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The SM Higgs Boson at LHC

= M(H)= 125 GeV =

¢ Gluon Gluon N
Fusion (ggF) . f
Vector Boson
Fusion (VBF)

I |
LHC HIGGS XS WG 2016

Associated
Production with a
vector boson (VH)

https://twiki.cern.ch/twiki/bin/view/ |

T LHCPhysics/L HCHXSWG = Associated
I_l||||||||||||||||||||||||||II|IIII|IIII|IIII|_I u u V- - - - - I_—I____
6 7 8 9 10 11 12 13 14 15 Production with ’

slTeVl  top quarks (ttH) X

Higgs boson production Cross Section (pb) at LHC m(H) = 125.09 GeV

il ggF - VBF WH ZH ttH
7 TeV 16,82 1,24 0,58 0,34 1,23 102
3 TeV 21,39 1,60 0,70 0,42 1,87 102
13 TeV 48,52 3,78 1,37 0,88 8,20 102
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https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCHXSWG
https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCHXSWG
https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCHXSWG
https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCHXSWG

Branching Ratio

The SM nggs Boson at LHC

T T H— WW
: 35W j Easy identification in Ivlv final state
107" = but poor mass resolution
T — : Ho ZZ
o ZZ | . e : . .
- Easy identification in 4l final state and
- : good mass resolution (low statistics)
_3!!___._------"'-------------
1076 7 https://twiki.cern.ch/twiki/bin/view/ =
- L HCPhysics/l HCHXSWG .
..f%l....l....I....I....I....I....I....I....I...:

10120 121 122 123 124 125 126 127 128 129 130

M, [GeV]

Possible to measure cross sections for specific production modes in specific
bin (Simplified Template Cross Section) = maximize the sensitivity of the
measurements and minimize their theory dependence

H— WWandH — ZZreally Higgs boson Branching Ratio (BR) m(H) = 125.09 GeV

powerful in the VH and VBF H— WW Ho 77 H— vy

to study Higgs boson 21,50% 2,64% 0,227%

coupling with vector boson
https://twiki.cern.ch/twiki/bin/view/l HCPhysics/l HCHXSWG
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H = Z/Z In 4 leptons final state

* Main selections:

- Jet P+

- Leptons isolation and P+
(5 GeV for Muons and 7 GeV for Electrons)

- Two pairs of same flavours leptons
opposite-charge

- P thresholds on leptons
(20, 15 and 10 GeV)

- Leading di-lepton inv mass my,
50 GeV < mq, < 106 GeV

- Sub leading di-lepton inv mass my,
12 GeV < mgy, < 115 GeV

- Selecting a smaller range for
4-leptons invariant mass

« For14.8fh atys=13TeVand 118 <my < 129 GeV

L .. ¢ Data
35 - ATLAS Prellmlnary:] Higgs (m, = 125 GeV)
- * s 2z
_H — 27" — 4 B Z+jets, tt
- 13 TeV, 14.8 fb™ tt+V, VWV

72 Uncertainty

ATLAS-CONF-2016-079
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(N H— ZZ* — 4] VH |
L 13 TeV, 14.8 fb” = %fj*ets ﬁ
8 NJet=0 {4V, VWV -

2, Uncertainty

ATLAS-CONF-2016-079

Final State Signal Signal zz* Z + jets, tt S/B  Expected  Observed i
full mass range twv,vvv, Wz 4 7
4p 8.8 4 0.6 8240.6 3.1140.30 0.31 £ 0.04 2.4 11.6+0.7 16 I
2e2/1 6.1+0.4 55+0.4 2.19+0.21 0.30 & 0.04 2.2 80404 12 oL _
242 48404 44404 1.3940.16 0.47 £ 0.05 23 62404 10 i
4e 48+0.5 42404 1.46+0.18 0.46 + 0.05 22 61404 6 0 N
Total 24.5+ 1.8 223+1.6 82+0.8 1.54 4+ 0.18 2.3 32.0+1.8 44 -1-0.8-0.6-0.4-0.2 0 0.20.4 0.6 0.8 1
ATLAS-CONF-2016-079 5 BDT ZZ

Niet = 0 and 118 < my < 129 GeV



-2 A In(L)

H— // — 4| Fiducial Cross Sections

Fiducial Volume:

Truth selections

Lepton definition

Muons: pr > 5 GeV, |n| < 2.7 Electrons: pr > 7 GeV, |n| < 2.47
Pairing

Leading pair: SFOS lepton pair with smallest |mz — myy|

Sub-leading pair: Remaining SFOS lepton pair with smallest |mz — myy|

Event selection

>

Lepton kinematics: Leading leptons pr > 20, 15,10 GeV

Mass requirements: 50 < mqs < 106 GeV; 12 < m3y < 115 GeV

Lepton separation: ~ AR(¢;,¢;) > 0.1(0.2) for same(opposite)-flavour leptons
J /1Y veto: m(€;,£;) > 5 GeV for all SFOS lepton pairs

Mass window: 115 < myp < 130 GeV

ATLAS-CONF-2016-079

Using the my distribution as observable:

r T T | T T | T LH Ll | T T T | T T T | T
‘| ATLAS Preliminary
H— 2Z" — 4l

13 TeV, 14.8 fb

----- Obs. stat. unc.
— Exp. stat. + syst. unc.

— Obs. stat. + syst. unc.

\\ ATLAS CONF-2016-079

12

14

o' [fb]

Final state measured ogq |fb] ord,sm |fb]
Ap 1.28 1995 0.93 £0-0

de 0.81 1524 0.73 1999
2pu2e 1.29 1028 0.67 7004
221 1.10 7949 0.76 T5 o0

ATLAS-CONF-2016-079

4¢ +021
UhasM — 3.077y55 1b

4¢ _ +1.01
O-ﬁd sum 4"48—0.89 fb

4¢ +1.02
O fid.comb — =4.547 g tb

O'tot SM = 55 5+ pb
Otot = 81+ pb

total cross section contains extrapolation
6 factors to the full phase space (e.g. lyy| > 2.5)



H — /Z/ — 4] Production modes and couplings

m,, [118-129] GeV

pr;>30GeV |

/

Analysis Signal Background Total Observed
category ggF + bbH + ttH VBF ZH zZzZ* Z + jets, tt  expected
0-jet 11.2+1.4 0.120 £ 0.019 0.047 + 0.007 0.060 £ 0.006 6.2 +0.6 0.844+0.12 184+1.6 21
1-jet 57124 0.59+0.05 0.137 £0.012 0.091 +0.008 1.62£0.21 0.44 4+ 0.07 8.5+24 12
2-jet VBF enriched 1.9+0.9 0.92+ 0.07 0.074 £0.007 0.052 & 0.005 0.22 £ 0.05 0.24 +0.11 3.4+£0.9
2-jet VH enriched 1.1+£0.5 0.084 £ 0.009 0.143 £0.012 0.101 +0.009 0.166 £+ 0.035 0.088 £0.011 1.6+ 0.5 2
VH-leptonic 0.055 4+ 0.004 < 0.01 0.067 +0.004 0.011 +0.001 0.016 £ 0.002 0.012 4+ 0.010 0.16 4 0.01 0
Total 20+ 4 1.71+0.14 0.47+0.04 0.315+£0.027 8.2+0.9 1.62 £+ 0.07 32+4 44

>=lleptons || gt || gt | | m<120GeV | | m>120GeV |
(pr,>8GeV)
Discriminant Discriminant Dés;;?r;is;l{nt Discriminant
Just counting BDT-ZZ BDT-1j <) BDT-2jVBF +0.49
ggF+bbH +1iH * BH — ZZ") =180 “0.44 Pb
BDT_ZZ: BDT_1jet: BDT_2jet_VH: BDT_2jet_VBF: over:BH — ZZ") = 0. 37+0 021 Pb
Pra * Prj Prj Prj . +0.15
* My *om * Prjp * Prjp ovy-BH - ZZ)=0"" b
« KD= * ARy * Mj * Pty VH ( ) P
log(MEyz,/ An;; An;
ME,,) Am;jj AT]M,-
m m
mln(ARzl mm(ARZ]

ATLAS-CONF-2016-079

O SM,ggF+bbH+1TH * BH — ZZ*) = 1.31 £0.07 pb
OSM.VBF * B(H — ZZ*) = 0.100 % 0.003 pb
OSM.VH * BH — ZZ*) = 0.059 + 0.002 pb

* Interpretation can be done in SM or BSM scenario:

TR
N4

3_ T T T T | T T T I: T T T T T T T T ]
- ATLAS Preliminary ]
2.5/-H—2z" -4l 4 Kg = coupling with fermions
[ 13TeV, 14817 1 K = coupling with vector bosons
- m, =125.09 GeV -
21 .
1.5F | . . L .
-+ Best fit 1 Interpretation within the Higgs
| 8% CL 1 Characterization Model fixing
1~ ----95% CL 7 .
C o sM | all the other BSM couplings to
0.5/ . 0 and SM coupling fixed to 1
- ATLAS-CONF-2016-079 .
B | | | | | | | | | | | | | | | | | | | 1
% 0.5 1 1.5 2
K

L B
\

ATLAS Preliminary

H— ZZ* — 4
13 TeV, 14.8 b

T | T T T T | T T T T | T T T T | Tr
3
.

— Observed

----- Expected

ATLAS-CONF-2016-079

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

68/ CL

\ | R
| | 4 | Lo=47 | |

-5 0 5
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H = yy

e Fiducial volume: sriasconraoie.067

e Main selections:

- Photons identification and
Isolation
- Photons Er > 25 GeV
and |n| < 2.37
(excluded 1.37 < |n| < 1.52)
-Di-Photon invariant mass (myy)
-E1/m\y > 0.35 (0.25) for leading
(subleading) photon

Signal + Background
Signal

T I I T T T T
ATLAS Preliminary -

200

Vs=13TeV, 13.3 b
H—yy, m, = 125.09 GeV

180

160

2 weights / GeV

S/B weighted sum of

140 event categories

120
100

gof- %
60

40

20

1

|
a1 o )] [e]=]
T

2 weights - bkg

110 120 130 140 150 160
m,, [GeV]

13.3fb"1 at ys = 13 TeV

diphoton baseline VBF enhanced single lepton
Photons In| < 1.37 or 1.52 < |n| <2.37
pr >0.35my, and pF > 0.25m..,
Jets - pr > 30GeV | |y| < 4.4 .
- mj; > 400 GeV, |Ay,,| > 2.8 -
- [Adyy,451 > 2.6 -
Leptons - - pr > 15 GeV
In| < 2.47

Fiducial volume contains a truth-level

isolation selection for photons

* Categorization for productions mode analysis:

Category Events Bgg  Seo  foo Zoo  Sit
Central low-pr; 31907 3500 180 0.05 3.04 120
Central high-pr; 1319 140 20 0.13 1.66 15
Forward low-pr; 85129 13000 310 0.02 2.73 200
Forward high-pr; 3977 540 33 0.06 1.38 25
VBF loose 604 76 15  0.16 1.62 21
VBF tight 76 8.8 7.3 045 2.19 13
V' H hadronic loose 937 120 8.9 0.07 0.81 4.7
V H hadronic tight 66 6.7 2.3 026 0.86 1.0
VH ERiss 20 2.4 0.81 0.26 0.50 0.18
V H one-lepton 8 1.0 0.7 037 0.53 0.12
V H dilepton 3 0.4 0.30 0.43 0.43 0.07
ttH hadronic 72 8.1 1.8 0.18 0.60 -0.23
ttH leptonic 19 2.3 1.3 036 0.78 -0.18

8

ATLAS-CONF-2016-067




H — yy Cross Sections

* Fiduclal Results:

ATLAS-CONF-2016-067

Fiducial region

Measured cross section (fb)

SM prediction (fb)

Baseline
VBF-enhanced
single lepton

43.2 +14.9 (stat.) £ 4.9 (syst.) | 62.8 757 [N*LO + XH]
4.0 + 1.4 (stat.) £ 0.7 (syst.) | 2.044+0.13 [NNLOPS + XH]
1.5+ 0.8 (stat.) £ 0.2 (syst.) | 0.56 +0.03 [NNLOPS + XH]

* Production cross section
and signal strengths (u):

Tyt X B(H — yy)
over X B(H — yy)
oy X B(H — yy)
oy X BH — yy)

65 137 fb
6.8

19.2 T8 fp
6.5

1.2 %2 fb

~0.3 *1 fb

The p is the ratio between the observation
and the expectation (0*BR)

ATLAS Preliminary
. {s=13TeV,13.3 1"

+1.26

+1.27

MVH N : i 1 MVH =0.23 -1.05

ATLAS-CONF-2016-067 .

Ner ' ° W, =224 757
VBF :

0.29

PLQQH — —e— Mo = 0.59 42

0.22

MF%un-2 B e lJlFiun-Z =085 0.20

0.28

MF%un-1 |_ | | I | *— | | MRun-1 |= 1.17 ?'26
-2 -1 0 1 2 3 4 )

Signal Strength




0,4 [fb]

data / prediction

H — yy Differential Cross Sections

ATLAS Preliminary my = 125.09 GeV

Differential results obtained for: e e o

==+ XH=VBF + VH + ftH ]

[fb/GeV]

144
T

- Pryy and |yyy | f | ‘
- Njets @and Pt leading jet
- M and Agj; g |

- COSH” e ;

O i Rt S e S AT AT TR T RN O ] Nl i e R el o e e
g L R L BN B B B RN B BN
5 . |
ATLAS-CONF-2016-067 3 ° |
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4(_6 | IS S
©
0'...|...|...|...|...|...|...|...|...|...'
0 20 40 60 80 100 120 140 160 180 200
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L s B B B B B B e re) LI L = 8----|----|----|----|----|----|-
| ATLAS Preliminary m,=125.09 GeV | = BOLATLAS Preliminary my, = 125.09 GeV = | ATLAS Preliminary m,, = 125.09 GeV
4 data, tot. unc. [] syst. unc. = 99—>H NNLOPS + XH > |4 data, tot. unc. [ syst. unc. & 99—H NNLOPS + XH | S [+ data tot unc. []syst. unc.  gg—H NNLOPS + XHA
- Hesyy, (5= 13 TeV, 13.3 b Kggry=1.10 5 | H—yy, Vs=13TeV, 133" Kgg—r=1.10 | B [H-yy,{s=13TeV, 13.3fb" Kgg—ri=1.10
40k ==+ XH=VBF + VH + ttH | > ==+ XH=VBF + VH + ttH =z 6 --- XH =VBF + VH + ttH
anti k, R=0.4, p_>30 GeV S ] -8 anti k, R =0.4, p_>30 GeV|
t T | S 40k | t T |
4+
I l i
20 . ‘
20 A
| ——— Z S N A S e !
e e Tt L A —
o === i IR R R T RTINS EFETETI ENUTEE ETUETIN B AT BT A N N S CE L LR | | | L | PR, 47 |
gr'r-\ I”r-‘. T T = g 0"'|"'|"'|"'|"'|"'|' T T T T T g 0 T T T T T '
._% of % 1 [
1 s % g !
: s P
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H — // and H — yy combination

* Combination of cross sections studies of H—=yy (13.3 fb™1) and

H—7Z (14.8 fo 1) at ys = 13 TeV

e ATLAS studied several possible models: ATLAS-CONF-2016-081

- For production cross section and BR the

Number of
parameters of interest

use [Yy| < 2.5 Fit model

7

. Ind dent o; - B/
- For global signal strength and total cross DT

section and extrapolation to the full phase (0 - BYZ., 0ryge | 0 gqr and B?? /BZZ
space (including [Yy| > 2.5 is done)

Independent o-; assuming SM B/ 5
g9k’ 3 ‘_ 1.13 +0.18
Global signal strength u —-H =115 517

e Categorizations described in the previous slides are used:

H— 27" H = vy Best fit value (pb)

SM prediction (pb)

Best fit value (pb)  1.58 1935 0.063 75 099 47 898
SM prediction (pb) 1.18 +0.07 0.101 4 0.006 9.4
Best fit value (fb) 3501250 1819

SM prediction (fb)  93.0 + 2.8 8.00 4+ 0.29
Best fit value (fb) fixed to SM

+2.8
7.9 754

_2.5 +2.9

SM prediction (fb)  36.0 4 1.2 3.09 + 0.12 1206
Best fit value (fb) fixed to SM 1.0+%:2
L 0.32 +1.07
SM prediction (fb)  17.0£0.5 1.46 + 0.05 94 _0.79
Best fit value (fb) fixed to SM —0.3175
0.67
SM prediction (fb)  15.9 4 1.5 1.36 +0.13 —0.11 19-%7

44.5 = 2.3

3.52 £ 0.07

1.36 = 0.03

0.64 £ 0.02

0.60 &= 0.06

ATLAS-CONF-2016-081 11



H — // and H — yy combination

Study on the total cross
sectionpp = H + X
using the inclusive

g
— 100
T i
g R
Q
© 80
60

| ATLAS Preliminary

AH-yy ©H->ZZ*—4l
¢ comb. data

syst. unc.

— Gpp—>H

T | T T T T | T T T T

m,, = 125.09 GeV
QCD scale uncertainty

Bl Tot. uncert. (scale ® PDF+a.)

| T T T T I T T

I 1
| -

| | | | | | | I |

\\

signal yields (no split in ; ;
. 40 .
categories for the - :
. 20__ N
production modes) : ey 4t :
- \s=8TeV, 20.3fb" -
O__ ATLAS-CONF-2016-067 Vs =13TeV, 13.3fb" ( v),14.8 b7 (ZZ*) ]
78 9 10 11 12 13

Vs [TeV]

Decay channel Total cross section (pp — H + X)
Vs =7TeV Vs =8TeV Vs =13 TeV
H — vy 35715 pb 30.57 5% pb 37715 pb
H— 77" — 44 3372 pb 3775 pb 81718 pb
Combination 34 4 10 (stat.) =5 (syst.) pb  33.3723 (stat.) 1'% (syst.) pb  59.0757 (stat.) 755 (syst.) pb
SM predictions [7] 19.2 4+ 0.9 pb 24 54+ 1.1 pb 55 52 pb

ATLAS-CONF-2016-067
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H —= WW

* Analysis in Run |l focused on VBF and WH (using 5.8 fo-
from 2015-2016 all at /s = 13 TeV )

e VBF selections: e \WH selections:

Signal region Z — 717 CR Top-quark CR Category Z-dominated SR Z-depleted SR
Two isolated leptons (¢ =e, ) with opposite charge > 1 SFOS pair no SFOS pair
: lead lead : sublead

Preselection prd > 25GeV (prad > 22Ge‘1/02c¥)r‘;nu]c\)fns 12 22015), P > 15GeV Three isolated leptons (pr >15 GeV)

N 0 et >N ' 6_6 Jet = N1 Preselection total charge = +1

briet — briet — bjet — > 1 lepton matches to the trigger
A BDT is trained at this level. . Back 1 Rerecti No <1 N — 0o
Eight discriminant variables are used: A¢ge, mee, mr, Ay;j, mjj, pt, >, . myej, and ngentrahty ackground Rejection . jet = & SVb-jet —
i EFss > 50 GeV —

Selection mrr < 66.2GeV |m77- — mZ| < 25GeV - |m£+£7 — mZ| > 25 Gev Z//y* — ee veto

- mee < 80GeV - mpia < 200 GeV

. . . L+e— .
SRL 08 < BDT Sg\; applied, CJV applied, BDT > —0.8 mmin_ > 12 GeV mmin > 6 GeV
=00 < < U. — —
SR2: 0.7 <BDT <1 — - H— WW?*— {vlv topology ARy e, < 2.0

e Results:

OVBF - B— ww+

owH * Br— ww*

ATLAS-CONF-2016-112

1.470% (sta) ™07 (sys) pb pver = 177 g(stat) "5 (sys)

3.2537 (stat)*5 3 (sys)

O.9i%)'.19(stat)i%°_g(sys) pb MwWH

13



H —= WW

e Run | studieson H — WW

" - e arxivi 1412.2641
= :— qH w N N B
Signal Strengths and % ity 1 4 AT
| f 1 2 e (s=7TeV,4.5fb" ] - Vs=7TeV, 450"
: - E ' = 1 - Vs=8TeV, 20.3fb"
coupling (25 tb™1) 1 7R i I s
AW oiorn | [
o =1.09 192, 3 BObszic 1 2 [ @ Obssio
1.02 +0.29 1 - E %838120 _: E_EIObSiZO
_ . PO s+30 ] - [#] Obs=3
Hegr = —0.267 = AN i fieBxpSM(1,1) 4 T E o Exp SM (1, 1)
Wepr = 1.27 +8 Zg ok e /¢ EExpSM=1,2,30 - :Exp S
TN vt T T TR 0 B
_ +0.24 +40.21 +0.32 0 0.5
ke =093 Tgig Lo1a =093 g3 ° 1 ° ° u:gF
.07 .
kv =1.04 T000 F008 =1.04 £0.11.
s T
(stat) (syst) arxiv:1412.2641 3 0of ATLAS  go—r M NuorstPw
bg O-8§_ -¢- data, tot. unc. sys. unc. B Sierenzid
g O.7§- {s=8TeV, 20.3 b
. . . . - 06_ . l . H—-WW*—evuv
ggf differential and fiducial cross ]
. _ o.3§— .{-
section (20.3 fb™1T at /s = 8 TeV) o —la
0-T JHEPOS (2016) 104
v 3
ggF = 36.0 + 7.2(stat) + 6.4(sys) + 1.0(lumi) fb g ,
i =25.17)-8(QCDscales) | 3(PDF) fb=25.1 + 2.6 fb. L s mIE
6‘.'“ 0 =0 =1 =2

JHEPOS (2016) 104 14

M=1,2,30 | [ 52

P

ublic:
\ljets

PTH

Vil

DT,jeH




Conclusions

e QOverview of the ATLAS analyses on the Higgs boson decaying
INnto bosons were presented T . [ aTias proimnay o m-rmmeer _

Q — . "
Z 100 ATLAS Preliminary — O,y My=125.09 GeV a
% i A H—yy 0 H—ZZ*—41 QCD scale uncertainty
Q
Q
©

- ¢ comb. data syst. unc mm Tot. uncert. (scale ® PDF+a,)

e H—ZZandH = vy i E
and their combination

e H— WW %

Vs=7TeV, 451
Vs=8TeV, 20.3 fb™"

1

55 0 A e o e & Mot asoonorp J (5= 13TeV, 18.31b" (17), 148 16" (22)
-8-3—30_8;_ I " M SHERPA2.1.1 _ 7|é9|1|01|11|21|3
2 0.7 fs=8TeV, 203" ATLAS-CONF-2016-067 Vs [TeV]
0.6;- . l . H—>WW*—evuv ]
" e . * Update results for single channel
o " mim | with more statistic ( full 2016 ~ 36 fo™1)
o 3 | 5
z 2 |  Combination for differential cross
2 e — | — _ _
g o _ _ section and couplings (SM and BSM)

JHEPO8 (2016) 104 Jet 15
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