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Motivation: why the Higgs?
The LHC and experiments
The Run 1 legacy

Probing the 125 GeV Higgs
Probing the Yukawa sector

Searching wider

The long run: di-Higgs
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Why the Higgs?

IMAGINE A FIELD TUAT
PERMEATES THE
ENTIRE UNIVERSE.

EVERY PARTICLE \
FEELS THIS FIELD,
BUT 1S AFFECTED IN
DIFFERENT AMOUNTS,
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1: Longitudinal gauge-boson
scattering

In the absence of the Higgs,
some processes have cross
sections that grow with the
centre of mass energy of the -
collision... i.e. breaks unitarity! %

J.C.Romao

The Higgs regulates the cross
section through negative

interference e .
Ecum (GeV)
o o N N N v, W_
BP0
v, 4 h :
W+ wt+ o wt wt oWt wt  w+t W+ M+

Feynman diagrams contributing to longitudinal WW scattering



2: Mass of elementary particles and gauge bosons

‘CQED — &(iﬂyuau — meﬁb — G@EVM@DAM — iFw/F'UJV - %vauAu

To keep the Lagrangian gauge invariant against a U(1) local phase

transformation: '
/ R/
h(z) = ¢P'(x) = e"X(x)
with X = x (x). The photon field transforms as:
/I __
But the A¥ mass term breaks the invariance of the Lagrangian'

smy Ay AP — 2my (A, — 0,)(AF — OFx) # smy A, AP

2

For the SU(2), gauge symmetry transformations of the weak interaction
the fermion mass term m_ g also breaks invariance!

Bottom line: the SM (without the Higgs mechanism) results in wrong
calculations and breaks down for massive particles



The Higgs Mechanism

o W
c(1528 - 011

Ah

» Faois Englert
Peter Higgs (b. 1929) (b. 1932)




* Introduce a SU(2) doublet of spin-0 complex fields

¢ _ gb—l_ 1 ¢1 Ll Z¢2
o\ ¢’ ) V2 \¢3+igd
 The Lagrangian is [ — (auqﬁ)T(5’“¢) - V(qﬁ)
- Withapotential  V(¢) = 126 4 A6 )2
Z
* For A>0, u>>0 the potential has a
minimum at the origin

* For A>0, p?<0 the potential has an
infinite number of minima at:

<>

6] = & =4/ — Il =F »
V2 2 ' dim
Pre
The choice of vacuum (lowest 5

X
energy state of the field) breaks the symmetry of the Lagrang|an
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Electroweak symmetry breaking

In the Standard Model with no Higgs
mechanism, interactions are symmetric fﬂ_\B
and particles do not have mass -

: \
Electroweak symmetry is broken: \

— Photon does not have mass f/ J
— W, Z have a large mass ‘

N\ /
Higgs mechanism: mass of W and Z \\wj

results from the Higgs mechanism

Masses of fermions come from a
direct interaction with the Higgs field
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EWK Symmetry Breaking in Pictures
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What (we think) we know:

Higgs mass was(!) the only unknown parameter of the SM

mpy = V2A\U

We can give mass to W* and Z while keeping the photon
massless

Higgs couples to W and Z proportionally to their masses
Higgs couples to fermions proportionally to their mass

f W+ Z
9w 9w
----- T 2my, SSS S Swdd H ===--& Mz 6,



Exploring the electroweak scale

* Precision measurements of my, 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)
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R, ATTD My

STORT SO FAR...

i
Eur. Phys. J. C78 (2018) 110
I I [ I ATLAS+CMS Preliminary My, SUMMary, (s =7-13 TeV September 2017
e m LHCtopWG
ATLAS w
"""" World Comb. Mar 2014, [7] "
H Of
Stat. Uncertainty stat
total uncertainty Mgy = total (stat = syst) s Ref
— Full Uncertainty ATLAS, l+jets (*) 172312 155 (0.75 = 1.35) 7Tev [1]
ATLAS, dilepton (*) 173.09 = 1.63 (0.64 = 1.50) 77TeV [2]
CMS, I+jets 173.49 = 1.06 (0.43 = 0.97) 7TeV [3]
CMS, dilepton 172.50 = 1.52 (0.43 = 1.46) 7TeV [4]
LEP Comb ' 80376i33 MeV CMS, all jets 173.49 = 1.41 (0.69 = 1.23) 7 TeV [5]
LHC comb. (Sep 2013) LHctopwa 173.29 = 0.95 (0.35 = 0.88) 7TeV [6]
World comb. (Mar 2014) 173.34 = 0.76 (0.36 = 0.67) 1.96-7 TeV [7]
ATLAS, I+jets 172.33 £ 1.27 (0.75 = 1.02) 7 TeV [8]
Tevatron Comb. Py 80387+16 MeV ATLAS, dilepton 173.79 = 1.41 (0.54 = 1.30) 7Tev [8]
ATLAS, all jets 175.1+1.8(1.4=1.2) 7TeV [9]
ATLAS, single top 172.2+2.1 (0.7 = 2.0) 8TeV [10]
ATLAS, dilepton 172.99 = 0.85 (0.41+ 0.74) 8TeV [11]
LEP+Tevatron Y 80385+15 MeV ATLAS, all jets 173.72 = 1.15 (0.55 = 1.01) 8TeV [12]
ATLAS, I+jets 172.08 = 0.91 (0.38 = 0.82) 8TeV [13]
ATLAS comb. (ﬁ‘i’:‘:";;) 17251 = 0.50 (0.27 = 0.42) 748 TeV [13]
CMS, I+jets 172.35 + 0.51 (0.16 = 0.48) 8TeV [14]
ATLAS &3701—1 9 Mev CMS, dilepton 172.82 + 1.23 (0.19 = 1.22) 8TeV [14]
CMS, all jets 172.32 + 0.64 (0.25 = 0.59) 8TeV [14]
CMS; single top 172.95 + 1.22 (0.77 = 0.95) 8 TeV [15]
. CMS comb. (Sep 2015) 172.44 = 0.48 (0.13 = 0.47) 7+8 TeV [14]
EIeCtroweak F|t 80356i8 Mev CMS, I+jets 172.25 + 0.63 (0.08 = 0.62) 13 TeV [16]
2] ATLAS-GONF 2015.077 {6 Eur Py o7 (2015 330 114 Prye .09 2016y o72008
| | | | ) Superseded by esuts metELe  Gbmomaw monmane
80320 80340 80360 80380 80400 80420 shown below the line Rl RGO
PR TR N N NN AN AN T ST WY SN NN TS Y S MY N
m,, [MeV] 165 170 175 180 185
My, [GeV]

Per mille precision!
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Tools of the Trade

The LHC and its
experiments
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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%

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

Inner Tracker: |n| <25 o/E...= 50%/VE ® 3%
Si pixels/strips and Trans. Rad. Det.

o/p; = 0.05% p; (GeV) @ 1%

Ricardo Gongalo eminar 8 Nov 2018 - LIP
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Muon Spectrometer:
Steel return yoke and gas-based muon chambers
o/p;=1% @ 50GeV to 5% @ 1TeV (ID+MS)

\.“ \\\\\\
NN,
Solenoid: B=4T
Inner Tracker:
Si pixels/strips A\
0/py = 0.02% p (GeV) ©0.005 Ny NN

Ricardo Gongalo
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EM calorimeter:
PbWO, crystals homogen.
o/E = 2-5%/VE @ 0.005

0/E;.= 100%/VE @ 0.05

‘1_ »&

I/i/Hadronic calorimeter:

/ Brass+scint./Steel+quartz
1




Run: 338220
Event: 2718372349
2017-10-15 00:50:49 CEST
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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; 149 fb* recorded at Vs = 13 TeV by the end of pp 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!

Delivered Luminosity [fb]

80 C | | | | | | | | _] [ T I L I UL | L ] L | L | L | L
706 AT e e E 500~ ATLAS Online, 13 TeV j Ldt=136.4fb"

T —— 2012pp 5=8TeV ] - 2015: <u> = 13.4 |
60 — 0i6pp fontaTev e 400 B0 2016 <p>=251 _

- ——2017pp {s=13TeV ] B Bl 2017:<u>=378 ]
50 = 2018pp is=13TeV — - B 2018:<u>=37.3 -

- ] 300 B Total: <u>=34.0 —
40— - B ]
30F q_ 200 -
20E = - 13

- g 100~ g

0 E — . 0 N
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Month in Year Mean Number of Interactions per Crossing
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Leveling by beam offset Anti-leveling: crossing angle Anti-leveling:

T g @
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LHCb x 10
crossing angle step

2.01

Fill 6639, 2319b Eckhard Elsen, LHCP’18
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Higgs at the LHC
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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!

q

1 -
LHC HIGGS XS WG 2016

H® WW, ZZ fusion :

o)
=0
Ho % -
I
|
o
2
@)

: £ W,z
S . HO q
t t fusion : W Z
t
g
_ = HO 1
t q W,Zbremsstl’ahlung :ll11ll1111ill11l111lllllllllllllllllllllllllll:
6 7 8 9 10 11 12 13_14 15
_ _ \E{TeV]
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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!

AN
t ¥ v
H H
______ t — ——— — — —
t y %
AN

b, 7, u
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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]




It takes time to get it right
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EPS-HEP 2011 conference
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Signal strength (u)

2.5F

1.5

0.5

Couplings:

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

JHEP 08 (2016) 045

— 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: |"|'VBF+VH/“'ggF+ttH =1.06 %% 4 ,,

= (0 xBR)gp,s/ (0%XBR)sy

— Coupling modifiers broadly consistent with SM but large uncertainty

........
- ATLAS H—»yy
- ATLAS H—2ZZ -4l
.......... CMS H—-yy
.......... CMS H—2ZZ -4l
=~ All combined

ATLAS and CMS
LHC Run 1

-----
- -~
~

X Bestfit
—— 68% CL

_______
- ~~

|I]IIII|III||||

||||||| Lo v b v by by v by

24 1245 25 1255 128
m,, [GeV]

Ricardo Gongalo

126.5 12

- ATLAS and CMS
t LHC Run 1

¢ ATLAS+CMS
....... SM Higgs boson
— [M, g] fit

[ 68% CL

[ ]95%CL

107

1

10 102

Seminar 8 Nov 2018 - LIFParticle mass [GeV]

Significance (o)

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
26



VBF+VH

f

W

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: pyge, /Mgy = 1.06 70 5, U = (0 XBR)ops/ (0XBR)sy
— Coupling modifiers broadly consistent with SM but still large uncertainty

CATLASand CMS  [ron | ¥ [ATLASand CMS ]
S[LHC Run 1 (Hozz ] 2FLHC Run 1 7 Significance (o)
[ ClH-ww : ' Prod. Obs.  Expect.
L QH—H’T 1 [ —— 68%CL
L __/H—bb : 1._ ------------- 95% CL ) VBF 54 4.7
I 1 |+ Bestfit .
] L b I % SMexpected 1 VH 3 . 5 4 . 2
- — O_ -
ttH 4.4 2.0

] a

- - [ Goartined Lt H> T 55 5.0
-1+ g ol [Hszz  [JHoww

| —68%CL + Bestfit x SM expected -

e e S e JO s S H>bb 26 3.7

f .
Ricardo Gongalo Magr s Seminar 8 Nov 2018 - LIP K, 27
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Probing the 125 GeV Higgs in Run 2

Ricardo Gongalo



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

e New Measurements from ATLAS

H-> vy:

m," = 124.93 + 0.40 GeV

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

Ricardo Gongalo

IIIIIIlllIlllllIIlIII'ILIIIIIS'[It|I|II >
- Jota at. on [0)
:gntl{;é-aSTev, 25fb", Run2: Vs = 13 TeV, 36.1 fb"' Total  (Stat. only) ’ (3 100
RuniH—4l —e— 124.51+0.52 (£ 0.52) GeV 7
Run1H—yy 126.02 + 0.51 ( +0.43) GeV g 80
Run 2 H—4/ — 124.79 +0.37 (£ 0.36) GeV Lﬁ
Rum2bory — 124932040 (£021) GV 60
Run 1+2 H—4/ — 124.71+0.30 ( +0.30) GeV
Run 1+2 H>yy —— 125.32 £0.35 (+0.19) GeV
 RuniCombined ~  #—e—x 12538 £0.41 (£037) GeV 40
Run 2 Combined —— 124.86 + 0.27 (£ 0.18) GeV
Cmnnacmoned  ets oo 2
ATLAS + CMS Run 1 —— 125.09 £ 0.24 (£ 0.21) GeV
e by by by by e by by
123 124 125 126 127 128 0

m,, [GeV]
Seminar 8 Nov 2018 - LIP

arXiv:1804.02716 [hep-ex]; arXiv:1706.09936 [hep-ex]; arXiv:1806.00242 [hep-ex]

Higgs boson mas
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JHEP 11 (2017) 047; CMS-HIG-17-015; ATLAS-CONF-2018-002; ATLAS-CONF-2018-018

ATLAS Differential Higgs boson

cMms, |

E . S 2'22 ! ' ' U T Ha sl I 3
Cross sections & = s b
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) ) <~ 160 -5 e

= E T =
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. 1.2F =
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ATLAS-CONF-2017-047; ATLAS-CONF-2018-028

Particle level Reduced Reconstructed event categories
Stage 0 production bins Stage 1

’ ‘l 7—0\‘8 ot :f : N.=0,pi4< 100 GeV
* Simplified templat% cross sections SR —

L] =1jet | 60<p <120 GeV T T 60<p"<120GeV| N, =1
* 99F 9gF-1j-p,*Medium |* 1-p,-Medium

. . . ) pi>120 GeV _ FovHigh p,*'>120 GeV
— Independent, simple fiducial region wa |

VBF-enriched-p-Low |*———— ,, . 120 GeV

definition for each production mode R

Common for ATLAS, CMS and theory vy e [ memon |

o N, =0, p;'> 100 GeV
Good balance between S —

VH-Lep-enriched —

experimental precision and theory
1 E II ttH-Lep-enriched {tH Leptonic
uncertainty P

Preliminary§ 13TeV, 79.8 b

EXPERIMENT

CMS F’reI/mlnary 415" (13 TeV)
"“L-' """ IR R RN II1JIIII IIIllllllllllllllllllll[llIIIIII
untagged = 1.21%% Ho 22" - 4l ATLAS Preliminary o) Total [ Stat. @ Syst. = SM
m, = 125.09 GeV Vs=13TeV,79.8 o™’
VBF-1jet w=102°% H—yy, |yH| <25 Total ( Stat. Syst. )
’ E +0.19 . +0.. +0.
tagged -0.28 | uglobal 0_0 17 ggF’ 0] |.£.|i 0.92 _822 ( +0.17 _gli )
vg;;gzejzt w=108°7 ggF, 1}, 0<p''<60 GeV |_.|E.E._| 123 708 (£052 o)
g9F, 1j, 60<p'<120 GeV HEEHI 0.89 090 (e roE
VH-hadr. +0.67 . +0. . +0.
tagged M = 0380 ggF, 1j, 120<p!'<200 GeV  —=m===—q1.51 0% ( ‘05 103 )
. +0.56 +0.29
VH-lept. = 1.972% - 9gF, >=2j == 065 s (+0.47 —0.21 )
tagged M = 'V s q9—Hdqg, 0<p! <200 GeV '—E—( 140 7040 ( Tos ot )
ftH-hadr. sk | 99F + qa—Hqq, BSM-like }—=a=— 0.76 0% ( ‘os *0.23)
tagged B 0'004) 00
X . +0.71 + +0.
VH, leptonic |—|EE—-| 1.38 ‘oo ( ok o)
- +0.44 +0.37 +0.23
gged =000 Top P 118 (0D E)
o e b b b b bea |||||||||||||||||||||||||||||||||||||||1

o 1 2 3 4 5 6 7 —2 —1 0 1 2 3 4 5
Ricardo Gongalo i Seminar 8 Nov . (o6 xB)/(c x B)



SM Higgs width I',~4.1 MeV

Too small to be measured

directly

Best direct limit from CMS:
* ,<1.1GeV @ 95% CL

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

ATLAS measurement:

pp2>H2>ZZ->4l and ZZ>2I2v
m(H) > 2 m(2)
36.1 fb! of 13 TeV data

Observed (expected) limit:
* [,<14.4(15.2) MeV

Events / 20 GeV

Events / SM

10°
10°
10
10°

—
T

arXiv:1808.01191 [hep-ex]/HIGG-2017-06

Higgs boson width

R L I I I I U I I I~
ATLAS ® Data E
{s=13TeV, 36.1 fb' ----- 9g+VBF—(H*>)ZZ(u_ _=5)-=
H* > ZZ - 4l [ gg+VBF—(H*=)ZZ(SM =
B qq-2Z =

I Other backgrounds 3

Uncertainty =

=

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
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Exploring the Yukawa sector

E>|> _lllll T T IIIIIII T T T TTTTT T T IIIIIII T ]
¥> 1 ATLAS Preliminary .
E {s=13TeV, 36.1-79.8 fb" ..
5 [ m,=125.09GeV, |y, | <25 W i
E“‘|> 1 0—1 et SM Higgs boson ]
W = g .

Y

1072 @*@ E

11

11

Ll Lol ! WRET
1 10 10°
Particle mass [GeV]

Ricardo Gongalo Seminar 8 NOv ZUL3 - LIF
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CMS

Events/bin

Phys. Lett

Observation of H>tt

. B 779 (2018) 283

35.91b™ (13 TeV)
Combine all final: Ty ,4Ty.q4) TiepThadr TiepTlep N Y S I
3 categories: 0-jet, VBF and boosted (mostly ggF) = 1000 R | I
= [ -4~ Observed = 1 14
359 fb'l Of 13 TEV data §14002 — Hote (1=1.09) 20 Dskg.unc. ]
o . . © 1200 2= %, 1
2D likelihood fit using m__, m. or p;** B e L =
TT JJ T E 1000,__ QCD multijet 10k —
Observed (expected) significance of 4.90 (4.70) B soob. Do e o b ]
o h = 800 0 50 100 150 200250 300
Combining with Run 1: @ oo o ojres MGV ]
— 36 fb-10f 13 TeV data: 4.9 o observed; 4.7 o expected % 400f- _.‘- S e eu_f
— Combining with Run 1: 5.9 o observed; 5.9 o expected 200 T
A
— u=0.98+0.18 I — e L e e s
0 50 100 150 200 250 300
m.. (GeV
CMS 7,7,, Boosted 35.9fb™ (13 TeV) 35.9 b ((13Tev))
10* <pl" <100 GeV - §100<p:<17OGIeV é170<p:<3|00GeV ép;ssof) GeV ::ﬁ:’;’:‘:mm CMIS —
103 .o -Z—m: r
ha - : ...'.'-.- Z-uplee B (A 7
1o s - B s
: .W+iets u-:h
QCD multijet B u=t14 1048 ]
-Others e
D Total unc. u:‘;ss +0.60
— Hostr (1 = 1.09) B o ]
en
+ g
TN i Combined
Bkg. unc. 1=1.09 g)zzg
|:|Bkg.unc. L L
0 2 3

Ricardo Gongalo
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ATLAS-CONF-2018-021

Observation of H=> 1t

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

I I B e B e
ATLAS Preliminar (s=13TeV,36.1fb"| 200 T T TTTTTITTITTY ]
’ & | ATLAS Preliminary = cmziseaos | 8 08[ Zoswcr ]
—total —stat. —SM exp. total (stat., syst.) > [ Vs=13TeV, 36.1fb™" mzon 01 & - ---68%CL -
< 150? TienThad boost. high-p?? SR MM Other Backgr. | §:,T: N ¥ Best fit _‘
T T 2.49 *1:38 (+077 4115 e [ " T 7" [ Misidentified ¢ w06 " o
had "had @it : -1.17 (_0_74 ' _0.91 ) Lﬁ Uncertainty I :
1001 . i ) ]
T 3.07 *149 (w08 s122) - 0.4~ ]
had ———— U a3t Vg3 102 C B ]
50 g 020 ]
FiepTep ——e——676 370 (1. 720) - D N N ;
---------------------------------------------------------------------- g’ 1 1_ T T T T T T T T T T T T | T I_ 0_ |
m -1 ] L o i
Combination e 3.71 106 (#0800 w087y T 1 . - ATLAS Preliminary ]
-0.95 —0.59 ’ -0.74 = 7 1 r = 1 T
v b b v b b b b b P by gy go.g%lxl|llll|ilwl|\l‘ _0-2_.vg|,13.T‘eV|’3.6:1f.bl|‘|\.||I||.Ix;ll—n
0 2 4 6 8 10 12 14 16 18 20 50 100 150 200 -2 0 2 4 6 8 10
O hiser [PO] miNC [GeV] o2 [pb]
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CMS arXiv:1804.02610 [hep-ex]; arXiv:1806.00425 [hep-ex];
S 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
-

h =

C)'I.C).Q_IO'C)'I(D<('D+
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CMS/| ttH(ML) Phys. Rev. D 97 (2018) 072003; arXiv:1803.05485 [hep-ex]

ATLAS § . ttH(bb) Phys. Rev. D 97 (2018) 07%016; JHEP 01 (2018) 054
et ten )ttH observation: bb and Multileptons
eptons

* Sensitive to: H>17, HHOWW?* and H>7z7*
*  Backgrounds: ttW/ttZ, non-prompt leptons and fake taus

2

mber of Thad

* Main uncertainties: signal modelling, jet energy scale anc2
non-prompt lepton estimate 1

« ATLAS: 4.10 observed; 2.80 expected
e CMS: 3.20 observed; 2.80 expected

2

1 3 4
ttH(H%bb) ATLAS [t +tight [Jtt+ >1c [t + >1b
s = 13 Tev Ei+v  [INontt

«  Profit from large H=>bb branching ratio (58.4%) leeen

But challenging final state: large ttbb irreducible CF@ CR@

background, theory uncertainties, combinatorics...

* Main uncertainties: tt+heavy flavours, b tagging, jet calib.

ATLAS: 1.20 observed; 1.60 expected CRifign CRF1c

CMS: 1.60 observed; 2.20 expected @ ®

For both channels: - R

* 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 Seminar 8 Nov 2018 - LIP 37
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E

CMS /!

L

XPERIMENT

arXiv:1806.00425 [hep-ex]; arXiv:1804.02610 [hep-ex]

ttH observation

510" (7 TeV) +19.7 fo' (8 TeV) + 35.9 o' (13 TeV)

CMS: @® Observed
. 1 CMS 110 (Stat @ syst)
* Combined Run 1+ 36.1 fb™* Run 2: - 5 ol
, ttH(WW* e ————
e 5.2 0o0bserved, 4.2 o expected Y w& W g
ATLAS: | e T
i ttH(H%]/]/)Z ; ttHEyY) ~——-o-——
— New signal categories from BDT discriminant (T ___.___
— Sensitivity increased by 50% B i
) ttH(bb) -
* Run 2 data from 2015+2016+2017 (yy/ZZ): 79.8 fb! g
-E—-*-—
— 5.2 0 observed, 4.9 o expected 78TV | g
e Adding Run 1: 6.3 o observed, 5.1 ¢ expected 13 Tev —eo—
 Measured production cross section at 13 TeV: Gombined i
670 + 90 (stat.) +110-100 (syst.) fb B S —
ttH
%351-;.|--|||--u--L-A|S|-|- _-'_§-1:'I"'W“'I"'I"'I‘ B T [ I I I
= Data AT . [ ]
0] F ) . : 2 0.9 ATLAS = ATLAS e Total Stat. [0 Syst. — SM
“N? 30F Continuum Background Vs = 13 TeV, 79.8 fb" - .,I:,- 0 85— BB Theory (NLO QCD + NLO EW) ] Vs=13TeV, 36.1 -79.8 fo'!
Ny F - Total Background m, = 125.09 GeV - ©F Total ] Total Stat. Syst.
S T %g;: o G ERCC 079+ 8 (£ 2 053)
2 205— E 0'55_ 1 tiH (mutiiepton) — 156+ 030 (+ 0% .+ o)
S 55 = F ]
E F ©04p 4 tHo == 139+ 0% (£ 05 .+ 0%)
9@ 10k = 0.3- ;
r F 7 ttH (Z2) <1.77 at 68% CL
5:_ + 4 0‘25_ y’§=13TeV,36,1~79.8!b"_5 """""""""""""""""""""""""""""""""""""""""""""
: I I I I ‘I - 0.1 Vs= 8TeV,2031b" _; Combined H==H 1.32+ g_gz (+0.18,+ gf; )
110 120 130 140 150 1 | I R R B BT R L
m,, [GeV 6 8 10 12 14 167 0 ] 5 3
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/

OATLAS 4.7

EXPERIMENT

Run: 303079
Event: 197351611
2016-07-01 05:01:26 CEST
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oIS LHC, Vs =13 TeV

: ~IZ 55| MadGraph5_aMC@NLO ttbb
e Xt S t e S I n dilepton channel (e+u)
NLO+Pythia6 tth (h=A) m =125 GeV
02 (Phys. Rev. D 96, 013004 2017)

ttH(—=>bb) @ LIP

* |In BSM scenarios could
have mixed-CP structure of

to p Y u ka Wa cou p I I n g | | o-6(seq) X, = siorila(efh)*sin(e\'}w)1
1.2—=— _
L=kKy;t(cosa +ivyssina)th oo, = sin@Msin(@h|  Shrodd exclusion

l+jets

|+ sin(@™)sin(ef,) ¥~ sin(6")sin(e})

Confidence Level

— e.g. 2HDM
— a =0 recovers SM

* Study done with fast il
simulation so far 1l ////

* Seee.g.: 0.8
Phys. Rev. D 96, 013004 2017
Phys. Rev. D 98, 033004 2018

I

—

-1 95%

1T T

T

T

3\\§

T T 1

I 1 | | | 1 | |
e 80100 200 300 1000 2000

Hicardo Goneale Jeminare Nov Integrated luminosity (fb ™)



CMS ; arXiv:1808.08238; arXiv:1808.08242 [hep-ex]
L ™
Observation of H=>bb

e See CERN seminar: observation in ATLAS and CMS
— https://indico.cern.ch/event/750541/

e 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—>£48) leptons
e Largest backgrounds:

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

— Irreducible background from VZ with Z->bb

> {20QF T > 4g0of T s o RaAne S e e Banny
8 O ATLAS ;3:“’” BB (u=1.16) 8 r ATLAS ;\[/):tau bb (1=1.16) 1 ] * [ ATLAS +€|:taH bb (u=1.16)
- ,H— =1. R - =’ r R
S - (E=13Tev, 7981 = Diboson S 16001 15 =13 TeV, 79.8 b B Diboson #= g £ 250(— fs=13Tev,79.81" 5D|boso_n) (e )—_
; 1000_ 0 lepton, 2 jets, 2 b-tags # > - 1lepton, 2 jets, 2 b-tags # s °>’ I 2 leptons, 2 jets, 2 b-tags B Z+jets -
= - pY =150 Gev I Single top € 14001 pY > 150 Gev I Single top = w E pY =150 Gev t ]
o 800 - B Wijets Lﬁmooi Multijet E 200[— I Single top .
- B Z+jets - Bl W+jets B ~ Uncertainty 1
r XY Uncertainty 1000F- Bl Z+jets 1 C «++= Pre-fit background |
600 -+« Pre-fit background F Uncertainty E 150— —— VH,H - bb x5 —
L <+ — VH,H - bb x5 C «+= Pre-fit background . J C
- IS 800F- : — VH,H > bb x5 ﬂé -
400_— SOOi STE __: 100
C 400F- | i C
200— r 50—
L 200 C
815_1-]*,,‘-‘,',,*‘: 81_5_l,,.,,m|.,,.,,..,‘....‘,-‘...|.H.,...,‘..,.,H.,_E 81'5:[* —
Fawes L S o U SRR Wi o " N1 OO0 0O . TN . il =4
T Rnattrattmentorct NI Tl kmneaet asranre B TE] S NN
© 05 B b b b b b b e b been ®05 Bl b o bee s b Lo e boa Ly A = E
o a ® 0.5 Frovileei il il
0 50 100 150 200 250 300 350 400 450 500 0 50 100 150 200 250 300 350 400 450 500 Q70 50 100 150 200 250 300 350 400 450 500
my, [GeV] m,, [GeV] my, [GeV]
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arXiv:1808.08238

Observation of H%bb

ATLAS B VH, H — bb (1=1.16)
g ,H— pn=1.
\s=13 TeV 79.81b™ Diboson

2 Iepton‘s, 2 jets:, 2 b-tags B Z+jets
b ti
Single top
Bl W+jets
Uncertainty
««««. Pre-fit background
— VH, H — bb x 80

e B
—o—Data

* Harder p; spectrum for signal
than backgrounds

— Go to high p; to improve S/B @
* Use for event categories:
— 75 < p;Y< 150 GeV (28 only)

1 llllllll L1l

Events / 15 GeV
=Y

{1 - lllllJll 1 lllllllJ

—_
TTT

—_— < V< -81_5J—I rTrrTTTT I“‘—’g
- pTV > 200 GeV 80'5 T1(I)0 1|££)6‘I2OO 250 300 35040045|[(()5 V;
pY [Ge
3 ariassmumon LT
* Main discriminant variables o ey
V % 14;_ ige:::;r;séiéets,Zb-mgs ’{{” r\
mbb’ pT and ARbb %125_g :dd ard Jet Cclbt n (Std.) *’;W\
— my, resolution extremely ¢ UL,

: | OAB_— Gsm.
II I lporta nt- E — 15.2 GeV 0%
0.6— ====132Gev 13%

r == 12.4 GeV 18%

— {he +
[ —— 88GeV 42 % K
0.4~ ° A

0.2fF

PR w':'fbh 00 120 A.‘:n:::"i
my, [GeV]
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Observation of H%bb

Run 2:

— Observed (expected) of 4.90 (4.30)

Adding Run 1:

— Observed (expected) of 4.90 (5.10)

Adding ttH and VBF:

— Observed (expected) of 5.40 (5.50)
— Observation of H=>bb decays

Adding H>7Z and H>yy:

— Observed (expected) of 5.30 (4.80)
— Observation of VH production

Ricardo Gongalo

Seminar 8 Nov 2018 - Lir

H—>bb
47", 20.3fb", and 24.5-79.8 fbo!
—Total Stat.
(Tot.) ( Stat., Syst.)
VBF+ggF | p——e + 168 70 (Y00, 081 )
tH| g 1.00 ‘0% (%05 %04 )
VH|  kea 0.98 ‘03 (%914.°01)
Comb. rod 1.01 j‘gg (4‘,’;33 , +°_‘11§’ )
L Lo by v 0 1y P IR S N S
0 1 2 3 4 5 6 7
l"LH—>bb
"""""""" IR UL UL UL UL LR
ATLAS VH 1s=13 TeV, 79 8fb1
—Total — Stat.
(Tot.) ( Stat., Syst.)
Y 1.30 126 +0.32
H— ZZ |» J a 0.94 t087 (t()‘gs ’ t0,14 )
0.60 0.53 +0.28
H— yy ——p——4 1.03 fo,54 (jo.so ) f0.22 )
H- bb HroH 147 550 (036, %)
0.24 0.15 +0.18
Comb. H-o-H 113 05 (D155 2047 )
I AT AR Lo b b b b a b g by
0 05 1 15 2 25 3 35 4 45 5
uVH

arXiv:1808.08238

A TLAS

LA e o s e e o e
\s=7TeV,8TeV,and 13 TeV




ATLAS

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

Boosted decision tree (BDT) Vg.riable O-lepton 1-lepton 2-lepton
, . . Pr_ X X
Combine many different variables Eérmss X X X
. . . . ! X X X
Trained in 8 categories: 3 lepton, 2/3 jets, Pr
. . Pt X X X
low/high p;Y bin (2 lepton channel) Mbb X X X
. .. . AR(by, by) X X X
Most discrimination from my, and DR(by,b,)  |an,. b)) 9 9
500 A¢(V, bb) X X X
St AP 2 |An(V, bb)| X
= . SREEEE - BEERE . C ?
8 esol ATHAS 1 i e B Hy x
84000 28TV J et N " min[Ag (£, b)] x
€ " otepton .. s : od X
35012 tags, 2 efs, > 12068 E i »
300;7 + sssDossBas s i mTop x
2502— —i |AY (V, H)| X
0 oi_ _____ _i plct3 Only in 3-jet events
150 .. = T X X X
- ] Mppj X X X
1005_ [Jpatazor2
50F = E New in run 2:
0‘ | P P | N
0 1 2 3 4 5 o/ 0nO. g
AR(b. b, Moo |IDY(V,H)| = +7% in sensitivity

Ricardo Gongalo Seminar 8 Nov 2018 - LIP 45



* 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 Seminar 8 Nov 2018 - LIP

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 ;*%4.#‘ﬁ#}‘%;;‘*ﬁ#*ﬁ}‘ﬁﬂ-+++H‘++;'#;+++;+
_4

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

46



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=1.13"0% 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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Two Higgs Doublet Model (2HDM)

* Two Higgs doublets: ®, and ®, = 5 Higgs bosons incl. 2 charged

* Free parameters:
— 4 masses (Do we know one? Assume it’s m,)
— tan B =v,/v, ratio of v.e.v.’s of ®, and O,
— Mixing angle of h and H: a

* 4 possible Yukawa coupling arrangements (“types”) with no FCNC
* Most common SUSY benchmark (MSSM) is based on Type Il

Ricardo Gongalo

Type |
sin(B-a)
cos(a)/sin(B)
cos(a)/sin(B)
cos(a)/sin(B)

Type ll
sin(B-a)
cos(a)/sin(B)
-sin(at)/cos(PB)
-sin(a)/cos(PB)

Seminar 8 Nov 2018 - LIP

If cos(B-a) =0, h = Standard Model HY

Lepton Specific
sin(B-a)
cos(a)/sin(P)
cos(a)/sin(B)
-sin(a)/cos(PB)

Flipped
sin(p-a)
cos(a)/sin(PB)
-sin(a)/cos(B)
cos(a)/sin(PB)
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ATLAS-CONF-2018-031

Implications for 2HDM

Q T T T T | T T T T ‘ T T T T ‘ T Q T T T T ‘ T T T T ‘ T T T T ‘ T
5 | ATLAS Preliminary ] Obs.95%CL S | ATLAS Preliminary [ Obs.95%CL
— 4 X  Best Fit Obs. -— 4 X  Best Fit Obs.
| Vs=13TeV,36.1-79.8f" Exp. 95% CL _ | Vs=13TeV,36.1-79.8f" __ Exp. 95% CL
2HDM Type-| —— SM 2HDM Type-lI —— SM
10t 10
* H(125 med : :
assume :
to be light CP |
i3 = 1= |
lar hin 2HDM
SCalar nin . .
1074 05 1 105 05 1
cos(f-a) cos(S-a)
Q C T T T T I T T T T { T T T T W T Q C T T T T { T T T T { T T T T W T
5 L ATLAS Preliminary [ Obs.95% CL S L ATLAS Preliminary [ Obs.95% CL
— X Best Fit Obs. — X Best Fit Obs.

L Vs=13TeV,36.1-79.8fb"

* h production ol __\g o f__
and decay same ; L
as for SM Higgs
boson ’

10—1 PR SR T N S R N

L L | 1 1 1 L _1 1 L L 1 | 1 1
05 1 103 05

Ricardo Gongalo cos(f-a)
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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

~ 1000_ T I T T T T I T T T T I T T T T I T T T T I T T T T l T ]
> 5
) ) L i —— Observed 95% CL

+ U ( 1)2; symmetry (Z -2HDM ) O, oo ATHAS PrelMmiNary | e Expected 95% CL (x10) ]
- Vs=13TeV. 7980 PRL 119, 181804 i
< = = ) —
= 800 h(bb) + EMiss: Z'+2HDM simplified model =
F tang=1,97=0.8, m =100 GeV, my = my: = 300 GeV
: . . 700~ -
* Main backgrounds: tt, W/Z+jets ; ;
600 Ve —

r 7 ~

500

* Excluded regionin m, —m, plane

: 1 | 1 1 1 | I 1 1 1 1 | | 1 1 1 | 1 | 1 |\ l\‘ | | 1 -
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

Charged Higgs: H*=>tb

o(pp — tbH") x B(H*— tb) [pb]

Ricardo Gongalo Seminar 8 Nov 2018 - LIP

arXiv:1808.03599
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ATLAS == 95% observed limit (CL )
== 95% expected limit (CL )
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The triple Higgs coupling A, can be
probed through di-Higgs production
Very suppressed in SM!

— Negative interference between LO
diagrams

— Cross section 1500x less than ggF
Wide range of decay BR and channel
purity
bbtt analysis:

— Used 36 fb! of 13 TeV data

— Final state BR(bbtt)=7%

— Non-Resonant 95% CL limit:
K < 12.7 observed (14.8 expexcted)

Combination: at =10 x SM sensitivity
— with 3% of the HL-LHC luminosity
analyzed

Di-Higgs combination plot here

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

Triple Higgs coupling

V() = u?d o + A(dT9)?

9

t,b h

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

ATLAS Preliminary ~ —*— Observed
(s=13TeV, 275-36.1 10" s ’

L Expected * 1o
oM (pp — HH) =33.4 fb Expected + 26

Obs. Exp. Exp. stat. |

HH— bbbb i 129 207 185
HH- bbt*t _ l 126 146 11.9
HH— bbyy } : 204 263 25.1
{ """"""""""""""""""" S
.......................................

0 10 20 30 40 50 60 70 80
95% CL upper limit on OgqF (pp — HH) normalized to ch
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LHC and HL-LHC timeline
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>
) CIVIL ENGINEERING “CRAB” CAVITIES 3‘&
2 new 300-metre service tunnels and 16 superconducting ,crab“ £ I

2 shafts near to ATLAS and CMS. cavities for each of the ATLAS = \
and CMS experiments to tilt the
beams before collisions.

LHC Upgrades

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

* 13.5Tinstead of 8 T (LHC, NbTi) ATLAS

Development of “crab cavities” to
increase bunch overlap

UNNEY

N
W
/—IALICE

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.

Colimators, connectors, civil eng., etc
Electrical transmission lines based on a COLLIMATORS
high-temperature superconductor to carry
current to the magnets from the new service
tunnels near ATLAS and CMS.

BENDING MAGNETS
4 pairs of shorter and more
15 to 20 new collimators and 60 replacement powerful dipole bending magnets
collimators to reinforce machine protection. to free up space for the new

collimators.
Field progress in accelerator magnets
tesla
14
HL-LHC
12 ==
10 NbsSn e
T _-f’i--
s Nb- = e
6 HERA .-~ ,  Field (T)
Tevatron ) A

a Q’ - ‘RHIC

2 (-

o SPS & Main Ring (resistive)

1975 1985 1995 2005 2015 year
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Gap scintillators New tracking detector

£ 1400 ATLAS Simulation =
E 0: ITk Inclined

L+ T

Il nea0 -
Lo Ve - =40 2
500 1000 1500 2000

Lo L L
2500 3000 3500
z[mm]

New muon "« N
detector “Small §
Wheel” \

High Granualrity
Timing Detector
(30ps/track)
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L L L B B BRI B
¢+ Asimov Data
ATLAS Simulation Preliminary .. pre-fit

Vs = 14 TeV, 3000 fb™ —Fit Result

2 c-tags, 75 = pf < 150 GeV M ZH(bb)

mzz

mzw

HZ + jets

[t

— ZH(cT) (100xSM)

H—->cc
Limitof u=
.3 at 95% CL-

Future of Higgs: HL-LHC

Events / 10 GeV

L L TR BT L L PRI BRI
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m . [GeV]

Data/Bkgd.

e Alotcan be done
with 3000fb1 Il

———
ATLAS Simulation Preliminary
Vs =14 TeV, 3000 fb™", <u>=200

H—> LU []H->uu (ggF+VBF)

Events/2.0 GeV
3,

M
1 90 expected

80 100 120 140 160 180 200 220 240 260
m,, [GeV]
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Summary

Important milestones were crossed this year by
ATLAS and CMS with the ttH and H>bb

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

The Higgs sector continues to look SM-like
But! L f" DX P+l e

We know there is new physics out there! + 1280 -V(e)

We have only collected =150 fb! of 3000 fb! of
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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