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@ Introduction (IPHC
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* Review of the experimental searches for a (SM) Higgs boson produced
in association with a pair of top quarks.

 Motivations :

— Top-quark == heaviest quark (decay before it hardonizes) and Yukawa
coupling close to 1 : important probe to test the EWK symmetry breaking
mechanism.

— Top mass > Higgs mass : top-Higgs coupling can only be studied directly
at production level (Higgs do not decays into tops).

— While top-Higgs couplings are already “investigated” in the direct Higgs
production (ggF), and yy decays, but ttH provide a direct probe.

— Search for new physics.

« Latest results, per channel and per experiment, will be presented.
 Focus on LHC resuilts.
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@  ttH production at the LHC (IPHC
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 ttbarH production cross section at the LHC = 130 fb (NLO,
HXSWG) at the LHC, dominated by gluon fusion.
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« ttbarH are rare processes :
— Cross section 7e-3 smaller that ggF,

— Only about 3k events expected
(inclusive) at 8TeV,

— Small compare to the main
backgrounds : ttbar+X => highly
dependent on our understanding of

S ttbar+X processes.
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@ ttbarH decay channels IPHC
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« ttbarH decay channels.
« Top decays
— Purity (statistic) increase (decrease) with lepton multiplicity.

Higgs boson decays :

T T =« For my=125GeV, dominant decays are
5 P 2 bbbar (=60%) and WW (=20%).
510-1_ TT ‘ Z7 __§
o=\ ; | o
+ [ oo i  Many signatures : high b-jets
%10‘2;— E multiplicities, high lepton multiplicities,
S ] photons with many jets etc... etc...
: ‘_u“ ‘  Each channel has its advantages and

1086 00 T20f 140 160 180 200 disadvantages. 4/27
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@ ttbarH decay channels IPHC

Institut MWDE'E
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The decay channels covered at the LHC :

ttbarH, H—bbbar (1),

— High statistic, can reconstruct tops, can reconstruct m,,,

— Large background from ttbar+X (difficult to control), resolution
on my,

ttbarH, H—vyy,

— High purity, can trigger on photons, good my resolution,
— Very low statistic (Br=2.10- for m ;=125 GeV).

ttbarH—multi-lepton (H-WW, ZZ, 1),
— High purity, decent statistic,
— Leptonic Br, low p- leptons, can not reconstruct m,,.
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@ Preliminary works (IPHC
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« Before the start of the LHC, preliminary works (MC-based) were done by
ATLAS (CERN-OPEN-2008-020) and CMS (PTDR2).

« Predictions performed for a luminosity of 30 fb-' at 14TeV, H—bb, with the
semi-leptonic channel (ATLAS) and the 3 channels (CMS).

Significance = S/N(B+dB?)

2.2k = O : : .
2 ATLAS = O 4 i CMS
; ] - '
1.8 - < '.
1.6 cut-based B 9
1.4 pairing likelihood = Y=
1.2 e constrained mass fit (-
: i D
0.8 = 7))
0.6 —
0.4 \“X
0.2 .3
| WS P N U PN FUR ST P PR e = = =l
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A B/B

* A 2-3 sigma sensitivity was hardly reached.
« Search for ttbarH was expected to be very challenging.
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Institut ‘#!E\HTD&

@ Object selection (ttbhar) 1PHC

Object selection for the ttbar candidates.

« ATLAS « CMS
— Lleptton pT(>15(10))GeV for — Leptons p;>20 GeV,
electrons (muons
! — Jet p>25(30) GeV,
— Jets pr>25 GeV, c P . (50) Ge
— B-tagging :

— B-tagging, working point :

. o) e
- Loose 80% efficiency, Loose 85% etficiency,

10% mistag.

4% mistag,
. Medium 70% efficiency, « Medium 70% efficiency,
1% mistag. 1.5% mistag.

Selections on triggers, leptons and jets multiplicities, missing E, (E ™),
H; or missing H; (H ™) are analysis dependent.
7127
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 Lepton+jets channels at 7TeV:

Triggered with single lepton 20-22
GeV for electrons, 18 GeV for
muons.

>4 Jets,

Electron+jets : E{miss >30GeV,
m;>30GeV

Muon+jets : E;Mss>20GeV,
E Miss+m >60GeV

Define 9 categories, Njets-Nbjets.

_g 0.25 = I - I- - I - ]
= C ATLAS Preliminary (Simulation) 7
= - . ]
© L " 5 jets, = 4 b-tags
= 02— H : —
= r : : Total background 5
<C : i ]
: H wememme fTH (M, = 125 GeV) g
0.15— 1 —
0.1 : —
L . .
U B 1 L ] | 1 1 1 | 1 1 1 I 1 1 1 I 1 1 1
(4] 200 400 600 800 1000 1200

H=d [GeV]

Arbitrary units

@ ATLAS at 7 TeV, 4.7 b (ipHc
ATLAS-CONF-2012-135
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Analysis strategy :

Data-driven : multijet from
MM, W+jets from charge
asymmetry.

ttbar kinematic reconstruction
(when possible), identify b-jets
from Higgs.

— Fit of signal-background

discriminating variables : m,,
or Hhad,

0T N B B S I R
Il ATLAS Preliminary (Simulation) 1
i > 6 jets, = 4 b-tags N
012 Total background .
01— -=-=== ifH (M, = 125 GeV) .
0.08 -
0.06 —
n.04F — : -~
o2l 00000 T 3
---------- s —
U L1 | | N | I | T | I 111 I 1111 | 1111 | 1111 I 111 I_

0 50 100 160 200 250 300 350 400

Mg [GeV] o7



Events / 60 GeV

Data /MC

Events / 20 GeV

Data /MC

ATLAS at 7 TeV, 4.7 fb-1

L ATLAS Preliminary
16| Ldt-47 "

e+u 5jets,=4 btags
—— Data ({5=7TeV)

IPH

Institut Hwilsc\ narE

x BUSUURUTIR SN
50 100 150 200 250

300 350 400

m; [GeV]

T (125) 4jets, 0 b tags 4jets, 1 b tags 4jets, > 2 b tags 3 jets, 2 b tags 3 jets, 3 b tags
- Egﬁ'ﬂm [FH(125) 0.20 =0.03 1.1£0.1 3.0:02 2702 23201 |
3 O zvets 7+ jets 3440+230  12600+400 13040 = 160 5000 = 100 837 + 24
- —viohe W+jets 283501000  5100+470 655 = 100 210+ 50 16 +4
- H forpiowne Zejets 3700 = 600 480270 3316 1624 112023
- Single top 500 =30 1380+70 820 40 266+ 15 31+2
- Diboson 411 =50 85+ 10 152 3104 0.26+0.05
= 7V 1243 35+9 30+8 329 642
. Multijet 3800 =700 1560 + 280 460 =90 210+ 50 23410
] Total bkg.  40200=280  21240+200 15040 = 150 6640 = 80 015 = 24
07200400600 800 F&E;”ﬁaebﬁ”” Data 40209 21248 15066 6653 878
[ ATLAS Preliminary  esy1 > 6 jets, > 4 b tags Sjets, =4 b tags > Gjets, 2btags =6jets, 3btags = 6jets, = 4 b tags
- Ldi-aTie! 533‘?35:”“’ {7H(125) 0.74+£0.04 3.4£02 40402 22+0.1
s = g\yﬂm 17+ jets 3843 3030+ 90 560+ 20 5445
- = oo W +jets 1.1+04 7420 83 0.7+03
n g E“t%k;tp Z+jets 0.03 001 62 04202 0.01 0,01
- Single top 1.6+0.2 0217 15+1 1.5£0.2
- Diboson 0.01 £0.01 0.7+0.1 0.09 +0.03 0.010.01
g 1V 0.8+02 45+ 10 1344 27407
- Multijet 342 11430 34410 413
) Total bkg. 45+3 3360 = 80 634+ 19 62+5
Data 41 3340 676 65
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ATLAS at 7 TeV, 4.7 fb-1 IPHC
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g H | T T T T | T T T T | T T T T | T T T T | T T T T | T T T T | ]
. . ":53‘ 50:— ATLAS Preliminary Is= ?TEV’ILdt= 47" —:
* Main systematic sources: 5 [ —s Observed (CLs) .
_ _ ™ I Expected (CL tH(H— i
— Fraction of HF in ttbar, £ sl -;‘fce e fiH (H =5 —
— Jet Energy Scale, S Ll -
— B-tagging. > 80 ]
: 20— ]
« Total uncertainty largely - .
reduced by the profiling. o B
O_I‘I‘IIOI | | I11|5I 1 1 I12|0I 1 | I.Iésl | 1 I13I0I 1 | I13I5I | | I14I-OI_
my [GeV]
mp (GeV) | observed | -2 s.d. -1s.d. median +1sd. +2sd. | stat only

110 7.0 3.2 4.3 6.0 8.5 11.8 3.5

115 8.7 3.7 50 6.9 9.7 13.6 4.0

120 104 4.6 6.2 8.5 12.0 16.7 4.9

125 13.1 5.7 7.6 10.5 147 20.6 6.1

130 16.4 7.0 9.4 13.0 183 255 7.8

140 33.0 125 167 232 32.7 455 14.2
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@ CMS$ at 8Tev, 19.5 fb"! IPHC
PAS HIG-13-019 g

* Uses semi-leptonic and « Analysis strateqy :
dileptonic channels at 8TeV. Y 9 - .
o , — Perform ttbar kinematic

— LJ : single lepton trigger (27 reconstruction (when possible)
GeV for electron, 24 GeV for in LJ, identify the 2 jets from H.
muons). L — BDT constructed for each

— D”_ : COmbllnatlon of 2 IeptonS Category * uses various
(dilepton trig. 17GeV and 8GeV). kinemafic variables, b-tagging

— 24Jets ( +3 with p;>40 in LJ). discrirr;inant and m,, (when

— Categorization in Njet vs NBjets. possible).
:%' 10% W ._thct I.ﬁ:b!t-huﬁ :%’ 105 Leptr:m_+ 24jetls +_22 b.—tags

Wisinget  ewz [ ewx[ 7 Bkg.Unc.
—+Data  — tiH(125) x 30

Data/MC
Data/MC

12/27
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Events

Data/MC

Events

DataiMC

35

30

25

20

15

45

40

CMS Preliminary

CMS$ at 8TeV, 19,5 fb-~1

Post-Fit (S+B)
(s=8TeV.L=19.5fb"

7

10

L epton + =6 jets + =4 b-tags

m Fit =1

Fit +2c p-value (x?) = 0.688

08 08

CMS Preliminary

04

. o
0.4 06
BEDT output
fs=8TeV,L=19.5f"

02 0 02

120

100]

mFit=lc

Fit +2c

Dilepton + =3 jets + =3 b-tags

p-value (x°) = 0.073

°~08 0.6 -o0.

0.2 0.4 0.6 0.8
BDT output

4 02 0

@

IPHC

>6jets 4jets 5 jets >6jets 4iets 5jets >6jets
2 b-tags 3 b-tags 3 b-tags 3 b-tags 4 b-tags >4 b-tags | >4 b-tags
i tfH(lZS) 334+81 14.0 £3.0 21.1+45 231 +5.5 1.8 +05 52+14 83123
i=aii 7050 = 2000 | 4710 =820 | 2010 =000 | 1200 =340 | /3x30 | Bxor | Tz
tt+b 530 £ 300 350 £ 190 360 £ 200 280 £+ 160 21+12 29 +17 33120
tt+bb 220 £120 99 £ 52 158 + 85 200+£110 | 131473 38 +£21 78 +47
tt+ T 1710 £ 1110 440 £+ 230 520 £290 | 4704280 19+£11 32418 52+31
ttV 99 27 162 £ 3.8 239+57 | 288+74 | 1.1+04 | 254+07 | 5.8+18
Single t 264 £ 54 235 +£41 116 +22 55+ 14 34+16 | 103£53 | 73+3.1
V-Hets 160 + 110 122495 44 +38 29427 | 21+24 | 19+17 | 12+13
Diboson 59+ 1.6 6.3+14 24107 1.0+ 04 03+02 [ 01401 | 02401
' Total bkg | 10630 = 2790 | 5970 = 1060 | 3830 =790 | 2310 £620 | 133+ 44 193 + 62 249 £+ 90
Data 10724 5667 3983 2426 122 219 260
| 3jets + 2 b-tags | >4 jets + 2 b-tags | >3 b-tags
_tEH(125} 7714 16.1 + 3.1 11.2 +2.5
tt+1f 7460 == 1060 3190 + 680 289 £ 83
tt+b 189 + 97 172 =93 149 4+ 82
tt + bb 38 + 20 58 + 31 80 + 44
tt+ cc 480 4 260 510 & 300 147 £ 79
ttV 30.2 £ 6.3 54 +£12 11.94+£2.9
Single t 229 £+ 35 97 + 16 17.3 £5.1
V+jets 350 + 130 151 = 66 40 + 23
Diboson 104 +1.7 3.1+0.6 0.7 +04
Total bkg 8770 = 1250 4230 + 850 740 £+ 190
Data 9060 4616 774
13/27



95% CL limit on /oy,

CMS$ at 8TeV, 19.5 fb-1 IPHC

Institut Plyridisci
STRASBOURG

Expected Expected
Higgs Mass | Observed | Median 68% C.L. Range 95% C.L. Range Higgs Mass | Observed | Median 68% C.L. Range 95% C.L. Range
110 GeV 3.6 33 [2.447] [1.8,6.6] 110 GeV 6.5 5.8 [4.2,82] [3.2,11.2]
115 GeV 41 3.5 [2.4,49] [1.5,6.9] 115 GeV 74 6.5 [47,9.2] [3.6,12.6]
120 GeV 43 40 2958 2181 120 GeV 8.2 7.2 [5.2,10.2] [3.9,14.0]
125 Gev 19 17 33,67 2.59.4 [ G 01 8.2 [5.911.5] (22159
130 GeV 6.8 6.0 [4.3,8.6] [3.2,12.0] 130 GeV 124 10.5 [7.5147] [5.7,20.1]
135 GeV 7.4 7.1 [5.0,10.2] [3.7,14.2] 135 GeV 15.0 12.3 [9.0,17.4] [6.7,23.9]
140 GeV 9.0 0.6 [6.9,13.7] [5.2,18.9] 140 GeV 18.0 141 [10.1,19.8] [7.6,27.3]
CMS preliminary Lepton+Jets i5=8TeV,L=1951" CMS preliminary Dilepton s=8TeV.L=195"
C ) ' i ; = — ’ ’ i :
- —e— QObserved | o - —— Observed |
e ttH(125) injected i © I ttH(125) injected "I i
161 S B g I (129 DIL
o = B8 Expected= 1o o | - - [ Expected: 1o ’
- Expected+ 20 £ 200 Expected+ 26
C 15
10—
s 2
8- >
C 10
6—
5 e T
. L L L L i L L L L i L L L L i L L L L i L L L L i L L L L L L L L L L L L L L L L L L L L L L L L L L L L
lI."1IIZI 115 120 125 130 135 140 ?10 115 120 125 130 135 140
m, (GeV) my (GeV)

Main systematics : ttbar+HF, b-tagging efficiency and mistag rates, Jet Energy Scale.
Signal smaller than background uncertainties.
Combination of channels : see slide 26. 14/27



CMS$ at 8TeV, 19.6 fb-1

iPHC

Institut Plyridiscipiinal
STRASBOURG

Similar analysis for H—tt (LJ only): requires the presence of hadronic

95% CL limit on o/c,

[ ]
tau with >20 GeV.
Post-Fit (S+B)
CMS Preliminary {s=8TeV.L =195 iy’
% 25 Lep + 1,1, + =4 jets + 2 b-tags
&
o Fit =i Fit 2o p-value

(]

=

=

S

%7 08 06 04 02 0 02 04 06 08
BDT output
2ijets 3 jets =4 jets 2jets Jjets =4 jets
1 b-tag 1 b-tag 1 b-tag Ib-tags | 2b-tags 2 b-tags

t'!h_iﬁ] UALt0] | R0 |e02] 0100|0201 o301 |
It TINT R | 10 L8 | T2l | S8 L1 | S8 £ 12 | Z0E 91
v 11+03 | 13+03 |14+04 | 0d4+01 |0é+02| L1203
Singlet |[112+40| 30+14 (1110 19+11 [00+06| DE6+07
Vijets 33+17 [117+68 |[38+28|14+09 (0d203| 5206
Diboson | 09402 | 07202 |0l+00 | 00+00 (21200 | 21201
Totalbkg | 271 £82 | 135 £41 | 71+ | 50£16 | W£12 | 0I1E£0d
Data o2 171 G2 E§| I a5

Expected

Higgs Mass | Observed | Median 68% C.L. Range 95% CL. Range
110 GeV 10.0 9.7 [6.4,15.2] [4.6,23.3]
115 GeV 10.8 9.5 [6.3,14.9] [4.5,23.0]
120 GeV 10.6 11.8 [7.9.18.6] [5.6,28.5]
125 GeV 13.2 14.2 [9.5,22.0] [6.8,33.7]
130 GeV 13.0 14.2 [9.4,22.3] [6.7,34.5]
135 GeV 16.7 16.4 [11.0,25.4] [7.9,38.7]
140 GeV 23.3 21.2 [14.3,32.6] [10.3,49.1]

CMS preliminary ~ Tau i5=8TeV,L=195"
j i O N |
50 —s— Observed '
--- {tH(125) injected
40— B Eypected + 1 i

30

20

- Expectedt 1o

o

115

120

125

130 135 140
my (GeV)
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ttbarH with H—yy
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A
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@  ATLASatsTeV,203fb" (i
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ATLAS-CONF-2013-080 e
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» Measurement in the semi-leptonic * Analysis strategy :
and full hadronic channels : — Fit the diphoton invariant mass,
— Trigger : diphoton (35, 25 GeV). sum of Crystal Ball and Gaussian

. . : for signal, exponential for
— Semi-leptonic : 21lepton, =1b-jet, \
E miss 320 GeV. background.

T — Simultaneous fit of signal and
— Full hadronic : 24jets, 22b-tag. control region (excluding expected

— 2 isolation photons with 40/30GeV. Higgs mass window).
Channel ‘ Ng ‘ ggF (%) VBF(%) WH(%) ZH(%) tH(%) ttH(%)
Leptonic | 0.55 0.6 0.3 1.7 2.4 6.1 82.8
Hadronic | 0.36 5.3 1.1 1.1 1.3 — 01.2
5 T S T wmspany] 3 T G wrias ey
o Bf—— SR+CR background fit pre Immaw—z O© gé_— SR+CR background fit bre Immary_é
ﬂ F eeeeee. SM signal {mH= 126.8 GeV) f 3;_ ....... SM signal {mH= 126.8 GeV) 3
£ SE . SR-only background fit = £ 7E <= SR-only background fit E
S 4-  Signalregion Leptonic channel | 3 g 6  Signalregion Hadronic channel
wogE 3 W i: : Channel ‘ N ‘ Np ‘ N¢ /Ny
of i 3E = Leptonic | 0.55 1.2j§;2 0.45
£ e E 21 l J J = Hadronic | 0.36 l.QfO'z ‘ 0.19
e '. o R Y T R E -
2000F  Control region 5= 8 TeV [Ldt = 20.3 o' 405 Controlregion s =8 TeV [Ldt=20.3fb'7
1000?""--0——._._.__ _ 20;='—._¥—_‘: . - —*—_‘__;

160 110 120 130 140 150 1_50 100 110 120 130 140 150 1_50 17/27
my, [GeV] myy [GeV]



ATLAS at 8TeV, 20.3 fb-1 IPHC

Institut Piyridisciplinaire
UHIEN

. Systematic uncertainty [%]
Systematic effect . :

Leptonic Hadronic zz O T T T —
Luminosity +2.8 © - —— Observed CL,limit H — yy .
Cross soction 87/ 121 -ED 355— —— Expected CL, limit  ftH channels_co_mb. E
Branching ratio +5.0/-4.9 & 30 = -f o ATLAS preliminary -
QCD scale (acceptance only) +3 +10 E o5F t2o Data 2012 s =8 TeV |
Trigger 405 8 : _[L{:ﬁ =20.3fb .
Photon related +13 * 20 2 =
Electron related +0.8 < 0.1 S 150 -
Muon related +0.2 < +0.1 é é
Jet energy scale +0.4 +9.8 10 _ E
Jet energy resolution +0.2 +3.4 5 f— —f
Jet vertex fraction +0.1 +1.0 e m e qm e m e mi ]

b-jet energy scale +0.2 +0.7 0 120 122 124 126 128 130
b-tagging +2.1 +5.5 my, [GeV]

« Combined 95% CL upper limits on ttbarH : 5.3 (obs) and 6.4 (expct).
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Semi-leptonic and full hadronic channels : °

CMS Preliminary s = 8TeV L = 19.6fb’"

F ttH(—yy) leptonic channel

PAS HIG-13-015

Trigger : diphoton (28/18 and 36/22 GeV).
Semi-leptonic: 21 lepton, =2jets, =1b-tag.
Hadronic : 25 jets, 21b-tag.

2 isolation photons with the leading photon
>33 and p; > m, *0.5, and second leading
photon >2gGe\7.

CMS Preliminary (s = 8TeV L = 19.6fb"

4 Data g 3_ ttH(>yy) hadronic channel  — Data

—— Bkg Model - E —— Bkg Modsl
W 3 Tk R

e g F O

[] st m, = 125 Gev o 6:_ [ ] shm, = 125 Gev

; a

2:— F
15F

'
05t am
e  — [ E— L rr——
100 120 140 160 180 100 120 140 160 180
m,, (GeV) m,, (GeV)

CMS$ at 8TeV, 19.6 fb"!

wmﬂm

Analysis strategy :

— Fit the diphoton invariant
mass,

Background model extracted
from control region (single
photon trigger + inverting
photon ID).

Fit functions : exponential for
semi-leptonic, 2"d order poly.
for full-hadronic.

Process Hadronic Channel Leptonic Channel
ttH 0.567 (87%) 0.429 (97%)
g — H 0.059 (9%) 0 (0%)

VBF H 0.006 (1%) 0 (0%)
WH/ZH 0.019 (3%) 0.013 (3%)
Total signal 0.65 0.44
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@  cMsatsTev, 19.6 fb-1 iPHC

95%CL fo(H>y Y)SM

o(H=>v7y)

CMS Preliminary Vs=8 TeV L=19.6 fo
30I\III:IIII!IIII:I\I\I!IIIII:II

A T+ Main systematics (input) :
25 ;Zb:erfej R e — Photon reconstruction and
- Expecteds 2 e selection 3-4%,
— Jet energy scale 2%(signal),
L e 5% (backgrounds),
A N O B — Lepton selection : 3% (electron)
N and 1% (muon),

- [ — gg—H contamination : 30%
—_———t——— (background only)

|\||I:|||I 1 L 1
%0 115 120 125 130 135

1 | L1 11 | I |
140 145 150
m,, (GeV)

Observed Expected Expected (No Syst.)

Hadronic Channel 6.8 9.2 8.8
Leptonic Channel 10.7 8.0 7.7
Combined 54 5.3 5.1

For a Higgs mass of 125.5 GeV, the signal strength pu_ = -0.2 TE.';
ttH 20127
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ttbarH in “multi~-leptons”

Same-sign di-lepton Tri-lepton Quadri-lepton

21/27
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CMS$ at 8TeV, 19.6 fb-1

PAS HIG-13-020

» Event selection:

— Requires di-lepton trigger, at least 2 leptons (20/10 GeV),

wﬂw@m

— Any other leptons >7 GeV (electron) and 5 GeV (muons), Non-prompt leptons
from b/c hadrons rejected using MVA. Efficiencies 60-98% for muons and 20-
90% for electrons, depending on p; and n.

— “EMss LD” > 20 GeV (combination of E;™Mss and H,Mss).

— Dilepton invariant mass > 12 GeV, non-compatible with Z mass (for opposite
charges in tri/quadri-leptonic channels).

— 2 loose b-tagged jets or 21 medium b-tagged jet.

E;Miss+p; leptons > 100 GeV

Same sign DIL Tri-Lepton Quadri-lepton
Z mass veto Any pairs Only opposite signs | Only opposite signs
(10GeV)
Nlept =2, 2nd lepton pT > 20 GeV. =3 =4 (loose MVA)
Njets 24 22 jets 22 jets
E miss E,miss LD>0.2, E,mss LD>0.2, not non

applied for Njets24
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CMS$ at 8TeV, 19.6 fb-1

IPHC

Institut P1||1||'| i narE

M ee eu 3¢ 44

ttH, H — WW 2003 09+01 2.7=x04 3.2+0.6 0.28 =0.05

ttH, H — ZZ 0.1 +£0.0 0.0+0.0 0.1 +0.0 0.2+00 0.09 = 0.02

tHH — 1T 0.6 +0.1 0.3+0.0 0.9+0.1 1.0+0.2 0.15+0.02

ttw 8.2+1.5 344+06 13.0+22 92+19 -

tt Z/y* 2505 16+03 4209 79+1.7 1.25 £ 0.88

ttWW 0200 0100 03+£0.1 04=+0.1 0.04 =0.02

tff}r - 13+03 1.9+0.5 29408 -

WZ 0.8 +0.9 0.5+05 1.2+1.3 42409 -

77 0.1+0.1 0.0+£00 01=x0.1 04 =x0.1 0.45 = 0.09

rare SM bkg. 1.1+00 0400 1.5=0.0 0.8+0.0 0.01 =0.00

non-prompt 10848 89x45 21.2=x8.1 33.2+£12.3 0.53 =0.32

charee flip - 19406 24408 - -

all signals 2704 12x02 3.7x06 44108 0.52 = 0.09

all backgrounds 23.7+5.2 18.0+47 459+L8.6 589 +12.7 2.28 +0.94
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Events

Data/Sim.

CMS$ at 8TeV, 19.6 fb-1 L!ZWE!

Analysis strategy :

— Diltri-lepton channels: fit of BDTs constructed from various quantities related to leptons,
jets, E;™iss, H Miss etc..

— Quadri-lepton channel. fit of NJet (lower sensitivity, lack of statistic in control regions).

Backgrounds determination from data :

— Dibosons : normalizations taken from control regions (b-tag veto + inversion of Z mass
veto).

— Background from non-prompt leptons (charge mis-reconstruction) : control region defined
by inverting the lepton MVA selection, reweighted according to the fake rate.

— ttbar+V backgrounds taken from simulation.
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Results IPHC
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« Interpretation done for a Higgs mass of 125.7 GeV (no Higgs mass
reconstruction possible).

« Combination of the yields and distributions of all channels.
» EXxcess observed for the di-muon channel.

fs=8TeVv, L=196 " is=8TeV, L="196 "
CMS Preliminary |—-s— Observed CMS Preliminary m, = 125.7 GeV
= EE2 Exp. (68%)
My =125.7 GeV | Exp (95%) — combined p = 3.777
four-lepton -
i< 6.8 (8.8 exp) four—lept::z -
— M= _4'2:1.-3
trilepton trilepton |
n<6.7 (3.8 exp) p=27722
— dielectron |
dilepton w=2877
n<9.1 (3.4 exp) dimuon B
w= g 4+33 -
combined electron-muon |
u<=6.6 (2.4 exp) W= 1925
- IIIIIIIIIIIIIIIII IIIIIII
456 1D 20 30 -6 -4 -2 0 8 10 12
95% CL upper Ilmlt onu =oc/c =ocl/c
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CM$ combination @Hc
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« Combination of all CMS 8TeV results + ttH(H—bb) at 7TeV.
« Same approach/tools as for the global Higgs combination.

« Correlations :

Statistically uncorrelated,

— Experimental uncertainties taken as correlated (but b-tagging at 7TeV),
— Theoretical uncertainties taken as correlated.

CMS Preliminary (5=7TeV,L=5.0f" {s=8TeV, L= 195 ft" CMS Preliminary (5=7TeV,L=5.01fb";Ys=8TeV,L=19.51b"
- { o s ———
ot t sl —a—
Hadronic Tt |~ +‘ , Hadronic Tt — L
4l = 4+ -
sl 3l - —
Same-Sign 2| — : + Same-Sign 2| — ——
SRR B , + L , L Combination [— | | ; | _|._ : | |
1 L1 PRI T [T 1 L1 L L1 1 i

-10 -8 -6 -4 -2 0 2 4 6 8 10

10
0, H I -
95% CL limit on ology at my=125.7 GeV Best fit GIUSM atm, = 1957 GeV 7
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 Measuring the Top-Higgs coupling through

the search for ttbarH events at the LHC. ATLAS-PHYS-PUB-2013-007
ATLAS Simulation
* No evidence of ttbarH events is observed VS =14 TeV: [Ldi=300 fb" ; [Ldi=3000 b’
and 95% exclusion limits are calculated. [Lat=300 o' extrapolated from 78 TeV
H—pp :
H,H—=uu : =
« Despite the difficulties (very challenging JtBFH il — o
channel), precisions of ttbarH analyses at -
the LHC are beyond expectations. H— 727 r
VB Ho W
« Best sensitivity from same sign dilepton, V:_}Hff —
combinations significantly improve the Hovy e ——
sensitivity. ttH, Hoyy [ —
VBF Hyy e
H—vyy (+] =
» Very encouraging for the future runs of the A -
LHC. Aatl - AN
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BDT input variables H->bb CM$ IPHC

PAS HIG-13-019

Variable

Description

abs Ay (leptonic top, bbj
abs Ay (hadronic top, bb)
aplanarity

ave CSV (tags /non-tags)
ave Ak{tag tag)
best Higgs boson mass

best AR{b,b)

closest tagged dijet mass
dev from ave CSV (tags)

highest C5V (tags)
Hy, Hy, Hy, Hs

HT

¥ prijets leptons MET)
1 prijets leptons)
jet1,2,3,4 pr

lowest CSV (tags)
mass(lepton jet MET)
mass(lepton, closest tag)

Delta-R between the leptonic top reconstructed by the best Higgs mass
algarithm and the b-jet pair chosen by the algorithm

Delta-R between the hadronic top reconstructed by the best Higgs mass
algorithm and the bet pair chosen by the algorithm

Event shape variable equal to ; (A3, where A3 is the third eigenvalue of
the sphericity tensor as described in [31].

Average Hag discriminant value for --tagged / non-tagged jets
Average AR between b-tagged jets

A minimum-hi-squared fit to event kinematics is used to select two b
tagged jets as top-decay products. Of the remaining b-tags, the invariant
mass of the two with highest E, is saved.

The AR between the two b-jets chosen by the best Higgs boson mass
algarithm

The invariant mass of the two b-tagged jets that are closest in AR

The square of the difference between the bag discriminant value of a
given b-tagged jet and the average b-tag discriminant value among -
tagged jets, summed over all -tagged jets

Highest b-tag discriminant value among b-tagged jets

The first few Fox-Walfram moments [32] {event shape variables)

Scalar sum of transverse momentum for all jets with py > 30 GeV /¢
The sum of the py of all jets, leptons, and MET

The sum of the pr of all jets, leptons

The transverse momentum of a given jet, where the jet numbers corre-
spand to rank by pr

Lowest b-tag discriminant value among b-tagged jets

The invariant mass of the 4-vector sum of all jets, leptons, and MET
The invariant mass of the lepton and the closest b-tagged jetin AR (L]
channel)

max Ay (jet, ave jet 5

max Ay (tag, avejet n)

max Ay {tag, ave tag y)
median inv. mass {tag pairs)
M3

MHT

MET

min AR leptan jet)
HiggsLike dijet mass(2)

number of HiggsLike dijet 13

min AR(tag tag)
min AR(jet jet)
U"m;r_fh'f!, bls)  A{that )

second-hi ghest C5V (tags)
sphericity

(Lt prI/LjtE)

tagged dijet mass closest to 125
il i H BOT

Institut Plyridisci
STRASBOURG

max difference between jet et and avg deta between jets

max difference between tag eta and avg deta between jets

max difference between tag eta and avg deta between tags

median invariant mass of all combinations of b-tag pairs

The invariant mass of the 34et system with the largest transverse mo-
mentum.

Vector sum of transverse momentum for all jets with py > 30 GeV/¢
Missing transverse energy

The AR between the leptonand the closest jet (L] channel)

the invariant mass of a jet pair{at least oneis btagged) ordered in close-
ness toa Higgs boson mass {DIL channel)

number of jet pairs(at least one is b-tagged) whose invariant mass is
within 15 GeV window of a Higgs boson mass (DIL channel)

The AR between the two dosest -tagged jets

The AR between the two dosest jets

square root af the product of abs Ay {leptonic top, bbj and abs Ay
(hadranic top, bb)

Second-highest b-tag diseriminant value among b-tagged jets

Event shape variable equal to g[ﬂg +A3), where Ay and A; are the sec-
ond and third eigenvalues of the sphericity tensor as described in [31]
The ratio of the sum of the transverse momentum of alljets and the sum
of theenergy of all jets

The invariant mass of the b-tagged pair closest 10125 GeV/ ¢!

BDT used to discriminate between fih5 and (4 in the L] = & jets, =
4 tags, =6 jets + 3 tags, and 5 jets + >4 tags categories. See text for
description and table 13 for list of variables.
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BDT input variables H->bb CM$

PAS HIG-13-019
4 jets, 3 b-tags 4 jets, 4 b-tags
Etl pr jetl pr
EtZ pr jet 2 pr
g3 pr jetd pr
jet 4 pr HT
W3 ¥ prieslepton MET)
Y prijets lepton, MET) M3
HT ave {5V (tags)
lowest CSV (tags) second-highest C5Y (tags)
MHT third-highest CSV (tags)
MET lowest TSV (tags)
5 jets, 3 b-tags Sjets, = 4b-tags
jetlpr max Ay (tag avejet y)
jet2 pr Eprijets lepton, MET)
Et3pr (L jet pr)/ L jet E)
jetd pr ave & R(tag tag)
. prijets.lepton, MET) awve U5V (tags)
(£ jet prifiLjet E) dewv from ave C5V (tags)
HT second-highest C5Y (tags)
ave 5V (lags) third-highest OS5V (tags)
third-highest CSV {tags) lwest OS5V (tags)
fourth-highest C5Y (jets) tthb /ttH BT
= @ jets, 2 tags =6l 3 ags = 6 jets, = 4 lags
Y prijets.lepton MET) Hp Ejet pr)/ (L jet E)
HT sphericity ave AR(tag tag)

mass| leptonclosest tag)
max An {jet, avejet pi
min AR{lepton jet)

Ha
sphericity
(X jet pr)flljet E)
third-highest CSY (jets)
four th-highest CSV (jets) |

(£ et pr) /(£ jet E)
max Ax {jet, ave jet p)
 prijets lepton, MET)

ave 5V (tags)
second-highest OS5V (tags)
third-highest C5V {tags)
fourth-highest C5V (jets)
tthb /ttH BOT

product] Ag(leptonic top, bb), Ayhadronic top, bb)
closest tag mass
max Ay (tag, ave tag 5}
awve 5V (tags)
third-highest OS5V (tags)
fourth-highest OS5V (tags)
best Higgs boson mass
tthb /ttH BOT

Table 14: BDT wariables used in each anal}'sis category of the Ieptm + jets channel.

iPHC

Institut Plyridisci
STRASBOURG
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BDT input variables H->bb CM$

PAS HIG-13-019

3 jets, = 4tags = b jets, 3 tags = b jets, = 4 tags
ave AR {tagtag) tagged dijet mass closest to 125 Hy,
max AR {tag, ave tag n) (Ejet pr)/(Ljet E) ave AR(tagtag)
(L et prif(Ejet E) -,l.l"m;[f""P,lrlr] % Ay e fh) closest tagged dijet mass
tagped dijet mass closest to 125 Hy sphericity
Hy Hy max Ay {tag, ave jet n)
Hz M3 max AR {tag, ave tagn)
E rrijets lepton, MET) max Ay (tag, ave tagy) mass|lepton,jet MET)
fourth-highest CSV (tags) max Ay (tag, ave jet i) (E et prifXjetE)
aplanarity max Ay (jet, ave jet i) abs Ay (leptonic top, bh)
MET abs Ay (hadronic top, bb) abs Ay (had ronic top, bb)
abs Ay (leptonic top, bb) U“ﬂ.ljl (#er, bl A bl
sphericity ave CSY (tags)
aplanari ty best AR (b,b)
min AR (tag tag) best Higgs boson mass
jet3pr median inv. mass (tag pairs)

Table 15: List of variables used as inputs to the ttbb/ttH BDTs.

3jets, 2 b-tags =4 jets, 2b-tags =3jets, =3 b-tags
ave CSV (tags) ave CSV (non-tags) ave CSV (tags)
min AR{jetjet) min AR(jet,jet) min AR(jet,jet)
¥ prijetsleptons) ¥ prijetsleptons) ¥ prijetsleptons)
ave CSV (non-tags) Mumber of jets Mumber of HiggsLike dijet 15
HiggsLike dijet mass Higgslike dijet mass
HiggsLike dijet mass2 HiggsLike dijet mass2

Table 16: BD'T variables used in each analysis category of the dilepton channel. Descriptions of
the variables can be found in Table 13.

Variable Description

TaullPt The prt of the more energetic T
Tau2 Pt The pr of the less energetic T
TaulEta The || of the more energetic T

TaullsolationMVA2Raw | The HPS MVAZ2 score of the more energetic T
Tau?lsolationMVA2Raw | The HPS MVAZ2 score of the less energetic T

DitauVisibleMass The reconstructed visible mass from the T-pair
DeltaRTaul Lepton The distance between the more energetic T and the lepton
TaulDecayMode The decay mode of the more energetic T

Tau2DecayMode The decay mode of the less energetic T

LeadingfetP't The leading jet pr, exduding jets from the selected T

Table 17: Event variables used for the MVA training of the tau channel and their descriptions.

iPHC

Institut Plyridisci
STRASBOURG
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@ $ame~-sign di-muon excess dliuc

* Unlikely to come from underestimated background :
— Consistent yields between ee and emu channels,

— Muon charge mis-reconstruction would have to be 10 times >
electron charge mis-reconstruction to explain the excess.

— Multiple checks in distributions, in control regions (looser lepton MVA
selection) = no obvious background missing.

— Cut based analyses (worse sensitivities) lead to consistent results.

CMS Preliminary Ys=8TeV,L=196 CMS Preliminary Vs=8TeV,L=196f
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Events

Data/Sim.

$ame~-sign di-muon excess
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$ame~-sign di-muon excess
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Same=-sign di-muon excess @Hc

riﬂis:\ Inaire
I JHEN
STRASBOURG

CMS Preliminary Vs=8TeV,L=10.6b " CMS Preliminary Vs=8TeV,L=196fb "

= | T T T | T T T T T T I T T T — [ | T T T ‘ T T T T T I T T T —]

"g r # Data 7 "g 35 r #Data |
0] - WtH | o C Mt ]
LI>J 60: Btw 7] LE C BDT>0.2 MW .
. ez | 30— Owzh*

50 [JFakes |- C [IFakes |

- . 25— -

40F - - ]

. 201 .

30 - - ]

= ] 15[ -

&5 E 1 N .
10— - E

- 1 -e E ! | | T | | 1 | | T | | | E | | t | | ! | | T | | | E
e u ] E 3
.U_) 1.4 - E U_) E
— ~ - — —
S 12: E S % E
M 1.0 B © 7
o - E = — -
0.8 , , , 3 | , , E

-2 0 2 4 6 0 2 4 6

q(l.L) q(l.L)

36/27



e e 1
$ame-sign di-muon excess  (IPHC
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e Same-sign dilepton :
— the pT and |n | of the trailing lepton,

— the minimal angular separation between the trailing lepton and the
closest jet,

— the transverse mass of the leading lepton
— and ETmiss , HT , HTmiss

* Tri-lepton :

— the multiplicity of hadronic jets, the pT of the jet with the highest b-tagging
discriminant value,

— HT, the fraction of HT from jets and leptons within [n | < 1.2,
— the maximum of the |n | values of the three leptons,
— the minimal AR separation between any pair of opposite-sign leptons,

— the mass of the best candidate hadronically-decaying top quark
reconstructed from the jets in the event.

« Quadri-lepton : no BDT, multiplicity of hadronic jets.
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