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Plan for the lectures

» Basics of collider physics
* Basics of QCD
* DIS and the Parton Model
* Higher order corrections
* Asymptotic freedom
e QCD improved parton model
o State-of-the-art computations for the LHC
 Monte Carlo generators
* Higgs phenomenology
* Top phenomenology
» Searching for New Physics: EFT
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Master formula for LHC physics

E; / 021 dwad®rs fa(21. 100) Fo (o 1) Gapox (51 s 1012)

Phase-space integral

Important
aspect of a
Monte Carlo
generator
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Parton density functions

Universal:

~Probabilities of finding
given parton with given
momentum In proton

Extracted from data
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Parton-level cross section

Subject of huge efforts in
the LHC theory community
to systematically improve
this



The parton model of QCD

Deep Inelastic Scattering

e (k)
/o W s=(P+k)”
e'(k) —>—5 -~ Q= —(k— k)’
V,Qz L = QQ/Z(P X
v=(P-q)/M =FE — FE'
% — y=(P-q)/(P-k)=1-E'[E

XX W?=(P+q)*= M? - 1_xQ2

X

CoM energy
momentum transfer/2
scaling variable
energy loss

relative energy loss
recoll mass

dO_elastic ( do ) 2 9
— |\ 7 o °}1ﬂasic(q )(5(1-—:%)Ctﬁ
dq2 dq2 point t

dainelastic ( do ) 2 2
— |\ 79 ' Fin lasti (q 9 aj) dx
dq2 dq2 Soint elastic

Can we guess what F looks like?
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Deep Inelastic scattering

What can F?(g?) look like?

1. Proton charge is smoothly distributed (probe penetrates proton like a knife through
butter)

2 2
EZCZSZ‘ZC(q ) ™~ lnelastlc(q ,.X) < 1

2. Proton consists of tightly bound charges (quarks hit as single particles, but cannot
fly away because tightly bound)

elastzc(qz) ~ 1 r z%zelastic(qz’ x) <1

2 2 2
' (q ) <1 I melastlc(q ,)C) ~ 1
Quarks are free particles which fly away without caring about confinement!
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Parton Model

DIS cross-section
e (k') d> k! ME
dP = AP = dvy dax dd
e (2r)s2E T T ez Y W AT ABX

1
LHY = Ztr[,}év“/{v”] = kFE"Y + EPEY — "k K
Based on Lorentz and gauge invariance
WH =% / d® xhx .,

X

me p-q p-q\ 1
W (p,q) = (—gw 22 ) F1($7Q2)+(pu = quq—2> (pu = qu—2> — Fy(z, Q%)
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Parton Model

After a bit of maths (good exercise!), we get:

d? o B Ao 1 1 —
dedQ? Q4

Transverse photon Longitudinal photon
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Parton Model

Breit frame
The proton moves fast andkthe photon has zero energy

e (k)
/
e _ @? ., @z N<@xm2@~>
e (k) p=(F,0,0,¢&p) b= 422 'mQ’ZQj’OL “\2z Q ’Qx’OL
V’QL < q — (Oa_QaﬁJ_)
&) ﬁ ﬁ/ — (E,0,0,p/)
§ X
B 1
Rest frame: Proton extent: Az’ ~ Az~ ~ — &
Breit frame: Proton extent: Az™ ~ %,
TN

Photon extent: Axz™ ~ 1/0Q.

The time scale of a typical parton-parton interaction is much larger than the hard
iInteraction time.
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Parton Model

Breit frame

(k) The proton moves fast and the photon has zero energy
/
6
e(k) = /
EV.QZ p=(F,0,0,¢p)
)pf — < (Aaj—l_)photon < (Ax—'_)proton
— p' = (F,0,0,p")

k/
The time scale of a typical parton-parton interaction is much larger than the hard interaction time.

Schematically: in the Breit frame the proton moves very fast towards the photon, and is therefore
Lorentz contracted to a kind of pancake.

The photon interaction then takes place on the very short time scale when the photon passes
that pancake.

During the short interaction time, the struck quark thus does not interact with the spectator
quarks and can be regarded as a free parton.
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Factorisation

Breit picture frame allows us to assume partons are free within proton:
d¢ d26
2 / > 540 graga (5@
dxd@ dxd()* " &

Ji(S) Probability of finding parton i in hadron
carrying momentum fraction &

fp short d|stance. 2 A
=5 ............................... d O CrOSS SeCtlon fOr parton photOn

v\\\ drd()? scattering
long distance
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DIS cross-section

Comparing our inclusive cross-section:

d?o Ao {

dxd()? Q)4

Factorised cross-section in the parton model:

[1+(1_y)2]F1($7Q2) | 1—y [FQ(vaQ) szl(vaQ)}}

X

o _ [ dE doc x : d*6 dra® 1
drdQ* _/0 ?;fi(f)de@dQQ(f’Q ) with dQ2dx ~ 0+ 2 1+ (1 - y)Q} 62 o(x — &)

We can express the structure functions as:

Fy(x) = 2xF) = Z / d f; (&) wed(z — &) = Z 63 zf;(x)

i=q,q” " 1=q,q
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DIS cross-section

We can express the structure functions as:
1
Faa)=2F = 3. | defi§)acida—) = Y elafila)
i=q,q "
Quarks and anti-quarks enter together.

No dependence on Q: Scaling

f(x) are the parton distribution functions which describe the probabilities of finding
specific partons in the proton carrying momentum fraction x
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Scaling and Callan-Gross relation

+ 6 o |8
x 10° a 26° $ 1.5 < Q(GeV/c) < 4
0.5 . ’; 2'XF1 ¢ 5<Q%GeV/c) < 11
. T T T T T | = : F2 b 12 < Q¥(GeV/c)? < 16
- 4 @ m 1,5 i
04 @ 3 —
O t z < ] spin /2
€p 0.3 + %0 *¢¢ *% # + 4 & g o
F; S 3
» + ‘)ﬁ ,‘{ | i
i I
N S %
ol I x=0.25 133 URERTIE
g 3 :
0 . 1 | L L 1 ! % ) ||
)
0°/GeV~

K
Scaling: Structure function does not depend on Q  =511an-Gross relation

Quarks are spin-1/2 particles!
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Parton distribution functions

AL IR AL L u(z) = wuy(x)+u(x) 1 | 1
2 _10 GeV?- | _ / dr uy(x) = 2, / dr dy(x) =1
? : 2 dlz) = dy(z)+d(z) Jo v(2) /o v(z)

s(r) = 35(x)

1
Z / dr z|q(z) + g(z)| ~ 0.5
q /0

Quarks carry only 50% of the proton momentum

Evidence for gluons!
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Parton model summary

DIS experiments show that virtual photon scatters off massless, free,
point like, spin-1/2 quarks

One can factorise the short- and long-distance physics entering this
process. Long-distance physics absorbed in PDFs. Short distance
physics described by the hard scattering of the parton with the virtual

photon.

D | dxydxy d@pg f,(x)f () 6(5)
a,b
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photon.
D | dxydxy d@pg f,(x)f () 6(5)

Cl,b Phase-space integral ~ Parton density functions Parton-level cross section
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Master formula for LHC physics

E; / 021 dwad®rs fa(21. 100) Fo (o 1) Gapox (51 s 1012)

Phase-space integral

Important
aspect of a
Monte Carlo
generator
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Parton density functions

Universal:

~Probabilities of finding
given parton with given
momentum In proton

Extracted from data
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Parton-level cross section

Subject of huge efforts in
the LHC theory community
to systematically improve
this

16



Master formula for LHC physics

- ~
. P I ~al

Zb / dx1dxs d(I)FS f a (ZE 1y UF ) f b (.f 2, UF 'N }‘ 7 7)
: 3

Phase-space integral Parton density functions i Parton-level cross section

Impor’E[anft Universal: I Subject of huge efforts in 1}
aspect Of a - i "ding § the LHC theory community §
Monte Carlo Probabilities of finding ;

i to systematically improve
‘ this

_ g am L 20 el 1 ekl A e S Lo A

given parton with given

generator |
momentum In proton

Extracted from data
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Higher order corrections

R-ratio@NLO
WNQW M\Mé Real
Wﬂé W@ W‘% Virtual

M, | dD, + J 2Re(M,M* ) dd,

Vir
|4

Onro = O10 T [
R
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QCD in the final state
R-ratio@NLO

Real corrections: . ;
P d —1 Ho(p)t® + u H 0 p)t®
a(p)gy+ P o(p)  ap) @+ Dt (@)] .
_ 2p - k 2p - K _

What are those denominators?

p - k = poky(1 — CcOSO)

What happens when the gluon is soft (k, — 0) or collinear (¢ — 0) to the quark?
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QCD in the final state
R-ratio@NLO

p,J ]57]
W*,Z 'Y*,Z k,a
k,a
pai p,Z

What happens when the gluon is soft (k; — 0) or collinear (¢ — 0) to the quark?

al[ P € p-e :
Asort = —gst ( . kz) Agorr Very important property of QCD

Factorisation of long-wavelength
(soft) emission from the short-
distance (hard) scattering!

Soft emission factor is universal!
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QCD in the final state

R-ratio@NLO
D,J D, ]
7*7 7 ’Y*, 7 k,a 5
onio =010+ | (M., ;|°dD; + 2Re(MOMj;r) dd,
k,a R v

ABor’n,

What does that mean for the NLO cross-section?
REAL > Born d>k D-D
O-CICIQ T CFgSO-qCY / 2]60(27'(')3 2 (p . k)(ﬁ k)

CVS Born dkO 4
— COp—02" d cos
For Vaa _/ YO (1 —cosf)(1+ cosb)
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QCD in the final state
R-ratio@NLO

REAL d°k p-p
- C 2 Born / 9
MV\<W\ Wéﬁk T 2k°(2m)* (p-k)(P- k’)
s Born dko
= (Cp—0 = d 0
F DT qu / COS/]{ZO ]_ ROSH?OS 9

Soft divergence Collinear divergence

2E; . collinear soft
o =
r1 =1 — xox3(1 — cosfyz)/2 Vs A/

Lo = 1 — $1$3(1 — COS (913)/2
r1 + o + T3 = ) collinear

0<z1,29<1, and x1+ x5 >1 oz =
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Divergences

2E;  collinear soft
Iy =
r1 =1 — x9x3(1 — cosbasz)/2 NCEE| A/
Lo — 1 — $1ZE3(1 — COS (913)/2
r1 + o + T3 = ) collinear
6)

0<z1,29<1, and x1+ x5 >1 ) ;plz“Eq

1 V'8

) 4772 e 2 4 32
6998 = - f;CF—S”dxldxz T
3s 27 (1 —x)( —x,)

Integral diverges if x; = 1 orx, = 1 or x;,x, — 1!

What happens now?

Eleni Vryonidou STFC HEP school 2024 22



IR singularities

IR singularities arise when a parton is too soft or if two partons are collinear

* |nfrared divergences arise from interactions that happen a long time after
the creation of the quark/antiquark pair.

 \When distances become comparable to the hadron size of ~1 Fermi,

quasi-free partons of the perturbative calculation are confined/hadronized
non-perturbatively.

How do we proceed with our calculation?

Eleni Vryonidou STFC HEP school 2024
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Cancellation of divergences

W<m ““é Rea
In practice: regularise both
divergences (with either dimensional
W@ W@ é P regularisation or mass regulator)
Irtua

PS Integration UREAL BornC 0% 2 ! 19 9
000000000 p— O‘ - I I 7.‘.
W@ }«/M : 2T 62 € 2
g 2 3
2

VIRT = _Born
Loop integration o —0 CF% ( -

3
lim(O'REAL—I—O'VIRT) _ CF_%O_BOI‘H Rl _ RO (1 I aS)

e—0 4 T
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Cancellation of divergences

WQ W<m Rea
In practice: regularise both
divergences (with either dimensional
MN@ WW@ é regularisation or mass regulator)
Virtual

Also dlvergent'

' PS integration o 2 3 19
W nnuoo g O-REAL BOI’HCF S I I 7T2
_ 2T € 2
VIRT Born s 2 3 2
Loop iIntegration o Cro Ve ( €2 € 3+m )
3 QS Born s
W@ >\/WW WAOWM 21_% REAL_I_UVIRT) CF4 - +B Rl _ RO (1 | . )
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Cancellation of divergences

WQ W<m Red
MM@ W@ W@ Virtual

In practice: regularise both
divergences (with either dimensional
regularisation or mass regulator)

Also dlvergent'

: __» PS integration
W@ %

Loop integration

& T,

e—>O

Eleni Vryonidou

O_REAL BornCFOéS (2 | 3 | 19 7_‘_2>

27 C 2
O_VIRT BornCF s 2 3 Q + 7_‘_2
27T €2 €
SREAL VIRTY _ 3 Qg ~Born B - s Ty
+0 ) = Fy Ri =Ry (14 - Finite!
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KLN Theorem

Why does this work?

Kinoshita-Lee-Nauenberg theorem: Infrared singularities in a massless theory cancel
out after summing over degenerate (initial and final) states

/

hard hard + soft gluon 2 collinear partons

Physically a hard parton can not be distinguished from a hard parton plus a soft gluon or from
two collinear partons with the same energy. They are degenerate states. A final state with a soft
gluon is nearly degenerate with a final state with no gluon at all (virtual)

Hence, one needs to add all degenerate states to get a physically sound observable

Eleni Vryonidou STFC HEP school 2024
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Infrared safety

How can we make sure IR divergences cancel?

We need to pick observables which are insensitive to soft and collinear
radiation. These observables are determined by hard, short-distance physics,
with long distance effects suppressed by an inverse power of a large
momentum scale.

Schematically for an IR safe observable:
On_|_1(k1, ]{72, Ce e ]{?Z', ]{?j, c e ]{?n) — On(k’l, ]{72, Ce ]{71 + ]{Jj, Ce ]{Tn)

whenever one of the k/k;becomes soft or kiand k;are collinear

Eleni Vryonidou STFC HEP school 2024
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Which observables are infrared safe?

» energy of the hardest particle in the event
» multiplicity of gluons
» momentum flow into a cone in rapidity and angle

) jet cross-sections

See exercises!

Eleni Vryonidou STFC HEP school 2024
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Which observables are infrared safe?

» energy of the hardest particle in the event NO

» multiplicity of gluons NO

» momentum flow into a cone in rapidity and angle YES

) jet cross-sections DEPENDS

See exercises!

Eleni Vryonidou STFC HEP school 2024
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Event shapes

cvent shapes: describe the shape of the event, but are largely insensitive
to soft and collinear branching

e Widely used to measure as

* Measure colour factors
e test QCD

* learn about non-perturbative
oNhysICS

pencil-like spherical

Eleni Vryonidou STFC HEP school 2024
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Thrust

Event-shape example

> o |pi - n Sum over all final state particles

1 = max -
Ao D il Find axis 71 which maximises this projection

Noteby: if one of the partons emits a soft or
T =1/2 collinear gluon the value of thrust is not
changing. IRC safe

What happens in an eTe™ — ggg event?

Eleni Vryonidou STFC HEP school 2024
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Thrust

What happens in an eTe™ — ggg event?

' = max

i 2 Pl

30 I | I | I | [

Thrust distribution at LEP

Vector gluon
Scalar

I |IIIIII|

Illlll

| |llllll|

Qg _2(3T2 — 31"+ 2)
27 | T(1-=T)

(21
O
S\ 1T

Divergent for T=1

Large higher order terms of the form

need to be resummed.

4

(1=T)

In(1—1T) -

N
dg

)

337 —2)(2—1T)"

1 -1T

Use either analytic resummation or the parton shower! See later!

Eleni Vryonidou
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Asymptotic freedom
How about the UV?

W Ri = Ry (1 | O;S) No divergences!

What happens at higher orders?

2 M?2 11N, — 4n (T
R® = RO (1 29 (%) <c+7rbolog< UV))) by = DSoR

T T 127

UV divergences don’t cancel! We need renormalisation!

Renormalising the bare coupling we have:

M2 2 2 2
as(p) = g™ + bg log ( Mgv) (™) Ry (s (1), %) = Ry (1 s (1) {c by log %} <a5 m) )

T
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Asymptotic freedom
How about the UV?

W Ri = Ry (1 | O;S) No divergences!

What happens at higher orders?

2 M?2 11N, — 4n (T
R® = RO (1 29 (%) <c+7rbolog< UV))) by = DSoR

T T 127

UV divergences don’t cancel! We need renormalisation!

Renormalising the bare coupling we have:

2 2 2 2
as(p) = a2 4 by log (]\igv) (o 277¢)? R5™ (as (1), 75z) = Ro (1 as(1) {c 7bo log = } (as(“)> )

- )\ x

Finite but scale dependent!
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Asymptotic freedom

(xs ) ,u = = b()Ck2 + b1a3 —+ b2a4 -+ -

Perturbative region

QCD b= 11Ni2;2nf = Bag) <0
QED bo = —ﬁ = Blagm) >0 1 ) bl log log ,uQ/AZ )

ozs(u — = |1
| bolog 45 | b5 logp?/A?
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Running of o,

0.35

O3 F PN\ .

o2s -\

ay(Q?)

0015 e E 1

o1

0.2 - R \\

= o 3(Mz%)

T decay (N°LO) +=- |
low Q? cont. (N°LO) Fe— -
DIS jets (NLO) ]
Heavy Quarkonia (NLO)
e e jets/shapes (NNLO-+res) F*
pp/pp (Jets NLO) —a— -
EW precision fit (NSLOy—e— ~
pp (top, NNLO) =+ -

~0.1179 £ 0.0010

0.05 L

Baikov :
Davier :
Pich |

|

SM review

Boito F—e—i
|
|

........

............
2 T 1

} } |
H PQCD (Wilson loops) o

herl
H PQCD (c-c correlators) |-b1

Maltmann (wilson loops)

PACS-CS (SF scheme)
ETM (ghost-gluon vertex)
BBGPSYV (static potent.) I-Q-—I: |

...........

...........

ALEPH (jets&shapes)
OPAL(j&s)

JADE(j&s) | o

Dissertori (3j)
JADE @3j)

DW m) } ©

Abbate (1) o
Gehrm. fp—®

...........

..........

|
|
« VT

..........

...........

| 10 100 1000 011 0115 012 0125 0.13

Q [GeV] April 2016 as(Mg)
Many measurements at different scales all leading to very consistent results once
evolved to the same reference scale, M-
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Going back to the Master formula

D [ dx,dx, d® pg £, )f(X) 6(5)

a.b

'

dx,dx, dPp [ (x1)f,(X) (S, pp)
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Going back to the Master formula

D [ dx,dx, d® pg £, )f(X) 6(5)

a.b

'

dx,dx, dPp [ (x1)f,(X) (S, pp)
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Going back to the Master formula
Z [ dx;dx, d®p¢ f.(x1)f,(x) 6(8)

a.b i

Z [ dx,dx, d® pg f,(x1)f,(X) 6(S, pig)

a.b i

z; /d$1d$2d@FS folxy, pr) fo(xe, ur) Oap—x (S, UF, UR)
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Going back to the Master formula
Z [ dx;dx, d®p¢ f.(x1)f,(x) 6(8)

a.b i

Z [ dx,dx, d® pg f,(x1)f,(X) 6(S, pig)

a,b i 299

z; /d$1d$2d@FS folxy, pr) fo(xe, ur) Oap—x (S, UF, UR)

Eleni Vryonidou



QCD improved parton model

The parton model predicts scaling. Experiment shows;

Scaling violation

=18

I—
Z m ox. scaling at x=¢ 0.2

STFC HEP school 2024
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QCD improved parton model

The parton model predicts scaling. Experiment shows;

=18

Scaling violation

What are we missing?

Xs corrections to the LO process

STFC HEP school 2024

photon-gluon fusion
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QCD improved parton model

— ’\/1/\/ s
m % Z}Z - é } What do we expect?

Given the computation of R at NLO, we expect IR divergences

We need to regulate these, and hope that they cancel!

d2

. Y - —
o ~
ddeQ‘FQ = FQq ; _a ﬁ:z@'wy % ;—>—<

Soft and UV divergences cancel but a collinear divergence arises:

2 2 W —
= 2x[5(1 - x) + P, Jog = + CIw)] % = e2{0 + 2P, log + CX(v)
2 g Ar 9 gmg2 2 2~ “at A 1% gm§ 2 yL*
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QCD improved parton model

g e | S

Soft and UV divergences cancel but a collinear divergence arises:

) 2
9 = o2x[5(1 — )_I_ﬁp o Q__|_C61( )] 8 — 2[O+&P lo Q—+Cg( )]
» — €qt A Ag 99 gmg2 o » = Gt Ag 98 gmg "

—

 —— |R cut-off -
What are functions qu and qu?

Splitting functions Plj(x): they give the probability of parton j splitting
iInto parton | which carries momentum fraction x of the original parton

Eleni Vryonidou STFC HEP school 2024
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Altarelli-Parisi Splitting functions

Branching has a universal form given by the Altarelli-Parisi splitting
functions

14 227 1+ (1—2)"
Pysqg(z) = CF 1 ) Py—sgq(z) = CF ( ) ‘

= _Z— - Z

, , 2z 1 -z
Pg%qq(Z):TR [Z + (1 —2) }7 Pg%gg(z):CA #(1 - 2) 4 1 —2z 2

- TR
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Altarelli-Parisi Splitting functions

Branching has a universal form given by the Altarelli-Parisi splitting
functions

Py—qq(2) = CF :11 _Z;: ) Pygq(2) = CF :1 (12— 2l -
& /
N\ .,

These functions are universal for each type of splitting

Eleni Vryonidou STFC HEP school 2024



What does this collinear divergence mean?

Residual long-distance physics, not disappearing once real and virtual corrections

are added. These appear along with the universal splitting functions.

Can a physical observable be divergent?

No, as the physical observable is the hadronic structure function:

1df

2 x"

- O3 (

) log

fzo(ﬂi’) | fi0(§) _qu(

Fl(z,Q%) = Z e

2
mg &1

We can absorb the dependence on the IR cutoff into the PDF:

L ¢

s

fa.0(8) FPyql

fol@, pp) = fg.0(2) A

Renormalised PDEFs!
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Factorisation

Structure function is a measurable object and cannot depend on scale
at all orders (renormalisation group invariance)
2 X

1 ] ]
d .
qu(va2) —xizq;qug/x ?gfz(fa/‘?“) _5(1 zf) | &52(: ) _qu(g)log 5? | (Og_zqq)(g)"

Long distance physics is universally factorised into the PDFs, which now depend
on /. PDFs are not calculable in perturbation theory. PDFs are universal, they

don’t depend on the process.

Factorisation scale Wy acts as a cut-off, emissions below Jipare included In the
PDFs.
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LHC Master Formula
z [ dx,dxy d@pg (X, )fy(X) 6(5)

a.b i

Z [ dx,dx, d® pg f,(x1)f,(X) 6(S, pig)

a.b
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LHC Master Formula
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LHC Master Formula
Z I dx,dxy d@pg (X, )fy(X) 6(5)

a.b i

Z [ dx,dx, d® pg f,(x1)f,(X) 6(S, pig)

a.b i

E; /dmldﬁzd@r«‘s folxi, pr)fo(ze, pr) Cap—x (8, ir, LR) Q
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DGLAP

We can’t compute PDFs in perturbation theory but we can predict their evolution
INn scale:

4 )
L, Of (T, 1?) : /1 dz a
s O4? . 22T

Altarelli, Parisi; Gribov-Lipatov; Dokshitzer °77

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

Splitting functions improved in

s (0 s\ 2 (1 s\ (2 .
Poy(as, 2) = 2—;P§b)(Z) + (2—;> Py (2) + (2—;) P (2) + ..... perturbation theory!
1 1 1 L.O Dokshitzer; Gribov, Lipatov; Altarelli, Parisi (1977)
LO (1974) NLO (1980) NNLO (2004)

NLO Floratos,Ross,Sachrajda; Floratos, Lacaze, Kounnas

Gonzalez-Arroyo,Lopez,Yndurain; Curci,Furmanski
Petronzio, (1981)
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PDF evolution
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0.9

0.8

| IIIIIIII | Illlllll

- NNPDF3.1 (NNLO)

xf(x,u2=10 GeV?) :

] llllllll

g/10

xf(xu2=10* GeV?):
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PDF extraction

We can’t compute PDFs in perturbation theory but we can extract them from data, and use
DGLAP equations to evolve them to different scales.

 Choose experimental data to fit and include all info on correlations

Theory settings: perturbative order, EW corrections, intrinsic heavy quarks, «,, quark
masses value and scheme

* Choose a starting scale Q,where pQCD applies
 Parametrise independent quarks and gluon distributions at the starting scale

 Solve DGLAP equations from initial scale to scales of experimental data and build up
observables

 Fit PDFs to data
* Provide PDF error sets to compute PDF uncertainties

Eleni Vryonidou STFC HEP school 2024
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Data for PDF determination

Kinematic coverage

Up to O(as) corrections

Deep Inelastic Scattering
Drell-Yan Rapidity Distribution

b Drell-Yan Mass Distribution

— Jets Rapidity Distribution

O 10° - Drell-Yan Transverse Momentum Distribution

v Heavy Quarks Total Cross Section
5 Heavy Quarks Production Single Quark Rapidity Distribution

. Heavy Quarks Production Rapidity Distribution

I

D 105 -

ol ]

Q

O

c '

v >
O o 104 -

c O

V ~

al O

)
O

:' 103 -
T 107 -
101! 4
| LI | I | v |
104 103 102 10-1 10°
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LHC kinematics

. 10°
How can we tell which x data probes? ey o
12 = | exp(ty)
10° 3 Q=M M= 10 TeV
For the production of a particle of mass M: o /
10°; M=1TeV ///....
2 2 : 4
M* = 51315825 — x1$24Ebeam 'y 0" £ //
Y = 1 lOg L1 S 104% M = 100 Ge\f'//f
2 L9 ~ 1 i /// : : .
L 3 / | |
M Y M —y e /o a2 o/ 2 4 6l
:1/‘1 p— 6 'CEQ — 6 lO:E’-" -/ - ? . _ . - - £
\/§ \/g E M = 10 Ge .
i fixed
10' F HERA
: target
See exercises! 07 100 100 100 100 1 1o
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Data complementarity
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GLUON

PHOTON

08
Inclusive jets and dijets
(medium/large x)
Isolated photon and y+jets 10"
(medium/large x)

107

Top pair production (large x) & 10°
High pt V(+]jets) distribution % 104
(small/medium x) S_D,
Tl o
High pt W(+jets) ratios 102} <Z
(medium/large x) V76
W and Z production 10 I/

(medium x)

v

A

-/2

Low and high mass Drell-Yan 1
(small and large x) 10"
Wc (strangeness at medium x) i |l

Low and high mass Drell-Yan

WW production
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Modern PDFs

CT18

2.0 | I B T T T
CT18 at 100 GeV
=8
15} — /5

0.5
[0 L e EUV UV E——
10 10* 102 107

X

10! 02 05 09

MSTH20

MSHT20NNLO, Q% = 10* GeV?

1.2
zf(x,Q?)
0.8 F
\ g/10
C
. uv
0.4}
d

0.0001 0.001 0.01 0.1

- g/10 .
0.9}~ 4 2,
. xf(x,u?=10" GeV ) -
0.8F =
0.7F =
0.6 .
C Cc ]
0.5 .
0.4f ,| =
0.3F b \ ]
0.2F ‘ =
0.15 -
O [ 1111111 Lot " — 3 :
107 1072 10 1

[ I LR lll | llllllll 1 LR

1

X

Different collaborations, predictions usually computed with different PDFs
to extract an uncertainty envelope.
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Impact of PDF uncertainties

Higgs Production Channel 7% theo. uncertainty

Eleni Vryonidou STFC HEP school 2024
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Impact of PDF uncertainties

Higgs Production Channel 7 theo. uncertainty Higes Production Channel % theo. uncertainty

Yellow Report 4 (2016)

Progress in PDFs!
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