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The Standard Model of Particle Physics

EXPERIMENT

The SM provides unified picture of the electroweak (EW) and strong interactions

building blocks of matter: fermions (leptons and quarks)
force carriers: bosons (gluon, photon, W+-, Z)
Higgs field: added to the SM to generate the mass of EW bosons and fermions
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Outline

3k Detector performance

3k Standard Model highlights
e \W boson mass measurement

® Top quark mass measurement

e Single top and tZ production evidence

3k Higgs boson physics highlights

e Mass measurement

e Differential cross section measurements 80.25

e Higgs-fermion coupling measurements

m(W), m(top), m(H) are related to fundamental
parameters of the Standard Model and provide
key information to test its consistency
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e Rare decays & HH: long term Higgs program

2k Conclusions

Disclaimer: as expected, the full ATLAS SM&Higgs program cannot be covered in
30’ - this is an overview of some of the most relevant recent results!




Detector performance (l)
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3k Excellent performance of LHC and 2 [ ATLAS Online Luminosity ]
. . > T e 2011pp Vs=7TeV ]
ATLAS in Run 2 so far: 2 S0 e RIire .
. . . [ — 201 =13 TeV _
e Record instantaneous luminosity for pp £ b — Zote e Tey B
interactions in 2017: 2.06x1034 cm-2s-" 3 T T ee fs=13TeV -
© ‘ _
. o B -
- double the LHC design! g 30 .
_ . _ = T -
e 80 fb-' good for physics from 87 fb- S o0f £
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Detector performance (ll)

2k Biggest challenge: robustness against = gsof T ....|....|...1,:
: £ UL ATLAS Online, 13 TeV [Ldt=86.5 fo
pile-up a - .
. . . S 300 desighed for 23 3 2015:q>=134
e Controlling trigger rates at high 2 __F | £ 2016:<u>=251 3
i ) ) 8 250 2017: <u> =38.1 —
interaction per bunch crossing £ - Total: <u>=320 3
. . . 5 200¢ -
® Online and offline reconstruction > -
L @ 150 often ~ 60 1
performance maintained even at the < - 1.
. . o = | 3
highest pile-up g 100 s e
: . 50/ » =1
improved HLT algorithms to - | 1%
suppress dependence of Eymiss % 10 20 30 40 50 60 70 80
trigger rates on pile-up Mean Number of Interactions per Crossing
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% - ATLAS Trigger Operations . % 25— All jets 81 <M, <101 GeV
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g [ ° —xe110_pufit_L1XES0 ) © L2017, Vs=13TeV,20.8 b ! .- -
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% puf|t new baseline in ; ] (JVT) reqL"rementZ 1 5:_p‘ >20GeV,|n[<24 _:
= 302017 (pileup estimated - applled to jetS R . Z
- event-by-event & 1 with 20<pT<60 = e .
20_ QQ ] - - -
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B @ § . 0.5+ R —
- o . - _.__.__._,_._—l——I—v-l—"""""'_ i
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Standard Model (SM)

No measurements yet with 2017 data

2: SM cross section

measurements in A
Standard Model Total Production Cross Section Measurements Jiiyzoi7 fcde
exce"ent agreement e A e [fb~"]

r = 96,07 = 0.18 + 0.91 mb (dat ~
pp 7~ COMPETE HPRT R;(th(egr)?)) A 50x10-8  PLB 761 (2016) 158
it I1 t I1 s f r 7= RSB ek (data) o 8x10°8  Nucl. Phys. B, 486-548 (2014)
vv eo o a r=190.1+ 0.2 + 6.4 nb (data
y W 7~ BYNNLO & CT14NNLO (lZweory) | 0.081 PLB 759 (2016) 601
=98.71 + 0.028 + 2.191 nb (data
7~ DYNNLO + GT14RNLO (t(heory)) (o) 4.6 EPJC 77 (2017) 367
o =58.43 +0.03 +£1.66 nb (data
e Some deviations in i
r = 34.24 + 0.03 +0.92 nb (data)
Z 7~ DYNNLO:GT14 NNLO (theory) A 20.2 JHEP 02 (2017) 117
- =29.53+0.03 +£0.77 nb (data
X R 7~ “DYNNLO+GT14 NNLO (mec?ry) o 4.6 JHEP 02 (2017) 117
» = 818+ 8 + 35 pb (dala)
ttW, updates with full By -
T r=2429+17+86 data) .
tt 77 opis NNLSRREL &hemy A 20.2 EPJC 74: 3109 (2014)
r=182.9+31+6.4 pb (data) .
77 ops+ NNLO+NNLL (iheory) o 4.6 EPJC 74: 3109 (2014)
| a t as et t @) 7= NN b m] 3.2 JHEP 04 (2017) 086
t =89.6+1.7+7.2-6.4pb (data) Xiv:1702.02859 [hep-ex]
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= 68+ 2+ 8 pb (data)
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000 7= ﬁﬁgoi‘*hég pg’ (data) (] 3.2 arXiv: 1702.04519 [hep-ex]
WW o= 6!\?1’\1251(@9%@)6 pb (data) A Theory 20.3 PLB 763, 114 (2016)
=51.9+2+4.4pb (data PRD 87, 112001 (2013
Seve ra I new 7~ LD {ieonys o 4.6 PRL 114, 215001 1501 4)
7= R XN YRa iy @ m} LHC pp Vs =7 TeV 36.1 ATLAS-CONF-2017-047
o =27.7+3+23-1.0pb (data) EPJC 76, 6 (2016
oﬁ t. I ° H LHC HXSWG YR+4 (tgeorzy)7 . A _ Data 20.3 .6 (2016)
o=2 Po (data EPJC 76, 6 (2016)
‘ ’ I r n I r ‘: l I n THO HXEWE A fineony) a stat 4.5 :
r =94 +10 + 28 — 23 pb (data
7= N N e, (data) o stat @ syst 32 arXiv:1612.07231 [hep-ex]
o =23+1.3+43.4-3.7pb (data)
OI I Wt NLO-NLL (theory) A LHC pp ‘/‘ =8 TeV 20.3 JHEP 01, 064 (2016)
measurements available 6 v
o =506+26+25 pb (data) o - 32 PLB 762 (2016) 1
MATR\X (NNLO! Iheory) stat - PLB 761 (2016) 179
o =243+06+09pb (data ot o eyl PRD 93, 092004 (2016)
; s A 2t & syst 203
Standard Model Production Cross Section Measurements Status: July 2017 RHATRIX (WNLO meory Stat © sys - PLB 761 (2016) 1
v !\%ATR\X (NNiS)l(t%gé?\?)a) (e] LHC ‘/' 13 TeV 4.6 EE%%?(%?S)G%E)
a AO total (x2) L S= e
Q ul o ATLAS Preliminary Theon 7 =172:+0.6+0.7 pb (data) o PP 36.1 ATLAS-CONF-2017-031
& A inelastic 12 Matrix (NNLO) & Sherpa (NLO) (theory) Data . PLB 735 (2014) 311
_ r=73+0.4+0.4-0.3 pb (data)
ST i Run12 V5=7,8 13 TeV LHC pp v5 =7 TeV 7 7= NG theory) " A _ stat 20.3 JHEP 01, 089 (2017)
5o _ 7 =6.7+0.7+05 0.4 pb (data) JHEP 03, 128 (2013
HOM  Data 45-4917 7= QRS fnearyy 040 (o] stat ® syst 4.6 BB 798 20141917
5 diets t c=48+08+16-13pb (data) 4
10 > LHC pp V5 =8 Tev s—chan NLO+NNL itheory) Al . 203 PLB7S6 226246 (2016)
1225 Gev 7 =15+ 0.72 = 0.33 pb (dala)
104 . s Data 20.3fb~" T ‘ Madgraph5 + aMCNLO (theory) .:I ATLAS Prellmlnary 3.2 EPJC 77 (2017) 40
ango ttW o=309.480 79)¢44 b (data) n 203 JHEP 11, 172 (2015)
LHC pp V5= 13 TeV eory. : ’
e = 0.92+0.29 + 0.1 pb (data)
10° pr>125 GeV "6‘ o ‘A’O . B Data 008-36.11" T ‘ Madgraph5 + aMCNLO (theory) |:| RUI’] 1 ,2 \/g = 7, 8, 1 3 TeV 3.2 EPJC 77 (2017) 40
S ... ° % la ww ttZ o =176+ 52 ~ 48 + 24 fo (data) n 20.3 JHEP 11, 172 (2015)
102 > 1006 "SZ"E‘H o1 o nr—chan o, HELAC-NLO (theory) . : v
21 o oo AW i 1 r =620 + 170 + 160 fb (data
nadz2 weo e o tZ_] 7= RGN iheory) [ u] 36.1 TOPQ-2016-14
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10 ‘ -, wz
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PP Jets Y w z tt t VV 7Y H WWytw iz ty Wu Zuww ZyyWyywwy ZyjjVVij
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W boson mass arXiv:1701.07240 - submitted to EPJC

3Kk Uses 4.6 tb-1of 7 TeV data (W=dev/pv) > 160><10 —_— ]
2k Impressive amount of work since 2011 to understand e ; \s=7TeV, 4.1 fb" W 1V 5
detector response and modelling of kinematic S 1385_ %di?ikgg;;gd 3
1+1 n Z -
quantities % 80C- =

e calibration of W recoil with Z =»££ data o 60 =

2k First measurement at the LHC! 40 E
20 -

e Similar precision to best previous single

experlment measurement (from CDF) 8 11%21_ ...................................................................................... TR U, _I_’_I- .................. §
| | | O 101 ¥WWWMf::: ............................................................................................ ]
3k Result consistent with SM expectation PO i e = i +++"‘+++++'|‘ _________________ + '|' 'I'.E
) ) © .8 E-rrerrrrrresrmserrssssnnsen s — RN B 5
3k Further progress requires improved = 30 32 34 36 38 40 42 44 46 48 50
pl. [GeV]
mw = 80.370 =* 7 MeV (stat) * 11 MeV (syst)
ALEPH e e——p— > : A o ——
ATLAS [ 805; 71AS
DELPHI o O, oU.of BEm=17284%0.70 GeV
Eg e m, = 125.09 £ 0.24 GeV
L3 ® 80.45— we 68/95% CL of m, and m, -
OPAL ® E """"""" i E
CDF —— 804_— __
R S | . 80.35F -
ATLAS W* —— - -
® Measurement P we 68/95% CL of Electroweak]
- —O— 80.3— .« -
ATLAS W == Stat. Uncertainty = Fit w/o m,, and m, i
I ATLAS Wi _ FU" Uln(fe':tallnfy — FI , 8025 : PR SR T NN N TR W T | |(EL:“’. Fl)hyf. J.I ) |74 (120114) :304|6) 1 :

80250 80300 80350 80400 80450 80500 165 170 175 180 185

my, [MeV] m, [GeV]
| Tamara Vazquez Schroder



Top quark mass

3k Exploiting a 3D template technique: top quark mass
determined together with a global jet energy scale factor
and a relative b-to-light-jet energy scale factor

3Kk Run 1 top quark mass combination at 0.3% precision level!

e Systematic uncertainties reduced in combination due to
correlations between measurements

ATLAS /+jets 8 TeV 172.08 = 0.39 (stat) £ 0.82 (syst)
ATLAS dilepton 8 TeV 172.99 = 0.41 (stat) £ 0.74 (syst)

top quark mass measurement [GeV]

ATLAS Run 1 comb 172.51 £ 0.27 (stat) = 0.42 (syst)

ATLAS-CONF-2017-071

Top Pair Branching Fractions

“alljets™ 46%

ttjets 15%

L+jets 15%

] et+jets 15% )
"dileptons” "lepton+jets”

SELN ILELELL
~ ATLAS
12001~ {s=8 TeV, 20.2 fb" F555" Best fit background

|||l|ll||||||||||||||.|.,|
Preliminary * data, I+jets

Events / GeV

200 e*

- —— Best fit - CDF (Mar 2014) 173.16 £ 0.57 + 0.74
1000~ || Uncertainty —
- N ] DO (Jul 2016) H-e-H 174.95 + 0.40 + 0.64
800~ —
6001 - CMS (Apr 2016) 172.44 £ 0.13 £ 0.47
400 :— —: ATLAS (Sep 2017) 172,51+ 0.27 £ 0.42

O pepedogemeopepetayone eyl yagegege by g g g Loy g Ly oy g )
130 140 150 160 170 180 190 200 L

ATLAS Combination
[ stat. uncertainty
total uncertainty

Combinations

ATLAS Preliminary

Moo + stat. + syst.

stat. uncertainty
total uncertainty

165

Miep. [GEV]
= — _ . _ — |
| Tamara Vazquez Schréder
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Single top (+Z) cross section ....1710036s9

sk First, evidence for single top quark production at LHC submitted to PLB

production

in t-channel (a), s-channel (b) and Wt-associated (c)
' (a) z (b
. , t _

2k Now, also evidence for tZ production

e Significance = 4.20 (5.40) observed (expected) <C)M .
e Cross-section = 620 =170 (stat) = 140 (syst) fb gl ,

- consistent with SM expectation

o))
o

Entries / 0.1
N
o

w
o

20

ATLAS e Data
{s=13 TeV, 36.1 fb™ tZq
B T+t
Z+jets
Diboson

N (TV+TH+WZ
2, Uncertainty

%4% //////%%

#

E Tamara Vazquez Schroder

t/ = single top

2k Events containing 3 leptons (e/y, 2
originating from Z) and two jets, one of
which is identified as a b-quark jet are
selected

2K The major backgrounds are diboson, tt
and Z+jets

2k Using neural network to improve the
background rejection and extract the
signal




ATLAS

EXPERIMENT

£
14

3¢ Since its discovery in 2012, focus on precision measurements of production and
decay of the Higgs boson, and the search for additional BSM Higgs bosons

Higgs coupling
to fermions

 Higgs boson mass

Higd P ecay e Higgs self-coupling

modes W
KU gg

Zz 1 1 _
V(h) = 5miiﬂ + \vh® + R

Tamara Vazquez Schréder
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H iggS bOSOI‘I mMass ATLAS-CONF-2017-046

~ EXPERIMENT
3k Higgs boson mass measured using kinematic categories _ 4 H3ZZ¥4¢
. . =< - . — Combined T
from cross-section measurement in 4£ and yy channels £ [ ATLAS Preliminary oy )
Y 5L {s=13TeV, 36.1 b _
2k Complementary measurements: C Hes 277541 1
e 40 channel dominated by stat uncertainty ) A A —:20
® yy channel dominated by syst uncertainty (y energy o ]
scale calibration) - i
2k In 42 channel, measurements consistent between 2r .
electron/muon sub-channels - ]
| e e T N L A — 1o
3k 42 and yy measurements consistent with each other - ]
. . . _I 1 1 | 1 1 1 11 1 | L L1 | 1 1 | I_
2k Combined measurement consistent with Run-1 22 123 124 125 126 127 128
> - T rrrrre T T T 3 mH [Gev]
@ 700 —e— Data ATLAS Preliminary  —
P ELELES gackglrou;d roung (s=13TeV.36.1f0" I e A A B A L B L
S 600~ — 2lgnal+Bbackgroun m,=125.11 GeV = — ATLAS Preliminary
g *°F — Signa . - ——i Syst.
i] 500_ one In(1+ s/b) weighted sum 3 Vs =13 TeV, 36.1 fb™ Total Stat. = Sys
= = ATLAS + Total  Stat. Syst.
= E LHC Run 1 | — , 125.09 + 0.24 ( +0.21+0.11) GeV
sgof—  Tele o Y bbbl b -I ---------------------------------------------
- ] H—ZZ*—4l] I o | 124.88 £ 0.37 ( £ 0.37 £ 0.05) GeV
200 — = |
"= Hoyy - . 14125.11+ 0.42 (£ 0.21 £ 0.36) GeV
- I
o e . | Combined — | — 124.98 + 0.28 ( +0.19 + 0.21) GeV
§ ‘3182: AITLAISIOInly I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1
T 124 124.5 125 125.5 126 126.5
% 0 m,, [GeV]
2 PR o i 5 o 0 2-per-mille precision from single experiment!

at the level of LHC Run 1 precision!
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Higgs production modes: reminder

g “000000)
gluon fusion y
g “000000°
q q

vector boson
fusion (VBF)

_ > - H

W
W

W, Z associated

¢ _ production (VH) . #
W, Z v

]

g , t

top associated
production (ttH)
g

- > -1

sk Gluon fusion has the largest production
order of magnitude higher than VBF or VH

| S

69

EXPERIMENT
rate,

3k Large cross section increase from 8 to 13 TeV,
especially for ttH and tH

Run-1

Run-2

e
©
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Higgs differential cross section ... 001

2k With increasing statistics

— T T T 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 I T T T T
- | ATLAS Preliminary H—yy, Vs=13TeV, 36.1 fbo"]
% 1 -¢- data, tot. unc. syst. unc._
=~ f m,, = 125.09 GeV
Iy = gg—H default MC + XH -
\g gg—H RadISH+NNLOjet + XH
3 101k ==t XH = VBF+VH+ttH+bbH
RUES -
[N e ——
0% | lessses ! == t ;
1 L L I L 1 L L I L 1 L L I L 1 L L I L I-I-I--I-I-I--I-I-I--I-I-I--I-
—rr 1 1 rrrrrrrrrrrrrrrr
X 2f ]
+
©)]
= 1?%1##—3#&%
= .
ks,
()
2 O} +
; PR R T R PR PR PR PR B PR B
-c% 0 50 100 150 200 250 300
o

e Measure differential cross-sections as
functions of Higgs boson kinematics and
kinematics of additional jets in H=2yy

and H=2Z*-4/

pT (H) consistent with SM
prediction in both channels

E Tamara Vazquez Schroder

HEP 10 (2017) 132

o Bl &

Oﬁ'&

\/ E X

— 0.08[ . ]
= C ATLAS t Data =
O 007—H-ZZ" >4 [ ] Syst. uncertainties =
o) - 13TeV, 36.1fb" I VIG5 FxFxK = 147, +XH
= 006 NNLOPSK = 1.4, +XH  —
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=" N 0.05— —
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© - -
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0.02 o E Cl) =
- R
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R I 56 7
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Q 05— —
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— 0.008 T ]
= - ATLAS t Daa -
(D 0.007FH—2Z* - 4 [ ] Syst. uncertainties ]
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https://link.springer.com/article/10.1007/JHEP10(2017)132

Higgs coupling to fermions

3k First evidence of Higgs coupling to
fermions from the 1T channel (ggF and

VBF)inRun 1 JHEP 04 (2015) 117 o
©
. oC
2k New in Run 2: o
e top Yukawa coupling: evidence for E
ttH production 210
o b-quark Yukawa coupling: evidence ~ ®
in VH(H=>bb) m
2
3k Longer term: 10
e Higgs coupling to 2nd generation
fermions (cc, pp)
107
cc(*
‘difficult’ modes | 1074

{cc, 99, pu}
(11%)
=» long term

evidence (58%)

- Tamara Vazquez Schroder

coupling to 3rd generation fermions

LHC HIGGS XS WG 2016

WW
99

TT

coupling to 3rd generation fermions —

—eoupling to 2nd generation fermions

11
P
Ho/
|

=2
=2

coupling to 2nd'generation fermions
uu N

M, [GeV]

120 121 122 123 124 125 126 127 128 129 130


http://link.springer.com/article/10.1007/JHEP04%282015%29117

ATLAS
It . _H indirect top Yukawa coupling constraints from
gluon fusion production and yy decay...
g “000000Y" T
N .. assuming no additional heavy particles

VVVV which could couple to the Higgs boson!
. P g9
— > t At

LINAVAVAVAVER

q
q
g > t S /
> - - H W /H
b

@ — — _‘/TamaraVazquez 5chroder



r o o B @
ttH analysis channels: summary TR ()

ttH | ttH

(H=>bb) (H=>WW, 171, Z22)
‘multilepton’ (HYY, 22(=44))

e large irreducible tt+jets * fg:s;‘;caizc:ayi gi(\:/;/ y/szcan * resonant channels
(HF) background
J give distinct multilepton
e final states with signatures

multiple b-jets

® main background from ttZ/
W and non-prompt leptons

(ZZ=¥4+¢ at my selection vetoed)
e — T\ OtIVatiO challenge
Tamara Vazquez Schroder (McGill University)



2Kk Target: ttH with
o H--WW/ZZ/rt—==1¢
o tt—(f+jets, dilepton)

|_-
sk High multiplicity final state S Bary
2k Rare in SM: same-sign 2¢, 3¢, 4¢ 2 2055+1T 200S+1T: 34+1T 44
e Exploit presence of § 2/SS+0T 3/40T
hadronically decaying T
y ying most sensitive Number of e/u

2k Split in categories based on
number of e/p and number of T

Signal Fraction [%]

e Loose |lepton definition (no
isolation, loose ID)

* Dilepton and single lepton
triggers
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ttH (multileptons): background

3k Signal extraction: fit or cut on BDTs (boosted decision tree) to discriminate signal against the main

background processes [exceptin 3£+17]

205S 3¢ 44 10+2m0a 2055+ 1mhaa 200S+171ha4 30+1Thaq
BDT trained against | Fakes and ¢tV ¢, ttW, ttZ, VV ttZ | - tt all tt -
Discriminant 2x1D BDT 5D BDT Event count BDT BDT BDT Event count
Number of bins 6 5 1/1 2 2 10 1
Control regions - 4 - - - - -
ATLAS il g mis-id |:|ﬁ'W
. n Is = 13TeV Elt:tazke T =I3Ic?r?-sc:cr;m t
Sk Non-prompt lepton in tt SIGNAL REGIONS  Sote ™ =™
37 SR 4¢ Z-enr. 4¢ Z-dep.

e semileptonic b-decay DATA-DRIVEN (DD):
MATRIX METHOD (MM),

® y conversions FAKE FACTOR (FF)

2k Fake 1 from light/b-jets

3k Misidentified charge lepton DATA-DRIVEN (DD):

LIKELIHOOD FIT

® e.g.trident electrons

ﬂfss

27SS +1 Thad

(Bremsstrahlung conversion)

3k Irreducible backgrounds with

promptleptons (AL

MC

“Other”: 4tops, tWW, tH, tZ

\

~

o
P

270S +1 Thad 3f+1Thad

s

3¢ ttW CR

37 ttZ CR 32 VVCR 3¢ ttCR

* Tamara Vazquez Schréder

CONTROL REGIONS

==

" arXiv:1712.08891 submitted to PRD

|
|
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ttH (multileptons): results

ATLAS  is1aTev, 364t Channel Significance
Observed Expected
—Tot. === Stat. Tot. ( Stat., Syst.) 200S+17Ha4 0.90 0.50
2£08 + 1Thag Fhes | @eee ] 1.7 21 (2, O /427 ) 0.60
16 4 2Taq | - @---i 0.6 72 (Fhgs 1Y) had '
io| re 0533 (1, %% “ - 0
3 + 1Thg o 1.6 1% (15, 233 30+1Thag 1.30 0.90
2/5S + 1Tha pooeod 3.5 77 (5109 20SS+17ha 340 l.1o
3¢ *H 1.8 707 (%58, 159 3¢ 240 1.50
2688 | ) O 1.5 ¢ (foa, “0a) 20SS 270 1.90
combined 104 1.6 f&i (‘o3> 703)
_é 0 2 4 6 8 1 '0 1 '2 Combined 410 2.80

Best-fit uﬁH for m =125 GeV

3k Statistical and systematic uncertainties are comparable
3k Largest systematic uncertainties:
e signal modelling, jet energy scale and resolution, and the non-prompt light £ estimates
3k Significance with respect to background-only hypothesis = 4.1 6 (2.8 ©) obs (exp)
3k Compatible with SM (within 1.40)

" TamaraVazquez Schroder  arXiv:1712.08891 submitted to PRD
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ttH (H-»bb): analysis strategy 044 @

EXPERIMENT

2k Biggest challenge: good and precise ttbb

modelling of the tt+HF (=1b, =1c¢) g b ¢
background H b 5

e Nominal sample: 5-flavour scheme - < b

e Relative contribution of tt+=1b sub- ; g t
components reweighted to tt+bb S _
predictions by Sherpa+OpenlLoops eze  Example: Hore LitvtancHit=re Bt
(4-flavour scheme) = | Single 2,

@3 > 6j
2k Channel categorisation based on 6 Reon
* Number of £ (1 or 2 opposite-sign) E:: L — Rz / \
\ ¥

e Number of jets 6.9 || s Sk, —

. Req y I rements on the b_tagg | ng (5,505,4) (53) (52) (44) (43) (42 (33) (32 (221D GBI (LI gsigﬁ%;g:
discriminant (4 calibrated working S ?TLfT;V T T - ‘}TLﬁ‘fTev e S B
points) 3 00} Sog s S’ Didalue] g 40 Sngoieper S’ Mature.

Fi o Post-Fit .- Pre-Fi .

e Resolved or boosted, for single lepton a00) ST

channel

2k MVA analysis needed to discriminate
signal from the overwhelming background

0.75 ¢
0.5

-

-1 -08 -06 -04 -02 0 0.2 0.4 0.6 0.8 1 0 50 100 150 200 250 300 350

Data / Pred.
Data / Pred.

Classification BDT output mii9% (reco BDT) [GeV]

p
\ Tamara Vazquez Schroder arXiv:1712.08895 submitted to PRD



https://arxiv.org/abs/1712.08895

ttH (H=>bb): results

ATLAS \s=13TeV, 36.1 fb™ Uncertainty source Ap
RARAPAAR ' ' | | | t + >1b modeling 10.46  —0.46
stat my = 125 GeV Background-model stat. unc. +0.29 —-0.31
' tot (stat SYSt) b-tagging efficiency and mis-tag rates +0.16 —0.16
Jet energy scale and resolution +0.14 —-0.14
Dilepton _0.24 +1.02 ( +0.54 +O.87) tt H modeling +0.22 —0.05
(two-u combined fit) ——e—— ) -1.05 1 -0.52 -0.91 tt + >1c¢ modeling +0.09 —0.11
JVT', pileup modeling +0.03  —0.05
Other background modeling +0.08 —0.08
Single Lepton 0.95 10-65+031 4057 tt + light modeling +0.06  —0.03
(two-u combined fit) D G 062 (031 -054) Luminosity 40.03  —0.02
____________________________________________________________ Light lepton (e, u) id., isolation, trigger +0.03 —0.04
0.84 10.64 , 10.29 1057 'Iiotal systematic uncertainty +0.57 —0.54
Combined e - - —0.61 (—0.29 —0.54) tt + >1b normalization +0.09 —0.10
tt + >1c normalization +0.02 —0.03
' ._|1. = (I) = .II = 2' = é = 21 = 5I = 6I ' Intrinsic statistical uncertainty +0.21 —0.20
_ i Total statistical uncertainty +0.29 —-0.29
Best it p = 6"/og, Total uncertainty +0.64 —0.61
3k Normalisation factors for tt+=1b and tt+>1c left free-floating in the fit:
e NF(tt+=1b)=1.24 £ 0.10
e NF(tt+=1c) = 1.63 £ 0.23
3k Most relevant uncertainties related to tt+>1b background modelling
2k Analysis is dominated by systematic uncertainties
3k Significance w.r.t background-only hypothesis: 1.40 (1.60) obs (exp)
@ " Tamara Vazquez Schréder arXiv:1712.08895 submitted to PRD
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ttH combination

— .“.Otl').(.St?t'l’.SV.St'.)

ATLAS fs=13 TeV, 36.1 fb’!
—total stat. Channel Significance
ttH ZZ — < 1.9 (68% CL) Observed Expected
o e Multilepton 410 2.80
tiH vy el 0.6 %5 (o502 ) H — bb 1.40 1.60
fiH bb o 0.8 Yo (703, oe ) H — yy 090 1.70
+05 [, +03 404 H — 4t o 0.60
iH ML ke 1.6 5% (035 203 )
___________ Combined 420 3.80
+0.3 +0.2 +0.3
ttH combined ~ hed 1.2 0.3 (—02=—02 )
L BT T T St
Best-fit M for m =125 GeV
£ E 8 Standard Model e |
. . ) - l—’j.t : * Standard Mode ATLAS
3k Combination of multilepton, bb, yy, and ZZ—4+¢ - sBen ez oo ]
tEH analyses 6__ «==95% CL Vs =13 TeV, 36.1 fo! —_
3k Results in agreement with the SM predictions 4:_ ]
¢ o(ttH) =590 +160 45, fb |
¢ osm(ttH) =507 +35 50 fb T |
3k Significance w.r.t background-only hypothesis: o ]
4.20 (3.80) obs (exp) : |
NEW *° o 1 2 s
VvV
l’I’t’[H
@ " TamaraVazquez Schroder  arXiv:1712.08891 submitted to PRD
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Higgs coupling to fermions: b-quark via VH(H=»bb)

) & & & 6 6 6 6 o o o o o o o o o o o o o o o o o o OO O o OO o o o O o o °O O O OO o o o o o O °o O O o o o \\?/
JHEP 12 (2017) 024 FXPERIMENT
3k Leptons from W/Z used for triggering/
background suppression W
2k Three channels: 77

44

¢ O-leptons (targeting ZH, Z=»vv)
e 1-lepton (targeting WH, W=>$v)
e 2-leptons (targeting ZH, Z=»¢%)

2k Main analysis based on multivariate analysis

techniques ‘difficult’ modée

, 99, 11%
2% Run 2: (3.0) o observed (expected) {Cceglinzuge(rm

2k Run 1+Run 2: 3.6 (4.0) o observed (expected)
evidence (58%)

improved jet calibration + after subtracting all
kinematic reconstruction background except VV
> 2_| | LI | T I. l T Ill LI | LI | LI | T T | LI I 3 12__I |A|TIL|A|SI II | tr | tr | I_I.I_l 6a|t;| P | Y | I__ T T | T T T l T T T I T T T I T T T | T T T
& . sF. ATLAS Simulation @ 2 I Gostevasin mm VH — Vbb (u=1.30)] ATLAS VH, H(bb) 1s=7TeV,8TeV, and 13 TeV
o [ Vs=13Tev, 361" [ b < {0k 0s142/eptons I Diboson N |Ldt=4.7 1", 20.3 fb", and 36.1 fo'
g - Powheg MINLO SM ZH — I'lbb . [e) . Uncertainty ] —Total - Stat.
1.6— - . ~ | 2+3 jets, 2 b-tags _ Tot Stat.. Svst
@ = 2leptons, 2 jets, 2 b-tags I O B ) N ; ] : (Tot.) ( Stat., Syst.)
= oz \ © | Weighted by S/B Dijet mass analysis 7 :
C 4 4[ Piz150GeV . & 8 . 7TeV| ° - 1.61 *+150 (+1:22 +087
:; C - ﬁ‘ﬁ; 5 B ] : -1.6 ~1.46 (—1.13 1 -0.92 )
- Standard Jet Calibration (Std. Yt OF - ° |
E 1-2__ A Std.+u—in—jetCorrection( ! n! “,—\\_ % 6_ Support'ng ] :
E (O Std. +p-in-jet + PtReco Correction AL K . 7 N
Qo 1 & Std.+t—in—}et+Kinematic Likelinood Fit &£ "%" % i analyS|S: i 8 TeV == 0.65 _328 (:rggg ) :rggf )
< - ° (O~ VOgyq @ ; 4 n : ] :
o8] T 3 = fitmen 1 :
- — 152 GeV 0% b > B ] : +0.42 0.24 +0.34
0.6 === 132GeV  13% i o 2r 7] 13 TeV hed  1.20 -0.36 (t0.23 at0.28 )
C == 124GeV 18 % ’%’ Q) L - i
04~ — 88aev 42% B o = 55 e
— b AR5 H I AT I D D S A : +0.28 +0.18  +0.21
- - i Comb. 0.90 -0.26 (—0.18 » -0.19 )
0.2 2 - | i | | |
C - »’.«"" | I | B GCJ 0 | et ANENENTN ANUN AN UTANTN NS AE ATATANIN ANUTATE AT AN ATATA : |_2| — 0 : : ) I4 —— 6 — 8
T 2 7740 60 80 100 120 140 160 180 200
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Rare(r) Higgs decays ATLAS

Towards

S . N TMENT
3k Difficult decay modes measurements § 3005 ﬁ"}ﬂ?ev g’g?';;,"'“afv igfﬁ:{gsun E
* all using 36.1 fb Run 2 data :;u:‘::‘nag":f fa TR
o ZH, H=cc ATLAS-CONF-2017-078 [/} 75 generation 200 §§J<l::(1000x3M) =
- Z decaying leptonically fermions! 150 ZH(co) b
- Set upper limits for o(pp=ZH)xB(H=¥»cc): < 100 1000 3
2.7 pb observed (3.9 pb expected) >0
- SMvalue is 25.5 fb | 1_: |
- Sensitivity to cc SM still quite far away! % ié
o HaZy JHEP 10(2017) 112 §
- Z decaying leptonically 3 SE s -
- Set upper limits for o(pp=H)xB(H=»Zy): < g A \s =13 TeV, 361 fb“—;
6.6 observed (5.2 expected)xSM W sp . =
- SM value of B(H=»Zy) is 1.5x10-3 20; — Sgnanz _
o Hoopp PRL 119 (2017) 051802 © H=>pp x 207
- Categories enriched in ggF and VBF Higgs 1:5 r E
production 0§ :
- Set upper limits for o(pp=PH)xB(H=>up): < 4E
3.0 observed (3.1 expected)xSM ;% _53 ", it i, ++++ +++ +H+ it hﬂtg
- SM value of B(H=>up) is 2.2x10-4 T

110 116 120 125 130 135 140 145 150 155 160

o ) - m,, [GeV]
Tamara Vazquez Schroder
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Higgs self-coupling

3k Not only are we interested in studying the Higgs

, , 272 3 4 *
couplings to other particles... V= Vo + Ah" + Avh
e We also want to understand its self-coupling A! =V + tm2h? —|—@vh3 4 111;?)% B4
* \is predicted once Higgs boson mass is known . Nt Wh,,'
.. . . ) ---0---.
- Any deviation from the HH production Higgs mass term
hh-production hhh-production

measurement would imply new physics!

;‘ 300_ T | w I. m |l.| T T .I | T T Ty L L N> § 3 : | I I INlon-Irelsslnalnt II-”-I‘I plreld|Clt|Oln:|
S F _| ATLAS Preliminary - 5 3 = "ATLAS ... Expected Limit (95% CL)
= T | Vs =13 TeV, 2016, 10.1 fb” PR O 2 o gL.Simulation Preliminary s Expected+ 1o 7
3E'<V 250(— =y Resolved . % | _S' "~ Expected + 26 -
- 3 Q C 1s=14 eV, 3000 b’ :
L 50 T L -
200 L 2 -
B 40 L - ]
: L 15F =
150— o B _
- 30 5 : 1
- 1=
100—
B 20

- 0.5 |
S0 10 7
: - OI | 1 1 1 I | 1 1 1 I 1 1 I | 1 1 1 I | | 1 | I 1 | | 1 _I
0_ PR T M s T T el s il 0 -10 -5 O 5 10 15 20

0 50 100 150 200 250 300
Mg [(GeV] Mgt Xﬁl\le

Upper limits o(pp=*HH)xB(HH=bbbb) < Single analysis: -0.8 < MAsy < 7.7

330 1b [29 times the SM = 11.3 fb I] Expected S|gn|flcance =1.050
@ © ATLAS-CONF-2016-049  TamaraVazquez Schroder  ATL-PHYS-PUB-2017-001



Conclusions

3¢ Many ground-breaking ATLAS physics results with the 2015+2016 Run-2 dataset,
including evidence for H=bb and ttH production

3k Standard Model and Higgs measurements are reaching unprecedented precision
* New analyses trying to target tough Higgs decays

e Higgs self-coupling beyond current reach

2% 2017 has been another record year - data on tape is larger than what we have
analysed so far at 13 TeV!

2k 2018 will bring even more data for pp and heavy ion collisions
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The ATLAS experiment

HC Multipurpose detector:
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ttH (H->bb): tt modelling
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Wit differential cross section

3k First, evidence for single top quark production at LHC

in t-channel (a), s-channel (b) and Wt-associated (c)

production
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b

8
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submitted_to EPJC
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2k Now, also differential cross section of Wt for several particle-level observables
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ttH interest: from Run-1 to Run-2

JHEP08(2016)045
ATLAS and CMS -8- ATLAS+CMS
3k Run-1 ATLAS+CMS Higgs combination: LHC Run 1 :QIALSAS
e ttH significance of 4.4 o (2.0 o expected) B ; —+1o
. u —l—— — 120
3k Excess in both ATLAS and CMS pgn = o/0osu ggF ———
e Originating from ttH multilepton analyses B
K T
VBF e
T uWH *
3k Big leap (x4) for ttH SM cross section from B ol
8 to 13 TeV (*) and high statistics of top i
K I
quark samples collected by the LHC make ZH —
this SM search extremely interesting to be —
studied in Run-2! Mo S —————
o
W .
|||l|||||||l|IIIIIII|||||I||||||||l||||||||l||

| 111
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Parameter value
(*) Other background contributions cross section do not

increase as much, but different kinematics at higher energies!
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Most recent ttH results 4 @2)
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ttH (multileptons): non-prompt light £ (I)

EXPERIMENT
Method 2/SS+0T 4 2/SS+1T Other T
[parametr.] channels

Non-prompt el.D[D (Il\\lng'le)tS] pseudo-DD DD (FF) MC
lepton H:'[STT" dR(Jp,j)] (Fake SF) el/p: [pr] (very small)
Semileptonic Photon Non-prompt lepton
b-decay conversions & fake T
fake ¢+ ) : fake ¢+ ) fake T
b ) b b

v prompt £+ b~y prompt £+ Y prompt £+
strongly reduced with PLI  50% of the “fakes” in 3¢! 70% from tt in 2¢SS+1T1
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Data / Pred.

ttH (multileptons): fakes/non-prompt £ validation

3k Overall reasonable data/prediction agreement with estimates fakes in VRs
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o Bl &
ttH (multileptons): prompt ¢ background validation 4 &?())

) © © © © © © © © © © © © © © © © © © 0 © © 0 0 0 © 0 0 0 0 0 06 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 O \\/'
3k Largest irreducible backgrounds: ttW, ttZ, diboson oo FrTERIMENT

2k Estimated using NLO MC samples, with theory/modelling uncertainties:
e (Cross-section uncertainties
e Scale variations
e Generator comparisons
2k Validated in several regions, eg: 3¢ ttW/Z CRs built using the multinomial BDT
3k Overall good data/prediction agreement in ttV-enriched CRs using MC simulation

e Also good agreement in cut-based VRs
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ttH (multileptons): profile likelihood fit

3k Binned profile likelihood fit V2T

L(,0) = Lpois(1,6) - | | — oxp (

~_ OuH
HitH = g7
OvtH

3k Parameter of interest: signal strength

3k Systematic uncertainties included in the fit as nuisance parameters 6

e Need sufficiently flexible model of signal and background!

—_ Given:
up” 1===-=1
: : +10, nominal, and ) . .
nominal ' ' -1 o of each systematic Constrain uncertamty in

control region, propagate this

Assume interpolation of

uncertainty between [-1,1] o knowledge to signal region

Assume full correlation between bins

-
-1 0 +1 o)

“down”

3k Find best values for y and 6 from minimising the -log L
2k Calculate experimental sensitivity in terms of the significance

e Quantify level of disagreement between data and background-only hypothesis as Gaussian
standard deviations (o)
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Top Yukawa coupling... why should we care?

3k The only fermion with such a natural coupling

Top quark is the heaviest 3k Does this point to a special role in electroweak symmetry
fermion in the SM =» breaking or beyond the SM physics?
Largest Yukawa coupling 2k Top quark Yukawa coupling tells us about the stability of
f Universe and the required energy scale for new physics
V2 -
v 16476 e Kiv: 1411.1723
- - = y(=0.92447924
H Is the Universe Lot T D 03445275 o
f stable or only le+72 [¥1=0.92448293 === .
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% le+68 -
> s
le+66 i
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a" » violatin ""Ct= /4 le+17 le+18 le+19
004+ | Pure scalar—SM 9, GeV

What is the CP nature of

0.02} the Higgs boson?

Higgs coupling
to fermions

2k A CP admixture is still allowed

.1 3k Maybe ttH production can help us
nlli({)&}e{,ﬁoo disentangle the BSM component
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