Exploring the Higgs boson
with the ATLAS data
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1. What is the Higgs boson?

2. Producing and detecting Higgs boson

3. Higgs boson precision measurements




Pm m I

. The Hzggs boson .
in the Stan_dard Model .~



THE HIGGS M ECHANISM

Why do the fundamental particles have mass?

Nobel Prize in Physics 2013: Francois Englert and Peter W. Higgs

Their idea:
Imagine a field that fills all space.

Most particles couple to this field, and feel a resistance as they move
though space — this gives rise to their mass!

The stronger they couple to the field
— the stronger the resistance
— the larger the mass !



THE HIGGS M ECHANISM

IMAGINE A FIELD TUAT
PERMEATES THE
ENTIRE UNIVERCE.
, "EVERY PARTICLE "\

FEELS THIS FELD,
BUT 1S AFFECTED IN
DIFFERENT AMOUNTS,
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COME PARTICLES Akej\ )
| Ce

REALLY SLOWED DOWN
BY TS FELD...
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OTHER PARTICLES
- "LARGE" MASS HARDLY FEEL (T, )

—

- "GMALL" MASS

apod.nasa.gov/apod/ap120501.html


http://apod.nasa.gov/apod/ap120501.html
http://www.phdcomics.com/comics.php?f=1684

THE HIGGS BOSON

The Higgs mechanism makes a distinct prediction.

This particle has a mass, but we didn’t know which, and hence not how much

energy was needed to make it. The search for the Higgs went on for 40 years ...
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— the world’s biggest machine

Beams of protons
with lot’s of energy
circulated

proton quark proton
E=4TeV E=4TeV 2012
E =6.5TeV E=6.5TeV 2015-
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HC — the warld’s higgest machine

Feynman
diagram

gluon
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Production & decay of Higgs bosons

Production
~87% ~6.8% ~4.1% ~(0.9%



Production & decay of Higgs bosons

Production
~87% ~6.8% ~4.1% ~(0.9%

Decay

This determines the signature that the Higgs boson leaves.
That is, what we look for to find the Higgs boson

In addition:
=eoru
4 ¢ Hobb  57.1%
H H 4 H->WW* 22.1%
R 4 H-gg  8.5%
£ H—cc 2.9%
0
0.228% Y 0.013% 1.09% 6.25% H-Zzz* 2.7%

H—vyy



Problem: Higgs production is rare!

The vast majority of collision produced at the
LHC do not contain any Higgs bosons

g g
P, e
g g

oV

Examples of processes
much, much more common
than Higgs boson production

10



Problem: Higgs production is rare!

The vast majority of collision produced at the
LHC do not contain any Higgs bosons

g g
o G
g g
g A Higgs boson is only produced in
- g one collision out of 200 million
Examples of processes

much, much more common
than Higgs boson production
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LHC strategy

“Produce as many collisions as possible as fast as possible”

Proton-proton collision occurs every 25 ns*; 40M per second — that’s a lot!

________)
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—
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— (_ [r— [r— — fr—

*in 2010-2012 we have had collisions every 50 ns = 20 MHz
from now on (2015) we’ll run with full speed! 40 MHz 11



LLHC schedule

Run 2

EYETS

injector upgrade

splice consolidation cryo Point 4 cryolimit -
button collimators DS collimation interaction HL LHC

R2E project P2-P7(11 T dip.) regions installation
Civil Eng. P1-P5

2016 2017 2018

radiation
damage experiment

2 x nominal luminosity
upgrade phase 2

experiment experiment upgrade

nominal beam pipes nominal luminosity phase 1

luminosity |




LLHC schedule
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The ATLAS detector

Tile calorimeters

LAr hadronic end-cap and

forward calorimeters
Pixel detector

LAr electromagnetic calorimeters

Muon chambers Solenoid magnet | Transition radiatfion fracker

Semiconductor tracker




Muon
Spectrometer ut-through vie
Hadronic
Calorimeter
Electromagnetic
Calorimeter p——
Solenoid magnet : R \
ransition &
Radiation . .
Tracking  Tracker b
Pixel/SCT

Detecting particles

Energy, momentum,
direction, and type
are determined from
the detector signals

from the different
sub-detector systems
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Higgs boson candidate

CATLAS <[:
L EXPERIMENT v

1111111111111111111111111111111111

Photon energy and direction
accurately measured in
the EM calorimeters (green)

Most important quantity:
Diphoton invariant mass
myy, reconstructed from
photon 4-momenta

myy” = (Py1 + Py2)?
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Higgs boson candidate
|

Fake photon suppression

V

@ o Photon from Y fake! 170 Lots of other particles leave signals
nggs 0 — yy that look similar to photons from the

Higgs boson

v Such particles are suppressed by
VWAN looking at the shape of energy
‘ deposits in the detector

Diphoton invariant mass
my,y, reconstructed from
photon 4-momenta

p middle b

l

Stri

myy” = (Py1 + Py2)?




Higgs boson candidate
|

Fake photon suppression

V

k< o Photon from Al fake! "1-[0 Lots of other particles leave signals
- Higgs a0 — Yy | that look similar to photons from the

Higgs boson

middle b

o Such particles are suppressed by
| looking at the shape of energy
deposits in the detector

|P—

Stri

Diphoton tnvariant mass
my,y, reconstructed from
photon 4-momenta

myy” = (Py1 + Py2)?




How many Higgs bosons do we expect?

Number of expected collisions that produce Higgs bosons
in the big 8 TeV dataset collected in 2012 (20.3 fb™)

All Higgs events Analysis selection
99-H 350
VBF, VH, ttH, bbH 61k 55
total 450k 405
About half a million Requiring photons to have
Higgs bosons in total ! sufficient energy and fulfil

background rejection
1000 decay to photons
BR(H—vyy) = 0.228%

~87% ~6.8% ~4.1% ~0.9%
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Finding the Higgs boson

Frequency

Theory
what a perfect detector

would see

130 140 150 160
Diphoton mass, m,., [GeV]

The invariant mass of the diphoton system
— narrow resonance around the Higgs mass, mg = 125 GeV
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Finding the Higgs boson

Frequency

Theory
what a perfect detector
would see

this is actually a Breit-
\ Wigner distribution with a
2 . .01 125.C .
94.98\1\2499 1256 125.0 5.( wldth 0f4_1MeV

130 140 150 160
Diphoton mass, m,., [GeV]

The invariant mass of the diphoton system
— narrow resonance around the Higgs mass, mg = 125 GeV
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Finding the Higgs boson

>
(&)
=
)
=
o
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L

Detector measurement
wider due to non-perfect
detector resolution

130 140 150 160
Diphoton mass, m,., [GeV]

For us experimentalists it is extremely important to understand the detector
performance, for example the energy response and resolution of photons.

The resolution of the diphoton mass (width of distribution above) is measured to be:

Amyy = 1.5 + 0.15 GeV
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Finding the Higgs boson

Frequency

N
o)
-
-

many other
“background”

Processes

130 140 150 160
Diphoton mass, m,., [GeV]

The invariant mass of the reconstructed diphoton system
from non-Higgs processes that fulfil the selection
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Finding the Higgs boson

N N
-
-
-

H — yy
and
background
processes

Frequency

\
N
N
B
X
\ﬁ\
R -~

130 140 150 160
Diphoton mass, m,, [GeV]

This 1s what we expect to see.
A small H—yy signal on top of a smooth background distribution

19



What the data show

Events / GeV

1 I 1 1 | 1 I I I 1 | I 1 1 I
[Ldt=45f" vs=7TeV
[Ldt=2031" \s=8TeV
Unweighted sum

"

~ After subtracting background,
—data points produce a peak with the

shape expected from H—yy

I I 1 I I I I 1 I I 1

ATLAS
—¢- Data

— Signal+background
===+ Background
— Signal

Higgs-like
esonance peak !

|IIII|IIII|IIII|IIII|

data - fitted bkg
_IIIIIII|IIIIIIII-J—'—5—I—I—|II__| [ 1 |

-||1111§11|11|;— [ 1 |

),
D
<
Hc)
=

In the 2012 data (8 TeV):

Expect:
403 = 45 Higgs events

Measure:
570 £ 130 events

... We see a bit more Higgs
boson than we expect




How many Higgs bosons do we expect?

Number of expected collisions that produce Higgs bosons
in the big 8 TeV dataset collected in 2012 (20.3 fb™)

All Higgs events Analysis selection

total 450k 1030 403

H — ZZ* — 4l

All Higgs events H—ZZ*—4l Analysis selection

total 450k 57 14.6
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What the data show

ATLAS + Data
H— Z/" — 4] [ ] signa (m =125 GeV = 1.51)

s =7 TeV JLdt 451"

\s =8 TeV JLdt =2031fb"

90 100 110120 130 140 150 160 170
m,, [GeV]

4
H £
14
4
In the 2012 data (8 TeV):
Expect:

14.6 * 1.5 Higgs events

Measure:
24 + 6 events

... again, we see a bit more
Higgs boson than we
expect
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Events / 10 GeV
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ATLASH—->WW#*
\s=8TeV, 20.3fb
\s=7TeV, 4.5fb
(@) n;<1, ep+ee/uu
® Obststat
Bkgtsyst
B Higgs
H ww
L] Misid
O vv

L] Top
B DY

(b) Background-subtracted
¢ Obs-Bkg
— Bkgtsyst
B Higgs

For H — WW — vy,
the neutrinos v, cannot be detected

Hence, it is not possible to directly
reconstruct the Higgs boson mass.

Instead, another observable, called
the transverse mass mr is used.

What the data show
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We have found a Higgs-like particle
Next challenge: measure its properties

0, 4
|||||
of Ty
e BT 2 3 4 5 6 7 8 9 10 11 2 13 14 15 16 17 om
[T o mamT i ittt

i i M
1/20
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Higgs boson properties

coupling to
other particles

Spin quantum
number &/

mass

Measurements of eross sections and differential distributions

Higgs boson kinematics
momentum, production angle ...

Multiplicity and properties of of
associated particles

Properties of the Higgs decay
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New Higgs physics scenarios

We clearly has seen a new particle !
Does it come with some surprises ?

Perhaps it sometimes 1s
produced with some
new, exotic particles ?

Are there more Higgs bosons?

The MSSM SUSY model suggest there
might be five Higgs bosons
A, H,h H H

Could it be a Higgs
boson “imposter” that
have a different spin or

Charge-Parity ?

Is the Higgs truly a
fundamental particle or does
it have substructure ?
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Measuring the Higgs boson mass

- --- ATLAS H-
- ATLAS and CMS - ATLAS H—ZZ—4

I
P
I
O
By
-
>

CMS H—ZZ—4]
— All combined

Amount of
measured
Higgs bosons

(relative to what
we expect)

X Best fit
—— 68% CL

Signal strength (u)

Expected amount

124 1245 125 1255 126 126.5 127
m,, [GeV]

Four measurements shown: ATLAS and CMS, H—yy and H—4l. They are compatible.
Combination of the measurements give: mg = 125.09 + GeV




Measuring the Higgs boson couplings

According to the Higgs mechanism, particle obtain their mass coupling Lo
from the coupling to the Higgs field. other particles

A stronger coupling
— more interactions

— more produced Higgs bosons

Example: coupling between Higgs and top quarks &/
Y
H
- ¢
Coupling between the | 4
Higgs and the Z bosons

Coupling between
Higgs and top

PAS



Measuring the Higgs boson couplings

Strength of coupling to the Higgs boson

ATLAS and CMS
LHC Run 1

¢ ATLAS+CMS
SM Higgs boson
— [M, ¢] fit
[ 168%CL
| ]95% CL

10 10°
Particle mass [GeV]

coupling to

other particles

e

The measured
strength of the
coupling is
proportional to
the mass
as expected !
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Measuring the Higgs boson couplings

ATLAS and CMS
LHC Run 1

-8- ATLAS+CMS
-+ ATLAS

-+ CMS
— 10 interval
— 20 interval

Parameter value

coupling to
other particles

e

The measured
strength of the
coupling is
proportional to
the mass
as expected !

30



The Higgs inclusive cross section

—r 1 r r r r 1 T 1 LB
_ ATLAS Preliminary ., m, =125.09 GeV
| AH-oyy 0 H-ZZ*—4l QCD scale uncertainty

i ¢ comb. data syst. unc Bl Tot. uncert. (scale ® PDF+o. )

| -

| | | I | | ] | |

W |

I | I I I L I L I

N
O
L L
\
~N - \

\s=7TeV, 45fb"
Vs =8TeV, 20.3fb"
Vs=13TeV, 13.3fb" (yy), 14.8 b (ZZ*)

10 11 12 13
Vs [TeV]

o

_llllllllllll\&
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Higgs boson distributions

Number of jets

jet 1 pr

jet 2 pr

Example of four observables that we have measured
1. Higgs boson momentum

2. Number of jets (“quarks or gluons”) produced together with the Higgs y
3. The momenta of the first and second jets

4. The angle between the photons produced in the Higgs decay - H_

32



Measuring Higgs boson distributions

Events / GeV

All events with no jets

All events with one jet

-
o
(=)
o

—H-yy,\s=8TeV
pp—>H—-yy,\s=8TeV o rntesnE
| Ldt=2031f0"
m,, = 125.4 GeV

N = 0, pr' > 30 GeV

Events / GeV

N = 1] P > 30 GeV

: —e— data
— s+bfit
- - - background, b

Events / GeV

e A

10 120 150 160
m,, [GeV]

data syst. unc.

| gg—H (MINLO HJ+PY8) + XH
(K gqr = 1.54)

-=+ XH = VBF + VH + ttH
H—-yy, s=8TeV
f L dt=20.3"fb"

N R
\\\i\ NN

/
VOGO IS

Events / GeV

[Ldt=2031b" q ll
m,, =125.4 GeV

events with two jets ...

pp—-H-yy,\s=8TeV
[Ldt=2031b"
m,, =125.4 GeV
N =2, P > 30 GeV

—e— data
— s+bfit
- - - background, b

150 160
m,, [GeV]

pp—-H-yy,1s=8TeV
[Ldt=2031b"
m,, = 125.4 GeV
New 23, pf' > 30 GeV

—e— data
— s+b fit
- - - background, b

S e T TSN

150
m,, [GeV]

All events with
3 or more jets
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1. The Higgs boson momentum

LI I L I L LI L I L I L I L I UL I UL

A HRes + XH
=== XH = VBF + VH + ttH + bbH

-¢- data, tot. unc. syst. unc.

\s=8TeV, 20.3fb"
ATLAS pp—H

“Micro-anomaly”
ATLAS Run-I
measurement of Higgs
boson transverse
momentum suggest
harder spectrum than
expected.

—
<
AV

N

"

Ratio to HRes

_$—.Al..,,,l, Probability for agreement
0 20 40 60 80 100 120 140 160 180 200EEEELlTEZY
p!! [GeV]
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1. The Higgs boson momentum

LI I L I L LI L I L I L I L I UL I UL

A HRes + XH
=== XH = VBF + VH + ttH + bbH

-¢- data, tot. unc. syst. unc.

\s=8TeV, 20.3fb"
ATLAS pp—H

“Micro-anomaly”
ATLAS Run-I
measurement of Higgs
boson transverse
momentum suggest
harder spectrum than
expected.

—
<
AV

N

k.
N ™
l ‘ Y

Ratio to HRes

™ Probability for agreement
osdlQeeeBG™"80 100 120 140 160 180 200 EERITEZH
p!! [GeV]




1. The nggs boson momentum

[8)

- ATLAS Preliminary m, = 125.09 GeV
"¢ data, tot. unc. []syst.unc. 5 99—>H NNLOPS + XH-

"H—yy,Vs=13TeV, 13.3 b

LI I L I L LI

[fo/GeV]

Kgg oy =1.10
- =+ XH = VBF + VH + ttH |

144
1

—h
T

dojg/dp

$

IR R RO TN R O
T I T LI I 1 T T I T 1 II T ] T I T T T

—
<
AV

data / prediction

T80 80 100 120 140 160 180 200
pY [GeV]

Ratio to HRes

~“80 100 120 140 160 180 200 RCKTIIEPLY
p:' [GeV]




2. The number of jets

:lIIIIlllllllIIIIIII]IIIIIIIIIIIIIIIIIII: NumberijetS
ATLAS pp_)H B NNLOPS+PY8 + XH i

| -e- data, tot. unc. syst. unc.

MG5 aMC@NLO+PY8 + XH
SHERPA 2.1.1 + XH

K3
| \s=8TeV, 20.3 fb" # STWZ + XH
_ *

Ll

' . BLPTW + XH
- = Jet
anti-k, R = 0.4, p° > 30 GeV LHC-XS + XH

- XH = VBF + VH + ttH + bbH

| | | | | | | | I | | | | | L1l I | | | |

| | I

Run-I ATLAS data also
indicate that Higgs
bosons are produced
with morejets ... ?

Ratio to NNLOPS




2. The number of jets

:lIIIIlllllllIIIIIII]IIIIIIIIIIIIIIIIIII: NumberijetS
ATLAS pp_)H B NNLOPS+PY8 + XH i

| -e- data, tot. unc. syst. unc.

MG5 aMC@NLO+PY8 + XH
SHERPA 2.1.1 + XH

K3
| \s=8TeV, 20.3 fb" # STWZ + XH
_ *

Ll

' . BLPTW + XH
- = Jet
anti-k, R = 0.4, p° > 30 GeV LHC-XS + XH

- XH = VBF + VH + ttH + bbH

| | | |

Run-I ATLAS data also
indicate that Higgs
bosons are produced
with morejets ... ?

Ratio to NNLOPS




AL N B L B L B _""|'"l|ll'l|lllI|llll|||||||...I,,,,- rofoets
L ATLAS pr = golATLAS Preliminary m, = 125.09 GeV J

_ + data. tot. ur - -¢- data, tot. unc. syst. unc. N3LO + XH

- H—yy, Vs =13 TeV, 13.3fb" NSLO+JVE + XH
_ \s=8TeV, 2 - I STWZ, BLPTW + XH
: B =

' GoS Sh ~
am"kt R =04 I oSam+Sherpa + XH
Powheg NNLOPS + XH 1

NNLOJET + XH
=+ XH=VBF + VH + ttH _

anti k, R = 0.4, p. > 30 GeV]

¢

Ratio to NNLOPS+XH

Ratio to NNLOPS




Summary

After its discovery, focus of Higgs boson analyses are shifting to precision
measurements of its properties.

- Mass

- Spin/CP, limits on width

- Cross sections in different kinematic regions

The 2015+2016 dataset (~35 tb* @ 13 TeV) is effectively six times larger
than the Run-1 dataset, results expected for summer conferences.

Exciting times ahead!

ATLAS pp—-H

100 120 140
Py [GeV]







Search for Higgs pair production

ATLAS Signal Region

det _20fb" \s=8Tev —+ Dbl
—— Fitted Signal + Bkds

Single Higgs Boson + Bkd

>
Q
©)
L0
Al
~
2]
e
-
o
>
L

Continuum Background

Events / 2.5 GeV

140 150 160
m,, [GeV]

Expect one event in the signal region (a window around 125 GeV).
Observe 4 events (!)



Yy + ZZ—4l combined

Combination of the two
spectra from the previous

page

Red = yy

Green = ZZ—4l
Black = combined

vy and ZZ are independent
datasets, still very good

(surprisingly good)
agreement
Uz
O; —

- Lc, ;B

-/w

-
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Q.

©

~

S 4

S 107"
1072

(@p)

ol

O

]

zZ

zZ

e 2

O

g 0

A
T T T

I I I I I I I I I I I I I I I I I I I I I I I I I
B _H‘ B NNLOPS+PY8 + XH

==== XH = VBF + VH + ttH + bbH
p -¢- data, tot. unc. syst. unc.

i \s=8TeV, 20.3 fb’

= g = A H-yy
I t === ATLAS pp—H

0 H—>ZZ—4l

- *—— T

0 20 40 60 80 100 120

140 160 180 200
pt [GeV]



do,, / dicos(6*)! [fb]

—— ATLAS data
J Ldt=2031" ] Standard Model, Spin 0

|| Spin 2 scenario

02 03 04 05 06 07 08 09
lcos(6%)

Helicity angel between of the photons in H—yy

Is the particle we have
seen an “imposter” with
different spin (or parity)

That would change the
helicity angle of the
photons produced in the
Higgs decay

Many tests in the
different Higgs decay
channels suggest data
agree with the Standard
Model expectation
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leferentlal Cross sectlons with 100 fb 1

do/dN,,,; [fb]

do/dIcos(6*)! [fb]

_I T T T | T T T T | T T T T | T T T T | T T T T | T T T T | T T T T | T T T I_

- Asimov data N
501 Vs =13 TeV, L =100 fb™
B =1.0 _
40F * -
30 -
20 } -
10 -
N ¢ ]

O_I | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | ? | | | I_

0 0.5 1 1.5 2 2.5 3 3.5 4
Njets

[T T 171 T T 171 T T 171 T T T ' T TT1 ' T TT1 | ' T TT1 | ' T TT1 | ' T TT1 | T T T T
140~ Asimov data ]
N ) ) -
120 Vs =13 TeV, L =100 fo"
N w=1.0 ]
100= __+_ | —
80— — —
N — ]
60— —
40[- IR (N -
20} 4 | —
O:I 11 1 | 11 1 1 | 11 1 1 | 11 1 1 | 11 1 1 | 11 1 1 | 11 1 1 | 11 1 1 | 11 1 1 | 11 1 I:

0O 01 02 03 04 05 06 07 08 09 1
lcos(6)

T,jet1 [fb]

do/dp

—
~
I|III|III|

Asimov data

V\s=13TeV, L =100 fb

u=1.0

A2
1= -
0.8 =
0.6 + 10% uncertainy g
- for pT>100 GeV &
0.2 l —
O : | 1 1 | | 1 1 | 1 1 | | 1 1 | | 1 1 1 | | 1 1 | | 1 1 | | ’ | | 1 1 | | | 1 1 -

O 20 40 60 80 100 120 140 160 180 200
P, [GeV]
2 B T T T T T T T T T T T T | T T T | T T T | T T T ]
u Asimov data -
1.8— -
= \s=13TeV, L=100 fb™'J
1 6 :_ =1.0 _:
1.4E - =
s b Z7 has similar pre- E
“r cision for all vars .
1— ]
0.8 —
0.6F —— =
0.4F | —
0.2 ;— ¢ —;
0 C oo o b b b o ? L1 1 ]

0 20 40 60 80 100 120 140
p.. [GeV]



Fiducial cross sections & “unfolding”

- Fiduclal cross sections try to avoid extrapolations

fiducial -

adje \fa-'du-shal, -'dyu-, fi-\

Definition of FIDUCIAL

1 : taken as standard of reference <a fiducial mark>
2 : founded on faith or trust
3 : having the nature of a trust: Fribuciary

—fiducially < \-sha-l€\ adverb

(truth) fiducial

ohasa space

reconstructed
phase space

Side from Florian Bernlochner

In particle physics

a fiducial cross-section is a cross-section measured only
for the fiducial region, a clearly defined region in phase-
space in which the detector operates with high efficiency,
without extrapolating to regions where the experiment
has no sensitivity.

The fiducial region are defined from the stable “truth”
particles from the MC event record. Corresponds to
what a perfect detector would see

H—yy fiducial definition
2 photons with |n|<2.37
P1y1/ Myy > 0.35
P1y2/ Myy > 0.25

The fiducial region is selected to correspond to the
analysis selection (see above). The yields measured in
data need to be corrected for detector effect
(inefficiencies). This is called unfolding.

= Some things are harder to unfold than others



Differential cross section measurement overview

1. Signal extraction

a) Spit dataset into bins of variable of
interest (here 4 Njets bins)

b) For each bin, extract s from a s+b fit
to the m,, spectra

c) Large statistical uncertainty due to
small s/b

2. Unfold to particle level

and divide by integrated
luminosity and bin-width

Ofid =

y4

U

G L:int

X

/

correction factor

Jor detector effects

20.3 fb!
(£2.8%)

a) correction for detector
effects with bin-by-bin

unfolding

b) convert to (“differential”)
cross section by dividing by
int. lumi (and bin-width)

3. Plot and compare with

oy [fD]

data / prediction

theory

35 | | I 1 ]
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a) compare to particle level
prediction - i.e. no need for
detector simulation

b) Can also compare with
analytical calculations
(parton level) but then need
small parton—particle level

(NP) correction
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Events / GeV

data - b

Signal extraction yy
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Transverse momentum
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Differential cross sections as a function of transverse
momentum of the Higgs-like resonance compared with
theory for the yy (left) and ZZ (right) fiducial regions
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=xtrapolation to the inclusive phase space

In principle one can also extrapolate the fiducial cross sections to the fully inclusive region.
- Ok, given what we just discussed — why would you want to do that”?
- Not model independent, but still less model dependent than coupling measurements.
- Can combine differential quantities with different channels, e.g. H to four leptons
- Mostly account for object (photons, leptons) acceptance, i.e. more tied to objects than

production specifics.

e.g. H—yy all of Higgs production!
(truth) fiducial

ohase space inclusive phase
ONASS SVACS

space

Inclusive
cross section

reconstructed
phase space T g Ty

(analysis cuts) O; = O; =
e ColaiB

Fiducial cross section i i
Side from Florian Bernlochner




=xtrapolation to the inclusive phase space

In principle one can also extrapolate the fiducial cross sections to the fully inclusive region.

- Ok, given what we just discussed — why would you want to do that”?

Fiducial acceptance, «

Not model independent, but still less model dependent than coupling measurements.

- Can combine differential quantities with different channels.

Mostly account for object (photons, leptons) acceptance, i.e. more tied to objects than

production specifics.
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Statistical correlations between distributions

Can be estimated using a bootstrap method:
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Nsig for Njets

800

600

400

200

-200

pp—>H—=>yy,{s=8TeV,20.3fb"

- p? 0-20GeV:N_ =0

jets

A

TLA

internal

! | !
-400

! ‘ !
-200

| ‘ |
200

H
Nsig for p~ 0-20 GeV

| I |
400

pp > H—=7vy,\s=8TeV, 203"

A TLAS internal

[ 20

10.5 l

[ o0 |

3| 28 5.2 5.2 7.9 10.4 20.9 0.0
= +1.0 +1.0 +1.0 +1.0 +1.0 +1.0 +1.0 +1.0 £0.0 +0.0
—o | 47 7.3 9.0 9.7 127 225 216 205 0.0 0.0
) = +=1.1 +=1.1 1.0 1.0 +=1.0 +0.9 +1.0 +1.0 =0.0 0.0
'6 1| 77 14.3 23.0 29.4 28.6 30.0 19.4 15.3 0.0 ! 0.0
o— = =1.0 +=1.1 =11 +0.9 +0.9 +0.9 +0.0 =0.0
-0 40.1 23.0 12.5 4. 3.7 0.0 0.0
- +1.0 +1.2 +1.2 =1.0 +1.0 +0.0 +0.0
Y 0.0 0.0 0.0 0.0 0.0 20.5 20.9
1 00-200 =0.! +0.0 +0.0 +0.0 +0.0 +0.0 +1.6 +1.0
! 0.0 0.0 0.0 0.0 0.0 ! 216 105
80-100 I +0.0 +=0.0 +=0.0 +0.0 +0.0 +1.3 +1.3 =14 =1.0
0.0 0.0 0.0 30.0 22,5 10.4
60-80 +0.0 +0.0 +1.2 +1.2 +1.3 +1.0
0.0 0.0 4.1 28.6 12.7 7.9
50-60 +0.0 +0.0 +1.1 =11 +1.2 +1.0
— 0.0 0.0 125 29.4 9.7 5.2
> 40_50 +0.0 +0.0 +1.0 +1.1 +1.2 +1.0
D 0.0 0.0 23.0 23.0 20 52 |
@) 30-40 £00 200  £09 209  =£1.1 £1.0
., |
0.0 0.0 40.1 14.3 7.3 20
' E‘ 20-30 00 +0.0 +0.8 +1.0 +1.0 +1.0
?\ 0.0 v 7.7 47 2.8
& 0-20 +0.0 | =0.0 - 1.0 | 1.0 | 1.0
0. 20. 30 40 50 60 8o. 10, =0 N S N
20 <039 Y049 “0:59 “0-69 “08p “0-10,"00-29, 7= =3

P’ [GeV]

]Vjets

100%

50%

0%

Can use all kinematic distributions in a combined analysis and probe

for New Physics:

L =

+ &40y + C4O0g + CHwOnw + CupOus,

C_),Oy + C_gOg + cgwOnw + cgOHlB




—ffective Field Theory Analysis of differential cross sections

Effective Field ’[heOI’y: arXiv:-1303.3876
arXiv:hep-ph/0703164

Strongly |nteracting |_ight Higgs SM NID
= Extends SM by adding point-like interactions c
g
t
B TILTTTITT s ARELTEE H
,L = CYO + CgO + CHWoHW + CHBOHB ¢

+ CyO + CgO + CHWOHW + CHBOHB

—
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Ratio to SM

—ffective Field Theory Analysis of differential cross sections

NP
= Extends SM by adding point-like interactions

L= Ey()y + E‘gOg + cgwOpw + cupOup

+ )0y + &40y + CuwOnw + ¢HpOus,

— T T T T T T T T T T T T T T T T T T T T T 1
31 Impact on gluon fusion H—yy,\s=8TeV 4
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Oy (0]

—ffective Field Theory Analysis of differential cross sections

NP
= Extends SM by adding point-like interactions

L= Ey()y + E‘gOg + cgwOpw + cupOup

+ )0y + &40y + CuwOnw + ¢HpOus,
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i o o o H= ] o | Data points published on HepData

2 DD D D B D NN NN 2 P DA DD D S K http://arxiv.org/abs/1407.4222

PDHDD D R C SRR 2K L8y 5 o JHEP09(2014)112
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http://arxiv.org/abs/1407.4222

Limits on Cq and Cy
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= SM Point is well contained in 68% Region



Other operators:

2 04
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= No significant deviation from
SM observed.
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Run 2: Simplified cross section framework
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LHC HXS WG meeting about fiducial cross sections: https://indico.cern.ch/event/399923/
https://indico.cern.ch/event/399923/session/3/contribution/20/material/slides/O.pdf
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High mass “H—yy”

PHYSICAL REVIEW LETTERS

Highlights Recent Accepted Collections Authors REEIEES Search About N

Theorists React to the CERN 750 GeV Diphoton Data

Last December, the ATLAS and CMS Collaborations at the Large Hadron Collider reported preliminary data with a small excess of diphoton
events at an invariant mass of about 750 GeV [1,2], which, if verified, would require unexpected new elementary particles. The
collaborations have recently reanalyzed their data [3,4], and the signal has become slightly stronger. Though the results are extremely
intriguing, more data are required to establish if the excess is real, or a statistical fluctuation.

Over 250 theory papers have appeared following the December announcement, and a number of them were submitted to us. We found it
appropriate to publish a small sample of them. To maximize the coherence and fairness of our choices, we obtained informal advice from

several experts.

Four such Letters appear in this issue [5-8]. Others may follow, but we think that this set gives readers a sense of the kind of new physics
that would be required to explain the data, if confirmed.

Robert Garisto
Editor

Dag Gillberg



Events / 20 GeV

Data - fitted background

ATLAS Run II results at high my,

Slide from M. Delmastro, Moriond talk
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CMS Preliminary 2.7 fo" (13 TeV, 3.8T)

CMS results - magnet on

Slide from Pascale Musella’s, Moriond talk

EBEB ¢ Data

—— Fit model
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CMS result - magnet off

CMS Preliminary 0.6 fo™' (13 TeV, OT)
—r~ 1 1 " " T 1T ]
- ~ Modest excess of events observed at
. EBEB ¢ Data m = 750(760)GeV for the 8+13TeV(13TeV)
—— Fit model dataset.
o t1c ~ Local significance is 3.4(2.9)0c, reduced to
t20 1.6(<1)oc after accounting

400 600 800

1000 1200 1400 1600
m, , (GeV)

for look-elsewhere-effect.



(data-fit)/c,,,

CMS result - magnet off

CMS Preliminary 0.6 fb' (13 TeV, OT)

EBEB ¢ Data
—— Fit model
o t1o
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_~ Modest excess of events observed at
m, = 750(760)GeV for the 8+13TeV(13TeV)

dataset.

~ Local significance is 3.4(2.9)c, reduced to
1.6(<1)oc after accounting
for look-elsewhere-effect.
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Properties of sideband and excess regions
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Correction for detector effects

ATLAS Simulation
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Correction for detector effects

ATLAS Simulation
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Dag Gillberg (CERN) Higgs cross section measurements 2014-12-07 20



Events /1 GeV
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3. The momentum of the jets

- ATLAS pp-H ® STWZ + XH
B JetVHeto + XH

= XH = VBF + VH + ttH + bbH .
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moving faster (higher pr) than predicted ...




3. The momentum of the jets
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Comparing analytical ggF predictions with data

Analytical calculated cross sections can be corrected for acceptances and non-perturbative effects
using provided correction factors for each fiducial region/bin of differential cross section
SM is assumed for provided values. Uncert. from QCD-scale, PDF, MPI/fragm. tune variations

gluon fusion other production modes
XH = VBF+VH+ttH

Ofid — U F B kinem iso fNP =+ Ofid, XH

ggk cross sectzon \

Branching ratlo Non-perturbative correction factor
Kinematic acceptance for accounting for hadronization and
Higgs decay product to underlying event activity

fulfil fiducial requirements

Efficiency for photons to

fulfil particle level isolation
(part of yy fiducial definition
not used for ZZ)

Example for H—yy inclusive fiducial cross section, mu = 125.4 GeV
Ofid = OggF B axinem Qiso JNP + Ofid,XH = 30.51b

/ T ~63% ~98% 1.00 ~4 b
LHC-XS: 19.15 pb 0.228%
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H—vyy fiducial cross sections

ora(pp — H — v7y) = 43.2 £ 9.4 (stat) 755 (syst) £ 1.2 (lumi) fb

B | | | | I I I| | | | T 11 I| | | | I| |
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W LHC-XS + XH
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i w STWZ + XH ]
Nleptons =1 I I 0 JetVHeto + XH
B * BLPTW + XH i
miss | Al MINLOHJ + XH
E7™ >80 GeV | M MiNLO HJJ + XH
B ] ] ] | I T I| ] ] ] | I T I| ] ] ] | I T I| ]
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Higgs couplings

* Search for deviations from the SM Higgs coupling to other particles by
introducing multipliers using a tree-level motivated benchmark model
following the LHC Higgs XS WG recommendations: 1209.0040

2 2 2
2
L= Hg%Hg + KJZ%ZMZMH + kW W H
(Y
+ Ky 12“}6’& G“" H 4+ /4:72 A, A H + /iZ,y AWZ YH
«
- - ((3052 Ow Z,, ZH + 2 W:L;W ) H
m e —
—|me X LfFm Y LiF4e > LT H Quarks
f u, Ct f d)‘S)b f—@,,LL,T ¢

Effective Lagrangian describing the
Higgs couplings in unitarity gauge

Status of Higgs boson physics (PDG), page 62

Photon W*IW' .Z'0 Gluons
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http://arxiv.org/abs/1209.0040
http://pdg.lbl.gov/2013/reviews/rpp2013-rev-higgs-boson.pdf

