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he largest or smallest length scales has
our understgndmg of the world

juplter, Sat}i&ﬁd Uranus were the biggest
planets known, usmg Kgglef/ s law one could predict their orbit

® To a blg surprlse, the orbit of Jupiter and Satur'n agreed well
with predictions, but not the one of Uranus!"

® Having faith in Newton’s laws, one can explain the motion of
Uranus by assuming that there was a yet undiscovered planet

® Precise calculations and measurements of the orbit of Uranus
allowed to precisely know where 'tg_ aim the telescopes and

® Also precision measuremen the orbit of Mercury gave the

(much before any
gravitational wave was seen ...)
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Three generations
of matter (fermeons)

| I " Special role in the SM: only scalar particle.

s [y ] e Product of Brout-Englert-Higgs mechanism
charge 134 % % required to accomodate masses in a gauge
s mU [C | t q gaug
name -{ Up charm op
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The SM is the legacy of the 20th
century of particle physics:

|

=% 8
:

§

> [t unifies gquantum mechanics,
field theory and special
relativity

* It unifies electromagnetism
and the weak interaction

» |t describes (to the surprise of
many) all laboratory data so far
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The Higgs sector

Seeds of New Physics in the Higgs Lagrangian:

L(¢) = (Do) (D ) — ud|o|* + No[* + Vi bk

LIPS RO R TN B PR SONPO=Sn- SSg i >l 3

. Gauge invariant mass
- generation of gauge
bosons in the SM %




The Higgs naturalness problem

Consider a fermion which couples to the Higgsvia = L C —A:Hff
This gives rise to a correction to the Higgs mass
o o fd tr (A ma) ([ p+my)) _fg___tQ____
Sas NC“f/ @m)* (22 —m?) (1 +p)? —m})

This is quadratically ultraviolet (UV) divergent:

iA2
A 2 _ Nc f
ST

K iA2 G rm?
4 _ S 242y _ J A2
/d l_l4 = NC_47T4( it A°) = N, NG A

In the SM one finds

Am3,  3Gp (4m;}2 2ms, M3, 1) A2N( A )2

m2  4+/2m2

2
My My My




Naturalness problem

Example of two-loop correction that from a heavy fermion Q that
couples only indirectly to the Higgs:

I+ o

ﬁ_g@__ fﬁ?};

d4ll d4ll tr[(% ‘|‘{/2)/12] gl 92
A?In A
(2m)% (2m)% 1$15(11 + 12)? ™ 1672 1672 5 C1C2A" In

Ami; ~ 91930102/

[ Even if a new particle does not interact at tree level with the Higgs,
~as long as is has an interaction with any other SM particle, there |
__will be a quadratic sensitivity of mu o the UV cutoff scale ]



Naturalness In the past

First example: the electron Coulomb field E = c

47‘(‘7’2 r

1 - 1
Energy stored in the electric field W) = 5 / d>rE?* = 504/\
r>A—1

Correction to the electron mass m_, = M, + %a/\

Use limits on electron radius re < 10-4 fm to determine the cut-off A

1

oA =000eY)  but  [me = SIkV

2
The non-electrostatic mass term Me, completely unrelated to the
clectric field, would need to/GaRGBITEUB 10Ve SGATIEENE BGHS

(*) Natural units: 1fm ~ 5GeV !




Naturalness In the past

But this is a classical picture probing effects at distances 104 fm

Quantum effects allow the production of ete- pair that screen the
electric field, effectively reducing the electric charge

An explicit calculation gives \ : , ’
W V 4
3 \\ ,’
me = Mg | 1 — o - « aT» o
V 4 W
e I\~
The correction remains small even for a cut-off , \
that reaches the Planck mass (101° GeV) .

= [he fine-tuning of the electron mass is solved via the introduction
of the positron



Naturalness In the past

Second example: charged-neutral pion mass difference

L DieA, +(9“7T — 7 OMm ) + €2A AP o™

Am? = m2. —m? 3OKAQ
T ™ 4
AmZ,, ~ (35.51 MeV)? A ~ 850 MeV

= [Fine-tuning explained via the introduction of the p vector meson
(m, ~ 770 MeV ) and the axial-vector resonance ar (m,, ~ 1250 MeV)

10



Naturalness In the past
Third example:—

Fermi theory

AMy = My, — Mg,

GIM suppression

AV ot gemorco mp (D
Mg

= Quadratic divergence in the amplitude used by Gaillard & Lee in 1974
to predict that the charm quark should be lighter than 10 GeV

11



Naturalness: a guiding principle?

Analogy with thermal fluctuation

At large t expect
Eo~ Eg

While the observation is
thermalization E. N 10_17E.

While no logical inconsistency can be claimed, it just seems hard to believe

* In the analogy: natural explanation could be that red does not
really interact with blue because the interaction is screened

- Similarly in the Higgs case, the interaction (or UV sensitivity) could

be screened by new forces/particles
12



Solutions to hierarchy problem

The

. 1
t
. 1

naturalness problem in the Higgs sector is solved, if e.g.

nere is a natural screening mechanism (a symmetry) protecting
ne Higgs from the UV sensitivity

ne Higgs Boson is non elementary but composite

Both scenarios give rise to deviations in the Higgs couplings as
predicted in the SM

The LHC might address the naturalness even if no new particles
i are discovered directly. One just needs to measure very precisely |
» the coupllngs and see |f they dn‘fer from the SI\/I pattern ;g

13



Higgs coupllngs

So far the Higgs looks SM like,

however

* None of the measurements

are very precise yet (still

room for moderately large

deviations)

* Couplings to light states not

measured yet — a lot of

room for new effects

. Measuring or constraining these couplings is a major programme

1072

- LHC Run 1

3 ATLAS and CMS

L lllll 1 1 lllllll

¢ ATLAS+CMS 1
------- SM Higgs boson

— [M, g] fit
[ 168% CL
[ ]195% CL

10 10°
Particle mass [GeV]

| that will extend over decades. Theory input crucial to extract

- couplings and other particle properties in general

!

14



Master formula for LHC

For proton-proton collisions, cross sections are convolutions of

parton density functions (PDFs)  tn hard partonic cross sections

Higgs, top, W/Z, jets ...

underlying event

15



Master formula for LHC

For proton-proton collisions, cross sections are convolutions of

(PERORGERSIENURCHORSNPDES) \vith hard partonic cross sections

A
Ohad = Z/dﬂi1d$2— X 0i5(x1 P, 22 P, up) + O < %;D
%]

Higgs, top, W/Z, jets ...

underlying event

)

15



The parton model

Basic idea of the parton model: intuitive picture where in a high transverse
momentum scattering partons behave as quasi free in the collision

= cross section is the incoherent sum of all partonic cross-sections

/dxld:vzf( 1)( )fz( )(:1:2) (x1725) S = T1X98

NB: This formula is wrongl/incomplete (see later)

£179) (2;): parton distribution function (PDF) is the probability to find parton
i in hadron j with a fraction x; of the longitudinal momentum (transverse
momentum neglected), extracted from data

o(x1225): partonic cross-section for a given scattering process, computed in
perturbative QCD

16



Sum rules

Momentum sum rule: conservation of

incoming total momentum

Conservation of flavour: e.g. for a proton

In the proton: u, d valence quarks, all other quarks are called sea-quarks

17



Sum rules

Momentum sum rule: conservation of

incoming total momentum

Conservation of flavour: e.g. for a proton

In the proton: u, d valence quarks, all other quarks are called sea-quarks

[ How can parton densities be extracted from data?]

17



Deep Inelastic scattering

Clean probe of the structure of the proton with an electron

dlb |Q2 = 25030 GeV?, y =0.56. x=0.50

proton

.jei )
ozigi ;'
X,

< A Hl1 Run 122145 Event 69506
Date 19/09/1995




Deep Inelastic scattering

Protons made up of point-like quarks. N //k’
Different momentum scales involved: € »
* hard photon virtuality (sets the resolution g 1
scale) Q zp
* hard photon-quark interaction Q p
* soft interaction between partons in the 1|;,mtc,n

proton mp € Q

During the hard interaction, partons do not have time to interact among
them, they behave as if they were free

= approximate as incoherent scattering on single partons

19



Deep Inelastic scattering

Kinematics:

2
Q*=-¢ s=(k+p)° zpj= CAB AL . %
2p - q p €
2 > Q2 is the virtuality at
4 which one probes the
proton (resolution scale)
LPp
P

20



Deep Inelastic scattering

Kinematics: o’
2 2 2 g
_ — — k‘ i == — /
Q q S ( _I_p) L Bj 2p-q Y k-p €+ /k
2 - Q2 is the virtuality at
4 which one probes the
proton (resolution scale)
LP
P
Partonic variables: <
™ R ) proton
. . A ~ |~ P-4 A .
p=ap = (k+p)°=2k-p |§J= k-p (P+q)?=2p-¢—Q° =0
. J (:> r — £E‘Bj)

Hence at leading order, the experimentally accessible xg; coincides with the
momentum fraction carried by the quark in the proton

20



Deep Inelastic scattering

Kinematics: o’
pP-q
sz—(f S = k—l—p2 rR;: = Yy = —— //
Q2 is the virtuality at
which one probes the
proton (resolution scale)
LP
P
Partonic variables: <
™ R ) proton
. A A ~ |~ P-4 A .
p=ap = (k+p)°=2k-p |§J= k-p (P+q)?=2p-¢—Q° =0
- v (:> Xr = £E‘Bj)

Hence at leading order, the experimentally accessible xg; coincides with the
momentum fraction carried by the quark in the proton

do S
dg —a Q42M€m (1+(1-9) )}

Partonic cross section:
(apply QED Feynman rules and {

add phase space)
20



show that in the CM frame of the electron-quark system y is given

by (1 — cosf1)/2,with . the scattering angle of the electron in this frame

. . do
- show that the two particle phase space is 7~

- show that the squared matrix element is 167“)“11

1
dxpk

sxpk (1—|— (1—1y) )

- show that the flux factor is

Hence derive that

46 G
= ¢}
dg ' Q

427T()4€m (1+(1—19) )

21



Deep inelastic scattering

d
Hadronic cross section (factorization): — /dq;Zf( P)( dg
Y



Deep inelastic scattering

Hadronic cross section (factorization): — / dgyz £ (2)
Using x = xg
-
dy deJ Z fl
27T04 o S [
- 04 : _y)Q) qufl(p)(x i)
- z

~

//k’

6)
k q
Tp
p

<€
proton

22



Deep inelastic scattering

/k/
q

Tp

p

<€

proton

Hadronic cross section (factorization): — /da;z P (2
Using x = xg)
r ™
dy deJ Z fl U
27‘(’ QST 5 2 +(p)
_ Q4 : ) Z 9 flp
N l J
|. at fixed xgj and y the cross-section scales with s
2. the y-dependence of the cross-section is fully predicted and is typical of
vector interaction with fermions = Callan-Gross relation
3. can access (sums of) parton distribution functions
4.

radiative corrections, see later)

Bjorken scaling: pdfs depend on x and not on Q2 (violated by logarithmic

22



The structure function F»

4 )
do 27’(’0&ng 9 (p)
dyds — 0 (14 (1—y?) Fo(z) qul
N J
F2 is called structure function (describes structure/constituents of nucleus)

For electron scattering on proton

NB: use perturbative language of quarks and gluons despite the fact that

parton distribution are non-perturbative

Bjorken scaling: the fact the structure functions are independent of Q is a

direct evidence for the existence of point-like quarks in the proton
(violated by logarithmic corrections)



The structure function F»

4 )
do 27’(’0&ng 9 (p)
dyds — 0 (14 (1—y?) Fo(z) qul
N J
F2 is called structure function (describes structure/constituents of nucleus)

For electron scattering on proton

NB: use perturbative language of quarks and gluons despite the fact that

parton distribution are non-perturbative

F2 gives only a linear combination of u and d. How can they be

extracted separately!?

24



Isospin

[Neutron is like a proton with u & d exchanged}

25



Isospin

[Neutron is like a proton with u & d exchanged}

For electron scattering on a proton

Fi(a) = ((gupla) + gaplo) )

25



Isospin

[Neutron is like a proton with u & d exchanged}

For electron scattering on a proton

4

Fi(a) = ((gupla) + gaplo) )

For electron scattering on a neutron

1 4

Fi(z) =z <§dn(:c) + §un(x)> — (—dp(a:) + ~uy(z)

25



Isospin

[Neutron is like a proton with u & d exchanged]

For electron scattering on a proton

Fi(a) = ((gupla) + gaplo) )

For electron scattering on a neutron

Fr(z) = <%dn(:c) + gun(az)> _ (3@@:) + éup(g;)

F2 and F§ allow determination of up and d, separately

)

25



Isospin

[Neutron is like a proton with u & d exchanged]

For electron scattering on a proton

Fi(a) = ((gupla) + gaplo) )
9 9
For electron scattering on a neutron
1 4 4 1
Fl'(x) =x <§dn(:c) + §un(az)> = <§dp(x) + §up(:z:))

F2 and F§ allow determination of up and d, separately

NB: experimentally get F, from deuteron: Fi(z) = FP(z) + F}(z)

25



Sea quarks

Inside the proton via fluctuations, pairs of uu,dd,cc,ss, etc. are created

An infinite number of pairs can be created as long as they have very low

momentum, because of the momentum sum rules.

We saw before that when we say that the proton is made of uud what

we mean is

/0 dx (uy(z) — tp(x)) = 2 /o dx (dp(x) — dp(z)) =1

20



Sea quarks

Inside the proton via fluctuations, pairs of uu,dd,cc,ss, etc. are created

An infinite number of pairs can be created as long as they have very low

momentum, because of the momentum sum rules.

We saw before that when we say that the proton is made of uud what

we mean is

/0 dx (uy(z) — tp(x)) = 2 /o dx (dp(x) — dp(z)) =1

Photons interact in the same way with u(d) and u(d)
How can one measure the difference!?

What interacts differently with particle

and antiparticle?

20



Sea quarks

Inside the proton via fluctuations, pairs of uu,dd,cc,ss, etc. are created

An infinite number of pairs can be created as long as they have very low

momentum, because of the momentum sum rules.

We saw before that when we say that the proton is made of uud what

we mean is

/0 dx (uy(z) — tp(x)) = 2 /o dx (dp(x) — dp(z)) =1

[
Photons interact in the same way with u(d) and G(a) V“) /

. +
How can one measure the difference? 4
What interacts differently with particle
and antiparticle? W+/W- from neutrino scattering <

proton

20



Check of the momentum sum rule

Uy 0,267
dv 0,111
Us 0,066
ds 0,053
Ss 0,033
Cc 0,016
total 0,546

/1 dxz.:vfi(p)(x) =1
0 i

=+ half of the longitudinal
momentum carried by gluons

27



Check of the momentum sum rule

Uy 0,267
dv 0,111
Us 0,066
ds 0,053
Ss 0,033
Cc 0,016
total 0,546

/1 dxz.:vfi(p)(x) =1
0 i

=+ half of the longitudinal
momentum carried by gluons

v/W*- don’t interact with gluons

How can one measure gluon parton densities!?
We need to discuss radiative effects first

27



Radiative corrections

To first order in the coupling:
need to consider the emission of one real gluon and a virtual one

=P

28



Radiative corrections

To first order in the coupling:
need to consider the emission of one real gluon and a virtual one

=P

Adding real and virtual contributions, the partonic cross-section reads

Cro dk? 1+ 22
1 s 1 0) (.~ 0) /A
ot = 27 /dz k2 01—z (0( )(zp) —o! )(p))

Partial cancellation between real (positive), virtual (negative), but real

gluon changes the energy entering the scattering, the virtual does not

28



Radiative corrections

Partonic cross-section:

Q° dk2 2
\2 — Z

Soft limit: singularity at z=1 cancels between real and virtual terms

Collinear singularity: k , = 0 with finite z. Collinear singularity does not

cancel because partonic scatterings occur at different energies

29



Radiative corrections

Partonic cross-section:

Q? dk2 2
A2

1 — 2

Soft limit: singularity at z=1 cancels between real and virtual terms

Collinear singularity: k , = 0 with finite z. Collinear singularity does not

cancel because partonic scatterings occur at different energies

= naive parton model does not survive radiative corrections

29



Radiative corrections

Partonic cross-section:

Q° dk 2
A2 — Z

Soft limit: singularity at z=1 cancels between real and virtual terms

Collinear singularity: k , = 0 with finite z. Collinear singularity does not

cancel because partonic scatterings occur at different energies

= naive parton model does not survive radiative corrections

Similarly to what is done when renormalizing UV divergences, collinear
divergences from initial state emissions are absorbed into parton

distribution functions

29



The plus prescription

Partonic cross-section:

Q% 71.2
e I R CICLE R
27T 22

g1 —

30



The plus prescription

Partonic cross-section:

Q° 1.2
(1) _ / aky / dz P(2) (o0 )—a<0>(p))
27T 22

Plus prescription makes the universal cancelation of singularities explicit

[ @506 = [ 166 - o)

30



The plus prescription

Partonic cross-section:

Q de
e I R CICLE R
T J)2

Plus prescription makes the universal cancelation of singularities explicit

[ @506 = [ 166 - o)

The partonic cross section becomes

Q* 71.2 2
A2

g1 —

Collinear singularities still there, but they factorize.

30



Factorization scale

: Q? Q’ 52
Schematically use In 35 = In el +1In 57

31



Schematically use

o=0c0 4ol = <1+g—slnM—FP+> X (1+%1n

So we define

fule.ie) = fofo)

Factorization scale

s HE (0 .
1+%1Hﬁpq(q)> U(p,MF):(lJF

g
27T

In

Q2
1

0 0
P o

31



Factorization scale

: Q? Q’ 52
Schematically use In 37 = In o +1In Vi

2 2
U:U(O)+U(1): <1+§—SIHM—FP_|_> X (1+;—SIHQ—2P_|_> O'(O)

So we define

g . [ (0) . Os - (0) } 5(0)
Folwapr) = fo(a) x (14 22 m e p a(p,m:(u—m—ﬂqq)a (p)

2T A2 11 D U

NB:

* universality, i.e. the PDF redefinition does not depend on the process
* choice of Pr ~ Q avoids large logarithms in partonic cross-sections

* PDFs and hard cross-sections don’t evolve independently

* the factorization scale acts as a cut-off, it allows to move the divergent

contribution into non-perturbative parton distribution functions

31



Improved parton model

Naive parton model:

After radiative corrections:

o= /dxldajgfl(Pl)(xl,u2)f2(P2)(x2,,uz)(}(xlxgs,,uQ)

32



Intermediate recap

* With initial state parton collinear singularities don’t cancel
* |nitial state emissions with k; below a given scale are included in PDFs

* This procedure introduces a scale i, the so-called factorization scale

which factorizes the low energy (non-perturbative) dynamics from the

perturbative hard cross-section

* As for the renormalization scale, the dependence of cross-sections on

Ur is due to the fact that the perturbative expansion has been truncated

* The dependence on ur becomes milder when including higher orders

* The redefinition of PDFs is universal and process-independent

Master formula: o= /dxldmgffpl)(xl,ﬁ) 2(P2)($2,/L2)5'(2C1$2371u2)

33



Evolution of PDFs

A parton distribution changes when

* a different parton splits and produces it

* the parton itself splits X

34



Evolution of PDFs

A parton distribution changes when

* a different parton splits and produces it — (2%
-Z)X
* the parton itself splits X ZX
< (I-z)X’
1
22 ) / ” / 1252 P )6 — o) — [ a5 P (o)
0

/ %%P ,,LLQ) — /01 dzg—;P(z)f (z, u*)

z 2m

dz o
/_w_p (£.12)

2 2w T

The plus prescription /O dzf4(2)g(z) = /0 dzf(z) (9(z) —g(1))

34



DGLAP equation

Altarelli, Parisi; Gribov-Lipatov; Dokshitzer °77

Master equation of QCD: we can not compute parton densities, but we
can predict how they evolve from one scale to another

Universality of splitting functions: we can measure pdfs in one process
and use them as an input for another process

35



Conventions for splitting functions

There are various partons types. Standard notation:

4 c )
a (-
e s
g _J

Accounting for the different species of partons the DGLAP equations

(9fzaf,u Z/ dz P fg Ly )

This is a system of coupled integro/differential equations

become:

The above convolution in compact notation:

8,&:1:
fi( M ZPZj@fJ




Properties of splitting functions

2
0 _ p0) 142
Péq)_qu_CF( )+

1 —z

PO = P = Ty (22 + (1 - 2)?)

g4

Pg(g) — 2CA <

1
PO = P = Cp

+ (1 — 2)?

Z

1 _|_1

— 4+ 2(1—2) +bod(1 - 2)

@ Pgg anf Pg; symmetric under z (1-z)

@ Pqq and Py C
@ Pgq and Pg; d
@ Pge no soft d

ivergence for g

s sluon PD

- grows at smal

ivergence for z=1| (soft gluon)

ivergenge for z=0 (soft gluon)

uon splitting to quarks

X

|-z

E

e
e
- -

37



Sum rules in pQCD

Beyond the naive parton model the probabilistic picture does not hold

anymore. What about basic conservation principles (e.g. sum rules)?

show that e.g.

1 1
/ dx (fu(z, p?) — faz, p?)) = constant if and only if / dzPyy(2) =0
0 0

38



Sum rules in pQCD

Beyond the naive parton model the probabilistic picture does not hold

anymore. What about basic conservation principles (e.g. sum rules)?

show that e.g.

1 1
/ dx (fu(z, p?) — faz, p?)) = constant if and only if / dzPyy(2) =0
0 0

|. Start from DGLAP for u

,UJ2 afu(wmuz) CVS(M2) /1 dz

ou? 27
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Sum rules in pQCD

Beyond the naive parton model the probabilistic picture does not hold

anymore. What about basic conservation principles (e.g. sum rules)?

show that e.g.

1 1
/ dx (fu(z, p?) — faz, p?)) = constant if and only if / dzPyy(2) =0
0 0

|. Start from DGLAP for u

,UJ2 afu(wmuz) CVS(M2) /1 @

Z

(o) _ @) [0 (5 (22) Rty (2.0)

2. Subtract the same equation for u and integrate over x

38



Sum rules in pQCD

2. Subtract the same equation for u and integrate over x

) (1 (£0) - (209)

0

1
2—
7 fW/o de (fu(z,pn?) — falz, 1) d:v

39



Sum rules in pQCD

2. Subtract the same equation for u and integrate over x

) (1 (£0) - (209)

3.Swap x and z integration, replace x with y = x/z

0

1
MQC?_/P/O dx (fulz, p?) = fa(z, u?) o

MQaiIuQ/O dx (fu(QT,MQ) _fﬂ(xan)) — asz(;.b )/O dZqu(Z)/O dy (fu (y"UJQ) _fa (y’u2))

39



Sum rules in pQCD

2. Subtract the same equation for u and integrate over x

) (1 (£0) - (209)

3.Swap x and z integration, replace x with y = x/z

0

1
MQC?_/P/O dx (fulz, p?) = fa(z, u?) o

MQaiIuQ/O dx (fu(QT,MQ) _fﬂ(xan)) — asz(;.b )/O dZqu(Z)/O dy (fu (y"UJQ) _fa (y’u2))

1
Conclusion: the integral / dz (fu(z, 1) — fa(z, 1))
0
1
does not depend on the scale if, and only if / dzP,,(z) =0
0
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Properties of splitting functions

q q
B 2 ] 4 L O
0 0 14z 3 Q.
Péq) — P(—gq) = Cp ; | 55(1 — 2) oo 18
(1 —2)4 | S
q q

@ the delta-term is the virtual correction (present only when the flavour
does not change)

We have just seen that in order to conserve quark (baryon) number, the
integral of the quark distribution can not vary with Q2, hence, the
splitting functions must integrate to zero

use this fact to compute the coefficients of the pure delta terms in

Pqq and Py without performing the loop integral!



History of splitting functions

[F] P{b): Altarelly, Parisi; Gribov-Lipatov; Dokshitzer (1977)
ngL): Curci, Furmanski, Petronzio (1980)

@ Essential input for NNLO pdfs determination (state of the art today)
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Evolution

So, in perturbative QCD we can not predict values for

* the coupling

* the masses Q

* the parton densities

° increase Q2

What we can predict is the evolution with the Q2 of those quantities.

These quantities must be extracted at some scale from data.

* not only is the coupling scale-dependent, but partons have a scale
dependent sub-structure

* we started with the question of how one can access the gluon pdf:
Because of the DGLAP evolution, we can access the gluon pdf indirectly,
through the way it changes the evolution of quark pdfs. Today also direct

measurements using Tevatron jet data and LHC tt and jet data i



Recap.

€c

® Parton model:incoherent sum of all partonic cross-sections

€c

® Sum rules (momentum, charge, flavor conservation)

€c

® Determination of parton densities (electron & neutrino scattering)

€c

® Radiative corrections: failure of parton model

€c

® Factorization of initial state divergences into scale dependent parton
densities

€ DGLAP evolution of parton densities = measure gluon PDF

€ While PDFs loose the naive probabilistic interpretation basic conservation
principle still hold (momentum sum rules, energy, flavour conservation)
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Data: F2
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DGLAP Evolution

The DGLAP evolution is a key to precision LHC phenomenology: it

allows to measure PDFs at some scale (say in DIS) and evolve upwards
to make LHC (7, 8, 13, 14, 33, 100.... TeV) predictions

Measure PDFs at 10 GeV Evolve in Q2 and make LHC predictions

1 l ] T]][lfl 1 I III]]]I 1] LB RRA 1 lII“]lI 1 1 ]T[T[T] 1 U 1'][[1

NNPDF2.3 (NNLO) : \ g/10 :
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xf(xu?=10 GeV?) ] \ xf(x1?=10* GeV?):
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0.7 . 0.7k -j
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0.4 \ . 0.4f \ .
03l |3 0alb b \ \ Different PDFs evolve

e | ] T \ d, \ ] in different ways
0.2} \ 3 0.2f oC\\ \ 3 (different equations +
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Typical features of PDFs

TTTTT7] 1

" 1 LI lllll' || LI llllll 1 1
" NNPDF3.1 (NNLO :
Features: 0.9F 0.9
0.8F g 8l

e gluon and sea distributions grow at
small x

llllllll 1 LI

g/10
xf(xu2=10* GeV?) )

e gluon dominates at small x
 valence distributions peak at x ~ 0.2

 largest uncertainties at very small or
very large X

Evolution from low to high scale
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Typical features of PDFs

The fact that PDFs grow at small x has  Faneorar o

NLO) e _
. 0.9F 0.9
important consequences 5 |

llllllll 1 LI

g/10
xf(xu2=10* GeV?) )

e Cross sections increase with
Increasing collider energy s

(as opposed to g « 1/s)

* Higher luminosity also means
higher effective energy

e Low-x regime dominated by
gluons (e.g. Higgs production)

Evolution from low to high scale
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Parton density coverage

most of the LHC x-range
covered by Hera

need 2-3 orders of
magnitude Q2Z-evolution

rapidity distributions probe
extreme Xx-values

100 GeV physics at LHC:
small-x, sea partons

TeV physics: large x

LHC parton kinematics

Q’ (GeV?)

L X,
L Q

= (M/14 TeV) exp(zy)
M M=10TeV

n "
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Parton density coverage

Coverage of 14 TeV LHC with respect to 100 TeV FCC
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Parton luminosities

Even more interesting that PDFs are parton luminosities for each
production channel

' 1
— / d.fl?ldilfglilfi (Zl?l, ,u%‘) X 172]0]'(1723 “%‘)5(7- o 1711:2)
0
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Progress in PDFs: gluon luminosity

Example: gluon-gluon luminosity as needed for Higgs measurements

LHC 13 TeV, NNLO, a(M,)=0.118 LHC 13 TeV, NNLO, a,(M,)=0.118
B! 2110 28 MMHT 14
£1. £1.05
= =
O O
S 0 oo s s %o
S S
09 09
0.85 1 L1 1 a1l 1 Ll 1 1111 1 0_85 1 L1 a1l 1 Ll 11111 ~
10 10° M, (GeV) 10° 10 107 M, ( GeV) 10

® obvious improvement from older sets to newer ones

® agreement at | O between different PDFs in the intermediate mass region

relevant for Higgs studies (but larger differences at large M, key-region for

New Physics searches)
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Progress in PDFs: Higgs case

Improved control on gluon distributions results in more consistent Higgs
production cross-sections

2012 2015

LHC 8 TeV - iHixs 1.3 NNLO - PDF 40, uncertainties ggH, ggHiggs NNLO, LHC 13 TeV, «=0.118
20_5_ . 45 -
C o, =0117, 0119 o =0117, 0.119  «=0.117, 0.119 . i I NNPDF3.0 3
ook “ - wsH A MMHT14 =
- . —. “H @ CMCPDF E
19.5¢ | - &  H--- Envelope =
— - - c ‘35_ __________________ _,___-.------_------_-------------_------.------:
T : § E )
€ F : 3 “F =
© 18.5F - 3 aosE- O =
: : g : A vy ® =
18[—8—-NNPDF23 - «f- =
f —<— MSTWO08 . = i
- - I o S S vl
1S =676 : = =
4iC 1 1 1 l l 1

® PDF uncertainty in the Higgs cross-section down to about 2-3%

® envelope of 3 PDFs (previous recommendation) no longer needed
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Progress in PDFs

Recent progress:
o full NNLO evolution
* flexible parameterisations or use of neural network PDFs (more

recently deep learning methods)
e improved treatment of heavy flavours near the quark mass
 systematic use of uncertainties/correlations (e.g. dynamic
tolerance, combinations of PDF + a5 uncertainty)

* exploit wealth for information from Run | and Run Il
* new PDFs (photon, leptons, W/Z)

. Thanks to this progress, today PDF determinations more precise and |
', reliable (e.g. uncertainties from different groups agree in general well) |
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Issues under discussion

® which data to include in the fits (and how to deal with incompatible data)
® enhance relevance of some data (reduce effect of inconsistent data sets)
® heavy-quark treatment and masses

® parametrization for PDFs (theoretical bias, reduced in Neural Network
PDFs)

® include theoretical improvement (e.g. resummation) for some observables
® unphysical behaviour close to x=0 and x=|

® meaning of uncertainties

® s as external input or fitted with PDFs

® how not to “fit away’’ New Physics effects in PDFs
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Progress in PDFs

Despite the tremendous progress ...

Ratio of W to W~ boson

| T T T T T T T T T [ I
© NNPDF3.1 MMHT14 - © NNPDF3.1 ® MMHT14
ATLAS 13 TeV & NNPDE3.0 m ABMP16 FATLAS 13 TeV B NNPDF3.0 & ABMP16 3
’ 1.10 A CT14 data & total uncertainty J
A CT14 data + total uncertainty ]
Heavy: NNLO QCD + NLO EW, 1.05 E Heavy: NNLO QCD + NLO EW E
Light: NNLO QCD @ - Light: NNLO QCD
o 3 C
. 51.00 f—52 oo — -
g o s f ] I" o R 5 :
¢ f A o 3 O
A A - O AA ]
095 — o DD -]
e ;
—— 0.90 [ W— W+ 7 E
I 1 I R 0.85 E
1.26 1.27 1.28 1.29 1.30 1.31 1.32 1.33
ow+/ow-

' So far PDFs extr

acted from data.

i A major new challenge to compute PDFs via lattice simulations |
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Photon PDF of the proton

Protons in LHC beams are fast

. : Ausstrahlung bei Stofien sehr schneller Elektronen.
moving charged particles

Von (., F. v. Welzsiieker, zur Zeit in Kopenhagen.

: : : (Eingegangen am 28. Februar 1934.)
FOI’ pOIﬂt Ilke Charged partICIGS Die vorliegende Arbeit ist die Ausarbeitung der Resultate einiger

the eleCtromagnetiC field (the Diskussionen, die vom September 1938 an im Kopenhagener Institut
distribution of phOtOﬂS) was unter Leitung von Herrm Prof. N. Bohr stattfanden, und zu denen vor

ted by F i Weizsick allem die Herren G.Beck, W.Heisenberg, L.Landau, E.Teller
computed Dy Fermi, vvelZsacker und E. J. Williams wesentliche Beitrige lieforten. — Ich mdchte diese

and Williams in the 1920-1930s Gelegenheit gern benutzen, um Herrn Prof. Bohr fir die schope und frucht-
bare Zeit, die ich in seinem Institut zubringen durfte, meinen herzlichsten
But protons are not elementary and Dank sussudrticken.

made up of quarks/gluons

A fundamental question is what is the electromagnetic field
associated to fast moving protons. This is the photon parton
distribution function (PDF) of the proton
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Does the photon PDF matter?

Example: Drell-Yan production g A
q (-
100 i ] : . : , : .
0 — photon-initiated (NNPDF3.0QED)
> — quark-initiated / —
: 1 / q g-'_
~ , . v,
=) | s=13TeV - -
< o1l _ -
s | | ¢
% 0.01 |- Y
S |
0.001 |- \
00001 - | 1 1 | | | 1 1
0.5 1 1.5 2 2.5 3 3.9 4 4.5 3 ‘Y

Myy (TeV)

Poor knowledge of photon PDF impacts both New Physics
searches and precision physics



x filp (X, y2)

The LUX photon PDF
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By looking at the problem in a new way we reduced the uncertainty
drastically (100% — 1%)

Key idea: view Deep Inelastic Scattering as a lepton probing the

photon field in the proton



Leptons In the proton

e So far, processes explored at the LHC are mainly induced by
incoming quarks, gluons or photons in the protons

e Studies of processes with incoming leptons relegated to future
colliders (CLIC, FCC-ee, CEPC, ...). Timescale 30y

e But, because of quantum fluctuations, protons in LHC beams also
contain leptons

* Lepton luminosities are very small, but give rise to unique signatures
at the LHC

* Possibility to study scattering processes that are beyond the
capability of future colliders (e.g. y-T scattering)
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Leptons In the proton

Lepton luminosities
100

1
\/S _ _13 TeV Ly = M? /O dz dy fi(z, M?) fj (y, M?) §(M? — s2y)

LUXIep —— —
N
=
(@)
O
©
-—
©
108 :
02 05 1 .2 5 1 2 5
M[TeV] Buonocore, Nason, Tramontano, GZ 2005.06477
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events/bin/100 fb~!

Leptoquarks i -

LHC, s = 13 TeV New constraints on Leptoquarks
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