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Parton Distribution Functions (PDFs)
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Parton Distribution Functions (PDFs)

Experiment|Beam (£3) or center-| £ Process Kinematic cuts used in the present analysis Ref.
of-mass energy ( Vs) [(1/fb) (cf. orginal references for notations) W h t t f
dl SOrts O
HERA [+11| 5=0225:032 | 05 efp—re X  |25< @ 50000 GeV?, 25107 < x < 0.65 4]
TeV epo VX |200< 07 < 50000 GeV?, 13- 1077 < x <040 t
BCDMS | Ej =100+280 GeV wpou'X |7<0%<230GeV?, 007 € x <075 (61) I I leas u rel I le n S Ca n
NMC Ep =90:280 GeV wpou'X  [25<07 <65GeVZ, 0009 <x<0.5 [60]
SLAC-49a Ep =7+20 GeV epre X 25¢< Q“ <8GeV?, 0.1 <x< 0.8, W=>18 GeV 154] =
= help constrain PDFs
SLAC-49b | Ej =4.5:18 GeV epreX [25<0<20GeVi0.1<x<09, W218GeV |[54] )
[62) n "
SLAC-87 | Ej=8.7:20GeV epeX 25< (P <20GeV-, 03 <x <09, W218GeV [[54) W h I C h a re a ra m et rl C
[62] p
SLAC-89b | Es =6.5:19.5 GeV epore X |25<07<19GeV 017 <x <09, W>1.8GeV|[56]
[62) ?
DIS heavy-quark production I I I O e S -
HERA [+11 V5 =032 TeV e p—re*cX 2.5 < <2000 GeVs, 2.5:10° < x <0.05 163]
H1 Vi=022TeV 0189  eTpoeshX  |5< P <2000GeVE, 2:107% < x<0.05 [15]
ZEUS Vi=022TeV  [0354] eTpoembX |65 < 0 <600 GeV?, 1.5.107 < x <0.035 [16]
CCFR 87 £ £ €333 GeV Ypoutex 120 <170 GeV?, 0.015 < x < 0.33 (64] Experiment LA p pr—
CHORUS {Ep) =27 GeV vp - peX (18]
NOMAD | 6 < £, <300 GeV vp o eX 1< Q% <20GeVE, 0025 x <075 17 Vs (TeV) 7 8 13 7 8 13 1.96
NuTeV | 79 < Ej <245 GeV Vpoutex |1 0% <120 GeV?, 0015 < x < 0.33 (64] Finalstates | & iq 'q 'q 'q 'q 19,15
DY Reference [27] [28] [29] [30] [31] [32] [53]
— rJpapg 0.035| pp — W'X = ['vX | p}. > 20 GeV, py > 25 GeV, mr > 40 GeV [66] Luminosity (1/fb)| 4.59 203 3.2 273 19.7 23 9.7x2
ATLAS Vs =T TeV - ’ [ X7 o
pp > ZX 2 TTX |py > 20GeV, 66 < my < 116 GeV Cross section (pb) |68 +8[82.6+ 12.1{247 2 4667.2+ 6.1(83.6 £ 7.7|232 £ 30.9/3.3092 (sum)
V‘; “13TeV 0.081 pp < WX < 'vX | p} > 25 GeV, my > 50 GeV 26] =
pp = ZX < "I X | p} > 25 GeV, 66 < my < 116 GeV
cMS Vs =7 TeV 47 |pp o WX o p*vX p'; > 25 GeV 24]
V5 =8 TeV 188 |pp = WX — p*vX|p} =25 GeV [25])
DO V5 =1.96 TeV 7 ;?p - W:‘X - pFvX p"; =25 GeV, K7 > 25 GeV 23] :
9.7 |pp— W X = e"vX|p} > 25 GeV., 7 > 25 GeV [22] Cross section (ph)
LHCb \-’; =7 TeV 1 |pp= WX =X P’}: ot 119] rit:f::l (‘:/ﬁ ATLAS 7 CMS ATLAS T cMS ATLAS T CMS
pp—ZX ou'u X pr > 20 GeV, 60 < my,, < 120 GeV — - — - — — — "
T {pp o ZX o ee X | o > 20 GeV. 60 < m., < 120 GeV =] dllc.plon-» brjci(s) 183 +48 [36] 243+ 8 [36] 818 436 [37]| 792443 [38]
o - I - dilepton + jets 181+ 11 [33][ 1746 [34] 245 +9 [34] 746+ 86 [35)
Vs =8 TeV 29 |pp - WX o p'vX P';— =20 GeV [20] ey mode lepton + jets 162+ 14 [39] 260+ 24 (40] |229 + 15 [39) 836+ 133 [41)
pp 2 ZX ou'y X p'; > 20 GeV, 60 < my, < 120 GeV : lepton + jets, b — v X 165 +38 [42]
FNAL-605 s = 800 GeV pCi > g X |7< My <18 GeV 67] lepton + T — hadrons 183 +25 [43][143+26 [44) 257425 [51]
FNAL-866 £y = 800 GeV ppop'u X |46< My, <129 GeV 168] = *:";':dm"s :z:i: :::: ijz:::z: 276 £ 39 [45] 834°123 (50)
pD oy X e 82£23(52) ‘




Parton Distribution Functions (PDFs)

. https:/mstwpdf.hepforge.org/
Note large uncertainty on gluons and on PDFs at lower x!

MSTW 2008 NLO PDFs (68% C.L.)
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Parton Distribution Functions (PDFs)

What do you think you
see If you probe the
proton (or an anti-
proton) with very low
energy?

Can lead to large
uncertainties on
production/kinematics

of many processes at
the LHC!
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But recent interesting news from LHCb

Study Z+jet
production as a
function of rapidity
In the detector,

arXiv: 2109.08084

pa rtl C u I a rI y Figure 1: Leading-order Feynman diagrams for ge— Ze production.

o(Zc)lo(Zj)

“Intrinsic charm” (| p >

contains | uudcc >
component) would appear
as charm enhancement in
forward region

Let’s talk about
why this is
tricky to
measure



But recent interesting news from LHCb

arXiv: 2109.08084
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Evidence for intrinsic charm in the proton!



ATLAS dijet event

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2016-21/
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Another view of the event

S Note that we need to define “jet
| - = —  cones” (or regions) to find each
3 jet! Calibrating this is quite non-
g ',%f trivial

S

A
® - /
EXPERIMENT Remember - energy in both S
RS o types of calorimeters (plus — §

2016-08-08 08:51:15 CEST muon systems!)



Jet calibration

ATLAS 2012 jet calibration
Anti-k; R =0.4and R = 0.6

Calorimeter jets Calorimeter jets

at EM or LCW originicorrection Pile-upicorrection’ at EM+JES or
constituent scale LCW+JES scale

Changes the jet direction to Mitigates contributions from Calibrates jet £ and n to the Reduces flavour dependance  Final JES calibration and

point to the hard-scatter pile-up by exploiting event truth-particle-jet scale. and energy leakage using uncertainties derived using
vertex. Does not affect the pr-density followed by a Derived from MC. calorimeter, track and in situ techniques.
energy. residual correction. muon-segment variables. Applied only to data.

Anti-k: R = 1.0

Calorimeter jets

JESiu

Calorimeter jets

at LCW constituent
scale

at LCW+JES scale

Mitigates contributions from Calibrates jet E, n and m to Derivation of JES uncertainties

pile-up. Most common the truth-particle-jet scale. using in situ techniques.
technique: trimming with Derived from MC. No correction to the jet four
feut = 0.05 and Rsuw =0.3. momentum applied.

1910.04482



Jet origin choice
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Jet origin response

Energy Response Rg at EM Scale
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Response for different jets
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Fractional uncertainty

Jet Energy Scale uncertainties

P = 35 GeV

B Total uncertainty
| «-m- Statistics

| === MC modelling
|5 AY(j1,j2)
o« Radiation

| =a= JER

L =i0m= JVF

| = <UD shift

- == NPV shift
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—anti-k, R = 0.4, EM+JES

ATLAS
=8TeV, 20fb™




Trijet event

P. Duinker, “Review of e+e- physics at PETRA,” Rev. Mod. Phys. 54 (2), 325-387 (1982), also http://
www.quantumdiaries.org/2011/07/09/in-a-world-without-color-why-do-i-believe-in-gluons/trijet_topology_rhophi_2/

Since quarks/
anti-quarks
only come In

used as
evidence for

QCD radiation
of gluons


http://www.quantumdiaries.org/2011/07/09/in-a-world-without-color-why-do-i-believe-in-gluons/trijet_topology_rhophi_2/
http://www.quantumdiaries.org/2011/07/09/in-a-world-without-color-why-do-i-believe-in-gluons/trijet_topology_rhophi_2/

QCD production of quarks

o O ER) ()]

We evaluated this diagram when discussing
QED. QCD is similar, except that we have to
be careful about the charge of quarks



QCD production of quarks

[u(3)(v"*)v(4)][0(2)ypu(l)]
Each vertex gave us a factor of “e” - but u,c
and t quarks have charge Q=2¢/3 and d,c,s
quarks have charge Q=-e/3



Evaluating matrix element

Where 1/4 comes from averaging over initial
spins and me Is mass of electron and mq is
mass of quarks being collided. That obvious?
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Let’'s expand that out

=l

Qe?
P1 + P2

M? = i [(Pfie;z)?] I [7“p47”p3 - mévuvv ma (WS)] ’
b [’Yuprﬂ% — MY+ me(’YMQ)]

Product of odd number of gamma matrices
IS zero

)2] Triy" (27’4 —mq)y” (pg +m@) T, (pl + Me) Yy (%2 —me)|




Let’'s expand that out

i
K

4

2
Qe y .
P+ p2)? Tr [’W%ﬂ Py — méy“fy ] X Tr [7up17vp2 — mgfyufyy]

2
Qe” y .
T [Tr VP AP, — Amg” ] « [TT Py P, — 4mggw]

2
QGQ v _ o v o
2| [PaspscTr oy = dmigg™ | < [PpS T oy te = 4imcgy ]



More plug and chug

1 2 7
M =2 [ (pﬁem)gl [paxpsoTr 99"y — dmg g™ | < [P Tr Yura o — 4megu ]
2 1 Q€2 ’ UN VO UO AV UV Ao 2 v
M® == OETAE | Parp3a4(9"7 g7 + g"7 g™ — g g™7) — dmggh” | x
[P P54(9u7Gvo + Guo9rw — Guvdre) — 4m2g,u |
5 Qe? ’ 2
_ T n
v <[ 90 et i~ s i)

[plumu + P1wvP2u — GuvP1 P2 — migw]



More plug and chug

Qe
(p1 + D2
[P1up2y + P1up2y — Guubt - P2 — MG |

2
M?® =4 [ )2] [Plips + Pivs — 9" ps - pa — mpg" | X

M? =4 [@ﬁi)g] [(p1 - a) (P2 - p3) + (P2 - Pa)(P1 - P3) — (3~ Pa)(P1 - P2) — M (P3 - pa) + (p1 - p3)(p2 - pa)+

(pz 'p3)(p1 'p4) - (p3 'p4)(p1 °p2) - mg(p?) 'p4) - (p3 'p4)(p1 ']92) - (p3 'p4)(p1 'p2)+
A(ps - pa)(p1 - p2) + 4mZ(ps - pa) — mo(p1 - p2) — mG(p1 - p2) + 4m (p1 - p2) + 4mgm?]

Qe?
(p1 + p2)?

2
] [2(p1 - pa) (P2 - p3) + 2(p2 - pa)(p1 - P3) + 2mZ(p3 - pa) + 2mi(p1 - p2) + 4mgmy]

/\/l2—4[

M? =38 [ )2] [(p1 - p4) (D2 - p3) + (D2 - Pa)(P1 - P3) + ME(p3 - pa) + M (p1 - p2) + 2mGm;]



Now we pick a frame

M? =8

1=
IP3|=

Pl

joid

23

(plciem)z] [(p1 - pa)(p2 - p3) + (P2 - pa)(P1 - P3) + mg(pg pg) + mQQ(pl . p2) + 2m2ng]
P2|=pi Pick center of
P4|=prs mass frame where

energy of each P3
=\/E?2-m2 object=E p, 5

=\/E2—m%2 2 P2
A

2
e

p1-p2 = E* +p7 =2E* —m
(p14 p2)? = P2 + P2+ 2p1 - p2 = 2m? + AE? — 2m? = AE?
ps-ps = E* +p; = 2E° —mg,
p1-p3 = E* —pgpicost = ps - py
p1-pa = E? + pgpicos = ps - ps



Plugging it in

2 2
M? =8 [(plaemy] [(p1 - pa)(p2 - p3) + (P2 - pa)(p1 - p3) + mZ(ps - pa) + m§(p1 - p2) + 2mgm?]
2 | 2 2 2
p1-p2 = E° +p; =2E° —mg
(p1 + p2)? = pT + p5 + 2p1 - pa = 2m?> + 4E* — 2m? = 4E*?
p3-pa = E® +p} = 2E° —mj,
p1-p3 = E? — pyp; cosf = pa - py
p1-pa = E? + pyp;cosf = ps - ps
M? =8 [%r [(E® + pyp; cos0)* + (E* — pyp;cos0)® + (2E% — m@)m? + (2B — m2)mg, + 2mgm?]
2 Qe? 4 2 2 9 2/ 2 2
M= = YT [2E + 2p%p; cos”™ 0 + 2E7(m; + mg)]



Plugging it in
Q2€4

2 2

2E4

il = VE? —m2

pe| = \/EQ —mg

2 4
M? = (e
o0 [2E* + 2(E? — m?)(E? —m? 2
y . ° mg,) cos” 0 + 2E*(m? + mé)]
= 7 [2E* + 2cos® O(E* + m2m2, — E*m? — E*m?
cmg — E*m? — E*mg) + 2E°m; “me
O mg + 2E°mg)]

M2 _ 2 4 ALY
02 [1 ey (1 N memeg  m? mé) m% + m?
- Y _|_ Q 8]

M2 = Q2 2 m; ¢
1 + cos 9(1— e)( —mQ> +mé—|—mg

E2




Differential cross section

E2

2
M? = Q%e? 1+60829<1— m€> (

2
)
E2

26

mé + m?
-+ 2

Recall that we derived this a long time ago

do

L MP

dQ ~ 64n2 (Fy + Es

In region with energy far about masses

do B 1 1
dQ) 6472 4E2
do Q?e?

dQ 25672 E2

(1 + cos” 0)

Q*e*(1 + cos® 0)




How to get at the total cross section?

i : m2 m2, +m?
?=Q%" 1—|—COS29<1m6>( —Q>+ ©

E2

Start again with

do 1 M*  |py]
dQ B 647T2 (El —|—E2)2 p@’

o= J — sin 8dfd¢

27 " 1 Q%! [1 + cos? 6(1 ﬁ)( — &5 ) + mQEtme] E?2 —m?
azf d(bf sin 6 ? 4o
6472 4F>



Total cross section calculation

9 2 2 2

27 T 1 Q2€4 [1—|—COS2 9(1— %)(1—ﬁ)+ E2 e] EQ—m2
azf d(pf sin 6 4o
0 0 6472 4E?

m?2 m>2 m m?

™ 1 Q2€4 1+ C082 0(1 — E—S)(]. — E—§> + QE+2 - E? — m2

) Q

o = sin @ db
0 32m 4E?

Jﬁr sinfdf = [—cosf];, = (—(—1) +1) =2

0
f cos? sin Ad6
0
u = —cosf,u® = cos® 0, du = sin 0db
" 2 2 1 3 N1 1 2
cos“sinfdf = | u“du = -|—cos’ 0|y = =(1+1) = =
0 3 3 3



Total cross section calculation

2 m>2 m>2 —I—mg
Jw 1 Qe [1+00820(1— =%)(1— £2) + == ] Ez_m%de
o= | sin
0 327 4E? E? —m?
Q%* |E?—mg (™ mg + m? . ) m? me
0= Togm\ T mz ). sin 6(1 + 7 ) + sinf cos” 0(1 — 7 (1 — ﬁ)dﬁ
Q2 E2_mz2 2+2m%+m2+2<1 mg)( mé)
7T 12820 \| B2 —m2 E? 3. B2 B2
Q% [BPomg (8 Amg+mg  2mimg
12827\ B2 —mz (3737 E2 3 R

@ By wd) () m
7T B\ B2 —m2 2E? 212




Total cross section calculation

Q% [E*—mg () + mg \ (] 4 e
- mq
186271\ B2 — m2 2F? 22

Clear that energy can’t be less than quark
mass or electron mass or calculation makes no
sense (good!) If energy is large enough, this is
approximated by

Q2€4
T ARE2r

O



Total cross section calculation

Q264

o

 48F2rm

As we crank up the energy, we expect the
ee—qq cross section to be flat until we reach
another kinematic regime where a new quark is
allowed to be produced. Have to be careful about
two things:

1) Q charges not all the same! (Evidence for
charges of quarks!)

2) If we compute R, the rate relative to muon-
antimuon production, in region where mass
effects are unimportant, we need a factor of 3x
for color. Evidence for quark color!



up down strange

o\ 2 1\ 2 R below
R=3 <§) +<?> +<?> =2 charm

i _ mass
up down strange charm when we
a2\ L (2 L (Y L (2) | L., reach
& 3<3)+<3>+(3>+(3>] 7 charm
threshold
up down charm when we

R=3

> > > > ) reach
B+ () )+ (3)]-* bottom

strange bottom threshold



Total cross section ratio from PDG
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Figure 40.6: World data on the total cross section of ete~ — hadrons and the ratio R(s) = o(ete™ — hadrons,s)/o(ete” —
utu—, s). a(e‘*’e_ — hadrons, s) is the experimental cross section corrected for initial state radiation and electron-positron vertex loops,
a(ete™ — ptu—,s) = d4ma2(s)/3s. Data errors are total below 2 GeV and statistical above 2 GeV. The curves are an educative guide:
the broken one is a naive quark-parton model prediction and the solid one is 3-loop pQCD prediction (see “Quantum chromodynamics”
section of this Review, Eq. (9.12) or, for more details, K. G. Chetyrkin et al., Nucl. Phys. B 586 (2000) 56 (Erratum ibid. B 634 (2002)
413). Breit-Wigner parameterizations of J/%, ¥(2S), and T(nS),n = 1,2, 3,4 are also shown. The full list of references to the original
data and the details of the R ratio extraction from them can be found in hep-ph/0312114. Corresponding computer-readable data
files are available at http://pdg.ihep.su/xsect/contents.html. (Courtesy of the COMPAS(Protvino) and HEPDATA (Durham) Groups,
August 2005. Corrections by P. Janot (CERN) and M. Schmitt (Northwestern U.))

an see falling

1/E2) cross
section, and also
evidence for
charm quark and
then bottom
quark!

http://pdqg.lbl.gov/2007/hadronic-xsections/

hadronicrpp page6.pdf



http://pdg.lbl.gov/2007/hadronic-xsections/hadronicrpp_page6.pdf
http://pdg.lbl.gov/2007/hadronic-xsections/hadronicrpp_page6.pdf

Pretty nice agreement
between prediction and
observation, though this is a
simplified, leading order

calculation. There are loop/
higher-order effects, and the
model cannot account for
bound states/resonances, for
taus, and especially not for
Drell-Yan/Z boson

production



Form factors

Interesting discussion of
form factors in Griffiths, but
we'll skip it - hopefully it
makes for fun reading :) If
we have time we can return
to it




We haven't really used it, but
as an alternative to electric

charge e (or ge as Griffiths
uses), we can define a

coupling constant for QCD: ae ~ 1/137
as ~ 1
e = v4na.
gs = \/M

“Strong” force!



Color for quarks

u® (p) — u'*) (p)e

c(red) =1 0
0
0
c(green) = | 1
0
0

c(blue) = | O

Spinors now get an
assoclated color vector!

Of course, remember that
‘red”, “green” and “blue”
are just convenient names

and nothing more than that



Color for gluons

Gluons are spin-1
bosons and carry
two color quantities
- one unit of color
and one unit of
anti-color. Here, a
blue quark emits a
blue/anti-red gluon,
and becomes a red
quark (color is then
conserved)



Gluons

Naively would predict nine
gluons - a color octet and a
color singlet. But the singlet
has not been observed
(only 8 gluons). Difference
between SU(3) and U(3)

color symmetry



Gluons

Color octet

1 >= (rb+ bF)/vV/2 |5 >= —i(rg — g7)/VvV2
2 >= —i(rb—bF)/vV2 |6 >= (bg + gb)/V/2
3>= (17— bb)/vV2 |7 >= —i(bg — gb)/V?2

4>= (rg+ gF)/V2 |8 >= (rT + bb — 2¢q)/V6

Co

or singlet (not observed!)
9 >= (77 + bb + gﬁ)/\/g



Range of strong force

Observed states (proton and
neutron, for example) are
color singlets. If they could
exchange color singlet gluons
then QCD would be a long-
range force!

Co

or singlet (not observed!)
9 >= (77 + bb + gﬁ)/\/§



Color state of gluon

11 >=

2 >=

(1)
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Column vector a represents
the color state of the gluon
(one of the 8 possible states)

Reminder that gluons self-
couple! These are both
valid diagrams/vertices



Gell-Mann Lambda matrices

0 0 0 . 1 0
ANMM=(00 —i | ¥*=—1]01
0 i 0 V3 o 0 _o

Compare with...

1 >=(rb+b7)/V2 |b>= —i(rg — g7)/VvV2
2 >= —i(rb—bF)/vV2 |6 >= (bg + gb)/V?2
3>= (r7F —bb)/vV2 |7 >= —i(bg— gb)/\V?2
4>= (rg+g7)/V2 |8 >= (rF + bb — 2¢7)//6




Why are we introducing the lambda matrices?

A, )\B] = 24 FOBY\Y Faby — _ gBoy — _ parf
F123 _q pAT _ p246 _ 257 _ ¢345 _ 516 _ p637 _ o
FA58 _ p678 _ /39

Plus commutations (and rest are zero)



Example QCD diagram

q

C]

Here we have one of
the diagrams
contributing to
qqgbar—qqgbar
scattering. Quark and
anti-quark in initial
state must be the
same flavor. Same
for final state.
Obvious why? Let’s
move on to the matrix
element calculation



Feynman rules for QCD (1)

g P /a

Label all incoming
and outgoing lines
with p1, p2, ... Pn
Internal lines q can
go either way

Use arrows to keep
track of what is going
In and out (of course
we have arrows on
the anti-particles, but
that is labeling
something different).



Feynman rules for QCD (2)

Incoming
(outgoing) quarks
get a factor of
uc(uct),

outgoing
(incoming) anti-
quarks get a factor
of vc(vct). Spin
implicit here and
not labeled

Color factors to be grouped together!



Feynman rules for QCD (3)




Feynman rules for QCD (4)

Add factors of
—19s
2
at each quark-gluon
vertex. Lambda
matrices define the
gluon that is
exchanged (can be
any of the 8, though
only some will
contribute)

ASAH



Feynman rules for QCD (5)

k3,,1v

AW K2,8v \J
Kiau /' « WA

K4,50

3 gluon — 05 fP G (k1 — k2)x + gun(ka — k3), + grp(ks — k1) 4]
vertex

4 gluon
vertex

. o o o o)
—ig2 [ £P 7 guxGup — GupGur) + FO NG rp — Gungup) + LT PN (GupGun — Guvdrp) ]

Can see that QCD can easily get
tricky, and that's without loops!



Feynman rules for QCD (6)

For each internal
gluon line add a
factor for the
propagator (delta
function ensures
conservation of
color!)

‘ (% i m) for internal quarks/anti-quarks




Feynman rules for QCD (7)

Impose
conservation of
energy and
momentum at
each vertex with
: 4d Dirac Delta
uc function (with
(2m)46%(q1 — p3 — pa) appropriate 2pi
normalization)




Feynman rules for QCD (8)

(2m)*6*(p1 + p2 — q1)

1
(2m)*

Integrate over
4-momentum

d*q of internal
lines with
appropriate
2pI
normalization
factor



Feynman rules for QCD (9)

(2m)*6*(p1 + p2 — q1)
Cancel

remaining
delta function
and add a
factor of i, and
you have the
matrix
element
(Phew)




Feynman rules for QCD (10)

(2m)*6*(p1 + p2 — q1)

Add minus sign
between diagrams
differing only in
exchange of two
Incoming or two
outgoing
fermions, or
incoming fermion
and outgoing anti-
fermion (or vice
versa)



Feynman rules for QCD

2 4 ¢4
(2m)*6%(p1 + p2 — q1)




Example calculation (qgbar—qqbar)

Can’t do a full calculation,

g since we don't have here
the ability to calculate the
hadronization steps and
formation of bound states
(not to mention higher
order effects). But there

1 7 are still interesting things

to see...

]



Example calculation (qgbar—qqgbar)




Example calculation (qgbar—qqgbar)

As always, follow
fermion lines
backwards to get
grouping right!




Example calculation (qgbar—qqgbar)

5 QC;
(]4
27T)45 5 1) 4
27)%
So matrix element is:
5o

M = = [a(3)el] Ay J[u(L)ed]

Or simplifying last delta:
M = —I5 [u@3)eh A ] [u(1)ed ] [0(2)eb] N, ] [0(4) ea]

B(2) TN~ TTv(4) e
(P1 —p3)2[ (2)ex ][N vul[v(4)cd]




Example calculation (qgbar—qqgbar)

Matrix element is

—_ggﬂcTo‘“ucﬁcTo‘v@L
M = o _pg)g[ (3)es[[A A ][u(L)en [[V(2) e ] [A v, ][v(4)ea]

Compare with e+ e- scattering:

62

M= [u'*) (p3)y*ut*V (p1)][5**) (p2)7,6"* (p4)]

Similar matrix elements except for (ignoring gs vs
e) a color factor:

1
f = Z(cg)\o‘cl)(c;)\o‘q)



What does this tell us?

Compare quark-antiquark scattering vs electron-
antielectron scattering. Major difference is the

additional factor:

1
f= Z(c?ﬁ))\%l)(c;)\“q)

Let’s look at color octet case first. Let’s pick the
incoming quark to be red and the incoming anti-
qguark to be anti-blue, just as an example. Then
outgoing quark must also be red and outgoing
anti-quark must be anti-blue (since there is no
other source of QCD color)



What does this tell us?

Let's pick the incoming
quark to be red and the
Incoming anti-quark to be
anti-blue, and the outgoing
quark red and outgoing anti-
quark anti-blue

f =

(cg)\acl)(cg)\o‘al)

1
c(red) =1 0
)
0
c(green) = ( 1 )
0

1
4



Calculating color factor

1

1 (cg)\o‘cl)(c;)\o‘q)

) A9 is describing the
possible types of
exchanged gluons (for any
of the 8 values of a)

L\] [ 0\ .
0 1 4




Calculating color factor

1
4

S -
oo OO
o o |
~
v
p
[@))

A8 is only matrix with entries in 11 and 33



Calculating color factor

S|

(1 00)\® (00 1)\
1 1 1 —2

— 23 )\8, = —
f 4 117'33 4\/§\/§

1
— )& )\@
4 11733

Compared to e*e- potential, which is

attractive, here we have an extra minus sign,
indicating that color octet is repulsive! So no
binding occurs (pions do not have any color)



Color factor for singlet

1
f= Z(Cg)\acl)(cg)\%d
Let’s switch to the color singlet case:
9 >= (r7+bb + gg)/V3

So out-going g/qbar are in a singlet state, and
iIn-coming quarks are also in a singlet state
Start with incoming ones (c1, c2)

1
_li Tya
il (3)



Color factor for singlet

Out-going g-gbar (c3,c4) must also be in a
singlet state

—_

1

—

f- i%% [(1 0 0)A° ( : )] [(mow ( : )] ﬁ%% [(0 10y ( : )] {(100)»1 ( )} i

L1 L ( ; ) oo ( ! ) Vi [aoor ( ! ) 010w ( 8 ) ;

%%ml(w(g) (010)A“<2):+i%%:(001)v(2>— (owfg)+

i%% —(100)%% ( § ) _(00 1A° ( é ) ﬁ%% —(0 10 ( § ) (00 1) ( g ) T
o (5 1)

Each of 9 terms is a multiplication of Aj and Aj;,
which simplifies this



Color factor for singlet

f—lii[(mo)v( )] [(100»&((1))]+1ii[(o1ow(1)] {(100»“( )%
433 0 433 0

i%% (00 1) ( é ) (100)A° ( § ) ﬁ%% (10 0)A° ( 2 ) _(0 1 0)A° ( é ) i
i%% _(0 1 0)A® ( g ) _(o 1 0)A° ( 2 ) +i%% _(00 1) ( g ) —(o 1 0)A° ( § ) +
i%% (100)Aa<§> _(ooma(é)—ﬁ%% (010))9‘(%)_ (oo1)xa(g>+

J[E=6)

Each of 9 terms is a multiplication of Aj and Aj;,
which simplifies this (go ahead and write it out
yourself if you want to check)

1
f=5 ; Tr(A\)

 ~
_— o O
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Color singlet is
attractive!

4/3



Asymptotic Freedom a

QCD screening effects:

QCD coupling varies as a —
function of the momentum

transfer (ie how close you

probe the quarks), just like
in QED —

!



Asymptotic Freedom and gluons

But now we have to
account for virtual gluon
loops too, since gluons self-
couple! These anti-screen
the coupling and compete
with quark loops



Asymptotic Freedom and gluons

Qg (qu)

as(q”) = g+ 28 (11— 2) In (|g2|/12)

n=3 Is number of colors, f=6
IS number of quarks, so
anti-screening dominates.
Can’t use y=0 as reference,
so need it as a parameter
that defines the baseline for
renormalization!



“Fat” and boosted jets
What happens to the
kinematics of the top
quark (and its decay
products) in pp—X—ttbar
if mx is very large”?

Most jets have very
small masses (why?)
but if we define a

large enough jet (ie a s 700?32*@?'33"*” =ity -
“fat jet”) in the g o B
detector, we can 0. :
compute its mass. "
Why might that be
useful? % 1

T .

130 140 150 160 170 180 190 200 210 220

ATLAS-CONF-2021-050 mt' [GeV]



“Fat” and boosted jets
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There’s a large program of study to efficiently select

“boosted” top and W boson candidate jets while rejecting
very large QCD backgrounds - lots of machine

earning and

advanced data analysis



“Fat” and boosted jets

Fat jets useful for finding very massive
objects in all-hadronic boosted
topologies. Can make use of “sub-jets” to
reject background, too!

ATLAS |

>

5

= 10°= {5-13TeV, 139 1 =

‘GEJ SR1b —— Background fit 3

> 2

m 10 it parameter unc. B t t
P, - o ut gets

tricky to
calibrate!

- BH global p-value = 0.45
102 Most significant deviation
= interval (5440 - 5690 GeV)
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arXiv:2005.05138
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Event display of boosted ttbar candidate ¥

hadronlc top
candldate C

feptonic top
"~ candidate

Run Number: 180144, Event Number: 43671503
Date: 2011-04-22 09:46:15 EDT



https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2011-23/fig_01.png

Some homework for you

Due in 1 week: 8.17,8.24. Also, draw the lowest order QCD diagrams for pp->2 jets
Finally, two important question for experimentalists:

1) In what pT range are boosted topologies useful? For example, imagine a very
high-pT, boosted W boson decaying to quarks. Show that the jet cone size
containing the two quarks from its decay is roughly given by dR (really the cone
diameter) ~ 2*mw / pr.

Given typically large-R cone sizes of dR ~1, this implies a pT of 160 GeV, non-
negligible!

2) Top quarks are typically pair produced at the LHC (¢f). As we will see, the top

quarks decay before hadronizing to a W boson and a b quark (¢f — WYbW™b). The
experimental signature thus depends on the subsequent W boson decays. W
bosons can decay to a charged lepton-neutrino pair or a quark-antiquark pair. They
cannot decay back to a top quark. Using only this knowledge and QCD, find the

leading order branching ratios for ¢f to decay a) to only quarks/anti-quarks (no

leptons, called the “all-hadronic” final state) and b) to a final state with an electron
and a muon (include anti-electrons and anti-muons in your accounting)



