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Outline

e why t¢H? and how to look for it?
e overview of ttH searches, channel by channel
e combination of ttH searches

e quick look to the future

summary
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o The milestone of the LHC Run-1 & e E

140 —
. . 2016 + 2017 E
o discovery of a new boson with 120 =

100
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PAS-HIG-18-001

m ~ 125 GeV by ATLAS and CMS

60
o first discovered in bosonic decay
modes: H — ~yvy, H — ZZ* — 4/ .

80 100 200 300 400 500 700 960
m, (GeV)

e thus far consistent with SM Higgs

b,7,u
o key to the SM Higgs: /
o Hff Yukawa interaction leads to fermion masses
o yy coupling strength proportional to m \
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http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-18-001/index.html

Higgs coupling to the top quark

e Top quark: the elementary particle with the largest mass

o Top-Higgs Yukawa coupling: the largest, close to 1 (m; ~ v/v/2)

e Gluon Fusion (ggF) mechanism
. . o main Higgs production mode at the LHC
H o SM: largest contribution from top quark loop

o Higgs discovery at the LHC and
g t o(pp — H) so far consistent with SM
— indirect evidence of top-Higgs coupling

o new physics could also be “hiding” in the loop
— need to directly measure top-Higgs coupling
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Higgs coupling to the top quark

e Top quark: the elementary particle with the largest mass

o Top-Higgs Yukawa coupling: the largest, close to 1 (m; ~ v/+/2)

e (tH production
— direct measurement of top-Higgs coupling

o rare Higgs production mode at the LHC
o one of the challenges: it + X bkgs

OSM (\/g =13 TeV) [*]

[*] approx. values

t 831.8 pb
tt + bb 3.5pb
% 1.5 pb
ttH 0.5 pb
tH 0.07 pb
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ttH final states

“what to look for ...

e ttH searches — many different final states

o combination of all possible decay modes of a ¢/ pair and a Higgs

Top Pair Branching Fractions

"alljets™ 46%

THjets 15%

1%
+1
1141* 2%

e 2’\/31" u+jets 15%

Xy 1 o
W PR
. ¢ c+ets 15% .
"dileptons™” "lepton+jets™
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Decays of a 125 GeV Standard-Model Higgs boson

tau/anti-tau
6%

charm/anti-charm
3%

zz
3%

bottom/
anti-bottom
57% 2 photons,
Z+photon
0.2% each
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ATLAS and CMS ...and how to look for it”

e ttH searches — a testbed for general-purpose detectors at the LHC

o all physics objects enter the game: , e, p, 7, (b-)jets, MET

CMS DETECTOR o ok C M S
™ we s

nnnnnn
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Grouping ttH searches

e ttH multilepton:

o targets H - WW*,
H — ZZ*, H — 771~ decays

o events with > 3 charged leptons,
including hadronic  decays

o keys: lepton identification,
control over fake-lepton bkgs

e ttH with /7 — 1 decays:

o 0,1 or2leptons
+ many jets, with up to 4 b-tags

o keys: jet b-tagging, separation of
ttH (bb) signal from ¢ + bb bkg

e ttH with /7 — ~~and /7 — 4/ decays:
o high purity, but lowest signal yields

DESY HEP Students Seminar | t¢tH measurements at the LHC 7137



ttH — multilepton

ATLAS : HIGG-2017-02
CMS : HIG-18-019
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2017-02/
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-18-019/index.html

tt H multilepton

e targets H - WW* ZZ* rr decays
lepton channels: (with > 2 jets and > 1/2 b-tags)

[slightly different categs for ATLAS and CMS (2(0S+17, 2¢ + 27) |

Number of Thaa
N

4
Number of light leptons

1 2 3

Main backgrounds:
o tt+ V and VV: shape from MC, normalization from CRs

o fake-lepton bkg (from ¢ + jets): fully data-driven
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tt H multilepton / lepton-ID and fake-/ bkg

o lepton identification is key
— not too loose (large fake-¢ bkg), not too tight (low signal yield)

ATLAS loose isolation cut, with p%-dependent iso-cone

CMS BDT-based using lepton properties + energy deposits around lepton

S T e we
2 gL l5=13TeV,36.1 fb" ENon-prompt  Mlq mis-id
. . 2 E 2<Ng; <3VR Egﬂ/ ggzh
. F i t
e data-driven fake-¢ bkg estimate: P ey ™

o separate estimate for e, u, m,
and for each SR

o 1st CR used to parametrize
fake-¢ mistag wrt lepton kinematics

o fake-¢ mistag applied to Data from 2nd CR,
to estimate non-prompt ¢ bkg in SRs

Data / Pred.

25
AR(jet
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tt H multilepton / SR discriminants

e final discriminants: outputs of BDTs based on event kinematics

CMS Preliminary 4151 (13 TeV)

§ oI B
E ata q
% E ?gri'?g_rev 36.1 b AW iz i ¢ Observed Uncertainty [ Non-prompt
2 [ 2sss [ Diboson  [ENon-prompt Cconv. [rares Eewk
o o| Post-Fit Mg misid  [JOther 80— [Muw +tww [tz W
10 E 7/ Uncertainty --- Pre-Fit Bkgd.

B T N T S R 5
5 E <
S 125 b L )/ £
a E Py
S b bk g
% 075 | + o
S sk

1 —08 -06 04 02 0 02 04 06 08 1

BDT output
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tt H multilepton / systematics

e main systematics:

o lepton ID, jet energy scale, b-tagging eff.
o fake-¢ bkg and MC modeling of t# + V and ttH

impact: dug induced by 1 single syst unc. ‘

Pre-fit impact on p:

[ ]6=B+A0 6=0-A6

A

-0.15 0.1 005 0 0.05 0.1
T

0.15
T

Post-fit impact on u:
o 0=0+A0 0=8-A0

—e— Nuis. Param. Pull

tH cross section (scale variations)
Jet energy scale (pileup subtraction)
Luminosity

Jet energy scale (flavor comp. 2/SS)
Jet energy scale variation 1

W cross section (scale variations)

Z cross section (scale variations)

Traa identification

tH cross section (PDF)

ttH modeling (shower tune)

Flavor tagging c-jeVrhas

rare top decay cross section

3¢ Non-prompt closure

#tW modeling (generator)

Non-prompt stat. in 4th bin of 3 SR

T T
ATLAS
{s=13TeV, 36.1 fb"

CMS

Source Uncertainty [%] | Au/p [%] (2017)
Theoretical sources ~8 8
e, i selection efficiency 3-5 4
T, selection efficiency 5 3
Ty energy calibration 12 1
b tagging efficiency 2-15 [48] 10
Jet energy calibration 2-15 [56] 3
Fake background yield ~ 30-50 17

DESY HEP Students Seminar |

(6-6,/20

tt H measurements at the LHC

12/37




tt H multilepton / results

CMS Preliminary 415 (13 TeV)
Combined | 1 =0.75 ,?;,436 [ o3 (stat.) f:';g(syst.)}
ATLAS Vs=13 TeV, 36.1fb" 1+ 21,
p=140772 —
—Tot. Stat Tot. (Stat., Syst.) 2lss
2208 + 17 L e T I A5 S e n=087 02
16 + 2Tjaq | bk - @i -0.6 j: j]:;; s t:;) ilisli‘l;[z.os —
40| beee] 0.5 73 (8,99 ez M
g h
37 + 1hag blea 16 7% (47, 99) =000 12
2088 + 11y voeed 3507 (13, 759 3l \
9 . . — +0.82
3¢ boo 1.8 2.9, (g'g s ig'g) gl_ (;-,29 062
7 (2065 0. o
2/88 oH 1.5 07 (04, %% 1= 0.0 1 -
. 057,403 04 I & )
combined rou 1.6 04 (03> 03) 4 "
2 0 2 4 6 8 10 12 p=0099 7% L o
Best-fitu_ for m =125 GeV Z =
iz
Best fit p(ttH)
ttH multilepton Significance: Obs (Exp)
e evidence of ttH ATLAS (2016) 410 (2.80)
in multilepton final states CMS (2017) 170 (2.90)
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CMS (2016+2017) 3.20  (4.00)

tt H measurements at the LHC

13/37



ttH with H — bb

ATLAS : HIGG-2017-03
CMS : HIG-17-022, HIG-17-026
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http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2017-03/
http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-17-022/index.html
http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-17-026/index.html

tLH (bD)

< o T
o %
< T

o
3

o 3 channels based on ¢t decay mode b
o single-lepton (SL), dilepton (DL) s .
o [CMS-only] fully-hadronic (FH) ef: pf

b

[will focus on SL and DL (the 2 most sensitive channels)]

e main bkg: ¢ + jets, modeled with MC (POWHEG)
o irreducible tZ 4 bb bkg with large modeling unc.

Goal #1 construct samples with high ¢t + bb purity
o jet b-tagging is key, to reduce tt + light bkg

Goal #2 construct discriminants

to distinguish t 4 bb and ttH (bb)

o H(bb) candidate cannot be uniquely
identified due to b-jet combinatorics = MVA techniques

DESY HEP Students Seminar | ttH measurements at the LHC 15/37



ttH (bb) | categories: pre-fit yields and S/v/B

CMS : SRs based on Njets and Np.iags (1-btag Working Point)
ATLAS : SRs and CRs based on Njes and b-tag purity (4 b-tag WPs)

£ _ A ) = 3
5 10°} ATLAS eDaa WG O + lght s [aas' S =
8 Vs=13TeV,36.1fb" [Jii+21c [ti+21b Mt +v L B
H y - ! 0.05— (5= 1 I
S 10" single Lepton [INon-tt */ Total unc. ---ttH E r E 13TeV, 361 fb L8
w Pre-Fit [ Single Lepton o = 16
0.041— =
L 12
0.03— B
L -1
L e E
L —o0.6
) 0.0l o4
5 E
0 125 . C —0.2
£ e W W r E
£ o075 .
8 os CR3 CR Y CRS SRY SR Sf?ao(,ckesfcm@cfve@ske@ SR35SRze
Blgpy P20 b !

Steq el
g,

CR5 CR5 CRy SRy S [ c CRss SR35 SR3g S
/?,f/‘/%i?g/‘%k,ﬂb Ry SRE SRbogg, ! l?s/ Rw@ Rig, SRso SRz SRy
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ttH (bb) / final discriminants in SRs

ATLAS : combination of BDT methods (jet-parton assignment + event classification)

CMS : (SL) multi-class DNN to separate tt + If, tt + hf and ttH; (DL) BDT

CMS 35.9 b (13 Tev) .
DL B O R Single lepton
SL (=6 jets, 23 b tags) 15 x tiHg,,

£ B
E e Data b
%) 10* & node ) [ te+if Wl ti+cT E
5 Pre-fit expectation [ W ti+2b E
i 3 Md:ob  @Singlet ] 4j, =3b 5j, =3b =6j, =3b
10 [ v+ets  []ti+v E
[ Diboson  [NJUncertainty
10? =
3 DNN (MEM is input)
10 H
E '
F Categorise by most probable process
1 ttH, tt+bb/b/2b/ce/If
E | :
'g E I E H
L 15 . 3 v
[ ‘“\\.‘\\Ei(\ s
£ osE AN E 4j, 23b, 5}, 23b, 6], 23b,
o I IR N N N ttH node ttH node ttH node
0.4 0.5 0.6 0.7 0.8 0.9

DNN discriminant 86 categories
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ttH (bb) | systematics
e main systematics:
JES ‘ b-tagging eff. ‘ ‘ MC modeling of t¢ + hf and ttH ‘ MC statistics

Pre-fit impact on p: Ap
[16=08+0 6="08-00 -1 -05 0 05 1

Post-fit impact on p:
mo=0+A0 0=08n8 | ATLAS
e Nuis. Param, Pull | /5=13TeV,36.1 "

ti+21b: SHERPASF vs. nominal

tE+21b: SHERPAAF vs. nominal

ti+21b: PS & hadronization

e
{+21b: ISR / FSR el | Uncertainty source +Ap (observed) Ay (expected)
+

iH: PS & hadronization
b-tagging: mis-tag (light) NP | B
K(tt+21b) = 1.24 £ 0.10

Total experimental +0.15/-0.16 +0.19/-0.17

b tagging +011/-014  40.12/-011
Jet energy resolution: NP | —— jet energy scale and resolution +0.06/—0.07 +0.13/-0.11
iH: cross section (QCD scale)

(we21b: 423 Total theory +028/-029  +0.32/-0.29

tt+hf cross section and parton shower — +0.24/-0.28 +0.28/-0.28

ti+21c: SHERPASF vs. nominal

ti+21b: shower recoil scheme
ti+21c: ISR / FSR

E
[
-1
Jet energy resolution: NP Il ——
—
.

Size of the simulated samples +0.14/-0.15 +0.16/-0.16

o Total systematic -+0.38/-0.38 -+0.45/—-0.42
—— Statistical +0.24/-0.24 +0.27/-0.27

ti+light: PS & hadronization
Wt: diagram subtr. vs. nominal

betagging: efficiency NP |
btagging: mis-tag (c) NP | Total +0.45/-0.45 +0.53/-0.49
E7": soft-term resolution
b-tagging: efficiency NP I

-2 -15 -1 -05 0 05 1 15 2
(6-6)/08
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ttH (bb) /| post-fit discriminants

< R e e A AR £
S el ATLAS ® Da mtH @

2 - 1 Ot +light  [Jtt + 21c
g fs=13TeV, 36.1 b Biesb @V 2
,3 [ONon-f 7/ Total unc. [
1tH (norm) i1}
g g
a a
g g
a 05 )
-1 -08 -06 -04 02 0 02 04 06 08 1 [a}

Classification BDT output
£ g

5 ATLAS -
4 {5=13Tev,36.1fb" =
2
& 2o0f Dilepton DCNon-ff 7 Total unc =
SR 1tH (norm) 4
Post-Fit i}
< .
2 b
[ °
3 [
g =
El 8
<08 -06 -04 02 0 02 04 06 08 1 %
a
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0.5

CM: 35.9fb (13 Tev)
T T T T T T T T T

SL (26 jets, 23 btags)  » Data [signal
1iH node ftrcT
Postfit W2
] [Wsingle t
Wv+ets  [J+v

[ oiboson [N Uncertainty

tptgbengebdogod
wotey ) T
P IS NI B I WA
04 05 06 07 08 09
DNN discriminant
35.9 fb (13 Tev)
ETTT T I I T T T I T
DL (24jets,24b1a0S) o pata  [Jsignal
BDT-high

Post-fit

W20
Wsingle t
Nuncertainty

MEM discriminant
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ttH (bb) / results

ATLAS {s=13TeV, 36.1fb™
T T T T T T
ot m, = 125 GeV.
stat.
tot (stat syst)
Dilepton -0.24 +1.02 £ +0.54 +0.87
(two-y combined fity| F—® 05 (052 001)
Single Lepton 0.95 +0.65 (40.31 +0.57
(two-p combined fit) a2 o oz (“031 “0s4)
4064 (4029 +0.57
Combined e 084 556 (0% os1)
I | | I I | I |

359 b (13 Tev)
T T

T T
« Data

E — Background

[ Signal (4 =0.72)

—sM@u=1) ]

4 5 6
.
Best fit p = o™/al}}

e small excess of events
compatible with SM ttH

e best-fit signal strength:

o systematic unc. > stat. unc.

I I I I
25 20 -15 -10 05

Pre-fit expected \cgm(S/B)

tt.H (bb)

359 0" (13 Tev)

T
CMS
Bt s syst
Single-lepton aie 0,84 0% 027 w04
Dilepton | +——=——{ -0.24 *}2 ‘083 1ot
Combined et 072 048 1020 w030
P

P B N
2

Best fit p = o/o__at m, =125 GeV
M

Significance: Obs (Exp)

ATLAS (2016)
CMS (2016)

140 (1.60)

1.60 (2.20)

(but stat. unc. still far from negligible)
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ttH with H — v

ATLAS : HIGG-2018-13
CMS : HIG-18-018
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2018-13/
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-18-018/index.html

ZLILH (nm ) CMS simulation Prellmlnary 13 TeV

g FfiH All categones ]

35 E Hoyy L SI(S+B) weighted]

. a golden channel, but sensitivity to ttH 35 —4- smulaion E

production requires a lot more data 250 parametic E

C modadel —

2 =

(compared to gg — H) : o~ 170 ev ]

15 3

o oun - BR(H — vy) ~ (0.5 pb)(0.2%) ~ 1 b é FWHM = 3.78 GeV E

o pair: a well-defined Higgs candidate 0,5§ ,

with good mass resolution (0m+, ~ 2 GeV) E e L
POS 110 115 120 125 130 135 140

m,, (GeV)
[similar analysis strategies for ATLAS and CMS]

e Event selection: v+ + (0, 1 or 2) leptons + jets
o 2 Event-BDTs trained with MC to tag ¢/ //-leptonic and ¢t F/-hadronic events

e Signal extraction: 7.,
o bkg and signal parameterized with analytical functions

DESY HEP Students Seminar tt H measurements at the LHC 22/37



ttH(vv) / ttH-Lep and ttH-Had categories

e itH-BDT inputs: +, £ and jets kinematics, b-tag scores (no info on m.,)

CMS Prelimina 415 fb (13 TeV,
gzooooi‘H‘H“mer‘yu‘m_ué‘ H(m‘m?

e Data sidebands
B ttH (mH:125 GeV)

[N
o
=}
S
S
L e i
T T T T T T T T T
Events

Data - Bkg.

Ql -0.8-0.6-0.4-02 0 0.2 04 06 08 1

ttH Hadronic BDT score
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ATLAS ¢ Data

_ o . tH (u=1.4)
Vs=13 TeV, 79.8 b 1 Non-tiH Higgs
[ Cont. Bkg.

Had categories Lep categories

— ttH (u=1.4)
10
¥ !
0 ¥
Had 4 Had 3 Had 2 Had 1 Lep3 Lep2 Lep 1
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ttH () I m.. fits

CMS Preliminary 35.9 + 415 fb? (13 TeV,

S gE T T e e e

8 E ttH =17 All categories E

35;H tiH . -

— = B S/(S+B) weighted E|

@ E 1

12} E E
g o ¢ Data E E 120 ¢ pam ATLAS -
Lﬁ 25E — S+B 3 by E Continuum Background (s =13 TeV, 79.8 fb™ -
- E | e Background E 100 Total Background m,=12509Gev
E 20 B tlo E 2 80 Signal + Background  ay categories —
=) E 20 E S K 3
o 15¢ 3§ eof 3
> ) 1 wE E
m E E B
oSt . 20~ 5
= E = 1
D 0B PR s P 1
_ _ = £ 3]
20E B component subtracted 3 = 20; 7
15 { = 3 of .|
10E = "u 4 g
5 ; E| g 110 120 130 140 150 1
° 2 m,, [GeV]

—SE E

"W Ho T T0 130 140 180 160 170 180
myy (GeV)
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ttH(vv) / results

CMS Preliminary 35.9 + 41.5 fb* (13TeV)
i " B |V B ISP A I
£ r A= 1758 iH ]
<+ H ]
~ 5 —— syst+stat -Yy /4
YE —— stat only ]
4} 95% CL A
o+ &
F &
1: 68% CL ]
00 — ‘0,15‘ — l1 — ‘1.5 ’ é — 2.15 ‘l-l‘ 3
: Iy i}
evidence of ttH (y7) ‘ ~
tEH (77) Lt Obs. Signif.
o limited by statistics
y ATLAS (2016+2017)  1.397048 410
e main systematics: ttH modeling,  cuis (2017) 1.3+07 310
photon-ID, JEG, b-tagging eff. CMS (2016+2017)  1.7%0% 410
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ttH with H — Z7* — 44

ATLAS : HIGG-2018-13
CMS : HIG-18-001
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2018-13/
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-18-001/index.html

tt H (44)

[22]
H ATLAS —
D 1.2FH - zz* — 4 oo
13 TeV, 79.8 fb VBF
: another golden channel, but 1115 <m, <120 cav P

w7z Uncertainty

even more limited in statistics than ttH(yy)  ¢s

o oy - BR(H — 4¢) ~ (0.5 pb)(0.02%) ~ 0.1 fb 06
0.4

o Higgs candidate: 1/ system
0.2

[similar analysis strategies for ATLAS and CMS] 0

Had 2 Had 1 Lep

o Event selection:

o standard 4/ selection + requirements on add. leptons and/or jets
to construct ttH-Lep and ttH-Had categories

o with ~ 80 b ': order of 1 11/ (4/) event expected
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ttH(4¢) / results

CMS Preliminary 415 fb™ (13 TeV)
s 8 g > [T T T
[0} r e Data 1 () C ]
(0] 7 iATLAS L] t‘: E (O] [ tiH-hadronic tagged category I%la(a;@ - 1
'-‘_7 F H - ZZ* - 4] ggF+bbH ] E 250 [JH(125), other ]|
= gLV 79.8 10" m': E @ b Caa-2z.zy
2 E tiH-nad category = E c T Wos-2z.2
qc_) L 4V, VWV ] % r [ z+x 1
> 51 - Zjets, tf E o 2 .
Ll E y, Uncertainty 1 L 4
4 E 15f 3
3F E F ]
F 1 1 =
2F = L ]
1F 3 05F 4
’ e B - .

100 150 200 250 300 350 ™80 100 120 140 160
m,, [GeV] m, (GeV)

n *
tHH(ZZ* — 40) Lein

ATLAS (2016+2017) < 1.77 (68% CL)
CMS (2017) < 0.93 (68% CL)
CMS (2016+2017) < 0.53 (68% CL)
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ttH combination

ATLAS : HIGG-2018-13
CMS : HIG-17-035
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2018-13/
http://cms-results.web.cern.ch/cms-results/public-results/HIG-17-035/index.html

tt H combination

e Apr-Jun 2018: each experiment combined all available ttH searches

o Run-1 (8 TeV) data + Run-2 data (13 TeV) up to 2016
[ATLAS also included 2017 data for v~ and 4/]

e Plot: bins of all searches ranked by log,,(S/B)

‘ clear excess of events compatible with SM tt

__gloszmwwwww\HH\HH\HH\HH\W; 5.1 ™ (7 TeV) + 19.7 (8 TeV) + 35.9 ™ (13 TeV)
. ,f ATLA q 2
2y0L S o + Data € CMS + Observed
&~ E Vs=13TeV, 36.1-79.8 b M i+ (u=1.32) O 10%F
&b > Supplementary [ Background
10° fiH (u=1) w . [ Uncertainty
£ 10 S ttH (p=1.26)
ke
108 E [JBackground ol st
10* L 10
W 10°
wh 10%¢
10k 10F
1; . 1 L L L L L
5 - 2 ,.f ' ' ' ' ' ]
a2 4 ] = 20f ]
£ o ] 4 15| . Tm
1 O 1 0 L L L

N
TR W AT WS R N W B N . i I
-3 25 -2 -15 -1 05 0 05 -3.0 -25 -2.0 -15 -1.0 -0.5 0.0

log (S/B
DESY HEP Students Seminar ttH measuremen%‘é’(al 1215 LHC |0910(S/B) 30/37



tt H observation at CMS

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

@ Observed
CM S — +10 (stat [ syst)
L m +10 (Syst)
‘Obs. (Exp.) Significance: 5.20 (4.20) ‘ AHOWW?) . eme —— 20 (stat Osysy
ttH(ZZ»)
tH(vy) e ————
Uncertainty r
Parameter  Best fit Stat Expt Thbgd Thsig TH(TT)
; 2.59+101 +0.54 +0.53 +0.55 +0.37 -
uTsTY 27 _0.88 —053 ~0.49 —0.49 —0.13 R
ttH +0.87 +051 +0.48 +0.50 +0.14 ttH(bb) — e
—0.79 ~0.49 —0.44 —0.44 ~0.02
g LMN3 O RE AE gy
M +029 +016 4017 +013 +011 7+8TeV
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tt H observation at ATLAS

T T T T ———
ATLAS fefTotal | | Stat. [ESyst — SM ATLAS oo Total [ | Stat [ Syst — sm
Vs=13TeV,36.1-79.8 " Vs=13TeV,36.1-79.8fb"

Total Stat.  Syst. Total Stat.  Syst.
fiH (H - 1) 136+ 10 (£ 08 .+ 0%) iH (bb) é 079+ 08 (+ 0% ,+053)
fiH (H — bb) 0.83+0.61 (£0.30,% g:; ) fiH (multilepton) (R0 156+ 0% (£ 039 .+ 530)
ftH (H - VV) 150 08 (& 045 4 0% 1H (yy) R 139+ 088 (* 0%+ §%)
ftH(H - vy) ——e——1 141 588 (2 03 .+ 0%) ftH (22) | — <1.77 at 68% CL
Combined H=H 132+ 0% (£0.18,% 0% )| |Combined H=—H 132+ 0% (£0.18,% 0% )|
Co b b b b e PR S S S IS HO S S H

- -1 2
SM SM
O/ O O/ O
Analysis Integrated ttH cross Obs.  Exp.
luminosity [fb~!] section [fb] sign.  sign.
H — vy 79.8 710 T210 (stat.) T320 (syst.) 410 370
H — multilepton 36.1 790 £150 (stat.) 13 (syst.) 410 28¢
H—bb 36.1 400 T1%0 (stat.) & 270 (syst.) 140 160
H—7Z7Z"— 4 79.8 <900 (68% CL) 0c 120
Combined (13 TeV) 36.1-79.8 670 + 90 (stat.) 110 (syst.) 580 490
Combined (7, 8, 13 TeV) 4.5, 20.3, 36.1-79.8 - 630 b5lo
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Looking ahead
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Ways to improve

A non-comprehensive list

e all ttH analyses will profit from more data
o ~7 and 4/ limited by statistics
o ttH(bb): stronger constraint on tf -+ hf bkgs from bins w/ low S/B

o multilepton: constraints on ¢V, and more stats for fake-¢ bkg estimate

e upgraded detectors
o Examples: CMS Phase-1 Pixel installed in Jan 2017, Phase-2 upgrades

e improved object reconstruction methods
o Example: jet b-tagging (next slide)

e improvements to analysis techniques

o Example: MVA discriminants
(S/B discriminants in multilepton and £/ (bb))
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New b-tagging methods in CMS

Near future

e application of latest ML techniques to b-tagging algorithms
Refs: CMS-DP-2017-005, CMS-DP-2017-013

‘ CSVv2 — DeepCSV ‘ ‘ DeepCSV — DeepFlavour
I 'E-13 TeV Phase 1 ] \(5—13 TeV F’hass 1
> — > EmTrmT T -
2 CMS élmulaﬁon Preliminary . 2 E CMS leu Iahon Prehmmar)
2 [ ttevents 8 [ tftevents r
g | AKdjets (p_ > 30 GeV) g | AKdjets (p. > 30 GeV)
310":—_03""2 g 10-1f| " DeepCSV -
€ [ |—CcMVAv2 . E |~ noConv =
[ |— DeepCSV| - ’ I” |— DeepFlavour | i
102 / T 10 =
; udsg . - udsg ]
10-3—_‘ SIS Y """1 Rt SN f y & & l\---c e 10-3—_ SR | »" 5 | f SN w“-c NI
0 01 02 03 04 05 06 07 08 09 1 0 01 02 03 04 05 06 07 08 08 1
b-jet efficiency b-jet efficiency

[CSV = Combined Secondary Vertex; b-tagging algorithm most widely used in CMS up to 2016]
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https://cds.cern.ch/record/2255736/files/DP2017_005.pdf
https://cds.cern.ch/record/2263802/files/DP2017_013.pdf

HL-LHC Projections

Not-so-near

future

e ATLAS and CMS projections for physics analyses at HL-LHC:
o Higgs Chapter: Higgs Physics at the HL-LHC and HE-LHC

o Ao,y = 4.3% (S2) projected for ATLAS+CMS at 3000 fb~* per experim.

o S2: assumes lumi-scaling of some syst, and reduced theory unc.

(s = 14 TeV, 3000 fb " per

vy
Otn

7z
i

ww
OtiH

bb
Ot

Total ATLAS and CMS
— Statistical HL-LHC Projection
—— Experimental

Theory Uncertainty [%]

TotStat Exp Th
5.9 42 26 31

15.2146 22 36

I

H

‘ 6.6 3.0 49 32
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1T
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Vs = 14 TeV, 3000 fb”' per experiment
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Total ATLAS and CM:
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— Theory Uncertainty [%]
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https://cds.cern.ch/record/2650162/files/HLHE-LHC-HiggsEW.pdf

Summary

. by ATLAS and CMS

o required the analysis of many different final states,
using both Run-1 and Run-2 data

o observed ttH signal strengths in good agreement with SM,
measured with approx. 20% uncertainty

e measurements with (~ 140 fb~') underway
o some analyses already updated with 2017 data (~ 80 fb~1)
o evidence of ttH signal in (some) individual decay channels

o increased sensitivity expected with more data and
improvements to reconstruction/analysis methods (e.g. b-tagging)

o realistic goal to reduce Ao,;;; to O(5%) by the end of Phase-2
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