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Outline

* Part I: Higgs boson self-coupling
* Part Il: Rare decays and beyond standard model physics
* Part lll: Very brief outlook towards HL-LHC

In this talk | will focus only on a selection of the more recent results.

However, a very comprehensive set of studies on all these topics has
been done by both collaborations on the early LHC Run 2 data from
2016 in the past. Results are available from the links below:

All ATLAS results: Higgs, HDBS CMS/ | All CMS Higgs results: papers,
ATLAS "Higgs and Diboson searches" v preliminary results

EXPERIMENT

Y
11

More info in the parallels: Daniel and Stefano (HH, Thursday), Andrey (2" gen, Thursday),

Adam and Renje (BSM, Wednesday), Mariia (DM, Friday)


http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG/index.html
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG/index.html
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/HiggsPublicResults
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/HDBSPublicResults
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Part I: Higgs boson self-coupling

* An essential component of electroweak symmetry breaking
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HH production in the SM: gluon fusion

* Dominant HH production mode in the SM is gluon fusion,
driven by on self-coupling A and Higgs-top couplings A,
- ou(ggHH) =31fb [ ~1/1500 of o(ggH) ! ]

[ PLB 732 (2014) 142-149 ]
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* Destructive interference between the
two contributions: o larger at A = 0!
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https://doi.org/10.1016/j.physletb.2014.03.026
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NS Phys. Lett. B 800 (2020) 135103

Double-Higgs production: early run 2 results

* Currently, the most stringent constraints on HH production are still
the ones from the analysis of early LHC Run 2 (2016) data

- Observed and expected upper limits on 6(HH)/o.(HH)
£ ATLAS obs. 6.9 (exp. 10) CMS obs 22.2 (exp. 12.8) |,

EEEEEEEEEE

— Driven by the 3 most sensitive modes: bb tt, bb yy, bb bb
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https://www.sciencedirect.com/science/article/pii/S0370269319308251?via=ihub
http://dx.doi.org/10.1103/PhysRevLett.122.121803
https://www.sciencedirect.com/science/article/pii/S0370269319308251?via=ihub
http://dx.doi.org/10.1103/PhysRevLett.122.121803
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Beyond 2016 data: HH — bb WQVWQV ATLAS

L =139 fb~1
% 0% ATLAS Sm latio — M m 107 AITLAS o ; ?Ia’a -
. . o e T E ey b O e
* First HH — bblvlv analysis at ATLAS = | s SR

* Multiclass DNN to separate HH from - \
. 1 A
3 main backgrounds: tt, Z(¢¢), Z(tt) o \!
. N I T e . !
— Inputs are individual leptons, jets, E;™ss, 1 g s i
high-level variables (e.g. AR, m,?) I o A o
R I it

- Output dyy := In(pyy [ Z pbkg) o grrronmnn ."_“""_.—

o
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5 ATLAS '4 | " é ATf1A39"I'V139fb“
* Signal regions defined by d,;,, cuts £ - i FS g E | _ LT
- x8/x3 better sensitivity than old 4 - =
36 fb~' analyses from ATLASI*J/CMS: . % ‘ L 1€
- Set limit at 6,y < 40xSM (exp.: 29x SM) L ] 1_g 5

[*] older analysis was for the H— WW— 0vqq, qqqq decays


https://www.sciencedirect.com/science/article/pii/S0370269319308676
https://www.sciencedirect.com/science/article/pii/S0370269319308676
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HH production: vector boson fusion

* VBF is the second production mode, with o,, = 1.72 fb
- ~1/20 of ggHH, ~1/2000 of VBF H

* Receives contributions from self-coupling HHH, HVV coupling (k,,
well measured in single Higgs), and HHVV quartic vertex (k,,).
- K,y = K2 if H is part of a SU(2), doublet, as in the SM or the SMEFT.
- Otherwise, large increase in 0,5 possible: V, V,— H H would violate unitary
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%‘ " ATLAS Simul g
) imulation o
VB F H H 4b TLAS %200__ (s =13 TeV, 126 fb" 0.004m
LEX_P ?ng ;EL E - SM non-resonant HH in SR+VR+SB
. . 150; SR
* Target the more extreme kinematic of kK, # 1 _
- Tight cut-based VBF cuts: m; > 1 TeV, [An;[ > 5
* Largely based on earlier HH — 4b search 100
on 36 fb~" dataset [JHEP 01 (2019) 030] : SB
- Same strategy used for HH — 4b selection: AR, 50 100 150 200
cuts dependent on m,,, elliptic signal region in M~ [GeV]
the plane of the two m,, masses .
— Same estimation of main QCD multijet and tt A T e
background: from events with 2 b-tags, with % i o omennon

weights derived in mass sideband

* New b-jet energy regression using a BDT
- ~10% better b-jet energy resolution



http://dx.doi.org/10.1007/JHEP01(2019)030
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2018-18/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2018-18/
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VBF HH — 4b

>

EXPERIMEN
L =126 fb™"

* Use m(4b) as final discriminating variable
- Searching also for resonant VBF X — HH

* Focus on probing anomalous k,,,
—SEtKV:‘l, KA:1
- SM ggHH negligible with present sensitivity

* Set limit -0.56 < K,,, <2.89 (@ 95% CL
(expected limit -0.67 < K,y < 3.10)
- First constraints on k,,, at LHC!

— But still far from sensitivity to SM VBF HH.
Set upper limit o/o.,, < 840 (exp. 540)
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2018-18/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2018-18/
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Constraining self-coupling from single H

o0, [%]
* At NLO, single Higgs observables are I
sensitive to Higgs boson self-coupling eI
. .~ A L o SO DR '
- O(1%) corrections to o, and BRs for Ak, =1 o *
Largest effect inclusively is ~3.5% on o, i
- Use of kinematic information, e.g. p;(H), f
can enhance the effect further (~x2-3) o
:: e B—
K, S ool
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http://dx.doi.org/10.1007/JHEP12(2016)080
https://doi.org/10.1140/epjc/s10052-017-5410-8

ATLAS-CONF-2019-049
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-19-015

Constraining self-coupling from single H

35.9-137 fb " (13 TeV)
LA L L L L L L L B

G10-61-DIH SVd SIAD

_ Twfows T
* Explored by both ATLAS & CMS in the fm = ey
latest single-H combinations BT
— ATLAS also including some kinematic i
information via STXS in VH & VBF prod.
* Constraints comparable to HH searches but
only under tight mode assumptions
- All other couplings fixed to SM, < j?_ ey
or only floating k,, or only K a O Bgmeatn L
 ATLAS: also combined H + HH ﬁt* ATLAS 5° :
- Tighter constraint in k,-only fit L=80T Y ggcl
- Allow more general model with floating 3
individual k's and also k, | S \ N
“68% CL
9S50 5 0 10 15 20

*: ttH(yy) dropped from H inputs due to large overlap with HH(bbyy)

670-610T-ANOD-SV 1LV


http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-19-005/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2019-049/
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-19-005/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2019-049/
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Phys. Lett. B 800 (2020) 135103 CMS PAS HIG-19-015

Overall summary of 95% CL limits on K,

™S
ATLAS =
inputs model. ATLAS (expected) cMS I(expected)
Single H only K, -3.2,11.9 -6.2,14.4 | -3.5,14.5 -5.1,13.7
HH only K, -5.0,12.0 -5.8,12.0 | -11.8,18.8 -7.1,13.6
H + HH only K, -2.3,10.3  -5.1, 11.2
_____ y +HHK'S&K}\—37,115—62,116

More info in talks by Daniel
and Stefano on Thursday

Disclaimer: these are still rather ad-hoc models; still a lot of work ahead for both

theorists and experimentalists before we can have a more sounded global fit with
full NLO SMEFT or HEFT


https://www.sciencedirect.com/science/article/pii/S0370269319308251?via=ihub
http://dx.doi.org/10.1103/PhysRevLett.122.121803
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-19-005/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2019-049/
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Part ll: rare, forbidden and BSM

A selection, with higlights on new results from 2020

*H— puu,cc 2"d gen fermion couplings
*H—Zplp enhanced light flavour couplings
*H—-1Zy SU(2) structure of heavy BSM physics
* H— e ulbl lepton flavour violation

* H — invisl?]) Z invisl®l  Higgs-coupled dark matter or dark sector
*H —Za,aa 7 Z, Light BSM particles coupled to the Higgs
* HeavyH —> t <t Extended Higgs sector, esp. MSSM

la] in "Dark Matter" plenary talk by Katherine [Plin the backup slides

More info in the parallels: Andrey (2" gen, Thursday), Adam and Renje (BSM, Wednesday)
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EXPERIMENT
L =139 fb™1
3 %0C ATLASPreliminay e Daa 13
S 50E- Eia TeV, 139 1b :;?tgl FFEEF g
¢ BRSM(H—) “’“’) ~ 2.2 X 10_4, and Ial"ge -;'-:-.: Eﬂﬂ_— Iogﬁﬂiﬁ]w&ighted ,..,EI?g.aFDF _:§
irreducible DY — yu background S sof ER
- S/B ~ 0.1% for inclusive events at 125 GeV § 100m 38
= = =
* Improvements to increase sensitivity: E .
- Improved MVA categorization to select e O T T
events at high S/B, e.g. from VBF s 0 et
- New FSR recovery to improve o(m, ) O b
. . . . 110 115 120 125 130 135 140 145 150 155 160
- Improved rejection of jets from pileup M., [GeV]
* Signal extraction from m,, fit Signal strength: p=0.5* 0.7
- Improved background parametrization: Significance: 0.8 obs. (1.5 exp.)

inclusive "core' pdf + per-category empirical
transfer function (with less free parameters)

cms¢ | Also older CMS H — pp result, 36 b=+ Run 1 [PRL 122 (2019) 021801]
U =1.0 £ 1.0 &t + 0.1yt significance 0.9 o (expected 1.0 ¢)

Upper limit on u: 1.7 obs. (1.3 exp.)



https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2019-028/
http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-17-019/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2019-028/
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H— ccC >

1 |
L =36 fb1

* BRcy(H — c€) =2.9% ~ 1/20 of BR(H — bb)

* Target VHwithV=2 -0, W — 0v,Z — vv,
with the combination of two strategies:

- Resolved analysis: based on VH(bb) analysis, but
with charm tagging. Signal extraction from fit to BDT

- Boosted analysis: use anti-k(R=1.2) jets with
advanced H—cc DNN tag (flavour + substructure),
Signal extraction from groomed jet mass

* Multiple control regions to normalize in data
the main backgrounds, i.e. V + jets and tt

* Set limits cxBR(H—cc) < 70xSM (exp. 37xSM)

JHEP 03 (2020) 131
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2017-01/
http://dx.doi.org/10.1007/JHEP03(2020)131
http://dx.doi.org/10.1007/JHEP03(2020)131
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H—Z+p/o

L =137 fb™"

; v £ fcms  H-z | Bas00 CMS  eom 2
; | Simulation Preliminary .. H-=Zp | oo : Preliminary e Zp B=10% EL-Q
__________ Ho EO.BT —Drell-Yan | 3'30000; @ 14
o ISeIecte1 region ; % 25000;- —; %
g ~ osf @ ] ,_%20000% 12
04l 1 15000 4"
. . S T ; 10000 ; paests sttt e =
* SMBRmainlyviaH—ZZ/y*—> 272V, o || S .
but H — dqg channel may have Iarge O T R T R R TR R TR
. Leading track p_[GeV] 1™ [GeV]
enhancement in some BSM models
_ _ Sotbows o€ fows o
* Target p — *m~ and @ — K*K IS -0 h-
Select . f ite-ch %o.m'—@ —>, _ %025:® — - g
1. Select pairs of opposite-charge £ o [ ]
tracks, AR < 0.1 and p;?9 > 10 GeV 008/ 1 ot ;
2. Require di-track pair to be isolated ¢ [T
. Select window in di-track mass 002 1% ]
3 Oi—«wn"l't_'i_‘l.lw..“|.m|,m-ll_:lﬂ'.—l.“r_ O:H.J_J—ﬁl.u..m.,.m..ﬁ—t—-*‘i
04 05 06 0.7 08 09 1 11 1.2 0.99 1 1.01 1.02 1.03 1.04 1.05

m,. [GeV] Myy [GeV]


http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-19-012/index.html
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-19-012/index.html

- /44"

* Fit m(@@rtrt) or m(PPKK) to extract signal
- Agnostic background model, ala H — yy

0.01f

0.005
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* Set upper limits inthe 0.3 - 2 % range

Isotropic Longitudinal Transverse

4 e 137 b (18 TeV)
- Acceptance depends on polarization, LI L s— Tom :
limits provided for different scenarios 1 0.014F Preliminary e
I C = 68% Expected -
— Correspondmg to ~ 860 - 1350 x SM BR T 0012 [+ 95% Expected
lnn 137 " (13 TeV) |||(|( 137 7 (13 TeV) c 0.01} I l —
] S A R R R R R R RN = 500[ RN RRLRRRAREN RARNN ERARN EARR) RARRRRES o C [ |
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“;; E I Bkg uncertainty ] “;; 400} L B Bkg uncertainty | = 0.006 -
@ @ . o 0.006F
S 4000 ——H—=2p.B=30% 3 c —H-=>20,B=07% | o C
I b S 0.004
3000 _J
: O 0.002F I I -
2000 - 2 ] | |
C T} =
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g (I g Also older ATLAS H — vy p/¢ with 36 fb™
R OABASSOE MO A I ATLAs Set BR limits at 52 /208 x SM forp [ ¢
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120 125 130 135 140 145 150 155 160 165 JHEP o 5018) 12
mllmc [GeV] m"KK [GeV] [ 7( ) 7 ]


https://link.springer.com/article/10.1007/JHEP07(2018)127
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-19-012/index.html
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-19-012/index.html
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* SU(2), symmetry ties together the
HWW, HZZ, Hyy, HZy interactions

— If heavy new physics respects SU(2),,
correlated effects across the four

*BR(H—Zy—0ly)=0.5-10"

=

- Similar BR to H — 4¢, but larger o

background from Z y production =

* Asin H — uy, key ingredients are: -
- Improve signal mass resolution: FSR

recovery, kinematic refit of Z — 0¢

- Improve S/B via categorization: BDT
targeting VBF production; p; and p+,

O

=

8

arXiv:2005.05832, sub. to PLB
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2018-42/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2018-42/
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H — Z y: fit and results

High p;¥/m,, category
(hlghest sen5|t|v1ty)

120 ATLAS o ]
100:_ Vs =13 TeV, 139 fb — e.Bi -

- High relative pi ]
80 ]
601 {
401 -
20— ]
20

0
—20

Y weights / GeV

Sum of all categories
(senSItlwty Welghted)

JARAARRS ATLAS — :
80 Vs=13TeV, 139 fb™ -]
N All categories ]
70 In(1+Sge/Bgg) weighted sum
60 -
50 .
: +gata8k Fit
40:_ — Blgg+ g Fi
F — Bkg only Flt )
4F | I “T° LN LRI E
2 1
-2 T4
_4 11111111 1 l L1 1 l 1 11 =
115 120 125 130 135 140 145
m,, [GeV]

cms. | Also older CMS result on 36 fb™'forH - Zyand H —» y'y —> uuy
Upper limit 3.9 x SM (expected 2.0 x SM). [JHEP 11 (2018) 152]

arXiv:2005.05832, sub. to PLB

19
Fit results by category
and combined
Category u Significance
VBF-enriched  0.57]3 (1.0*39) 0.3 (0.6)
High relative pr 6+1 g (1. 0+1 g) 1.0 (0.6)
High pr; ee 47591070 1.7(04)
Low pr; ee 3.9+ 8 (L0 1.5(04)
High pr, uu 2.9%- 0 0(1.0735  1.0(04)

0.83_ (1.0+2 5 0304

Low prs up

We may be starting to see
the first hints of the signal
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ATLAS

EXPERIMENT

L =139 fb™

* Search for pseudoscalar "a"
- e.g.in NMSSM or 2HDM+S models

* Target inclusive hadronic decays
a — jet, form, < 4 GeV

1. MLP regression to estimate a mass
from jet substructure information
2. MLP discriminator vs Z + jets bkg

(using MLP regression as input)

Define signal region by cutting on
m(?¢j) and discriminator output

* Estimate backgrounds from data:

- "ABCD" method with sidebands in m(¢¢j)
& MLP discriminant (+ corrections)

Events /0.1

Data / Bkgd

LHCP 2020, 25-30 May 2020

arXiv:2004.01678, sub. to PRL
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¥ 2120 . pata ATLAS —
P anai | @ U:jmo:— o Background | \1§I=13 TeV, 139 fb' E
° - s ]
H—)2a—)€€J ATLAS “ R i i i T
EXPERIMENT 225 | | 3
L =139 fb™" . I N E
- " . E
* Search for pseudoscalar '"a" S el b o
* Target inclusive hadronic decays RS E S EL R R R
* Good agreement found between data SR
and background predictions in signal - rias

Vs=13 TeV, 139 fb’

region and validation regions

10° —  B(a—gg)=100%
* Set upper limits on o - BR(H — Za) "
- Interpreted separately fora — gg [ ss e

(different efficiency of MLP discr. cut)

- Also set upper limits on BR(H — Z n_) and
BR(H — Z J/Y), but at BR ~200%

2c

10°

95% CL Upper Limit onc(H)xB(H—Za) [pb]
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u

a..atlowm,

4

CMS,

L =36 fb™"

* Dedicated t reco. for overlapping

decay productsofa— 1

ul

Th

- Gain +50% efficiency at low m,

arXiv:2005.08694, sub. to JHEP

To tau muon
reconstruction

'
\ S
{ \

To HPS

1-prong + 1 M° Thag

reconstruction

22

(13 TeV)

>\ 0-67 T [ T T I T L I T T '\7
o - cMs 1,
o - Simulation 1 =
(@] 05— 1<
= N 18
@ - 18
c 4 v
s %4 15
= | -1 o
% 03 1%
c B 1¢
S ozf 17
& e 1%, HPS . HPS . §
e - —e— m, = 125 GeV @ m, = 125 GeV 1=
o 01 0%

- —&— m,, =300 GeV s My, = 300 GeV i

07 1 { 1 L1 I 1 1 1 I 1 1 L I L1 1 J L1 1 | 1 1 1 | 1 L1 I 1 i

6 8 10 12 14 16 18 20
m, (GeV)

HPS (Hadrons Plus Strips) is the CMS algorithm for
hadronic t reconstruction using Particle Flow


http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-18-024/index.html
http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-18-024/index.html

H—a, aiatlowm, ;
* Dedicated t reco. for overlapping
decay products of a — T, T},
* 2D fit in m(up) x m(upt,ty,) plane .
- Fit separately in 3 m(uy) ranges, to 3

reduce correlations with m(put,t,)

— Control regions included to constrain
the continuum and ,qyand Y peaks

* Set model-independent limits on
BR(H— aa—uutt) ~ 0.02-0.08%
— And in 2HDM+S benchmark models

— Also demonstrate potential for
H — aa using m, = 300 GeV

Heavy
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B0
- CMS 4  Observed .
50 E Signal reg Background model _:
m—m,, =125 GeV, m =9 GeV
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arXiv:2005.08694, sub. to JHEP

1D projections from 2D fit

36.917 (13 TeV)
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L=3
* Rely on Z,H associated production

* Recluster jets with anti-k;(R=0.8)
— One ak8 jet for each a — bb candidate

* Tag ak8 jets relying on substructure and
b-tagging information from associated
tracks and sec. vertices

- Trained vs jets that contain a single b quark
— x100/x30 rejection of b-jets from tt & Z+jets
at a — bb signal efficiency of ~ 25% / 30%

* Select events with kinematic

compatible with H — aa decay

- Separately each m_ mass hypothesis

7~/ Giovanni Petrucciani (CERN) [ NEW FOR LHCP2020 ] LHCP 2020, 25-30 May 2020
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H — ay; a,; at low m,  ATiAS

MENT

6 fb1

arXiv: 2005.12236, sub. to PRD 24
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N/

correctrecom_, form, fixed inputs from
jet mismeasurement  signal hypothesis



https://arxiv.org/abs/2005.12236

Giovanni Petrucciani (CERN) [ NEW EOR LHCP2020 ] LHCP 2020, 25-30 Mav 2020 arXiv: 2005.12236, sub. to PRD 25

ents

o 800F ATLAS
fs=13TeV, 36.1 fb"

H—a, a,atlowm, ATLAs

EXPERIMENT

L =36 fb™"

* Define signal and control regions
depending on m,, and number of loose

(LP) & tight (HP) ak8 tags 0] s
- Constrain dominant backgrouds from o
Z+jets and ttbar B A LY
3.5 I I I T T

Observed 95% C.L.
...... Expected 95% C.L.

u = Expected 95% C.L.t 15
25 Expected 95% C.L.t2c

—— - Observed 95% C.L. (resolved)

~ ATLAS
- Vs =13 TeV, 36.1 fo”

* Set limits on o,,, x BR(H — aa — 4b)
for m, in 15-30 GeV range
- Best sensitivity at m, =20 GeV
Set limit at 80%x0,,,°M (exp. 60%x0,,,°M)

- at large m,, sensitivity taken over by
older H— aa — 4b "resolved" analysis
[JHEP 10 (2018) 031]

Geu(PP—ZH)

N
T

95% C.L. upper limits on c,,, x B(H—aa—4b) [pb]
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» Search for dark photons or ALPs
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http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-19-012/index.html

H— Zp) Zp — 4€

2.

H— XX — 40 search:

C

L =137 fb™

- Select lepton pairings minimizing
|mZ1 B mZzI / (m21 + mZz)
- My € 4-62.5 GeV, m,, € 118-130 GeV

- Scan m,,, m,, plane with 2D box
centered on m,, = m,, = my of size
Am,. = 4% [10% for Z, — uu [ ee

- Set limits for X — 00, uy, ee

2

Zp larger

Zp

=

My,

A

EN
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Events / (4 GeV)
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* Flagship mode at high tan(f)

- Enhanced BR(A/H — tT) and
bbH production

* Main backgrounds:

- Reducible jet — T1,: from data
using fake rate methods

- Irreducible Z — tT, tt:
estimated from MC,
plus CR at high m;* for tt

* Final discriminating variable

| Gi i Pet iani (CERN LHCP 2020, 25-30 May 2020
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MSSM A/H — TT ATLAS

EXPERIMENT

L =139 fb™
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- /44"

e

* Interpretation as limits on
oxBR for generic scalar ¢

— Provide 1D and 2D limits and
likelihoods vs m,, Oy, Oppy

- Largest excess at m, ~ 400 GeV,
local significance ~2 ¢

* MSSM interpretations

- New M, '*> benchmark scenarios
e.g. tan(P) < 8 at 1 TeV (expected: < 10)

- hMSSM, to compare with old result

cMms¢ | Also older CMS result on 36 fb™" [ JHEP 09 (2018)007 ]
M, 25 limits, e.g. tan(P) < 15 at 1 TeV (expected: < 16)
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Part Ill: brief outlook at HL-LHC

* Sensitivity for Higgs boson physics at HL-LHC evaluated back in

arXiv:1902.00134

- Mostly based on knowledge from early LHC run 2 analyses (2016 data)

* Single Higgs boson observables: can reach few-percent precision

Cross sections and branching ratios

(s = 14 TeV, 3000 fb' per experiment
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Part Il: brief outlook at HL-LHC

* HH production: ~40 evidence, measure K, with ~ £50% uncertainty

— Projections based on a combination of extrapolations from Run 2 analyses
and new analyses designed for HL-LHC

Expected Significance for HH 12ATLAS and CMS 3000 fb™' (14 TeV) ATLAS and CMS 3000 fb™' (14 TeV)
= i HL-LHC prospects sk HL-LHC prospects

atLAs ams £ | | i
bb bb 0.61  0.95 || e A ez 0] o
bb Tt 2.1 1.4 s r_ o || aTas —cms
bb yy 2.0 1.8 of-
I:_)b VV(levv) 0.56 JER\ B Sy 4 -
bb ZZ.(4€) 0.37 i -
combined 3.0 2.6 R\ 589,

LHC Comb. 4.0 92””—I1””0m1 23 4 5 6 7 8

More info in talk by Rafael on Tuesday
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Conclusions & outlook

* The quest for the Higgs boson self coupling goes on

- Started probing new couplings in VBF HH, and deploying more
advanced analysis methods to improve on past results

- Expect strong results when LHC Run 2 data fully analysed!
- and in the longer future, HH observation at HL-LHC

* Many new searches probing into the unknown:
- Higgs boson decays into new yet unobserved particles
— Rare decays that could be largely enhanced by new physics

- Additional Higgs bosons from extensions of the standard model
... and still many more to try, with Run 2 data and beyond
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FIXME: this still needs work, of course....
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Lepton flavour violating decays ATLAS

EXPERIMENT

L =139 fb"
* Probe for H — ey direct test for 5 Famas PUAMNSAUSI: By S  i
LFV yep YUkawa COUpIing % 600:_ ¢ Data —E _10_3;'\.o..:I‘_s..=13TeV,139fb'1 _-_ E:gzgzgz;_;
€ 500 —— Background model — g

—— Signal B(H— eu)=0.05% -

- Very stringent limits from p — ey
and electron EDM, but depend on :
yet unobservedy..andy,, 0

* Categorize by py', |ng|, pr*
- Select events with higher S/B or

104k

10°

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

gbLS€1 (ozoz) 10g g 1397 'sAyd

better dilepton mass resolution = ggg X RE 10° E

. S + it ++++++ A : e

* Set upper limit BR,, < 6.2 x1075 & 4 100 10° 10010
L’l 110115 120 125 130135 140145 150 155 16 |Yl-le|

- Factor ~6 better than Run 1 limit e, [GeV]

* Also set BR(H — ee) < 3.6 x 107%
- BR¢y ~ 5 x 1079 well out of reach



http://dx.doi.org/10.1007/JHEP06(2018)001
https://reader.elsevier.com/reader/sd/pii/S0370269319307919?token=DAC64E0A1CDD9B370250FF85688BFF59C741518E7AE3314F8C3922792C84E12721289A49416B8B703185418412709913
https://www.sciencedirect.com/science/article/pii/S0370269319308706?via=ihub
https://www.sciencedirect.com/science/article/pii/S0370269319308706?via=ihub
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Probe e.g. for H — y y, (dark photon)

JHEP 10 (2019) 139

137 b (13 TeV)
SR AL

T
L =137 fb™1
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<
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WwZ e __?
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N N—
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Z(DH, (v, +7) (0.1% 5, )+ bkg. | &

— Z(INH,, (v, +1) (0.1x 6 )+ bkg. ]

* Rely on Z(¢¢) H associated production safgus ™ von™ 1 5,0 cms
- Require high-p; Z, back-to-back and 5 e we e
balanced with y + E;™S vector G op — 7 s
B Top quarkww I
* Dominant background: WZ — 30v tof T aio e ] T
— With electron mis-id as photon, or I3 S LS
genuine y from ISR/FSR and a lost ¢ @4% T
. - W‘.—'i T .[.u..A
* Transverse mass my of y + E;™'ss e e e
system used to look for a signal TR s 3100
. Sl CMS e 0ae 5 [CMS  eom '
- Control regions for WZ, tt/WW, 2z B F 2 g gen 2 T o B2
.. . “ol mv T meo
* Set limits BR(H — y +inv.) < 4.6% . ==~ 1
- Tiny BRcyw(H—Zy—>vvy)~3x10%  “"Fis of o
10 4 ) | Al L ‘ ]
T T ] s WYy
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Events / bin
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e
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VBF HH — 4b 2 Frtayrd
EXPERIMENT & [ _ ’ .
L =126 fb_1 - SM non-resonant HH in SR+VR+SB

* Target the more extreme kinematic of K, # 1 s

- Tight cut-based VBF cuts: m;; >1TeV, [An,[>5 | G Ll
* Largely based on earlier HH — 4b search 100~
on 36 fb~" dataset [JHEP 01 (2019) 030] :

- Same strategy used for HH — 4b selection: AR, 50 100 150 200"
cuts dependent on m,,, elliptic signal region in Mz [(GeV]
the plane of the two m,, masses ots | aiet

- Same estimation of main QCD multi-jet and tt 4in > 4in 5
background: from events with 2 b-tags, with ~ _________i_ 2 b-tags ; 4Pbtags

weights derived in mass sideband %) \
* New b-jet energy regression using a BDT

- ~10% better b-jet energy resolution T g@lmITTTTTmTTT N
determine
< weights > SB

1
—_ e e e - —————— -

d3Hr 03°gns ‘g/150°100T:AIXIE


http://dx.doi.org/10.1007/JHEP01(2019)030
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2018-18/
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VBF HH — 4b

e

mee! [GeV]

x
o

]
A m

E
L

* Target the more extreme kinematic of k,,, # 1

- Tight cut-based VBF cuts: m; > 1 TeV, [An;[ > 5

* Largely based on earlier HH — 4b search
on 36 fb~" dataset [JHEP 01 (2019) 030]

- Same strategy used for HH — 4b selection: ARy,
cuts dependent on m,,, elliptic signal region in
the plane of the two m,, masses

— Same estimation of main QCD multi-jet and tt
background: from events with 2 b-tags, with
weights derived in mass sideband

* New b-jet energy regression using a BDT

- ~10% better b-jet energy resolution

N
o
o

A
—

N

o =

=y M

o =z
|

" ATLAS Simulation

| Vs=13TeV, 126 fb™
- SM non-resonant HH in SR+VR+SB

SB

1 1 I L 1 1 1 I L 1
100 150 200
ms2? [GeV]

L L S e |

j T T T
< 0.04F ATLAS Simulation Ys= 13 TeV m, =600 GeV

= before regression
+ after regression

T T
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Beyond 2016 data: HH — bb WWWQV ATLAS

L =139 fb™"
‘:@‘0: %1% g;ifssrvwarb Egp;iG‘SHF
* Multiclass DNN to separate HH from :
3 main backgrounds: tt, Z(00), Z(tt) o
~ Inputs are individual Ieptons jets, E,miss, T L
E Eﬂ}g\\\\\\‘&\\\\ RN
high-level variables (e.g. ARy, mszb) P o e 1 \}\i&%%
- OUtpUt d HH *= In(pHH /Z pbkg) §°-3°‘ATLAS lSimuIationl — -
J/5=13TeV — Top
HH — bblvlv pre-selection — Z-ll
0.251— —_— Z-TT |
]
0.20— —
015+ \|; =
0.10— —
0.05— ]
-30.0 -20.0 -10.0 0!0 10.0

SbLSEL (ozoz) 108 g 1327 'sAyd
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Vet X

EXPERIMENT
IIIIIII L =139 fb™"
o e 2
* Multiclass DNN to separate HH from " sy Sr e
3 main backgrounds: tt, Z(0¢), Z(t) @
- Inputs are individual Ieptons jets, E,miss, e N
high-level variables (e.g. AR, mszb) i - RN ) : Y
- Output dyy, = IN(Pyy [ Z Ppig) jg: ' '“;@‘;w\g\g}@ \\\
* Signal regions defined by d,,,,, split Ry \
by lep. flavour: SF(ee+up), DF(ep) TR ‘i' ';TL:‘LST;V,13W\'*

@&&\\\\\W J:&\Nw

545 6.45 7.45 8.45 9.45 10.45 1145 555 6.55 8.55 955

/ Pred.
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T T
ATLAS
Vs=13TeV, 139 fb~!
Selection: CR-Z+HF

T T T
ATLAS
Vs =13TeV, 139 fb~!
Selection: CR-Top

(2]
£ 350

* Multiclass DNN to separate HH from ..
3 main backgrounds: tt, Z(€0), Z(tt) =

— Inputs are individual Ieptons jets, E[mss, =
high-level variables (e.g. ARy, mszb)

Events / 1
3

® Daia B Z/4"+jets HF

® Data B 7/-+jets HF
I Top 1 Other

B Top Other

n

50

w
o

- Output dyyy, := IN(Pyy / Z Ppig) T gsﬂz% I \{\\ ‘ ‘
- Signal regions defined by d,,,,, split *\*\w*%wﬁ \*\\\ \W
by lep. flavour: SF(ee+up), DF(eu) 7 B 7T :
» Control regions inverting my, and my, & ‘| eSS 08 | e
A [ = L] e

cuts for Z + heavy flavour jets and tt
* x8/x3 better sensitivity than older :

36 fb~" analyses from ATLAS/CMS: ) M j _
- Set limit at 6,,, < 40xSM (exp.: 29xSM) \w&\\\x\w «,;:&\ \W

545 6.45 7.45 8.45 9.45 10.45 1145 555 6.55 8.55 955

/ Pred.
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m\s To tau muon

- reconstruction

H—a,, aatlowm,

i |
L =36 fb™*
» _ ToHPS
. . .\ reconstruction
* Dedicated t reco. for overlapping
decay products of a — T, T},
- Gain +507% efficiency at low m, orong o 116 1
T . Ty
o - CMS 1
8 0.5:_ Simulation _: %<
S - 19
S 0.4 — I
R 18
= 03 - £
[7)] L 1l
S - 15
5 02 -9 1,7, HPS 1, HPS 18
oo - —e— m, = 125 GeV @ M, = 125 GeV 1=z
o 01 -1 5
- —&— m,, =300 GeV s My, = 300 GeV 1
I B R T s Ve R R

m, (GeV)

HPS (Hadrons Plus Strips) is the CMS algorithm for
hadronic T reconstruction using Particle Flow


http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-18-024/index.html
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1D projections

d3Hroy-gns ‘176980'Sooz:/\!>ue

I |
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* 2D fit in m(pp) x m(ppt,t,) plane E - o
- Fit separately in 3 m(up) ranges, to of i :
reduce correlations with m(put,t,) of 1 !
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i ' S TR T PO 5 e L
ggler et gt
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http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-18-024/index.html
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H_)auu

* Dedicated t reco. for overlapping
decay productsofa— 1

* 2D fit in m(pup) x m(ppt,t,) plane
* Set model-independent limits on

BR(H— aa—uutT) ~ 0.02-0.08%
- plus interpretations in different

a..atlowm,

WL
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2HDM+S benchmark models

* Showcase power of dedicated
T reco. also for heavier bosons
— Demonstrated using a Higgs boson

of mass 300 GeV as example

B

35.9fh" (13 TeV)
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I LI
‘95% CL upper limits

my, =125 GeV N

Median expected

- 68% expected

95% expected
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VBF H — invisible

* Search for Higgs boson decays
to Dark Matter (mp,, < m,,/2)

* VBF offers the best balance of
cross section & purity

* Dominant backgrounds from
Z — vv and W — @v (with lost ¢)

— Estimated from simultaneous fit
using CRsof Z — 0 and W — 0v

— Further data-driven estimates for
QCD multijet background in SR
andin W — ev CR
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LAS

XPERIMENT

E
=139 fb~'
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ATLAS Preliminary Post-fit
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i m ATLAS Preliminary Post-fit
° ° ® P {s=13TeV, 139 fb" ~+-Data |
T 10° 2 Uncertaint
VBF H — invisible S
-WEWK
s M Z strong
10 N Z EWK
i = o [ e-fakes
] N T o E‘ [ Other
* Several improvements comparedto Hmee
i = -+~ H(B,, = 0.13
older 36 fb™" ATLAS result 1 1 S|
- Improved acceptance & include events £ 4y \\@ém :
with 374 jet from ISR/FSR g Mg | | B SRS .
- Finer SR binning in m;, A, N, oot TR | om0 1S
- Improved lepton selections E ol B<on | ATLASPreiminay |
(IeSS W — elostV , Mmore Z— 00in CR) E L Alimits atgooecL - 13 TeV. 180T
- Reduced MC stat. uncertainties L B s ouisanse”
(better filters, event weights, ...) ool e e
* Sets world's best upper limit: el N~ e
- BR(H—inv) < 0.13 (exp. 0.13) @ 95% CL o -
~ (Gwimp, Mwiwp) limit interpretation C 10 10 oo
ovse | 5 Also older 36 fb~' + Run1 combinations from CMS [PLB 793 (2019) 520] and ATLAS [PRL 122 (2019) 231801]



http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-17-023/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2018-54/
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H — Z y: the missing diboson decay )

* SU(2), symmetry ties together the
HWW, HZZ, Hyy, HZy interactions

- If heavy new physics respects SU(2),
correlated effects across the four
*BR(H—>Zy—0ly)=0.5-107*
— Similar BR to H — 4/, but larger
background from Z y production

* Asin H — py, key ingredients are:

- Improve signal mass resolution: FSR
recovery, kinematic refit of Z — 0¢

- Improve S/B via categorization: BDT
targeting VBF production; p; and p+,

g7d 01 ‘qns ‘2€950°S00T:AIXID

Event display of VBF H — Z y — uu y candidate


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2018-42/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2018-42/
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H — Z y: VBF BDT

) i
j2) — «— Data =
S 4500 ATLAS o N Zyj(VBS) ]
u}_] 4000 :15:213 TeV, 1239 D o Z:jets =

3s00f 1 =% Anl> — E

+++++++++

-1 -0.8-06-04-02 0 0.2 04 0.6 08 1
VBF BDT Score

BDT with 8 inputs defined from the
kinematics of the Zy jj system: e.g.

m(jj), Ap(Zy, jj), p+(j1), ---

Events / GeV

Data - MC

arXiv:2005.05832, sub. to PLB
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H — Z y: fit and results

High p;¥/m,, category
(hlghest sen5|t|v1ty)

120 ATLAS o ]
100:_ Vs =13 TeV, 139 fb — e.Bi -

- High relative pi ]
80 ]
601 {
401 -
20— ]
20

0
—20

Y weights / GeV

Sum of all categories
(senSItlwty Welghted)

JARAARRS ATLAS — :
80 Vs=13TeV, 139 fb™ -]
N All categories ]
70 In(1+Sge/Bgg) weighted sum
60 -
50 .
: +gata8k Fit
40:_ — Blgg+ g Fi
F — Bkg only Flt )
4F | I “T° LN LRI E
2 1
-2 T4
_4 11111111 1 l L1 1 l 1 11 =
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cms. | Also older CMS result on 36 fb™'forH - Zyand H —» y'y —> uuy
Upper limit 3.9 x SM (expected 2.0 x SM). [JHEP 11 (2018) 152]

arXiv:2005.05832, sub. to PLB
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Fit results by category
and combined
Category u Significance
VBF-enriched  0.57]3 (1.0*39) 0.3 (0.6)
High relative pr 6+1 g (1. 0+1 g) 1.0 (0.6)
High pr; ee 47591070 1.7(04)
Low pr; ee 3.9+ 8 (L0 1.5(04)
High pr, uu 2.9%- 0 0(1.0735  1.0(04)

0.83_ (1.0+2 5 0304

Low prs up

We may be starting to see
the first hints of the signal
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