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Three years of LHC operations

Energy frontier

The LHC

- Circumference 27 km

- Up to 175 m underground

- Total number of magnets 9 553
- Number of dipoles 1 232

- Operation temperature 1.9 K

(Superfluid He)
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Parameter 2010 2011 2012 Nominal
C.O0.M Energy 7 TeV 7 TeV 8 TeV 14 TeV
Bunch spacing / k 150 ns / 368 50 ns / 1380 50 ns /1380 25 ns /2808
e (mm rad) 2.4-4 1.9-2.3 2.5 3.75
p* (m) 3.5 1.5-1 0.6 0.55
L (cmZT) 2x10* 3.3x10% ~7x10%3 103




The first LHC run
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SM Higgs production at the LHC
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SM Higgs decays

Higgs BR + Total Uncert
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* | Higgs every 10 s
* |H=7 v every I.5h
* | H>ZZ—4¢({=e or W) every 2 days




Probability that the background can produce a fluctuation
greater than or equal to the excess observed in data. Equivalent
in terms of number of standard deviations is called local
significance.
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Since conference EPS 2011

Birth of a particle (different prospective)
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Since conference EPS 2011

Birth of a particle (different prospective)
CERN Council (December 2011)
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Since conference EPS 2011

Birth of a particle (different prospective)
Moriond (March 2012)
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Since conference EPS 2011

Birth of a particle (different prospective)
ICHEP (July 2012)
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Higgs-like particle

 We are living in a privileged moment in the history of
High Energy Physics: first fundamental scalar

* The discovery came at half of the design energy,
much more severe pile-up and one-third of
integrated luminosity than was originally judged as

necessary.

%LD ATLAS 2011 - 2012 R I
& \==7TeV: [Ldt—a6-a8b"’ | 20
- \e=8 TeV: [Ldl = 5.8-5.9 b lzs
10% m _—.F(—.
10°% — "-.‘_u __
kbt - |6c
107! — "‘-‘. 1
e . B i
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ATLAS pPLB 716 (2012) 1-29,sept 17 (20127 CMS PLB 716 (2012) 30-61,sepr 17 (2012)
Largest local excess: Largest local excess:
5.90 at m,= 126.5 GeV 500 at m,= 125.5 GeV
H—=yy, bb, T, WW/(lvlv, lvqq), ZZ(41, Ilvv, ligqg) H—=yy, bb, v, WW(lviv), ZZ(4l, llrT, Ihvv, ligqg)
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Since conference EPS 2011

Birth of a particle (different prospective)
PLB (August 2012)
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Phys.Lett. B716 (2012) 1-29

Phys.Lett. B716 (2012) 30-61

Higgs-like particle
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| Simple event signature
2 EXPERIMENT 3 Two high pT photons
pT, > 40 GeV and pT, > 30 GeV

1 High trigger efficiency
~99%

1 High event selection efficiency
despite high jet-jet & y-jet
production

~40%

[ High signal over background
~3-10 % (depending on sub-category)

Invariant mass reconstruction m ?=2*E E,(1 —cos a)

[ Good energy calibration

J Robust primary vertex reconstruction

—> Excellent invariant mass resolution ~1.6 GeV with 90% of events within *2c
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Shower shapes and vertex reconstr.

Photon ID 2 - Photon shower shapes and background rejection

n%-y Rejection

» Photons shower shape distributions in LAr
sampling layers - different for signal and

i background (rt°)

S1

PS

Vertex Reconstruction

m,?=2*E,E,(1 — cos )

Vertex reconstructed through likelihood combination

Calorimeter ‘pointing’
Z tracks pT?2
Conversion vertex
Mean vertex position

vvvvy [
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Data-driven background decomposition

LI L B B
ATLAS

Data 2012
\s=8TeV, | Ldt=13.0 fb’

Preliminary

—ea— yy+DY Data
—a— vj Data

—s— jj Data
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= Reducible background

irreducible background v-y

and

largely below

» Remark 1: this decomposition is not directly used in the Higgs

search: the background is extrapolated from data sidebands
» Remark 2: Drell-Yan ~negligible for m,>100 GeV (~1%)

16



Event categorisation

Event categories based on eta, pTt, and conversion

Both unconverted: 2 unconverted: >=1 converted:
» Central n(y2) 4 n(y2)
75 Resolution:
At least one converted:
1.3 Good
» Central Mediu
« Transition 0'75- 75 Poor
" 0.75 el 075 13175
5 [ T T T T T ; S —— T T S SR ;
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B = F 2 3 107 '
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=2 — = | % OWD 2 o S +VHHitH m = .
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= oo0f ] F 0
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BT T s o B 300 .
p  [GeV]
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Events /1 GeV

Energy calibration and resolution

m,?=2%E E,(1~-cos a)

» MC based calibration improved with energy scale and resolution corrections
based on in-situ analysis of Z2ee, W—2ev and J/{ =2 ee

~ Energy scale at m, known to 0.3%, uniformity (constant term) 1% in barrel, 1.2

- 2.1% in endcap

Agreement between data & MC Z—>ee lineshape

200 %19

180 —
160
140=
120

100 =—

go — Simulation without
= constant term

ATLAS

Oyy,=1-T6 £ 0.01 GaV
Oy =1-59 £ 0.01 GeV

Preliminary
Data 2011, W s5=7 TeV,

_[Ldt =4.6fb'

mi<z2.47

== Data

— Fit result

] Z—ee MC

100

110
m,. [GeV]

1/N dNfdm,, / 0.5 GeV

Higgs signal

Expected resolution of
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The golden channel Z->II
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In a ms, Window 4 2.09+0.30 1.12+0.05 0.13+0.04 6
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Signal and background

g

Irreducible background

The final state is exactly the same, but it does
not come from the particle you are looking for

_ . 4
g Z/y ¢ €
e
Z/Y* E’- l-’l +

Reducible background

The final state looks like the same, but some f
the particle fakes what you are looking for

fake e*

q g N
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Events/). 1

Selection

Cut on particle properties to reduce reducible background

v" Shower shapes, track properties, ...

Cut on event properties to distinguish signal from background

v" Particle kinematics, decay kinematics event shape, ...

Try to keep signal while reducing background!
v Increase S/B

10"
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Reconstruct properties of initial particles

* We have 4 particles...

v' ... with their energy (calorimeters), charge and momentum (tracker)

® Use pairs of opposite sign e*e” and P**

¢ Reconstruct invariant mass

> 0.1J]IY]TIITTI]‘ITIIITIITTY‘I .Ir1]r
O}
G 0.09

7o)

©0.08- o m,=125Gev
:i 0_07:_ —— (Gaussian fit
e

0.06f

0.05

0.04}
0.03}
0.02
0.01F

2
from the 4 particles )/ = (Z EZ) = (Z

- ATLAS Preliminary
- Simulation

- HoZZ* >2u2e/2e2)

- (1s=8TeV)

- m=(123.90 + 0.03) GeV

- 6 =(2.26+ 0.03) GeV

- fraction outside + 26: 19%
)
- 3
[ ]

S

~ without Z mass constraint

0:

700 110 120 130 140

m2p2e/2e2u [GeV]

8030

Pi

;
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Signal and background

Background gets estimated...

v" ... from simulation (normalized to data)

v" ... directly from data (“control regions”, enriched in background events)

Events/5 GeV

60— e Data

- [ Background zZ"
so— [l Background Z-jets,
C |:| Signal (mH=1 25 GeV)

aof~ 77 Syst.Unc.

- \s=7 TeV:[Ldt = 4.6 fo!
I's = 8 TeV:|Ldt = 20.7 fo''

30

20

I'1|'Il|lll

10

100 150

C ATLAS Preliminary

H—zZ") 4l

200 [ Gel°
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4e candidate. My, = 124.6 GeV, myp» = 70.6 GeV, mas = 44.7 GeV.

€. Pr=539GeV,n=-040, ¢ =1.69
es. Pr=17.8GeV,n=—-0.51, o = 2.84

e. Pr=249GeV,n=-0.33, ¢ =1.98
&. Pr=61.9GeV,n=-0.12, ¢ =1.45

QEATLAS
EXPERIMENT
http://atlas.ch
Run: 203602
Event: 82614360
Date: 2012-05-18
Time: 20:28:11 CEST




7;4 cah&idate. mae = 125.1 GeV, 1512 = 86.3 GeV, mzs = 31.6 GeV.
0 P=384.GeV. n—=1.29, ¢6=—1.33 . Pr=475GeV,n=0.69, o = —1.65
pn3: Pr =26.4GeV,n =047, ¢ = —2.51 ws: Pr= T14 GeM.m ="1:85, ¢ = 1.65

Run Number: 204769
Event Number: 71902630
Date: 2012-06-10, 12:24:31 CET

EtCut>0.4 GeV
PtCut>0.8 GeV

Muon: blue
Cells: Tiles, EMC

25



Events / 2 GeV

Events - Fitted bkg

Higgs like signal with 7 TeV and 8 TeV data
2013

H->vy

1m —T T T T T T
C Selected diphoton sample

L Data 2011+2012

8000 Sig+Bkg Fit (m =126.8 GeV)
--------- Bkg (4th order polynomial)
6000 ATLAS Preliminary
..... H—yy

=7 Tevfl_dt 481"
-8 TerLdt 207"

R ¢
o ¢ +

Ti0 120 T30 140 150 60

83

[ =}

HTPTD]]UJ]]_||||||||||||||||||||I|I| T | TTT | TTT | T |
+
—

8

®  Signal significance = 7.4 o
®  my=1268 %02 (stat) = 0.7 (syst) GeV
® M =1.65=*034 (deviation w.rt. SM at 2.30)

H> 4l

30~ e Data ATLAS Preliminary
Bl Background zz" H_:_ZZ['J 4
25— [l Background Zsjets, 1t
|:| Signal (mH:1 25 GeV)

7, Syst.Unc.

Eventsf2.5 GeV

Vs =7 TeV-[Ldi=46 b’
Vs =8 TeV[Ldi =207 b’

15

10

r;llf?ﬁe‘\.l‘]

Signal significance = 6.6 o
= 1243 % (stat) )5 (syst) GeV
H=17034
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Mass measurement

Phys. Lett. B 726 (2013), 88-119

-
= - ATLAS — Combined (stat+sys)
L - Vs =7 TeV [Ldt=46-48f '  ====== Combkined (stat only)
- Vs=8TeV [Ldt=207 fio H —
61— H—» ZZ* — a7
5| :
a4l
| 2 “F umm ATLAS : "
] 2 et moiimfzoies : :
3_ M;_E:Z:-fd!—lﬂaf :l
0k : e .
1 : ; I
2 ] lG% l.l '. “lg_ - 7T [T .
H ok ; H I Sy oipoied®
: "I- : - -':";'“E + +1+ J..../r' FEy Il +
| N ... | T LA A L R S
: “- ‘: il ] L L H[Gt'\']“
L1 .‘1'.;/|\AI|I|II|IIII
P21 127 128 129
my [GeV]

4¢: M, = 1243 £ 0.6, 0.4 GeV
yy: M, =126.8+ 0.2, 0.7, GeV

Combined: M, =125.5 + 0.2, + 0.6, GeV
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And since then .... (2013)

Panorama of ATLAS Higgs (125) Analyses

channel ggF VBF VH ttH Yield S/B (%) Res. (GeV/c?)
Ty v v v v ~ 450 1-20% ~1.6
77 — 4| v ~ 16 1 ~2.2
WW — Iviv v v v ~ 250 10% Poor
TT v v ~ 330 0.3 -30% ~ 20
VH(bb) ~ 50 1-10% ~15
ttH(bb) v ~20 Up to ~5% | Poor (combinatorial)
uu Inclusive ~ 40 ~0.2% ~2.5
Invisible (v") v ~ 30 ~0.2 Poor
Iy Inclusive ~15 ~0.5% ~1.8
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H — yy Update

)\
Since “Discovery Paper?” pis 716
ATLAS-CONF-2013-012

CATLAS

-.?’.EXPERIMENT

Run Number: 204769, Event Number: 24947130

Date: 2012-06-10 08:17:12 UTC

channel basic facts sheet :

e , f

% - 60% vy,yj and jj Hgg, VBF, VH 498&20.7 ﬂ)




QEATLAS
EXPERIMENT
http://atlas.ch

Run: 203602
Event: 82614360
Date: 2012-05-18
Time: 20:28:11 CEST

;:7, —

N
N

b
\ .
N

H — 4e candidate (my, ~ 124 GeVj_ 4

4| channel basic facts sheet :

. Signal Purity Main :




A A
([l + 2v

0,1, 2 jet Channel

ATLAS-CONF-2013-030

\

WW channel basic facts sheet :

Sig. Purity s/b Main backgrounds
5%-40% BgH & VBF




H— 1T A/
Reoptimised 7+8 TeV analysis AT L S

2 EXPERIMENT

ATLAS-CONF-2012-160

—
o A

H — 1,.47h.4 candidate in VBF channel (myc = 131 GeV)

1t channel basic facts sheet :

. Signal purity Main ;
Signal (SM Producti 7&8vaL.
ignal (SM) 7k L — roduction e dt
0.3% - 30% 77, Z+jets, top VBF, Hgg, VH 4.9 & 13 fb




VH production with H — bb

Combined and reoptimised 7+8 TeV analysis

Run: 200787
Event: 144100666
Date: 2012-09-05
Time: 03:57:49 UTC

VH(bb) channel basic facts sheet :

Signal (SM) Slgnasl/f)urlty Main backgrounds 7&8TeV det




How significant is the signal for the new particle?

Mass = 125.36 + 0.37 (stat) + 0.18 (syst) GeV [ATLAS]

Observed data compared to the 125.03 * 0.26 (stat) £ 0.14 (syst) GeV [CMS]
probability that the background
fluctuates to fake the observed Signal strength
excess of events, and what is p=0 background only hypothesis
expected from a SM Higgs p=1 SM Higgs hypothesis
e e 19.7 b (8 TeV) + 5.1 fo' (7 TeV)
o — - =
6 ATLAS Preliminary = Combinad CMS m, =125 GeV
103 -~ Observed \s=7TeV, _[Ldt =4.6-4.8 fb E: u=1.00%013 Preliminary
10° 's = 8 TeV, | Ldt = 13-20.7 ibg
1B SM expected = H — bb tagged
3 = w=093+049
10
10® H — tt tagged
10—9 p=081+027
102 H — yy tagged
10-15 p=1.131£0.24
107 H— WW tagged
104 u=0.83%0.21
102k

H — ZZ tagged
u=1.00+£0.29

1,5
Best fit UIGSM

ATLAS-CONF-2013-034, 2014-009 || CMS-PAS-HIG-14-009 0 0.5

Phys. Rev. D 90 (2014) 052004

1.30£0.18 [ATLAS]
1.00

1l
n +0.13 [CMS] -
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Which Higgs boson we have discovered?

Higgs boson was discovered in ZZ*, yy and WW*
decays

Higgs boson mass is ~125.6 GeV
Measured in H -ZZ*—4| and H—yy
ATLAS: my = 125.5 + 0.2 (stat) £ 0.6 (syst) GeV
CMS:  my=125.7 £ 0.3(stat) £ 0.3 (syst) GeV

ATLAS and CMS data strongly favour J” = 0*

SM guantum numbers; alternative models excluded
at 95% CL.

Signal strength p = 6/cg),, consistent with 1
Summer 2013:

All measured properties are compatible with SM
hypothesis.
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Entrance of the Higgs into PDG

IHig_gs Bosons — H” and Hil
A REVIEW GOES HERE — Check cur VWWW List of Reviews

COMTENTS:

HE (Higgs EBssan)

= HP Decay Widih
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Inaugural entrance of
the Higgs boson in the
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Standard Model particles

Model interaction

between fermions ... .

quarks
leptons

Through boson
exchange
EM:y
weak : W+, W-, Z
strong : gluons

Higgs boson

fermions
(3 générations de la matiére)
| I i
masse — |24 Mev 1.27 Gev 1712 GeV
3 3 %3 t
o= U |15 C Y
nom — up charm top
4.8 Mev 104 Mav 4.2GeV
:»d 7S b
T |72 Y2 4
= down strange bottom
o g
<2.2 &V <0.17 MeV <15.5 MeV
0 “’ 0 "? 0 "?
o e ||¥: |..l 5 T
neutrino neutrino neutrino
électronique |muonique tauique
0.511 MeV 105.7 Mev 1.777 Gev
w
5 e © | .
.%_ b a2 l—l- 5 T
3 électron muon tau

bosons

(forces)

S0 Logoe 2l slusipubeLuogsR

3[0Je} o s

3|qJe} uoppe |
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W dniu 4 lipca 2012, eksperymenty ATLAS i CMS na akceleratorze
LHC w laboratorium CERN ogftosity odkrycie nowej czgstki zgodnej
Z przewidywaniami tzw. mechanizmu Higgsa.

2013 NOBEL PRIZE IN PHYSICS
Francois Englert

Peter W. Higgs

8 pazdziernik 2013
Krolewska Szwedzka Akademia Nauk przyznaje
Nagrode Nobla w dziedzinie fizyki

» 24 sformutowanie mechanizmu

ktory wyjasnia zrodto masy czgstek —es

I h . k ’ f BROKEN SYMMETRY AND THE MASS OF GAUGE VECTOR MESONS*
elementarnych | ktory zosta (e |

Vorume 13 PHYSICAL REVIEW LETTERS 1964

potwierdzony poprzez odkrycie L Ty omelie oo
przewidywanej przez ten mechanizm BROKEN SYMMETRIES AND THE MASSES OF GAUGE BOSONS
Czq5tki elementarnej (eksperymenty Tait Institute of Mathematical l»’linhurg'w. Edinburgh, Scotland
ATLAS i CMS na LHC)”.
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Standard Model after Higgs discovery

- Good agreement between measured mass and indirect prediction
- Very good agreement over large number of observables

80.45

M, [GeV]

M, world average * 15

T
687% and 95% CL fit contours
wlo M, and m, measurements

68% and 95% CL fit contours

wio M,,. m and M, measurements

80.4

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

80.35

80.3

80.25

—
s
=

I
170

1
180

GFitter '13
[ donmionse 3
. . Direct measurements:
1 My =80385 % 15 MeV
ooy = 173,24 £ 0.95 GeV
A
1 indirect prediction:
- Myy = 80358 £ 7 MeV
1 my=177.0+£2.1 GeV
[e] fitter[-.[’ |
I19|l.'lI . 200
m, [GeV]

More precise estimate of m,, than the direct measurement!
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Higgs boson signhal strength

i =0/ogy

Individual channels are consistent
SM describes the rates well, so far

More detailed studies have been done
of coupling constraints which can be
derived, including on new processes in
the loops

ATLAS _":“““)} Total uncertainty
— o(sys
my, = 125.5 GeV _ otheo) T loONU
H o 1y +0z3[ anxivi1307.1427 —_
+ 017
0.9 | eis S
H= 1'55—[].28 +3_11; I ._|_|
+035 arXivi1307.1427 ' "
H— ZZ* - 4 ow
_ 1 45704001 i
u=1.43 017
-0.35|" 010 i | T
H 5 N 5 h,h, igg{: ar)(lvE:I3Dr.l42'.’ —
_ 0.99°0%" "o : 1
H=559 00| 0 i | - N
combined lgﬁ arXiv:1307.1427 i
H—vy, 22*, WW* . :
1Y _!1 33_0‘21 it ——
=1 ot8fotel i HA
W.ZH > bb 05 , ATL.;&S-CONF-EMS-OTQ
Preliminary 0.4 _1
_ 0-2+0.7‘r : :
H 0.6 |<0.1 II o
H ST (BTQV: 13 "b1) . ATL;AS—GCNF—E‘O‘I 2-160)
Preliminary o :
w=0.7"
-0.6 I |

\s=7TeV [Ldt = 46-481b" -05 0 05

\s =8 TeV [Ldt = 13-20.7 "

1 15 2

Signal strength (1)
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-2AInL

Higgs decays to fermions (2014)

CMS: H-= tt, bb Channels

_I'lllllf‘rlR|I|III|I'

e

]

IIIIII [
0.2 0. 0.6 0.8

— Combined

standard

model

1 1.2 1.4 1.

0 cCMS (5=7TeV,L=5fk"ys=8TeV, L = 19-20 fo"'
18] m,, = 125 GeV
]57__ — VH — bE

. 3.8G —H-o 11

6 1.8

Significance
CMS (TT)
CMS (bb)

Exp
340
210

Obs
3.20
210

In(1+S/B) w. Events / 10 GeV

w. Data-Bkg.

ATLAS: H= Tt Channel

L A I LR R B B B B
ATLAS Preliminary —#- Data
H— 1t VBF+Boosted — H(125)—= tz(p=1.4)

| PN
[Lat=2031m" B Others
{s=8TeV

I Fakes

Y42 Uncert.

IIIIIIIIIIII]IlII.III.IIIII.IIIIII

0
F MOl u=td) L
10QF == H(10)s <1 (u=1.8) _ _+_ ]
[ == (150} 7= (1=5.9) T ]
0 : ' : - .I'"I-I :"/’f{;, r _/‘ ‘l : : -
60 80 100 120 140 1e0 180 200
miVC [GeV)
Significance Exp Obs

ATLAS (7T) 320 410

Tevatron: exp (2.10), obs (3.00)
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boson

What spin do particles have?

>

Spin 0

fermions

Quarks

VvV, V

el "1

T

V..

e u

T

Leptons

Spin 1/2

bosons

Spin 1
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What can a spin O particle decay to?

OV=0+9

- photons

| fermions
(quarks, leptons)

- W, Z bosons




What can a spin 1 particle decay to?

6* 141 ! photons

O=0+d
0=0+0

Sy

—

—

- fermions

o

- W, Z bosons



What can a spin 2 particle decay to?

¢ N
@E UTQ |

-

Q&L re

=

-~ photons

- fermions

-W, Z bosons

O=0+Q

-

)= "'/? 1

Q@+

%—

- b quarks+gluon

-

- T leptons

e
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So what spin has Higgs-like particle?
Spin of
particle
spin0 © ©

Spin 1 ® @
Spin 2 @ @




How we can recongnize spin?

Spin-0 decays in all directions with equal probability; spin-1 prefers decaying toward or away from the direction of spin; spin-2
prefers the poles and the equator to the region in between.These pictures exaggerate the real distributions for clarity.




Spin study with H->

k .
YY polar angle © * sinh(n,, — 1j,,) 2PT pT

with respect to Z-axis cos @ = >
. . 2 m
in Colin-Sopper frame Yy
pper fi \/1 + (PT /mw) Yy
g 200_IIHIIIIHIIHIlllllllll’ll'llﬁl,(;-’;]ll;dlflIllllll'llzd-l(l.“;&.gl!ll)ll;d}lll_ ﬁ 121 L (I — T T [ T T T [ T T T ]
- I~ _}TN - —v= —v= g n -— . P + .
P - Nominalanalysis ¢ £ _o*(smnt e S -2 (00ngpm | o 10F - :D$$ jF' g+ (SM) =
S . f i uncerti 1 & 4 e Bxp ]
L%, 150__ Backgroung systematic uncertainty - ; B:— Observed _:
g - 1 E e 1o -
100:_ _: 4;— +2a _;
u . 2 =
50_ l __ 0;_ ____________ = _;
N ] oF . URPET e
0_ ATLAS Preliminary E ) 42_.4' i".LAS Preliminary E
. = 2012 .
= I ]
I: Datla 201l2,J-L|dt = 2|O% fl:)I Vs I:B Tel.V | | ] —6:— di=207 b {5=8 TeV =
0 01 02 03 04 05 06 07 08 09 1 -8 {ll — 2|0 — 4|0 — ﬁl{) — BIO — '160
Icose”| fq (%)

® If spin-2 resonance is produced 100% by gluon fusion, observed rejection p-values are:
v spin-0 2 58.8% (1.2% expected) > good agreement with spin-0 hypothesis
v spin-2 2 0.3% (0.5% expected) > spin-2 excluded at 99.3% CL
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Spin study with H->4|

® Sensitive variables ®  Expected separation >2.5 0, except for 2+m (~1.50)
v" Intermediate boson masses: my|, my, v" New boson compatible with SM 0+ Higgs hypothesis when
compared pair-wise with 0-, I, |+, 24+m

v' Z, production angle: 8 *

v" Z, decay plane angle: @,
v" Angle between the Z, and Z, decay planes: ®
v" Decay angles of negative leptons: 6 |, 6,

-_— 1 U T T T T | T T T T | T T T T | T T T T

ol . ATLAS Preliminary ]
g gL H>ZZ"-4l ® Data Spin0 ]
T° [ (5=7Tev:fLdt=46f" Soneiheotess Mo ]
% 6L 5=8TeV: lat=207 1" o J,=0" Dzu_:

L J®-MELA analysis .o f=2 i

— i — o e e e e e — —

L I I
0 25 50 75 100
qq Fraction (%)

49



Higgs boson couplings

f Vi
H H "~ .
""" Gufy = mf/v K e Janvy = EJM'E’/?JE
j - ;
v o
H 2 H .
""" gavy = 2My[v & unn = SMj /v
V, N H
. . . o H
For the time being only g )
test the bosonic and Py o8 ~ Ounan = My v
fermionic sector .t N "
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Higgs boson couplings

)
Q N I I | I1I9I.I7If|b {8 I-re'.uli).il- I5I1I Iﬂ?l (? TEV)l_ t KWb;!
~ [cms ; " T
N Preliminary t t "\,
2 1 E g
S " |e-=58% CL 1% 24F ATLAS Fl'relimi:'lar}r o l., Sml -
< " | oo 1 22f &= 7TeV, [Ldt=4.6-4.8 fo * Best fi -
) QSLQL | of ©=8Tev, Ldt=203f" —88%CL ]
10'1 - ---SM Higgs ER B__Comblned H-> yy,2Z*,WW* rt,bb -- 95% CL B
1 ' Sensitive to loops
41 14 - ""‘-n._ﬁ_'h e
[ 7 1__ e ‘“\\ -
=e8%CL 1 o SM e E
— [a) N C i
1 j[|[|[J L | |??lﬁCL | 0‘6:_IIII|IIII|IIII|II|I|IIII|IIII|II|I|IIII|IIII|III__
1 2 345 10 20 100 200 08 09 1 11 12 13 14 15 16 17 18
mass (GeV) %y
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Higgs boson couplings

o Simplified framework (LO -like):
Signals originate from single resonance with mass ~125 GeV

The width of the assumed Higgs boson is neglected, i.e. zero-
width approximation is used

Uii'rﬁ

(0 -BR) (e - H— ff) = T

Only modifications of coupling strenghts are considered, the
tensor structure is assumed as in the SM i.e. assume that it is
,Higgs-like” resonance.

o Couplings represent pseudo-observables, i.e. are not
measured directly, certain ,unfolding” procedure required to
extract information
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Measuring Higgs boson couplings

Rather than discussing couplings, introduce concept of
,scale factors” k, : cross-section or partial width scale
with ;2

s ma —~ 2%, i
£—ka 0” H? (ka2 Z,ZHH 44 kw) Wwiw+H
7 g v

(_-lg

+ryvg (cos“ QWZWZ“” +2WEW ) H

. J1 %
ey 5 my
(nt I w\b)z LfFHrr) D — jf)H.
F=u.c.t f=d.,s.,b f=e.nr

Define the normalized coupling constants (w.r.t. the SM couplings)

k2 B Fi szFSM
i rSM l—-\SM
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Cpuplings scale factors

(1) Tree Level Couplings scale factors w.r.t. SM

= . o«

W,z wa
W,z

H — — — {H‘ o< KV :.'“‘::;: ]

o
W, Z L
H
'h"n"r"f\'L_LFl
« W,Z 1=
Affecting decay and production . :f;: = W, Z
modes
7 - —
\\\t
H o< K - ;‘;-_ - H
F ¢
f ==
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Couplings scale factors

(I1) Scale factors of loop induced couplings w.r.t. SM

K o K y
t N\fw Y
t H - W
t H T

‘“’Lr\i,}(

- Loop expression ambiguity :
Can be expressed in terms of kg and k, (Assuming the SM field content)
Or treated effectively (Allowing for possible additional particles)

K'? o-ggH(mH) + ggH (mH) + Ict“b a-ggﬂ(mH)

aggH (mH) + JggH (mH) + JggH(mH)

K2 (Kb, K, my) =

Ez‘j KiK; - F%(mﬂ)
>, T (mz)

ﬁ(xbﬂﬁtaxtersmH) -
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What do we measure?

We measure event vields

CMS fi-?T&VL 51'b li-BT-\l"L 1B?fb
= T ¥ T T

o o = Err T T |
We want to derive couplings & %sF iﬁm
- @™ 24X
and signal strengths s Dz 2
The first thing we want to 5 25 [ Jm, =128 Gev

measure is the the “signal
strength” per channel

The analysis is using
discriminators (usually
reconstructed mass related)
to increase S/B

(n )= U XZP(GP X Br')g,, X @Q@

PE(ggF VBF .,VH ,uH) e (yy,ZZ,WW ,bb,TT)

LZZ(@125.5 GeV) = 1.44 +040 _ 6.6c (4.4 exp) ATLAS
LZZ(@125.6 GeV) = 0.93 +0-26+0.13 _ 6.8c (6.7 exp) CMS
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What do we measure?

We measure event yields

We want to derive couplings Em
and signal strengths 24000
The first thing we want to gm
measure is the the “signal G|
strength” per channel 25000]
The analysis is using § :
discriminators (usually @
reconstructed mass S

to increase

=1 XY, (07 % Bri)g, XA, X,

T T | T T T T I T T T T I T T T I T T_—]
CMS Preliminary —+—Dﬂlﬂ
f5=7TeV, L=5.11" (MVA) —xgm
L §5=8TeV, L= 19.6 o' (MVA) e """‘*"‘_
-2

i
m,, (GeV)

S ]
110 120 130

X/' LH’I’H/

‘.H"'\-\. _,_o-"-f

pE(ggF VBF ,VH ,uH ) i e (yy,ZZ ,WW ,bb,1T)
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What do we measure?

We increase sensitivity
by classifying the events
via categories and
measure the signal
strength per category
and then combining them
taking all the sytematic
and statistical errors
uncertainties into accou

Incluseeg
Uincorsy cenieal low o
1

Lnconw,. cantral high D_I

Uncomy, rest low p_l
Lircoiny. rest high D_I
Corw. ceniral low p 1

Coarmd ceatrsl high L

Phys. Lett. B 726 (2013), pp. 88-119

Loose/tight high mass 2jet (VBF tag) °

Loceg high-mass: twe- jot

Tight high-rmess fwe-jei

e measurement of the couplings

’_"""‘_Ju XZ (O'PXBT‘)

pe(egF . VBF VH

— ggF mVBF WH ®mZH ®=itH

| ATLAS Simulation H—yy

I —

L ——

| ——
]

Ac\?\

7.4c (4.3 exp) ATLAS
3.2c (3.9 exp) CMS

C“ﬂum)
JItH) IE(W\ZZ/WW bb TT)

LY (@125.5 GeV) = 1.57 *033 _ o
LY (@125.7 GeV) = 0.77 *0-22_

27
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Higgs boson decay channels

Significance

740 (4.30) .
6.60 (4.40) K-
380 (3.80)  Myuw
416 (3.20) w_

0.360 (1.640) Lep
Obs.  (Exp,) Combined
3.20 (4.20) K.,

6.80 (6.70) K,
4.3c (5.80) Haww

330 (3.70) R

2.1c (2.10) W

Obs.  (Exp.) Combined
(private)

#=(Gxﬁ)-’l(gxﬁ)§y

Signal Strength

L u=157"0 s .
[ u=14478 L u=135%% M ‘
+0.32
— 1=100%> ATLAS b —i
L u=147%;
' o4 p=1.09*35 ——
L u=027¢ I i
| u=130%% ot
| u=0.787%73 : 1
L 1u=09373 | ] -
| u=0.76703 =
R (A ) CMS M -
_ 4027 - o
| u=078%7 0830 I I 2
Ittt 1 I
- u=1.00%% e | =
L u=082%1 | e |
-1 -0.5 0.5 1 15 2

Signal strength
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Probe the production mode

We fitted ~ ATLAS Preliminary Total uncertainty
i - i m, = 125.5 GeV + 1o on - s
Hyprive = l:ou’VBFJrVH X uu’BR] e
H— vy :
i — X ] Myerovh — 1 2*08
u'ggF +eitH .u'ggFl—nH Hpgr , ggF et 06 | :
H— ZZ* - 4l % :
. “vas»vu — te.
Taking one decay mode at a B = 06755 P
time we can go one sfeP H o WW* s iv -
further and fit the ratio Mg = 4 g+19 I
._Pep_ghannel_ HagF _ i o l i i
‘IJ l u Ho 1t : :
VBF+VH __ FVBF+VH Mo — 4 7+
i o “ggF‘«H 12 | i l !
- e M
This ratio is INDEPENDENT R = 1,470 1 ;
of the decay channel sowe ., jg-s648n O 2 3 4 O

can combine ls=8TeV [Ldt=203 " MVBF+VH / uggF+ttH
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Probe the production mode

s 10~ ', sndardModel . ATLAS Preliminary |
= — x Best fit 5 KN ) A 7
N3 o —eswoL {0 \s=7TeV JLdt=46-48f" -
g B[ --eswa E “, Vs=8TeV [Ldt=203f"
= B ; . N

- — H -y .

6 | —_— s 27— 4] _]

u — HSWW* S v o

B H— 11 7]

4 .

SM 2 i
— | _
O B

- m,=1255GeV N

_2 L1 I 11 1 | 1 1 1 I L1 01 | 1 1 | I L1 1 1 I 11 1 I L1 1 1 | L1 1 1 I L1

-2 -1 0 1 2 3 4 5 6

T MW,ZZ*,WW*,‘ET
SM ggF+ttH

62



Overall comparison of all couplings results

Custodial
Symmetry

Coupling to
fermions ( o« M;)
and bosons ( « M,?)

Heavy quarks
in the prod. loop

W boson and
top quark in the loop

Flavour
Symmetry

 xp=0.89,

— Myz=0947,  ATLAS b—ed
— [0.73-1.0] CMS
+0.17

— [0.71-1.11]
—oxy=11505 atLAs -~
— [0.81-0.97] CMS -

— Ay = 0.867 1y ATLAS o=

—xg=10855  ATAS inen B
— [0.73-0.94] CMS

—x=1900 ATLAS

— [0.79-1.14] CMS

— [0.78-1.15] altAS =
— [1.0-1.6] CMS

— [09915] AlLAS  —e—
— [0.89-1.62] CMS

-2 -1.56 1 -0.5 0 0.5 1 1.5 2

Coupling scale factor
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