INGREDIENTS FOR ACCURATE
COLLIDER PHYSICS




The LHC and its Experiments LHC — TWO ROLES — A DISCOVERY MACHINE
AND A PRECISION MACHINE

* ~16.5 mi circumference, ~300 feet underground

* 1232 superconducting twin-bore Dipoles (49 ft, 35 t each) Futur e

* Dipole Field Strength 8.4 T (13 kA current), Operating Temperature 1.9K

* Beam intensity 0.5 A (2.2 10°° loss causes quench), 362 MJ stored energy 201 8.
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AND A PRECISION MACHINE

Z’ exclusion reach v. lumi
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LHC — TWO ROLES — A DISCOVERY MACHINE
AND A PRECISION MACHINE

The LHC and its Experiments
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Higgs coupllngs
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* ~16.5 mi circumference, ~300 feet underground I
* 1232 superconducting twin-bore Dipoles (49 ft, 35 t each) I
* Dipole Field Strength 8.4 T (13 kA current), Operating Temperature 1.9K i
» Beam intensity 0.5 A (2.2 10°° loss causes quench), 362 MJ stored energy 1__ |
CMS: general purpose i
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Increase in luminosity brings
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extrapolated precision [%]

LONG-TERM HIGGS PRECISION?

05 L

" Today: one expt. ——
' ‘ two-expt. combination

official HL-LHC
forecasts
.............. today’s .
o) TH syst 7p)
21 12
andl SSSR 50% TH syst. I<—:
no TH syst.---

10 30 100 300 1000 3000
lumi at 13/14 TeV [fb™]

Naive extrapolation suggests LHC has long-term
potential to do Higgs physics at 1% accuracy




THE HIGGS SECTOR

The theory is old (1960s-70s).

But the particle and it’s theory are
unlike anything we’ve seen in nature.

» A fundamental scalar ¢, i.e. spin O
(all other particles are spin 1 or 1/2)

> A potential V() ~ -p2 ((P(PT) + ?\((P(PT)Z,
which until now was limi4ted to being
theorists’ “toy model” (¢ )

> ”Yukawa” interactions responsible for
fermion masses, ;@ ¥ , with couplings
(yy) spanning 5 orders of magnitude



THE HIGGS SECTOR

The theory is old (1960s-70s).

But the particle and it’s theory are
unlike anything we’ve seen in nature.

» A fundamental scalar ¢, i.e. spin O
(all other particles are spin 1 or 1/2)

> A potential V(¢) ~ -1 (¢9)) + A@9)
which until now was limited to being

M €€ » 4
theorists’ “toy model” (¢ )
> ”Yukawa” interactions responsible for Higgs sector r_'eeds
fermion masses, ;@ ¥ , with couplings stress-testing

(y;) spanning 5 orders of magnitude

|(I)O| o]

Is Higgs fundamental or composite?
[f fundamental, is it “minimal”?

4
[s it really ¢ ?

Are Yukawa couplings responsible
for all fermion masses?



ATLAS H - WW™* ANALYSIS [1604.02997]

The Higgs boson mass set in the generatlon is 125 GeV )
S 1nto. account ﬁ1 X r masses

to reproduce the pT spectrum predlcted y the NLO PowHEG simulation of nggs boson production in as-
sociation with two jets (H + 2 jets) [31]. Interference with continuum WW production [32, 33] has a
negligible impact on this analysis due to the transverse-mass selection criteria described in Section 4 and
1s not included 1n the signal model.

w1th a radius parameter of ;' ‘ [53] Jet energies are corrected for the effect calorimeter non-



ATLAS H - WW* ANALYSIS [1604.02997]
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That whole
paragraph was just
for the red part of
this distribution
(the Higgs signal).

Complexity of
modelling each of the
backgrounds is
comparable



AIMS OF THESE LECTURES

» Give you basic understanding of the “jargon” of theoretical
collider prediction methods and inputs

» Give you insight into the power & limitations of different
techniques for making collider predictions



A proton-proton collision: INITIAL STATE

proton proton



A proton-proton collision: FINAL STATE

Qf(\ //// B-
———
_—
N‘ 7/4

(actual final-state multiplicity ~ several hundred hadrons)
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IT'S MOSTLY QUANTUM CHROMODYNAMICS (QCD) A, u

1
Quarks — 3 colours: ¥, = W

?703 b d
Quark part of Lagrangian: Up(—igsti " )2

Lq = 0a(i7" 04626 — g7 tSHAS — M)ty

SU(3) local gauge symmetry <> 8 (= 3% — 1) generators t1, ... t5,
corresponding to 8 gluons Alli . Ai.

A representation is: t4 = %)\A,

0 1 0 0 —i 0 1 0 0O
M=1 0 0], =i 0 o ,)\3(0 —1 o),X‘(
0 0 O 0 0 O 0 0 O
0 0 —i
X=10 0 0 |, =
i 0 0



IT'S MOSTLY QUANTUM CHROMODYNAMICS (QCD)

Field tensor: F7), = 0, A7) — 0, A7) — gs fapc AL AS [t4, tB] = ifagct®

fagc are structure constants of SU(3) (antisymmetric in all indices —
SU(2) equivalent was €¢45¢). Needed for gauge invariance of gluon part of

Lagrangian:
1 uv AIUJV
EG — __1/ A |

D, o A, u

13



IT'S MOSTLY QUANTUM CHROMODYNAMICS (QCD)

The only complete solution
uses lattice QCD

» put all quark & gluon fields
on a 4d lattice

(NB: imaginary time)

: _,J,;:r
LS o
fr e
(O e
» ':‘:l/-);;
o~
- k'
o

. ; ‘t’"““

» Figure out most likely
. . o 2N
configurations TR
(Monte Carlo sampling) TRESRER

150N ~

C @@ et C o .
¢ %

& ot &

Faves ol B, o B 1

P
Y
. @O ¢

&SN bk

image credit fdecomite [flickr]
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http://www.flickr.com/photos/fdecomite/2615572026/

IT'S MOSTLY QUANTUM CHROMODYNAMICS (QCD)

The only complete solution
uses lattice QCD

» put all quark & gluon fields
on a 4d lattice
(NB: imaginary time)

» Figure out most likely
configurations
(Monte Carlo sampling)

M[MeV]

hadron spectrum from lattice QCD

2000 -
1500~
1000~

500 -

0

| Budapest-Marseille-Wuppertal collaboration |

==I'@

—— experiment
—= width
o input
¢ QCD

Durr et al, arXi1v:0906.3599
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IT'S MOSTLY QUANTUM CHROMODYNAMICS (QCD)

The only complete solution hadron spectrum from lattice QCD
uses lattice QCD 2000 _|Budapest-Mérseiue-Wuppe'rtalconaboration|
> put all quark & gluon fields 500 E;»_?Q
. _ | ey
on a 4d lattice s e ==l
(NB: imaginary time) = 1000- |
> Figure out most likely 500 ——K — experimen
i — width
: | o input
configurations . "o
(Monte Carlo sampling) Durr et al, arXiv:0906.3599

For LHC reactions, lattice would have to
> Resolve smallest length scales (2 TeV ~ 104 fm)

» Contain whole reaction (pion formed on timescale of 1fm, with boost

of 10000 —i.e. 10% fm)
That implies 102 nodes in each dimension, i.e. 1032 nodes —




A proton-proton collision: FILLING IN THE PICTURE

\xx\ ///{( 5-
—
—
- S
proton proton
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A proton-proton collision: FILLING IN THE PICTURE




A proton-proton collision: SIMPLIFYING IN THE PICTURE

proton proton



WHY IS SIMPLIFICATION “ALLOWED™? KEY IDEA #1 FACTORISATION

> Proton’s dynamics occurs on timescale O(1 fm)
Final-state hadron dynamics occurs on timescale O(1fm) e

» Production of Higgs, Z (and other
“hard processes”) occurs on timescale
1/My ~ 1/125 GeV ~ 0.002 fm

B+ i_
The T K :
R Y [

b v/
\/\//’———/
=

) b.

, H \
| /
/ (\
proton proton

That means we can separate — “factorise” — the hard process,

i.e. treat it as independent from all the hadronic dynamics
19



WHY IS SIMPLIFICATION “ALLOWED™? KEY IDEA #2
SHORT-DISTANCE QCD CORRECTIONS ARE PERTURBATIVE

» On timescales 1/My ~ 1/125 GeV ~ 0.002 fm you can take
advantage of asymptotic freedom

> i.e. you can write results in terms of an expansion in the (not
so) strong coupling constant as(125 GeV) ~ 0.11

20 proton proton
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WHY IS SIMPLIFICATION “ALLOWED™? KEY IDEA #2
SHORT-DISTANCE QCD CORRECTIONS ARE PERTURBATIVE

» On timescales 1/My ~ 1/125 GeV ~ 0.002 fm you can take
advantage of asymptotic freedom

> i.e. you can write results in terms of an expansion in the (not
so) strong coupling constant as(125 GeV) ~ 0.11

NNLO |

(Next-to-next-to-Leading Order) |

22 proton proton



THE MASTER EQUATION

®.@,

o (h1tho =ZH+ X) = Z g (,UQR) Z/dxlde fz’/hl (xlmu%’) fj/h2 (5527“%’)
2,J

n=0

2
~(n) 2 2 A
X055 7H+X (5’315’7237“R7“F) +0 (M—4> )
%%

\ yd
> <
7 N\
proton proton
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THE MASTER EQUATION

o (hihs =ZH+X) =Y ot (uR

n=0

< 5.(”)
ij— ZH+X

Parton distribution function

. (PDF): e.g. number of up anti-

quarks carrying fraction xz of
proton’s momentum

proton proton o



THE MASTER EQUATION

®.@,

o (hihy =ZH+ X) = Z g (u%) Z / dx1dza fi/h, (asl, u%) Fi/ho (azz, u%)

n=0

~(n) 2 2
X 05 7+ x (ajleS,MR,,LLF) + 0 <

Parton distribution function
. (PDF): e.g. number of up

/' quarks carrying fraction x; of
| proton’s momentum

proton proton -



THE MASTER EQUATION

___ Perturbative sum over powers of the
strong coupling: typically we use first 2-3

orders
©.@)
o (hihy =ZH+ X) = Z oy (u%) Z / dxidza f; /. (:vl, u%) 15 /ho (azz, u%)
n=0 1,7

9
. (n) 2 92 A
X 05 ZH+X (5’315’3237“R’”F> O <M4 ) )
%%

\) /
7 <
proton proton
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THE MASTER EQUATION

®.@,

o (hihy =ZH+ X) = Z g (u%) Z / dxidza f; /. (azl, u%) 15 /ho (azz, u%)
i,

n=0
2
~(n) 2 2 A
X 05— ZH+X (xlx?SWRv/‘F) +0 <M—4> )

beeewe At each perturbative order n
we have a specific “hard
matrix element” (sometimes

several for different subprocesses)

proton proton 57



THE MASTER EQUATION

o (hlhz —/H+ X) = i Oé? (,u%:g) Z/dxlde fi/hl (xlmu%’) fj/hg (CCQ,M%’)
n=0 1,7

u A . Ny Additional corrections from
=" non-perturbative effects (higher
b “twist”, suppressed by powers of
» QCD scale (A) / hard scale)

28



THE STRONG COUPLING




RUNNING COUPLING

All couplings run (QED, QCD, EW), i.e. they depend on the momentum
scale (Q?) of your process.

The QCD coupling, aS(QZ), runs fast:

> O
86)2 = B(as), Blas) = —aZ(by + bias + bra? +...),
,_ 11Ca—2n . 17C3 — 5Can —3Crn, 153 — 19n;
o 127 ’ L 24772 o 2472

Note sign: Asymptotic Freedom, due to gluon to self-interaction
2004 Novel prize: Gross, Politzer & Wilczek

» At high scales Q, coupling becomes small
wquarks and gluons are almost free, interactions are weak

» At low scales, coupling becomes strong
wquarks and gluons interact strongly — confined into hadrons

Perturbation theory fails.

Ca = 3, ny = number of light quark flavours; Q (— ur) is the “renormalisation scale”



THE STRONG COUPLING V. SCALE

AN ~ 0.2 GeV (aka Agcp) is the
fundamental scale of QCD, at which

cou ||n blOWS up. o (O? v T decays (N3LO)
p g p S(Q ) a DIS jets (NLO)
0 Heavy Quarkonia (NLO)
03} o e'¢ jets & shapes (res. NNLO)
> N\ sets the scale for hadron masses © c.w. precision fits (\WLO)
i v pp—> jets (NLO)
(NB: A not unambiguously v pp—> It (NNLO)
; - 02}
defined wrt higher orders)
» Perturbative calculations valid for 01| Pk sy,
scales Q > A. = QCD o5(My) = 0.1181 = 0.0011 |
1 10 Q [GeV] 100 1000

PDG World Average: o¢,(M;) = 0.1181 £ 0.0011 (0.9%)



o
Baikov ‘ro— 7
Davier ot o STRONG-COUPLING DETERMINATIONS
. i (D -
ich = g OTTRTLTIPLITD TLIEIAS
SM review L \5, Bethke, Dissertori & GPS in PDG ‘16
oD [eepen. » Most consistent set of independent
Maltmann wison oops) Q) determinations is from lattice
JLQCD (Adler functions) ~
PACS-CS (vac. pol. fctns.) —( = é.
aepguenverted [T » Two best determinations are from same
SRR —— T group (HPQCD, 1004.4285, 1408.4169)
ABM |—e > 9
6 | 1 =g as(Mz) = 0.1183 = 0.0007 (0.6%)
| 0 A
NNPDF o c |heavy-quark correlators]
MMHT 2
—— P — .ml(Dl — CI.S(MZ) — 0.1183 + 0.0007 (0.6%)
ALEPH (jets&shapes) : @ i .
OPALts | ——te | 2y | Wilson loops]
JADE(gs) | :rﬁ : o
Dissertori (3) I o—I >S5 . .
JADEG) b | 3 » Many determinations quote small
DW m) —e i =3 N .
Abbate r) -e— | = uncertainties (s1%). All are disputed!
Gehrm. fp—a@ :: C:)"
Fpamavae.  JNIIEE S ., Some determinan
9~ — e ome determinations quote
L, predision(its anomalously small central values
CMS i r I had.ron
(tcrosssectionf Py IGp | | | _collider_, (~0.113 v. world avg. of

011 0115 012 0.125 023 0.1181+0.0011). Also disputed
OCS(M) 32
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PARTON DISTRIBUTION
FUNCTIONS
(PDFs)




DEEP INELASTIC SCATTERING

Hadron-hadron is complex because of two incoming partons — so start
with simpler Deep Inelastic Scattering (DIS).

Kinematic relations:

"(1_y)k" B QZ | B pq 5 B
“Topg YT ek T

g (Q%? = \/S = c.o.m. energy

» Q2 = photon virtuality <> transverse
M resolution at which it probes proton
P structure

) p » x = longitudinal momentum fraction of
struck parton in proton

proton _
» y = momentum fraction lost by electron

(in proton rest frame)

34



DEEP INELASTIC SCATTERING

@b 2= 25030 GeV? v =0.56;, x%=0.50

- —

T

- .

L
\ |
|

—t

-

\\ \ |

= H1 Run 122145 Event 69506
Date 19/09/1995
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DEEP INELASTIC SCATTERING

Write DIS X-section to zeroth order in as (‘quark parton model’):

d?c®m  4ma? (14 (1 —y)?
~ F5" + O
dxd@?  xQ* ( 2 2T (a5)>
x F;™ [structure function]

Fr = x(eZu(x) + e5d(x)) = x (gu(x) + %d(x))

lu(x), d(x): parton distribution functions (PDF)]
NB:

» use perturbative language for interactions of up and down quarks

» but distributions themselves have a non-perturbative origin.

36



PARTON DISTRIBUTION AND DGLAP

» Write up-quark distribution in proton as

2
U($ y :uF)
> 1 is the factorisation scale — a bit like the renormalisation scale

(ur) for the running coupling.

» As you vary the factorisation scale, the parton distributions evolve
with a renormalisation-group type equation

Increase @ % increase
2 2
Q % Q

Dokshitzer-Gribov-Lipatov-Altarelli-Parisi (DGLAP) equations

37



DGLAP EQUATION

take derivative wrt factorization scale ;°

2
(1+o)u”

A3

.
+
X/z x(1-2)/z
P N P N
7 7
dg(x,1?) s [* q(x/z,p>)  as [ >
dn 112 — %/X dZqu(Z) > 27_‘_/0 dZqu(Z) q(x, pu°)

1+ 22

1 — 2z

Pqq is real g <— g splitting kernel: p,,(z) = Cr

38



DGLAP EQUATION

Awkward to write real and virtual parts separately. Use more compact
notation:

dg(x, %) o /1 q(x/z, 1?) 14 22
=— [ dzP Pog = C
dIn p? 21 /. Z Paq(2) z ’ qq F N

Pqq®q

This involves the plus prescription:

/O dz [g(2)]; F(2) = /O dz g(2) F(2) - /O dz g(z) F(1)

z = 1 divergences of g(z) cancelled if f(z) sufficiently smooth at z =1

39



DGLAP EQUATION

Proton contains both quarks and gluons — so DGLAP is a matrix in flavour

space:
,, o) (r e )o(s)
dinQ? \ g Pgcq Pgg g

[In general, matrix spanning all flavors, anti-flavors, Py = 0 (LO), Pzz = Pgg]

Splitting functions are:

Pag(z) = Tr [22 +(1- Z)z] ) Pgq(z) = Cr [1 - (12— 2)2] )

Pge(z) = 2Ca [(1 _ZZ)+ + 1 ; 4 z(1— Z)] +6(1 — Z)(HCA _64nf Tr) .
Have various symmetries / significant properties, e.g.
> Py, Pgg: symmetricz <1 —z (except virtuals)
> Pyq, Pgg: diverge for z — 1 soft gluon emission
> Py, Pgq: diverge for z — 0 Implies PDFs grow for x — 0

2015 EPS HEP prize to Bjorken, Altarelli, Dokshitzer, Lipatov & Parisi

40



NLO DGLAP

(1) 201 >[8 56
Pps(X) = 4C,_—nf E;—2—|—6X—4H0—|—X gHo—E + (14 x) 5H0—2H0’0

20 1 44 218

1 2
chg)(x) = 4CAnf<E - 2 4+ 25x — 2pqg(—x)H_1,0 — 2pqg(x)H1,1 + x [?HO — ?}

+4(1 — x) |:H0’0 — 2Hg + XH1:| — 4(ox — 6H0,0 + 9H0> + 4 C,_—nf <2pqg(X) |:H1,0 + Hl,l + H»

5 29 15 1
_C2:| —|—4X2 |:HO -+ HO,O + §:| -+ 2(1 — X) |:HO + H0,0 — 2XH1 + ::| — ? — HO’O — §H0>

Curci, Furmanski
8

1) 1 11 9 44 . y
Pog (x) = 4CACF<; + 2pgq(x) [Hl,o +Hy +Hy — ng} — X [gHO - E] T4 —2 & Petronzio '80

37 2
—7Hg + 2H0,0 — 2H1x + (]. + X) |:2H0,0 — 5Hp + E:| — Zpgq(—X)H_1,0> — 4 C,_—nf <§X

2 10 77
[ng — 3]) +4C? (pgq(x) [3H1 — 2H1,1] + (14 x) [Ho,o -+ 5HO] — 3Hg g

3
+1 — EHO —+ 2H1X>

0 10 13 /1 ,\ 2 2 ,
Py’ (x) = 4Cyng 1—X—5pgg(x)—g ;—x —§(1+X)Ho—§5(1—x) +4C,7 (27
11 27 67 /1
+(1 +X)[?Ho + 8Hp,0 — ?] + 2pgg(—x) [Ho,o —2H 10 — Cz} oy (- — X ) — 12Hg
X

44 67 8
—?x2H0 + 2pgg(x) |:1_8 — (o + Ho,o —+ 2H1,0 —+ 2H2] —+ 5(1 — X) [5 —+ 3C3]) + 4 C,_—nf <2H0

21 10 , 1
oD Tx —12—}—(1—|—x)[4—5H0—2H00} ——5(1—x)> .
3 x 3 ’ 2



NNLO DGLAP

Divergences forx 1 are understood in the sense of  -distributions.

The third-order p let contribution to the quark-quark splitting function (2.4), corre-
sponding to the anomalous dimension (3.10), is given by
N 41 5, 13 14 1

| Pyl x 16G,Cny 3¢ & FH 1o SHo SHAG Hooro 2H 100

21 2 16 9 6761 571 10 1
| Hix o 0@ 30 Hy 9% gHio oo S5H oH HG GHi

182 158 397 13
3H 2H 2H 1 — — ——H —H 3H,
| P L

13 1 1 9
SHio 3Hio Hao Hoh 2Ho 10 3Hoe0 3Hoole 3HIG JHioo
91 71 13 826

‘ LT H 1ox lug ﬂg ZH, —Hy ——0 —H
FHI Hio Hin GG 6 g B el 57
5 16 31 17 117 5
. 2, 2 2 s — 2H & 2Hy
; o ZH 0 6l 10 FHooo oHn 5ol MG SH G 2
1 7 1
| 3H 100 2H 12 Hale SHio H oy oo 2Hyy Hi gHs SH oo Hy
1,5 32 29 51197
i Hoooo 50° 4H 30 4Hols THoo J3Ho T ot T H
11 11 3 2 83 243 511 97 4
SHG G SHo 10Hpo 3¢ FHoo SoHy 106 S oH SHD
2 2
‘ 4 Hi Hy Hao 6Hao  16Cm" 2Ho 2 Hy & 39 H G 3
19 5 2 1 7 35 185
| st o5 Do gt o i o
1 29 , 85
‘ 3! Hy 2Hy 2HiG THoo Hooo  16C7n SHI
25 101 73 55
=H - ZH, Hy SHyo Hyy Holoy 2 2
: Hoo = D My Sty My HG 2
85 3 28 28 16 16 4 26
; »H st gl FH FHb FHy 4o 3Hn TG
22 523 55 1
| FHooo THio T 3G 2 3o Hi Hio Hi
2743 53 251 5 5 8
i 1 x g5 o FHoo T7Hr 7L ZHr zHio 3iHio
1669 5 37, 5
3 X —— = 4H, > =
| Hola 3H; Hito Hinn 1 ox e SHooo dHyi THyp 104 Tob
\ THGy 6Hools 4Hoooo Maoo 2Hzio 2Haiy 4Hyg Hyp 6Hy @12)

Due to Egs. (3.11) and (3.12) the three-loop gluon-quark and quark-gluon splitting functions read

\ i 16C Gy px TG A oo DHi SHi 3o
: G 2 i D S S o P Jne g
16

; o Bl Byt P P Dl nne mog
W6H 110 o Sy aoee 3H 20 me 2y, Py,

; o Due vnse Dy Dug 20 B, g B, By,

; %Hz %sz 241H 10 L;Hm 8Hao0 40 %le Hyo ;Hwiz 8H 1 10

; aHa iy WG TG 6H G 1DH w0 6H 200 13 Hool

| SHoio0 P M e Hox o 166°G 2 ImG 200 T,

; st 2100 By i oo Prn

; B Mo Sy B dnn Zun 2 e ene

| a0 T JHG SEE lio SH G 2 SHie

; atn Do e Uiy Do Mie a0 Jrioee moso

; Do Myl WG oMo Mo Mo M AL SoHD

23
| Stiao 4Hi2y dHis 3o 3y pw v SH G SHG 2o

109 17,5, 1 65 19
T2 H 1o Hobs ?Cz gl 20 ZHi SH g0 4Hzo 3Haeo
1

3 3379 49
THoao0 3H 2 Gt 4Haa PH oo FH o0 I3 G 8H

i 6H 1 1 10 I12H { 100 10H 1 12 10H 19l2 SH 1 20 2H 120 2H 121

11 41699 3 128 26 5
\ GG 1 x S92 Mo o SHaL UG Mo 3G 3H 200
97 10 245 29
| MG SHioo TH oo SDHy SHiooo 1 ox i Hay ZH
3 6
17 31 1 61 13 46
; TH a0 12H by gHaoo M Hio 4HG SHG TH 0
25 93 55 71 49 13 47, 5 6131 31
| TH HG FHO . THo SHh [ a5 3H G
9 9 53 1 7
; 1H 2 10 3H 100 3ty gHy TH 2o 3H 200 SHao ZHi SHG
67 412 928

2 2 1
0% gHiz Huio 8Hop 25Hl —=Hi —=Ho 7Hy 65H; 38Hoo
17 27 1 3 1 1
OH 30 Hooo ¥ 5H 1o 5Hoooo FHooe 3H 30 18Hooo 3Hin

2,01 7. 9. 135, 97 43 85 13
26 S —sHy woHi — Hio —HiG —oH ZH
| S gmG Mo SH SNG S DG DG S

385 31 13 49 5 79 173 1259 2833
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Finally the Mellin inversion of Eq. (3.13) yields the NNLO gluon-gluon splitting function
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NNLO, Pé(,z): Moch, Vermaseren & Vogt '04
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DGLAP evolution (initial quarks only)

xq(x,Q%), xg(x,Q%)

3 ——
xg(x,Q%)

25 L XQ + Xgbar

c Q? = 12.0 GeV?
1.5

1
0.5

O 2 2 &

0.01 0.1

Take example evolution starting with
just quarks:

On 029 = Pgeq ® q
6In Q28 — ’Dg<—q X q

» quark is depleted at large x

» gluon grows at small x
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DGLAP evolution (initial quarks only)

. xq(x,Q%), xg(x,Q°)
xg(x,Q°)

25 L Xq + xqbar

2 Q2 = 15.0 GeV?
1.5

:
0.5

O —

0.01 0.1

Take example evolution starting with
just quarks:

On 029 = Pgeq ® q
6In Q28 — ’Dg<—q X q

» quark is depleted at large x

» gluon grows at small x
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DGLAP evolution (initial quarks only)

xg(x,Q°%)
Xq + xgbar i

Q? = 27.0 GeV?

Take example evolution starting with
just quarks:

On 029 = Pgeq ® q
6In Q28 — ’Dg<—q X q

» quark is depleted at large x

» gluon grows at small x
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DGLAP evolution (initial quarks only)

. xq(x,Q%), xg(x,Q°)
xg(x,Q°)

25 L XQ + Xgbar

2 Q2 = 35.0 GeV?
1.5

:
0.5

0.01 0.1

Take example evolution starting with
just quarks:

On 029 = Pgeq ® q
6In Q28 — ’Dg<—q X q

» quark is depleted at large x

» gluon grows at small x
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DGLAP evolution (initial quarks only)

. xq(x,Q%), xg(x,Q°)
xg(x,Q°)

25 L XQ + Xgbar

2 Q2 = 60.0 GeV?
1.5

:
0.5

0.01 0.1

Take example evolution starting with
just quarks:

On 029 = Pgeq ® q
6In Q28 — ’Dg<—q X q

» quark is depleted at large x

» gluon grows at small x
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DGLAP evolution (initial quarks only)

. xq(x,Q%), xg(x,Q°)
xg(x,Q°)

25 L XQ + Xgbar

2 Q2 = 90.0 GeV?
1.5

:
0.5

0.01 0.1

Take example evolution starting with
just quarks:

On 029 = Pgeq ® q
6In Q28 — ’Dg<—q X q

» quark is depleted at large x

» gluon grows at small x
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DGLAP evolution (initial quarks only)

xg(x,Q°%)
Xq + xgbar i

Q% = 150.0 GeV?"

Take example evolution starting with
just quarks:

On 029 = Pgeq ® q
6In Q28 — ’Dg<—q X q

» quark is depleted at large x

» gluon grows at small x
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DGLAP evolution (initial gluons only)

xq(x,Q%), xg(x,Q°)

xg(x,Q°) . " N
5 Xq + xqbar - nd example: start with just gluons.
4 + | On@2qd = Pgcg® g

Q2 = 12.0 GeV? On @28 = Pgeg ©8
3T ] > gluon is depleted at large x.

» high-x gluon feeds growth of

2 r | small x gluon & quark.
1 - —
0

0.01 0.1



DGLAP evolution (initial gluons only)

xq(x,Q%), xg(x,Q°)

xg(x,Q°) . " N
5 Xq + xqbar - nd example: start with just gluons.
4 + | On@2qd = Pgcg® g

Q° = 15.0 GeV? On @28 = Pee-g© 8
3T ] > gluon is depleted at large x.

» high-x gluon feeds growth of

2 r | small x gluon & quark.
1 - —
O n
0.01 0.1



DGLAP evolution (initial gluons only)

xg(x,Q%)

xq + xqbar : 2nd example: start with just gluons.

aInQ2q: Pq%g@)g

4 + _
Q? = 27.0 GeV? In @28 = FPgeg 8
3T ] > gluon is depleted at large x.
» high-x gluon feeds growth of
2 r | small x gluon & quark.
1 - —




DGLAP evolution (initial gluons only)

xg(x,Q%)

xq + xqbar : 2nd example: start with just gluons.

aInQ2q: Pq%g@)g

4 i
Q? = 35.0 GeV? In @28 = FPgeg 8
3T ] > gluon is depleted at large x.
» high-x gluon feeds growth of
2 r | small x gluon & quark.
1 - —




DGLAP evolution (initial gluons only)

xq(x,Q%), xg(x,Q%)
xg(x,Q°) . " N
5 F xq + xabar - nd example: start with just gluons.
4 + | On@2qd = Pgcg® g
Q° = 60.0 GeV? On @8 = Pgeg @8
] » gluon is depleted at large x.
» high-x gluon feeds growth of
| small x gluon & quark.
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DGLAP evolution (initial gluons only)

xq(x,Q%), xg(x,Q%)
xg(x,Q°) . " N
5 F xq + xabar - nd example: start with just gluons.
4 + | On@2qd = Pgcg® g
Q% = 90.0 GeV? On @8 = Pgeg @8
] » gluon is depleted at large x.
» high-x gluon feeds growth of
| small x gluon & quark.
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DGLAP evolution (initial gluons only)

xq(x,Q%), xg(x,Q°)
xg(x,Q°) o o b |
5 F X + xgbar - nd example: start with just gluons.
4 | _ On@ed = Pgeg®g
Q2 = 150.0 GeV? On @28 = Peeg © g
] » gluon is depleted at large x.
» high-x gluon feeds growth of

small x gluon & quark.

. DGLAP evolution:
» partons lose momentum and shift
towards smaller x

» high-x partons drive growth of
X low-x gluon




determining the gluon

which 1s critical at hadron colliders (e.g. Higgs
dominantly produced by gluon-gluon fusion), but
not directly probed in Deep-Inelastic-Scattering



Consider DIS data — Fz(x.[lz) — in a world where the proton just had quarks

F (x,Q°)
DGLAP: g(x,Qy°) = 0
1.6 T ZEUS ———
NMC —x
1.2 r Q% =12.0 GeV?
T
0.8 | .
0.4 | :
0.001 0.01 0.1 1

Fit quark distributions to F(x, QF),

at initial scale Qg — 12 GeV?.
NB: @y often chosen lower

Assume there is no gluon at QF:

g(X, Qg) =0

Use DGLAP equations to evolve to
higher Q?; compare with data.
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Consider DIS data — Fz(x.[lz) — in a world where the proton just had quarks

F (x,Q°%)
DGLAP: g(x,Qy°) = 0
1.6 T ZEUS |
NMC —x
121 Q% =15.0 GeV?
1
+
0.8 | :
0.4 | :
0.001 0.01 0.1 1

Fit quark distributions to F(x, QF),

at initial scale Qg — 12 GeV?.
NB: @y often chosen lower

Assume there is no gluon at QF:

g(X, Qg) =0

Use DGLAP equations to evolve to
higher Q?; compare with data.
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Consider DIS data — Fz(x.[lz) — in a world where the proton just had quarks

F (x,Q°%)
DGLAP: g(x,Qy°) = 0
1.6 T ZEUS ———
NMC —
1.2 r: Q% =27.0 GeV?
T
0.8 | : :
-
0.4 | . -
0.001 0.01 0.1 1
X

Fit quark distributions to F(x, QF),
at initial scale Qg — 12 GeV?.

NB: @y often chosen lower

Assume there is no gluon at QF:

g(X, Qg) =0

Use DGLAP equations to evolve to
higher Q?; compare with data.
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Consider DIS data — Fz(x.[lz) — in a world where the proton just had quarks

F (x,Q°%)
DGLAP: g(x,Qy°) = 0
1.6 T ZEUS ———
NMC —
:
ler Q? = 35.0 GeV?
0.8 | ) E .
0.4 | - i
0.001 0.01 0.1 1
X

Fit quark distributions to F(x, QF),
at initial scale Qg — 12 GeV?.

NB: @y often chosen lower

Assume there is no gluon at QF:

g(X, Qg) =0

Use DGLAP equations to evolve to
higher Q?; compare with data.
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Consider DIS data — Fz(x.[lz) — in a world where the proton just had quarks

F (x,Q°)
DGLAP: g(x,Qy°) = 0
1.6 T ZEUS ——
' NMC —
1.2 r Q2 = 60.0 GeV?
0.8
0.4
0 L1 L
0.001 0.01 0.1

—

Fit quark distributions to F(x, QF),
at initial scale Qg — 12 GeV?.

NB: @y often chosen lower

Assume there is no gluon at QF:
g(X, Qg) =0

Use DGLAP equations to evolve to
higher Q?; compare with data.
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Consider DIS data — Fz(x.[lz) — in a world where the proton just had quarks

1.6

1.2 ¢

0.8

0.4

FB (x,Q%)
DGLAP: g(x,Qy°) = 0

"I

ZEUS

Q2 = 90.0 GeV?

1
-,

0
0.001

0.01

Fit quark distributions to F(x, QF),
at initial scale Qg — 12 GeV?.

NB: @y often chosen lower

Assume there is no gluon at QF:
g(X, Qg) =0

Use DGLAP equations to evolve to
higher Q?; compare with data.
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Consider DIS data — Fz(x.ﬂz) — in a world where the proton just had quarks

F (x.Q%)
DGLAP: g(x,Q,°) = 0

1.6 T Fit quark distributions to F(x, QF),

ZEUS —— o 5 5

at initial scale Qy = 12 GeV~.
: NB: @y often chosen lower

i 2 2
12 Q" =150.0 GeV Assume there is no gluon at QF:

08 g(X, Q&)ZO

Use DGLAP equations to evolve to

higher Q> compare with data.
0.4

0 COMPLETE FAILURE

0.001 0.01 0.1 1

to reproduce data evolution




Consider DIS data — Fz(x.ﬂz) — with specially tuned gluon

F (x,Q%)
DGLAP: g(x,Qy°) = 0
1.6 T ZEUS
NMC —
1.2 7 Q% =12.0 GeV? -

0.001 0.01 0.1

If gluon = 0, splitting
g9 — qq

generates extra quarks at large
Q2 = faster rise of F2

Global PDF fits (CT, MMHT,
NNPDE etc.) choose gluon
distribution that leads to the
correct Q2 evolution.
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Consider DIS data — Fz(x.ﬂz) — with specially tuned gluon

F5 (x,.Q%)
g | DOLAP(CTEGGD) | Ifgluon # O, splitting
| ZEUS )
NMC +—— g — 49
1.2 + Q2 = 15.0 GeV?2 - generates extra quarks at large

Q2 m faster rise of F2

Global PDF fits (CT, MMHT,
NNPDE etc.) choose gluon
distribution that leads to the
correct Q2 evolution.

0.001 0.01 0.1 1
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Consider DIS data — Fz(x.ﬂz) — with specially tuned gluon

F (x,Q°%)

DGLAP (CTEQS6D)

1.6 T ZEUS
NMC —

1.2 Q2% =27.0GeV? -
0.8 | .
04 | S :

0.001 0.01 0.1

X

If gluon = 0, splitting
g9 — qq

generates extra quarks at large

Q2 m faster rise of F2

Global PDF fits (CT, MMHT,
NNPDE etc.) choose gluon
distribution that leads to the
correct Q2 evolution.
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Consider DIS data — Fz(x.ﬂz) — with specially tuned gluon

F (x,Q%)
DGLAP (CTEQ6D)
1.6 T ZEUS
NMC —x
1.2 7 Q2 = 60.0 GeV? -
08 |
04 |
0

0.001 .

If gluon = 0, splitting
g9 — qq

generates extra quarks at large

Q2 m faster rise of F2

Global PDF fits (CT, MMHT,
NNPDE etc.) choose gluon
distribution that leads to the
correct Q2 evolution.
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Consider DIS data — Fz(x.llz) — with specially tuned gluon

F2 (x.Q)
- DGLAP (CTEQSD) _ If gluon # O, splitting
' ZEUS _
g — 44
1.2 Q2 = 90.0 GeV2 - generates extra quarks at large

Q2 m faster rise of F2

Global PDF fits (CT, MMHT,
NNPDE etc.) choose gluon
distribution that leads to the
correct Q2 evolution.

0.8 1

|

O L Ly N
0.001 0.01 0.1 1
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Consider DIS data — Fz(x.llz) — with specially tuned gluon

F3 (x,Q°)
6 DGLAP (CTEQED) | Ifgluon # 0, splitting
' ZEUS — _
g — 44g
1.2 | Q2= 1500 Gev2]  generates extra quarks at large

Q2 m faster rise of F2

0.8 | Global PDF fits (CT, MMHT,
NNPDE etc.) choose gluon
0.4 distribution that leads to the
correct Q2 evolution.
O MR | N g
0.001 0.01 0.1 1 SUCCESS




Resulting gluon distribution, compared to quarks

xq(x), xg(x)

' Q% = 10 GeV?
_ CTEQS8D fit
- gluon
— s Us
0.01 0.1

Resulting gluon distribution is

HUGE!

Carries 47% of proton’s
momentum

(at scale of 100 GeV)

Crucial in order to satisfy
momentum sum rule.

Large value of gluon has big
impact on phenomenology

71



Consider DIS data — Fz(x.ﬂz) — with specially tuned gluon

F5 (x,.Q%)
g | DOLAP(CTEGGD) | Ifgluon # O, splitting
| ZEUS )
NMC +—— g — 49
1.2 + Q2 = 15.0 GeV?2 - generates extra quarks at large

Q2 m faster rise of F2

Global PDF fits (CT, MMHT,
NNPDE etc.) choose gluon
distribution that leads to the
correct Q2 evolution.

0.001 0.01 0.1 1



Consider DIS data — Fz(x.ﬂz) — with specially tuned gluon

F (x,Q°%)

DGLAP (CTEQS6D)

1.6 T ZEUS
NMC —

1.2 Q2% =27.0GeV? -
0.8 | .
04 | S :

0.001 0.01 0.1

X

If gluon = 0, splitting
g9 — qq

generates extra quarks at large

Q2 m faster rise of F2

Global PDF fits (CT, MMHT,
NNPDE etc.) choose gluon
distribution that leads to the
correct Q2 evolution.
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Consider DIS data — Fz(x.ﬂz) — with specially tuned gluon

F (x,Q%)
DGLAP (CTEQ6D)
1.6 T ZEUS
NMC —x
1.2 7 Q2 = 60.0 GeV? -
08 |
04 |
0

0.001 .

If gluon = 0, splitting
g9 — qq

generates extra quarks at large

Q2 m faster rise of F2

Global PDF fits (CT, MMHT,
NNPDE etc.) choose gluon
distribution that leads to the
correct Q2 evolution.
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Consider DIS data — Fz(x.llz) — with specially tuned gluon

F2 (x.Q)
- DGLAP (CTEQSD) _ If gluon # O, splitting
' ZEUS _
g — 44
1.2 Q2 = 90.0 GeV2 - generates extra quarks at large

Q2 m faster rise of F2

Global PDF fits (CT, MMHT,
NNPDE etc.) choose gluon
distribution that leads to the
correct Q2 evolution.

0.8 1

|

O L Ly N
0.001 0.01 0.1 1
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Consider DIS data — Fz(x.llz) — with specially tuned gluon

F3 (x,Q°)
6 DGLAP (CTEQED) | Ifgluon # 0, splitting
' ZEUS — _
g — 44g
1.2 | Q2= 1500 Gev2]  generates extra quarks at large

Q2 m faster rise of F2

0.8 | Global PDF fits (CT, MMHT,
NNPDE etc.) choose gluon
0.4 distribution that leads to the
correct Q2 evolution.
O MR | N g
0.001 0.01 0.1 1 SUCCESS




TODAY'S PDF FITS
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TODAY'S PDF FITS

Lepton charge asym. v. CT14 @ DO & CMS
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THREE GLOBAL PDF FITS: CT14, MMHT2014, NNPDF30

NNLO, Q2 = 100 GeV? NNLO, Q? = 100 GeV?
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 ATLAS . .
13 TeV, 81 pb’ cross-section ratios
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FINAL REMARKS ON PDFS

» In range 10 < x < 0.1, core PDFs (up, down, gluon) known
to ~ 1-2% accuracy

» For many LHC applications, you can use PDF4LHCI15 set,
which merges CT14, MMHT2014, NNPDF30

» Situation is not full consensus: ABM group claims
substantially different gluon distribution

For visualisations of PDFs and related guantities,
a good place to start is

http://apfel.mi.infn.it/ (ApfelWeb)
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PDFS: WHAT ROUTE FOR PROGRESS?

» Current status is 2—-3% for core
“precision” region

» Path to 1% is not clear — e.g. Z pt’s
strongest constraint is on qg lumi,
which is already best known (why?)

> [t’ll be interesting to revisit the
question once ttbar, incl. jets, Z pr,
etc. have all been incorporated at
NNLO

» Can expts. get better lumi
determination? 0.5%?
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PDF THEORY UNCERTAINTIES

quark-gluon luminosity: INNLO-NLOI/(2NNLO)
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