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W
hy precision physics is im

portant at the LHC? 



The
p
j1T

distribution
coversthesam

ekinem
aticrangeastheH

iggsboson
p
�
�

T
m

easurem
ent,butcoarserbins

w
ere

chosen
atlow

pT .A
llpredictionsagree

w
ellw

ith
the

data,w
ith

the
N

N
LO

JET
prediction

providing
the

greatestaccuracy
in

the
high

p
j1T

region.

The
m

j
j and

�
�
j
j distributionsare

com
pared

to
S�����

(M
���@

N
��)and

G
�S��

described
above,that

are
ofN

LO
accuracy

forthisjetm
ultiplicity.G

ood
agreem

entisseen
betw

een
the

data
and

the
predictions,

including
thatofthe

defaultM
C

thatisofLO
accuracy

forthisjetm
ultiplicity.In

the
higherm

j
j bin

thatis
m

ore
sensitive

to
V

BF
production,the

data
are

in
agreem

entw
ithin

the
prediction

w
ithin

the
uncertainty

of
the

m
easurem

ent.The
�
�
j
j distribution

thathassensitivity
to

the
C

P
propertiesofthe

H
iggsboson

isin
good

agreem
entw

ith
the

expected
shape

in
the

SM
.
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Figure
6:C

rosssectionsm
easured

asa
function

ofthe
diphoton

kinem
atics,(a)p

�
�

T
,(b)
|y
�
�
|.The

crosssection
as

function
ofp

�
�

T
isshow

n
in

the
range

0–350
G

eV
,w

hile
forp

�
�

T
>

350
G

eV
itism

easured
to

be
0.23
±

0.14
fb

w
ith

the
uncertainty

being
predom

inantly
statistical.

A
llm

easurem
entsare

com
pared

to
the

defaultM
C

prediction
in

w
hich

ggF
ism

odelled
w

ith
P��

���
N

N
LO

PS
and

otherH
iggsproduction

processes,X
H

,are
m

odeled
according

to
the

descriptionsofSection
3.A

dditionalcom
parisonsare

also
show

n
fordi�erentggF

com
ponentsadded

to
the

sam
e

X
H

prediction,alldescribed
in

Section
6.4.

The
m

easurem
entfor

p
�
�

T
>

350
G

eV
agrees

w
ith

the
default

prediction
w

ithin
lessthan

one
standard

deviation.

The
com

patibility
betw

een
the

m
easured

di�erentialdistributionsand
the

defaultSM
prediction

isassessed
using

a
�

2
test.

The
�

2
is

com
puted

using
the

covariance
m

atrix
constructed

from
the

full
set

of
uncertaintieson

thedatam
easurem

ents,taking
into

accountcorrelationsbetw
een

bins,asw
ellasthetheory

uncertaintieson
theSM

prediction.Table4
reportsthe

p-valuesofthe
�

2betw
een

dataand
thedefaultM

C
prediction

introduced
in

Section
6.4

foralldi�erentialdistributions.Forallobservables,the
com

patibility
betw

een
the

data
and

the
SM

prediction
isgood.
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A
likelihood

com
bination

ofthe
tw

o
decay

channels
is

perform
ed,follow

ing
the

m
ethod

described
in

Ref.[4].The
p

T
,H

binning
in

the
H

!
�
�

analysisisfinerthan
thatin

the
H

!
Z

Z
⇤!

4`analysis.W
here

needed,the
sum

ofthe
respective

H
!
�
�

binsiscom
bined

w
ith

one
H

!
Z

Z
⇤!

4`
bin.Experim

ental
and

theoreticaluncertaintiesthata�ectboth
channelsare

correlated
by

the
im

plem
entation

ofcom
m

on
nuisance

param
eters.These

include
the

uncertaintiesin
the

integrated
lum

inosity,in
the

H
iggsboson

m
ass

value,in
the

description
ofthe

pileup
in

the
sim

ulation,and
in

the
contributions

ofthe
di�erentH

iggs
boson

production
m

odes.A
dditionally,the

uncertaintiesin
the

branching
fractionsare

correlated
through

the
correlation

ofthe
corresponding

underlying
sources.Finally,the

uncertaintiesin
the

acceptance
and

correction
factorsdue

to
variationsofthe

m
odeling

ofthe
parton

show
erare

also
correlated.

A
llother

uncertaintiesare
treated

asuncorrelated.The
asym

ptotic
approxim

ation
[66]isused

w
hen

com
puting

the
uncertaintiesin

the
cross-section

m
easurem

ents.The
validity

ofthisapproxim
ation

hasbeen
verified

in
previousanalysesby

perform
ing

pseudo-experim
ents.

2
Resultsand

Conclusion

The
inclusive

acceptance
factors,relative

to
the

fullphase
space,are

about50%
forthe

H
!
�
�

channel
and

about49%
forthe

H
!

Z
Z
⇤!

4`
channel.In

the
H

!
�
�

channel,the
acceptance

factorisabout
50%

atlow
p

T
,H ,45%

atinterm
ediatevalues,and

about75%
athigh

p
T
,H .In

the
H

!
Z

Z
⇤!

4`
channel,

the
acceptance

factorvariesfrom
about45%

atlow
p

T
,H

to
65%

athigh
p

T
,H .

ThetotalH
iggsboson

production
crosssection

ism
easured

in
the

H
!
�
�

decay
channelto

be56.7
+6.4
�6.2 pb

and
in

the
H

!
Z

Z
⇤
!

4`
channel

to
be

54.4
+5.6
�5.4

pb.
C

om
bining

the
tw

o
channels,

a
result

of
55.4

+4.3
�4.2 pb

(±3.1(stat.)
+3.0
�2.8 (sys.))isobtained.A

llthree
resultsare

in
agreem

entw
ith

the
SM

prediction
of55.6

±
2.5

pb.Figure1
show

sthem
easured

totalcrosssection,togetherw
ith

thecrosssectionsm
easured

at p
s
=

7
and

8
TeV

[67].

The
di�erentialcross

sections
as

a
function

of
p

T
,H

forthe
individualchannels

and
theircom

bination
are

show
n

in
Figure

2,along
w

ith
the

SM
prediction

described
above.The

uncertainty
band

on
the

SM
prediction

includes
PD

F
and
↵
S

uncertainties
as

w
ellas

those
due

to
m

issing
higher-ordercorrections,

obtained
follow

ing
the

m
ethod

described
in

Ref.[6].The
m

easurem
entuncertainty

isdom
inated

by
the

statisticalcom
ponent.The

background
m

odeling
uncertainty

in
the

H
!
�
�

analysisisthe
m

ain
source

of
system

atic
uncertainty,follow

ed
by

the
lum

inosity
estim

ate.

The
m

easurem
entsin

the
tw

o
decay

channelsare
found

to
be

com
patible

w
ith

a
p-value

of76%
forthe

totalcrosssection
and

11%
forthe

p
T
,H

distribution.The
com

bined
m

easurem
entsare

com
patible

w
ith

the
SM

predictionsw
ith

a
p-value

of96%
forthe

totalcrosssection
and

78%
forthe

p
T
,H

distribution.B
oth

com
patibility

checksare
perform

ed
using

a
likelihood

approach,neglecting
the

uncertaintiesin
the

SM
prediction.

3

Com
bined results for H→

!! and H→
4l

A
likelihood

com
bination

ofthe
tw

o
decay

channels
is

perform
ed,follow

ing
the

m
ethod

described
in

Ref.[4].The
p

T
,H

binning
in

the
H

!
�
�

analysisisfinerthan
thatin

the
H

!
Z

Z
⇤!

4`analysis.W
here

needed,the
sum

ofthe
respective

H
!
�
�

binsiscom
bined

w
ith

one
H

!
Z

Z
⇤!

4`
bin.Experim

ental
and

theoreticaluncertaintiesthata�ectboth
channelsare

correlated
by

the
im

plem
entation

ofcom
m

on
nuisance

param
eters.These

include
the

uncertaintiesin
the

integrated
lum

inosity,in
the

H
iggsboson

m
ass

value,in
the

description
ofthe

pileup
in

the
sim

ulation,and
in

the
contributions

ofthe
di�erentH

iggs
boson

production
m

odes.A
dditionally,the

uncertaintiesin
the

branching
fractionsare

correlated
through

the
correlation

ofthe
corresponding

underlying
sources.Finally,the

uncertaintiesin
the

acceptance
and

correction
factorsdue

to
variationsofthe

m
odeling

ofthe
parton

show
erare

also
correlated.

A
llother

uncertaintiesare
treated

asuncorrelated.The
asym

ptotic
approxim

ation
[66]isused

w
hen

com
puting

the
uncertaintiesin

the
cross-section

m
easurem

ents.The
validity

ofthisapproxim
ation

hasbeen
verified

in
previousanalysesby

perform
ing

pseudo-experim
ents.

2
Resultsand

Conclusion

The
inclusive

acceptance
factors,relative

to
the

fullphase
space,are

about50%
forthe

H
!
�
�

channel
and

about49%
forthe

H
!

Z
Z
⇤!

4`
channel.In

the
H

!
�
�

channel,the
acceptance

factorisabout
50%

atlow
p

T
,H ,45%

atinterm
ediatevalues,and

about75%
athigh

p
T
,H .In

the
H

!
Z

Z
⇤!

4`
channel,

the
acceptance

factorvariesfrom
about45%

atlow
p

T
,H

to
65%

athigh
p

T
,H .

ThetotalH
iggsboson

production
crosssection

ism
easured

in
the

H
!
�
�

decay
channelto

be56.7
+6.4
�6.2 pb

and
in

the
H

!
Z

Z
⇤
!

4`
channel

to
be

54.4
+5.6
�5.4

pb.
C

om
bining

the
tw

o
channels,

a
result

of
55.4

+4.3
�4.2 pb

(±3.1(stat.)
+3.0
�2.8 (sys.))isobtained.A

llthree
resultsare

in
agreem

entw
ith

the
SM

prediction
of55.6

±
2.5

pb.Figure1
show

sthem
easured

totalcrosssection,togetherw
ith

thecrosssectionsm
easured

at p
s
=

7
and

8
TeV

[67].

The
di�erentialcross

sections
as

a
function

of
p

T
,H

forthe
individualchannels

and
theircom

bination
are

show
n

in
Figure

2,along
w

ith
the

SM
prediction

described
above.The

uncertainty
band

on
the

SM
prediction

includes
PD

F
and
↵
S

uncertainties
as

w
ellas

those
due

to
m

issing
higher-ordercorrections,

obtained
follow

ing
the

m
ethod

described
in

Ref.[6].The
m

easurem
entuncertainty

isdom
inated

by
the

statisticalcom
ponent.The

background
m

odeling
uncertainty

in
the

H
!
�
�

analysisisthe
m

ain
source

of
system

atic
uncertainty,follow

ed
by

the
lum

inosity
estim

ate.

The
m

easurem
entsin

the
tw

o
decay

channelsare
found

to
be

com
patible

w
ith

a
p-value

of76%
forthe

totalcrosssection
and

11%
forthe

p
T
,H

distribution.The
com

bined
m

easurem
entsare

com
patible

w
ith

the
SM

predictionsw
ith

a
p-value

of96%
forthe

totalcrosssection
and

78%
forthe

p
T
,H

distribution.B
oth

com
patibility

checksare
perform

ed
using

a
likelihood

approach,neglecting
the

uncertaintiesin
the

SM
prediction.
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1
Introduction

and
m

ethods

Thisnotepresentsm
easurem

entsofthetotalH
iggsbosonproductioncrosssectionandofthedi�erentialcross

section
asa

function
ofH

iggsboson
transverse

m
om

entum
p

T
,H

using
the

H
!
�
�

and
H

!
Z

Z
⇤!

4`
(w

here
`
=

e,
µ

throughoutthis
note)finalstates.

The
results

are
obtained

from
the

fullRun-2
13

TeV
proton-proton

dataset,produced
atthe

Large
H

adron
Collider(LH

C),recorded
by

the
ATLA

S
detector[1],

and
corresponding

to
an

integrated
lum

inosity
of139.0±2.4

fb �1[2,3].Them
easurem

entsareextrapolated
to

thefullphasespaceand
them

easured
crosssectionsarecom

pared
to

Standard
M

odel(SM
)predictions.

Both
the

ATLA
S

and
CM

S
collaborationshave

previously
m

easured
fiducial,total,and

di�erentialH
iggs

boson
production

cross
sections

in
the

H
!
�
�,

H
!

Z
Z
⇤!

4`,
H

!
W

W
⇤!

e⌫
µ
⌫,and

H
!

b
b̄

decay
channels[4–11].

Fulldescriptions
ofthe

m
easurem

entofthe
eventyields

in
the

H
!
�
�

and
H

!
Z

Z
⇤
!

4`
decay

channels
are

given
in

Refs.[12,13].
C

orrections
are

applied
to

these
yields

accounting
forlum

inosity,
detectore�ects,fiducialacceptances,and

branching
fractions.TheSM

valuesoftheH
iggsboson

branching
fractions

are
used,and

the
acceptances

are
based

on
SM

predictions.
U

ncertainties
due

to
the

m
odel

dependenceoftheacceptancefactorsareevaluated
by

varying
thecontribution

ofthedi�erentH
iggsboson

production
m

odes.The
value

ofthe
H

iggsboson
m

assisassum
ed

to
be

125.09
G

eV
[14].The

com
bined

di�erentialcross-section
m

easurem
entreported

here
isbased

on
resultsobtained

in
the

individualchannels
using

bin-by-bin
correction

factors.

D
etailsaboutthesim

ulated
eventsused

forthecalculation
oftheacceptancefactorsand

theSM
predictions

can
be

found
in

Refs.[12,13].
The

gluon
fusion

(ggF)
distributions

are
obtained

using
PO

W
H

EG
N

N
LO

PS
[15–25],w

hileotherproduction
m

odedistributionsaresim
ulated

w
ith

POW
H

EG
[15–17]except

for
b

b̄
H

and
t
H

,w
hich

are
sim

ulated
using

M
G

5_aM
C

@
N

LO
[26,27].The

sam
plesare

norm
alized

to
crosssectionsobtained

from
the

bestavailable
predictionsasprovided

by
the

LH
C

H
iggsC

rossSection
W

orking
G

roup
[28].D

etailson
the

cross-section
predictionsare

given
in

Table
1,including

the
orderof

the
calculationsin

both
Q

CD
and

electrow
eak

(EW
)processes,and

the
SM

com
position

ofthe
production

m
odes.N

3LO
isan

abbreviation
fornext-to-next-to-next-to-leading

order.

Table
1:C

ross-section
predictions

used
to

norm
alize

sim
ulated

SM
events

for
the

ggF
[29–39],V

B
F

[40–42],
V

H
[43–52],

t
t̄
H

[53–56],
t
H

[57,58],and
b

b̄
H

[59–61]production
m

odes,w
ith

the
accuracy

ofthe
calculation

for
both

Q
CD

and
EW

processes(ifthe
latterisnotm

entioned,no
EW

correctionsare
applied)and

the
SM

fraction
of

each
production

m
ode.

Process
A

ccuracy
Fraction

[%
]

ggF
N

3LO
in

Q
CD

,N
LO

in
EW

87.2
V

BF
(approxim

ate)N
N

LO
in

Q
CD

,N
LO

in
EW

6.8
V

H
qq/qg:N

N
LO

in
Q

CD
,N

LO
in

EW
;gg:N

LO
+N

LL
in

Q
CD

4.0
t
t̄
H
+

t
H

t
t̄
H

:N
LO

in
Q

CD
,N

LO
in

EW
,
t
H

:N
LO

in
Q

CD
1.1

b
b̄

H
N

N
LO

(N
LO

)in
Q

CD
for5FS

(4FS)
0.9

Thebranching
fraction

foraH
iggsboson

w
ith

m
ass

m
H

=
125.09

G
eV

decaying
to

H
!
�
�

ispredicted
to

be
(0.227±

0.007)%
[28],and

the
branching

ratio
to

the
four-lepton

finalstate
ispredicted

to
be

(0.0125±
0.0003)%

[28].Both
branching

ratiosare
calculated

w
ith

H
D

ECAY
[62,63]and

PRO
PH

ECY
4F

[64,65]
and

include
the

com
plete

N
LO

Q
C

D
and

EW
corrections.In

the
H

!
Z

Z
⇤!

4`
case,the

interference
e�ectsbetw

een
identicalfinal-state

ferm
ionsare

included.

2

ATLAS-C
O

N
F-2019-032

9
S
u
m

m
a
r
y

a
n
d

c
o
n
c
lu

s
io

n
s

M
easurem

entsofH
iggsboson

crosssectionsin
thediphoton

decay
channelareperform

ed
using

pp
collision

data
recorded

by
the

A
TLA

S
experim

entatthe
LH

C
.The

data
w

ere
taken

ata
centre-of-m

assenergy
of

p
s
=

13TeV
and

correspond
to

the
fullRun

2
data

setw
ith

an
integrated

lum
inosity

of139fb
�1.

Fiducialcross-section
m

easurem
entsare

reported
fora

H
iggsboson

decaying
into

tw
o

isolated
photons

w
ith

transverse
m

om
entum

greaterthan
35%

and
25%

ofthe
diphoton

invariantm
ass,and

w
ith
|⌘
|
<

2.37,
excluding

the
region

of1
.37
<
|⌘
|
<

1
.52.The

integrated
fiducialcrosssection

tim
esbranching

ratio
is

m
easured

to
be

�
fid
=

65.2
±

4.5(stat.)
±

5.6(syst.)
±

0.3(theo.)fb
,

and
isin

agreem
entw

ith
the

SM
expectation

of63.6
±

3.3fb.W
ith

a
totaluncertainty

of11%
,thisresultis

the
m

ostprecise
H
!
�
�

fiducialm
easurem

entto
date.

D
i�erentialcrosssectionsasa

function
ofdi�erentobservablessensitive

to
the

H
iggsboson

production
kinem

atics,the
jetkinem

atics,the
C

P
quantum

num
bers

ofthe
H

iggs
boson,and

the
V

BF
production

m
echanism

are
reported

and
com

pared
to

severaltheoreticalpredictions.The
m

easurem
entsdo

notexhibit
any

significantdeviation
from

the
SM

expectation.

The
strength

and
tensorstructure

ofthe
H

iggs
boson

interactions
is

investigated
using

five
di�erential

observablesand
an

e�ective
Lagrangian

w
hich

introducesadditionalC
P-even

and
C

P-odd
interactions.

Tw
o

bases
w

ere
used:

the
SILH

basis
ofthe

H
iggs

E�ective
Lagrangian

and
the

W
arsaw

basis
ofthe

SM
EFT

form
ulation.N

o
significantnew

physicscontributionsare
observed

and
the

reported
lim

itson
such

contributionshave
im

proved
by

a
factoroftw

o
in

com
parison

to
the

previousATLA
S

m
easurem

ent
w

ith
the

SILH
basis,benefiting

m
ainly

from
the

largersize
ofthe

acquired
data

set.

Thedi�erentialcross-section
asafunction

the
pT

ofthediphoton
system

isused
to

probethecharm
Yukaw

a
coupling

ofthe
H

iggsboson.Based
on

the
observed

shape,a
lim

itisplaced
on

the
coupling

thatisfound
to

be
relatively

loose
and

providescom
plem

entary
constraintsto

the
currently

available
lim

itsfrom
direct

searchesofthiscoupling.Thisanalysissetsthe
95%

C
L

lim
itin

the
range

[�19,24]forthe
ratio

ofthe
charm

coupling
value

relative
to

thatpredicted
by

the
SM

.
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S
u
m

m
a
r
y

a
n
d

c
o
n
c
lu

s
io

n
s

M
easurem

entsofH
iggsboson

crosssectionsin
thediphoton

decay
channelareperform

ed
using

pp
collision

data
recorded

by
the

A
TLA

S
experim

entatthe
LH

C
.The

data
w

ere
taken

ata
centre-of-m

assenergy
of

p
s
=

13TeV
and

correspond
to

the
fullRun

2
data

setw
ith

an
integrated

lum
inosity

of139fb
�1.

Fiducialcross-section
m

easurem
entsare

reported
fora

H
iggsboson

decaying
into

tw
o

isolated
photons

w
ith

transverse
m

om
entum

greaterthan
35%

and
25%

ofthe
diphoton

invariantm
ass,and

w
ith
|⌘
|
<

2.37,
excluding

the
region

of1
.37
<
|⌘
|
<

1
.52.The

integrated
fiducialcrosssection

tim
esbranching

ratio
is

m
easured

to
be

�
fid
=

65.2
±

4.5(stat.)
±

5.6(syst.)
±

0.3(theo.)fb
,

and
isin

agreem
entw

ith
the

SM
expectation

of63.6
±

3.3fb.W
ith

a
totaluncertainty

of11%
,thisresultis

the
m

ostprecise
H
!
�
�

fiducialm
easurem

entto
date.

D
i�erentialcrosssectionsasa

function
ofdi�erentobservablessensitive

to
the

H
iggsboson

production
kinem

atics,the
jetkinem

atics,the
C

P
quantum

num
bers

ofthe
H

iggs
boson,and

the
V

BF
production

m
echanism

are
reported

and
com

pared
to

severaltheoreticalpredictions.The
m

easurem
entsdo

notexhibit
any

significantdeviation
from

the
SM

expectation.

The
strength

and
tensorstructure

ofthe
H

iggs
boson

interactions
is

investigated
using

five
di�erential

observablesand
an

e�ective
Lagrangian

w
hich

introducesadditionalC
P-even

and
C

P-odd
interactions.

Tw
o

bases
w

ere
used:

the
SILH

basis
ofthe

H
iggs

E�ective
Lagrangian

and
the

W
arsaw

basis
ofthe

SM
EFT

form
ulation.N

o
significantnew

physicscontributionsare
observed

and
the

reported
lim

itson
such

contributionshave
im

proved
by

a
factoroftw

o
in

com
parison

to
the

previousATLA
S

m
easurem

ent
w

ith
the

SILH
basis,benefiting

m
ainly

from
the

largersize
ofthe

acquired
data

set.

Thedi�erentialcross-section
asafunction

the
pT

ofthediphoton
system

isused
to

probethecharm
Yukaw

a
coupling

ofthe
H

iggsboson.Based
on

the
observed

shape,a
lim

itisplaced
on

the
coupling

thatisfound
to

be
relatively

loose
and

providescom
plem

entary
constraintsto

the
currently

available
lim

itsfrom
direct

searchesofthiscoupling.Thisanalysissetsthe
95%

C
L

lim
itin

the
range

[�19,24]forthe
ratio

ofthe
charm

coupling
value

relative
to

thatpredicted
by

the
SM

.
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Figure
3:D

i�erential
p

p
!

H
+

X
cross

section
as

a
function

ofH
iggs

boson
transverse

m
om

entum
p

T
,H

in
the

fullphase
space,com

pared
to

Standard
M

odelpredictions.The
H

!
�
�

(red
triangles),

H
!

Z
Z
⇤!

4`
(green

squares)and
com

bined
(black

dots)m
easurem

entsare
show

n.The
blue

dashed
line

show
sthe

centralvalue
ofthe

sum
ofthe

N
N

LO
PS

ggF
prediction,scaled

to
the

N
3LO

prediction
w

ith
a

K
-factorof1.1,and

the
contribution

ofthe
otherH

iggsboson
production

m
odesX

H
.The

SM
prediction

isoverlaid
w

ith
uncertainty

bandsincluding
PD

F
and
↵
S

uncertaintiesasw
ellasthose

due
to

m
issing

higher-ordercorrections.Forbettervisibility,allbinsare
show

n
ashaving

the
sam

e
size,independentoftheirnum

ericalw
idth.The

panelon
the

bottom
show

sthe
ratio

ofthe
com

bined
m

easurem
entto

the
prediction.
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3:

T
h
e
glu

on
fu
sion

cross-section
at

all
p
ertu

rb
ative

or-
d
ers

th
rou

gh
N

3L
O

in
th
e
scale

in
terval

[
m

H

4
,m

H
]
as

a
fu
n
c-

tion
of

th
e
cen

ter-of-m
ass

en
ergy

p
S
.

top
-qu

ark
is

in
fi
n
itely

h
eavy

an
d
can

b
e
integrated

ou
t,

see
eq.

(2).
M
oreover,

w
e
assu

m
ed

th
at

all
oth

er
qu

arks
h
ave

a
zero

Y
u
kaw

a
cou

p
lin

g.
F
in
ite

qu
ark

m
ass

e↵
ects

are
im

p
ortant,

b
u
t
it

is
su
�
cient

th
at

th
ey

are
in
lcu

d
ed

th
rou

gh
N
L
O

or
N
N
L
O
.
In
d
eed

,
fi
n
ite

qu
ark-m

ass
e↵

ects
h
ave

b
een

com
p
u
ted

fu
lly

th
rou

gh
N
L
O

in
Q
C
D

[30],
w
h
ile

su
b
lead

in
g
top

-qu
ark

m
ass

correction
s
h
ave

b
een

com
p
u
ted

at
N
N
L
O

system
atically

as
an

exp
an

sion
in

th
e
inverse

top
-qu

ark
m
ass

[34].
In

th
ese

referen
ces

it
w
as

ob
served

th
at

th
rou

gh
N
L
O

fi
n
ite

qu
ark

m
ass

ef-
fects

am
ou

nt
to

ab
ou

t
8%

of
th
e
K
-factor.

A
t
N
N
L
O
,

th
e
kn

ow
n

1
m

t
o
p

correction
s
a↵

ect
th
e
cross-section

at

th
e
⇠

1%
level.

A
p
otentially

sign
ifi
cant

contrib
u
tion

at
N
N
L
O

w
h
ich

h
as

n
ot

yet
b
een

com
p
u
ted

in
th
e
lit-

eratu
re

origin
ates

from
d
iagram

s
w
ith

b
oth

a
top

an
d

b
ottom

qu
ark

Y
u
kaw

a
cou

p
lin

g.
A
ssu

m
in
g
a
sim

ilar
p
er-

tu
rb
ative

p
attern

as
for

top
-qu

ark
on

ly
d
iagram

s
in

th
e

e↵
ective

th
eory,

eq.
(2),

h
igh

er-ord
er

e↵
ects

cou
ld

b
e
of

th
e
ord

er
of

2%
.
W
e
thu

s
con

clu
d
e
th
at

th
e
com

p
u
tation

of
th
e
top

-b
ottom

interferen
ce

th
rou

gh
N
N
L
O

is
h
igh

ly
d
esired

in
th
e
n
ear

fu
tu
re.

F
in
ally,

th
e
com

p
u
tation

of
th
e
h
ad

ron
ic

cross-section
relies

cru
cially

on
th
e
kn

ow
led

ge
of

th
e
stron

g
cou

p
lin

g
con

stant
an

d
th
e
p
arton

d
en
sities.

A
fter

ou
r
calcu

lation
,

th
e
u
n
certainty

com
in
g
from

th
ese

qu
antities

h
as

b
ecom

e
d
om

in
ant.

F
u
rth

er
p
rogress

in
th
e
d
eterm

in
ation

of
p
ar-

ton
d
en
sities

m
u
st

b
e
anticip

ated
in

th
e
n
ext

few
years

d
u
e
to

th
e
in
clu

sion
of

L
H
C
d
ata

in
th
e
glob

alfi
ts

an
d
th
e

im
p
ressive

ad
van

ces
in

N
N
L
O

com
p
u
tation

s,
im

p
rovin

g
th
e
th
eoretical

accu
racy

of
m
any

stan
d
ard

can
d
le

p
ro-

cesses.

T
o

con
clu

d
e,

w
e

h
ave

p
resented

in
th
is

L
etter

th
e

com
p
u
tation

of
th
e
glu

on
-fu

sion
H
iggs

p
rod

u
ction

cross-
section

th
rou

gh
N

3L
O

in
p
ertu

rb
ative

Q
C
D
.
W

h
ile

a
th
orou

gh
stu

d
y
of

th
e
im

p
act

of
electrow

eak
an

d
qu

ark
m
ass

e↵
ects

is
left

for
fu
tu
re

w
ork,

w
e
exp

ect
th
at

th
e
re-

m
ain

in
g
th
eoretical

u
n
certainty

on
th
e
in
clu

sive
H
iggs

p
rod

u
ction

cross-section
is

exp
ected

to
b
e
red

u
ced

to
rou

gh
ly

h
alf,

w
h
ich

w
ill

b
rin

g
im

p
ortant

b
en

efi
ts

in
th
e

stu
d
y
of

th
e
p
rop

erties
of

th
e
H
iggs

b
oson

at
th
e
L
H
C

R
u
n
2.

B
esid

es
its

d
irect

p
h
en
om

en
ological

im
p
act,

w
e

b
elieve

th
at

ou
r
resu

lt
is
also

a
m
a
jor

ad
van

ce
in

ou
r
u
n
-

d
erstan

d
in
g
of

p
ertu

rb
ative

Q
C
D
,
as

it
op

en
s
th
e
d
oor

to
p
u
sh

th
e
th
eoretical

p
red

iction
s
for

large
classes

of
in
clu

-
sive

p
rocesses

to
N

3L
O

accu
racy,

like
D
rell-Y

an
p
rod

u
c-

tion
,
associated

H
iggs

p
rod

u
ction

an
d
H
iggs

p
rod

u
ction

via
b
ottom

fu
sion

.
M
oreover,

on
th
e
m
ore

tech
n
ical

sid
e,

ou
r
resu

lt
con

stitu
tes

th
e
fi
rst

in
d
ep

en
d
ent

valid
ation

of
th
e
glu

on
sp
littin

g
fu
n
ction

at
N
N
L
O

[14],
b
ecau

se
th
e

latter
is

requ
ired

to
can

cel
all

th
e
in
frared

p
oles

in
th
e

in
clu

sive
cross-section

.
In

ad
d
ition

,
w
e
exp

ect
th
at

th
e

tech
n
iqu

es
d
evelop

ed
th
rou

gh
ou

t
th
is

w
ork

are
n
ot

re-
stricted

to
in
clu

sive
cross-section

s,
b
u
t
it

sh
ou

ld
b
e
p
os-

sib
le

to
exten

d
th
em

to
certain

classes
of

d
i↵
erential

d
is-

trib
u
tion

s,
like

rap
id
ity

d
istrib

u
tion

s
for

D
rell-Y

an
an

d
H
iggs

p
rod

u
ction

,
th
ereby

p
avin

g
th
e
w
ay

to
a
n
ew

era
of

p
recision

Q
C
D
.

A
ck

n
o
w
led

g
em

en
ts:

W
e
are

gratefu
l
to

E
lisab

etta
F
u
rlan

,
T
h
om

as
G
eh

rm
an

n
an

d
A
.
L
azop

ou
los

for
ou

r
collab

oration
on

th
e
m
any

asp
ects

of
th
e
H
iggs

cross-
section

N
3L

O
p
ro
ject

w
h
ich

are
n
ot

covered
in

th
is

L
etter.

W
e
th
an

k
A
.
L
azop

ou
los

in
p
articu

lar
for

an
in
d
ep

en
d
ent

im
p
lem

entation
of

ou
r

resu
lts

in
i
h
i
x
s

an
d

nu
m
erical

com
p
arison

s.
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The success in com

parisons TH/Data in this slide w
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W
hy precision physics is im

portant at the LHC? 

The 750 GeV excess 

 M
any interpretations in function of New

 Physics 
 The excess w

as detected by the ATLAS and CM
S collaborations and 

published in Decem
ber of 2015. It disappeared in July 2016
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Figure
3:O

bserved
invariantm

assspectrum
forthe

EBEB
(top)and

EBEE
(bottom

).The
results

ofparam
etric

fits
to

the
data

are
also

show
n.

photon
candidates

are
m

atched
to

those
selected

in
the

analysis
using

a
k-nearest-neighbours

algorithm
,w

ith
k=10.

Figure
4

show
s,in

m
g

g
bins,the

m
easured

contributions
ofthe

differentbackground
com

po-
nents

in
the

region
I
C

h
<

5
G

eV
.

Itcan
be

seen
thatthe

dom
inantcom

ponent,accounting
for

m
ore

than
90(80)%

of
the

selected
events

in
the

EBEB
(EBEE)

category,is
represented

by
the

irreducible
g

g
background.

The
spectrum

ofthe
irreducible

background
extracted

through
the

procedure
described

above
is

then
com

pared
w

ith
the

predictions
extracted

by
rescaling

the
m

ass
spectrum

predicted
by

the
Sherpa

generator
to

the
one

extracted
from

the
2gN

N
LO

program
[32].

The
resultof

the
com

parison
is

show
n

in
Fig.5.The

m
ass

spectra
predicted

by
the

sim
ulation

are
in

good
agree-

m
entw

ith
the

one
seen

in
data.
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W
hy precision physics is im

portant at the LHC? 

The 750 GeV excess 

 M
any interpretations in function of New

 Physics 
 The excess w

as detected by the ATLAS and CM
S collaborations and 

published in Decem
ber of 2015. It disappeared in July 2016

Precision M
odeling and M

odel Building w
orking together 

C
M

S PAS EXO
-15-004

ATLAS-C
O

N
F-2015-081

M
ore than 300 papers

A fitting function is O
K, but w

e have to be aw
are that 

backgrounds are not alw
ays com

pletely flat

Kaw
abata, Yokoya (2016)

3
3

0
3

4
0

3
5

0
3

6
0

m
γγ  [G

e
V

]

0
.1

4

0
.1

6

0
.1

8

0
.2

0
.2

2

0
.2

4

0
.2

6

0
.2

8

dσ/dm
γγ

 [fb/GeV]

O
n
e
-L

o
o
p

G
L

O
(µ

 =
 2

0
 G

e
V

)

G
L

O
(µ

 =
 4

0
 G

e
V

)

G
L

O
(µ

 =
 8
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m
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γγ

C
T

1
4
N

L
O

, µ
R  =

 µ
F  =

 m
γγ

m
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e
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, Γ
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e
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T γ >
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0
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e
V

F
IG

.
1.

gg
!

�
�
cross

section
s
n
ear

th
e
tt̄

th
resh

old
at

th
e
L
H
C

13
T
eV

.
L
eft

p
an

el
is
for

th
e
L
O

G
reen

fu
n
ction

,
an

d
right

p
an

el
is

for
th
e
N
L
O

G
reen

fu
n
ction

.

cu
ts

of
|⌘

�
|
<

2.5
an

d
p
�T
>

40
G
eV

[8].
B
oth

th
e
m
assive-

an
d
m
assless-qu

ark
loop

s
are

in
clu

d
ed
.
W
e
u
se

th
e
C
T
1
4
N
L
O
glu

on
d
istrib

u
tion

fu
n
ction

[47],
an

d
take

th
e
ren

orm
alization

an
d
factorization

scales
as

µ
R
=

µ
F
=

m
�
� .

T
h
e
G
reen

fu
n
ction

is
evalu

ated
by

nu
m
erically

solvin
g
E
q.

(5)
w
ith

th
e
L
O

or
N
L
O

Q
C
D

p
otential

follow
in
g
th
e
m
eth

od
d
escrib

ed
in

R
ef.

[48].
T
h
e
scale

of
↵
s
in

th
e
Q
C
D

p
otential

is
taken

as
th
e
sam

e
as

th
e
ren

orm
alization

scale
µ

of
th
e
G
reen

fu
n
ction

,
w
h
ich

w
e
vary

from
20

G
eV

to
160

G
eV

.
T
h
e
resu

lt
w
ith

th
e
on

e-loop
am

p
litu

d
e
is

also
p
lotted

for
com

p
arison

.
In

th
e
p
lots,

w
e
ob

serve
th
at

th
e

d
istrib

u
tion

s
sh
ow

a
ch
aracteristic

stru
ctu

re
n
ear

m
�
�
'

2m
t
=

346
G
eV

;
it

sh
ow

s
a
d
ip

an
d

th
en

a
sm

all
b
u
m
p

b
elow

th
e
th
resh

old
[26].

W
e
fi
n
d

th
at,

if
w
e
em

p
loy

th
e
L
O

G
reen

fu
n
ction

,
th
e
sh
ap

e
of

th
e
d
istrib

u
tion

ch
an

ges
by

th
e
scale

ch
oice.

In
contrast,

by

u
sin

g
th
e
N
L
O

G
reen

fu
n
ction

th
e
sh
ap

e
of

th
e
d
istrib

u
tion

is
qu

ite
stab

le
ap

art
from

th
e

overall
n
orm

alization
.
T
h
e
p
osition

s
of

th
e
d
ip

an
d
th
e
b
u
m
p
are

sh
ifted

by
th
e
ch
oice

of

µ
by

arou
n
d
0.6

G
eV

.
A

relatively
large

u
n
certainty

ap
p
ears

as
th
e
overall

size
of

th
e
cross

section
,
w
h
ich

am
ou

nts
to

ab
ou

t
10%

.
T
h
is

u
n
certainty

origin
ates

m
ain

ly
from

th
e
lack

of
th
e
O
(↵

s )
correction

in
th
e
A

t
term

.
W
e
n
ote

th
at

th
ere

exists
an

oth
er

sou
rce

of
th
e

u
n
certainty

for
th
e
overall

n
orm

alization
,
w
h
ich

is
th
e
scale

ch
oice

of
µ
R
an

d
µ
F
.
F
or

th
e

L
H
C

13
T
eV

,
ch
an

gin
g
th
ese

scales
from

m
�
� /2

to
2m

�
�
varies

th
e
cross

section
by

ab
ou

t

20%
.

F
or

a
b
etter

u
n
d
erstan

d
in
g
of

th
e
b
eh
avior

of
th
e
cross

section
,
w
e
p
lot

in
F
ig.

2
th
e
gg

!

�
�
am

p
litu

d
es

in
a
com

p
lex

p
lan

e
for

{�
i }

=
+
+
+
+

in
th
e
J
=

0
ch
an

n
el,

by
varyin

g
m

�
�
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D
ugad, Jain, M

itra, Sanyal, Verm
a (2016)

3

The
ATLA

S
analysis

[1]
im

poses
the

follow
ing

additional
cuts

on
the

photons,

E
�
1

T
>

0.4M
�
� ,

E
�
2

T
>

0.3M
�
� .

(3)

Since
w

e
look

at
M

�
�
�

200
G

eV
only,applying

the
AT-

LA
S

cuts
w

illensure
allevents

have
E

�
1

T
>

80
G

eV
and

E
�
2

T
>

60
G

eV.Fig.2
(w

here
w

e
have

show
n

the
corre-

lation
am

ong
the

transverse
m

om
entum

/energy
of

the
tw

o
photons)

indicates
that

it
is

possible
to

keep
m

ore
gluon-

fusion
eventsby

relaxing
these

cuts. 3
H

ence,w
e

choose
the

follow
ing

cuts:

E
�
1

T
�

E
�
2

T
�

0.25M
�
� .

(4)

W
e

find
thatthe

ratio
of

gg
to

qX
events

does
notchange

substantially
by

thischange
in

cuts.The
cross-section

in
the

gluon
fusion

channelreducesto
about130

fb
once

these
cuts

are
im

posed.
W

e
show

the
invariantm

assdistribution
obtained

from
the

gg
!

�
�

processin
Fig.3

(top
plot).To

show
the

threshold
effect

prom
inently

in
this

plot,
w

e
have

generated
a

large
num

berofevents(600K
)w

ith
M

�
�
�

200
G

eV
in

the
gluon

fusion
channel

alone
and

then
applied

the
cuts

defined
in

Eq.(4)on
these

events.
This

is
usefulin

orderto
precisely

determ
ine

the
shape

ofthis
dip.In

fullanalysis
w

e
w

illuse
only

a
sm

aller
num

ber
of

events
w

hich
can

be
obtained

in
a

reasonable
tim

e
scale

atthe
LH

C
.The

red
line

in
the

top
panelis

a
sm

ooth
fitto

the
sim

ulated
events

in
the

200
G

eV
<

M
�
�
<

1000
G

eV
range.The

fitting
function

is
taken

to
be

ofthe
sam

e
form

as
used

by
ATLA

S
[1],

f
0 (x

)
=

(1
�
x
1
/
3)

bx
a
0,

x
=

M
�
� /

p
s.

(5)

The
top

threshold
effectis

very
clearly

visible
in

the
m

id-
dle

panelofFig.3
w

here
w

e
have

show
n

the
difference

be-
tw

een
the

sim
ulated

eventsand
the

sm
ooth

fit.The
errorbars

show
n

representthe
the

square-rootofthe
num

berofevents
in

each
bin

( p
N

).
W

e
see

a
clear

dip
in

the
cross-section

approxim
ately

atthe
position

oftw
ice

the
top

quark
m

ass. 4

Itoriginates
from

the
destructive

interference
betw

een
the

top
loop

diagram
s

containing
on-shelltop

quarks
and

other
diagram

s
containing

lightquark
loops.

W
e

fitthe
dip

w
ith

the
follow

ing
function,

g
0 (x

)
=

A


�
exp

n
�

(x
�

x
0 )

2

2�
2g

o

+
R

n
exp

⇣
�
x�

⌘
�

⇣
�x

⌘
4 o �

(6)

in
the

range
250


M

�
�


510

G
eV

(see
the

bottom
panel

of
Fig.

3).
The

param
eter

x
is

defined
in

Eq.
5.

3
A

partfrom
the

eventsin
the

low
E

�T
region,the

ATLA
S

cuts(3)w
illalso

elim
inate

any
eventw

ith
M

�
�
⇠

3
5
0

G
eV

(the
region

ofourinterest),
ifithas

E
�
1

T
betw

een
1
0
5

and
1
4
0

G
eV

and
E

�
2

T
greaterthan

1
0
5

G
eV

(approxim
ately)–

a
region

w
hich

is
quite

densely
populated

in
Fig.2.

4
N

ote
thatthe

fitis
notvery

precise
atthe

low
values

of
M

�
�

(⇠
2
0
0

G
eV

),butthis
happens

because
ofthe

lim
itations

ofthe
sim

ple
form

of
the

fitting
function

in
Eq.(5).

250
300

350
400

450
500

-
1000

-
500 0

500

M
�� [G

eV
]

(Data - fitted background )/ 20 GeV

FIG
.3.

The
invariantm

ass
distribution

ofthe
tw

o
photons

from
the

gluon
fusion

process.These
events

are
obtained

afterapplying
the

cuts
defined

in
Eq.(4).

The
solid

line
in

the
top

plotshow
s

a
sm

ooth
fitof

the
binned

events
in

the
200

G
eV


M

�
�


1000
G

eV
range

w
ith

the
sm

ooth
ATLA

S
fitting

function
[Eq.(5)].The

m
iddle

plotshow
sthe

difference
betw

een
the

sim
ulated

eventsand
the

sm
ooth

fit.
A

clear
dip

is
seen

at
M

�
�
⇡

2m
t .

In
the

range
250


M

�
�


510
G

eV
the

difference
is

fitted
w

ith
the

function
show

n
in

Eq.(6)thatcapturesthe
dip

betterasshow
n

in
the

bottom
plot.

R
oughly,

the
G

aussian
part

accounts
for

the
dip

and
the

other
term

dictates
the

steep
behavior

atlow
er

M
�
� .

The
param

eter
x
0

indicates
the

location
ofthe

dip.The
fitgives

x
0
=

2.6077
⇥

10
�
2

w
hich

corresponds
to

M
�
�

=
339

G
eV

w
hich

is
roughly

tw
ice

the
top

quark
m

ass.The
w

idth
ofthe

dip
is

given
by

�
g
=

3.3169
⇥

10
�
3

w
hich

is
equiv-

alent
to

a
w

idth
of

43.1
G

eV.
The

param
eter

�
becom

es
9.4362

⇥
10

�
3.

The
�
2

per
degree

of
freedom

for
this

fit
is

about
1.2.

The
relative

factor
R

=
6.8338.

The
overall

M
altoni, M

andal, Zhao (2019)

4

T
A
B
L
E

I.
T
h
e
d
i↵
eren

tial
cross

section
for

variou
s
con

trib
u
tion

at
L
O

an
d
N
L
O

are
sh
ow

n
for

d
i↵
eren

t
valu

es
of

d
ip
h
oton

in
varian

t
m
ass

m
(�
�
).

“5F
on

ly
”
m
ean

s
on

ly
in
clu

d
in
g
th
e
fi
ve

m
assless

q
u
ark

s,
“top

on
ly
”
m
ean

s
on

ly
in
clu

d
in
g
th
e
top

q
u
ark

,
“in

terferen
ce”

m
ean

s
on

ly
th
e
in
terferen

ce
term

b
etw

een
th
e
ligh

t
q
u
ark

s
an

d
th
e
top

q
u
ark

,
an

d
“fu

ll”
m
ean

s
all

th
e

ab
ove

con
trib

u
tion

s.
fb
/G

eV
L
O

N
L
O

m
(�
�
)[G

eV
]

fu
ll

5F
on

ly
top

on
ly

in
terferen

ce
fu
ll

5F
on

ly
top

on
ly

in
terferen

ce
125

24.26(1)
100.1%

<
0.01%

-0.1%
37.3(1)

100.1%
<

0.01%
-0.1%

400
0.11342(5)

104.6%
1.9%

-6.5%
0.1628(5)

99.3%
2.7%

-2.0%
500

0.03951(7)
88.7%

2.8%
8.6%

0.0582(2)
82.7%

3.5%
13.9%

1000
8.721(8)⇥

10
�
4

63.2%
5.3%

31.5%
1.266(2)⇥

10
�
3

60.5%
5.8%

33.6%

10
°

3

10
°

2

10
°

1

10
0

10
1

10
2

dæ/dm(∞∞)[fb/GeV]

N
L
O

(fu
ll)

N
L
O

(5F
on

ly)

L
O

(fu
ll)

1.4

1.6

K-Factor

fu
ll

5F
on

ly

100
200

300
400

500
600

700
800

900
1000

m
(∞

∞
)[G

eV
]

1.0

1.5

Ratio

N
L
O

L
O

F
IG

.
4.

T
h
e

d
i↵
eren

tial
cross

section
in

m
(�
�
).

T
h
e

cases
of

ligh
t
q
u
ark

s
on

ly
an

d
th
e
fu
ll

resu
lt

(in
clu

d
in
g
top

q
u
ark

)
are

sh
ow

n
.
T
h
e
b
an

d
in
d
icates

scale
u
n
certain

ties
for

“N
L
O

(fu
ll)”.

T
h
e
corresp

on
d
in
g
K
-factor

as
w
ell

as
th
e
ratio

b
etw

een
fu
ll
an

d
5F

are
sh
ow

n
.

th
ose

for
th
e
light

qu
arks.

M
oreover,

w
e
p
lot

th
e
ratio

b
e-

tw
een

th
e
“fu

ll”
an

d
“5F

on
ly”

contrib
u
tion

s
at

L
O

an
d

N
L
O
,
in

th
e
low

er
in
set.

It
clearly

sh
ow

s
th
at

th
e
e↵

ect
of

th
e
top

qu
ark

m
ass

is
n
egligib

le
in

th
e
low

en
ergy

re-
gion

b
oth

at
L
O

an
d
N
L
O

as
th
e
top

-qu
ark

contrib
u
tion

is
p
aram

etrically
su
p
p
ressed

as
O
(
s
2
/
m

4t ).
A
s
th
e
en
-

ergy
in
creases

tow
ard

s
th
e
top

-qu
ark

p
air

th
resh

old
,
th
e

in
clu

sion
of

th
e
top

-qu
ark

contrib
u
tion

lead
s
to

d
estru

c-
tive

interferen
ce,

thu
s
d
ecreases

th
e
cross

section
.
T
h
is

b
eh
aviou

r
is

n
ot

a↵
ected

by
N
L
O

correction
s.

H
ow

ever,
as

evid
ent

from
th
e
ratio

as
w
ell

as
th
e
K
-factor

p
lots,

ab
ove

th
resh

old
N
L
O

correction
s
b
ecom

e
large.

S
tart-

in
g
at

ab
ou

t
400

G
eV

,
th
e
interferen

ce
b
etw

een
light

an
d

top
-qu

ark
contrib

u
tion

s
b
ecom

es
con

stru
ctive

an
d
sin

ce
th
e
N
L
O

correction
s
for

th
e
top

on
ly

case
is

larger
th
an

th
e
light

qu
ark

case,
th
e
fu
ll
resu

lt
d
isp

lays
a
larger

K
-

factor.
A
s
a
con

sequ
en
ce,

at
N
L
O

th
e
ratio

b
etw

een
th
e

fu
ll
an

d
5F

on
ly

resu
lts

is
larger,

slow
ly

ap
p
roach

in
g
th
e

p
red

iction
s
from

th
e
6F

(m
assless)

calcu
lation

(
⇡

1
.86).

In
T
ab

le
I,

w
e
p
rovid

e
b
en
ch
m
ark

valu
es

for
th
e
d
if-

ferential
cross

section
.

A
s
d
iscu

ssed
b
efore,

in
th
e
low

invariant
m
ass

region
th
e
top

-qu
ark

contrib
u
tion

is
tiny.

F
or

exam
p
le,

at
th
e
H
iggs

m
ass

region
m
(
�
�
)
=

m
H

=
125G

eV
,
it

is
arou

n
d

�
0
.1%

.
G
oin

g
ab

ove
top

-qu
ark

p
air

th
resh

old
th
e
top

-qu
ark

contrib
u
tion

d
ecreases

th
e

cross
section

at
L
O
,
b
u
t
th
e
N
L
O

cross
section

is
alm

ost
u
n
ch
an

ged
.
F
ar

ab
ove

th
resh

old
,
th
e
interferen

ce
tu
rn
s

to
b
e
con

stru
ctive,

an
d
very

slow
ly

ap
p
roach

in
g
th
e
6F

(m
assless)

lim
it.

C
o
n
clu

sio
n
s
–
In

th
is

letter,
w
e
h
ave

p
resented

th
e

fi
rst

com
p
lete

com
p
u
tation

of
th
e
N
L
O

correction
s
to

g
g
!

�
�

in
th
e
stan

d
ard

m
od

el,
in
clu

d
in
g
b
oth

light-
qu

arks
an

d
top

-qu
ark

contrib
u
tion

s.
W
e
h
ave

stu
d
ied

th
e
top

-qu
ark

e↵
ects

in
th
e
total

cross
section

an
d
d
if-

ferentially,
focu

sin
g
on

th
e
invariant

m
ass

sp
ectru

m
of

th
e
p
h
oton

s.
W
e
fi
n
d
th
at

th
e
N
L
O

correction
s
are

im
-

p
ortant

everyw
h
ere,

b
u
t
esp

ecially
in

th
e
vicin

ity
of

th
e

top
-qu

ark
p
air

th
resh

old
,
w
h
ere

in
d
eed

an
en
h
an

cem
ent

is
exp

ected
on

gen
eral

grou
n
d
s.

A
rem

arkab
le

featu
re

of
th
e
N
L
O

sp
ectru

m
is

th
at

th
e
ch
an

ge
of

slop
e
at

th
e
t
t̄

th
resh

old
b
ecom

es
m
u
ch

m
ore

evid
ent.

O
u
r
calcu

lation
p
aves

th
e
w
ay

to
im

p
rovin

g
th
e
treatm

ent
of

th
e
th
resh

-
old

region
at

N
L
O

in
clu

d
in
g
(p
seu

d
o-)

b
ou

n
d
state

ef-
fects,

w
ith

th
e
goal

to
extract

a
sh
ort-d

istan
ce

top
-qu

ark
m
ass,

an
d
to

in
clu

d
e
b
ackgrou

n
d
-sign

al
interferen

ce
ef-

fects
at

N
L
O

accu
racy

in
th
e
p
rod

u
ction

of
n
ew

p
hysics

h
eavy

scalar
reson

an
ces

d
ecayin

g
to

d
ip
h
oton

fi
n
alstates.

A
ck

n
o
w
led

g
em

en
ts

–
W
e
th
an

k
M
atteo

B
ecch

etti
an

d
R
ob

erto
B
on

cian
i
for

p
rovid

in
g
u
s
resu

lts
of

tw
o-

loop
integrals

for
cross

ch
ecks.

W
e
th
an

k
C
lau

d
e
D
u
h
r

an
d
P
ierp

aolo
M
astrolia

for
th
eir

ad
vise.

W
e
are

grate-
fu
l
to

Joh
n

C
am

p
b
ell

for
h
is

h
elp

in
com

p
arin

g
ou

r
cod

e
to

th
e
m
assless

N
L
O

com
p
u
tation

in
M
C
F
M
.
T
h
is

w
ork

h
as

received
fu
n
d
in
g

by
th
e

M
arie

S
k lod

ow
ska-

C
u
rie

M
C
n
etIT

N
3
(grant

agreem
ent

n
o.

722104)
an

d
by

th
e
F
.R

.S
.-F

N
R
S

w
ith

th
e
E
O
S

-
b
e.h

p
ro
ject

n
.

30820817.
T
h
e
w
ork

of
M
.K

.M
is

fu
n
d
ed

by
th
e
U
n
iP
D

S
T
A
R
S
G
rant

2017
“D

iagram
m
algeb

ra”.
C
om

p
u
tation

al
resou

rces
h
ave

b
een

p
rovid

ed
by

th
e
C
IS
M

at
U
C
L
ou

vain
an

d
th
e
C
É
C
I
fu
n
d
ed

by
th
e
F
.R

.S
.-F

N
R
S
u
n
d
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F
igure

10.
T

he
ratio

ofvarious
different

theoreticalpredictions
to

the
N

N
LO

n
F
=

5
differential

cross
section.

T
he

different
predictions

correspond
to:

the
inclusion

of
the

top
quark

g
g
!

�
�

box
diagram

s
(green),

the
�
�
N
3
L
O

g
g
,n

F
correction

(red)
and

the
�
�
N
3
L
O

g
g
,n

F
and

the
top

boxes
w

ith
the

�
�
N
3
L
O

g
g
,n

F
correction

re-scaled
by

the
ratio

K
(
m

t )
described

in
the

text
(blue).

analyses
the

Standard
M

odelbackground
is

accounted
for

by
using

a
data-driven

approach
that

fits
a

sm
ooth

polynom
ial

function
to

the
data

across
the

entire
m

�
�

spectrum
.

A
resonance

m
ight

then
be

observed
as

a
local

excess
in

this
spectrum

,
deviating

from
the

fitted
form

.
A

lthough
w

ell-m
otivated,one

m
ight

be
concerned

that
the

spectrum
m

ay
not

be
correctly

m
odeled

at
high

energies,w
here

there
is

little
data,and

that
sm

allfluctuations
could

unduly
influence

the
form

ofthe
fit

and
result

in
m

isinterpretation
ofthe

data.
Such

w
orries

could
be

lessened
by

using
a

first-principles
theoreticalprediction

for
the

spectrum
and

it
is

this
issue

that
w

e
aim

to
address

in
this

section.
A

s
a

concrete
exam

ple,w
e

w
illproduce

N
N

LO
predictions

for
the

invariant
m

ass
spec-

trum
at

high
energies

using
cuts

that
are

inspired
by

the
recent

A
T

LA
S

analysis
[16].

Specifically,these
are:

p
�
,h
a
r
d

T
>

0
.4
m

�
�
,

p
�
,s
o
ft

T
>

0
.3
m

�
�
,

|⌘
�
|
<

2
.37

,
exclu

d
in
g
th
e
region

,
1
.37

<
|⌘

�
|
<

1
.52

.
(4.6)

W
e

w
illonly

be
interested

in
the

region
m

�
�
>

150
G

eV
,so

these
representhard

cuts
on

the
photon

m
om

enta.
T

he
sm

allregion
ofrapidity

thatisrem
oved

correspondsto
the

transition
from

barrelto
end-cap

calorim
eters.

W
e

m
aintain

the
sam

e
isolation

requirem
ents

as
the

previous
section,w

hich
again

differs
slightly

from
the

treatm
ent

in
the

A
T

LA
S

paper.
O

ur
first

concern
is

to
address

the
im

pact
of

the
g
g

pieces
at

N
LO

,
represented

by
the

contribution
�
�
N
3
L
O

g
g
,n

F
defined

previously,
and

the
contribution

of
the

top
quark

loop.
W

e
sum

m
arize

our
results

in
Figure

10,
in

w
hich

w
e

present
several

different
theoretical

predictions,each
norm

alized
to

the
the

default
N

N
LO

prediction
w

ith
5

light
flavors.

T
he

–
15

–

C
am

pbell, Ellis, Li, W
illiam

s (2016)



M
OTIVATION 

 Higgs Physics 
 The 750 GeV excess 
 Bottom

 Hadroproduction at the Tevatron

8

W
hy precision physics is im

portant at the LHC? 



M
OTIVATION 

9

W
hy precision physics is im

portant at the LHC? 

 Photon PDFs 
 Vector boson m

easurem
ents 

 Diphoton production 
 Triphoton production 
 etc, …

 Higgs Physics 
 The 750 GeV excess 
 Bottom

 Hadroproduction at the Tevatron



M
OTIVATION 

10

W
hy precision physics is im

portant at the LHC? 

 Photon PDFs 
 Vector boson m

easurem
ents 

 Diphoton production 
 Triphoton production 
 etc, …

LUX qed PDFs

Data already at O
(1%

)

Very large NNLO
 corrections

Very large NNLO
 corrections

 Higgs Physics 
 The 750 GeV excess 
 Bottom

 Hadroproduction at the Tevatron
S
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n
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. d
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C
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n
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0
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hy precision physics is im

portant at the LHC? 

 Photon PDFs 
 Vector boson m

easurem
ents 

 Diphoton production 
 Triphoton production 
 etc, …

 New
 interesting tasks are just recently initiated: Yukaw

as  

 Higgs Physics 
 The 750 GeV excess 
 Bottom

 Hadroproduction at the Tevatron

N
ello Bruscino’s Talk
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W
hy precision physics is im

portant at the LHC? 

Preparing for a post-LHC future
22 Feb 2019

R
ichard B

laustein talks to CER
N

 director-general Fabiola G
ianotti about how

the lab is planning the next big experim
ent in particle physics beyond the

Large H
adron Collider

A
lm

ost seven years after the discovery of the H
iggs boson at C

ER
N

, how
w

ould you sum
 up the current state of particle physics?

W
e are at a very exciting tim

e in particle physics. O
n the one hand, the

Standard M
odel – the theory that describes the elem

entary particles w
e know

and their interactions – w
orks very w

ell. All the particles predicted by the
Standard M

odel have been found w
ith the H

iggs boson, w
hich w

as discovered

PARTICLE AN
D

 N
U

CLEAR
IN

TERVIEW

CER
N

 director-general Fabiola G
ianotti speaking at the 2019 AAAS m

eeting in
W

ashington, D
C. (Courtesy: R

obb Cohen Photography &
 Video)

at the Large H
adron Collider (LH

C) in 2012, being the last m
issing piece. In

addition, over the past decades the predictions of the Standard M
odel have

been verified experim
entally w

ith exquisite precision at CER
N

 and other
laboratories around the w

orld. O
n the other hand, w

e know
 that the Standard

M
odel is not the ultim

ate theory of particle physics because it cannot explain
observations such as dark m

atter and the dom
inance of m

atter over
antim

atter in the universe and m
any other open questions, so there m

ust be
physics beyond the Standard M

odel.

Is it concerning that the LH
C

 has failed to spot evidence for particles
beyond the Standard M

odel?
The discovery of the H

iggs boson is a m
onum

ental discovery. It is one that has
shaped our understanding of fundam

ental physics and has had an enorm
ous

im
pact not only on particle physics but also on other fields such as cosm

ology.
W

e are now
 confronted w

ith addressing other outstanding questions and this
calls for new

 physics, for exam
ple, new

 particles and perhaps new
interactions. W

e have found none so far, but w
e w

ill continue to look.  To
im

prove our current know
ledge and to detect signs of new

 physics, precise
m

easurem
ents of know

n particles and interactions are just as im
portant as

finding new
 particles.

H
ow

 are you tackling this at the LH
C

?
The H

iggs boson is related to the m
ost obscure sector of the Standard M

odel,
as the part that deals w

ith the H
iggs boson and how

 it interacts w
ith the other

particles raises m
any questions. So w

e w
ill need to study the H

iggs boson in
greater detail and w

ith increasing precision at current and future facilities,
w

hich could be the door into new
 physics. At the LH

C, w
e are addressing the

search for new
 physics on the one hand by im

proving our understanding of
the H

iggs boson and on the other hand by looking for new
 particles and new

phenom
ena.

Precise m
easurem

ents of know
n particles and interactions are just as

im
portant as finding new

 particles
“

G. Rodrigo, Workstop/Thinkstart 3.0

ESPPU
 2013

Fabiola G
ianotti (G

ranada 2019)

Precision M
odelling  

versus M
odel Building 

Even m
ore relevant now

 than in 2013
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LHCb w
eek, Oxford, 2019-09

G.P. Salam HL-LHC lumi: 5-7x today’s int.lumi by 2030, 20-30x by 2036

�6

H
L-LHC

 perform
ance (ultim

ate
from

2032)

L.Rossi -LHC future @
 O

pen sym
posium

 EUSPP-G
ranada M

ay 2019
22

Design 
goal

M
. Lam

ont, O
. Bruning, L. Rossi

End of 2020’s

H
L-LHC

 perform
ance (ultim

ate
from

2032)

L.Rossi -LHC future @
 O

pen sym
posium

 EUSPP-G
ranada M

ay 2019
22

Design 
goal

M
. Lam

ont, O
. Bruning, L. Rossi

Run 3
Run 4

ATLAS and CM
S

Run 3
Run4

H
L-LH

C
 total

300 fb
-1

1 ab
-1

3 – 4 ab
-1

LHCb
Run 3

Run4
H

L-LH
C

 total
23 fb

-1
50 fb

-1
300 fb

-1

Higgs discovery

M
ore than 30 yrs of LH

C

Statistical errors in the range 1%
 - 2%

 
LHC Physics at %

 precision?

W
e are here
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W
hy precision physics is im

portant at the LHC? 

•
all options aim

ed at attobarn
-1 physics 

•
requires to go far beyond N

N
LO

 for theory 
•

Even conservative estim
ates not reachable w

ith current techniques 



STATE OF THE ART OF PRECISION PHYSICS AT THE LHC  

 Q
CD

 perturbative corrections play a crucial role at m
odern 

colliders (LH
C

, Tevatron)
 U

ntil a few
 years ago, the standard for such calculations w

as 
next-to-leading order (N

LO
) accuracy

 In the past recent years a num
ber of grow

ing next-to-next-to-
leading order (N

N
LO

) results w
ere com

puted

15



“T
he N

N
LO

 revolution”
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 Q
CD

 perturbative corrections play a crucial role at m
odern 

colliders (LH
C

, Tevatron)
 U

ntil a few
 years ago, the standard for such calculations w

as 
next-to-leading order (N

LO
) accuracy

 In the past recent years a num
ber of grow

ing next-to-next-to-
leading order (N

N
LO

) results w
ere com

puted

STATE OF THE ART OF PRECISION PHYSICS AT THE LHC  



THE NNLO STANDARD
NNLO hadron-collider calculations v. time
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in past 24 m

onths

as of A
pril 2017, let m
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NNLO HADRON-COLLIDER CALCULATIONS VS. TIM
E 

D
Y, van N

eerven et al.

NNLO hadron-collider calculations v. time
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In agreem
ent with  

Dulat, M
istlberger and Pelloni (2018) 

[Higgs production in TH expansion 

approxim
ation]  

W
hich is far from

 a trivial test!!
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N3LO prediction at 
qTcut=2GeV  

+ qTcut uncertainties + 
system

atic uncertainties
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qTcut uncertainties 
Calculated taking three 
different predictions for  

qTcut = (2 ± 1) GeV

The black band is 
obtained as the envelope 
of the seven-point scale 

variation at qTcut = 2 
GeV considering for each 

scale the tw
o extrem

al 
CN3 coefficients 

corresponding to its 
m

axim
um

 and m
inim

um
 

statistical deviations  
CN3 = {−1165,−721}
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In order to produce 
sm

ooth histogram
s the 

code has to run for a 
couple of m

onths in 
2000 cores approx.
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N3LO prediction at 
qTcut=2GeV  

+ qTcut uncertainties + 
system

atic uncertainties
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qTcut uncertainties 
Calculated taking three 
different predictions for  

qTcut = (2 ± 1) GeV

The black band is 
obtained as the envelope 
of the seven-point scale 

variation at qTcut = 2 
GeV considering for each 

scale the tw
o extrem

al 
CN3 coefficients 

corresponding to its 
m

axim
um

 and m
inim

um
 

statistical deviations  
CN3 = {−1165,−721}
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In order to produce 
sm

ooth histogram
s the 

code has to run for a 
couple of m

onths in 
2000 cores approx.

For the 
inclusive: ~2 
m

in in one 
core!
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b
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g
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e
C

N
3
coe�

cient
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in
g
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th
e
u
n
certainty

(C
N
3
=

�
943

±
222),

an
d

p
erform

in
g
seven

-p
oint

scale
variation
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d
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ed
in

th
e
text.

T
h
e
p
ale

yellow
b
an

d
is
calcu

lated
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th
e
envelop

e
of

th
e
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variation
b
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d
s
for
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o
d
i↵
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valu
es
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q
c
u
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T
:
1
G
eV

an
d
2
G
eV

.
T
h
erefore,

th
e
p
ale
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b
an

d
in

F
ig.

5
can

b
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e
u
n
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d
u
e
to

th
e
variation
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th
e
q
c
u
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T
p
aram

eters
at

N
3L

O
.
In

F
ig.

3
(an

d
T
ab

le
2),

w
e
ob

served
th
at

th
e
total

cross
section

(for
th
e
th
ree

central
scales)

is
rath

er
stab

le
as

a
fu
n
ction

of
th
e
q
c
u
t

T
valu

e.
T
h
e
variation

s
of

th
e
N

3L
O

cross
section

s
w
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at
th
e
per

m
ille

level
of

accu
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if
w
e
con

sid
er

q
c
u
t

T
=

2
±

1
G
eV

,
w
h
ich

is
far

b
etter

th
an

th
e
associated

statistical
u
n
certainty

(see
T
ab

le
2).

T
h
e
u
n
certainty

estim
ate

d
u
e
to

th
e
q
c
u
t

T
variation

p
erform

ed
in

F
ig.

5,
w
h
ich

is
d
i↵
erential

in
th
e
H
iggs-b

oson
rap

id
ity,

con
fi
rm

s
th
e
stab

ility
of

th
e
total

cross
section

rep
orted

in
T
ab

le
2.

T
h
e
rap

id
ity

d
istrib

u
tion

is
alm

ost
in
sen

sitive
to

th
e
ch
an

ge
in

th
e
q
c
u
t

T

p
aram

eter
in

th
e
region

w
h
ere

th
e
b
u
lk

of
th
e
cross

section
is
con

centrated
(|y

H |
3.6).

A
t
large

rap
id
ities

(|y
H |⇠

4),
w
h
ere

th
e
overall

contrib
u
tion

to
th
e
total

cross
section

is
less

th
an

0.5%
,

w
e
fou

n
d
th
e
largest

d
eviation

s.
S
u
ch

d
eviation

s
are

m
ain

ly
related

to
th
e
nu

m
erical

u
n
certainties

from
d
�
H

(
fi
n
.)/d

y
H

at
N

3L
O
-on

ly.
F
in
ally,

w
e
con

sid
er

th
e
u
n
certainty

introd
u
ced

by
th
e
statistical

errors
of

th
e
C

N
3
coe�

-
cient.

T
h
e
b
lack

b
an

d
in

F
ig.

5
is

ob
tain

ed
as

th
e
envelop

e
of

th
e
seven

-p
oint

scale
variation

at
q
c
u
t

T
=

2
G
eV

n
ow

con
sid

erin
g
for

each
scale

th
e
tw

o
extrem

al
C

N
3
coe�

cients
corresp

on
d
in
g
to

16

N3LO prediction at 
qTcut=2GeV  

+ qTcut uncertainties + 
system

atic uncertainties

L
. C

, X
. C

h
e

n
, T. G

e
h

rm
a

n
n

, E
. W

. N
. G

lo
ve

r, a
n

d
 A

. H
u

ss (2
0

1
8

)

qTcut uncertainties 
Calculated taking three 
different predictions for  

qTcut = (2 ± 1) GeV

The black band is 
obtained as the envelope 
of the seven-point scale 

variation at qTcut = 2 
GeV considering for each 

scale the tw
o extrem

al 
CN3 coefficients 

corresponding to its 
m

axim
um

 and m
inim

um
 

statistical deviations  
CN3 = {−1165,−721}
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In order to produce 
sm

ooth histogram
s the 

code has to run for a 
couple of m

onths in 
2000 cores approx.

~ 100 yrs in a 
desktop com

puter

W
e need new

 
techniques, new

 
approaches

For the 
inclusive: ~2 
m

in in one 
core!
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Drell-Yan at N
3LO

 differential

N3LO AS THE NEW
 STANDARD FOR PRECISION PHYSICS AT 

THE LHC
Next steps follow

ing the research plan 

A
ll th

e
 q
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b

tra
c

tio
n

 in
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n
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M
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1
9

)



37

Drell-Yan at N
3LO

 differential
Total cross section not know

n yet

N3LO AS THE NEW
 STANDARD FOR PRECISION PHYSICS AT 

THE LHC
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Drell-Yan at N
3LO

 differential

qT-resum
m

ation at the sam
e 

order N
3LL

Total cross section not know
n yet
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Drell-Yan at N
3LO

 differential

qT-resum
m

ation at the sam
e 

order N
3LL

Total cross section not know
n yet

There is no unitary form
alism

 on the m
arket
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Drell-Yan at N
3LO

 differential

qT-resum
m

ation at the sam
e 

order N
3LL

Sub-leading pow
er corrections

Total cross section not know
n yet

There is no unitary form
alism

 on the m
arket

They are not know
n even at N

NLO

Hints on local subtraction
L

. C
, O

le
a

ri, R
o

c
c

o
 (2

0
1

9
)

D
Y
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)

N3LO AS THE NEW
 STANDARD FOR PRECISION PHYSICS AT 

THE LHC
Next steps follow

ing the research plan 
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Setup general fram
ew

ork (analytical/num
erical) to apply to any colourless final state 

Leonardo Vernazza’s Talk



CONCLUSIONS AND OUTLOOK
 W

e presented results at N
3LO

 for com
pletely differential 

distributions for observables m
easured at the LH

C                  
(in particular for H

iggs boson production in gluon fusion)

The qT-subtraction m
ethod at N

3LO
, presented here, can be 

applied to other processes initiated by gluon fusion (if the three-loop 
scattering am

plitudes are know
n)

 In the future, tw
o elem

ents are necessary in order to 
com

plete analytically the qT-subtraction m
ethod at N

3LO
The universal relation betw

een the three-loop virtual scattering am
plitudes 

and the hard virtual factor
The third order collinear functions (gluon-gluon channel)

O
ur results can be applied to perform

 qT-resum
m

ation at 
the corresponding level of logarithm

ic accuracy. i.e w
ithout 

rew
eighing by the total cross section

 W
e have all the elem

ents in the case of the qqbar channel



CONCLUSIONS AND OUTLOOK
 The com

pletion of this research project w
ill produce 

 new
 com

plem
entary use of different techniques, 

analytic and sem
i-analytic techniques; new

 ideas 
related to the introduction of m

ore com
plex 

m
athem

atical structures related to the calculation of 
Feynm

an diagram
s 

 new
 subtraction schem

e developed 
 new

 developed M
onte Carlo code at N

3LO (one of 
the few

 existing) 
 innovative studies of processes that test the SM

 
w

ith very high precision. Such high-precision can 
eventually give hints about NP contributions



CONCLUSIONS AND OUTLOOK

 I particularly expect that our fellow
ship, and the w

ork 
that w

e w
ill perform

 along our research plans, w
ill 

benefit us at the tim
e of application to other prestigious 

fellow
ships and fixed positions

 I expect that our fellow
ship serve us to produce “state of 

the art com
putations" that can be used to com

pare w
ith 

the m
ost precise LHC data



THANK YOU!
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BACKUP SLIDES
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the news of the past 12 months

�14

A few
 w
eeks ago:  

CM
S >5-sigm

a ttH
This w

eek: 
ATLAS >5-sigm

a ttH

Jelena Jovicevic - LH
C

P 2018, Bologna, Italy

ttH̄
(γγ) results

 24

Sign
ifi

ca
n

ce: 4
.1

 σ
 (exp

ected
 3

.7
 σ

)

D
om

inant uncertainties
•

Statistical (~
29%

);

•
ttH̄

 parton show
er m

odel (8%
);

•
photon isolation, energy resolution 
&

 scale (8%
); 

•
Jet energy scale &

 resolution (6%
);

B
ackground estim

ation
 and signal extraction

 perform
ed by sim

ultaneous 
unbinned fit of m

γγ  spectra (105-160 G
eV

) in all 7 categories.
•

H
iggs signal param

etrisation: double-sided C
rystal Ball function;

•
C

ontinuous background param
etrisation: sm

ooth function (pow
er-law

 or exponential)

110
120

130
140

150
160

 [G
eV]

γγ
m

5 10 15 20 25 30 35

Sum of Weights /  2.5 GeV

D
ata

C
ontinuum

 B
ackground

Total B
ackground

Signal + B
ackground

A
TLA

S
-1

 = 13 TeV, 79.8 fb
s = 125.09 G

eV
H

mAll categories
ln(1+S/B) w

eighted sum

C
. G

refe - H
iggs couplings to ferm

ions - LH
C

P2018

5−
4−

3−
2−

1−
0

(S/B)
10

log

10 2
10

Events

C
M

S
 (13 TeV)

-1
35.9 fb

D
ata

=1.23)
µ

H
 (

ttBackground

Background uncertainty

5−
4−

3−
2−

1−
0(S/B)
10

log

Bkg.
Data-Bkg.

2− 0 2

•
Target ttH

 + all H
iggs decays w

ith leptons            
in final state: H→

((, H→
W
W

* and H→
ZZ* 

•
C

ategorise events based on num
ber of hadronic 

taus and light leptons 

•
Large backgrounds from

 ttV, non-prom
pt leptons 

and jets faking taus depending on region 

•
D

edicated BD
Ts to reject non-prom

pt leptons 

•
Largest uncertainties: signal m

odelling, jet energy 
scale and non-prom

pt lepton estim
ate 

O
bs. (exp.) excess of 4.1" (2.8") for m

H  = 125 G
eV 

•
U

se BD
T in each signal region to classify signal 

and background (jet and lepton kinem
atics) 

O
bs. (exp.) excess of 3.2" (2.8") for m

H  = 125 G
eV

ttH
, H→

m
ulti-leptons 

�13

ATLA
S

C
M
S

Phys. Rev. D
 97 (2018) 072003

arXiv:1803.05485
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ℓ
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D
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 m
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U

n
ce

rta
in

ty
P

re
-F

it B
kg

d
.

 New
 interesting tasks are just recently initiated: Yukaw

as  
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Gavin Salam

U
p quarks (m

ass ~
 2.2 M

eV
) are lighter than  

dow
n quarks (m

ass ~
 4.7 M

eV
) 

proton        (up+
up+

dow
n): 2.2 +

 2.2 +
 4.7 +

 …
 =

 938.3 M
eV 

neutron (up+
dow

n+
dow

n): 2.2 +
 4.7 +

 4.7 +
 …

 =
 939.6 M

eV
 

So protons are lighter than neutrons,  
→

 protons are stable.  
 

W
hich gives us the hydrogen atom

,  
&

 chem
istry and biology as w

e know
 it

�15

neutron  
m

ass =
 939.6M

eV

proton  
m

ass =
 938.3M

eV

u
u

du
d

d

Why do Yukawa couplings matter?  
(2) Because, within SM conjecture, they’re what give masses to all quarks
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Gavin Salam

Why do Yukawa couplings matter?  
(3) Because, within SM conjecture, they’re what give masses to all leptons

�16

Bohr radius

electron m
ass determ

ines size of all atom
s 

it sets energy levels of all chem
ical reactions
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Yukawa couplings

�10

until 6 years ago this w
as 

essentially conjecture 

no such term
 had ever been 

seen in nature 

 hadn’t even been probed in 
electrow

eak precision tests

G
avin Salam

’s talk LH
C

P (2018)



M
OTIVATION 

 Bottom
 Hadroproduction at the Tevatron 

 Higgs Physics 
 The 750 GeV excess

52

W
hy precision physics is im

portant at the LHC? 

 Photon PDFs 
 Vector boson m

easurem
ents 

 Diphoton production 
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Yukawa couplings
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essentially conjecture 

no such term
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electrow

eak precision tests
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Gavin Salam

what should we be saying about it?

The >
5σ observations of ttH

 and H
 →

 ττ, independently by ATLA
S and C

M
S, 

firm
ly establish the existence of a new

 kind of fundam
ental interaction, 

Yukaw
a interactions. 

Yukaw
a interactions are im

portant not m
erely because they had never before 

been directly observed, but also because they are hypothesized to be 
responsible for the stability of hydrogen, and for determ

ining the size of 
atom

s and the energy scales of chem
ical reactions.
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