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Jll Motivations

Nonresonant

m  Dijrect access to Higgs self-coupling A
®  Probe shape of EWSB potential

g L  __H
g H g e
s Destructive interference = small rate:
o =33fbo@ 13 TeV

HH,SM

H

s BSM effects = early discovery?
- Higgs self-coupling: k, = A/ A,
- Top Yukawa: k, = ¢//y,,
< EFT parameterisation
— strong effect on rates & kinematics
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Jll Motivations

Nonresonant Resonant

= Directaccess to Higgs self-coupling A = MSSM/2HDM (extra doublet)
®  Probe shape of EWSB potential = Higgs portal (extra singlet)

’ e . H = \Warped extra dimensions
&H. tb = Radion
g H g ®  Graviton

H

m  Destructive interference —» small rate:

0 oy = 33T @ 13 TeV " Searches assume narrow width
= BSM effects = early discovery? " 5pin 0 & 2 benchmarks
- Higgs self-coupling: k, = A/ A, g h
- Top Yukawa: k, = ¢//y,, «
o EFT parameterisaton &7 .
— strong effect on rates & kinematics g h
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Jll Higgs pairs in practice

Variety of final states to look at! Rely on one H - bb:

= bbbb : highest BR, high bkg. (multijet, tt)
o b677 : very low BR, moderate bkg. (multijet+photons, single Higgs)

" bbrr: compromise (moderate tt bkg.)
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= bbWW?* : high BR, high tt bkg.

_ BR(HH- XXYY) e

m | oss from leptonic W decays

=10°
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.. §E=10°

Best Run I results on SM HH: 3 | o

Obs.(exp.) limitoneo /o, 43 (47) .
PRD 96,072004 ML Zy W ZZ cc TC g9 WW bb 10
BR(H- XX)
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http://dx.doi.org/10.1103/PhysRevD.96.072004

l (Non)resonant I:)B'ry

35.9 fb 1 (2016) pPAS-HIG-17-008

. CMS Preliminary 35.9fb" (13 TeV)
u 2 phOtonS, 2 b‘tagged jetS (R=O4) 310 EEGrav. m, = 300 GeV IVH(W) +Data
10° o
= Reduced mass: S o[ i Rad. my- 600 Gev I veF Ho) Stat. Uncert
) . @ F IsmHHes000 gy ] vBH(vy)
M = m(jjyy) - m(jj) - m(yy) + 250 GeV 5
L

= (Categories from BDT & M_windows
= Backgrounds:
= Multijet + photons, fake photons
= SM single Higgs (from MC)
m Signal extraction:

2D parametric fit on m(~vy) vs. m(jj)

CMS Preliminary Simulation _
rM = 350 GeV FM = 450 GeV M = 600 GeV tM = 800 GeV

(13 TeV)

eI N R T T = [
400 500 800 900

Reconstriicted Mass [GeV1
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http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-17-008/index.html

Nonresonant results:

» SMoxBR<1.67

" Obs.(exp.):o/o,,

fb
<19.2 (16.5)

10°

CMS Preliminary 35.9fb" (13 TeV)
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. CMS Preliminary

(Non)resonant I:)E'y'y results

35.9fb" (13 TeV)

L pp— HH-bbyy
12~ High mass region
10 High purity category
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+ Data

Full background model
Nonresonant background

SM HH Signal (x20)

18

16} —— Observed 95% C.L. limit

Expected 95% C.L. limit
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ll Resonant resolved bbbb

35.9 fb™1 (2016) PAs-HIG-17-009 Backgrounds: multijet, tt
= Parametric fits (3 mass ranges)

m Checks:
" new DeepCSV algorithm = Mass sidebands, <4 b-tag

m 4 Db-tagged jets

= B-jetenergy regression = Alternate SR definition
= | ow & Medium Mass regions Limits on spin 0 & 2 (KK-grav.) resonances
. . . . 35.91fb" (13 TeV)
m Different jet pairing > F +Datain 5
(L?)‘I 400 - /(::’rtle\g:inary —Novosibirsk ft
. . . O Fit +
u K|nemat|c f|t - m(HH) 35.9 b (13 TeV) @ i .Fi:i;(:r
S 80— . 91200~
§ [CMS. . ..o 0 Prob =028
35.9 fb_1 (13Tev) E§250;Pr€((m/na_ry.:: ::.:. : .- ) 1000_
= [ CMsS spino C 800
I—;% : Preliminary .. Expected Upper Limit 200 L .
E 5 [ Expected + 10 : 600_
810 Expected £ 20 150[ SR §
:.F - ——e—— Observed Upper Limit B 400_
X B Bulk Radion A= 3 TeV, kl=35 i C
@ 100 C
X10% i 200
< E 23 -
5 f sop- ok
5 B P S S 3
10 N S I I I S B a 2
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http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-17-009/index.html

ll Resonant boosted bbbb

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

35.9fb" (13 TeV)

%) 3 ] 6a<9'0|;:'8i'r'1a're'ion'
Target m, > 800 GeV & "F cms o
% 102 _E —] Background Sost—ft
. 1 " . c E e Bulk graviton 1600 GeV
= 2jets, R=0.8, "double-b" tagging LI —Sgﬁéf::;;z:iiﬁszﬁm
= Use "soft-dropped” m(J), N-subjettiness e
. . E i Iy |
® Sjgnal extraction = reduced mass: 107 m,'i” ™ !
9 | i!I||||||||III|||n||.....:-.!,r,nsglllllllllll.h |Ei
M_,=m{J))-(mJ,)-m,)-(m({,)-m) g2 ¥ 3
882k , , : E
1500 2000 2500 3000
359fb (13 TeV) M, req [GEV]
1O4§—C|\IIIS — Fiadion(I F{_3TeV)I I B . )
R —— Observed 95% upper limi Multijet background estimation:
l 10°E - --- Expected 95% upper limit )
I Expected limit + 1 std. deviation M <1200 GeV: refined ABCD method

Expected limit + 2 std. deviation

102

= m(J,) and b-tag sidebands

10 = Interpolate dependence on m(J,)

M __>1200 GeV:
1071 ——

1000~ 1500 2000 2500 3000 m Parametric fit
m, [GeV]
= Same shape SB & SR, yields from ABCD

o(pp = X) B (X = HH — bbbb) [fb]

T IllllﬁL T IIIIIII| LI
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http://cms-results.web.cern.ch/cms-results/public-results/publications/B2G-16-026/index.html

ll Nonresonant bbbb

2.3fb1(2015) PAS-HIG-16-026
m 4jets (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

40

4 2 Data / Bkg = 1.00 + 0.02
hemisphere g !
@ @ leI%g 3 o'z Bkg shape uncertainty
2D bin

&‘ @/ \@ @/ Multijet & tt background est. from data:

Original dataset: bkgs and Mixed dataset: new composed

potentially a small signal fraction event that represent bkg-only H e m I S p h e re m IX I n g :

Data / Bkg

= CutonBDT = Data events cut in 2 hemispheres
= Signal extraction: = Hemisphere library — recreate events
= Pairing: nearest neighbour (kinematics)
= Validated in BDT sideband

m Small bias — systematic on bkag.

2D shape of leading vs. sub-Lleading m(jj)

Result: SM ox BR < 3.9 pb
Obs.(exp.): o/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

l (Non)resonant bbrr
35.9 fb 1 (2016) rLB778(2018)101

. (o)
s 3channels: 7 ., ThaaTur ThaaTe (88%)

dN/dm.., [GeV

®m m(77) reconstruction from kinematic fit

= 2 jets (R=Oy\\v

Resolved: # Boosted:

= b-tag: 2b, 1blj = 1 jet (R=0.8) matched to the 2 jets

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

10g_resolved 2b 1,1, ¢ Data
- channel et
Backgrounds: : QcD
: [ | Drell-Yan
- . NV 7= - : [ | Other.bkg.
m tt, Z+jets: MC i Nonresonant: = EEE SM Higgs boson
. : ' > s = 750 GeV
= QCD: data-driven :"stransverse mass” M_ = (oSN BISSHH) < 1 pb
S T ' 107 ;
2 BDTs — categories
= Low-mass + nonresonant : Resonant: m(jjrr) + kin. flt; -
= High-mass (> 350 GeV)

CMS

CMS

[ Drell-Yan
[ Other bkg.
[ SM Higgs boson
N\ Bkg. uncertainty
----- (k, =1, SM) x100
1 — (kA=20) x10

0 50 100 150 200 250 300 350 400 450 500

My, [GeV]

35.9 b (13 TeV)

ol

300 400 500 600 700 800 900 1000

mﬁiﬂF“ [GeV]
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http://dx.doi.org/10.1016/j.physletb.2018.01.001

Nonresonant:
m SMoxBR<75.4fb

" Obs.(exp.): o/o,,< 30 (25)
Resonant:
m [nterpretation in hAMSSM

CMS 35.9 o' (13 TeV)
Q L L A F A B B B B
C i > > S >
835 8 8]
3. ‘ : ]
25} -
2- -
151 .
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(Non)resonant bb7rr results

CMS 35.9fb™ (13 TeV)
- 95% CL upper limits bb 1,7, +bb 17, +bb 1T, 3
- —— Observed Combined channels 3
;_ ------ Median expected : : _;
f— - 68% expected —f
E_ 95% expected ]

Theoretical prediction

IIlIllIIIlIIIIl‘IIIl

E I L L L 5 |\L L I il Il L L I Il L L il | lE
-20 -10 0 10 20 30
Ky/K,

CMS

95% CL upper limits

bb T, T + bb T, +bb 7,1,
Combined channels

35.9 o™ (13 TeV)

| ——e—— Observed 5 ..........

E ----0---- Median expected '

. I  68% expected

B 95% expected T

|~ ——— Radion Az = 3 TeV, kL = 35, no R/H mixing 5 ]
i o e e
300 400 500 600 700 800 900
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ll Resonant boosted bb7r
35.9 fb 1 (2016) pPAs-B2G-17-006

o XoMHodm 5o (13Te)
E Ic’:rtl,irsninary + Da.ta ;
X _) H (TT) + H (bb) 8 21, 1 b-tag, H mass region ?{Htje;? 1
/ \A - ’ ’ F,ithc )
K 2 Pre-fit. -
= CAjet (R=0.8) = AK jet (R=0.8) ]
= had/had or lep/had m ] or2sub-jets b-tagged |
= m(rr) from kin. fit = 105<m(J) <135 GeV .
= 50 <mf(7rr) <150 GeV o bty
B a Ckg rounds: %é 4 1000 1500 2000 2500 3000 3500mx c(tgoeov:j
tt, t+X V+jets 10 CMS Proliminary  359f(13TeV)
= Assumes SM BRs 95% CL upper limits =
] ) m J Sldeb ands' corre Cte d — E all channels, 1 and 2-btags combined _ ozsiear:ee:( e E
Shape S|mUlat|0n ( ) . o . @ L -rsiexpe(:ed ‘ —
= 1
using simulation T 05% expected E
C Bulk Radion (Ag=1) ]
Norm. | Controlregion  Fit to m(J) distribution l ok i
o F :
00 .
Signal extraction: parametric fit to m(HH) FI0°E :
- o F E
— Limits on spin 0 & 2 resonances J | | N ]

—3 1 1 | 1 1 1 1 I 1 1 1 1 I 1 1 1 1 1 1 1 1 1
10774000 1500 2000 2500 3000 3500 _ 4000
my (GeV)
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http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/B2G-17-006/index.html

[l (Non)resonant IJBVV’“([V[V)

35.9 fb 1 (2016) JHEPO1(2018)054 e ; e Lo Tey

[ p*u channel : ¢ Data P
L H Signal (5 pb) : I Drell-Yan

Events

12001 é_BAnZel:t‘azin:y(SM) l -\S/i\r/19Iet
m 2 OS leptons = ee, uu, eutpe, 2 b-tagged jets 000 - -
= Focus on WW* part — remove Z(ll) peak & tail 8°°§‘ oo
= Bkg.: tt, Z+jets — simulation o0 |

200

Parameterised DNNs': input m, or x, and «,

= Optimal sensitivity with single training S T 1
.. . .o . ,\9 1%?%*%’32{@%’}@ 54%3‘%*ié'}?ﬁé’fiHé{“:oc“?é;?#i*ﬁi‘}'}‘fl
= Limit from DNN shape in 3 m(jj) bins g osp' — S

0.5 1 0.5 1 0.5 1

1 .
PhysJ.C 76:235 (2016) DNN output at K, = K, = 1 (SM), m_bins

CMS 35.9 fb! (13 TeV) 10° CMS‘ ‘ 35.9 fb! (13 TeV)

—e— Observed 95% upper limit
-e- Expected 95% upper limit
BN 68% expected

95% expected

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

i —— Observed 95% upper limit |  SM (k,=1,k=1)

i = - Expected 95% upper limit

104 MW e8%expected
95% expected

— T / Nonresonant results:
YOS | = SMoxBR<72fb

= Obs.(exp.):o/0,, <79 (89)

: ~ :
: RS :

102 f A S e
: : SO
: g N

1074

=
o
—

10!+

=
(@)
=]

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

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

20 10 0 10 20 300 400 500 600 700 800 900
K)\/Kl My, spin 0 (GeV)
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http://dx.doi.org/10.1007/JHEP01(2018)054
http://dx.doi.org/10.1140/epjc/s10052-016-4099-4

ll Results summary

= Most stringent Llimit on Higgs self-coupling A:

-8.8 <A/A,, <15

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

4 fb (3 TeV)

CMS Preliminary 35.9 fb-1 (13 TeV)

bbVV arXiv:1708.04188
bbtt arXiv:1707.02909
bbtt PAS-B2G-17-006
bbbb PAS-HIG-17-009
bbbb arXiv:1710.04960
bbyy PAS-HIG-17-008

1045—

1035—

102k ---. Expected
g —— Observed

- < e Spin-0
10 AT
- NEW!

300 400 500 1000 5000 3000 4000
m, [GeV]

95% CL limit on o(pp— X— HH) [fb]

Limits on a'HH/a'SM:

Final state | Obs. (exp.)

bb~y

bbrr

bbbb 342 (308)

bbWW*

2015 (2.3-3.2 fb™})
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Jll Prospects for HL-LHC

Ls1 EYETS 14 TeV 14 TeV
13-14 TeV energy
r upg to7x
splice consolidation ryogenics Poi . nomina
7 TeV 8 Tev bution collimators SCF::S dispersion mctrayrilggngm HL-LHC installation : J[n’iﬂlr‘*”cjﬂv
R2E project s:jﬁxtai:‘n regions _
20 Raors 2020 28 ZZH i “
radiation
damage
75% I luminosity b
nominal —
luminosity | xperi t beam pipes experiment upgrade phase 2
— Erd 150 fb” 300 fb* tuminosity

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

CMS upgrade: Dedicated studies: PAS-FTR-15-002
= New all-silicon tracker, [n|<4, track-trigger = bb~y~, bbrr, bbVV(lely, ljj)
= Barrel calorimeters: new electronics = ~50% precision on g,

= New endcap calo. (high granularity) _
= Muon detectors to |n]<2.8 Extrapolations of 2015 analﬁgim-lé—ooz

= Trigger: L1 @ 750 kHz, HLT @ 7.5 kHz = bbyy, bbrr, bbbb, bbVV (L)
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http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/FTR-15-002/
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/FTR-16-002/

l Conclusions

m CMS: rich search program on double Higgs production
= Much more than SM!

® Spin-0 and spin-2 (KK-Grav.) resonances
= Nonresonant BSM effects

" No excess above SM expectations seen

m | ong & exciting road ahead — crucial channel at HL-LHC

Stay tuned!
m Dataset updates coming soon

= Next milestone: full Run II analysis
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[l EFT and Higgs pairs

= New states out of reach — indirect effects: EFT parameterisation
= 5 dimension 6 operators contributing to double Higgs
= Modifications of:

- Higgs self-coupling: &, = M/ A,

JHEP04(2015)167, 1704.05700,

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

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

= New couplings = new diagrams
= Strong effect on rate & shapes — m(HH) sensitive at threshold

2

> LA L L L L B N B O L L N }f- ]_ m 2
8 L /2 (TeV?): | L v — —@ﬁh@“h — hh — HA/\SMUhS
g  omp O/ O,/ Op/ O/ Oy s (01T 2 2
8 i ;)1.5:/-‘?2//-%1//‘-13//-%2;(’)21(32?) § mt C2 _ as CQQ A A R
@ r 0.75/3/4/5/0.0001 (1.20) ]| — _= = —_ 7 R
g °'1; g.“7,|5/3/4/5/o.o1 (1.52) *: ¥ v+ K’th + v hh tLtR + h.c. + 19270 Clgh 2 hh G,LLVG
@ i
5
<

h h

h h

1 el =
400 600 800 1000 1200 1400

m(hh)
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https://doi.org/10.1007/JHEP04(2015)167
https://arxiv.org/abs/1704.05700v1
https://doi.org/10.1007/JHEP08(2012)154
https://doi.org/10.1103/PhysRevD.92.035001
https://doi.org/10.1007/JHEP09(2015)092
https://doi.org/10.1007/JHEP10(2016)123
http://dx.doi.org/10.23731/CYRM-2017-002

B Nonresonant EFT results

EFT: 5 parameters

® Clustering procedure — representative points

JHEP 04 (2016) 126
= Highly varying kinematics probed
= Basis for event re-weighting
" Re-casting possibilities 1710.08261

My, (G
Clugier &

il {GEVic)
Chister &

Miangus = 18

1200

M, (GeVic’]
Clustar 12

M,y = 798

95% CL upper limit on o(gg— HH) [fb]

104

10°

102

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 [Jll] 95% expected

| CMS Preliminary

branching fractions

LI N B
oe

T T
| ]
oe
®

Il e O

Assumes SM Higgs : I

1359 (13 TeV)

‘e
o

® O
|
(e |

o N |

[ J6)

[ 1o}
[ |
||

8 9 10 11 12k,=0SM
Shape benchmark
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http://dx.doi.org/10.1007/JHEP04(2016)126
https://arxiv.org/abs/1710.08261

Jll Spin-2 resonances

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

CMS Preliminary 35.9 fb-1 (13 TeV)

3‘ B T T T T T i
— il bbVV arXiv:1708.04188 |
= 10°E :
T = bbtt arXiv:1707.02909 =
X\ - bbtt PAS-B2G-17-006 -
>T< 10° bbbb PAS-HIG-17-009 |
o - bbbb arXiv:1710.04960 3
B B bbYy PAS-HIG-17-008 A
- B _
g 102 ---. Expected _
c = — Observed I
= N _
5 - _
X 10 N TN 3
&3 =TI\ e -
o - :

[ 1 1 1 | ]

1000 5000 3000 4000
m, [GeV]

300 200 500
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Jl HL-LHC 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) " bbry~, bbrr, bbVV(lly, ljj)

= Muon detectors to |n|<2.8

= Trigger: L1 @ 750 kHz, HLT @ 7.5 kHz > Combined, with systematics:

CMS rojection {s-13Tev  SM gg - HH SM: 1.90, 54% precision on o,

—ECFAteS2  — ECFAI6S2e
—— Stat. Only
- g Extrapolations of 2015 analyses: PAS-FTR-16-002
Hyeo — = - == =
i " | = bb~+, bbrr, bbbb, bbVV(lvlv)
0 C = Different scenarios:
; _ = No systematics ("stat. only”)
Ny i = Scenarios with reduced theory
] 7 uncertainties & reduced systematics
o — (= future detector performances)
IS N NN RN W N N

expected uncertainty
1 JHEP02(2014)057
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http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/FTR-15-002/
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/FTR-16-002/
http://dx.doi.org/10.1007/JHEP02(2014)057

ll Resonant resolved bbbb

-1
35.9 o (13 TeV) 35.91b" (13 TeV)

> F :
r i ¢ Data in SR
_1 2016 % L ¢ Data in SR 8100_CMS M 'S
35.9 b PAS-HIG-17-009 Srao-SUS S R e
e I Fit +20 P Fit +20
212005 g’ sor P l’J)(2 0.63
° 1 w [ Prob x2 = 0.17 L rol =0.
m | MR: |m(”) _120| <40 1000} I
60

= MMR: AR(j,j) < 1.5 for each h cand. 8°°§

600

= Ambiguities = minimise mass ChiSq k- ‘T ]
= Trigger: 4 jets, 3 b-tagged (CSVV2)  aot

ol L
% gz = 2
3 S5 3t
I SO UILIUET. A : H
. C - " l ¢ :
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ll Resonant boosted bbbb

35.9 fb 1 (2016) B2G-16-026, submitted to Phys.Lett.B
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ll Nonresonant bbbb
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(Non)resonant I:)E'y'y

35.9 fb1(2016) PAS-HIG-17-008
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l (Non)resonant I:)B'y'y

35.9 fb1(2016) pPAS-HIG-17-008
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l (Non)resonant bbrr
35.9 fb 1 (2016) rLB778(2018)101 <
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(Non)resonant I)EVV"‘([VU/

35.9 fb 1 (2016) JHEPO1(2018)054
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