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Higgs discovery at the LHC

A scalar boson compatible with the SM Higgs has been discovered in Runi
as shown by the combination of ATLAS and CMS Run1 results

Greatest achievement of Runt
® concentrated effort on its properties:

- magnitude of couplings
- mass measurements

- spin/CP
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nggs boson production and decay
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LHC Run 1
ATLAS H-yy k >~

CMS H-yy ——
ATLAS H—ZZ 4] k -

Stat | Syst
Total Stat Syst
126.02 + 0.51 ( £ 0.43 + 0.27) GeV

124.70 £ 0.34 ( £ 0.31+ 0.15) GeV
124.51+ 0.52 ( £ 0.52 + 0.04) GeV

12559+ 0.45(£0.42 £ 0.17) GeV

..................................................

125.07 £ 0.29 ( £ 0.25 £ 0.14) GeV

125.15 + 0.40 ( £ 0.37 £ 0.15) GeV

................................... o

125.09 £ 0.24 ( £ 0.21 £ 0.11) GeV
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nggs mass

ATLAS and CMS —— Total

Run1 CMS+ATLAS combination
Measured in yy and 4l channels:
best mass resolution.

Mass within 0.2% precision.

Predominantly limited by statistical uncertainty
n=125.09+0.21(stat)+0.11(syst) GeV

Run2 CMS Measures in 4l channel
with 35.9 fb~1 at 13 TeV

n=125.26+0.20(stat)+0.08(syst) GeV

comparable with Run1 combination
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ATLAS and CMS Run| combination

geF | VBF | VH | ttH
H— vy
H— ZZ* — 4l
Observation of H— WW* = 22u
: H— 1T
- ggF,VBF production 4 s bE . .
-H —-vy, ZZ, WW, 1T decay H— pp X X
Evidence for
-VH, ttH production
Production process Measured significance (o) Expected significance (o)
VBF 54 4.6
WH 2.4 2.7
ZH 2.3 2.9
VH 3.5 4.2
ttH 4.4 2.0
Decay channel
H- 71T 5.5 5.0 ATLAS + CMS
H — bb 2.6 3.7 i

JHEP 08(2016) 045



ATLAS & CMS coupling Runl

Assuming SM BR

ATLAS and CMS - ATLAS+CMS
LHC Run 1 -+ ATLAS
-+ CMS
B — =10
— 2
”QgF _'."_ =20

-1-050 05 1 156 2 25 3 35 4
Parameter value

u=c BR/(c BR)su

The signal strength wrt to the SM

Good agreement between all

decay channels

i =1.091015=1.09-

All measured processes in agreement with
SM within 2 standard deviations

Largest deviation measured in ttH x-section
‘about 3 o.

/' The p-value of the compatibility between

the data and the SM predictions is 75%.
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ATLAS &CMS k-framework Runl

Leading-order inspired framework to study couplings, developed by the LHC Higgs
Cross Section WG. For a given production process or decay mode (i) a coupling

modifier is defined as :

no new particles in the loops enterin F
Ki=0i/0iSM  or K2=Ii/T'iSM P P 9 99
production and H — yy decay. No BSM decays.
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Spin CP Runl

Spin 1 and 2 excluded at
more than 99% CL
by both collaborations

SM case
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fs=8Tev, 20315

Phys. Rev. D 92 (2015) 012004
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Increasing

Eur. Phys. . C75 (2015) 476

at > 99.9% CL by both collaborations.

CP mixing also investigated,
large fractions of CP mixing are still allowed <30%

EFT interpretation should still be a priority:
e combine couplings and CP studies!

¢ increase of generality PseudoObservables,
o K-framework limited to rates!



o o ATLAS Eur. Phys. J. C75,335 (2015)
I I |ggs Wi dth CMS Phys. Lett. B736, 64 (2014),
JHEP 09, 051 (2016)
EPJC 75(2015)212, PRD 90 052004(2014)
A Direct measurement: @95% CL at GeV level.

Hoyy H24t ™ imited by detector resolution=1.5 GeV( '+ =4 MeV)
ATLAS | 5.00bs . 2.60bs
_________ GeV | 62exp | 6.2exp Indirect measurement: comparing on-shell and off-
CMS | 240bs : 3.4obs shell rates and assuming coupling of
GeV Slexp i 28exp on shell and off shell are the same
CMS 19.7 6" (8 TeV) + 5.1 b’ (7 TeV)
< . I — 14 ——— H-» WW (observed)  «--eee- H - WW (expected) [9]
£ 14 ATLAS B c
' H->2Z+WW off-shellson-shell ) g 12| —— H-Zz(observed) oo H — ZZ (expected)
12 :v.::v:oh:,‘iﬂzo_:; » C}l 10 — H - ZZ+WW (observed) ------- H - ZZ+WW (expected)
Q[ = Ssenedwin . 1 ONSHLzz & P : |
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g Iy, (MeV)
Ny <22.7 MeV (33 MeV expected) @95%CL 'H <13 MeV (26 MeV expected) @95%CL
NNLO/LO K-factor gg—VV poorly known assuming pVBF / uggF to be identical
and assumed to be similar to gg— H* -VV for ZZ and WW



Higgs Width Run2 CMS-PAS-HIG-16-041

Direct limit: from H=ZZ I = 0.00*04! 00 GeV. MO R
On shell only:Tighter limit than Run| with 35.9 fb-!
Run2 I'h < 1.10 GeV at 95% CL (105<m4I<140 GeV)
no assumption on BSM

Runl Mh < 3.4 GeV ZZ (1.7 GeV yy+ZZ) @95% CL

95% CL |

| [ <41 MeV (100<mi<1600GeV) with both on-shell and off-shell |

68% CL

' and 12.9 fb-'. Assumption for off-shell analysis: ‘
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Theory improvements

LHC 13 TeV, NNLO, as(M }=0.118

b 1.3 —
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SM Higgs Run?2



O,

| | | | | | | | | | |

ATLAS Online Luminosity
2011 pp VYs=7TeV
w— 2012 pp Ys=8TeV
w2015 pp Ys=13TeV
v 2016 pp Vs =13 TeV

LHC Run2

Excellent performance in 2016 !
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* more data than all previous
years

« Peak L =1.4 103*cm=2s!
(exceeded design)
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* higher pileup conditions

o

PO 1 oct
Month in Year

S
>

Lumi fb"'  Year

Runt 7 TeV 4 2011 Run2 results presented in this talk
Runig8Tev . ...203 ...212 typically are 2 sets corresponding to
Run2 13 TeV | 3.2 2015

''''''''''''''''''''''''''''''''''''''' ~13 fb-1 of Run2 data (summer 2016)
Run2 13 TeV 32.9 2016

~36 fb-1 of Run2 data (winter 2017)



H —) yy _ ATLAS-CONF-2016-067

> =
13.3 fb™’ S TS Ao 3
13 categories: final state+production modes 7 :Z S/B weighted sumof 3
Signal extracted by fit to m,,, bkg o E
modeled with polynomials. 100 =
Observed significance is 4.70 80 s =
+0.22 60 E
* U= 0.85 -020 40F —
No significant deviation from SM “
ATLAS Preliminary —e— Total
_ {s=13TeV,13.31b"
(T S o , m, =-0.25 0%
Moy = — My =028 lige e Run 2 result uses NSLO
Mogr - —e—i N =224 1o calculation for ggF.
A N ——i n, =059 [
o Lo - u =085 02 e Better agreement with theory of
n. | OgreNLLO oy b =117 102 Run1 result when N3SLO
s B e N calculation is used:
Signal Strength Oggriheory increases by ~10%.



CMS-PAS-HIG-16-040
35.9 fb™

H=yy

Events are sorted into 14 categories depending on Higgs
production modes and kinematics, to improve the analysis
sensitivity

First time presenting VH results (in run2)

7=11601 =1. 16+8'%(1) (stat.) .08 (syst.) T0% (theo.) E <
CMS Preliminary 359 (13TeV)
H-yy - Combmed + 10
Significance - ~®-Perprocess =10 _
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o, | 2238
By 237,
1 1 1 1
-2 0 2 4 6 8

=

é

:

H—>yy
n\,-1254 GeV, u-i 16

All categories

S/(S+B) weighted

¢+ Data
— S+B fit

------ B component

[z10
=20

150 160

170

100 140 180
m,, (GeV)

CMS Preiiminary 35.9 fb' (13 TeV)
§3..71111111111117‘[llTY[IIY!]TYI'IY!Y!IIIIY“
‘é E + Best Fit E
: b —
25¢ - .
A -
: -
15 =
e :
0.5 -
of- =
03E m,, profiled 3
1 l A LA l ALL AL l LA LA l AL l LA AL 1 LA LA l LA AL l LAl l-‘
-1 -0.5 0 0.5 1 15 2 25 3
“ggH,nH



CMS-PAS-HIG-16-040

35.9 fb" H— YY

Cross-sections at stage 0 of the simplified Template cross-section framework lyul<2.5
profiled my to render the measurement as independent as possible from any mass hypothesis.

CMS Preliminary 35.9 fo' (13 TeV)
l L 1 ] L] 1] I ] 1 1] l 1 1 L] l 1 ] ] l ] 1
H-yy —m— Per process + 1o
ggH | 105 - SM Prediction
VBF | 06" m,, profiled
ttH | 227 —a—
WH leptonic | 317} f = i
ZH leptonic | 007’ wm—
VH hadronic | 4.1 : = i
l l 1 l 1 1 l 1 1
-2 0 2 4 6 8

Gproc/ 6theo



H—yy Differential

Fiducial phase space defined to closely match experimental
acceptance to reduce systematic uncertainty associated with

underlying model.

*calorimeter crack region excluded

HX= (VBF+VH+ttH) non ggF production mode.

35.9 fb’
13.3 fb™’

CMS-HIG-17-015
ATLAS-CONF-2016-067
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14.8 fb!
my, [118-129] GeV
Pr ;> 30 GeV

-~

| 2 or more jets ]
(>=llc§an\§) Ot | ljet m<120GeV | | m>120GeV |
\Pr= V) | ‘

Discriminant | | Discriminant | | Piscriminant | | pioodmninant

Just counting BDT-ZZ BDT-1j BDT-2jVH BDT-2jVBF

High S/B=2, but low statistics.

Event categorization to measure cross section per
production mode and jet multiplicity. Extract signal by
fitting the shape of discriminants in each category.

D2

2/~ ATLAS Preliminary
H 1 8_H—>ZZ'—>4I —68% CL
"L 13 Tev, 148 10" = 95%CL

T 1.6f M

- Best fit

oggHobe+

H—oZZ*—4l|=e,p

ATLAS-CONF-2016-079

:_H - 77" - 4l
- 13 TeV, 14.8 b

30

Events/2.5 GeV

RALEE RREAE BERRA ITTIT]IIIIIIITITTII ULLAN REBRLE
35_ . e ¢ Datla

2z

B Z+jets, tt
tt+V, VvV

w4 Uncentainty

80 90 100110120130 140 150 160 170

m, [GeV]

Measured cross sections and couplings are
consistent with the SM expectations within 2c.
E - Mass is fixed to mp=125.09 GeV.

* No undetected or invisible decays are

s assumed to exist

% 05 1 15 2 25 3 35
W<BR(H > ZZ*) [pb]



4 isolated leptons (e,u) : two pairs of same

35.9 fb"’

H — sz< — 4 I ) I —e ; IJ CMS-PAS-HIG-16-041

flavour opposite sign leptons
(4e, 4u, 2e2u or 2u2e)
pt>7(5)GeV,|n|<2.5(2.4) for e(u)

Events / 4 GeV

CMS Preliminary 359Mm7' (13 TeV)
L] L] ] T T T T

100+ e Data —
[~ [] H(125) 7

— T ] qq-2Z, Zy* J
go— | B g9-2Z,Zy*
- M B Z+X -
60— ] —
of | :
20— —
" g ' ; -

40

200

0 500 700 900
m,, (GeV)

CMS Preliminary 359" (13 TeV)
H
Untagged [REERSEE{oRIENIE = ?/gBF
. B WH, WX
VBF-Tiet g exp. events B WH, W-iv
tagged B ZH, Z-X
VBF-Zjet S exp. events B ZH, Z-21
tagged ttH, t—0/+X
VH-hadronic B ttH, t-1+X
tagged 2.03 exp. events B tTH, T—2/+X
VH-leptonic g exp. events
tagged
VH-MET
tagged 0.12 exp. events

0 01 02 03 04 05 06 07 08 09 1
signal fraction

Probing ggH, VBF, VH, ttH production
modes with 7 event categories based on
number of leptons jets, b-jets,

MET. Kinematic discriminants using ME.

Assuming mpy=125.09 GeV

g
p= = 1051514 (stat.) Zg oo (sys.)



35.9 fb!
CMS Preliminary 359" (13 TeV)
l1‘ll]’lll‘l YY!!‘IY!Y!]IYIIIYI!Y
H—-ZZ*" - 4]
- +0.20
ogng 1.20°, 7,
Stage 0 sub-process
my, = 125.09 GeV
_ 1.01 Fl} SM Prediction
Oygr | Opoo = 0.057, . 1@
_ ¢2ea
Orinas ! Omeo = 0-00 550 @
Om/ O oo = 000"_‘2);; T
— 119
oﬂH/otheo- 000:000 @
lljlllll Llllxlxlllxlllllll
o 05 1 156 2 25 3

H—}ZZ*—}4I I=e,IJ CMS-PAS-HIG-16-041

Parameter value norm. to SM value

» Simplified cross sections for lynl<2.5
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N 1 1
h o= 120:3: . H—-2Z* -4
ogH n\‘=125.0QGeV
I o, =10550
+1.03 comb.
Hope = 0060 m B
+285
u =000, »
pm= 0“)::3 -
- omol.lQ
Mo = Vo0 &
L L A A l A 1 A l
0 1 4 5
Tl
CMS Prolminary 3591 (13 TeV)
§4 ARELEN B R |
§35~ H-2Z' -4 -
=- E mH=125.OQGBV .
3t — 68%CL
- —-95%CL -
2.5 + best fit -
: ¢ SM
2| :
1.5f =
1 -
0.5 =
0; Sy
0 2 2!.15 3
20 ggH,ttH




CMS H—=ZZ*—4| Differential fiducial

CMS-PAS-HIG-16-041

Fiducial phase space defined to closely match the experimental acceptance to reduce
systematic uncertainty associated with the underlying model. Maximum likelihood fit to the
m,, distribution to extract the g;4. Detector level bin-by-bin correction applied.

O ny = 29073 (stat) 'y, (syst) fb
oM =27220.141D Consistent with SM expectations within
uncertainties, statistically dominated.
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& HoZZ*— 4] leferentlal

wo isolated-lepton pairs

pr>5/7 GeV for muons/electrons loose lepton

identification criteria

Profile likelihood ratio fit to the m,, distribution to

extract the oy,

Probe kinematics [pr, y], spin/parity sensitive

variables [cos©*, Agj] and production-

mechanism sensitive observables

[Njets, mjj, ptj1]

36.1 fb™

S‘ N | ] I
o 0.14— ATLAS Preliminary
O] - HZZ' 5 4
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[T ] Syst. uncentainties

HRAes £« 1.1, « XH
NNLOPS L = 1.1, +XH

-MGSFFl 1.47, +XH

\\\\\\\

p-value NNLOPS 25%
p-value MG5 FxFx = 42%
p-value HRes = 21%
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Events / 2.5 GeV

o [fb]

Data/Theory

ATLAS-CONF-2017-032

II-IIIIYIYIIYIYIIYIY
¢ Data
50 ATLAS Prellmmary @ Signal (m =125 GeV) _
- * — Background zz'
I H— 22 _)’4| (] Background tt+V, VVV
[ 13TeV,36.1 fb I Background Z+jets, tt |
40 %4 Uncertainty
30~
20
10
0
80 90 100110120 130 140 150 160 170
m,, [GeV]
3 N 1 | | ] n
- ATLAS Preliminary ~ —*— Data ]
C HZZ' > 4l . Syst. uncertainties N
25 13 Tev,36.1 " NNLOPS k = 1.1, +XH .
o B VG5 FxFxk = 1.47, +XH .
21— VRN XH = VBF+WH+ZH+ttH+bbH _|
C p-value NNLOPS = 33% :
1.5 I . p-value MGS FxFx = 55% —
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1] ATLAS H_’ZZ*_"” fiducial

ATLAS Preliminary —— 2, ATLAS-CONF-2017-032
H — 77" — 4] =  LHCXSWG ggH @N’LO + XH
4 HRes 2.3, N°LO+NLL + XH
13 TeV, 36.1 fb”’ ¢ MGS FxFx + XH
#  Powheg NNLOPS + XH
= | = T ool - 2e2y and 22e channels fiducial x-sections
o o P ] larger than expected.
o 80+ . . . .
:'6; ) 4} $ o - Agreement of combined fiducial x-section and
. 3.5 - T . .
of \ sk prediction within 1.5 ¢
F . i - Statistically dominated. Larges systematics:
08k ) a0t , lepton uncertainties+Luminosity.
o.eé 15 + . 30?
0.4} 1 2o§-
0.2} 0.5 10
M i§§§ ’ A: x BR Ni i
T & v 3 Tifid = 0 XA; X = =~
& L X C;
Cross section  Data (% (stat) & (sys) ) LHCXSWG prediction p-value [%] Ni reco
Tap (D) 0.92 Tp.25 oot 0.880 + 0.039 88 Ci= Nipat
01e [fD] 0.67 1o:25 o050 0.688 + 0.031 96
o2u2¢ [fb] 0.84 1031 To06 0.625 + 0.028 39 - Ai=Acceptance in fiducial volume
Oaeop [fb] 1.18 tp-50 +0-07 0.717 + 0.032 7 - Ci= correction factor for events in
Tanite D) 1.50 T0-37 F0.12 157 + 0.07 65 fiducial volume to be reconstructed
Oapzet2e2u D) SO A A — — - Ni,fit is the number of extracted
Osum [fb] 3.61 Zg50 ~0.21 291 £ 0.13 19 signal events in data
T comb D] 3.62 900 020 2.91 + 0.13 18

Ttot [PD] 69 T30 £5 55.6 £ 2.5 19




ATLAS-CONF-2016-081

ZZ* and yy ATLAS combination

Products of Higgs boson production cross
sections of process i (0;) and branching ratios
to the final states are reported for |yy | < 2.5

SM decays are assumed

("stage-0" simplified template cross sections) 13.3 fb™'!
ATEAS Fremnary  My=129.09 Goy ATLAS Preliminary m,=125.09 GeV
\s=13 TeV, 13.3 fb™' (yy), 14.8 fb™' (Z2) {s=13 TeV, 13.3 fb "' (yy), 14.8 fb" (22)
-o- Observed 68% CL SM Prediction -o- Observed 68% CL SM Prediction
(c-B)*
ggF i & ) CggF g
(0B -
- ~ (8]
(o | B)\Z,ZBF . VBF
(6 ’ B):TBF —— OVthd 2 2
(- B)\YIYHhad . h i
i | hiep — 1
(6 . B)‘\:Llep ® T
(c-B)” i —— | o
top T IR FETTIITETI FETT FTTTI Ao AT AT 1 T I
4 -2 0 2 4 6 5 4-3-2-10 1

Parameter value norm. to SM value Parameter value norm. to SH value

No significant deviation from SM, 4o significance of VBF produc fon in Run 2
(1.90 exp) "4



ZZ* and yy ATLAS combination

Signal strength p = 1.137013

yy 13.3 fb
ZZ 14.8 fb

a(pp — H+X) in the full phase space obtained from fiducial cross section

T T L3 L2 T T T T T T T T T T T T T T T

3 -i T ' T v T T ' ‘.' 'v T ' L2 |

Z 100 ATLAS Preliminary — G,y My =125.09GeV _

:T: " A Hoyy 0H—ZZ'—4l = ?CtD scalc:t uncertainty .

g . mm Tot. uncert. (scale ® PDF+a,)

o gol ¢ comb. data '~ syst. unc. b
60
401
20

i Vs=7TeV, 45fb"

- Vs =8TeV, 20.3fb" -

Or Vs=13TeV, 133" (yy), 148" (Z2Z*)

PUREET SR (T W WY WA WA (N VAN VAN VAN WA SN NN WA WA Y S W W W S S S S T U S S S S S R

7 8 9 10 11 12 13
Vs [TeV]

25

o(pp — H + X) = 59.015 7 (stat) 575 (syst) pb

good agreement with
N3LO QCD + NLO EW

o(pp — H + X) = 55.5724 pb




-1t B DO 2.3fb" | CMS-PAS-HIG-15-003
i | —cus H —}\/\/\/\/ﬂ< 581 fb' | ATLAS-CONF-2016-112
- S
22| ~Gave most precise signal strength in Run1.
| CMS ggF only: Categorization: 0,1 jet, ep, e (prordered)
| Binned fit of unrolled 2D histograms my, mtH
ue e
“m_ ——0—4: " CMS 'Prellim'inarly ] | L =2.3/fb (13 TeV)
SRR % % § 180 mpy Fake
w160 tW and tt ww
140~ [IVVV T VZiytly
— — [ 1Higgs —+- Data
= == —
uggr = 0.3+0.5 0=0.7(20 expected) :zg ~ Systematics
.3 fb1 il limi t uncertainty! :
only 2.3 fb-1 run Il still limited by stat uncertainty 80 0 jet, ue
c 350 1 — 60
- - ATLAS Preliminary #P= 2 sues 40-
£ 300 Gowrevsan’ e B 208 Fos
Lﬁ 250:_ H-WW —eu+ue (VBF) .WW [:Olhtﬂ Higgs _: 00 :
NN o - ATLAS: VBF and WH production modes studied.
150 2150 - Categorization in jet and lepton multiplicities.
100E- £ 101 -+ Consistent with SM
50( g5 uver = 1.7+0-10 g gg(stat)*0-6g 4(syst)
- T k - 3.7 2.3
OSeR tomok sk e Hwh= 3.2+3:7_3 2 (stat)+23.2.7(syst)

Fit regions
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Searches can be divided in:

Hadronic
H—-bb, H _’ThTh

Leptonic

H-WW, H _'tltany

Bosonic (higher purity)
H=vy
H—ZZ*—4l

uoI}99s-x 1aybiH

* o(pp — H+X) [pb],

<

1072k

-
o

-—
1AL

107"

I | | l | I | l

|
. M(H)= 125 GeV -

1 1 1 1 171
) _
x :
é -
[e) -
o -
(@)
o -
+ R
Zz N
r
o —1
1 1) | 1 11
LMHC HIGGS XS WG 2016

,10 11 12 13 14 15
(s [TeV]

ttH x-sec increases 2 times faster than other modes
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ttH—vyy

Both ATLAS and CMS use hadronic and
semi-leptonic decays of top
Background estimated from CR where =1 vy

~ SM Signal + Background ttH leptonic

>
- fails tight identification 8
- fails isolation criteria -
BDT for S vs Bkg separation in both cases o
it
> T ] T T T L] ] T T T T ] T L3 T T I 13 v T T l L] T T T
3 * Data ATLAS Preliminary
5 B Background Fit Vs=13TeV, 13.3fb"
‘qé; —— Signal + Background Fit ~ H-—»yy, m_ = 125.09 GeV
>
L

N WA, 00 OO N

*
5; llllllllllllll[lllllllllllllllllllllll
o

0(stat) G(syst)

.....................................................................................................................................

CMS  1=22"%4,
| 28

CONF-2016-067 |13.3 b
PAS HIG-16-040 |35 g '

" CMS Prellmlnary 35 9 fb (13 TeV)
l L I L l llllllllll
H—>yy Z
(o[ M=125.4 GeV, fi=1.16 o Lept°“'° Tag -
i ¢+ Data -
N S+B fit _
] | N | B component
i =10 I
1 [ ]x2o0 =
- ‘ “- - - - B
. ]
! _
. L ] L L ] —
Wi R
j § d j 3 J L ] ) §
| l 1 1 II l 11 n ‘ I .lullnl..’""llﬂjﬂ_:_ﬂ.\g llllll P i e
gk ' ' " B component subtracted 3
6 =
4 } T —
2 T - . =
0 Ei!sl' q - 1 i T3 - 3 . = > 97791 redddieL . iBN S e
-2 .
-4 ) ) ) ) ) ' ‘
100 110 120 130 140 150 160 _ 170 _ 180
m,, (GeV)

statistically limited
CMS observed 3.30 (exp1.50)
compatible with SM at 1.60



ttH —) 4| CMS PAS HIG-16-041

Full 13 TeV statistics.
Strategy: Measure inclusive production cross section of

. -1
H —> ZZ = 4l, tag production mode and extract ttH 35.9 fb
CMS Preliminary 35.9fb" (13 TeV)
L L 1 1] I L L] L 1 ] 1] 1] 1] L ' 1 1 L] L] l L 1 1 1 l 1] 1]
CMS Preliminary 359 o' (13 TeV) +0.22 H-—ZZ" — 4]
> SN ~AAA ALY RAAAY RARAS RARAS RARRE RARAN RARAE RARAE RARE B o= 1.207, 5, -
8 - Data ttH-tagged cat : ” m, = 125.09 GeV
< 3.5 [ H(125), ttH o9 Rl =
~ [ 1 H(125), other ’ | = 1.05'019
£ s Tw-zzzr . _ +1.03 Heomp, = 1+0-0.47
S °I mes-zz : Myge = 006 g0
> - B Z+X -
W 25t B
2f- = _ +2.85
. Mohag ~ ~ - -000 ¥
1.5 -
1 ) . -
0.5} g .
% 80 90 100 110 120 130 140 150 160 170
m,, (GeV)
I 1 L1 l | | l
3 4 5
u

Statistically limited, both 4l and yy will profit in near future from more data
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Events

Data/Bkg.

ttH — bb ATLAS-CONF-2016-080 |13.2 fb""

CMS PAS HIG-16-038 {12.9 fb"!

Select semi-leptonic and di-leptonic tt decays

(fully hadronic ATLAS Run1) E
- Leptonic, (6 quarks, 4b)

 Dileptonic (4 quarks, all b)
Both ATLAS & CMS use Niets and Ny categories
ATLAS:1 BDT to reconstruct events+ 2nd BDT to
disentangle S and B (HT fitted in CR)
12.9fb" (13 TeV)
140:-CIIW Preli;nina'ry ;l"a'aFl ;l‘Sx:tH _ r §
B tt+L H+cce .
B iy Rl O T pre-fit= before 5
LU -l el »# fitto data of SR ©
100f P diboson A and CR
:Z/// :
80 7
//
60

40

e

VS

1 o%/ /%
00 01 02 03 04 05 06 0.7 08 09 part

MEM discriminant 30

20

600 Single Lepton i + >1c
r26j,24Db mti+ >1b
S00F" pre-fit mti+V
[ |Non-tt
400; Uncertainty
" ttH (norm.) 1
b ® ‘
200" B2TT I
- ..
100 e o
0 ;
15 L o Y=
1 PG4 44444444444 3
0.5
108060402 0 02 04 06 08 1

- ATLAS Preliminary -e Data
Cis=13TeV, 13.2fp" WM!H

It + light

Classification BDT output

CMS: BDT inputs are kinematics, event shapes,
b-tag discriminant. Then after BDT use Matrix
Element Method (MEM) discriminant optimized
to separate ttH(bb) signal from irreducible ttbb
background (MEM most useful in high BDT



Dilepton

Lepton+jets

Combined

ttH—bb

11.4-1291f" (13 TeV)

CMS Preliminary

U tot. stat. syst.
E : +1.50 +1.05 +1.01
: -0.04 "1 096 108

+1.02 +0.51 4088
-0.43 -1.02

-0.52 -0.87
; +0.80 +0.45 +0.66
e =019 Toay 044 -oes
1 | [T ST ST N T NN T NN S N
-2 0 2 4 6
Best fit u = o/o_ at m, =125 GeV

Dilepton

Single Lepton

Combined

ATLAS Preliminary ttH (bb), Vs =13 TeV, 13.2 fb™

| | Ttl T T T T T
— | Ol.
Stat.

Tot. ( Stat. Syst. )
4 6 +29 ;, +14 +26
_e —i v 23\ 13 19
1 6 +1.1 , +05 +1.0
[ | -1.1 05 -09
+1.0 , +05 +059
FoH 2.1 -0.9 ( 05 -0.7

N I BT B B O 1

0 2 4 6 8

PN BRSNS SR SR N
10 12 14 16 18

Best fit p = o'™/ol for m, = 125 GeV

notably on the theoretical modeling the tt+bjets background,

' and on the experimental side flavor tagging.
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CMS PAS HIG-17-004
ATLAS-CONF-2016-058

H->WW.,ZZ,tt

ATLAS: 4 CategorieS, ZESS OTHAD, Z[SS 1THAD, CI_VIS has full 2016 stat:2{SS OTHAD, 2{SS 1THAD Moved to
ttH, H=>1t, 3{ O7HaD,4{ OtHaAD . Uses 2BDTs for 2 £ and 3 ¢

3% ntHaD, 4L nTHAD. Uses counting experiment in
final states against tt and ttV bkg. Counting for 4 {.

all final states

Events

CMS Preliminary 35.9 b (13 TeV)
‘g 1 | | | | | | I | | =
C 180 - FF*, post-fit (SM prediction) -
i L L ! L | ] o » «Data @WZ [Non-prompt -
| ATLAS Pre"minary + Data . ttH (SM) ] L 160 - WttH [JRares [:]Charge mis-m. .
1 [(ftw [Clezry?) - WtW  @W'W* g Total unc. .
gof fs=13TeV, 13210 _ ] - @tz EConv. 1
' Prod SR [ Diboson B Non-prompt 140 -
Tl Il QMisReco [ ] Other : 3 202_ 3
or /> Total Uncertainty ] - ]
] 100 s T 5
: 80 :_ e, _:
1 60 | e . -
A 40k SRS B
5 20\
1 : n IS S B e — N\ NN
I © 1.8 mmstatunc. @EEtotal unc.
] 5 161
‘ S 1af
) ® 1.21
y o 1.0
1 0.8
0.6

ee ee en ey ej ep MW P P pp
9 3 = * bl bl+ bt- bt+ bk bl+ bt- bts




Category

ttH— multilepton

Observed u fit =10 Expected u fit 1o

Same-sign di-lepton
Three lepton
Four lepton

1.7 (—0.5) (+0.6)
1.0 (—0.7) (+0.8)
0.9 (—1.6) (+2.3)

1.0 (—0.5) (+0.5)
1.0 (—0.7) (+0.8)
1.0 (—1.6) (+2.4)

CMS

Combined (2016 data)

1.5(—05) (+0.5)

1.0 (—0.4) (+0.5)

Combined (2015 data) [42]

0.6(—1.1) (+1.4)

1.0 (—1.1) (+1.3)

35.9 fb-

Combined (2015+2016 data) 1.5(—0.5) (+0.5)

1.0 (—0.4) (+0.5) '}

L L L L L

ATLAS Preliminary Vs=13 TeV, 1321

—tot.  —stat. tot (stat, syst)

250Thad , 4. +2.1 +1.2 +1.7

Results compatible with SM at 1/2¢ level Anan 077 (41, 5
ATLAS significance 2.200obs (10exp) 26 1Thad ot 6.2 35 (25 23
CMS Significance 3.300bs (2.50'exp) 3| el 0.5 t;l;l (jg’ jg)
This channel will profit of increased a¢ “— < 2.2 (68% CL)
statistics, better understandingof e dansoosiasssoossosaosecocooocooooooocooiiiiooiiooco
backgrounds. Main systematics in both Combi"ationi He 25 17 (%97, *03)
analyses fake (non-prompt) lepton. R e R
Systematics are limiting factor ATLAS best fit p_ for m, =125 GeV

33 13.2 fb



35.9 fb™’

CMS Preliminary 35.9 fb" (13 TeV)
| NE
! ® e
—— Best fit I_.—
------- SM Expectation :
1 1 1 I 1 | 1 l i 1 l
-2 0 2

Best fit u = O/OSM

ttHTT

CMS-PAS-HIG-17-003

Full run |l statistics,
orthogonal categories wrt multi lepton analysis

Similar strategies for bkg treatment
-1¢ 27haq, =3 jets, =1 b-tag
-2¢ SS 17had, =3 jets, =1 b-tag
-3¢ Thad, =2 jets, =1 b-tag

Main systematics: tight lepton selection,

Thad Id and jets faking Thad

1142t

— +1.50
n= 1'20-1.47

2lss+tr,

_ +0.79
n= 0'86-0.66

3l+t,

- +1.33
n= 1‘22-1.01
Combined

_ +0.62
n= 0'72-0.53

CMS Preliminary 35.9 fb" (13 TeV)
11427,
u<26 (3.4 exp) O
2lss+tr,
u <24 (1.4 exp) O
3l+t,
1w <4.0 (2.7 exp) Q “®- Observed
- Expected
Combined +10 Expected
u<20(1.1exp) O +20 Expected
li | 1 1 | 1 1 1 1 |
0 10

95% CL upper limiton p = °/°s~|

most sensitive easier to model 2 SS 11haqg




ttH ATLAS combination+CMS Summary

ATLAS-CONF-2016-068

e ——
ATLAS Preliminary 1s=13 TeV, 13.2-13.3 b’
—total ~ stat. (tot.) ( stat., syst.)
L o) | e 03 3 (48,95 2.80 observed
tH(H-WW/tv/Z2Z) b @ 2 5 t:is :,g._;’ r(;; ) B (1 .8 expeCted)
(13Tev132m’) ' already exceeds Runt
{tH(H—bb) e—— 21 00 (72,707 )
(13Teviz2m')
ttH ﬁ%n;‘t,)&r’\alion o 1.8 *4?;' ( ;C)’_-:’ lt))..g )
. +0.8 +05 +0.7
roroasmon, .y Lot T es (0sr0s )
0 2 4 6 8 10
best fit Mo for m =125 GeV ttH production
JHEP 08 (2016) 045 .
. . MS Run?2
Problem for future is systematics, CMS Run2
. . % — +0.9
‘ adding hadronic decays or orson | — 220
¢ exploiting boosted analyses might help. | sl o 0.0 55
| HIG-16-038, 13fo™'|
i The bb and multi lepton final states §  multileptons —e— 1.5-05
t are already systematically dominated. § T +X| —o— 0.7 08
' ¥ HIG-17-003,36f0°" |, , | , . . b L Cl

1 0 1 2 3 4 5
Signal strength relative to SM prediction
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ttH—bb (tt bkg mismodelling)

Both Atlas and CMS use powheg v2 to simulate tt+HF

o ATLAS fits overall b,c,| classes (ttbb and ttcc cross-section predictions were not used)
e CMS fits each with 50% uncertainty (10% degradation due to this)

Data overshoots expectation in all regions with important
tt+HF contribution. The results are compatible with theoretical

errors.

ATLAS 6j4b about a factor 1.5 mismodelling of event numbers
Using NNLO tt calculations of shapes & uncertainties
pre-fit ttbb normalized to NLO Sherpa+OL,(NLO +massive’b’s)

Post-fit shows good agreement

This channel will profit in the future
from better understanding of tt+bb

and interaction with theory.

SM ttbb measurements see similar features
see for example CMS-TOP-16-010.
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Events/ bin

Data / Pred.

Events / bin

Data / Pred.

10°} ATLAS Preiiminary  ¢-Data  WtiH [t + light
107} (s=13TeV, 132" [Jii+21c Wti+21b M+ V

ol 'S)ingflg Lepton [(INon-tt Uncertainty - - tfH
re-fit

B T S

10*

Y2 Siop 6o %3 s 6z Yeqy Y2g G2y

al v ™ Y Y T .v Y ) T
10°] ATLAS Preliminary  ¢Data [tiH [t + light
10| 1s=13TeV, 13217 | i+ 21c @+210 @HE+V
, | Single Lepton [INon-ti Uncertainty -- tiH
107 | Post-fit

Yo 2 62 U Y3 63 Yog Y2gp Gy,



VBF h —) bb CMS-PAS-HIG-16-003 |2.32 fb"’

0° CMS Preliminary 232 tb (13 TeVj
'-'V'r'V'r"'r"'r'Y'I'YVI' """ I' L

107 - DoubleB | |

=1 e Dana

- —  ==VBF, m{H) « 125 GeV
[ 1 «=~GF. mH) = 125 Gev
T =it m{M) = 125 GeV
1 [Eoco ix 1.01)

4 O

quets

5| [Jzsjets

E]Smglct

DMC stat. unc,

2.3 th'" CMS looks for pure VBF channel. Trigger is
critical: 4jets (1 or 2 b’s -> 6.2% or 3.9% efficiency),
mass of non b-jets >460,200 GeV

Main background is multi jets (98%)

Events / 0.02
3,

BDT used to distinguish H from bkgs: multiple signal
regions (4 SR for 1 b and 3 SR for 2b).

Fit to mpp. Combined with 8 TeV result.

—h
=

—k
.
-
-
-
-
-

-
-
-
-
-
s
-

Data/MC - 1
o o
- oo ..
H — - .'.
L To,
' [ YWk
[ Y4
L )
: ' :
.
° -~ -
- )
e
| .
P .
h
. .
. o
' ; {8
> £ e
' -
v &4 1
- '.
'I
' .
.
y : .
3 1.
f ! { \a
v " :
.
. X 7
. # - ‘ [
ol oF 4
- 2
o .- = »

1 -08-06-0.4-02 0 0.2 0.4 06 0.8 1
RDT. qutput

l ke 4
_ Ams p,e,,mma,'y' L R T : ATLAS VBF Hy 12.6 fb-1 (larger stat)

{s=13TeV, 12.6 fb’ !8':”8558’””“ : o .
High BDT -Z:;:EWK; 3 Trigger is Slmp|6_l’2 Y, 4], mjj>700 GeV

NonRes Bkgd

Events / 10 Ge
3

| + 41 similar BDT as CMS to distinguish
40 + + 41 Hfrom bkgs: mp fitin 3 BDT regions.
30 =

Statistically limited

20 N
'H'++ : s s
5 43 . ATLAS | CMS
: o .
§ 02 ne AXSM ~ ~—==—Pp  I3TeV  p=3.9"%,7  u=3.7"2%s
: 0 - e e
égoé " *:1» f 13+8TeV ;,u=l.3+'-2-|,|

80 80 100 120 140 160 180 200 220 240
m,, [GeV] 37



13.2 b’

VH h—bb

Channel

Categories

2 b-tagged jets

pr < 150 GeV pr > 150 GeV
2jets | 3jets | > 3 jets | 2 jets | 3 jets | = 3 jets
0 lepton - - - BDT | BDT -
1 lepton - - - BDT | BDT -
2 lepton | BDT B BDT BDT - BDT

Statistical and systematics errors
are comparable

Highest systematics are due to b/c
tag and Z+HF normalization

ATLAS-CONF-2016-091

BDT used in various categories
using kinematic variables as input.

ZH—llbb, (vvbb) /WH— Ivbb

ATLAS Preliminary Vs=13TeV, j'L dt= 13.2 fb™

ZH

WH

Combination

[ ] L] ] L] 1 1 I 1 ] ] l ] L] 1 ] 1 1 ] l
- — Tot. —
— Stat. Tot. (Stat. Syst.)
+0.67 (+0.49 +0.45
— H=e=H 0157 g6s (Zo47 “0.44) —
| o +0.95 (+068 +0.68) _|
0337092 (Zo64 —067)
—  H=e=M +051 (+0.36 +0.36) —
021755 (Zo35 ~036)
I l L A 1 A A 1 l I L A l A A A l 1 I L l
0 2 4 6 8 10

Best fit p.=c/oSM for m =125 GeV

Run | result @7+8 TeV(4.7+20.3 fb-1): 0.52 + 0.32(stat.) + 0.24(syst.)
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35.9 fb"! Hi ggs —>5TT CMS-PAS-HIG-16-043

3591 (13 TeV)

. CMS
L Preliminary

-l 4

Best fit u = O/OSM

35.9 fb™' (13TeV)

g 1 T T rrrTT] T I
® Fo 10
T107F E
o — Observed 2 o]
e S R & 3
81027 ----- Expected 3
-

S 3.0

llll'lllll llxllr‘
130 135 140 145

m,, (GeV)

H—- 171 studying the Yukawa couplings to Fermions.

Higher event rate than leptonic decays and lesser
background than H->bb

e T, UT, e, TT decay channels

e 3 categories, 0-jet, VBF, boosted

e Main background from Z—TtT

o 2D fit on different quantities depending on category ( m;j;
or Pr7%,M+r.)

359 fb' (13 TeV)

lllllll'llll'l

cMS

Preliminary

4 (Obs. - bkg.)/bkg.
w (H—+77)/bkg.
[ Bkg. unc.

2]
u=1.06+0.25 :5:

[+ E+T+N~) -k . -
ONADD AN EDD -

For my=125 GeV @
4.90 observed 0

(4.7 expected)

l0g(S/(S+8))

® Observed D Tt

g B~

— H-»rr (4=1.06)

Standalone §
§ Observation!

~_

lllllllllllllllllllll
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361 fb ATLAS-CONF-2017-014
H Iggs | pp Measure Higgs couplings to second
generation fermions
> 35_ ,,,,,,,,,,,,,,, S S
3 ATLAS  Preliminary » Clean signature, small BR ~2.18 x10-
> 30F - VBF tight s =13TeV, 36.1fb"
2 - x*/ndof = 30.7/48  Dominant background Drell Yan Z/y*—
UCJ 25:_ —e— Dat . :
M B;‘cig,ound odel Using both ggF and VBF production, but
: —— Signal [125] x 20 orthogonal selection.

* VBF uses BDT against bkg, ggF uses
categories binned in n and pTy.
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https://twiki.cern.ch/twiki/bin/view/CMSPublic/Hig13007TWiki#Expected_Performance_at_s_14_TeV

Self coupling

Double Higgs production much smaller than single higgs

] I 1 1 1
HH production at 14 TeV LHC at (N)LO in QCD
M,;=125 GeV, MSTW2008 (N)LO pdf (68%cl)

————
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-
_____
-
-
-~
-
-
-

Tl S s, Phys.Lett. B732 (2014) 142-149 ATLAS

EXPERIMENT

--. 3
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o'y 2 o : 28(25) _
s 2 4 0 1z 3
Mhsu ‘ 91 (90)
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8 o) —— & WWyy | 747 (386)
~ U Z§
+ -_—
=T=1°;‘ E 2332fo!" 133 35.9 fo-!
Q | - » [=]: Test of anomalous HH couplings
\6’ 1 S PP -

Used to measure Higgs trilinear couplings,

(®) ' -
000"
= ‘NL/ : However difficult due to small expected rates, mild
; f dependence of x-section on trilinear couplings and
102"~ difficult signal separation from backgrounds.
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Self coupling (indirect)

Single Higgs couplings can be used to infer constraints on trilinear couplings and are possibly
competitive with di-Higgs constraints.

---e y Single Higgs production is affected both in production
e and decay by triple Higgs couplings via weak loops,
e.g. at NLO in the EW interactions.
g \\U // ; Distinctive pattern of deformations of the SM rates
\J’%Q?%m@m\(///‘ ) are obtained that can be compared with data.
R \\\ F.Maltoni et al, arXiv:1607.04251
g \*\ }99/ \\\\ i

Use of single Higgs inclusive data suffers of degeneracies.

Differential distributions and di-Higgs results should be included.
C.Grojean et al, arXiv:1704.01953
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Summary

The particle discovered in 2012 is well compatible with the SM Higgs.
Its mass is measured to be: my=125.26+0.20(stat)+0.08(syst) GeV (Run2)
The couplings Run1 combination by ATLAS and CMS is well in agreement with SM

= 1.091915 = 1.09 +0.07(stat) + 0.04(expt) + 0.03(th-bkgd) 05 (th-sig)

Run2
 H—vy, 4l analyses have many results in Run2 that already exceed Run1 precision
e ttH precision already exceeds the Run1 precision. The systematic uncertainties are
becoming the limiting factor ( some channels need still to be updated with full statistics

e H— 1T at 4.9 o : standalone observation by CMS
e« H-WW and VH,H—bb need a bit more time but new results will be available soon.

All measured processes in agreement with SM within 2 standard deviations
The next steps in terms of precision measurements of the Higgs properties are:

* increase Higgs measurement precision to few percent level (exclude most BSM models)
e study of longitudinally polarized WW scattering
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H->Z/Z fiducial phase space

Table 4: Summary of requirements and selections used in the definition of the fiducial phase

space for the H — 4/ cross section measurements.

CMS

The fiducial cross-sections
are defined at particle level.
Leptons dressed DR<0.3

Requirements for the H — 4/ fiducial phase space
Lepton kinematics and isolation
Leading lepton pt pr > 20 GeV
Next-to-leading lepton pr pr > 10 GeV
Additional electrons (muons) pr pr > 7(5) GeV
Pseudorapidity of electrons (muons) | <25(24)
Sum of scalar pr of all stable particles within AR < 0.3 from lepton <035-pr
Event topology
Existence of at least two same-flavor OS lepton pairs, where leptons satisfy criteria above
Inv. mass of the Z, candidate 40GeV < mz, < 120GeV
Inv. mass of the Z; candidate 12GeV < mz, < 120GeV
Distance between selected four leptons AR(€;, £;) > 0.02 for any i # j
Inv. mass of any opposite sign lepton pair Mmy-yp- > 4GeV
Inv. mass of the selected four leptons 105 GeV < myy < 140GeV

Table 1: List of event selection requirements which define the fiducial phase space of the cross-section measure-

ment. SFOS lepton pairs are same-flavour opposite-sign lepton pairs.

Leptons and jets
Muons: pr > 5GeV, Il <2.7
ATLAS Electrons: pr > 7GeV, Inl <247
: : : : : Jets: pr>30GeV, |yl < 44
The fiducial selection is app“ed Jet-lepton overlap removal: AR(jet, £€) > 0.1 (0.2) for muons (electrons)
“‘dressed’, i.e. the transverse Lepton kinematics: pr > 20,15,10 GeV
T Leading pair (m): SFOS lepton pair with smallest [mz — my,|
momenta of phOtOﬂS within a Subleading pair (m34): remaining SFOS lepton pair with smallest |mz — my|
cone of AR = 0.1 are added to Event selection (at most one quadruplet per channel)
each Iepton. Mass requirements: 50 < my3 < 106 GeV and 12 < m34 < 115 GeV
Lepton separation: AR(£;,€;) > 0.1(0.2) for same- (different-) flavour leptons
J/¥ veto: m(£;, €;) > 5 GeV for all SFOS lepton pairs

Mass window: 115 GeV < myr < 130 GeV




ttbb dilepton ttb dilepton ttb lepton-plus-jets ATLAS
i e\t based 15-8 TeV, 203 1"
Top physics: Exp. &SM-1 " @ &8 B 7 Vessurement resuts
stat. @ syst. B stat.
@  JMCENLOWPythins (BODP)
IR B oNCENLOPythies M4
A A Powhel Pything (M 2)
» Measurement of ttbb/ttjj figure: HF higher in data V' MedGraphipynie
than prediction in both ATLAS/CMS * * K K Pyicd fme)
. . . + & rynins wtes)
» Single-top differential measurements at 10% level | QR —
» Top quark measurements give valuable input to A 1 A Postog:rytict frtie
constrain PDF / aalas
5 1015 20 25 30 35 20 4C 60 80 0O 1000 1500
o:l'l’)h dilopton ['b] o:in:) ceolon [fb] G{:’ lopton-phus-jols [fb]

7 Do ATLAS and CMS diff. X-section measurements agree? Can they be quantitatively
compared?

7 Do data and predictions of diff. X-section measurements agree? How can we make
progress towards “improving” the MC generators?

7 Diff. NNLO seems to agree with parton-level data, conspiracy of various effects?




RHiggs production in single top

CMS-PAS-HIG-019

In SM diagrams interfere destructively,
More important for BSM

small x-section

CMS analysis, 2.3 fb-1

Search for H = bb in association with a
single top (t = b ev/b pv).

ny

CMS Preliminary 23fb" (1 3 TeV)

Final state e/m + 3/4 b-jets, 1 non b-tag jet

== med. expected limit
—e— observed limit B
expected + 1 std. dev.
expected + 2 std. dev.

<+ tH cross section

pp — tH
H — bb, t — bév
h',v=+1.0

g

MVA used against tt bkg.

Final discriminant MV classifier.

8

4 0.1

exptasymptotic limit on ogps/Texp
tH cross section (pb)

95% CL limit on SM x-section 113.7xSM

95% CL\

4 0.01




ttH tt modelling

effect on m\

Systematic source How evaluated tf categorics .
1T cross-section +6% All, correlated Uncer tamty source Aﬂ
N:fs,-g;::,r)mr Powheg-Box + Herwige+ vs. MGS_aMC + Herwige+ | All, uncorrelated tt+ > 16 modelling +0.53 -0.53
Radiation Variations of d Al N Jet flavour tagging +0.26 -0.26
Cresidual) ariations of ug, ug, and hdamp , uncorrelated _ .
PS & hadronisation I H mOdelhng +032 —020
(residual) Powheg-Box + Pythia 6 vs. Powheg-Box + Herwig+ | All, uncorrelated Back groun d model statistics +0.25 -0.25
NNLO top & tf pr Maximum variation from any NLO prediction tf + 21c, tf +light, uncorr. — .
ﬁ’f‘;j.,"!ggfghamm ) ) Jet energy scale and resolution +0.19 -0.19
eetghiin MGS_aMC + Pythia vs. MGS_aMC + Herwige+ | i +21b 7+light modelling +0.19 —0.18
i :f';‘,‘:;n scale | Up or down a by factor of two i +21b Other background modelling +0.18 -0.18
" ,::f,;s,:’,:;m ¢ Vary pg from Hr/2 10 pwsers F+21b Jet-vertex association, pileup modelling +0.12 -0.12
{7 + bb global scales | e i esth Luminosity +0.12 -0.12
roweighting | P G HREEEETAAE t7Z modelling +0.06 —0.06
" Showerreco Alternative model scheme i+21b . . . .
reweighting Light lepton (e, p) ID, isolation, trigger +0.05 -0.05
{ + bb PDF - . .
! ,:we,-g,,,,-,,g CT10 vs. MSTW or NNPDF i +21b Total systematic uncertainty +0.90 -0.75
17 + bb MPI Up or down by 50% tr+21b - ~y—r
1 + bb FSR Radiation variation samples 1 +21b tt+ > 1b normalisation +0.34 -0.34
1t + ¢€ ME calculation = MG5_aMC + Herwig+ inclusive vs. ME prediction | 7 +2lc¢ i+ > lc normalisation +0.14 -=-0.14
Statistical uncertainty +0.49 -0.49

Table 5: A summary of the systematic uncertainties on the tf+jets modelling. For the 17 + =15 background, the

inclusive (7 sample is reweighted to a NLO ¢ + bb prediction; uncertainties on the inclusive sample are labelled Total uncertainty +1.02 -=0.89

rcs:'duall while those on the NLO gre_dicdon are labelled mw'ﬁhn'ns.




ttH tt modelling

3 [ ) . -
10 ; ATLAS Simulation ~—e— Sherpa+COpenLoops tt+bb
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Figure 9: The predicted cross-sections for the #f + >1b sub-categories. The inclusive Pownec+Pythia 6 prediction
is compared to four-flavour ¢7 + bb calculations from SherpaOL and MG5_aMC with different parton showers. The
reweighting from PowHeG+Pythia 6 to SherpaOL has not been applied.



SM tt modelling

2.3 fb-1 of integrated luminosity

ottbb/ottjj = 0.024 + 0.003 (stat) + 0.007 (syst) visiblae phase space
ottbb/cottjj = 0.022 + 0.003 (stat) + 0.006 (syst) full phase space
particle-level jets pt >20 GeV.

POWHEG simulation (interfaced with PYTHIA) gives:
0.014 = 0.001 for the visible phase space

0.012 = 0.001 for full phase space.

Obs/Exp

Lo N

CMS Prelimina 2.3 fb"

IIII]"III

N

ITYIIIIYYVIIITT]'I"

mtibb gtiLF mISingle t
Tittb] mtt others gDYJets
Httcc @tV + Data

CMS PASTOP-16-010

e - v |

.5‘ + ........ _

1 2 3 >4
Number of b-tagged jets

Source Cynis (70) O (%) | O/ O (%)
Pileup 0.4 <0.1 0.4
JES & JER 7.8 7.4 2.6
b tag (b quark flavour) 19 47 19
b tag (c quark flavour) 14 1.3 14
b tag (light flavour) 14 9.8 9.7
Ratio of ttbb and ttbj 2.6 0.5 2.6
Background modelling 3.8 3.5 1.6
ttcC fraction in the fit 5.2 1.9 4.8
Lepton identification 3.0 3.0 -
MC generator 9.4 6.2 3.0
Q? scale 2.0 2.0 1.0
scale in PS 13 9.9 10
PDF 0.5 0.5 <01
Efficiency (ttcc fraction) - 1.3 1.3
Top pr modeling 0.8 0.3 0.5
Luminosity 2.7 2.7 -
Total uncertainty 34 19 28




Pseudo-Observables/Template Methoo

VH
o.ineas — AQQH X aggH + AQQH X aggH 4 AVBFUVBF 4 e l
azm—AgngO'gH+AggH ngH+AVBFUVBF+ i VH _
Y |

omees . .. V = qq W — fv (+)| Z — £ +vi
3 (EW Hjj mj; < 120)

Separately fit bin cross sections o2, ,;, 6% .1, 0555, ... +| p¥[0,150] +[ p¥i0,150 | || p¥[o,150 |
Template cross sections: Fit cross sections e I
in different bins inclusive of Higgs decays. (+)t — (+)t — (+)t-

» Calculate in favorite model and compare. =F =T 214 ]

22 > p¥[250, > pY¥ (250,
A =i "11( Ya€) (1Y) X Br ko fr B
UF
9 9 ‘ ‘ ) ')n 9 9 ‘n fpﬂ 20 o
FoU (2, @)g™ + Fo (2, ) 12 g” — @ 0" + Feb (@2, ) G20 ]
"I'Z "I'Z
Je (const )oy (const ) v
Fyx (g2, ¢2) = e e B e e LY. 4. Coomiat) 4 2
Bt x (a1, @) ‘Z (g1 —my;) (g5 —my) (g7 — my,) (const) + freg(q1 &
P I 2 poles 1 pole no poles

* Pseudo-Observables: Systematic way to encode experimental

information for on-shell Higgs decays.
* Pseudo-Observables are the residues of physical poles in the

decay amplitude.
* Can systematically include more inforfaation as statistics increase.



Template x-sections

The primary goals of the simplified template cross section framework are to maximize the sensitivity
of the measurements while at the same time to minimize their theory dependence. This means in
particular

— combination of all decay channels
— measurement of cross sections instead of signal strengths, in mutually exclusive regions
of phase space cross sections are measured for specific production modes

— measurements are performed in abstracted/simplified fiducial volumes
allow the use of advanced analysis techniques such as event categorization, multivariate

techniques, etc.
The measured exclusive regions of phase space, called “bins” for simplicity, are specific to the
different production modes. Their definitions are motivated by
minimizing the dependence on theoretical uncertainties that are directly folded into the measure-
ments

— Mmaximizing experimental sensitivity
— isolation of possible BSM effects
— minimizing the number of bins without loss of experimental sensitivity

The theory systematics do not have to be considered anymore apart from the ones having to deal
with bin migrations.



Temblate x-sections
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Stages Template x-sections

Stage 0 Corresponds to mu measurements in run |. Inclusive gluon fusion cross section within [YH |

< 2.5. Should the measurements start to have acceptance beyond 2.5, an additional bin for IYH | >
2.5 can be included.

(EWgqqH) (H 4 leptonic V)

[ | v | [ [ o] [

(Run1-like)

(+)
[ #¥ 20, 200]

=

Figure 219: Stage 1 binning for gluon fusion production.



Pseudo-observables

The idea of PO has been formalized the first time in the context of electroweak observables around
the Z pole. The basic idea is to identify a set of quantities that are

|. experimentally accessible,
ll. well-defined from the point of view of QFT,

and capture all relevant New Physics (NP) effects (or all relevant deformations from the SM) without
losing information and with minimum theoretical bias..

The independence from NP models can not be fulfilled in complete generality. However, it can be
fulfilled under very general assumptions. In particular, the PO should

lll. capture all relevant NP effects in the limit of no new (non-SM) particles propagating on-shell (in the
amplitudes considered) in the kinematical range where the decomposition is assumed to be valid.

Under this additional hypothesis, the PO provide a bridge between the fiducial cross-section measure-
ments and the determination of NP couplings in explicit NP frameworks.



k-framework

The old k framework satisfied the conditions | and Il, but not the condition Ill, since the framework
was not general enough to describe modifications in (n > 2)-body Higgs boson decays resulting in
non-SM kinematics. Similarly, the old k framework could not describe modifications of the Higgs-
cross sections that cannot be reabsorbed into a simple overall re-scaling with respect to the SM.

k-framework assumptions:

narrow resonance

Only modifications of couplings strengths, i.e. of absolute values of couplings, are taken
into ac- count, while the tensor structure of the couplings is assumed to be the same as in
the SM prediction. This means in particular that the observed state is assumed to be a
CP-even scalar.

By definition, the currently best available SM predictions for all o - BR are recovered when
all ki = 1. In general, this means that for ki/= 1 higher-order accuracy is lost. Nonetheless,
NLO QCD corrections essentially factorize with respect to coupling rescaling, and are
accounted for wherever possible. This approach ensures that for a true SM Higgs boson
no artificial deviations (caused by ignored NLO corrections) are found from what is
considered the SM Higgs boson hypothesis. The functions : k2 (kKW,kZ,mH),
Kg2(kb,kt,mH), ky2(kb,kt,kT,kW,mH), k2 (kb,kt,kT,kKW,mH) and k2 (ki,mH) VBF (Zy) H
are used for cases where there is a non-trivial relationship between scale factors ki and
cross sections or (partial) decay widths, and are calculated to NLO QCD accuracy.



k-framework

Production modes Detectable decay modes
2

OggH Kz (Kb, K¢, Mp) Fiww

ggH _ WW

Sy { 5 (4) = (99)

OggH Kg sl

05?3 - wWw )

2

s = Xver(xw,xz,my) (95) Lygt .

OVBF M = Kz (100)

OWH 9 (%)

<M = Kw (96) “

OWH Lop
—— = i (101)

OZH 2 97) rsM — °b

SM L bb

Ozu r .

OiH 2 ~ - = K2 102
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TitH tt
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YY

the notation in terms of the partial widths Mpyw(=) and I'zz( is meant for illustration only.

In the experimental analysis the 4-fermion partial decay widths are taken into account.



