hh)|[<1.7
" m(4j)-dependent jet selection & pairing m 2/3/4 assZciated b-tagged track jets
= Cuton|An(hh)|; AR(h,h) > 1.5

s 2di-jet masses — A .;"-.2 (trimmed) fatje'F mas‘.ses
» anti-tag: 2-b-tagdata & [  [ATAS Pelmnay | ] ' " anti-tag:0-b-tag data

ATLAS Preliminary
—{50

" Vs = 13 TeV, 2016, 10.1 fb™

m3 ' [GeV]
Events/9 GeV?

‘ Il Il Il Il Il Il Il Il L
200 250 300

Il Il
150

SR CR SB v
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ll ATLAS bbbb

13.3 fb'data (2015 & 2016) ATLAS-CONF-2016-049

ATLAS

EXPERIMENT

ted: m,>1TeV

Resolved: m, < 1 TeV, SM Boos

> 4 b-tagged jets (R=0.4)

m(4j)-dependent jet selection & pairing

Cut on |An(h,h)|; AR(h,h) > 1.5
2 di-jet masses —___A

anti-tag: 2-b-tag data

= Cu

pm 2

ATLAS Preliminary

m3 ' [GeV]

" Vs = 13 TeV, 2016, 10.1 fb™

SR CR SB 0 ‘50‘ ‘100‘ ‘ ‘15")0‘ — ‘2(‘)0‘ — ‘25‘0‘ — ‘300
m';]‘.ad [GeV]
ta Ntag
9 %
anti-tag $/ [Nanti-tag

e — 30

B 10

m 7 b-tagged jets (R=1), 450/250 GeV

ton |An(h,h)| < 1.7

m ?2/3/4 associated b-tagged track jets

trimmed) fat jet masses
= anti-tag: 0-b-tag data

60

Events/9 GeV?

50

40

Multijet bkg. from data:
m Yields from N®©9/Nati-tag jn SB
= Shape from anti-tag in SR:
Kinematic re-weighting

" Method validated:
= inCR
m using alternate SR
tt bkg. from MC

[ 20
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l ATLAS bbbb results

Signal extra

) distributions:

cted from m(4j)/m(2J
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ATLAS

EXPERIMENT

T
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LI L UL B B
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F {s=13TeV, 13.3 fb™ ] Multijet 3
I Signal Region, Boosted 4-tag Ot 4
B A Stat+Syst
- " G(2000)x100 1
10 E
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2 [
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Limits on Bulk RS graviton o x BR

Non-resonant limit:

o xBR<330fb
Obs.(exp.): o/o,,< 29 (38)
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— — W Ciy
lll CMS resonant resolved bbbb <4,

35.9 fb 1 (2016) PAS-HIG-17-009 Multijet & tt bkg.: parametric fit
m 3 mass ranges — different functional forms

= ABCD method: mass sidebands, <4 b-tag
m Tested using alternate SR definition

= 4 pb-tagged jets
" new DeepCSV algorithm
m B-jet energy regression

= Low & Medium Mass regions Limits on spin 0 & spin 2 (KK-grav.) resonances
. . . . 35.91fb" (13 TeV)
= Different jet pairing 260 <m, <1200 GeV _ o
81 400 L g'\i'S —Novosibirsk ft
. . . g - Freliminary .Fit +10
m Kinematic fit » m(hh) ssom(tsTey) 2 [ Fit s20
( ) 2
S 80— . . 01200~
8 [CMS i o w Prob 2 = 0.28
~ L Preliminary.:: - o S
3597 (13Tev) €250 . SR 10007
3104: - R .
= E CMS . Co 800
- - . Spin-0 B : L
I@, : Preliminary .. Expected Upper Limit 200 Foo C
Ig 5 [ Expected + 10 600
810 Expected + 2 0 1507 i
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X L Bulk Radion A= 3 TeV, kI=35 B C
M 100 i
X 10% C 200
:f s oL
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[l CMS resonant boosted bbbb

35.9 fb 1 (2016) B2G-16-026, submitted to Phys.Lett.B

359" (13 TeV)

Target m > 800 GeV 5 0E oms ey Seraregon
: 5 10 = backoround post
= 2jets, R=0.8 - soft-dropped mass : R e ey
w 10 :;\ - Signal cross section = 10 fb
= Cut onm(J), N-subjettiness, |An(J,J)|<1.3 a1 ‘
1= iy 4~..... B
= Veto additional leptons g il |
o
= ,Double-b" tagger WA
" Ele 2 F ' ' ' :
o DR TR L ]
= Focus on ,reduced” invariant mass: iy ;
] 1500 2000 2500 3000
Mred = m(JJ) - (m(Jl) o mh) - (m(Jz) B mh) M, 1o [GEV]
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http://cms-results.web.cern.ch/cms-results/public-results/publications/B2G-16-026/index.html

[l CMS resonant boosted bbbb

35.9 fb 1 (2016) B2G-16-026, submitted to Phys.Lett.B
Target m > 800 GeV

359" (13 TeV)

10° T c'ate'go;y: 'Si'gr'1al 'reg'ion'

?‘5 IEP CMS ¢+ Data
& C —— Background pre-ft
. E 102 E E= Background post-ft
= 2 jets, R=0.8 - soft-dropped mass 5 f T Bk ravion 2600 GV
w 10 :;\ - Signal cross section = 10 fb
= Cut onm(J), N-subjettiness, |An(J,J)|<1.3 a1 ‘
1E i “n..... =
= Veto additional leptons el |
,, "’ i
[ "Doub[e-b tagger .- . (IR LY
" ; ug_sg E—'.-—-“—'-‘—'—'—
= Focuson reduced” invariant mass: iy ;
1500 2000 2500 3000
Mred = m(JJ) — (m(Jl) - mh) - (m(Jz) - mh) M} red [GeV]
3591 (13TeV) Multijet background estimation:

; adion EAR =3TeV)

—— Observed 95% upper limit

---- Expected 95% upper limit

I Expected limit + 1 std. deviation
Expected limit + 2 std. deviation

T

M _,< 1200 GeV: refined ABCD method
= m(J,) and b-tag sidebands

o(pp = X) B (X = HH — bbbb) [fb]
2 2

IIIIII|T| IIIIII|T|__

0O -

=

7))

—_
o
N

| IIIIIL|,| | IIIIIL|,| | IIIIILL|__

= Interpolate dependence on m(J,)
M _,> 1200 GeV:

= Parametric fit (lLevelled exponential)
P e GeV] = Same shape SB & SR, yields from ABCD

—_
o

K IIIIII|T| IIIIII|T| TT

—_

10_1 1 I 1 1 1 1 I 1 1 1 1 I 1 1
1000 1500 2000
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http://cms-results.web.cern.ch/cms-results/public-results/publications/B2G-16-026/index.html

ll CMS nonresonant bbbb

2.3 b1 (2015) PAS-HIG-16-026
= 4 jets (R=0.4), 3/4 b-tagged
= Jet pairing: closest tom_

|||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||
120 — CMS —— Data
Preliminary [ backgrounds

[ Bkg Shape Unc.
500 x SM HH

100

Events / 1 bin

80

60

= BDT trained on QCD+tt MC °
= Signal from 2D shape: leading vs. sub- 2:
leading m(jj) after cut on BDT

2D bin

: N : N
® @ ® @ Bkg. template from data: hemisphere mixing
@ @ remisprere @ Q m Data events cut in 2 hemispheres:

‘ @ Cut L transverse thrust axis

\_ @/ L @/ = Hemisphere library — recreate events
riginal dataset: bkgs and ixed dataset: new compose o o . .
el sl Sgra facion e oot o = Pairing: nearest neighbour (kinematics)

= Validated in BDT sideband

Result: SM ox BR < 3.9 pb
= Small bias — systematic on bkag.

Obs.(exp.): /o ,,< 342 (308)

To be updated soon!
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http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-16-026/index.html

I Searches in the bB77 final state

BR = 0.26%



] CMS bB")/")/

35.9 b1 (2016) PAS-HIG-17-008
= 2 photons, 2 b-tagged jets (R=0.4) < 10°

CMS Preliminary 35.9 fb!' (13 TeV)

i Grav. m, =300 GeV | VH(yy) } Data
m b-jet energy regression i Rad. my = 600 GeV || VBF H(vy) Stat. Uncert

&
= CutonE,(y), E(y)/mlyy), miyy), ARGA), M) 2 p 200 oot e
= M_=m(jjyy) - m(jj) - m(yy) + 250 GeV @

m Categories using BDT & M _windows

m optimised separately for resonant &
non-resonant searches

m Search: 2D parametric fit on m(yy) vs. m(jj)
= 2D PDF = product of 1D densities (Bernstein)

m SM single Higgs background from MC

CMS Preliminary Simulation (13 TeV)
EM = 800 GeV

rM =280 GeV —i rM = 350 GeV FM = 450 GeV

X

e i
700 800 900
Reconstructed Mass [GeV1

07/11/17 - Higgs Couplings 2017 - Sébastien Wertz (CP3/UCLouvain) 15

;i il TR
250 300 300 350 400 400



http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-17-008/index.html

] CMS bB’y"y results

Resonant: spin 0 & spin 2 (KK-grav.)

- 1 CMS Preliminary 35.9fb" (13 TeV)

. > T — __

Nonresonant results: & [ pp-HH-BByy b oaa :
% 12~ High mass region Full background model ] <

SM 02 X B R < 1 . 6 7 fb § 10:_ High purity category ~ ------. Nonresonant background _:

L - -

B ——— SM HH Signal (x20) 7

8 - —]

( ) < . ( . ) § .
Obs.(exp.):o/0,,<19.2 (16.5 | ;
Limits as a function of s, /&, o ;

. 5 ]
Constrainthe &, vs. k, plane 17
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CMS Preliminary

-15 -0
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-5

[ ] observed 95% CL excl.[_| Expected s20

35.9fb™ (13 TeV)

|:| Theory Prediction (K, = 2)
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20
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[l ATLAS bb~~

3.2 fb 1 (2015) ATLAS-CONF-2016-004

= 2 photons, 2 b-tagged jets (R=0.4)

= di-jet momentum scaled by m_/m(jj)

s CutonE (y)/m(vyy); m(yy) & m(jj) windows
m Use 0-b-tag region — data-driven bkg.

= Single Higgs bkg. from MC

ATLAS

EXPERIMENT

07/11/17 - Higgs Couplings 2017 - Sébastien Wertz (CP3/UCLouvain)
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[l ATLAS bb~~

3.2 fb 1 (2015) ATLAS-CONF-2016-004

= 2 photons, 2 b-tagged jets (R=0.4)

= di-jet momentum scaled by m_/m(jj)

s CutonE (y)/m(vyy); m(yy) & m(jj) windows
m Use 0-b-tag region — data-driven bkg.

= Single Higgs bkg. from MC

Nonresonant:

» Parametric fit of m(vyy) — excluding m, +20
= Same shape in 0-tag and 2-tag, norm. free
Result: o, < 3.9 pb

Exp./obs..o/o,,<162/177

Events / 2.5 GeV

Data - Fit

4=

ATLAS

EXPERIMENT

[ ATLAS Preliminary
T Vs=13TeV,3.2f"

5[~ 2-tag signal region

vvvvvvvvvvvvv

vvvvvvvvvvvv
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[l ATLAS bB'y'y ATLAS

EXPERIMENT

T
« Di-Higgs

3.2 fb1(2015) ATLAS-CONF-2016-004

—
[ ATLAS Preliminary

8 i

. 0 C {s=13Tev,32f" ... Single Higgs ]

= 2 photons, 2 b-tagged jets (R=0.4) G Cp Zagsnalregon - ot B
L% 4; ¢ Data .

= di-jet momentum scaled by m_/m(jj)
s CutonE (y)/m(vyy); m(yy) & m(jj) windows

m Use 0-b-tag region — data-driven bkg.
= Single Higgs bkg. from MC

A

Signal E o | | | "1” -
Regi‘/A\eB Ns g | + +
Mppyy 11 / R . ‘ ‘ ‘ ‘ ‘
8% esonant: 110 120 130 140 150mW[Ge\1/?0
m, m,, i g8 = Yield in SR from sidebands in m(vv) and m(jjyy)
Yy
Myl RNy = Window size ¢ resolution at m

Signal // m (Cut efficiencies from fits in 0-tag region
- — ] y oY = B B B B B
2my, SEEW mbbw my myy % oo ATLAS Preliminary —— Obs. limit =
. S oob Vs=13Tev,32f" - Exp. limit 3
Nonresonant: & 2F [ Exp. limit +10,,,
g 18 [ Exp. limit £20,,,
. g . g 16 =
= Parametric fit of m(yy) — excludingm +20 s 3
. £ 12f =
= Same shape in 0-tag and 2-tag, norm. free S o0E E
2 8 E
Result: o,, < 3.9 pb oo \ E
. 25._ PR S NSRS A SRS SRS NN SRS ST SR SN S SR | ._.E
Obso(exp.). O-/O-SM <177 (162) 280 300 320 340 360 380 my4r(()?(.)ev1
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I Other final states



ll CMS bb7r - BR = 7.3%

35.9 fb 1 (2016) HiG-17-002, submitted to Phys.Lett.B

= 20Staus, 3 channels: ,_ 7, T,.T.r ThadT,. (88%)

= \eto extra leptons
® m(7r) reconstruction from kinematic fit

= 2jets (R=Oy\
Y
Boosted:

Resolved: #
= b-tag: 2b, 1bl]j = 1 jet (R=0.8) matched to the 2 jets

= Elliptical m(rr) vs. ™ Subjetb-tagging
m(jj) window ™ Rectangular m(r7) vs. m(J) cut

Backgrounds:

m tt, Z+jets: MC

= QCD: from data
2 BDTs — categories

= | ow-mass + nonresonant
= High-mass (> 350 GeV)
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ll CMS bb7r - BR = 7.3%

CMS
35.9fb1 (2016) HiG-17-002, submitted to Phys.Lett.B < 1ofresoveaz
O, 10?
. o T~ rell-Yan
= 20Staus, 3 channels: ,_ 7, T,.T.r ThadT,. (88%) ERS s Drekven
KS) [ SM Higgs bo_son
= Veto extra leptons 2 |\ Bkg. uncertainty

® m(77) reconstruction from kinematic fit

= 2 jets (R=Oy\
Y
Boosted:

Resolved: #
= pb-tag: 2b, 1blj

m ] jet (R=0.8) matched to the 2 jets

(k, =1, SM) x100
7 —— (k. =20) x10

0 50 100 150 200 250 300 350 400 450 50

; ; My, [GeV]
= Elliptical m(rr) vs. Subjet b-tagging oMS 35.9 5" (13 TeV)
.o . 10F % T
m(jj) window ™ Rectangular m(r7) vs. m(J) cut eeohed®on, o Daa
= [ gr?ell?-Yan
Backgrounds: i Nonresonant: E S SM Higos boson
actkg : . Nonresonant: E T B
T . " ' > s = 750 GeV
m tt, Z+jets: MC :"stransverse mass” M__ 5 g SPHEHH) <1 pb
= QCD: from data e, o
2 BDTs = Categories E Resonant: m(JJTT) + kin. fit ; e
® [ ow-mass + nonresonant

= High-mass (> 350 GeV)

300 400 500 600 700 800 900 1000
> KinFit [GeV]
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Bl CMS bb7r results

_ CMS 35.9fb™ (13 TeV)
Nonresonant: % 5_:95% cL uppér limits | bb tufh + bb ’Ce‘C:h + bb tht;1 E
[ F —— Observed i Combined channels 3
. SM O-X BR < 75.4 fb g ;_ """ Median expected S s— =
:;:r %— P 68% expected
. L E % expecte

" Obs.(exp.): o/ T onr< 30 (25) % o0l ii/tp'tpddt """""""""""""""""""""""""""""""""""
= Limits as a function of &, /k, e 400 o\ S E
: O 300 M =
= Constrain the &, vs. k, plane 2 poof .\ /TN E
@ e e _
F ,3[0 ]

Resonant: spin O & spin 2 bl e
® [nterpretation in hAMSSM ky/k,

|

no
o
CH
o -
o

CMS 35.9fb™ (13 TeV)
CMS 35.9 fb" (13 TeV) Qo : : 3 : 5 f
ﬁCL i T - T T T : 103 U N TOUNUUUOUNEIUOON JOUUOUNNUUIOUNUNUOUURE NOOUNUIOUNUIIORIUUOR VHUSUIOUSVRSUOUNIIIU. SOUOORSIUOREIUORNE VORI —
8 35 I = E 1
S 8 - ~ - A ]
! : 2 u bb T, T + bb T Ty, + bb T, T |
T y Combined channels |
‘ . % i
T 102 = = A S =
25 ) o F : .
Qq - i
X L - : s
b o 95% CL upper limits : :
c 10 —— Observed ° ..........
o F ----0---- Median expected
1 i E') [ B 68% expected
' <0 B 95% expected 1
y [~ ——— Radion A, = 3 TeV, kL = 35, no R/H mixing ; 1
v N ./ . _ T B A N R
1 200 250 300 350 400 450 500 1 300 400 500 600 700 800 900
[__]Observed 95% CL excl. [ Expected +10
---- Expected 95% CL excl. Expected +20 mA [GeV] mS [GeV]
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[l ATLAS v9yWW?* - BR = 0.1%  §ATLA

13.3fb 1 (2015 & 2016) ATLAS-CONF-2016-071

= 2 photons, cut on E_(v)/m(vyy); m(yy) window

= W(l)W(jj) = 2 jets (b-tag veto) & 1 lepton (e/u)
= Signal region/sideband: m(+yvy) in/out m £20

= Control region: O leptons

Single Higgs bkg. from simulation

107

o(gg— X) XBR(X = hh) [pb]

103’:""

Vs =13 TeV, 13.3fb™

L
- ATLAS Preliminary

—e— Observed

----- Expected

I + 10 expected |

+ 20 expected

.

T 1 1 1
250

P I T N R R SR
300 350

T T
400

1 I 1 1 1 1 I T
450 500

m, [GeV]

S

EXPERIMENT

> L L N AL DL AL RN

G 14 ATLAS Preliminary * Daa E

g - 4 Continuum bkg. -

= 1o Vs=13TeV,133f0" ... SMHiggs

~ - e SM di-Higgs -]

%) - ]

c 10— — Sum —

L?>j 8:— N(lepton)=1 _Z

6:—0 —:

4 —

2} —

T s .
s 0 :

5
O _5_I | | | | | | | | | | | | | | | | | | | | | | | | ]
110 120 130 140 150
m,, [GeV]

Continuum bkg. from data:
= Yield from SR/SB ratio (on/off peak)

m  On/off ratio obtained in CR: parametric fit of

m(vyy) (2" order exponential)

Nonresonant result: o, <

25 pb

Obs.(exp.): /o, < 750 (386)
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ll CMS bbVV*(luly) - BR = 2.7%

m 2 b-jets (c(MVAvV2 tagger), AR(j,l) > 0.3
= tt & small bkg. from MC 400
m /+jets: from data, reweighted (>0 b-jets) 200

600

- CMS . 1 e
35.9 fb* (2016) HiG-17-006, submitted to JHEP g wp
&  Hp chamnel {  Signal(5pb) i [ Drell-Yan
" 205 leptons — 3 categs.: ee, up, ep+pe o = i
. 1000 [— iags
= Focus on WW#* part — remove Z(ll) peak & tail f S g
800 |— :
r m; < 75 GeV i 757 m; <140 GeV m; > 140 GeV

Parameterised DNNs": input m, or K, and K,

£ 14F Z : 1
K7 1_2: | ee \ IL
. Cre . . .. 5 IR0 00 11 YU IS X 01
= Optimal sensitivity with single training g géf“*?“ #4 4;““‘”‘”‘*‘ Pl o

0.5 1 0.5 1 0.5 1
DNN output at K, = K, = 1 (SM), m” bins

= Limit from DNN shape in 3 m(jj) bins

1 Phys.).C 76:235 (2016)
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ll CMS bbVV*(luly) - BR = 2.7%

35.9 fb™! (2016) H1G-17-006, submitted to JHEP ; D e N
m 2 OS leptons — 3 categs.: ee, uu, ep+pe o gty E%’x!}ﬁ

= Focus on WW#* part — remove Z(ll) peak & tail o | e

= 2 b-jets (cMVAV2 tagger), AR(j,l) > 0.3 Cp e e e

= tt & small bkg. from MC wof-

m /+jets: from data, reweighted (>0 b-jets) 200

Parameterised DNNs": input m, or K, and K,

= 14 : : 1
%) 12: - y H IL
~ T et ]l e b 499 8 see b sa00 b1 14
= Optimal sensitivity with single training § I e et St S
0.6 F I i I f \
H H 1 11 H 0.5 1 0.5 1 0.5 1
= Limit from DNN shape in 3 m(jj) bins ONN = 1 (&), m i
cms 35.9 b1 (13 TeV) 1Phys.).C 76:235 (2016) 10° CMSS 3 35.9 fb! (13 Tev)

e Observed 95% upper limit
°- Expected 95% upper limit

N 68% expected

95% expected

- - Radion (Ag =1TeV, kL =35)

—— Observed 95% upper limit SM (ky=1,K=1)
= - Expected 95% upper limit

m: Resonant: spin 0 & 2 (KK-grav.)
3 | Nonresonant:
SMoxBR<72fb

= Obs.(exp.):o/0,, <79 (89)
m Limits as a function of K, /K,

10?4

1024

10t

95% CL limit on o(pp ~ HH) x B(HH — bblviv) (fb)

0] 100

95% CL limit on a(pp —~ Xspino = HH) x B(HH - bblvlv) (fb)

Constrain the s, vs. k, plane SN S S
300 400 500 600 700 mx?gj(;()( c?é)\(/))

-20 -10 0 10 20
K/ Ky
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LHC / HL-LHC Plan el“-i%“inosiw

LHC
LS1 EYETS 14 TeV 14 TeV
13-14 TeV energy
jector upgrad 5to7x
splice consclidation spPs cryogenics Point 4 o nominal
7 TeV 8 TeV button collimators T dispersion ir;:t[eyr?il::?clltn HL-LHC installation luminosit
e R2E project sup:lpreatsion reg(lons |—y
collim: ﬁ
27 Raote 2020 [ 0o [ 20zs IIII_
radiation
damage
75% ) 2 x nor I luminosity 4
nominal nominal luminosity | | experi upgrade [F—" 1
luminosity | experiment beam pipes l/_— phrase 1 experiment upgrade phase 2

/ m m luminosity

I Prospects for HL-LHC

» |[HC—> /s=14TeV -0, +18%
s Ultimate L — 3000 fb™* (2025 - 2035)
s L__— 5e34/cm?/s, average pileup = 200



EXPERIMENT

Jll ATLAS upgrade studies ATLAS

ATLAS upgrade: bbbb: ATL-PHYS-PUB-2016-024
= New all-silicon inner tracker, |nl<4 = Extrapolated from 2016 analysis
= Barrel calorimeters: new electronics = With systematics:

= New endcap calo. (high granularity)
= Muon tagging to |nl<4
= Trigger:L1 @ 0.4-1 MHz, HLT @ 10 kHz

o/og,,<52,-35<Kk,<11

Sensitivity on jet p, thresholds

bb~y-y: ATL-PHYS-PUB-2017-001 bb7r: ATL-PHYS-PUB-2015-046
= Gen-level MC smeared = Gen-level MC smeared
= Without systematics: = \With systematics:
SM:1.050,-0.8 <k, <7.7 SM:0.60, o/o,,<4.3
2 Sggﬁ s Rl _ L
5; 2'25_ I tthh(bbbb): AtL-PHYs-PUB-2016-023
% 1_5§ = Gen-level MC smeared
= = Without systematics:
SM: 0.35¢
RN e

Mg )“EMH

07/11/17 - Higgs Couplings 2017 - Sébastien Wertz (CP3/UCLouvain) 28
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2015-046/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2016-023/

Jl CMS upgrade studies

CMS upgrade: Dedicated studies: PAS-FTR-15-002
= New all-silicon tracker, |nl<4, track-trigger = DELPHES? fast parametric simulation
m Barrel calorimeters: new electronics ® Gen-level MC smeared
= New endcap calo. (high granularity) " bb~y~, bbrr, bbVV(lly, vjj)

= Muon detectors to |n|<2.8 2/
= Trigger: L1 @ 750 kHz, HLT @ 7.5 kHz > Combined, with systematics:

CMS Projection (s =13Tev SM gg - HH SM: 1.90, 54% precision on o,

—ECFAIBS2  — ECFAIGS2s
— Stat. Only
- g Extrapolations of 2015 analyses: PAS-FTR-16-002
Hyeo — . - == =
" ] " bb~y, bbrr, bbbb, bbVV(lulv)
o C = Different scenarios:
i . = No systematics ("stat. only”)
Ny | = Scenarios with reduced theory
- i} uncertainties & reduced systematics
P — (= future detector performances)
IS N NN RN W N N

expected uncertainty
1 JHEP0O2(2014)057
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http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/FTR-15-002/
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http://dx.doi.org/10.1007/JHEP02(2014)057

I Summary & conclusion



[l Results summary

Current status:

= Most stringent limit on A:

-8.8<A/A,, <15

m Exclusions on resonances:
o xXBR,,, < 1pb (300 GeV)

95% CL limit on o(pp— X— HH) [fb]

104

10°

102

10

4 fb (3 TeV)

AT L A S

EXPERIMENT K

Obs.(exp.) limitono,, /o,

Final state

ATLAS

bb~y

177 (162)

bbrr

35.9 fb-1 (13 TeV)
T I T T

bbVV arXiv:1708.04188 _|
bbtt arXiv:1707.02909 3
bbbb PAS-HIG-17-009 |

bbbb PAS-B2G-16-026 —,
bbyy PAS-HIG-17-008

---- Expected |

—— Observed 3

Spin-0

v
e
D

. NEW!

bbbb

342 (308)

bbWW*

3000
m, [GeV]

300 400 500 1000 5000

YYWW*

2015 (2.3-3.2 fb™})
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ll Conclusions ATLAS

m CMS & ATLAS: rich search program on double Higgs production

= Variety of final states probed

" No excess above SM expectations seen
= | imits on spin-0 and spin-2 (KK-Grav.) resonances
® | imits on nonresonant SM & BSM process — Run I limits already x %2 !

m Future prospects: start closing in on SM at HL-LHC

Stay tuned!
. m Updates with 2016 dataset coming soon
. m Combination of final states' results

. Next milestone: full Run II analysis
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[l CMS nonresonant EFT results

EFT: 5 parameters (see slide 4)

Clustering procedure — representative points

JHEP 04 (2016) 126

Highly varying kinematics probed
Basis for event re-weighting
Re-casting possibilities 1710.08261

Cluster 1 Chster 4

[ — L]

AT GO0 BOO 1000 1200
m, (Gevic]

Chigler 8

Yo B0 0001200
m,,, (Gevi)

95% CL upper limit on o(gg— HH) [fb]

104

10°

102

CMS limits on shape ,benchmarks”:

Channels have different sensitivity
depending on kinematics!

bbTt (arXiv:1707.02909)

e Observed

[ ]68% expected

O Median expected [l 95% expected

bbyy (HIG-17-008)

e Observed

[ 68% expected

O Median expected [l 95% expected

| CMS Preliminary

Assumes SM Higgs
branching fractions

|
oe

Il e O

oe

Il eO

® O

® O

35.:9

[ X6}

1
‘e i
.00
mnn

b (13 TeV)

o O Il

o e

8 9

10 11 12k,=0SM

Shape benchmark
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Jll CMS spin-2 resonances

Results summary on spin-2 narrow-width resonances produced in gluon fusion
(KK-Gravitons):

CMS 35.9 fbo1 (13 TeV)
§ [ T T T T T T T l T " :
—~ 10°F bbVV arXiv:1708.04188 __
T S E
L - bbtt arXiv:1707.02909
>L i bbbb PAS-HIG-17-009  _
I;_ 10° = bbbb PAS-B2G-16-026 —
% - bbyy PAS-HIG-17-008 1
C B —
o ---. Expected
4 102 — p —
£ - —— Observed 3
1 B .
O B Spin-2
5 F E
m [ —]
_ ! L | I —

3000

1000 2000

300 400 500

m, [GeV]
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ll ATLAS bbbb

ATLAS

EXPERIMENT

13.3 fb'data (2015 & 2016) ATLAS-CONF-2016-049

Resolved: 360 5 < AR < 57 40475
L P o o if maj < 1250 GeV
= All combinations passing B AR < 2B 4035
. o e o e 4 Myg;
= Choose pairs minimizing D J J -
" 0<ARjjreaa <10 o 1250 Gev S
o e > =
= Additional cuts on h cand. 0< AR <1[ 4 | ety (20GeV, 115GeV)
. . g
= Trigger: 1/2 b-tagged jets W
gg . gg J Dpy = 12Jd sm(ta.n (1ead> (iég))‘ Q
[ extra jets ]
+ quality & kinematical requirements -
‘ pr¢ > 0.5my4; — 90 GeV
o . P> 0.33myj — 70 GeV
Efficiencies: ] < 11 if my; < 850 GeV mig; ! [GeV)
5 oo e | ATLAS Prefminary | T 2% 107 my - 0.6 if may > 850 Gev
Léj o.1a:—_E._:RﬁDependemcmsm I‘Ee zoljezev, 2016, 10.1 fb - 0.07 ) -
< 0-16;1; o E 0.06f
§ CME o rigger 3 o005 4 . . o« ey e
g o 1 b Signal region definition:
8 o o o004
é() o.os? é 0.03- 7 ;
"3 ERG: ms — 120 GeV\®  (m3 — 115 GeV®
oork 2 oor X = O.1md | T\ T g g < 1o
OEJMH\Mu\\\u\Mu\\\u\\uu\uu\uu\uulE ot 1 2J 2"1
300 400 500 600 700 800 900 1000 1100 1200 SMNR

mg. [GeV]
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ll ATLAS bbbb

ATLAS

EXPERIMENT

13.3 fb'data (2015 & 2016) ATLAS-CONF-2016-049

Boosted:
= 2 highest p, jets, |nl<2
= B-tagging:
= > 1] b-tagged R=0.2 track-jet
matched to fat jet
= Trigger: 1 fat jet (p, > 360/420)

Mass [GeV]

Signal region definition:

med 124 GeV\® [ m$ — 115 Gev\”
Xnh = — + = <1.6
0.1m; 0.1m}"

Sideband definition:
36 GeV < /(m!* — 124 GeV)? + (m™ — 115 GeV)? < 63 GeV

Efficiencies:
5‘ _‘|""|""|""|""|‘: (>_)\ L I B e I e I ) B B B B
qc_) 1 2; ATLAS Preliminary =~ —— large-Rjets 22 ] %018,— ATLAS Preliminary —e— 2b-tagged track-jets |
© "“L Gc=1.0,Vs=13TeV = |, <17 ] S C _ _13TeV . ]
= T Boosted —— b—tahgged track-jets 22 .."%01 6? sc 1-(;' fe=13Te —=— 3brtagged trackjets ]
L 1; —— X, <16 ] Ll - Booste —+— 4b-tagged track-jets
x L x<0.14 -
(0] - C
8 L C ]
© 08_ = ) C
a i - E
8 i
o 0.6 - C
< i .08r -
0.4F - - -
0.2:— i -
0 1 | Il 1 1 1 | Il 1 1 1 | Il 1 1 Il | Il 1 1 Il | \_ O_
1000 1500 2000 2500 3000

1 | 1 | L 1 | 1 | L 1 | 1 1 1 1 | 1 1 1 1 | -l:
1000 1500 2000 2500 3000
Mass [GeV]
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ll CMS resonant resolved bbbb Vey, B

35.9fb™ (13 TeV) 35.9fb" (13 TeV)

>
> [ —CMS ¢ Data in SR
35.9 fb1 (2016) PAS-HIG-17-009 Sraoop SMS st 2 " Py bt
s S e 3 |
EZOOT g) 80 Prob X2 = 0.63
. L b ¥2 = 0. T rol =0.
u I_MR: |m(”) _]_ZOl < 40 1000f e I
C 60
= MMR: AR(j,j) < 1.5 for each h cand. 800
C C . 600 a0
= Ambiqguities = minimise mass ChiSq ; % !
4001 i H
= Trigger: 4 jets, 3 b-tagged (CSVv?2) 200 T ;
o5 e 3 }
Efficiencies: dt %HH%H%ﬂ jéﬁﬁ#@%ﬁ%&w %; J;
(13 TeV) 2 2 ¢t %t
S L L B B N B D50 260 270 280 290 300 310 320 330 4 058609065 T000 11001200
e [ CMS ] m, (GeV)
2 [ Simulation Preliminary } * my (GeV)
= | il i 35.9 b (13 TeV)
o)
1? PR PR P ° é ; FC,NIIS Spin-2
T n I—l% relminary e Expected Upper Limit
: : ;\103 - Expected + 10
Q Expected t 2 0
107 —o- -2 8- -'-'-'-'-'"-':-'-'8'::;:::._._~ — :'1; ——e—— Observed Upper Limit
N o P G - " . 3 x Bulk Graviton k/M,,=0.5
C e ]
i —e— Trigger | ;102
—e— 4 b-tagged jets 1
102 —— HH candidate — @
o —e— Signal Region 4
i — LMR Selection ]
I MMR Selection |
-3 1 I 1 1 ‘ 1 1 ‘ 1 1 ‘ 1 1 ‘ 1 1 I 1
107" 200 400 600 800 1000 1200 N T R R T Ll L lin
my (GeV) 300 400 500 600 700 800 900 1000 1100 1200

m, (GeV)
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[l CMS resonant boosted bbbb

35.9 fb 1 (2016) B2G-16-026, submitted to Phys.Lett.B

. . . . 11 .
= Triggers: jets, H, cuts, [An(J,))] Fitin LL categ.: ,alphabet” transfer factor:
. . 35.9 b (13 TeV) 35.9 fo' (13 TeV)
10— s LI AL LA LA B B L BN
u 2 hlgheSt pT JetS, E CMS LL+cateD%(:;y: Signal region o 0'14:CMS Rp/f for the TT category ]
p, > 300, Inl<2.4 e 012; e PR
& 10 7 Bk gravion 2500 Gev 0.1 t (not used in ) =
I - L N
- I_I_ & TT b—tag CategS " . + Signal cross section = 10 fb 0.08_— ______ Fit uncertainty :
u 105 <m (J) < 13 5’ 1;; b \ + |ss 0.06}- g """""" 1
40 JORN o Y Il 0.04 :_ _:
7-21<O°55' 105“ ‘:'u‘?-w‘u“‘.“ E N R RN RS B SRR RPN R
=S o E 3 80 60 40 20 0 20 40 60 80
| An(J,))I<1.3 FERY TETITETET TR § - m, - m, [GeV]
§§—2 ) 1500 2000 2500 3(;00
L . [GeV] Spin 2 limits:
Efficiencies: (13 TeV) lired 35.9 fo (13 TeV)
] § 4 T T I T T T T ; T T T N T .T T T LT_ T T IJ
§ 0.14-CMS —— Radions: LL category IE 1075 CMS Bulk K¢ gravlton (K/MP.' _.0'5) 3
15 - Simulation Bulk _ L 8 —— Observed 95% upper limit 3
% 012 : ulk gravitons: LL category 9 408 ---- Expected 95% upper limit -
5 11_ -¥-- Radions: TT category :'T: I Expected limit + 1 std. deviation 3
"§ T --#--- Bulk gravitons: TT category T 102 Expected limit + 2 std. deviation _;I
© 0.08:— 1 3
n C . . < ]
0.06 M e T vEa @ 10
0.04f gy =¥ 0 S S >T<
oy Ve . - 1
......... o}
0.0 Y o
I}
O 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 10_1 1 1 I 1 1 1 1 I 1 1 1 I 1 1 1 1 I 1 1 1 1 I
1000 1500 2000 2500 3000 1000 1500 2000 2500 3000
m, [GeV] my [GeV]
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ll CMS nonresonant bbbb

2.3fb1(2015) PAS-HIG-16-026

CMS Simulation 23217 (13 TeV)
E [ \\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\
Lo.12 -
S - -»-SM di-Higgs
. . S ~-QCD HT>300 GeV
®m Trigger: 4 jets, 3 b-tagged ot ~thinclusive
I

u pT > 45 ” pT>3O/30/90/90 0.08
= BDT: p.(iiy), prlil,), Anlj, i), A(jj.ij) 008 ‘{’L{ﬁ
= Cut: 65% signal eff. o.0¢ JI

0.02;

. . , . . . e~ RSN ENRR EWEN FUE RS SRS T i
Validation of hemisphere mixing technique PO 0 08 08 0s 08 0T 0% b0 ae
in Control Region:

Y CMS Preliminary 2321 (13 TeV) Y CMS Preliminary 2.32 o™ (13 TeV)
: g f + CR data

“Elonmee I, ot gty o
%0 g: i#i +# 400 ;— +#+ #
E +¢—+ 300 - :*:+

250 # 8
200 #ﬁ t +t s + ++
E 200
150~ +¢ n + _+_.+.:*:
100" + 100 :t+:t
50 - + 4
F -+
o) rm——— M by by by by Ol tesaa | I S S T T T N [N S O T N M B
0 50 100 150 200 250 300 0 50 100 150 200 250 300
Leading dijet mass (GeV) Trailing dijet mass (GeV)
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] CMS bB")/")/

359 fb—l (2016) PAS-HIG-17-008 CMS Preliminary Simulation (13 TeV)
PP—X .~ HH—bbyy Selection Steps
= Trigger: di-photon E . >30/18

'spin-0

—
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ll CMS bbrr

35.9fb1 (2016) HiG-17-002, submitted to Phys.Lett.B
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CMS bbVV*(llv)

35.9fb™1 (2016) HIG-17-006, submitted to JHEP
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