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Resonant production of Higgs boson pairs X—+hh (mn = 125 GeV) is the
ideal place to look for new physics!

B Phenomenologically rich set of final states

B Resonant hh production not allowed in the SM, but predicted in many well
motivated BSM scenarios that require a coupling with the Higgs sector
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lll } MSSM/2HDM ‘ Singlet model I WED

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

I Singlet model: additional Higgs singlet S gives an extra scalar H
o sizable BR beyond 2xmiop, Nnon negligible width at high mn

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

o different phenomenology it SM particles are allowed (bulk RS) or not (RS1 model) to
propagate in the extra-dimensional bulk
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hh final states

i hh production and decays are
decoupled effects

o assume SM BRs in the analyses

> BR hh—Xxxyy

(mn =125 GeV)

I Require one h—bb decay to WW
keep BR sufficiently high

I Tradeoff between BR and g9

background contamination in the
choice of second h decay T
makes searches complementary

o high BR for bbbb, but high QCD 77
and tt contamination

o high BR but irreducible tt VY
background for bbWW

o tradeoff between relatively low
background (QCD and tt) and BR

for bbbtz CMS multilepton and lepton+photons analysis

o high purity but very low BR for Phys. Rev. D 90 (2014) 112013
bbyy not covered in this talk
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Analyses overview

f

Runl: 2012,y/s=8TeV, £ =17.9-19.7 fb-"
Run Il: 2015, /s = 13 TeV, £ = 2.3-2.7 fb-

\_

4 . Reconstruction
e [Run 1 Run ! | Z:|Run | Run
bbb | v ¥ : bbbb | v
bbWW | . v : bbWW
bbrz | v | ¥ Resolved ; Boosted bbrz | ¥
bbyy | ¥ : bbyy

%

250 400 600 800 11000 2000 3000 Mx[GeV]
hh—xxyy: the four objects are . hh—=(xx)(yy): merged objects,
reconstructed separately . reconstruction with substructure

. techniques for jet, tau, b-tagging

Luca Cadamuro (LLR) Search for resonant Higgs boson pair production at CMS 10/05/2016



resolved X— hh— bhbb
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Run i

: CMS PAS HIG-16-002

2317 (13 TeV)
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Events / 0.02

Data/ MC

WW=lvilv (I = e, y) = bbee, bbup, bbep

Reject background exploiting the kinematic
distributions: cut + BDT approach

Two BDTs trained for low and intermediate mass

Signal extracted from simultaneous fit in 4 regions .-+~

CMS Proliminary ' 2. 30 fb" (13 Tev) .
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Run| : PLB 755 (2016) 217
e @927 resolved X—hh—bht

I 3final states of Tt system for low mass (etn, Uth, Thth), ThTth ONly for high mass
I 3 categories (0, 1, 22 b-tag)
I Selections similar to legacy SM H—=tt analysis
I Likelihood method (SVFit) to reconstruct m: and kinematic fit on bbbzt system
i Data-driven QCD (charge+iso sideband), Z—tt (embedding), W+jets (mr)
~1.4 H_.>hr.]_>-bb1|:1: T T 1 1T T 1 1|9.-7 f-b-1-(8|Te.V) — CMS Preliminary, HH — bbrr, 18.3 fb™ at (s = 8 TeV
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2.7 (13 TeV)

I 3final states: bbetn, bbuth, bbthts fg rews e ﬁgj%
= 10 = Drell-Yan
I Selections optimized for resonant hh production :;I 1 §§kggbg;gg¥y
i Signal region: 2 opposite sign T candidates, %10_1 LR
>2 b-tagged jet .
i Signal tagged using Mmoo and My m«%
I Main background processes: 10

300 400 500 600 700 800 900 1000

o tt, taken from MC with shape corrected with pr i [GeV]
reweighting e | | | 2717 (18 TeV)

_ _ “CMS | - bb ut_#bber, +bb 7T,

o /=7t MC yield corrected from Z—pp sideband Fpreliminary  combined channels

......................................................................................................................................

—_
(@)

for 0,1,2 b tag jet contributions

—e— Observed CLs
--e-- Expected CLs
f==== Expected = 1o
----- Expected + 20

o QCD shape and yield from same-sign anti-
Isolated th region

—

— H) x BR (H — hh — bbrr) [pb]

I bbrhth channel with best S/B but low statistics & ''F
I Athigh mass, achieve a sensitivity closeto S0 .. T
Run | analysis but with ~15% of the luminosity § p—%%
10° 300 400 500 600 700 800 900

m, [GeV]
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Run | : arxiv:1603.06896 resolved X —) hh — bb'}/y

19.7 fb™ (8 TeV)
_III|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII
i pp — X — HH— yybb
B High-purity

i Selections similar to legacy SM H—=yy analysis

%
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o efficient vertex identification thanks to recoiling h—bb Q& | ‘¢ Data — Background model
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I Two categories:1 and >2 b tagged jets 5 | :

T B

I Two mass regions . :

2 L —
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Runl : arXiv:1602.08762

hoosted X— hh— hbhb

19.

Pruned-jet mass mj (GeV)
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I h—Dbb reconstructed with Cambridge- 0% TfP'1,<8|Te}’3
Aachen AR=0.8 jets, invariant mass - CMS Observed 95% upper mit -
obtained with pruning technique - Expected 95% upper fimit 7
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. . © B .y
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Run | : CMS PAS EXO-15-008 hoosted X_}hh_}bb,l.,l.

B h—Dbb reconstructed with Cambridge-

. . . % 4:IIII IIIIIIr-«:hchannel
Aachen AR=0.8 jets, invariant mass 33,53_,9,2’,!.§,na,y %gfe“m”ets
. . . . el - [ Single to
obtained with pruning technique S =R ]
E 2_5f— f— gfg,gangg?ﬁXA 5TeV, AR-1-)
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B jet purity criteria using N-subjettiness £ e :
I h—r—ln : overlapping lepton is identified R R
and removed amongst Tn decay products 6500 100 1800 2008 [T
to improve reconstruction and maintain | | CMS Preliminary __ 19.77(8 TeV)
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17.9-19.7 fb™ (8 TeV)
]

|
CMS ————— yybb (arXiv:1603.06896)

| Supplementary = = B
1 05 _— Assumes SM Higgs BR —— bEbE low mass (PLB 749 (2015) 560) —
— and narrow width for X = bbbb high mass (arXiv:1602.08762) =
- Ttbb low mass (PLB 755 (2016) 217) .

: —————— 1tbb mid. mass (CMS-PAS-HIG-15-013)
) ———————  11bb high mass (CMS-PAS-EXO-15-008)
' — radion A,=1TeV

--------- radion Ag=3TeV

— Observed
---- Expected

1

1 WED: gg— X, kl=35
I no radion/H mixing
1
1

—h
o
T

/

95% CL limit on o(pp — X™"° — HH) (fb)

mP™°(GeV)
I bbyy most sensitive channel at low mass, bbbb at high mass

I Run Il analyses are already close in sensitivity to Run |
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E Observed exclusion 95% CL
P Expected exclusion 95% CL

S

Lo ,' Model not strictly applicable

[ ] n(125) (HIG-15-002)
A/H — bb (arXiv:1506.08329)
AM/h — uu (arXiv:1508.01437)

H — hh (bbtt) / A — Zh (Ikt)

(arXiv:1510.01181)
H — hh (bbyy) (HIG-13-032)

H— WW/ZZ (arXiv:1504.00936)

400 500 600 1000

m, [GeV]

I hh contributes significantly to the exploration of the MSSM plane in the low ma - low

tan3 region
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Summary

i Search for resonant hh production are motivated in many BSM physics
scenarios for a large range of mx

I The CMS experiment has performed a large number of analysis on
different hh final states, using both Run | and Run |l data

i Different reconstruction techniques are exploited depending on mX
(resolved and boosted regimes)

B No evidence for signal, limits set for mx between 250 GeV and 3 TeV for
spin-0 and spin-2 hypotheses

I Despite the small luminosity (< 3 fb-7), Run Il analyses start to be
competitive with Run |, and will supersede it with 2016 data (~10 fb-1 by
this Summer)

I 2016 will be the turning point of hh physics!
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Additional material




Rt -Phys. Rew D90 Multilepton / leptons + photons

(2014) 112013 | B
I >3 leptons — 7 final states: WWWW, WW/Z/Z, CMS 19.5 fb™ (8 TeV)

t% | 4-leptons: OSSF1, off-Z, no taus, no b-jets _
WWrzt, /777, /77T, /DD, tTTT i o 300 Gov
°>’ [C~] Bkg. uncertainties

] Misidentified
K

I 2photons + > 1 lepton — 3 final states: WWyy, =i
ZZyy, TTYY 1 =

= : 1 tiw E
i [z .
I Use missing Er distribution to search for signal Bt | | WSt
contribution 10°
. g . . 0-30 30-50 50-100 >100
I Model independent limits interpreted in Type-| ET (GeV)
and Type-ll 2HDM
CMS 19.5 o™ (8 TeV) CMS 19.5 b (8 TeV)
18_||||| |||||||||||||||| L L LA L L ey [ L e [T I e e [T T T
3 16 = gg — H — hh, combined B c R . T Type Il 2HDM H — hh, m =300 GeV "]
£ —— Observed 95% CL limits + A Observed 95% CL limits H
% 14 :— ----- Expected 95% CL limits —: 10 _ _______________________ ............... Expected 95% CL limits ]
n S858 Expected +10 . i (S Expected =10 S
12 :_ ----- Expected 2 o _: ' Expected 20 e
10 = : | :
s -1
8 \ ]
6 \ —:
4
2
0IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII

260 270 280 290 300 310 320 330 340 350 360
m,, (GeV)
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2.3fb7 (13 TeV)

- CMS + Data in SB

— Preliminary

- —
(@) (0]
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Shape of mx in the signal region
sideband (SB) of LMR.

Signal: two gaussian sum (LMM) |
ExpGausskExp (MMR)

Background: GaussExp
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2.3 (13 TeV)

@ 0.09

5 CMS -¢-Data shape in SB
e]

N 0081 Preliminary -¢-Data shape in SR
£

o
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Anti-Tag selection
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Validation of mx distribution (SR
vs SB) in a CR with 1 anti-b-
tagged jet (MMR)
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resolved X— hh— hbbb

2.3 b7 (13 TeV)

5 1 :I I | T T | T T | T T T T T T T T | T T | T T | T TT |: 5, 1 - I I | I I I I I I I I I | I I I | I E
g  CMS . S [ CMS L]
'© | Simulation ] '© | Simulatio ]
© T - © T -
107E E 107 E
1072 — 10— —o— Trigger E
E —— 4 b-tagged jets: E —— 4 b-tagged jets E
i —— HH candidate | i —e— HH candidate |
- LM R —e— Signal Region - - M M R —e— Signal Region -

10—3 1 1 | L 111 | L 111 | L 111 | L 111 | 1111 | L 111 | L 111 | L 111 | L 111 10—3 | | | | | | | | | | | | | | | | | | | |

250 300 350 400 450 500 550 600 650 700 400 600 800 1000 1200
m, (GeV) m, (GeV)

B Trigger efficiencies for LRM and MMR
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Run | : CMS PAS HIG-15-013 resolved X_} hh —) bbTT

o CMS Preliminary 18.3 fb™' (8 TeV) CMS Preliminary 18.3 fb™' (8 TeV) 18.3 fb™' (8 TeV)
> = . --X — HH — bbrr S - . --X — HH — bbrt S = . --X — HH — bbrr
[(}) E 2jetOtag ¢ Observed Q 10= 2jetitag ¢ Observed (] B 2jet2tag ¢ Observed
g 10 Resonant 0z — = g = Resonant 0z - = g 1~ Resonant 0z - =
- = mit - B mtt - - mit
I_:II: = B Electroweak I_:II: 1 E B Electroweak I_:II: 10 1= B Electroweak
T ’ B |:|Mu|tij_ets T = ’ |:|Mu|tij_ets T |:|Mu|tij_ets
E = [l SM Higgs E 1 !SM Higgs E [l SM Higgs
= [1Uncertainty 10 [ Uncertainty -2 [1Uncertainty
> ; > s "
s 107 o -2 o 3
10 10
107 100 o 1074
c 1073 c 1074 e c 10°°
.% s 2 - % c 2 '% c 2
3|2 - 5 = 1
Els Els 1 + Els
i E i E i E
; E ; E o # ........................................................................................................ ; E 0 WL
S| s® ‘ * $ | S| u ‘ | | |
© — — -  — e — © : : © e — : :  — —
a 200 400 600 800 1 000 1200 © 200 600 800 1 000 1 200 Q 200 400 600 800 1000 1200
myy, [GeV] My, [GeV] My, [GeV]

L . ® 2btag @ 1b-tag © ODb-tag
i 3 categories in number of b-tagged jets are used

o 2-b tag: most sensitive, best S/B

o 1 b-tag: retrieve signal lost due to b-tag inefficiency (~1% of
misidentification rate with ~65% of signal efficiency for the
WP used) = + 100% signal collected with higher background
— ~10% sensitivity improvement

o 0 b-tag: constrain background to reduce systematics
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Run I - CMS PAS HIG-16-013 resolved X—hh—hhtt

2.7 0" (13 TeV)
S 2[CMS  ®w o paa _==0 2.7 o' (13 TeV)
8 preliminary channel [ tt .- - = -
= = Sr?aII:I)-Yan s” =2 -CMS Exp. 95% C.L.
= 10 mmm Other bkg. P ™ | preliminary bb
E T W bkg. uncertainty A L _lg‘ == e’l?h
., =800 GeV . -e-
g 1 2450 Gev P [ 10feess o, e- bb ut,
> —— m;, =300 GeV ’ = oo * -e-bb T
o, a(pp— H) x BR (H— hh) = 10 pb 1 b § ‘. h h
10 i 2.7 o™ (13 TeV) T . —e— Combined
;‘ 10 E?CMS bb 77, ¢ Data o N
1072 8 - preliminary channel EEE tCt)CD E
— 10F [~ Drell-Yan I 1 E_
3 — F mmm Other bkg. 1 —
10 E - W bkg. usra%egal\r}ty % B -
=~ — = € " EQmm
EI 1E —m:=450Gev ‘b’ B haii LY TR
10 ) 3 —— m, =300 GeV . gl R o
> o(pp— H) x BR (H— hh) = 10 pb 8 o mtm e . _'_-_ -
300 400 500 600 700 800 _i 107 —
Kin O = ——d
my ) =
0 N
PN -
(@] |
27 | | | | | |
= [~ —2 ] ] ] ] ] ] ] ] ] ] ] ] ] ] ] ] ] ] ] ] ] ] ] ] ] ]
S 1ECMS e 10°""300 400 500 _ 600 _ 700 _ 800 _ 900
O QcD my, [GeV]
= 1ok [ Drell-Yan F
= E [ Other bkg.
E. f . bkg. uncerta 300 400 500 600 700 800 900 1000
5 o min [GeV]
> — m, =300 GeV
© 10- o(pp— H) x BR (H— hh) = 10 pb
i bbrthth has the best S/B ratio and has the main
102 : : : C
contribution to the final sensitivity
107
o I Sizable contribution from bbuth and bbetn channels at
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