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The fundamental building blocks of matter

@ SM: Successful description of elementary
particles and interactions

@ LHC experiments discovered a new
Higgs-like boson (mpy=125GeV)

o Candidate to close the long-standing
puzzle of how elementary particles acquire
mass in the SM

@ But does it behave like the SM Higgs?

Leptons )

@ Higgs boson: production and decay rates consistent with SM expectations
@ Broad programme to measure properties

o Confirm yet-unobserved processes
e Search for deviations from SM expectation
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The top quark and the Higgs boson

In the SM, elementary particles acquire mass via their interaction with the
Higgs field

. . : f
@ Higgs coupling to the fermions s
(Yukawa coupling): proportional to -—-
fermion mass H :
@ Top quark: most massive known '
particle — most strongly-coupled SM I LIiPTi)N:» _—
fermion (y; ~1) P M0 P
— Essential to study Higgs properties, - 2 @
. lectron luon
measure the coupling m,=0511x10% | m,=0.106 ) .
QUAg(S ) Top
. ° m, =173 GeV
@ Several open questions o | o
o Is the mass of the top quark generated MT24XI0T|merar
by the Higgs mechanism? g L

. . Down Strange
@ Role in electroweak symmetry breaking?  m -agx10°| m-0304 | m =45
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Top-Higgs coupling: the hunt for ttH

Best direct probe of the top-Higgs Yukawa coupling, vital step
towards verifying the SM nature of the Higgs boson

@ Direct measurement of y; in ttH
production:
@ gluon-gluon fusion: assumes no BSM coupling
@ Allows probing new physics in gg—H and H— ~~

effective vertices

@ y; in tH production: access to sign of the
coupling
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Standard Model and beyond

Where to look for it? The Large Hadron Collider

The LHC.atCERN <=

@ proton-proton collision energies (1/s)

@ Run-1: 7 & 8 TeV, 25 fb~1- stat. limited
@ Run-2: 13 TeV, already ~100 fb—!

Expected 75,000 ttH events at the end of
this year

This presentation focuses on results with 13 TeV data (up to 80 fb—1)
+ combination
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ttH production

on ~0.5 pb at /s=13TeV (my=125GeV)

— Only 1% of

total nggs 310% M(H)= 125 GeV ;
cross section g | R |
— Larger increase X : i ggH (87.4%)
. N T 10} : ) | gluon fusion
in signal than Wi ' : omom |24
backgrounds wz g : 2.1x
. -
from 8 to VBF (7.1%) o~
13 TeV vector boson fusion hidh 9:/): n
— By this year up -
to 6 times .
more data EP i  PROR TOU TOT TOPR Ty ,< Only ggH and VBF
ttH (0.6%) 6 7 8 9 10 11 12 13 14 15  production modes
Runl ———> RunlI's [TeV] have been observed!
7/8 TeV 13TeV
(2011/2012) (>2015)

o ttH decay yields (very) complex final states, with many objects
o Crucial to understand the backgrounds (eg. oy ~830 pb @13 TeV)
o Large irreducible backgrounds: tt+X

(X = bb, W, Z)
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Top quark x Higgs decay channels

@ Exploiting all tt decay channels and Higgs decays to
e bottom quarks — Large BR, large background contributions
o W, Z bosons, taus — smaller production rate, lower backgrounds
e photons — clean final state, very small rate

In the SM t — Wb almost 100%, W decay defines final state

je jet
\ viet| TOp Pair Decay Channels
biet = &
je et o e
all hadronic S o 2
el g
AEE
e
3|53
- |ele|= t
S| £ 1o
X |
ES
. 2 ad
‘e at tau+jets H < Y
Y 5 35 muon+jets & 10 :
\\ g MET ' electron+jets
bjet—> = _ ‘
=/ ‘i@* e'fu'|t ud c§ o 0 0 N
/ N S W0 70 o 80 180 20 " Wiz
;'"n »r' Higgs mass (GeV) - {
ileptons
wiz
t
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Complex final states

@ Complex final states, with many objects: leptons, jets, taus
@ Large combinatorics of leptons and jets from top quark decays

Jet 0

et=321.52
eta=0.376
phi=2623

Jet 5 (btagged)
et = 38.62
eta =-0.470
phi = 3.069

Jet 1 (btagged)
et = 245.54
eta =-0.136
phi = 0.389

Jet 2 (btagged)

et=170.18
eta=-0.104
phi =-0.341

Jet 3 (btagged)

et = 167.53
eta = -1.205
phi =-1.791 T
pt=27.93
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Challenging backgrounds

September 2017 CMS Preliminary

ey i @ 7 TeV CMS measurement (L < 5.0 fb")
= 10° 3 fi 8 TeV CMS measurement (L < 19.6 f57) E
o d B 13 TeV CMS measurement (L < 35.9 1) E
- 5 Theory prediction ]
5 102 3 i L ZZ CMS 95%CLlimits at 7, 8 and 13 TeV 5
© i b
% 5 1
o 10F : E
w s 1
o e ]

o [
O 4 . E
c 3 e E
o 000000000 1
[P P )
g 107 . : - ) E
o e bl . 1
a 102 N J i
- tt: O(800) pb ! g
s . u Bl
102k ttbb: O(15) pb ]
- (W, ttZ: O(1.5) pb |
L T TR 3 4 Lo WL, T oty T 12 W oz T oaH T mt

All results at: hitp:icem.chigo/phj7

+ diboson production (WW, ZZ), QCD multijets...
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Standard Model and beyond

Sophisticated analysis strategies

o tt like selections with additional searches for Higgs decay products

o Event categorization based on top quark (W boson) and Higgs decay
modes

o Multivariate analysis (MVA) techniques, eg. boosted decision trees
(BDT) or deep neural networks (DNN), Matrix-Element-Methods (MEM)
used to extract signal, boosted-object reconstruction

@ Profile likelihood fits across all categories to extract the signal

i lllustration only

3 4
Number of light leptons

)

Il Background
W Signal

Number of Thaa
# Events

1 2
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Standard Model and beyond
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ttH(bb) Production

o Large B(H — bb), access coupling 3rd
generation quarks
@ Challenging final state
e Huge combinatorics in event
reconstruction
o Poor H — bb mass resolution
o Large tt + bb background of
O(10)pb with associated large
theory uncertainties: from

. . g b ¢
simulation -
b
@ Search channels
o Leptonic tt: higher purity
g i

o Fully-hadronic tt: higher rate
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tfH(bb) Leptonic arXiv:1804.03682, PhysRevD.97.072016

@ Events with exactly 1 (2) leptons (e, u)

@ At least 3 (4) jets, with at least 1 (3)
b-tagged

@ Create categories enriched in signal and

background events

@ Exploiting MEM and MVA and boosted
topologies to discriminate signal from
background
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ttH(bb) Leptonic: dilepton tt channel (CMS)

@ Events categorised by number CMS

of jets and b-tagged jets

. . 10°
=4, 3b =4j, >4b
‘ IEN

35.9 fb (13 TeV)

DL (24 jets, 3 b tags) e Data [signal
Post-fit [+t Wi+
i+ M ti+2b

[l ti+bb [ single t

M V+ets  [Jt+v

[ Diboson  [N] Uncertainty

Events / 0.13

Split at BDT

: median
: : 3
\ \ a
- E
o} E 3
T O0S5E =
. [a] Bl b b b b b b Loy LA
1 +2 categories -1 8 .6 4 2 0 02 04 06 08

BDT discriminant

@ > 4j, 3b: BDT separating signal and inclusive tt + jets background as
final discriminant
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ttH(bb) Leptonic: dilepton tt channel (CMS)

@ Events categorised by number CMS 35.9 b (13 TeV)
. . f\! 70iTTwTHT“HT“HT“TH“TTWHTWTHWTHT“H‘L
of jets and b-tagged jets S E OLedes 24009 @ pan [Degral
BDT-high _ n
Q Wi+ W2
w 50

W ti+bb M single t
[tisv Uncertainty

=4j, 30 [l >4j, 4b 40

30

20

' Splitat BDT 10

: median

: ] B ist E
- Il L ]
- 15 " E
5 S D AN
g OS5 =
: [a] Bl b b b b b b b 1 3
1 42 categories 0O 01 02 03 04 05 06 A 08 09 1

@ > 4j, > 4b: low/high BDT sub-categories + MEM separating against
tt + bb background as final discriminant
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ttH(bb) Leptonic: lepton+jets tt channel (CMS)

@ Search in single-lepton tt channel
@ Deep Neural Network per jet category & most probable process:

multi-classification as signal or any of 5 tt + jets bkgs. (tt + bb, tt + 2b,

tt + b, tt + cc, tt + LF)

o Output of categorization yields powerful discriminators
— One for each process vs all other processes

Categorization

Events

g
"z

C. Diez Pardos
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Fit to
data
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ttH(bb)

ttH(bb) Leptonic: lepton+jets tt channel (CMS)

@ Events categorised by number CMS 35.9 b} (13 Tev)
of jets: 4,5, > 6 \ \ \ \ T BRE

SL (=6 jets, 23 btags) e Data [signal
{tH node [ ti+If Wti+cT
4j, 23b 5j, 23b 26j, 23b

Events / Bin

[ Diboson  [N] Uncertainty

I i+bb [ single t
Ev+ets  []t+v
' 10

Categorize by most probable process
ttH, tt+bb/b/2b/cc/If )

A

4j, 23b, 5j, 23b, 26j, 23b,
ttH ttH tH

3 x 6 categories

I
LININIK } &x++ L l
! r

15

0.5

Data / Pred.
=

DNN discriminant

o Final discriminant: DNN output of chosen process node
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ttH(bb) Leptonic: analysis strategy (ATLAS)

@ Events categorised by number of leptons, jets, and b- tagglng discriminant

< T T T < T T T
2 ATLAS | @ Data -tlH Dn+ light S 10°F ATLAS Da(a [t + light
2 10'F {5=13TeV, 36.1 fb* D|i+ 21c  [t+21b @+v 2 Fis=13Tev, 361" Dn +21c  [@tf+21b mi+v

5 Dilepton [CINon-tt “// Total unc. e ttH % 10"F single Lepton [CINon-tt ”// Total unc. —oeftH

Pre-Fit

Pre-Fit

< 3
9 125 , B
L 55555555 S
Soms % 74 ]
8 os 8 os
: C Cr St SR SR Cr C Cr S St o Cr Cx S SRzt SR
f?;:/% Cf?;(% '?ff;’,% Rig, SR R39 R R, R R, RY R SQ%,SGR;% R i, CRig, SRiv SRz SRy
(1%, 20) jet  Dilepton, 3 j (1%, 2%) jet  Dilepton, > 4 j
b-tagging b-tagging
discriminant discriminant
(.3 3 CRiyte
(4.3) (4,3)
(5.3) (5.3)
(8.4) CRistgn (4.4) \ Rizsigh
(5.4) (5.4) SRy
(5.5) | CRizip (5.5) SRy SRy
5 4 3 2 1 (5.5 (5.4) (5.3) (5.2) (4.4) (4.3 (.2 3.3 3.2 2.2 5.1 @1 B.) @) (LY (4% jer
b-tagging
discriminant

.SRs Dﬁ+light Dﬁ+z1c .ﬁ+=1b
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ttH(bb) Leptonic: analysis strategy (ATLAS)

@ 10 control regions to constrain different

5 ; P
. H H H H v eData  mtiH
backgrounds: Ht distribution or yields 8 s TS v seim S B e
n " . . . = Singl + 2] = *
e 9 signal regions: BDT as final discriminant, 5, % =" ENon-t 77 Total unc.
. . o =
with inputs g P
3000
2000
1000
0 s,
B o1
[
g 0.75

0.}
§OD 300 400 500 600 700 800 900 1000
Hr [GeV]
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ttH(bb)

ttH(bb) Leptonic: analysis strategy (ATLAS)

10 control regions to constrain different
backgrounds: Hy distribution or yields

9 signal regions: BDT as final discriminant,

with inputs
MEM

Likelihood discriminant: ttH against tt + bb

Event reconstruction tech

niques: BDT to

reconstruct ttH system, Boosted-object techniques

S

350 = -1 tt + ligl it + 21c
g f I13Tev, searor  DRTIN ORIS
2 300} Sigle Lepton ONontf 7/ Total unc.
S SR - ttH (norm)
T oo} POStFit - Pre-Fit Bkgd.

200|

150

100 Y

e —n
.0 I T
]
o 125 - Y
R e
g o : 1
o 05
0 50 100 150 200 250 300 350

C. Diez Pardos

Miiggs candidate [GeI5.06.2018

Events / bin

Data / Pred.

T
ATLAS
Vs=13TeV,36.11b"
400F Single Lepton

0.75

-\iH '
Ot + 21c
mtt+Vv

72 Total unc.

) Dﬁ‘\la

Ot + light
mtt + 21b
[CINon-tt

-~ ttH (norm)

0.5

-1 -0.8 -06 -04 -0.2

02 04 06 08
Classification BDT output

1
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ttH(bb) Leptonic: Results

35.9 fb* (13 TeV)
= e L L B L B BRI O N 107 BT g
o E CMS e Data ] S E ATLAS -4 Data E
o 10 7gaCkg|r§)undo 72)*; £ pLfE=13Tev 36110 Wi @ =08s) |
c F ignal (u=0.72) ] 5] E N z =
[ r —SM(u=1) 1 ] E tH (ugs%exc\ 2.0) 3
LI>J E 3 . [CBackground E
107 7/, Bkgd. Unc. =
= -+~ Bkgd. (u=0) ]
10°=
: 10°
3 F tiH (bb) Combined
T S T N RN 10? e-Dilepton and Single Lepton
. i e A B E
o E Post-fit
om - Il Il Il Il Il Il
o 4AF =
= v SN 25 :t;
h—1 -] ) : | P - 3
< 1 s|B oY AT 0
a A B R B B 8l 7777 ke E
-25 -2.0 -15 -1.0 -0.5 426 24 22 -2 -18 -16 -14 -12 -1 08

. log_(S/B)
Pre-fit expected IoglO(S/B) ’°

, 0.64
Best-fit = 0.847027,

fit 1, — 0701045
Best-fit 1 = 0.72_0.4s, at 1.4 (1.6) o obs. (exp.) significance

at 1.6 (2.2) o obs. (exp.) significance
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ttH(bb) Leptonic: Results

35.9 fb* (13 TeV)
T T

T T T ‘ T T T ‘ T T ‘ T T
CMS
W tot o stat syst ATLAS {s=13TeV, 36.1 b
T T T T T T
ot m, = 125 GeV
i +0.52 +0.27 +0.44 stat.
Single-lepton e 0.84 0% 00T s tot (stat syst)
Dilepton _0.04 *102 (4054 087
(two-1 combined fit) — o — 205 (T2 001
f +1.21 +0.63 +1.04 Single Lepton +0.65 ( +0.31 +0.57
—_— -
Dilepton 0.24 7> 060 -0.95 (two-p co?‘nbine% fit o 095 6 (531 oss
+0.64 (+0.29 +0.57
Combined —-e— 0.84 <O.61(—0.29 -0.54
A +0.45 +0.24 +0.38 1 1 1 1 1 1 L 1
Combined e 0.72 08 054 038 -1 o0 1 2 3 4 5 6
Best fit p = o™/oft!
L L L ‘ L L ‘ L L L ‘ L L L
-2 0 2 4 6

Best fit u = o/o_ at m, =125 GeV
SM
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ttH(bb) Leptonic: Results

35.9 fb* (13 TeV)
T T T ‘ T T T ‘ T T T ‘ T T T
CMS
W tot o stat syst ATLAS {s=13TeV, 36.1 b
T T T T T T
ot m, = 125 GeV
i 0.52 +0.27 +0.44 stat.
Single-lepton e 0.84 0% 00T s tot (stat syst)
Dilepton _0.04 *102 (4054 087
(two-1 combined fit) —e — 05 (X2 -001)
i +1.21 +0.63 +1.04 Single Lepton +0.65 ( +0.31 +0.57
—_— -
Dllepton 024 -1.12 -0.60 -0.95 (TWO-H co?‘nbine% fll) o 095 -0.62 ( -0.31 —0.54)
+0.64 (+0.29 +0.57
Combined e 0.84 -0.61 ( -0.29 —0.54)
A +0.45 +0.24 +0.38 1 1 1 1 1 L L 1
Combined e 0.72 08 054 038 -1 o0 1 2 3 4 5 6
Best fit p = o™/oft!
L L L ‘ L L ‘ L L L ‘ L L L
-2 0 2 4 6

Best fit u = o/o_ at m, =125 GeV
SM

@ Uncertainty on tt + heavy flavour largest impact
@ Statistical uncertainty of MC

@ Experimentally limited by b-tagging uncertainties
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ttH(bb)

ttH(bb) Hadronic arXiv:1803.06986

o Challenge:

o Large backgrounds from QCD multijets,
tt + jets, and the irreducible tt + bb

@ Larger signal contribution
@ Possibility to fully reconstruct the event

CMS supplementary

7 jets, 3 b tags 8 jets, 3 b tags 29 jets, 3 b tags
S/B=0.0023, SNB = 0.5878 S/B=0.0033, SNB = 0.7048 S/B=0.0049, SNB =0.7874
I Multijet
[ tE+Hf
W tt+cT
T+
7 jets, 24 b tags 8jets, 24 b tags 29jets, 24 b tags .lE b
1B =0.0077, SNB = 0.5227 S8 =0.0095, SIVB = 0.6890 sie=00143, sNE=0844 [ tT+2b
W ti+bb
WH (u=1)
Other Bkg
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http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-17-022/index.html

ttH(bb) Hadronic: Analysis strategy

@ > 7 jets, > 3 b-tagged jets,
Ht > 500 GeV, no leptons

@ Events categorised by number
of jets and b-tagged jets

@ Dominant background:

@ A quark-gluon discriminant is used
to differentiate quarks jets from
gluon jets

o Shape from low b-tag
multiplicity control region in
data

o Rate from final fit to data

C. Diez Pardos 05.06.2018

35.9 fb? (13 TeV)
T T T T T T
R Total unc M tt+b Ott+v
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<
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0

03 040506 07 08
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ttH(bb) Hadronic: Analysis strategy

o Final discriminant: MEM
@ Constructed from LO matrix elements for the ttH signal and tt 4 bb backgrounds

@ Also performs well against the tt + LF jets and QCD multijets backgrounds

35.9 fo (13 TeV) 35.9 fb? (13 TeV)
ﬂ 107 @S (\‘ T T T T T 52 107 R%S( T ) T T T T T
= tat Sys unc = at (] sys unc
5 [ Multjet [ Other t CMS S I Multjet ] Other t CMS
— 10° mtiHf [ Electroweak — 10° e [CJElectroweak
<} Wti+cc  EtH ([=0.9) o Wt+cc  EtH ([i=0.9)
7 10° Wti+bb  —tiH x 500 ) - 10° Wb —fHx 500
2 ¢+ Data 8 jets, 4 b tags b ¢ Data 29 jets, 24 b tags
g e
w w

. L L L L L L L L L .8 I | I I I I I I I
.0 01 02 03 04 05 06 07 08 09 1.0 00 01 02 03 04 05 06 07 08 09 1.0
MEM discriminant MEM discriminant
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ttH(bb) Hadronic: Results

35.9 fb™ (13 TeV)
e

c S —
2 105; CMmS B Background unc ,; 35.9 fb™ (13 TeV)
‘g E [ Total background 3 CMS M tot (stat syst)
& 107k M=y JE 7.3 L6 25 (%) %

E ¢ Data g 8j, 3b —_— 1.2 '99 (22 w4 -

10 g 29,30 35 %3 (3 2|8

i 7 24b e 54 (0 9D)|3
10°F 824 e 02 % (1
E 29j, 24 . 04 (i
102;7 I I | 3b cats - o Y A Gy
QD F T T 4b cats - 15 1o (e 0%)
§ 10 Combined e 09 12 (47 1)
- R BRI T T e

15
log, (S/B) Best fit {1 = a/g,, at m, = 125 GeV

Best-fit = 0.9733, upper 95% C.L. limit 3.8 (3.1) obs. (exp.) x SM J
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ttH(bb) Hadronic: Results

35.9 fb™ (13 TeV)
e

Events / bin

Data/Bkg

[ L
108 ; CMS B Background unc ,;
E |:| Total background 3
gl Il H (n=1) 7, 3b
10° & .
g + Dam 8j, 3b
10°E 29, 3b
E 3 7j,24b
10°E 4 8j, 24b
E 3 >9j,24b
0% ‘ ‘ ‘ o 3bcats
T T T T T T 4b cats
10 Combined
09 « v v ‘
-3.0 25 2.0

15
log, (S/B)

35.9 fb™ (13 TeV)

CMS B tot (stat syst)
16 5% (57 3%
e 12 30 (30 5
e -85 53 (50 %o
= 54 50 (00 4
o -02 55 (43 52
. 04 55 (45 43
A SL7 55 (S
.- 15 48 (o5 42)
“T"H“O?f};fg;‘fig‘
-10 -5 0 5 10 15 20 25 30

Best fit {1 = a/g,, at m, = 125 GeV

Best-fit = 0.9733, upper 95% C.L. limit 3.8 (3.1) obs. (exp.) x SM

98690°€08T

)

@ Major systematic uncertainties: Multijet estimation, tt + HF prediction,

b-tagging and JES etc.
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ttH — 77, ttH — ZZ*, ttH — WW*
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ttH multilepton

ttH multilepton arXiv:1803.05485, PRD 97 (2018) 072003

o Multilepton final states: Higgs decay to WTW~, ZZ, and 77
@ Events categorized based on number of leptons and 75, candidates
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ttH multilepton

ttH multilepton: analysis strategy

ATLAS: also 2 leptons OS + 1 7
o Additional requirements on jets and b-tagged jets
@ Major backgrounds

o Irreducible: tt + V and diboson, predicted from simulation and control
regions

o Reducible: non-prompt leptons in tt + jets events, estimated from data

o Large tt + fake 7, for 1 lepton + 2 74

e BDT and MEM discriminants to separate signal from backgrounds
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ttH multilepton: analysis strategy (CMS)

@ Event categorization in lepton flavor, and b-jet multiplicity
@ Discriminating variables

o MEM against ttZ (2 leptons same-sign + 1 75)

e Yield in 4-leptons (low stats.)

CMS 35.9 b (13 TeV) CMS 35.9 fb™ (13 TeV)
.,UE) 9 ¢ Observed [JRare + tH g E ¢ Observed mwz+2zz
E BmtH ((=1.23) [ Conversions 8F e [IRare +tH
g 8E- mitiz SYMisid. leptons | 2 £ Wi Q=123 Uncertainty
L E  mmtw +tww [ IFlips L 76 Otz al
7? EWZ + 22 Uncertainty 6;
6— 2lss+1r, E
E no-missing-jet 5
5 E
45 4
3 3
2E 2
1=
O OT\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\
8 E 5 £
8|5 E 3ls E
g > 5 o5t \
Slg  OF g8 of
Jle E dlg CE ?
| -0.5F « |5 —0.5F
8 E | | | | s E. 1 | | | |
0 0.2 0.4 0.6 0.8 1 0.6 0.8 1 1.2 1.4
Discriminant Selected Events
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ttH multilepton: analysis strategy (CMS)

@ Event categorization in lepton flavor, and b-jet multiplicity

@ Discriminating variables
o MEM against ttZ (2 leptons same-sign + 1 75)
o Yield in 4-leptons (low stats.)
o BDTs against tt + jets (1142 74) and tt + jets + tt + V (2 leptons
same-sign, 3 leptons has MEM as input)

CMS 359fb™ (13 Tev) CMS 35.9 fb (13 TeV) CMS 35.9 b (13 TeV)
2] & Observed iz a ¢ Observed [IRare + tH a E ¢ Observed CRare + tH
5 10°L i (=123) [ W + Eww 5 80E- EIMH (i=1.23) [ Conversions 5 70F- HtH (=1.23) [ Conversions
> Misid. lentons @wz+2z > @iz Misid. leptons | > E @iz Misid. leptons
o N\ Misid. lep! [JRare + tH W 70F mmiw +iww [JFlips W goE mmtw +aww Uncertainty
, Uncertainty ob. EWZ+2Z Uncertainty E mwz+zz al
10 2t 2lss 50
50 en E
40
10 =

5

g E

g " » 4 4

& * * 4 ] ! (] ¢ ¥

P E

8 L L L L L L L L
05 0 05 1 2 4 6 8 1 2 3 4 5

Discriminant Discriminant Discriminant
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ttH multilepton: analysis strategy (ATLAS)

@ MVA discriminant trained against main backgrounds

2ISS: ttH vs tt + jets and ttH vs tt + V

3l: 5-dimensional multinomial BDT: ttH, ttW, ttZ, tt + jets, VV
7 channels: ttH vs tt + jets

4l: ttZ
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ttH multilepton: analysis strategy (ATLAS)

@ MVA discriminant trained against main backgrounds
o 2ISS: ttH vs tt + jets and ttH vs tt + V
o 3l: 5-dimensional multinomial BDT: ttH, ttW, ttZ, tt + jets, VV
o 7 channels: ttH vs tt + jets
o 4l: ttZ
@ Discriminating variables: BDT in all regions, except 4 leptons and 3
leptons + 1 74

= W T T T T T T £ T T T T T E) 3 £ -
2 10F amas obaa W 2 ATLAS & Data = 1§ O amas eoaa Wi

E 7 7 > i i 12 >
H F 5=13Tev,36.1 o' O0IW Oz 2 Vs =13 TeV, 36.1 vb‘EDmmn Emher @ LE fe=13Tev, 361 [ynlize [Eoiboson
2 [ arss [Moiboson  @Nor-prompt ] 2 2008 +1%ag WFake 7,,, 7 Uncertainty 7| 4¢ Z-enriched  [ENon-prompt{T]Other

4| Post-Fit Mamisid  [JOther 10° k- Post-Fit --- Pre-Fit Bkgd. - Post-Fit 7 Uncertainty -~ Pre-Fit Bkgd.
0 77 Uncertainty -~ Pre-Fit Bkgd. E| 6
£ 9 5

) T A P
< 5 s
B 12 B 12 ‘ 8 s
L «/»//w//,‘ww//wfmdw/mA,W/,;;///// Y 4 ? Iy L 7
g om 4 2 o [ 5 05 {
S os S s .

17208 06 04 02 0 02 04 06 08 1 17208 06 04 02 0 02 04 06 08 1

BOT output BDT output
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ttH multilepton results

< T T T T T
m cms : 35.§fb"(13 Tev) 8 [ ATLAS ¢ Data ]
T 7 2 L (s=13TeV,36.1 1" WtH (4 =16) |

s L DU, E g ) ttH (u=1)
I + 4 q0° | Post-Fit [JBackground —|
100 - E 2/,Bkgd. Unc. 3
5 B F Bkgd. (u=0)
L ] L -~ Pre-Fit Bkgd. ]
L ¢ Data 102 —
M i+ (i=1.23) E - 3
10 [J Background F t ]
F Background uncertainty L + ]

r N 10
s 4 ! V) T T S SRR T S M
9| e = Bl L T i
s oF B|g 15 —tH (1, ~1.6) + E
£ OF @2 oL - tiH u=1) 1
ol o ©[® 5p - Bkgd. (u=0) 7
E = 3 2 -1 0 Si@ ok s 1
09,58 25 2 45 T 05 0

log, (S/B)

Best-fit 1 = 1.2370%3, at 3.2 (2.8) o

Best-fit = 1.6705, at 4.1 (2.8
obs. (exp.) significance esEt S04 @ (28) o

obs. (exp.) significance
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ttH multilepton results

Combined

1+ 2t
p=-152
2lss

n= 1":-'141.51
2lss + I,
n= 0.94 +0.80
3l
n=0.82
3l + 1,
n=134
4
n=0.57

+1.76

1058 |

071

157

472 [

067 |

w17 [

+2.29

+142 |
107 [

CcMS 35.9 fb (13 TeV)
_ +0.45 +0.26, +0.37
L p=123 043 [ 005 (Stat.) 035 (syst.)}
[ ]
L T
Tw\uu\uu\uu\wu P I
-3 - -1 1 2 3

C. Diez Pardos

Best fit p(ttH)
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ttH multilepton results

CMS

35.9 fb (13 TeV)

- +0.45
n=123

Combined

1+ 2t
p=-152
2lss
h-1e19
2lss + I,
p=094"0%
3l

n=0.82
3l + 1,
n=134
4

+1.76
172

+0.77
071

+1.42
-1.07

[

0.06 0.37
“ozs(stat) fo,as (SYST-)}

+2.29
157

n=0.57

-3 -2 -1

1 2 3
Best fit p(ttH)

2£08 + 1Tjaq
14 + 2Thag

4¢

30 + 1Thag
2788 + 1Thag
37

2788
combined

ATLAS Vs=13TeV, 36.1fo"
—Tot. -+ Stat. Tot. (Stat., Syst.)
[ F— 17 %5 (8, 401

L -06 55 (%55, '13)
roed 05 05 (%53, 70%)
blea 16175 (13, %9)
voed 3517 (415,09

o 18753 (3. 58)

on 1.5 07 (54, %03)

hou 16 35 (33, 53)

2 0 2 6 8 10 12

Best-fit Mo for m =125 GeV

@ Limited by non-prompt lepton estimation and 7 identification, jet energy
scale and resolution, ttH and tt + V modelling

@ Several channels limited by statistics
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ATLAS tEH(ZZj< — 4/), 80 fb_l arXiv:1806.00425, sub. PLB

2 \
S ATLAS -
> . tH

wm12rH . zz - 4 Qg +bbH

13 TeV, 79.8 fb! veE

Hivity- 1 —115<m, <130 Gev - 77
@ Improved sensitivity: separate v, W
leptonic and hadronic categories 08 W% Oncorianty

with BDT (for hadronic)

@ No event was observed (0.45
expected) — Very statistically 0.4
limited!

@ 1.2 0 expected

Had 2 Had 1 Lep
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ttH(y)

ttH (’y’y) arXiv:1804.02610

@ Clear signature coming from the
photons

@ Higgs boson can be reconstructed
as a narrow peak

@ Backgrounds estimated from 7o0oCMS___ 35017(13TeV)
. . (=} r B
sideband regions s + Data sidebands
) _ ‘56000 —— Control sample
@ Dedicated ttH channel part of the & [ i+ simulation (m =125 GeV)
. 5000
global H — v analysis
4000

@ tt hadronic and leptonic channels

e Hadronic tt decay: MVA is used 3000,

for background rejection
2000

Signal extracted from fit to m,, 1000

-0.5 0 05 1
ttH Hadronic BDT score
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http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-16-040/index.html

CMS ttH(~7) results

CMS 35.9 o (13 TeV)
> R \‘l y T T T T T T
Q 14-H-
o E #,=125.4 Gev, fi=1.1g tH Hadronic
5 120 { Data
gk — s+Bfit
o FLL ) e B component
E Eltlo

o Statistically limited
@ Leading systematic uncertainties:

Photon shower shape and energy
scale

C. Diez Pardos

CMS 35.9 b (13 TeV)
3 R T T T T T
v [Hoyy ]
o [ M,=125.4 GeV, i=1.18 #H Leptonic 1
»  or § Data -
H [ — S+B it ]
@ L] | | B component ]
[ [ :lo ]
s O+20 !
4 3
2 E
. e
8E B component subtracted-:
6
; }
2
o "
-2
3 E
100 110 120 130 140 150 160 170 0
myy (GeV)
CMS 359" (13TeV)
T T T T T
Hoyy == combined 68% CL
L —m— Per process 68% CL
ggH 11022 me BoHy
w017
B ucumhm‘d = 118 014 1
VBF | 0857 my, profiled
ttH | 227 il—l—l
VH | 247 ]p—.—|
1 1 1 1 1
-2 0 2 4 6 8
05.06.2018 -
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ATLAS ttH(v7) results, 80 fb™! arxiv:1802.04146

@ Analysis strategy: categorisation in 3 leptonic and 4 hadronic categories
o Increased sensitivity (50% for the same luminosity) by analysis
improvements e.g: MVA utilizing v and jet kinematic properties

o
> e §100—ATLAS ¢+ Data 1
% BE 4+ oaa ATLAS E @ L (s=13Tev,79.81" - ]

E . _ -1 5 80— lon-ttH Higgs |
0 ggf e Continuum Background Vs=13TeV, 79.8 fb E £ R Cont. Bkg. ]
N £ - Total Background m, = 125.09 GeV ] C ]
& 25— Signal +Background  All categories - Had categories Lep categories |
jg, E In(1+S/B) weighted sum B H ]
] C 4 1
2 20f ] ]
S 4sf E 1
£ 15: | —
5 E El ]
9 10K E 3
5t : £ or HH (u=1.4) b
- @ — p=1.
E b ¢ ] 2 J_,—l—\qrh_, =
B | | | | B = ,_'_I—fi
110 120 130 140 150 160 0 b
m,, [GeV] Had4  Had3  Had2 Had 1 Lep3 Lep2 Lep1
Best-fit 1 = 1.3970%3, at 4.1 (3.7) o ob ignifi
est-fit ;1 = 1.3977%5, at 4. .7) o obs. (exp.) significance J
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ttH combination

CMS ttH combination Phys.Rev.Lett. 120 (2018) 231801

cMs V5=7TeV,5.0-5.1 fb'"; {5 = 8 TeV, 10.3-19.7 fb*

Contributing analyses

wh
o All of the presented ttH analyses L _J:.—
with 2016 data . -
o 7 TeV (up to 5.1 fb~1) + 8 TeV aL ——
(up to 19.7 fb~1): al .
Dedicated analyses targeting the Same-Sign 21| —.—
bb and multilepton final states Combination —-—

T P A S I S P
Best fit o/0g,, at m, = 125.6 GeV

The ttH categories of the H— v
analysis

Correlations between Run-1 and Run-2 analyses

@ Inclusive signal theory and some background theory uncertainties
correlated

@ Experimental uncertainties largely uncorrelated
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CMS ttH combination

5.1fb™ (7 Tev) + 19.7 fb™ (8 TeV) + 35.9 fb™ (13 TeV)

@ Observed
m— +10 (stat [J Syst)
m— +10 (Syst)
—— +20 (stat O syst)

u*# H

CMS
@ H— vy and H — ZZ channels EHOWS) i
still limited by statistics . P
ttH(ZZ9
@ Other channels dominated by T
systematics o |
@ Signal theory mainly from AR -
inclusive ttH prediction (o)
@ Background theory mainly from 748 Tev
tt + HF prediction in ttH(bb) -
13 TeV
o Experimental: lepton efficiencies,
lepton mis-id, b-tagging and MC Combined ‘
stats all important 10
0.31 0.16 0.17 0.14
pen = 1.2675 5 = 1.26 70 1g(stat) g ig (expt) o1

(Th. bke) “G7(Th. sig) |
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CMS ttH combination

H — vy and H — ZZ channels

still limited by statistics

@ Other channels dominated by

systematics

@ Signal theory mainly from

inclusive ttH prediction

@ Background theory mainly from
tt + HF prediction in ttH(bb)

o Experimental: lepton efficiencies,

lepton mis-id, b-tagging and MC

stats all important

e = 1.26793¢

Uncertainty source Ap

Signal theory +0.15 —0.07
Inclusive ttH normalisation (cross section and BR)  +0.15 —0.07
ttH acceptance (scale, pdf, PS and UE) +0.004 —0.004
Other Higgs boson production modes +0.002  —0.003

Background theory +0.14 —0.13
tt + bb/cc prediction +0.13 —0.11
tt + V(V) prediction +0.06 —0.06
Other background uncertainties +0.03 —0.03

Experimental +0.17 —0.15
Lepton (inc. 7,) trigger, ID and iso. efficiency +0.08 -0.06
Misidentified lepton prediction +0.06  —0.06
b-Tagging efficiency +0.05 —0.04
Jet and T, energy scale and resolution +0.04 —0.04
Luminosity +0.04 —0.03
Photon ID, scale and resolution +0.01 —0.01
Other experimental uncertainties +0.01 —0.01
Finite number of simulated events +0.08  —0.07

Statistical +0.16 —0.16

Total +0.31 —0.26

_ +0.16 +0.17 +0.14 +0.15 H
= 1.26T5¢(stat) [g 15 (expt) g 13(Th. bkg) g7 (Th. sig) J
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CMS ttH combination

Events

Obs. / BKkg.

@ First observation of the ttH production process (10 April 2018)

@ Observed significance is 5.20 (4.20 exp.) with respect to the pgy =0

hypothesis
5.1fh™ (7 TeV) + 19.7 fb? (8 TeV) + 35.9 fb™* (13 TeV)
s CMS ¢ Observed
10°F [ Background
Supplementary [ Uncertainty o
10° ttH (u=1.26)
ttH (u=1.00)
10%E 30
10°F 25
2 |
10 20
10
1 | | | | | )
25) * 1 ok
2.0F ki
1.5F . ww‘w \ 5
1.0 T T T 1 1
-30 -25 -20 -15 -1.0 -05 0.0 0
Iogm(S/B)
C. Diez Pardos 05.06.2018

1515\

5. l (7 Tev) +19. 7 (8 Tev) + 35. 9 fb? (13 TeV)
FAR

—_ Comblned
————— SM expected
— 13 TeV

40/43



ATLAS ttH combination arxiv:1806.00425

@ 79.8 fb—! ttH(77), ttH —4l results combined with 36.1 ~! ttH(bb),
multilepton, as well as with the Run-1 result

%1085“‘\““\““““““\““\““\““\“‘:
g 107 L ATLAS ¢ Data
g E Vs=13TeV, 36.1-79.8 fi* i+ (u=1.32)
W08 E fiH (u=1) Uncertainty source Aoyi /oin [%]
E Theory uncertainties (modelling 11.9
10° [eackgrouna tt + heavy ﬁavom( ) 9.9
10° £ ttH - 6.0
E Non-ttH Higgs boson production modes 1.5
10°E Other background processes 2.2
E Experimental uncertainties 9.3
10° E Fake leptons 5.2
10k Jets, Episs 4.9
E Electrons, photons 3.2
10 | | | | | | | i Luminosity 3.0
. PRI RIS PR ISR AR AU IV WU
=1 e 7-lepton 2.5
= Ar — Flavour tagging 1.8
g 27 MC statistical uncertainties 4.4
o 1
i AP A A WP S NP AR U B
-3 -25 -2 -15 -1 -05
Iogm(SlB)
0.28 0.18 0.21
peen = 1.327958 = 1.327¢ 15 (stat) g 7o (syst) J
C. Diez Pardos 05.06.2018 41/43


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2018-13

ATLAS ttH combination

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

Total Stat. Syst.
fiH (bb) ,_EI.| 079+ 3% (% 0% ,+0.53)
fiH (multilepton) He=— 156+ 00 (£ 0% .t 0%)
H (vy) bte——y 189+ 098 (£ 0% .+ 05)
ftH (22) | — <1.77 at 68% CL
Combined H==H 132+ 02 (£0.18,% %)
P I R R R I

-1 0 1 2 3 4

SM
GIIFI/GHH

@ Observation of ttH production with 5.8 o (4.9 o) sign. (Run-2) and 6.3 o
(5.1 o) sign. including Run-1 (4 June 2018)
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Observation of ttH production!

@ Results presented for ttH searches with 36-80 fb~! of pp collision
data @ 13 TeV (2016-17 data)
e Improvements in analysis techniques compared to Run 1 (e.g. DNN,
multivariate analysis ttH(y7), etc)
o Addition of new challenging final states: fully hadronic mode, final states
with hadronic decaying 7 leptons
o Several channels already systematic limited: Working on further
improvements
@ Combination resulted in the first observation of ttH production by CMS
just published in PRL, ATLAS just submitted results including more 13
TeV data to PLB with larger significance

@ New data being analyzed as we speak

o More statistics helpful for developing more sophisticated strategies
o Statistic limited channels will become more and more relevant

ATLAS: https://twiki.cern.ch/twiki/bin /view/AtlasPublic/HiggsPublicResults
CMS: http://cms-results.web.cern.ch /cms-results /public-results/publications/HIG /index.html
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Summary

BACKUP
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Summary

ttH combination + other Higgs measurements

|CMS-HIG-17-031 ]

Combination of ttH analyses, along with other Higgs measurements, for 13

TeV data
@ ttH +tH production cross section @ Top coupling modifier from
modifier from per-production k-framework fit with effective
mode fit (other production modes floating) |OOpS
CMS Preliminary ® Observed CMs P:9”m’"ﬂfy @ Observed
35.9 ib (13 TeV) - +10 (stat ®sys.) | 3597 (13 Tev) =10 interval
- +10 (SYS.) 20 interval
— —z20
g Ky = AK~15%
MnH m—— Ap ~30% P N PR TR TR TR R S
i 15 -1 05 0 05 1 15 2 25 3
TR FEEEE SRS FEREE RNTT PR N N Parameter value
0O 05 1 15 2 25 3 35 4
Parameter value Uncertainty
HH Best fit Stat. Syst.
1,09 +014 +0.08 +0.12
Best fit  Uncertainty “o4 00 0L
value Stat. Syst.
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http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-17-031

Summary

MEM

ttH(bb): Matrix Element Method

Events / bin

Data / Pred.

Taken from these slides by |. Connelly

P(x|H,a) dpa(y)dps()f(pa)f (ps

Normalisation

TeData | ghH

T+ light i + =1c
T+ 21b EE+V
[ONen-ti = Total une.
— {TH {nom)

. Pro-Fit Bkgd.

ATLAS Preliminary
400} /% = 13 TeV, 36.1 o' E

01 02 03 04 05 06 07 08 09
17(1 + axpl-MEM, -4))

C. Diez Pardos

rh : Transfer
Transition matrix Y R
functions volume

element element

(TF)

MEM linking a set of measured quantities (x, e.g.
b-jet energy) with a set of unobservable partonic
objects (y, e.g. b-quark energy) associated to a
hypothesised process

Test two hypotheses (H): ttH (signal) and tThb
(background)

Transfer function W(x|y): likelihood that partonic
configuration y is measured as x (from MC)
Discriminant defined as the difference between the
logarithms of the signal and background
likelihoods

05.06.2018
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« Signal extraction via Matrix Element Methods (MEM):
» Event-by-event discriminator build upon matrix elements, combined with
reconstruction-level information

Resolution
Numerical Momentum &
R " function
integrati conservation
G (allow ISR)

i Pic)"z(x'y)(ﬁr- i Px)

NG dvadxy, 8 1 %
wmy = 3 [ =2 [[] ( e )(21:)45('5-21 (pa o
i=1 =1 k=1 k=1

2xaXp$s (2m)32E,
X g(xa, 1F)9(xp, 1F) | M(Pa. Py, Py, -, Pg) |2 W(F, B)

Parton LO scattering Detector
density amplitude transfer
functions (Open Loops) function

» Construct per-event signal/background probabilities using full kinematic information
in an analytic approach

w(y|ttH)
w(F|{tH) + kg ; pW(F|{T+ bD)

Ps/b=

» t7+bb take as background hypothesis, permuting overall jet assignments
»  Works best for final states with multiple reconstructed jets
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Uncertainties ttH(bb)

ATLAS

Uncertainty source Ap
("t + >1b modeling +0.46 —0.46)
Background-model stat. unc. +0.29 —0.31 CMS
b-tagging efficiency and mis-tag rates +0.16 —0.16 Uncertainty source A (observed) A (expected)
Jet energy scale and resolution +0.14 —0.14 Total experimental +0.15/-016  +019/-017
¢ ing —0.05
LH modeling +0.22 -0.05 btagging 4011/-014  +0.12/-011
dt2le mOdchng +0.09  -0.11 jet 1 d luti +0.06/—0.07 +0.13/-0.11
nergy scale and resolution X X . .
JVT, pileup modeling +0.03  —0.05 S ¢
Other background modeling +0.08 Total theory +0.28/-029 +0.32/-029
tt + light modeling +0.06 [ tE+hf cross section and parton shower ~ +0.24/-028  +0.28/-0.28 ]
Luminasity Sl . 003 <002 Size of the simulated samples +014/-015  +0.16/-0.16
Light lepton (e, p) id., isolation, trigger +0.03 —0.04
Total systematic uncertainty 10.57  —0.54 Total systematic +0.38/-0.38 +0.45/-0.42
( T+ 21}7 hormalization 10.09 7010J Statistical +0.24/-0.24 +0.27/-027
it 4+ >1c normalization +0. =0, Total +0.45/ 045 +0.53/-0.49
T lizati 0.02 0.03
Intrinsic statistical uncertainty +0.21 —-0.20
Total statistical uncertainty +0.29 —0.29 (HIG-17-026)
Total uncertainty +0.64 —0.61
(PhysRevD.97.072016)
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ttH multilepton results

Uncertainty Source Ap
|t?H model]ing Cross section) +0.20  —0.09 |
Jet energy scale and resolution +0.18 —0.15
INon-prompt light-Iepton estimates +0.15  -0.13]
Jet flavour tagging and 7y,4 identification +0.11  —0.09
11W modelling +0.10  —-0.09
tiZ modelling +0.08 -0.07
Other background modelling +0.08 —0.07
Luminosity +0.08 -0.06
tiH modelling (acceptance) +0.08 —0.04
Fake Thaq estimates +0.07 -0.07
Other experimental uncertainties +0.05 -0.04
Simulation statistics +0.04 —-0.04
Charge misassignment +0.01 -0.01
Total systematic uncertainty +0.39 030

C. Diez Pardos

Source Unc. [%] Ap/p [%]
Lepton selection efficiency 2-4 11
T, selection efficiency 5 4.5
b tagging efficiency 2-15 6
Reducible background 10-40 11
Jet energy calibration 2-15 5
Th energy calibration 3 1
Theoretical sources ~10 12
Integrated luminosity 2.5 5
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Statistical methodology

o Results calculated using the profile likelihood (L) ratio, q

d = Set of POIs at some
fixed values to be tested

- . o .. Valuesof  that maximise the
6 = Nuisance parameters -

¥ likelihood given the fixed

A values of G being tested

L (52 9_,) (conditional estimate)
s 7 14
q(@) = —21n | 222 %) '
L 5 é’ Values of G and 6 that globally
(“/ ) ,. maximise the likelihood
" (unconditional estimate)

o Exploit the asymptotic limit:

- Test statistic q(d) is assumed to follow a x2 distribution with a degrees of freedom
- = To determine a confidence-level (CL) interval for a single parameter a, we only need

to find the values of a where q(d) = the x2 critical value for that CL, e.g.
- 1D 68% CL at gq(a) = 1.00
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Summary

ATLAS ttH(bb) selection

® p-tagging:
O Considering 4 working points: loose, medium, tight, very-tight

o Efficiency for b-jets: 85% — 60%
© Rejection factor for c-jets [light jets]: 3—35 [30—1500]
O p-tagging discriminant built as:
none loose  medium  tight  very-tight
Efficiency - 85% 7% 70% 60%
Discriminant value 1 2 3 4 5

Channel classification:

® Two separate channels depending on the number of light leptons ({=e, p): 1¢, 2¢
® 27 opposite-sign (OS) with pt > 27,15 GeV (veto mye ~ mz, and events with m.4)
© Require >3 jets and >2 medium b-tagged jets
® 17 with pt > 27 GeV (veto events with >2 Thad's)
© High-pt category:
e 'Boosted’ event: boosted Higgs and top candidates (large-R jets, reclustered
from R = 0.4 jets), plus a loose b-tagged jet
e Higgs boson candidate (pt > 200 GeV): two loose b-tagged jets
e Top candidate (pr > 250 GeV): one Joose b-tagged + >1 non-b-tagged jets
O If failing the 'boosted’ selection — ‘Resolved’ event:

e Require >5 jets and >2 very-tight b-tagged jets or >3 medium b-tagged jets
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