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Re(¢)

Higgs discovery in 2012
based upon bosonic decays

Fermionic couplings based
upon different terms in

Lagrangian

T'he Higgs Mechanism

V()

Im(¢)

Vector bosons Quarks and Leptons f

gavv = 2ME /v guss = mys/v

2 general overview of Higgs results: M. Cepeda



Run-1 Legacy tor H—1{f

. . - S .
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Updated Run-2 Analyses (H—1l)

H—1t
* verify Higgs-lepton couplings

36 tb'1 @ 13 TeV ATLAS-CONF-2018-021

H—bb
 verifty Higgs-quark couplings

80 tb1 @ 13 TeV ATLAS-CONF-2018-036

H—pp

» verify Higgs couplings to 2nd generation fermions
80 fbl @ 13 TeV ATLAS-CONF-2018-026
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The H—=1tt Channel

* Higgs production properties g —
i.e. VBF and boosted kinematics
* All tau decay combinations

TepTlep (12%), TepThad (46%)/ ThadThad (42%)

Exploit:

q

Y

Cut-based analysis with 13 signal regions using mMMC as final discriminating variable
(MMMC based on likelihood technique from visible products and Eqmiss)

(data-driven)
* measurements of tau Thad VBEF

T,
misidentification probability %[Fi)ght SR Irreducible Z—tt (MC-based)

/— * extensive validation of Z modelling
in Z—¢£ control region

* templates from inverted
charge / track requirements

Top, Z—11, other backgrounds (MC-based)
* dedicated control regions

to normalize MC

CdH—>r

B Z >t

1z

[ Top

B Other background
5 [ Misidentified ©
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H—7t: Background Estimation
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Validation of Z—¢ kinematics
ensures reliable MC prediction
of Z—1t background

Sherpa NLO (Z+jets) used

m;j, An)jj, ARe distributions
also checked
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80 < mg <100 GeV
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requiring a b-tag

Events/0.1

Data/Bkg

- ATLAS Preliminary 2, ga‘jff15+2016

| \Us= 13 TeV, 36.1 fo’ Bl Other Backgr.

600_ 7T boost. low-p’" SR [ Misidentified =
T 7772 Uncertainty
4

I R
R

An

TT

Fake tau backgrounds have
data-driven estimates

e measurement of misid
PrOb- (TlepThad)

o fit normalization of fake
templates from CR with
inverted charge/track criteria

(ThadThad)



H—tt: Mass Distributions

TepTep TlepThad
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H—7tt: Summary of Results

For pp collisions at 13 TeV, measure 0x-w = on X BR(H—11)
SM
OHosrr = 371 £ 0.59 (stat.) *g5; (syst.)pb  vs.  OHorr = 3.43£0.13pb

: : 0.18 0.27 0.16
corresponding to signal strength o/osm=1.09 t0.17 (stat.) io.22 (syst.) iO.ll (theory syst.)

CRE U S

u.l’: — --- 68% C.L. —

. . . (o . & ! - ¥ Best fit 7]

Signal significances (0): Sz o6 i e -

Ecm 7,8 TeV 13 TeV Comb. 0.4/ . —

Q)eflSa el 4.5 4.4 6.4 0ol _

IDqelleisell 3.4 4.1 5.4 o -

. ATLAS Preliminary i

.. o[ Vs=13TeV, 36.1fb" -
Precision era for H—rt 02—
beeinnine! _2 0 2 4 6 8 10

now beginning!
2 2 0?7 [pb]

Two parameter fit (o =-0.52)



Updated Run-2 Analyses (H—1l)

H—1t
 verifty Higgs-lepton couplings

36 b1 @ 13 TeV ATLAS-CONF-2018-021
H—bb
» verify Higgs-quark couplings
80 tb1 @ 13 TeV ATLAS-CONF-2018-036
H—pp

» verify Higgs couplings to 2nd generation fermions
80 fbl @ 13 TeV ATLAS-CONF-2018-026
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The H—=bb Channel

Decays of a 125 GeV Standard-Model Higgs boson Focus on associated W / 7 production
charm/anti-charm, zz YY  Z*V others

w502 0% (suppresses backgrounds)

tau/anti-tau_3 ?

6% \

2 gluons
9% _

Important for:

* establishing most copious Higgs decay channel
* constraining Higgs decay width
* limits on invisible Higgs width

Evidence for H—bb decays from
« CDF/D®Y in 2012 (2.80)

« ATLAS/CMS with data up to 2016 (4.00/3.80)
* now: update with data taken in 2017 Require 2 b-tags, pr(V) > 75 or 150 GeV

10
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H—Dbb: Analysis Strategy

T
ata

B . D .
~ ATLASPreliminary = VH — Vbb (u=1.06)
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Final discriminant: BDT

based upon kinematic variables
( mpp, ARpp, p1(V), etc. )

Corrections to mpp:

Background estimation (W /Z/top)
* shapes from MC

* taking into account pr(u) in semi-leptonic b-jets
* for v's and out-of-cone energy in decay chain
* kinematic fit in 2-lepton channel (p1(¢£) < p1(bb))

e normalization via inclusion of CRs in fit

- ATLAS Preliminary
= {s=13TeV,79.8fb"

0 lepton, 3 jets, 2 b-tags
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VH (H—bb): 13 TeV Results

Fit to BDT distributions (8 SRs)

m109%III|IIII|IIII|IIII| IIIIIIII |IIII|IIII
o = -.- Data
e 108 E- ATLAS Preliminary B VH — Vbb (u=1.16)
2 = (s=13TeV, 79.8fb™ mu Diboson
o 7L tt
z 10" £~ 0+1+2 leptons mm Single top
10° ;? 2+3 jets, 2 b-tags - ;"Ultllet
— -W

Iogm(S/B)-

poh. = 1167021 = 1.16 + 0.16(stat.) 5 75 (syst.)

corresponding to 4.90 (4.30 exp.)

Fit to myp distributions (14 SRs)

b5, =1.0670-3% = 1.06 + 0.20(stat.) 7052 (syst.),

_g 18_ ATLAS Preliminary —e- Data ]
- 1 B VH — Vbb (u=1 oe) —

u? n (s=13TeV, 79.8 fo’ s Diboson -
S 16 0+1+2leptons ] Uncertainty —
4 _  2+3jets, 2 b-tags ]
8 14 - Weighted by Higgs S/B Dijet mass analysis B
0 - ]
- 12 ]
© C ]
2 10k _+_ -
'% C ]
T 8 E
S 6 3
E ar- -
o 2 :_+_ B
~ O T ety S
« - ]
GC) _2 ol b b b b b b b g 1
u>J 40 60 80 100 120 140 160 180 200

m , [GeV]

corresponding to 3.60 (3.50 exp.)
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VH and H—=bb Combination

H—bb Combination (VBF, VH, ttH for Run-1 and Run-2)

ATLAS Prellmlnary VH, H( b) Vs=13 TeV, 7981‘b1 ATLAS Prellmlnary \s=7TeV, 8 TeV, and 13 TeV
4.7 0, 20.3 fb™", and 24.5-79.8 fb™
— Total Stat. — Total Stat. Tot Stat. Svst
(Tot.) ( Stat., Syst.) (+1c:e.) (+1 21 +g’:’7 )
+0.47 +0.27 +0.38 VBF+ggF k ¢ - 168 —1:12 ( -1.00 * -0.51 )
WH =——— 1.08 T4 (20275 034 )
ttH| g 1.00 03 (Y02 “0us)
ZH F—e—n +0.33 +0.23 +0.23
120 Zo5 (L2800 ) VH 098 022 (+0.14 40.17
o . -0.21 (—0.14 » -0.16 )
comb e 116 53 (té"JS ot ) Comb.| ke 1.01 05 (%o1z. %015 )
111 | IIIIIIIIIIIIIIII | IIIIIIII | IIIIIIII | 111 1 1 1 1 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1
00.51152253354455 o 1 2 3 4 5 6 7
Mbb u
VH H—bb

corresponding to 5.40 (5.50 exp.)

VH Combination (H—bb, H—yy, H—=Z2Z7") yields 5.30 (4.80 exp.)

bb +0.22 +0.17
vy = 098251 = 0.98 + 0.14(stat.) g j¢(syst.) Measurements of Higgs
properties with H—bb to come!

tH—pp = 1.01 £0.20 = 1.01 + 0.12(stat.) 9 13(syst.)
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Updated Run-2 Analyses (H—1l)

H—1t
 verifty Higgs-lepton couplings

36 b1 @ 13 TeV ATLAS-CONF-2018-021
H—bb
 verify Higgs-quark couplings
80 bl @ 13 TeV ATLAS-CONF-2018-036
H=>pu

- verify Higgs couplings to 2nd generation fermions
80 fb'1 @ 13 TeV ATLAS-CONF-2018-026

14



T'he H—=pp Channel

Important channel to establish Higgs Yukawa coupling to 2nd generation fermions
Huge challenge: tiny S/B ratio

>1O10§'|""|""|""| """""" g > 105;'"|""|""|""| """""" IR I IR =
8 o ATLAS Preliminary -¢- Data . 8 = ATLAS Preliminary -o- Data 3
Z 10 Vs=13Tev, 79.8 b iz E N 1ot Vs=13TeV, 79.8 fo D2y 2
2 408 & H — unanalysis @@ Diboson P’ = H — uu analysis ':'[E,\i’g'fsgn -
& = 76 <m,, <160 GeV B Top ) € _F VBF Tight o Ton .
g 10E — goF [x50] g s 10°g —ggF [x50] 5
. = — VBF [x50] 3 - — VBF [x50] .
10 — VH [x50] s 102 L —— VH [x50]
; ttH [x50] 3 - ttH [x50]
10 = -
. 1
10* 0
10° 1
10 VBF categorization
107"
and BDT selection
10—2 777777777777777777777777777777777777777777
R R 15:_ ................................................. -+- ......
8 S e wtotptebte Ty 44t
) 05;_-’- ...... B T + .................. + ........ -+-_+_
0-85g0=60"160""170"120"130 140 150 ~Te0 1015120 125 130 135 140 145 150 155160
Dimuon Invariant Mass [GeV] Dimuon Invariant Mass [GeV]

Categorization into VBF SRs (BDTs) and ggF SRs (based on prtt)

Analytical fit to my, mass spectrum (backgrounds based only on data sidebands)
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Entries / GeV

Data - fit
o (data)

H—ppu: Results

Fo7070]0 | =i L I BN I LI I I IR L m= > A B B B I I UL I IR I =
ATLAS Preliminary - & E ATLAS Preliminary E
7000~ Non-central high p_* Vs =13 TeV, 79.8 o' — g 50— VBF tight s =13 TeV, 79.8 fb™
6000 lendof = 37.5/48 H%MM ana|ysis _: -‘E X2/nd0f =31.2/48 H%MM ana|ysis |
m 4 w —
E —e— Data E 40 —e— Data =
5000 Background = | Background _
4000 f_ ——— Signal x 20 _f 30 ——— Signal x 20 _:
3000 E 20 :—+ + 4‘" + -
2000 = - , ' + + :
1000 = = 10— .
- é : R
0 ............ Lo vy L g g v b v v bvv v by g O LT o b b b S o L | IR B
T £
2E ’ t ¢, i ' E
0 li‘* ++*++++++ +*+++§+ *++++++++++H++§+++*++H;f % i-c‘i 0 §*++++++++*+++$++ﬂ++“+++#+++#++++*#h“’@
-2 + + = ol -2 * —
-4E = ~4F =
110 115 120 125 130 135 140 145 150 155 160 110 115 120 125 130 135 140 145 150 155 160
m,, [GeV] m,, [GeV]

+1.0
1—1.1

[ <2.1(2.0)at 95% CL

u = 0.

Starting to approach SM sensitivity!
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Summary and Outlook

Precision era of H—ff has begun!

Channel Precision on x-section
H—1t1 ~30% @ 36 tb-1
H—bb ~25% @ 80 fb-1
H—up ~100% @ 80 fb-!

Allows interesting properties measurements in H—ff channels

With full Run-2 dataset and beyond:

Complemented now by ttH (F. Blekman / J. Raine)

e characterization of CP nature of Higgs boson

 constraints on anomalous Higgs-termion couplings

* ditferential cross-section measurements

* access to 2nd generation H—tf decays

 di-Higgs sensitivity dominated by
fermionic channels (one or both legs)

17

ATLAS e Total | | Stat. [ Syst — SM
Vs=13TeV, 36.1 -79.8 fb

tiH (bb) ———

Total Stat. Syst.
079+ 3% (= o5 ,=053)

ttH (multilepton) He=—r 156+ 02 (= 330 ,+ 330
ttH (vy) —==—— 139+ 092 (= 0% .= 0%)
fiH (22) e <1.77 at 68% CL
Combined H——H 132+ 020 (£0.18,= 02 )
| | | | | | | | | | | | | | | | | | | | | | | | | | |
-1 0 1 2 3 4
SM
Oy Oy
mi Observed
ATLAS Preliminary 1 @ Obserw:
—_ - - E ted = 10
\s=13TeV, 27.5-36.1fb Epediads 1o
gy (PP — HH) =33.41fb  [Phys. Rev. Lett. 117 (2016) 012001]
[Phys. Rev. Lett. 117 (2016) 079901] (Err.)
obs. exp.
bbrte | ® 12.7 14.8
[CERN-EP-2018-164] | !
bbbb | ® 0O 13.0 20.7
[arXiv:1804.06174] '
boyy | «© 22 28
[CERN-EP-2018-130] '
W'Wyy | oe 230 160
[CERN-EP-2018-104] |\l ., .\ (il 4 il ootiiiid  ootiiiid o i
1 10 107 10° 10* 10°

95% C.L. upper limit on ¢ (pp — HH) normalized to Ot
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H—77: Categorization

Signal Region | Inclusive | TepTlep | TiepThad | ThadThad
ngh_pgr pﬂf > 30 GeV o TAE 140 (1}eV
. Ay >3 iy
M Tight mjj >400GeV | im0 > 800GeV | my; > 500 GeV Not VBF high-pr
- Mja iz < 0 pr > 100GeV | m;; > (1550 — 250 - An;;) GeV
Central leptons
Loose Otherwise
TT
se} s ohom T pT > 140 GeV
4% ngh Pr TTNOt VBF ARTT <15
Q pr > 100GeV
Q TT .
M Low-p Otherwise
Tlep";lep VBF Tleprlep boosted ATLAS Preliminary Thadhad VBF Tha_dthad VBF
Z— 1l CR Z— Il CR E=13 TeV, 36.1 fb—1 loose SR tlght SR
CdH—-r
M Z-1r
C1Zz—=1
[ Top
8 Other background
] Misidentified =
TiepTiep VBF Tiep Tiep DOOStEd TiepThad VBF Tiep Thaa POOSTEd ThadThag VBF
top CR top CR top CR top CR high-p™™ SR

¢

Tleprlep VBF
loose SR

boosted TiepThaa VBF TiepThag DOOStEd ThadThag POOStEd

TlepTIep
loose SR

TigpTiep VBF TigpTiep POOStEd TiopThaa VBF TiepThag POOStE ThagThag POOSTED
tight SR high-p® SR tight SR high-pr* SR high-p’” SR




H—71tt: Measurement Uncertainties

Source of uncertainty

Impact Ao /og_ r (%)

Observed Expected
Theoretical uncert. on signal +13.5/ —8.7 +11.9/ —7.7
Background statistics +11 / —10 +10.2/ —9.8
Jets and B 4115/ —9.3 +10.5/ —8.6
Background normalization  +6.8/ —4.8 +6.6/ —4.6
Misidentified 7 +4.5/ —4.2  +3.7/ —3.4
Theoretical uncert. on background  +4.6/ —3.6  +5.1/ —4.2
Hadronic taus  +4.7/ —3.0 +5.8/ —4.2
Flavour tagging +3.3/ —24 429/ —2.2
Luminosity +3.3/ —2.3 +3.1/ —2.2
Electrons and muons  +1.2/ —1.0 +4+1.1/ —0.9
Total systematic uncert. 424 /—20 +22 /—19
Data statistics +16 +15
Total 428 /—26 +27 /=25

20

QCD calc. of ggF, p? > 120 GeV
Jet energy resolution, comp. 0

Boosted Z — 77 NF

QCD calc. of ggF, p#’z 60 GeV
QCD calc. of ggF, 1—2 jet mig.
QCD calc. of ggF, top mass
E™* resolution, soft term
b-mistag rate, comp. 0

Jet energy scale, comp. 7

Parton shower modeling
in VBF production

ATLAS
Preliminary

{s=13 TeV, 36.1fb’
m, = 125 GeV

Impact= Ao, /o,

-0.1 -0.05 O

0.05 0.1 0.15

77,
7

\

%
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7
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A\

7
7

%
Y

7
4

Pull
Normalization

—
———

/////A +1o Impact
[ -1o Impact

1 05 0 05 1 15
Pull = (8-6,)/A6



H—bb: Selection Criteria

Selection 0-lepton 1-lepton 2-lepton
e sub-channel i sub-channel
Trigger Ep™ Single lepton Er™ Single lepton
Leptons 0 loose leptons 1 tight electron 1 tight muon 2 loose leptons with pp > 7 GeV
with pr > 7 GeV pr > 27 GeV pr > 25 GeV > 1 lepton with pp > 27 GeV
ET™ > 150 GeV > 30 GeV - -
Mgy — — 81 GeV < my, < 101 GeV
Jets Exactly 2 / Exactly 3 jets Exactly 2 / > 3 jets
Jet pr > 20 GeV for |n| < 2.5 and > 30 GeV for 2.5 < |n| < 4.5
b-jets Exactly 2 b-tagged jets

Leading b-tagged jet pr

> 45 GeV

Hr

> 120 (2 jets), >150 GeV (3 jets)

min[A¢(ER™, jets)] > 20° (2 jets), > 30° (3 jets) - -~
AG(ERSS bb) > 120° - -
Ad(by, by) < 140° - -
AG(EF™, Bt o) < 90° - -
Py regions > 150 GeV 75 GeV < pr < 150 GeV, > 150 GeV

Signal regions

My, = 75 GeV or my,, < 225 GeV

Same-flavour leptons
Opposite-sign charges (up sub-channel)

Control regions

my, < 75 GeV and my,, > 225 GeV

Different-flavour leptons
Opposite-sign charges

21



H—bb: BD'T Variables

Variable O-lepton 1-lepton 2-lepton
P = pmiss X X
Er}niss/ \/ST X X X
pi}l X X X
pf}? X X X
Mpp X X X
AR(gl, 52) X X X
AnGrB) | x
Ap(V, bd) X X X
An(V, bb)| X
Mefx X
min[Ag¢(¢, b)) X
me X
Myy X
Miop X
IAY (V,bb)| X

Only in 3-jet events
Pl X X X
Mpp X X X

22



H—bb: Measurement Uncertainties

: Au
Source of uncertainty g,
-0.1 -0.05 0 0.05 0.1
TOta’l 0‘259 |IIII|IIII|IIII|IIII|I
Statistical 0.161 i} '
Systematic 0.203 R  r m—
1 1 1 +jets m shape ] / :
];)tierlmental uncertainties s Ztjets m__shap E ] ////// ——
c S . Diboson m,, shape il—%—i i
Er™ 0.014 . ; Z ;
acceptance (PS/UE) o
Leptons 0.009 L : :
b—j e tS O . O 6 1 VH acceptance (QCD scales) i I—%:. E
b—tagglng C—jetS 0042 b-jet tagging efficiency 1 5_4%_| i
light jets 0.009 i m,, shape /. - :
extrapolation 0.008 QCD soale for ggzH . /
Pile-up 0.007 _ L
Luminosity 0.023 e ///f"’“/:/ 5
Theoretical and modelling uncertainties ietiagging effeeney Tl %,_'
Slgnal O ] 094 b-jet tagging efficiency 0 ; —%/— -
c-jet tagging efficiency 0 : ——.-%—.
Floating normalisations 0.035 VH 2-40-3 jots ace. (QCD) : R ’%/ ,
g/ ‘:_,].etf) 8828 b-jet tagging efficiency 2 ' ;/ //
ets . : oL
tz J 0 05 O Single top acceptance (Wt — oth) i ////
Slngle tOp quark 0.028 ATLAS Vs =13 TeV Pull: B - 6,)/A0
leOSOH 0054 79.8 fb! m +10 Postfit Impact on u
Multijet 0.005 Preliminary| m,z12s gev [ 1o Postit mpacton
III|IIII|IIII|IIII|IIII|IIII|IIII|IIII|
MC statistical 0.070 -5 -1 05 0 05 1 15 2
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Events / 5 GeV

Data-Bkg

VBF H—=bb

2400k —e— Data _;
2200;_ _S|gnaI+BaCkground F|t _; T T | T T | T T 1T 1 1T 1 1T 1 | 1T 1 | 1T 1 | T T T T
2000;_ ------ Non-resonant Background —; ATLAS Vs=13 TeV
1800 Z(— bb) + jets = .
1600 see Hebb (o= 8.050) 3 Total Stat.
1400 = (Tot.) (Stat., Syst.)
1000F T Photon| e’ H—e— 2575 (18 129)
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H—pp: More Details

Z control region | Z+ > 2 jets control region | VBF signal regions | ggF signal regions

Primary vertex
Two opposite-charge muons
Common Muon: |n| < 2.5, pr2? > 27GeV, p'*! > 15GeV
No b-tagged jets
ET"™ < 80GeV

Dimuon mass 76 <m,, <106 GeV 110 < m,, < 160GeV
B > 2 jets, each with pp > 25GeV and |n| < 2.5 : :
Jets or with pp > 30 GeV and 2.5 < |n| < 4.5 fail VBE selection

Expected significance Observed significance

Central low p4 0.10 —0.49
Non-central low p4 0.03 0.44
Central medium pi” 0.31 1.55
Non-central medium p4" 0.30 —1.16
Central high p7" 0.38 0.48
Non-central high p4 0.43 0.15
VBEF Loose 0.24 —0.88
VBF Tight 0.42 ~0.26
Combined 0.88 0.04

Ps(mﬂﬂ) — fCB X CB(m,uya mcp, 0CB, @, n) + (1 _ fCB) X G§ (m,uﬂ’ mgGs, O-gS)

Pg(myuy) = f X [BW(mpw, Tsw) ® GS(0gs)(myy) + (1= f) X e ™ [m>,
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ATLAS ttH Searches
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