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Non-resonant HH production

Unique probe of the B.E.H. mechanism

e provides access to the measurement of the Higgs self-coupling A

e brings information on the shape of the Higgs potential

HH production at 14 TeV LHC at (N)LO in QCD
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Gluon Fusion (ggF) dominant production mode
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*State-of-the-art NNLO prediction of ggF cross section at 13 TeV: 31.05722%

In the 2016 analyses, Oggr (13TeV)
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= 33.49f2'gz/2 b is used

N

Higgs Hunting

e Process predicted by the SM

e BSM effects can result in anomalous couplings:

A, yt + 3 contact interactions (EFT approach)

Small variation
of the couplings from the prediction

\ 4

Large modification
of the cross section
eg 8k =1— cggSFM /Ggng ~20
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https://link.springer.com/article/10.1007%2FJHEP05%282018%29059
https://arxiv.org/abs/1610.07922

Resonant HH production

Look for a new narrow resonance X with mass my > 2mgy

Not predicted in the SM, but in several extensions
o Different theoretical scenarios, but similar signature

e CP-even spin-0 or spin-2 particles predicted

Need to cover a wide mass range:

MSSM/2HDM 250 to 350 GeV Phys. Rep. 516 (2012) 1
Singlet Model 250 GeVto1TeV 1.z PhysC75(1997) 17
Warped Extra Dimensions 250 GeVto 3 TeV  Phys. Rev. Lett. 83, 3370
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https://doi.org/10.1016/j.physrep.2012.02.002
https://doi.org/10.1007/s002880050442
https://doi.org/10.1103/PhysRevLett.83.3370

Fi nal states NEW! _ hew paper since HiggsHunting2018

Rich set of final states accessible at the LHC
2016 (35.9 fb~') CMS public analyses:

bbbb - - g T bbtt
largest BR, large QCD ’ _BRhh—xxyy .., good compromise
and tt contamination ww o7 (m=125Ge) between BR and
(non-res) JHEPO4 (2019) 112 NEW! - 1o urit
JHEPO1 (2019) 040 NEW! g9 purity
(res) JHEPOS (2018) 152 NEW! . 100 PLB 778 (2018) 101 i
PLB 781 (2018) 244 . JHEP 1901 (2019) 051 NEW!
BBV ....occ.con . b
large tt contamination, ... : 100, m : ;
BR(202v) = 2.7% W mgu.,,.“ - low branching ratio,
JHEP 01 (2018) 054 B by | Ww 99w 7z v o high purity
bbZZ(262j) CMS PAS HIG-18-013 NEW! e PLB 788 (2019) 7 NEW!

e Trade-off between BR and purity
o coverage of different phase spaces » Combination of the 2016 analyses

. e . Phys. Rev. Lett. 122, 121803 NEW!
o different sensitivity in different mass

ranges
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https://doi.org/10.1007/JHEP04(2019)112
https://doi.org/10.1007/JHEP01(2019)040
https://doi.org/10.1007/JHEP08(2018)152
https://www.sciencedirect.com/science/article/pii/S0370269318302806
https://link.springer.com/article/10.1007/JHEP01(2018)054
http://cds.cern.ch/record/2682621/files/HIG-18-013-pas.pdf
https://www.sciencedirect.com/science/article/pii/S037026931830008X
http://dx.doi.org/10.1007/JHEP01(2019)051
https://www.sciencedirect.com/science/article/pii/S037026931830827X
https://doi.org/10.1103/PhysRevLett.122.121803

Normalized residuals

HH—bbbb (non-resonant) NEW! JHEPO4 (2019) 112

NEW! JHEPO1 (2019) 040
Two searches performed:

e 4 resolved b-tagged jets (best sensitivity to SM), results shown here
e one bb pair highly boosted (sensitive to specific BSM topologies)

Main challenge: QCD background contamination

Original Event Hemisphere library Mixed Event
break in two hemispheres filled in 1% pass, queried on 2 using replaced hemispheres.

m b-tagis crucial, used from trigger level (3 bjets)

m BDT technique optimised for SM HH signal

m Dedicated data-driven method for QCD
estimation: hemisphere mixing

m Signal extraction from BDT output

transverse.
thrust axis
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https://doi.org/10.1007/JHEP04(2019)112
https://doi.org/10.1007/JHEP01(2019)040

HH—bbbb (resonant)

35910 (13 Tev)

G(pp—X) x Br(X—H(bB) H(bB)) (fb)

o(pp — X) B (X = HH — bbbb) [fb]
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N NEW! JLIEPOS (2018) 152
X PLB 781 (2018) 244

Low mass Resolved
o Atleast 3 b-tagged jets

e Data-driven QCD estimation from sidebands of
Higgs candidates masses

High mass Boosted + Semi-boosted

e 2 large-areajets or 1large-area jet + 2 jets, passing
b-tag or double-b discriminator

e QCD background measured from sidebands of
large-area jet mass and double-b discriminator

Excluded mass ranges

Radion: 260-280 GeV; 300-450 GeV; 480-1120 GeV; no exclusion in high mass region

Graviton: 320-450 GeV; 480-720 GeV; no exclusion in high mass region (backup)
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https://doi.org/10.1007/JHEP08(2018)152
https://www.sciencedirect.com/science/article/pii/S0370269318302806

HH—bbVV JHEP 01 (2018) 054

” CMS 359 b (13 TeV)
E MOD; W channel | ¢ Data T
Resonant and non-resonant searches G a0f il W b
E Uncertainty w
performed ol ’ o
m Event categories: bbee, bbuy, bbep E omemsaov | sem<socer ooV
m Dominant backgrounds: tt (irreducible), DY E
o Data-driven DY estimation P
m DNN to improve signal-background
separation g o i i
p g 1»2‘ ‘?‘ﬁﬂﬁmﬁm 1558 LEBHLNEE X S0 ,;:;ig‘;}‘#n
. H (. 08
e Output used as final discriminant S e ‘ ‘ :
1 o 1 0.5 1 0.5 1 05 1
Eab Sy 10° CMS 35917 13 TeV) DNN output at &, = &, = 1 (SM), m_bins
’Q\ —=— Observed:95% upper limit I
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2 8% expected
2 5% expected
! - Radion (Ag =1TeV,kL=35)
H SM obs (exp): 79 (89)xGsm
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g Graviton mass
0.0 8 10t \
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http://cds.cern.ch/record/2682621/files/HIG-18-013-pas.pdf
https://link.springer.com/article/10.1007/JHEP01(2018)054

HH—bbtt

PLB 778 (2018) 101

Comprehensive set of results on resonant and non-resonant searches

m Final states: (ety, Wy, ThTh) +

m Categorisation on number (1/2) of b-tagged jets
e Boosted category: only 1b-tagged large-area jet +

substructure requirements
m BDT technique to reject tt background in ety,, put, channels
m Signal extraction from kinematic variables:

e Resonant search: kinematic fit of HH decay (fit based on

4-momenta of the T and b candidates and on f)’}"'ss)

e Non-resonant search: “stransverse mass” MT2 (largest mass of the

parent particle compatlble with the klnematlc constraints of the event)
35 9 b (13 TcV)

359" (13 TeV)

CMS 35.9 b (13 TeV)
T 10°resoved 20 7, + Das
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O, 102 Multijet
o Drell-Yan
£ 10f Other bkg,
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Z NN\ Bkg. uncertainty
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10 o 70( 20)x 10
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L
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SM obs (exp): 31 (25)xospm
ky.-k; scan performed

Additional hMSSM
interpretation

No exclusion on Radion nor
Graviton mass

m, [GeV]
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https://www.sciencedirect.com/science/article/pii/S037026931830008X

HH—bbyy

Resonant and non-resonant searches performed: most sensitive channel to SM HH

e Main backgrounds: ny+jets, single-H

e Categorisation in MVA and reduced mass:

My = my by — (Mpp —My) — (Myy —my)

cms 3591 (13 TeV)
T

T T
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Events/(0.04)
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CMS Simulation

+ Data

MVA to efficiently
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improvement at
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NEW! p| B 788 (2019) 7

Signal extraction through 2D likelihood
Myy X Mpp

e 10% improvement w.r.t. 1D fit on m: better
discrimination against single-H

(pp—sHHXB(HH-77B) [fo]

cms 35.9 6 (13 Tev)
T
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T T
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| | i | |
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SM obs (exp): 24 (19)xosy
(VBF HH signal inclusion improves sensitivity by 1.3%)

Constrained A to —11 <k <17

Radion (Ar = 3 TeV): excluded my < 540 GeV
Graviton: excluded 290 < my < 810 GeV (backup)
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https://www.sciencedirect.com/science/article/pii/S037026931830827X

Combination: resonant searches

Different sensitivities in different regions

.
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NEW! phys. Rev. Lett. 122, 121803

e Limits also set for spin-2 hypothesis

¢ No significant excess observed
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https://doi.org/10.1103/PhysRevLett.122.121803

Combination: non-resonant production " Phys. Rev. Lett. 122, 121803

CMS

35.9 b (13 TeV)

bbvVv
Observed 78 6xSM
Expected 88.8xSM

Observed 74.6xSM
Expctod 36.9<SM
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Expected 18.8-5M
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https://doi.org/10.1103/PhysRevLett.122.121803

BSM benchmarks

Producing samples for all the combinations of couplings would be computationally
prohibitive

2

95% CL upper limit on o(pp—HH) [fb]

NEW! phys. Rev. Lett. 122, 121803

Anomalous couplings clustering strategy used in all analyses: JHEP 04 (2016) 126
Parameter space divided into 12 regions (+ SM + A = O scenarios) with similar kinematics

Cluster 2 Cluster 7
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Higgs Hunting

analyses sensitivity is
different in different BSM
scenarios
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https://doi.org/10.1007/JHEP04(2016)126
https://doi.org/10.1103/PhysRevLett.122.121803

Perspectives for HH searches

m Getting closer to the observation of SM Higgs pair production:

22 (13)xosm with 35.9 fb~'

o the single analyses are constantly improving
e full Run Il statistics: ~ 150 b~

— Projection using 2015 data at 13 TeV
CMS projection (13 Tev)

|- Stat. erroronly | /|-

S ® Updated projections: CERN-LPCC-2018-04 NEW!

30 100 200 1000 2000 CMS PAS FTR-18-019 NEW!
Total luminosity [fb™]

Ieo —HH=bt

éig channel

5’3\30 \*_h CMS PAS FTR-16-002

£ TR bbt already overperformed the

g "o | projected results

g N result: 25 xosy with 35.9 fb!
H ECFA16 S1 2 " projection: 25 xGsy with 100 fb~"
g —e— ECFA16 S2
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https://cds.cern.ch/record/2266165/files/FTR-16-002-pas.pdf
https://arxiv.org/pdf/1902.00134.pdf
https://cds.cern.ch/record/2652549/files/FTR-18-019-pas.pdf

HL-LHC latest projections

Projected sensitivity of the combination

of the 4

existing analyses + rare but clean bbZZ(4¢)

e DELPHES fast parametric simulation: upgraded CMS

response (see Elisa Fontanesi's talk in this conference)

e PU=200, £ =3000 fb™"

Significance 95% CL limit on oy / opys
Channel Stat. + syst. Stat. only ~Stat. + syst.  Stat. only| 2016 obs
bbbb 0.95 1.2 21 1.6 75
bbrt 14 1.6 14 1.3 31
bbWW ((viv) 0.56 0.59 3.5 33 79
bbyy 1.8 18 1.1 1.1 24
bbZZ (0060 037 0.37 6.6 6.5 -
Combinaton | 26 | 28 Jow | o | 22

Projected constraints on ky:

[0.35,1.9] at 68% CL
[-0.18,3.6] at 95% CL

HH searches are an excellent case for HL-LHC

C.Amendola (LLR)

Higgs Hunting

o (9g—HH) [fb]

-2AIn(L)

NEW! c\MS PAS FTR-18-019

CMS Phase-2 3000 fb™" (14 TeV)

Simulation Preliminary Assumes no HH signal

95% CL upper limits - Median expected
——bbbb —bbrtt
—-bbVV(ilv)  —-bbyy

bbzz*(41) -e- Combination
&= Theoretical prediction

esecsesnns

K5
CMS Phase-2 3000 b (14 TeV)
Simulation Preliminary Assumes SM HH signal

| || ——bbbb
—— bbrt
—— BBVV(IViv)
—— bbyy

bbzZ*(41)

95%
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https://cds.cern.ch/record/2652549/files/FTR-18-019-pas.pdf

Conclusion

m Non-resonant and resonant Higgs pair production searches are
performed in 4 different channels with 2016 data

m Different channels have different sensitivities

e The combination of channels brings a significant improvement:
obs (exp) 22 (13) x5sm with 35.9 fb~

m The 2016 analyses performed better than the pre-existing predictions!

e Advanced analysis techniques not fully exploited yet (e.g. DNN)
e The observation of the SM Higgs pair production is definitely within
reach of HL-LHC
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HH—bbbb (non-resonant)

Resolved analysis

NEW! JLiEPO4 (2019) 112
NEW! JLiEPO1 (2019) 040

-1
4000 CMS 35.9fb~! (13 TeV)
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- i = ET T T T T T T T 1 T3
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o . N . .
SM 1 2 3 4 5 6 7 8 9 10 11 12 Box
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https://doi.org/10.1007/JHEP04(2019)112
https://doi.org/10.1007/JHEP01(2019)040

HH—bbbb (resonant)

359107 (13 TeV)

U e
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NEW! JLIEPOS (2018) 152
PLB 781(2018) 244

Low mass Resolved
e Atleast 3 b-tagged jets

e Data-driven QCD estimation from sidebands of
Higgs candidates masses

High mass Boosted + Semi-boosted
o 2 large-area jets or 1 large-area jet + 2 jets, passing
b-tag or double-b discriminator

e QCD background measured from sidebands of AK8
jet mass and double-b discriminator

C.Amendola (LLR)

Radion: 260-280 GeV; 300-450 GeV; 480-1120 GeV; no exclusion in high mass region
Graviton: 320-450 GeV; 480-720 GeV; no exclusion in high mass region

Excluded mass ranges
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https://doi.org/10.1007/JHEP08(2018)152
https://www.sciencedirect.com/science/article/pii/S0370269318302806

HH—bbVV JHEP 01 (2018) 054

-1
108 CMS 35.9 fb! (13 TeV) cMs 35.9 bt (13 Tev)
—e— Observed 95% upper limit —— Observed 95% upper limit SM (K =1,k =11)
- ® - Expected:95% upper limit = = Expected 95% upper limit
N 68% expected 104 . 68% expected
! 95% expected 95% expetted
—— Theory

RS1 KK graviton, KL =35, k/p; =0.1

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

=
o
©

N

=
o
9

=
o
>

=
o
=)

95% CL limit on o(pp —~ Xspinz = HH)* B(HH — bbivlv) (fb)

300 400 500 600 700 800 900
My, spin 2 (GeV) Kl Ke

C.Amendola (LLR) Higgs Hunting



https://link.springer.com/article/10.1007/JHEP01(2018)054

HH—bbtt

95% CL on ¢ x B(S— HH— bbt1) [fb]

35.9 fb" (13 TeV)

10°

bb 7,7, +bb 17, +bb 1T,
Combined channels

—_—

95% CL upper limits

Observed

Median expected

68% expected

95% expected

Radion Ag = 3 TeV, ki = 35, no RH mixing
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https://www.sciencedirect.com/science/article/pii/S037026931830008X

HH—bbyy NEW! p| B 788 (2019) 7

cMs 35.9 fb (13 TeV) CMS 3590 (13 TeV.
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