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Outlook

..so I'll show what | like instead ©

— ATLAS, CMS and the LHC
— Quick word on W mass
— Top physics

— Higgs physics

See also: next talk by Eliza Melo da Costa on
Z,H decays to quarkonia
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Muon Spectrometer: EM calorimeter:
Steel return yoke and gas-based muon chambers PbWO, crystals homogen.
o/p;=1% @ 50GeV to 5% @ 1TeV (ID+MS) o/E = 2-5%/VE @ 0.005

o/E..= 100%/VE @ 0.05

by,

I/i/Hadronic calorimeter:

/ Brass+scint./Steel+quartz
1

\
|
|

/ A

\.“ \\\ S
NN,
Solenoid: B=4T
Inner Tracker:
Si pixels/strips \~ 4
o/p; =0.02% p; (GeV) @ 0.005 \, ’, // m
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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%
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Run: 338220
Event: 2718372349
2017-10-15 00:50:49 CEST
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@ 7 TeV CMS measurement (L <5.0 fb™)

@ 8 TeV CMS measurement (L < 19.6 fb™)

@ 13 TeV CMS measurement (L < 35.9 fb™)
Theory prediction

Z L Z CMS 95%CL limits at 7, 8 and 13 TeV
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All results at: http://cern.ch/go/pNj7

Ricardo Gongalo

qqW gqgqZ WW qqWyssWW qqZy qqZZ
EW: W—lv, Z—ll, I=e,u
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W boson mass
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W candidate, UA1, 1982
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Eur. Phys. J. C78 (2018) 110

W boson mass

* Based on low-pileup 2011 data: Vs =7 TeV, 4.6 fb!

e Detailed precision analysis and huge amount of work to understand
detector response and modelling of kinematic quantities

* Result (0.2 per mille!) competitive with LEP and Tevatron measurements:
m,, = 80 370 + 7 (stat.) £ 11 syst. + 14 modeling MeV
 To be followed up at with special low-pileup runs

|
® m,

=u Stat. Uncertainty
— Full Uncertainty

80376+33 MeV

80387+16 MeV

80385+15 MeV

80370+19 MeV

80356+8 MeV

——

AQTLAE;
LEP Comb.
Tevatron Comb.
LEP+Tevatron
ATLAS
Electroweak Fit
80320 80540
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Probing the top quark
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Fermilab news 8 March 2013



antiproton

Top quarks at the LHC

1 1 my

. — < = < < =

The top is too heavy to form bound states my T, Aqcp A2
~~ ~—~—~ N / N~~~

spin—{flip

— Allows observation of bare quark properties! prodution e, hadronjpation PG
Large Yukawa coupling to Higgs boson

— Special role in EW symmetry breaking?
top decays almost always as t2>bW

— |V |>>| V| > Vgl =>BR(t2>bW) =1
The LHC is a top factory:

Top Pair Branching Fractions

"alljets" 46%

THets 15%

— A great laboratory for top measurements v U
. 1*.\-6 20/0 ;
— And background for everything else... © s N wjels 15%
\'\\.\*%{ 3 A%%o S
— Dominated by top pair from gluon fusion wdileptons” " "** meptonsjets”
et p,* q
w v
proton
g g ,
b 4 . b
q t
_ antiproton s q antiproton
V q g
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What we talk about when we talk
about the top mass

The top quark mass is a key parameter of the Standard Model

— High m,results in/comes from Yukawa coupling close to 1

— Results in important radiative corrections to Standard Model observables.
Theoretically:

— Beyond LO, m must be defined within a given renormalization scheme

— Pole mass scheme: conserves m, at all perturbation orders

— MS scheme: m, has different corrections at each order (differences of up to a few GeV!)

pole _ MS
my =m, ~ +7.557+ 1.6174 0.501 —I—Q.195 ‘:ii 0.00@ GeV
NLO NNLO N3LO NATO

Experimentally:

— Direct measurements sensitive to “Monte Carlo mass” mM¢:
* Extracted from invariant mass of decay products (yes, including jets)
* Top mass unfolded from Monte Carlo simulation taking mMC¢ as input parameter
— Indirect measurements sensitive to pole mass m,*°'¢ from observables depending on m,
* E.g. from o™ vs gt"eo(a,, m,, PDF, W, Wg, ---)
* Measurement made in a given renormalization scheme

O(GeV) difference between mM¢ and m,rele
—  Seee.g. arXiv:1712.02796v3 [hep-ph] for an interesting discussion



@ e CMS-PAS-TOP-17-007; ATLAS-CONF-2017-071

Direct m, measurement : |+jets

EXPERIMENT

* e/p+24 jets (2 b-tagged) x1 g;CMS 35.9 fb (13 TeV)
. . R R S LI B S AP~ g P
*  Kinematic fit: o I corec Egv?t't‘
— Constraints: W mass, 2 same mass t tbar - [Jttunmatched  — QCD multijet
60F e Data — Diboson
e CMS:359fbtatvs=13TeV 50k

— 2D fit of m, and m,,"*° ; extract JSF
m, =172.25 + 0.08 (stat+JSF) + 0.62 (syst) GeV
 ATLAS: 20.2 fblatVvs=8TeV
_ 3D ﬁt to. m reco mWI"eCO Rb reco
* 7 7 q

40
30¢
20
10

Data/MC Permutations /5 GeV

top -
— Extract m,, JSF, b-JSF 1.57
m, = 172.08 + 0.39 (stat) + 0.82 (syst) GeV 051 . s
— Adding Vs =7 TeV data: 100 200 300 400
m, = 172.51 £ 0.27 (stat) + 0.42 (syst) GeV m" [GeV1
P +pp | i o B I
reCo — g 0.025g = E }—é g ]
AT T -
o —;
I A — R
smedtow) T T Te Swwwwwwama Ceow e e ow
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JHEP 09 (2017) 051; EPJC77 (2017) 804

Indirect m, measurement

CMS: 13 TeV data, L = 2.2 fb'l; lepton+jets final state 221" (13 TeV

RILAR

ME

> 8000FCMS ¢ Data
*  Measure differential cross section wrt min(m,,) in o | 42tevents SiSingle top
categories of N, and Ny .. 3 6000 ) M ltits
0 = 888 * 2 (stat) + 27(sys) + 20 (lumi) pb o =, E,\évfets
* Extract pole mass from cross section: " ool fPbosons
m.Pole = 170.6 + 2.7 (tot) + 1.01 (syst.) GeV .
ATLAS: 8 TeV data, L = 20.2 fb%, dilepton with 1 or 2 b-jets 2000
« 8differential fiductial cross sections measured:
pTll Inl|, pe*, me¥, |yeH|, AdpeH, pe+pH, E¢+EH o 11 T%:+ T
* m,°® extracted from combined fit to templates or £ 1 e °°°°° +H THTI

distribution moments 0 50 100 150 200 250 300
min Mass(lepton,b) [GeV]
— m/Po=173.2 £ 0.9 (stat) + 0.8 (syst) + 1.2 (theo) GeV

T
— 185 T T T T T e m™*
> - . ATLAS h
3 - ATLAS MCFM NLO fixed-order, p=m /2 = - Stat. Uncertainty
;g._. 180~ Vs=8TeV,20.2fb" — — Full Uncertainty
E E E DO inclusive o(it) — e — 172.8 + 3.3 GeV
e il E
= { % f% b I 19 ATLAS inclusive o(tf) 172,94 2.6 GeV
170 E { i }i { *{ l e CTi4 _E CMS inclusive oftt) ® 173.8+ 1.8 GeV
165 — . '\NWIL-'JF 3.0 — ATLAS differential o(tt+1j) | | . 173.7 2.2 GeV
= | total uncertainty v HERAPDF 2.0 ] . ‘
160|— 1 statistical uncertainty °© ABM11 7 ATLAS leptonic (8 dist.) = 1782+ 1.6 GeV
- world-average direct reconstruction NNPDF nojet
| | | | | | | |
Lepton P, Dilepton pj" Dilepton m™ Dilepton pi+pi Dilepton E°+E" Comb. (8 dist) 170 175 180
. . M [GeV]
Ricardo Gongalo BEACH'18 - Peniche, Portugal 14



m,: the story so far

Top-quark pole mass measurements March 2018
DO oftt), 1.96 TeV 5.20
PLB703 (2011) 422 " @— 167.50™7 4 70 GeV
MSTWO08 approx. NNLO
DO o(tt), 1.96 TeV +3.30
DO Note 6453-CONF (2015) ——@—— 168.507°" 3 40 GeV

MSTW08 NNLO

DO o(tt), 1.96 TeV
PRD 94, 092004 (2016)
MSTW08 NNLO

ATLAS oftt), 7+8 TeV
EPJC 74 (2014) 3109

ATLAS tt+j shape, 7 TeV
JHEP 10 (2015) 121

CMS oftt), 748 TeV 70

JHEP 08 (2016) 029 —@— 17380717 4 g5 GeV
NNPDF3.0

CMS o(tt) 13 TeV +2.70

‘é'erZ 09 (2017) 051 t—.—c 170.60 270 GeV
CMS tt+j shape, 8 TeV ® 169.90 +452 365 GeV

TOP-13-006 (2016)

World combination
ATLAS, CDF, CMS, DO

arXiv:1403.4427, standard measurements

| 1 1 1 I 1 1 1

——@—— 172.80+340 , . GeV
—@— 172907250 ;, o GeV

u—-.—n 173.70 +2.28 211 GeV

@ 173347076 Gev

| 1 1 | | 1 1 | |

| 1
150 160 1

Ricardo Gongalo

|
70 180
m, [GeV]

ATLAS+CMS Preliminary My, SUMmMary, Is=7-13 TeV September 2017
LHCtopWG
"""" World Comb. Mar 2014, [7]
stat total stat
total uncertainty mMyop + total (stat = syst) s Ref.
ATLAS, l+jets (*) 172.31+ 1.55 (0.75 = 1.35) 7TeV 1]
ATLAS, dilepton (*) 173.09 = 1.63 (0.64 = 1.50) 7TeV [2]
CMS, l+jets 173.49 = 1.06 (0.43 = 0.97) 7TeV [3]
CMS, dilepton 172.50 = 1.52 (0.43 + 1.46) 7 TeV [4]
CMS, all jets 173.49 + 1.41 (0.69 + 1.23) 7TeV [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, l+jets 172.33 = 1.27 (0.75 = 1.02) 7 TeV [8]
ATLAS, dilepton 173.79 = 1.41 (0.54 = 1.30) 7TeV [8]
ATLAS, all jets 175118 (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]
ATLAS, all jets 173.72 £ 1.15 (0.55 = 1.01) 8TeV [12]
ATLAS, l+jets 172.08 = 0.91 (0.38 + 0.82) 8 TeV [13]
ATLAS comb. (iei:t:";;) 172.51 = 0.50 (0.27 = 0.42) 748 TeV [13]
CMS, I+jets T 172.35 = 0.51 (0.16 = 0.48) 8TeV [14]
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) 8TeV [15]
CMS comb. (Sep 2015) 172.44 = 0.48 (0.13 = 0.47) 748 TeV [14]
CMS, l+jets 172.25 = (37.]63 (0.08 = 0.62) um,\l?olflﬁ‘}li]
[2] ATLAS-CONF-2013-077 (8] Eur.Phys.J.C75 (2015) 330 [14] Phys.Rev.D93 (2016) 072004
(*) Superseded by results 6] Eur Phys.1Cr2 (20122202 10) ATLAS CONF 5014055 {ie] ws-pASTOP17.007
shown below the line [RI At el entvirozareag o %%
1 | 1 1 1 1 | 1 1 1 | 1 1 1 1 | 1 1 1 | 1 1
165 170 175 180 185
my,, [GeV]
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arXiv:1806.04667 [hep-ex]
TL ATLAS measurement of quantum

interference in single top production \@

 An NLO, top pair and single top (Wt) production have 3 [amas ime TCEEe
. = $=13 TeV, 36.1 o' W (D iy
guantum interference £ [ Sionalregon B Eoner
. . . o 1000 —+ Total (DR) - Total (DS) _|
* Ad hoc treatment of the Wt and tt combination is used :
in most analyses: i _
— Diagram removal (DR): remove doubly resonant " ]
diagrams from Wtb matrix element
— Diagram subtraction (DS): subtract gauge-invariant term = o—=———=—— :
from Wtb matrix element R PIRININIR e S| e
s 1 ol l'r'rrr-r'rTLP":
— See review in arXiv:1607.05862 [hep-ph] 3 e g [Geé_?‘)
e ATLAS measured differential cross section for tt/Wt - S
production & e <UL S
— Focused on fiducial region with significant interference T " Pt o
eﬁects © %310’32— s ) A MG5_aMC+Pythia8 ti+tW (DR2) 3
g W+ g W o [ u
107 "t»’; E
F L ¢
g A _
b TN TR
: g o —
X~ — X~ — g [ . ]
‘{ ‘I % «,;,« ww*@-ﬁ.#,‘*,’,ﬂ, e p ’} :',
= % 100 200 300 200
_ - myme [GeV]
Ricardo Gongalo b BEACH'18 - Peniche, Portugal b mzn{i]nimax = min{max(mp,¢,, Mp, ¢, ) Max(mp, ¢, M, ;) }
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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
@)

9 t W,z
o . HO q
t t fusion : W Z
t
g
= HO 1
t q llllilllllllllllllllllllllllllllllllllll:

W, Z bremsstrahlung :éﬂm% 8 9 90 11 4213 14 15
\/glgTeV]
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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!

\VVVVVVVVVVN
t v v
H H
______ t — — — —— — ——
t y A\
AVAVAVAVAVAVAVAVAVAVAV
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> __ /. SM
Ky = 0;/0; K

/Production

t
--HXK

Por XK,

N—
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XK,

Photon

XK

Photon

/
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Events - Fitted bkg

Events/5 GeV

Events / 10 GeV

Data - Bkg.

Backgrounds +

10000 T -
F ATLAS R
Data 2011+2012 q
8000 M m,=126.8 GeV (fi) |
EoTsay e BKkg (4th order polynomial) B
6000~ —
A ~ Hom |
40001~ 3
£ E=7TeVI|.dt=4.3ﬂ:‘ ]
2000— =~
r V§=BTeVJ.Ldt=20.7 _>vv 1
3Ull>' =
400E- E
% AN
oot tit e toas s
100 g [RSRSR AL
-200E- =
1 0 720 30 40 750 760
m,, [GeV]
40F- ® Data2011+2012
F ATLAS
F [ SM Higgs Boson HoZZ* 541

F m,=124.3 GeV (fit
F [ Background , 22

[ Background Z+jets, tt
30 77 syst.unc.

Vs=7TeV [Ldt=
s=8TeV JLdt=

461"
20.7 o

+ & Bkg. subtracted data
D SM Higgs boson m = 125 Ge\:

25[
20F
E 2
15 y
10F
sf
0 (I
100 150 200 250
£ T T T T T T T T T |
800F- ATLAS - Data2011+2012 3
E (s=7Tev |Ldt=461" % Toulsigaig. 3
700 E {s=8TeV I Ldl=p0.74b" SH Higgs boson —
E - =125GeV
600~ . H } W ™ =
E HoWW* siviv % 0/1 jéts w 3
= y O 3
E P M other v E
E [ single Top E|
= [ Wiiets -
E mzr 3

Ofe-=g=
20E

t .
.?.

M o o

E

(a)

E .. . E
60 80 100 120 140 160 180 200 220 240 260

m; [GeV]
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Signal strength (u)

1.5

0.5

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

Phys. Rev. Lett. 114 (2015) 191803

The Run 1 legacy

Mass — Higgs mass measured with 0.4% accuracy:
— my, =125.09 + 0.21 (stat.) + 0.11 (scale) + 0.02 (other) £ 0.01 (theory) GeV
Couplings:

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

Couplings compatible with SM:

— Signal strength: |"lVBF+VH/|""ggF+ttH =1.06*9% 4,

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

— Coupling modifiers broadly consistent with SM but large uncertainty

— ' ' | T ' ' ' ‘
- ATLAS and CMS
" LHC Run 1

2.5

_____
-
.

T LA e ey B
== ATLAS H—yy
=== ATLAS H—ZZ 4]
---------- CMS H—yy
---------- CMS H—ZZ—4l

-~ —— All combined

X Bestfit
— 68% CL

- ~~

IIII\IIIIIIIIlIIIIlII\\

I
124

1245

PRI R
126.5 12
m,, [GeV]

I PRI PR B
125 1255 126

£l>

Ratio to SM

- ATLAS and CMS

r LHC Run 1

¢ ATLAS+CMS
------- SM Higgs boson

po — M, €] fit
[ 68% CL
[ ]195%CL
j::‘ = = : }
;. ........................ ;..+
Eoul L I 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

f

W

Phys. Rev. Lett. 114 (2015) 191803

JHEP 08 (2016) 045
The Run 1 legacy

* Mass — Higgs mass measured with 0.4% 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

] 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

f .
Ricardo Gongalo MggF+ttH BEACH'18 - Peniche, Portugal K{/ 22




EXPERIMENT

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

mass

Mass measurement from CMS H>ZZ*>4l:

m, %"= 125.26 + 0.20 (stat) + 0.08 (syst) GeV

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 2: Higgs boson

Y weights / Ge

Z weights - fitted bkg

600

500

400

300

200

100

20
10

-10- |

[TTTT[TTTT[TTTT[TTTT[TT @ [TTTT[TTT
| | I ( | |

I T L L

e Data ATLAS
------ Background 4
—— Signal + Background Vs =13 TeV, 36.1 b
— Signal In(1+S/B) weiahted sum

H{IHI'III

PRI S R S S
150 160
m  [GeV1

35.9 b (13 TeV)
T T T T

Ricardo Gongalo

L L L UL L "'St't'l" > CM'S'
~-Total at. on o T
:gn.’t-&:qmsnv, 25fb", Run 2: fs = 13 TeV, 36.1 fb”' Total  (Stat. only) ! 2 100 —_
Run1H—4l ——e— 124514 0.52 ( £ 0.52) GeV PN i
Run1H—yy 126.02 + 0.51 (+0.43) GeV % 80—
Run 2 H—4l —— 124.79 +0.37 (£ 0.36) GeV AT i
L A == 12692 5040 (£021)GoV 60
Run 1+2 H—4! —— 124.71+0.30 ( £ 0.30) GeV -
Run 1+2 Hyy ———— 125.32 +0.35 (0.19) GeV i
| Run1Combined ~  +—e— 12538 £0.41 (£037) GeV 40—
Run 2 Combined —— 124.86 + 0.27 (£ 0.18) GeV o
Cmniecmoms  ohomconan 20l
ATLAS + CMS Run 1 —— 125.09 +0.24 (+0.21) GeV B
P RIS N T AT N ST N [T R T TR N NI -
123 124 125 126 127 128 0

my [GeV]
BEACH'18 - Peniche, Portugal

+ Data
[ ] H(125)
[ q9-22, 2y
B 9977, zy*
B z+X

700 900
m,, (GeV)
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JHEP 11 (2017) 047; CMS-HIG-17-015; ATLAS-CONF-2018-002; ATLAS-CONF-2018-018

cross sections

Reached a new phase in the exploration of the

— Higgs p; sensitive to new physics in quoanusion loop
— Number of jets sensitive to modeling of radiation

doiy /dp_(H) (fo/GeV)

Ratio to NNLOPS

—_ —_ -
< < Q
@ V) N

T

000 =t
ONPR DD PD0
2 2

CMS 35.9 fb" (13 TeV)

L

Frrrr|prr 11 1T

] Data (stat. ® sys. unc.)

1 E m— Systematic uncertainty 3
F gg—H (NNLOPS) + XH 3

gg—H (POWHEG) + XH

XH = VBF + VH + ttH (POWHEG)

(LHC HXSWG YR4, mH=125.09 GeV)

|

m
|

P I NI I S IR SRS W

[ )
Higgs sector!
 Differential cross sections:
and different production modes
CMS rreliminary ~ 35.9 fo' (13TeV)
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©) ' 1
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0.6 —
04 . . . . . . . . —
0 10 20 30 45 60 80 120 200 350
P [GeV]
70 ‘ ' Y HoZzoa —
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EXPERIMENT

« Simplified template cross sections (STXS):
— Independent, simple fiducial region definitions for w e m-s<mew

arXiv:1802.04146; ATLAS-CONF-2017-047; CMS-PAS-HIG-18-001

each Higgs production mode

— Common for ATLAS, CMS and theory

and theory uncertainty

Stage 0

Particle level
production bins

Reduced
Stage 1

= 0-jet

ggF-0j 3

P, <60 GeV

|

ggF-1j-p;"-Low

=1-jet 60 < p, <120 GeV

ggF-1j-p,"-Medium |:

ggF

|

p,H>120 GeV

T

ggF-1j-p;"-High |

> 2-jets Foj .
ggF- 3

VBF

VH

!

P, <200 GeV

T

i

VBF-p/-Low |:

p,/>200 GeV

i

VBF-p/-High |

Hadronic V decay

i

VH-Had

Leptonic V decay

VH-Lep

t

H

i

!

ATLAS
Preliminary :
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Reconstructed event categories

0j-p;*-Low

1j-p,#-Low
1j-p;*-Medium

1j-p,*-High

VBF-enriched-p/-Low

VBF-enriched-p/-High | <————

VH-Had-enriched

0j-p,#-High
VH-Lep-enriched
ttH-Had-enriched

ttH-Lep-enriched

13 TeV, 79.8 fb™!
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N, =0, p;* <100 GeV

P <60 GeV

60<p<120GeV| N =1

Py > 120 GeV

p/ <200 GeV

p;/>200 GeV

m;>120 GeV

m; <120 GeV

N, =0, p,*>100 GeV

N, =5

ttH Hadronic

ttH Leptonic

115 < m, < 130 GeV

ATLAS

{s=13 TeV, 36.1 fb
H —yy, m =125.09 GeV

agH (0 jet) -
ggH (1 jet, p;‘ <60 GeV) |— -—o—
ggH (1 jet, 60 = p’T‘< 120 GeV) |— _p_-
ggH (1 jet, p': =200 GeV) (— —_—
ggH (= 2 jet, p'T‘ <60 GeV) |— -—o—-—-
ggH (= 2 jet, 60 < p:'< 120 GeV) |— -—0—
ggH (= 2jet, 120 sp:<200 GeV) |— —_—
ggH (= 2 jet, pf! = 200 GeV) |— '—'—'
ggH (VBF-like) |— -—0—-
qq — Hqq (VBF-like) |— —.—o—-
qq — Hqq (VH+Rest) — —_— |
qq — Haq (p‘T > 200 GeV) —e——m——
VH (leptonic) |— -—o—a_
b T T T s SR T R
SM prediction -6 -4 -2 0 2 4 6 8

Measured o x B normalized to SM

R T
untagged p = 1.217% Ho 22" -4
m,, = 125.09 GeV
oo -1k
| ugloball =1 '10‘0-17
VBF—2]et W= 1 .08+0_71
tagged -0.49
VH-hadr. W= 0.33° | g
tagged -0.33
VH-lept. +2.85
tagged n= 1.9771_52 [ ]
ttH-hadr. W = 0.00" ok
tagged 000
ttH-lept. _ +1.98,
tagged '~ a0 ! | | | | |

CMS Preliminary 415" (13 TeV)
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JHEP 12 (2017) 024; Phys. Lett. B 780 (2018) 501

Evidence for H=>bb

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

* Must use associated production: WH/ZH 359 15 (13 Te)

LI B T 7

EXPERIMENT

— Require2 bjets+0(Z=>vv), 1 (W->2v) or 2 (Z->828) leptons 8 foms Y ata
c L Il VH(bb) (u=1.2)
e Largest backgrounds: 8 200 - v _
Q - PP —>VH,H —bb FZZ MC uncertainty ]
— Z+heavy flavour (0- and 2-lepton) and tt (1-lepton) 5 150l 1
. . 1<} r
— Irreducible background from VZ with Z->bb L
. g 2 100f
e Significance: S
[7p) L
— ATLAS: observed (expected) of 3.50 (3.00) 50}
— CMS: observed (expected) of 3.30 (2.80) — 3.80(3.80) with Run 1 of
L L B B L B L I B ..,.,,..,N.,,.?S',gfbj(js,T?v,) _505.".|‘,..\...‘|.H.|H.w‘
ATLAS VH, H(bb)  1s=13 TeV, 36.1 fb" CMS s 0 50 100 150 200 250
—Total Stat. Combined!u=1.2i0.4 MJI [GeV]
S 12F s T T e T
(Tot.) (Stat., Syst.) ZH(bb) _a % : gn_f;fev e _3;:.: Vot 1.0
WH i . 1.35 *088 (1040 1055 #=09x05 o {0 0+1+2leptons ety
=90 559 038045 2 [ 2e3jets, 2b-tags :
WH(bb) a § 8; Weighted by S/B Dijet mass analysis
u=17+07 = L
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, ge)
[0
ZH S 112 058 (9% 0%) ;?:I%T;o.s — %,
------------------------------------------------------------------------ | =
1 lept.
Comb. Fo=- 1.20 042 (+o.24 +0.34) n=19+06 = E
- -0.36 -0.23 » -0.28
R A B [ I R B B B 2 lept. e
10 1 2 3 4 5 6 7 8 AN B =
Best fit uP® for m =125 GeV e T obh e e e L 1
Hm H -1 0 1 2 3 L%’ 40 60 80 100 120 140 160 180 200

est fit
Ricardo Gongcalo BEACH'18 - Peniche, PortugaE? " My, [GeV]
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Phys. Lett. B 779 (2018) 283

CMS observation of H=> Tt

3591 (13 TeV)

* Combine all final: T, 4Ty .4 TiepThads TiepTiep N Y S I
* 3 categories: 0-jet, VBF and boosted (mostly ggF) = 1o R ’ I
= [ -4 Observed = b -

»  35.9fb-10f 13 TeV data 8" v 0 T Ee |
. . . . 1200p- = F . =

* 2D likelihood fit using m_,, m; or p;** B e s ]
« Observed (expected) significance of 4.9¢ (4.70) 8 soof- e M
.. . = r 0 50 100 150200250 300 .

* Combining with Run 1: @ soof- Lo_jewh m..(GeV)
— 36 fb-10f 13 TeV data: 4.9 o observed; 4.7 o expected % 400f- e R eu_f

— Combining with Run 1: 5.9 o observed; 5.9 o expected 200;_._- T ]

— u=0.98+0.18 0_|||l|

50 100 150 200 250 300
m,; (GeV)
7.7, Boosted 1 !
C CMS | Bk | 3|5'9fb (13 TeV) 4 35.9 b (13 TeV)
Observed T — T T
‘5 10* [0 <p¥ <100 GeV £100 < p < 170 GeV £170 < pX* < 300 GeV  p¥ > 300 GeV - serve i
F, - : ; : -HHTT(LL:‘I.OQ) | CMS
.E. Z>11 B
(0] L |
Lﬁ - Z-pplee | T T
- th+jets u=136 +l;];.’?
- Wijets uf[;h
- B 0.44 1
QCD multijet u=1.14 t0.42
- Others
et,
\:l Total unc. 1=0.58 43).56;3
— Horo (= 1.00) B ’ B
en
_+_ Obs. - bkg. n=068 0
Bkg. unc. B
— Hom Combined
Bkg . [ n=1.09 027
|:| Bkg. unc. I
L L Il " " l L L " L
0 2 3

Ricardo Gongalo BEACH'18 reer(iceV)ortugal Best fit p = o/c g7



ATLAS-CONF-2018-021

~ ATLAS 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

—
.. _ _1 >200*\ I L L L —_— — — — ]
ATLAS Preliminary Vs=13TeV, 36.1fb €71 ATLAS Proliminary = osazrs-zoi - T osf el
—total —stat. —SM exp. total (stat.,syst) | & [ Vs=13TeV,36.1fb"  mmooict™ "% n: C 5 ool ]
€ 150[~ z_z_,boost. high-pi* SR M OtherBackgr. —| ST (0.6 —
T T 2.49 +1.38 +0.77 +1.15 [) [ ep had T [ Misidentified 7 ] © - + SM g
had “had o . -1.17 (_0_74 ' _0.91 ) L1>J L Uncertainty e T b T b
100 — 0.4 -
1.49 0.84 +1.22 L i
" 3.07 (0% 112 : - ]
' 50 ] 0.2 -
T T +2.80 ,+1.45 4239 L ] S ]
lep “lep ——e——6.76 7,75 (_1_41 s 240 ) res : R pe—— o i
______________________________________________________________________ 2 = LS L vAJLAs Preliminary ]
P [ Vs=13TeV, 36.1fb” 1
Combination == 3.71 *19%8 (#060 4087 s I Z =02 1]
N T (*’;59 4?'74) 5 09 | | 1 - N I B¢
0O 2 4 6 8 10 12 14 16 18 20 50 100 150 200 aflgjﬂ [pb]
Op e [pb] m¥YMC [GeV]
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) [ arXiv:1806.00425 [hep-ex]
arXiv:1804.02610 [hep-ex]

Observation of ttH production

* Direct access to top Yukawa coupling
* Experimental tour-de-force!

— Complex final states |
— Large irreducible backgrounds \ EW
— 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>t1, HOWW?*, H>Z7* BR = 30%, S/B=4-34%

— H-yy: clean but low stats BR = 0.23%, S/B=5-200%
— H->Z2Z*->4lep: clean but very low stats BR = 0.01%, S/B=50-500%

EXPERIMENT

(on

2
0

< @
< T

o o T ol
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EXPERIMENT

ttH(ML) Phys. Rev. D 97 (2018) 072003; arXiv:1803.05485 [hep-ex]
ttH(bb) Phys. Rev. D 97 (2018) 072016; JHEP 01 (2018) 054

ttH observation: bb and Multileptons

ttH(H—>leptons)

Sensitive to: H>1t1, HOWW?* and H>Z7Z*

Event categories according to number of light charged leptons and

hadronic T decays
Backgrounds: ttW/ttZ, non-prompt leptons and jets faking taus

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

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

ttH(H—>bb):

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

But challenging final state: large ttbb irreducible background,
theory uncertainties, combinatorics...

Event categories according to number of light and b jets

Main uncertainties: tt+heavy flavours, b tagging, jet calibration
ATLAS: 1.20 observed; 1.60 expected

CMS: 1.60 observed; 2.20 expected

For both channels:

Intensive use of dedicated machine learning (neural nets, booste
decision trees) and matrix element method to discriminate agair
fake leptons, reconstruct events, flavour tagging, and to enhance
signal/background separation

Ricardo Gongalo BEACH'18 - Peniche, Portugal

CMS 35.9 tb' (13 TeV)
Combined | p=1.23 (;’:: 925 stat.) _*:jg(syst.)
11+ 27, |
2Iss i
w=16170% '} BB
2ss+ 1, [
n=094 0% L . i |
3l B
n=082"7 L W\ — T
31+ 1t i \ E
+1. 3 ’ _—.
a I
+2.29 i
u=o'57'1-577.|....|...|H‘m...|...|.u‘|‘.
3 =2 -1 0 1 2 3
Best fit p(ttH)
ATLAS Vs =13 TeV, 36.1 fo
L L L L L B BN BRI B
tot. m,, = 125 GeV
stat.
tot (stat syst)
D||e ton _ +1.02 , +0.54 +0.87
P 024 -1.05 ( -0.52 -0.91 )

(two-p combined fit)

Single Lepton
(two-u. combined fit)

Combined

— e— 095 3:23(4.31 “o54)

+0.64
—=-e-— 0.84 -0.61 (4).29 4).54)

s b b b L

+0.31 +0.57

+0.29 +0.57

2 3 4 5 6

Best fit u = 6™/clH,
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EXPERIMENT

ttH observation

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

5.1 b (7 TeV) + 19.7 o' (8 TeV) + 35.9 fb™' (13 TeV)

CMS:

. CMS @ Observed
. — 110 (stat @ syst)
* Combined Run 1+ 36.1 fb'l Run 2: : : ol
: tTH(WW* —- o — -
e 5.2 oobserved, 4.2 o expected \ wa wwa 1 :
ATLAS: 3 | gl ¢
¢ ttH ( H %y]/) . . ttH(yy) ~——-——
— New signal categories from BDT discriminant fH(rr) | emg———
— Sensitivity increased by 50% -
) ttH(bb) ———-—
* Run 2 data from 2015+2016+2017 (yy/ZZ): 79.8 fb! g
— 5.2 o observed, 4.9 o expected 78TV | I
e Adding Run 1: 6.3 o observed, 5.1 ¢ expected 13 TeV —aom—
 Measured production cross section at 13 TeV: Combined N
670 + 90 (stat.) +110-100 (syst.) fb RS —
M.
ttH
% 351 ; |D| T T | T T T T T |A|TL|A|S| T T T __ g 1:| | T T ] T T T T [ T B T T T T | T T T T | T T T | T T T | T T T T I T T
(O] - ata ) - = 0.9F ATLAS = ATLAS e Total Stat. [ Syst. — SM
"‘N? 30" Continuum Background {5 = 13 TeV, 79.81b - .3:':: 085— BB Theory (NLO QCD + NLO EW) ] Vs=13TeV, 36.1-79.8 b )
- F - Total Background my = 125.09 GeV SN e I E Total  Stat. Syst.
» o5 — Signal + Background All categories - Q0.7F $ Combined data 3 o | 061 020
_'5) g In(1+S/B) weighted sum % 0 6; s E ttH (bb) H=— 0.79% o0 (% g2 ,+0.53)
2 20p 3 i (muliepton) HESsm=— 156= 08 (08208
S F ~F
E 152 0.4 4 fHew ——— 139+ 08 (£ 0% .4 0%)
@ 10k = =
- 0'3§ 1 fH@Z2 <1.77 at 68% CL
5 0'2? V5= 13TeV, 36,1 - 79,8107 J "7 77TTTTTTT oo s n s s
- A B R B 0.1 .~ V5= 8TeV, 203" -  Combined H==H 132+ 522 (£0.18,+ o2
110 120 130 140 150 1 T N R R R B R L
m,, [GeV 6 8 10 12 14 167 0 1 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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Summary

| could only show a few highlights of the ATLAS and CMS top and
Higgs physics (a personal choice...)

What | have left out (LOTS!):

. arXiv:1803.01853
* Top cross section measurements, BSM, FCNC

i~ r L L I L L L R R R
sea I"CheS, etc E - 68% an.d 95% CL contours . m ;OtrzbﬁzzTZGev 7
— 80.5 — Fit w/o Mw and m, measurements i G = 0.46 GeV » —
. . . = C Fit w/o M, m and M, measurements — =046 050, GeV d
e Searches for 2nd generation fermion Higgs = = W0 DirectM, and m measurements | | : ]
. . . 80.45 — —
couplings, double-Higgs production, extended i | =
Higgs sector, etc 80.4 /gl ——
g8 ) T y/%/ ,,,,,,,,,,,, : 3
* Analysis details showing their huge 80.35 | i) “50370 L00ra cav > L
sophistication 80.3 — 3
* Performance studies/improvements which a0.25 - < E

make It a” pOSSIbIe 140 150 I160] L/‘1’70 I18|0I 19[0 I
* Projections for future LHC/HL-LHC running m [GeV]
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Summary

| could only show a few highlights of the ATLAS and CMS top and
Higgs physics (a personal choice...)

What | have left out (LOTS!):

* Top cross section measurements, BSM, FCNC
searches, etc

e Searches for 2nd generation fermion Higgs

couplings, double-Higgs production, extended
Higgs sector, etc

* Analysis details showing their huge + g V(@
sophistication

* Performance studies/improvements which
make it all possible

e Projections for future LHC/HL-LHC running

Overall highlight (personal bias):
“The >50 observations of ttH and H - tt, independently by ATLAS and CMS, firmly establish

the existence of a new kind of fundamental interaction, Yukawa interactions.”
Gavin Salam (LHCP’18)




Summary

| could only show a few highlights of the ATLAS and CMS top and
Higgs physics (a personal choice...)

In conclusion:

* Higgs and top results probe
deeply into our understanding
of Nature

* So far, the SM holds
e So we must look closer!

* Because the-trath New Physics
is out there!

See here for more: ATLAS Public results page and CMS Publications page
Ricardo Gongalo BEACH'18 - Peniche, Portugal 35
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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_
- g 4001 [ I . I I [ [ _1:
- 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
0 N - | 0 C ) S 1 2
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
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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 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 /’,I 1 1 L'/’I/ lE 1 1 1 I 1 1 1 | I 1 l_
140 150 160 170 180 190
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EPJC 77 (2017) 354

Direct m, measurement: single top

* Focus on (electroweak) single-top

production 19.7 ol (8 TeV)

* First measurement not in tt pair! > F . 7 ¢ data
— Independent sample g6°°_‘ CMS — W t channel
. . . . s channel
— Systematic uncertainties partially 500 1 o channel
uncorrelated with other channels 2 00 m«
e L=19.7fblatVvs=8TeV '-%)300_ AWz +jets
* Small xsec: o(t/t) =55/30 pb : . :vaof::
. : g 200 — W di
 Top reconstructed with kinematic fit I 11 aco
assuming on-shell W 1001 . 7
— 0.97 ' .
m, = 172.95 + 0.77 (stat) ™7 ; o3 (sys) GeV Qo0 150 200 250 300 350 400
Mo (GeV)
q q g q o 3 . . . . .
I %
. % 1 _?i,',....,.!§§§§§§§§}§§{§*}{§_
W+ W t (@) (O e —
b 1100 150 200 250 300 350 400
b t 8
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Eur. Phys. J. C 78 (2018) 129

Top quark width

NNLO calculation gives I, =1.322 GeV for m,=172.5 GeV

— A clear deviation would indicate BSM physics

E 1000:_/\17':1-::6\/ roar Postit, n| < 1 K3 B tkg . %u 'grtl -
Data: L% soovﬁj’r‘ﬁi"]ets’/ :
202 fblatvs=8TeV . [
§ 'Séo‘“ - "";ds“ Sl 1éo‘\3‘o """ 705 180J30 105 180/30 105 1 GeV]
Lepton+jets tt final state £ o immioen o s
Hadronic top
reconstructed with
kinematic fit L o s
S '83 100 200[0 100 200/0 100 206|0 100 1 [GeV]
Col. | rGev]  [Ref. |
[, extracted from template " , 00 o oS (a7 G
fit to m,, and AR_. (j,b) : oe
dIStrlbUtlonS CMS 1.36 £ 0.02 (stat.) *%14,,;, PLB736 (2014) 33

ATLAS 1.76 +£0.33 (stat.) *%7°, ., EPJC78(2018) 2, 129
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LHC and HL-LHC timeline
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