ATLAS

EXPERIMENT

La/test Fll

.
““
".
“'
o
l‘.
K

.
)
ot

e
o
o
o
o
.
o
.
.

\ﬂilsb@a—llﬁrfﬁgar pH(obb) + 2w

Run: 339500 Event: 694513952
2017-10-30 15:41:21 CEST

Cofinanciado por:

C%}MPETE PORTUGAL :**,: ‘
5020 2020 B ATLAS

EXPERIMENT



ATLAS and the LHC

The Run 1 legacy

Probing the 125 GeV Higgs

Probing the Yukawa sector

Searching wider

The long run: di-Higgs

Ricardo Gongalo Multi-Higgs Models 2018
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Muon Spectrometer: |n| < 2.7 EM calorimeter: |n| <2.5(3.2)
Air-core toroid + gas-based muon chambers Pb-LAr accordion sampling
o/p;=2% @ 50GeV to 10% @ 1TeV (ID+MS) o/E = 10%/VE ® 0.7%

Hadronic calorimeter:
) Solenoid: B=2T Fe/scintillator / Cu/W-LAr

Inner Tracker: |n| < 2.5 O/Ejet= 50%/VE @ 3%
Si pixels/strips and Trans. Rad. Det.

o/p; = 0.05% p; (GeV) @ 1%
Ricardo Gongalo VIUTT-Higgs Models 2018




Run: 338220
Event: 2718372349
2017-10-15 00:50:49 CEST
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Higgs @ the LHC

* Many different production and decay mechanisms

— Span 3 orders of magnitude in cross section and branching ratio

— Some very clean decays with low BR (yy, 4l)

— Other very difficult with higher rates (bb, WW, Ttr,...)
* Access Higgs properties through combination of different channels
* Enormous amount of progress since discovery 6 years ago!
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Higgs @ the LHC

* Many different production and decay mechanisms
— Span 3 orders of magnitude in cross section and branching ratio
— Some very clean decays with low BR (yy, 4l)
— Other very difficult with higher rates (bb, WW, Ttr,...)

* Access Higgs properties through combination of different channels
* Enormous amount of progress since discovery 6 years ago!
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ATLAS Preliminary 2011 + 2012 Data
—— Obs. \s=7TeV: |Ldt=4.6-4.8 fb"
---- Exp. \s=8TeV: |Ldt=5.859fb"

300 400 500 600
m, [GeV]




Signal strength (u)

[ J
 Couplings:
* Couplings compatible with SM:
- i . — +0.35
Signal strength: Wyge,yu/Mggrsrn = 1.06 0.7
T T IIIIA'TLAélHI|IIII*E>|> !
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Phys. Rev. Lett. 114 (2015) 191803

The Run 1 legacy

Mass — Higgs mass measured with 0.2% accuracy:
— my, =125.09 + 0.21 (stat.) + 0.11 (scale) + 0.02 (other) £ 0.01 (theory) GeV

— ggF with H & ZZ,yy,WW observed by individual experiments

JHEP 08 (2016) 045

— VBF and H - Tt observed with >50 significance by ATLAS+CMS combination
— ttH, VH production and H - bb not observed during Runl

K = (0 XBR)gps/ (0%BR)gy

— Coupling modifiers broadly consistent with SM but large uncertainty

- ATLAS and CMS
r LHC Run 1

¢ ATLAS+CMS
------- SM Higgs boson
— [M, €] fit

»»»» [ 68% CL
[ 195% CL
j::‘ o = : }
;. ........................ ;..+
Eoul N Ll A Ll
107 1 10 102

Particle mass [GeV]

Prod. Obs.  Expect.
VBF 54 4.7
VH 3.5 4.2
ttH 4.4 2.0
Decay Obs.  Expect.
H>tt 5.5 5.0
H—>bb 2.6 3.7



VBF+VH
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Phys. Rev. Lett. 114 (2015) 191803

JHEP 08 (2016) 045
The Run 1 legacy

* Mass — Higgs mass measured with 0.2% accuracy:
— my, =125.09 + 0.21 (stat.) + 0.11 (scale) + 0.02 (other) £ 0.01 (theory) GeV
 Couplings:
— ggF with H & ZZ,yy,WW observed by individual experiments
— VBF and H - Tt observed with >50 significance by ATLAS+CMS combination
— ttH, VH production and H - bb not observed during Runl
* Couplings compatible with SM:
— Signal strength: Wyge, /Mgy = 1.06 703 5, U = (0 XBR)ops/ (0XBR)sy
— Coupling modifiers broadly consistent with SM but still large uncertainty

] Ll

| ATLAS and CMS

e o
3FLHC Run 1 Chozz 2FLHC Run 1 ] Significance (o)

i ClH-ww [ ] Prod. Obs.  Expect.
S OH-w b F—— 6% CL

L [ JH—bp , 1_ 95% CL ] VBF 54 47

[ 4 Bestfit

. ] [ % SMexpected ] VH 3.5 4.2

. M i : i @ i ttH 4.4 2.0
i U - Decay  Obs.  Expect.
I E DCombined |:|H—>W ]

L ] DA B H>Ttt 5.5 5.0
I ._.68% C.L + I?esf fit *. SM e>fpe<I:ted L i [ [JHomw Hesbb
: ; 3 3 RS S S H->bb 2.6 3.7
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Probing A 125 GeV Higgs
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Higgs boson m

Mass measurement from CMS H>ZZ*>4l:
m, %"= 125.26 + 0.20 (stat) + 0.08 (syst) GeV

arXiv:1806.00242 [hep-ex]/Phys.Lett. B 784 (2018) 345-366

New Measurements from ATLAS

H-> vy:

m,Y = 124.93 + 0.40 GeV

H—>ZZ*->A4l: mHZZ*= 124.79 £ 0.37 GeV
Run 1+2 combination from ATLAS:
m, = 124.97 + 0.19 (stat) + 0.13 (syst.) GeV

Run 1+2 H—41
Run 142 H-yy

Run 1Combined
Run 2 Combined

T T I T T T T | T T T T | T T T T l T T T T

:gn.’:&ﬂ-ssnv, 25fb", Run 2: fs = 13 TeV, 36.1 fb”'
Run 1 H—4/ '

Run 1 H—-yy

Run 2 H—41 ——

Run 2 H-yy -—0_:—-

Run 1+2 Combined -——_T—-
ATLAS + CMS Run 1 —e—

T T T T I T T T

~-Total [ Stat. only

Total  (Stat. only)
124.51+£0.52 ( £ 0.52) GeV

126.02 + 0.51 ( +0.43) GeV
124.79 + 0.37 ( +0.36) GeV

124.93 +0.40 (+0.21) GeV
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arXiv:1808.01191 [hep-ex]/HIGG-2017-06

L Higgs boson width

A\

* SM Higgs width I',~4.1 MeV .
> 1Q°ET T T g
— Too small to be measured 8 ‘/A;Tl-é\? S asqmr e o2z )E
i 10 S= ev, ’ S * —(H= ff-shell=5 E
dlrectly g JEH 7254 EE;VBF—AH*a)ZZ(LSL?\/I EE
— Best direct limit from CMS: o 10 B qq->ZZ E
c I Other backgrounds -
* [,<1.1GeV @ 95% CL o 10° Uncertainty =5
. . LU 3
e Off-shell Higgs production -

sensitive(*) to I,

2 2
Hoff —shell _ Fg off —shell'"Z off —shell 'y
. = 2 2 S M
Hon—shell H’g,on—shell'K’Z,on—shell FH

e ATLAS measurement:
— pp2>H2>ZZ-2>4l and ZZ>212v

— m(H) >2 m(2) 5 HI&L i

— -1 2 - . e e

36.1fb!of 13 TeV dat-a | 2 ree &*ﬁ%ﬁ*.i@ S R

— Observed (expected) limit: T SR A 1 | e |
. T,<14.4(15.2) MeV 300 400 500 600 700 800 900 100011001200

my, [GeV]

(*) Assume interference term with gg — ZZ proportional to Kg,off-shell * KZ, off-shell
Ricardo Gongalo Multi-Higgs Models 2018 14




ATLAS-CONF-2018-018; ATLAS-CONF-2018-028

Higgs boson cross sections wgW

. . %' 042F ATLAS Preliminary v e 7
 Reached a new phase in the exploration & “* iz v” cai. = -
of the Higgs sector! = e
_% 0.08 p-value NNyiéglgi ?mey/ ?
* Differential cross sections: 8 oo

4@ p-value MG5 FxFx = 9.4%

— Higgs p; sensitive to new physics in gluon- 004
fusion loop 002

\I\ll\ll‘.lll‘lll

6 <3.75 x SM 95% CL,
\I\ll\lllll‘
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3 — Total stat. @ syst. uncertainty ]
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sections (STXS):

— Independent, simple fiducial
region definitions for each Higgs

production mode

— Common for ATLAS,
theory

CMS and

— Good balance between

experimental precision and theory

uncertaintv

ATLAS Preliminary

le] Total Stat. @
Vs=13TeV, 79.8 fo™’
Hovy, Iy, | <25
99F. 0j em= 0.92
ggF, 1i, 0<p<60 GeV |—«|E¢E—| 123
ggF, 1j, 60<p’'<120 GeV }_EJE,_' 0.89
ggF, 1j, 120<p!'<200 GeV I_:E.E,_l 151
99F, >=2j f——— 0.65
qq—Hag, 0<p! <200 GeV |_E 1.40
99F + qg—Hqq, BSM-like j—=a=— 0.76
VH, leptonic = 1.38
Top I—!!EE—-I 1.13

Syst. = SM

Total ( Stat. Syst. )
+0.23 +0.16
Tome (X017 ")
+0.68 +0.43
-0.61 ( * 052 -0.31 )
+0.50 ( +0.43 +0.27 )
-0.47 —-0.42 -0.21
+0.85 +0.70 +0.49
-0.76 ( -0.68 -0.35 )
+0.56 +0.29
-0.52 ( * 047 -0.21 )
+0.47 ( +0.36 +0.30 )
- 0.40 -0.34 -0.21
+0.50 +0.45
-0.49 ( -0.43 * 023 )
+0.71 ( +0.65 +0.29 )
-0.64 -0.59 -0.25
+0.44 +0.37 +0.23
-0.38 ( -0.34 -0.19 )

-2 —1 0 1 2

3 4 5

(6xB)/(cxB),

ATLAS-CONF-2017-047; ATLAS-CONF-2018-028

—E 0-jet

STXS Regions

— 1-jet,

® ggF + gg—Z(—>qq)H, —

L— > 2-jet, {

pi < 60Gev

60 < pf! < 120GeV -
120 < pif < 200GeV -

BSM-like
te pH > 200 GeV

te pil > 200 GeV

ggF, > 2jet

te pil < 60GeV

not VBF-like,

le 60 < pH < 120GeV wesfes

le 120 < pl < 200GeV -1o--

VBF-like* {'Pfjj <25GeV
-lke™, N
te pi7 > 25 Gev

Reconstruction Categories
ggF 0J Fwd, Cen (28, 29)
ggF 17 Low (27)

ggF 17 Med (26)

. ggF 17 High (25)

2gF 17 BSM (24)

2gF 27 BSM (20)

ggF 2J Low (23)

+ ggF 2] Med (22)

- ggF 2J High (21)

] HIT < 25GeV eevens - VBF low-p™/ BDT tight, loose (18, 19)
All Higgs . prl <2 pr ght, !
events, — VRS, Hjj o . Hjj 5 3
lyul < 2.5 pr7 Z 25GeV sueeeen * VBF high-p** BDT tight, loose (16, 17)
, , VH-like! seeeessssnnssnssssnnnncnnisinnnnninas + VH had BDT tight, loose (14, 15)
q99'—Hqq
(VBF + VH hadronic), Rest
qqH BSM (13)
qq — WH VH lep High, Low (9, 10)
qq—»ZH, [— (Z—vv) VH MET High, Low (11, 12)
8¢ — ZH L (z—te) vH dilep (8)
= — (had decays) ttH had BDT1-4 (4-7)
top (ttH,tHq,tHW)
E L (lep decays) ttH lep BDT1-3 (1-3)
" bbH (merged at all stages with ggF)
*VBF-like: mj; > 400 GeV, |Ay;;| > 2.8
"V H-like: 60 < mj; < 120 GeV
iy = . — ]
a = gg—H,Odet ATLAS preliminary ° Data
s_ - Is=13TeV, 36.1 fo" ; 7
a ¥ ” q99—Hqq
o g, 1t oYY ANdH-ZZ di p<a0Gev NN SM
= pH<B0Gey Mn=125.09GeV, |y | <25
m 10 = T H —
x E i =
& C b [ | — -
- gg—H, > 2-jet 1
= ag—H, et P <200 GeV + —
) i /qq—HI/HIv
o 605 p' < 120 GeV or VBF-like 9999 aglaq—stii__|
E <16 H- ) =
— =14 r gg—H, > 1-jet -
- m>-12 + gg—H)H, 1-jet p’; 5200 GeV -]
— < ]
B 10 120 < p < 200 GeV | qg—Haq ]
8 P, 2200 GeV
Simplified template cross section measurements
Models 2018
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Exploring the Yukawa sector

E>|> _IIII| T T IIIIII| T I T TTTTT T T IIIIII| T ]
7 1 ATLAS Preliminary a
E Vs=13TeV, 36.1-79.8 b ..
o [ my,=125.09GeV, |y, | <25 W i
ELL|> 1071 SM Higgs boson -
" = -

Y

1072 @*@ E

Ll Lol Lol
1 10 10°
Particle mass [GeV]
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ATLAS-CONF-2018-021

Observation of H>tt

Combine all final: Ty,,4Ty.4) TiepThadr TiepTlep
Categories targeting boosted Higgs (mostly ggF) and VBF (additional jets)
Dominant backgrounds from Z->tt and jets faking taus \ ®
Cut-based analysis using fit to mtt distribution in 13 signal regions |
Largest uncertainties: data and MC statistics, signal modelling and jets
Cross section measurement (13 TeV):
o8& =3.0 £ 1.0 (stat.) ¥, (syst.) pb; oVBF =0.28 £ 0.09 (stat.) £ 0.10 (syst.) pb
Significance:

— 36fblof13 TeV data: 4.4 o observed; 4.1 o expected

— Combining with 7 and 8 TeV data: 6.4 o observed; 5.4 o expected

L e B I I L B B I
H _ —1 > 200* | T | [T [ r —— —— — —— — ——
ATLAS Preliminary Vs=13TeV, 36.11b ST ATias Proliminary -+ 0sa 215+t - g 0.8F s
—total —stat. —SM exp. total (stat.,syst.) | 5 [ Vs=13TeV,36.11" L Ao rrle=109 L& - .- 68%CL
< 150? Tiep Thad boost. high-p’® SR MM Other Backgr. | gﬂ% [ }K Best fit 7
. 249 138 (1077 415y | @ e T CoMisidentied s | o 0.6 + SM 7
had “had o——i - -1.17 —0.74 ’ —0.91 T} L Uncertainty L [ |
1001 ] - ]
T 3,07 *149 (4084 4122 H 0.4r- ]
had ————t . ~1.31 (4,83 102 ) L - :
50— — - i
0.2— |
Tiep Tep —e——676 30 (110, 13%) . . L D 1
m T T T T T T T T, T T T | O; ;
...................................................................... X 11¥ —
106 (4060 +087 ) S 1 L ATLAS Preliminary _
Combination P 3.71 * : : © v i Z L 2] ]
-0.95 -0.59 ’ -0.74 Y r A F Voo i
R B N B B B B I B 80'9:*!—\..@...&.\.”.1— —0-2‘_.@.13.T.ev|’:‘36:1fb|...\‘..|..m...|_
0 2 4 6 8 10 12 14 16 18 20 50 100 150 200 -2 0 2 4 6 8 10
Opiyrr [PD] mNC [GeV] o%"!_[pb]
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arXiv:1806.00425 [hep-ex];
Observation of ttH production

* Direct access to top Yukawa coupling

* Experimental tour-de-force!
— Complex final states

— Large irreducible backgrounds
— Small cross sections: O(0.5)pb @ 13 TeV

e Use all available final states:
— H->bb: high stats but low purity BR=58%, S/B=1-6%
— Multileptons: H>1t1, H>WW?*, H>Z77* BR = 30%, S/B=4-34%
— H-yy: clean but low stats BR =0.23%, S/B=5-200%
— H->ZZ*->4lep: clean but very low stats BR = 0.01%, S/B=50-500%

(o

< T
-

=

(o] O o T Tl < O
- o, o

Ricardo Gongalo Multi-Higgs Models 2018 19



ttH(ML) Phys. Rev. D 97 (2018) 072003; ttH(bb) Phys. Rev. D 97 (2018) 072016

ttH observation: bb and Multileptons

ttH(H—>leptons)
e Sensitive to: H>tt, HOWW?* and H>Z7Z*

* Backgrounds: ttW/ttZ, non-prompt leptons and jets faking |
taus

* Main uncertainties: signal modelling, jet energy scale and
non-prompt lepton estimate

Number of Thad
N

3 4

e 4.10 observed; 2.80 expected L 2 Number of ight leptons
ttH(H%bb): ?TLA: [t +light []tt+ >1c  [WltE+ >1b
s=13TeV Hf+v  [INon
*  Profit from large H=>bb branching ratio (58.4%) plepton
taflgh CRl'Ij >1p

* But challenging final state: large ttbb irreducible

background, theory uncertainties, combinatorics...
* Main uncertainties: tt+heavy flavours, b tagging, jet

calibration

e ATLAS: 1.20 observed; 1.60 expected
For both channels:

* Intensive use of dedicated machine learning (NN, BDT) and
matrix element methods: suppress fake leptons,
reconstruct events, flavour tagging, and enhance S/B %

Ricardo Gongalo Multi-Higgs Models 2018 20
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arXiv:1806.00425 [hep-ex]; arXiv:1804.02610 [hep-ex]

ttH(H—->vyy) and Combination

 ttH(H->yy):
— New signal categories from BDT discriminant
— Sensitivity increased by 50%

I #I I El)atla

35 ATLAS

o 350 =
E 30 E_ ------------- Continuum Background \s =13 TeV, 79.8 fb™! _E
F - - Total Background m,, = 125.09 GeV 3
ttH combination: ttH(H->leptons + H>bb + HDyy) 2 2 — sow-scigom womegee =
k= E n(1+ weighted sum E
* Run 2 data from 2015+2016+2017 (yy/ZZ): 79.8 fb! 2 2 -
o i .
— 5.2 o observed, 4.9 ¢ expected e o E
. @105 -
e Adding Run 1: 6.3 ¢ observed, 5.1 o expected i ]
. . E + +
* Measured production cross section at 13 TeV: SR A AR
110 120 130 140 150 160
670 £ 90 (stat.) +110-100 (syst.) fb my, [GeV]
% AIT[_AS‘ | I¢D;ta - §1E"HWIH‘HIHH‘E rrrrrTrrTTErT e e e
1 \s=13 TeV, 79.8 fb” - (.=1.4) 1 =09 ATLAS 3 ATLAS b Total | | Stat. I Syst — S
o on-ttH Higgs = : or . ] Vs=13TeV,36.1-79.8b"
B Cont. Bkg. _E :E- gjg ?;(a (T::mb:’n(e’\;L::CD NLO EW) :; | s e | +T‘it9al + igat. +s:/:t_
Had categories Lep categories i % 0 6; ‘‘‘‘‘‘‘‘ ] ttH (H — 1) e 136+ 0o (£ 081 »F o3 )
] O.Sé 7 ttH (H — bb) == 0.83£0.61 (£030,% ')
1 o4 S meow Hessmmy  1s0s 03 (00000
. 0'3;_ E tH (H - 77) == 141+ 048 (& 082 4 0%,
g *r — fiH (u=1.4) ] 0.2 T ™
s 10 l‘ 4 4 = ] 0.1+ E; 8TeV,’20.éfb" - 4 Combined - 182 35 (£0.18,% )
8 O_I I I_*_'_*_'_’__ E\\l\\ll\\\\\||||\\\\z v e by v ey e b e by by Ly
Had4  Had3  Had2  Had1  Lep3  Lep2  Lept 0 6 8 10 12 14 16 -1 0 1 2 3 4 5
/s [TeV] Cyf Oy
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OATLAS 4.7

EXPERIMENT

Run: 303079
Event: 197351611
2016-07-01 05:01:26 CEST

[ .
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arXiv:1808.08238

Observation of H=>bb

See CERN seminar last week! (https://indico.cern.ch/event/750541/)

Largest branching fraction (58.4%) but huge background from heavy flavour
production

Must use associated production: WH/ZH

— Require 2 b jets + 0 (Z=>vv), 1 (W->8v) or 2 (Z—>4£48) leptons
Largest backgrounds:

— Z+heavy flavour (0- and 2-lepton) and tt (1-lepton)

— Irreducible background from VZ with Z->bb

1

R A R 7 e, =7 & e e
1200 > 1800 T T T T T T T T
S

> o
3 L ATLAS ;33‘1 bb ( 115) 5 ATLAS ;\[/):taH bb ( 116)? 3 E ATLAS ;\[/):taﬂ bb (1=1.16) ]
: - n= . ,H—> =1. . %) r . ,H— =1. —
IS - Vs=13TeVv,79.8 " 1 Diboson B S 1600 Vs=13 TeV: 79.8 b Diboson . — T 250 Vs=13TeV,79.8 0" 1 Diboson # —
> 1000~ g lepton, 2 jets, 2 b-tags & ] > 1 lepton, 2 jets, 2 b-tags & ] 2 L 21leptons, 2 jets, 2 b-tags B Z+jets ]
= - Pl 150 GeV [ Single top B = 1400 p¥ > 150 Gev I Single top = w C pY>150Gev t 3
3 800 RS B W+ijets 7 @ 10 Multijet e 200~ [ Single top 7
- +§ B Z+jets o 00 ‘ Il W+jets B = Uncertainty B
C \J"ﬁ XY Uncertainty ] P hve Il Z+jets = C i --== Pre-fit background ]|
600 : ++++ Pre-fit background ] : e Uncertainty 3 150— N — VH,H 5 bb x5  —
L i —— VH,H - bb x5 i 5%} ««e+ Pre-fit background C foo] ]
C 4 — VH,H > bb x5 ﬂ% r
400 — ig 100
C - is C
- NS HE [
200 i 50—
§ 1.5 Fp T T T 1.5 T T 515 e —
% 1 : Ny 0Oty _._M_‘__._ +>¢>+ _$_+ % 1 [ NN0rett-0-0-g 0y % g gt _._-0-«0«0«0«_\*\.% % 1 *\i'-Q- “_\-(—*_)_ S +_+,\ +—+— _+_ ‘+“+ 4-
T 0.5 Eo el s b b ® 0.5 Ereee bl bbb bl b b o s +
=) a (UO_5*H ' NS W vl
0 50 100 150 200 250 300 350 400 450 500 0 50 100 150 200 250 300 350 400 450 500 =} 0 50 100 150 200 250 300 350 400 450 500
my, [GeV] my, [GeV] my, [GeV]
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arXiv:1808.08238

Observation of H%bb

ATLAS I VH, H bb (1=1.16
{s=13TeV, 79.8 fo! DIt - BB (i=1.16)
oson —

2 leptons, 2 jets, 2 b-tags B Z+jets

I e
+Data

* Harder p; spectrum for signal
than backgrounds

— Go to high p; to improve S/B "
e Use for event categories: o

— 75 < p;Y< 150 GeV (28 only) 1

— 150 < p;/< 200 GeV 7 \ 1T

— p,Y >200 GeV S R e

Events / 15 GeV
=Y

Single top
Bl W+jets
Uncertainty =
----- Pre-fit background
— VH,H — bb x 80 =

Data/Pred
o -
[6) BRGNS |
Ir
4
_+é_:
C 4
-4
—
e
=
Eéf
G ]

pY [GeV]
% T aras S T
e Main discriminant variables o0 pmmn "y
V % 1-4: ilep;t;r{r]s,e2‘]'/ets,2b-tags Ao \
mbb’ pT and ARbb %1.2 O standar (st) @‘\
— m,, resolution extremely R \

Std. + p-in-jet + Kinel ihood Fit g
. C c CAPRLY i
l 0.8 : - ;
important! PRy
====: 132 GeV 13% i
== 12,4 GeV 18 % anly
A

R ‘Jﬁ 100 120 140 ‘- T80
m,, [GeV]
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Observation of H=>bb .

ATLAS

Run 2:

arXiv:1808.08238

—Total

T

H—bb \s=7TeV,8TeV, and 13 TeV
4.7 fb, 20.3 fo', and 24.5-79.8 fb™
(Tot.) ( Stat., Syst.)

s

Stat.

— Observed (expected) of 4.90 (4.30) VBF+ooF (550 1)
e 100 2% (92,20%)
Adding Run 1: VH| g 098 Z (411,21
— Observed (expected) of 4.90 (5.10) Comp| kb pot om0 o1e)
R T S B S S S
llH—)bb
Adding ttH and VBF:
— Observed (expected) of 5.40 (5.50) ATLﬁl SYT fo-13 TeV, 798 fo"
— lota =olal.
o (Tot.) ( Stat., Syst.)
— Observation of H->bb decays O . 0g4 1 (1@ 0%
. H=wrl 1.03 ‘05 (%05, 0% )
Adding H>7Z and H>yy:
— Observed (expected) of 5.30 (4.80) e M s Lo o)
— Observation of VH production Comb. Ho 113 0% (015, 00)
008 TN iE 2 s 3 s 4 45 s
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ATLAS

EXPERIMENT
Candidate Event:
pp—-H(—=bb) + Z(—ee)
Run: 337215 Event: 1906922941
2017-10-05 07:55:20 CEST

Ricardo Goncalo Multi-Higgs Models 2018 26



* Easy to trigger on, but very rare
e Used 80 fb!of 13 TeV data

* Event categories based on muon
n, p**, and VBF (BDT)

* Search peakinm

* Background from sidebands a la
H->vyy analysis

* 95% CL limits:
2.1 (obs), 2.0 (exp)
* Getting close to SM sensitivity!

Entries / GeV

Data - fit
o (data)

Ricardo Gongalo Multi-Higgs Models 2018

ATLAS-CONF-2018-026

d generation Yukawa: H=2> up

© ATLAS Prelminary
50 VBF tight (s =13 TeV, 79.8 fo'
x2/ndof = 31.2/48 H—>up analysis N
40 —e— Data =
Background .
301 + ——— Signal x 20 _:
20 f—
10 f_
0 -
4
2 s }
b ‘Hﬁ{.‘#‘¥++'+‘++;;‘+‘ﬁ++#+‘+‘+#+-++++'+‘++;'#;+++;+
_4

110 115 120 125 130 135 140 145 150 155 160
m,, [GeV]
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Combination

Combined vy, ZZ, WW,tt, upu and
bb (incl. ttH+tH modes)

— Upto 79.8 fb! of Vs =13 TeV data

Combination yields VBF

significance 6.50 (5.30 expected)
from ATLAS alone

Main production modes (ggF, VBF,
VH, ttH) have all been observed!!

Good agreement with SM

predictions

Overall signal strength:
W=1.1370% 54

Quantified space for undetectable

decays or modified BR (e.g. BSM
H—>cc)

— Bggy < 0.13 at 95% CL.(*)

ATLAS-CONF-2018-031

III|IIII|IIIIIIIIIIIIII|IIII|IIII|IIII|I[I
ATLAS Preliminary e+ Total Stat. B Syst. — SM
Vs=13TeV, 36.1 - 79.8 fb
m,, = 125.09 GeV, ly, | < 2.5
Total  Stat. Syst.
ggF =] 1.07+ 0% (£ 007 % 006 )
VBF R 121+ 57 (£ 08 0+ 012 )
WH Hess=—= 157+ % (£ 0% . 0%)
ZH == 0.74% 52 (& 0% .+ 0%
ttH + tH H——H 122+ 0% (£ 317+ 0% )
IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII
0.5 0 0.5 1 1.5 2 2.5 3 3.5 4

Cross-section normalized to SM value

(*) In determination of Kg and k, - assumption dependent

Ricardo Gongalo
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ATLAS-CONF-2018-031

Implications for 2HDM

tang

e H(125) assumed
to be light CP-

even neutral
scalar hin 2HDM

tang

* h production
and decay same
as for SM Higgs
boson

[T T T T | T T T T ‘ T T T T ‘ T T T
L ATLAS Preliminary =[] Obs. 95% CL
4 X Best Fit Obs.
L Vs=13TeV,36.1-79.8f" .. Exp 95%CL
2HDM Type-| —— SM
10¢
1 =
_ | I
10 1L 1
—1 -0.5 1
cos(f-a)
[T T T T | T T T T ‘ T T T T ‘ T
L ATLAS Preliminary [T Obs.95%CL
4 X Best Fit Obs.
L Vs=13TeV,36.1-79.8f" ... Exp 95%CL
2HDM Lepton-specific —— SM
10¢ \”\
1 =
_ | |-
10 | S S
-1 -0.5 0.5 1

cos(f-a)

tang

tang

[ T T T T ‘ T T T T ‘ T T T T ‘ T
I ATLAS Preliminary [T Obs.95%CL
4 X Best Fit Obs.
L Vs=13TeV,36.1-79.8f0" _ . Exp. 95% CL
2HDM Type-lI —— SM
10
1 4
— | )
10 1 1 1 1 1
-1 -0.5 1
cos(B-a)
[ T T T T ‘ T T T T ‘ T T T T ‘ T
L ATLAS Preliminary ] Obs.95% CL
4 X Best Fit Obs.
L Vs=13TeV,36.1-79.8f0" . Exp. 95% CL
2HDM Flipped — — SM
10
1=
— |
10 1 1 1 1 1
-1 -0.5
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Casting a wider net
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ATLAS-CONF-2018-039

Higgs + Dark Matter

 Used 79.8 fb! of 13 TeV data
— High E;™ss (>150GeV) and b-
tagging to suppress backgrounds

— Reconstruct b-jets as 2 small jets
or merged variable-radius (VR)
track jets

* Signal benchmark: Type-ll 2HDM

™ 10007 T | T T T T | T T T T ‘ T T T T | T T T T | T T T T l T ]
S -

) D C - —— Observed 95% CL
+ U(1),, symmetry (Z’-2HDM) 8 goor ATLAS Preiminary - B e L (10) ]

- Vs=13TeV. 798 PRL 119, 181804

< - =" )

€ 800F h(bb) + EP*s: '+2HDM simplified model =
- tang =1, 9gz=0.8, m =100 GeV, my = my: = 300 GeV
: . i 700 =
e Main backgrounds: tt, W/Z+jets ; ;
600{— 2N =

500/

* Excluded regionin m,—m, plane

: 1 | 1 1 1 1 | 1 1 1 1 ‘ 1 1 I 1 | 1 1 1 1 \ 1 \\ 1 l |-
500 1000 1500 2000 2500 3000
mz’ [GeV]
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Explored single-lepton and dilepton tt
final states

— Inrange m,,: 200 — 2000 GeV
36.1fb! of 13 TeV data

Events categories: Nj,,; and Ny ...
— Allow to constrain backgrounds in

simultaneous fit

BDTs trained in signal regions

— Separate signal and background for 18
mass points

— Matrix method used in single-lepton
channel

Extracted limits on o x BR and on m,,, -
tan B plane for two MSSM scenarios

o(pp — tbH") x B(H— tb) [pb]

107'E

Lo
200 400 600

Charged Higgs: H*=>tb

arXiv:1808.03599

»,
2N
0
-
-

t
LQQ00Q00Y, -
! b
v t
Nolvlvivlvioler -
g b
L0 N B B B B
N ATLAS —e— 95% observed limit (CL ) E
\/§=13TeV 36.1 fb1 ==suxs 95% expected limit (CLS) -

l:| Expected * 16
|:| Expected + 26
—— m™ tanp = 0.5
— mr*tanf =1

—— m™ tanf = 60

fay
-----------

IR\ W AN
800 1000 1200 1400 1600 1800 2000

m,, [GeV]



arXiv:1808.00336 [hep-ex]; ATLAS-CONF-2018-043

Triple Higgs coupling

The triple Higgs coupling A, can be
probed through di-Higgs ppgguction V(Qb) — M2¢T§b + )\(QbT Qb)Q
* Very suppressed in SM!

9 g
— Negative interference between LO be R - S
diagrams ’ )/
— Cross section 1500x less than ggF hb b hb ';;"(\ b
* Wide range of decay BR and channel oy e t,b ‘0
purity g ’ g
* bbrranalysis: T aTLAS Prominary | s
— Used 36 fb! of 13 TeV data et a0t " Expected + 1o
. Gggr (PP — =33.4 Expected + 26
— Final state BR(bbtt)=7%
Obs. Exp. Exp. stat.
— Non-Resonant 95% CL limit: - i Y 2:7 :385 |
M < 12.7 observed (14.8 expexcted) FiF bobb | ]
* Combination: at =10 x SM sensitivity HH bBe's 26 146 11
— with 3% of the HL-LHC luminosity o } I
HH— bb’yy ! 204 26.3 25.1
analyzed . .
Combined * l 6.7 104 9.2

0 10 20 30 40 50 60 70 80

DI_HIggs Combinaﬁon p|0t here 95% CL upper limit on OggF (pp — HH) normalized to cs;'g"F
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Summary

Another milestone was crossed last week by
ATLAS and CMS with the H>bb observation

Main production modes (ggF, VBF, VH, ttH) have
all been observed!!

The Higgs sector continues to look SM-like

But!

We know there is new physics out there!

We have only collected =130 fb! of 3000 fb? of + A -V
13 TeV data expected at the HL-LHC

We have a strong programme of precision
measurements and searches for new Higgs states -
and decays

Overall highlight from the past year (very personal bias!):

“The >50 observations of ttH and H = 1T, independently by ATLAS and CMS, firmly establish
the existence of a new kind of fundamental interaction, Yukawa interactions.”

Gavin Salam (LHCP’18)
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See here for more: ATLAS Public results page
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ATLAS-CONF-2018-031

More on Combination

ATLAS Preliminary Observed +-1o =~
§ Stat. uncertainty
Vs=13TeV,36.1-79.81b Syst. uncertainty m==
my, =125.09 GeV, |y | <2.5 SM prediction
YY |-a‘a4
4 |—TE—|
ggF ww b ATLAS Preliminary 1@ friEmEl -
TT H——— Vs=13TeV, 36.1-79.8 fo'' ,
--------------------------- oo 2 ¢ interval —
comb. i my, = 125.09 GeV, [yH| <25
Yy H—Eﬁ KZ ' _’:
zz ‘ : — | e T - ;
VBF ww I—E—l‘ w i —— i -
L . = ] K — —-h-— — —-b-—
comb. = - - - :
1 b —————— —_ 4=
7/}/ |—E‘E—-| | | 0
VH w L 5 i :
bb ,,,,,,,,,,,,,,,,,,,,,,,,,,, B e T TR Kg —+— —+—
comb. == L : N :
T K ' '
Yy i Y P - ey l= -+
(VA4 ITE—l BBSM BSM BBSM > 0 -
L 1 ool by by b by b b by by s by Loy by g Iy
ttH+tH =7 ' \ ' 4 05 0 05 1 15 4 05 0 05 1 15
bb ——————|
___________________________ .{_________________________________________
comb. PR SN SN SN NN T SN SN S [N SN SN T TN AN N SN ST [N ST SN TS NN ST SN O [N TN S T S N T TN ST S N ST SN AT SN S SO T S

-1-05 0 05 1 15 2 25 3 35 4

o x B normalized to SM value



a Higgs boson at a mass of 125 GeV [10, 11], the expected natural width of the SM Higgs boson is
FISJM ~ 4.1 MeV [12]. However, above 125 GeV off-shell production of the Higgs boson has a substantial
cross section at the LHC [13-16], due to the increased phase space as the vector bosons (V = W, Z) and
top quark decay products become on-shell with the increasing energy scale. This provides an opportunity
to study the Higgs boson properties at higher energy scales. Off-shell production can provide sensitivity
to new physics that alters the interactions between the Higgs boson and other fundamental particles in the
high-mass region [17-24].

The measured off-shell event yield from gluon—gluon fusion (ggF) production normalised to the SM
prediction, where this ratio is referred to as the signal strength pof_shel, can be expressed as

gg—H*"—>ZZ
7 off-shell _ 2 2
Hoff-shell = gg—H*—ZZ — Kg,ot’f—shell " KZ oft-shell’
7 off-shell, SM
i gg—oH"—>ZZ . i . . i . . .
where o is the cross section of the off-shell Higgs boson production via ggF with subsequent

decay into a ZZ pair, and Kg off-shell and Kz off-shen are the off-shell coupling modifiers relative to the SM
predictions associated with the gg — H™ production and the H* — ZZ decay, respectively. The off-shell
Higgs boson signal cannot be treated independently of the gg — ZZ background, as sizeable negative
interference effects appear [13]. The interference term is assumed to be proportional to \/Uoff-shell =
Kg. off-shell * KZ,off-shell- Similarly, ton ghen for the on-shell Higgs boson production via ggF is given by:

gg—H—->ZZ* 2 2

u on-shell Kg,On—Shell . KZ,on—shel]
on-shell = = s
gg—H—-ZZ* Ty /TSM
O-on-shell,SM H/ H

which depends on the Higgs boson total width I';. A measurement of the relative off-shell and on-shell
event yields, Uoff-shell/ Hon-shells provides direct information about 'y, if one assumes identical on-shell
and off-shell Higgs boson coupling modifiers [15, 25]. The above formalism describing the ratio of

~ . SN TS W



Integrated Luminosity [fb™]

ATLAS, CMS and the LHC

Run 1: 2009 — 2013; = 5 fb! at Vs =7 and = 20 fb! at 8 TeV per experiment
Run 2: 2013 — 2018; expect > 150 fb! at Vs = 13 TeV by the end of run
Instantaneous luminosity of 2 x 1034 cm2st in 2017 (2x design!)
Downside is pileup => experimental challenge!

— Multiple vertices, large occupancy, degraded reconstruction resolution, etc

— LHC breaking new ground to go around this: leveling!

R. Steerenberg (CERN), LHCC 30 May 2018

60 — C T L T 1T L L L L 1T l_
- = 400F | | | | | ! | E
- vo17 £ ' ATLAS Online, 13 TeV [Ldit=100.8 tb
50— g 350F 2015: <u> =134 -
- > 3000 B0 2016:<u>=251
40— g g B 2017:<u>=37.8 _
- £ 250F BN 2018:<u>=39.2 7
- E - BB Tota: <u>=33.0 7
30— 3 2000 =
C - = ]
C 3 - .
2o S 150" 1,
- D - 18
u & 100F =k
10— - 12
C 50— -8
0 . . —— 1 1 I 0: £ - 3
02-Mar 02-May 01-Jul 31-Aug 31-Oct 31-Dec 0 10 20 30 40 50 60 70 80

Mean Number of Interactions per Crossing
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Leveling by beam offset Anti-leveling: crossing angle Anti-leveling:

T g @

=" —

LHCb x 10
crossing angle step

2.01

Fill 6639, 2319b Eckhard Elsen, LHCP’18
—— Alice x 1000 —— beta* IP1/5
— Atlas
— CMS

1.5 A

1.0 A

Luminosity [1034cm~2s71]

B* reduction

0.5 1

T
N
o

2018-05-03
17:06:40

Ricardo Gongalo
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Exploring the electroweak scale

* Precision measurements of m,, m,, m, are stringent tests of
the SM at the EW scale

— E.g. excluding measured m,, global EW fit gives m,, =90 + 21 GeV
(1.7 o tension) driven in part by m

top
arXiv:1803.01853
; B T l T T T T I T T T T I IE T T T I T T T T | I ,I’_
Q ~ 68% and 95% CL contours L My comb. £ 1o —
(O) T d o my = 172.47 GeV i
—  80.5 — Fit w/o M,, and m measurements i 6 = 0.46 GeV p —
E; E Fitw/o M,,, m and M, measurements 0 =046 ©.0.50,,, G&V .
L Direct M, and m, measurements i ) i
80.45 — ]
80.4 — [l | =
— M, comb. + 16 % n
80.35 — w,, - 80.379 + 0.013 GeV g% o —
80.3 — : —
80.25 — —
C ’l’/ 1 1 1 /" 1 L'/’I/ li 1 1 1 I 1 1 1 | I 1 l_
140 150 160 170 180 190
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LHC and HL-LHC timeline

6.0E+34

5.0E+34

4.0E+34

3.0E+34

2.0E+34

Luminosity [cm2s™]

1.0E+34

0.0E+00

e Peak luminosity

—Integrated luminosity

Year

— s N T 7 N 7

| v ([N | -
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LHC Upgrades

Development of a new generation of
superconducting magnets with
higher critical field (Nb;Sn):

* 13.5Tinstead of 8 T (LHC, NbTi)
Desenvolvimento de “crab cavities”

Aumentam eficiéncia das colisOes

Colimadores, conectores, eng. civil,
etc

“CRAB” CAVITIES

16 superconducting ,crab®
cavities for each of the ATLAS
and CMS experiments to tilt the
beams before collisions.

CIVIL ENGINEERING
2 new 300-metre service tunnels and
2 shafts near to ATLAS and CMS.

R e

¥

FOCUSING MAGNETS
12 more powerful quadrupole magnets
for each of the ATLAS and CMS
experiments, designed to increase the
concentration of the beams before
collisions.

SUPERCONDUCTING LINKS
Electrical transmission lines based on a
high-temperature superconductor to carry
current to the magnets from the new service

BENDING MAGNETS

4 pairs of shorter and more

powerful dipole bending magnets
to free up space for the new

COLLIMATORS
15 to 20 new collimators and 60 replacement
collimators to reinforce machine protection.

tunnels near ATLAS and CMS. collimators.
Field progress in accelerator magnets
tesla
14
HL-LHC
12 =
10 Nb;Sn e
T -
s Nb- PP 11
6 MERA # Field (1)
Tevatron p A

a - . .- SRHIC

2 {9~

o SPS & Main Ring (resistive)

1975 1985 1995 2005 2015 year
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—ATLAS Simulation
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New muon =«
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High Granualrity
Timing Detector
(30ps/track)
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