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Parton Distribution Functions (PDFs)

Hadronization

No a priori way to
predict the
probability to find a
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Parton Distribution Functions (PDFs)
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Parton Distribution Functions (PDFs)

Note large uncertainty on gluons and on PDFs at lower x!
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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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ATLAS dijet event 621

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

Note that we need to define “jet
cones” (or reglons) to find each
jet! Callbratlng this is quite non-
= ~trivial

" )
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EXPERIMENT Remember - energy in both 3
S AL types of calorimeters (plus

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



Jet calibration

ATLAS 2012 jet calibration
Anti-kiR=0.4and R = 0.6

Calorimaeter jots

at EM or LCW OHgincorrection Pila-up correction

constituent scale

MEigates contnbutions from
pile-up by exploting event
pr-density followed by &
residud correction

Changes the jet direction to
point 1o the hard scatter
vertex, Does not affect the
energy.

Anti-k: R = 1.0

Calorimeter jets - N\
E, n&m

Grooming calibration

at LCW constituent
scale

Calibrates jet £, n and m o
the truth-particie- jet scale.
Derived from MC.

Mitigstes contributions from
pile-up. Most Common
technigue: trimming with
foa = 0.0% and Res =03

£ andn
calibration

Caolbrotes jet £ ond n) 1o the
truth-particle- jet scale

Derived from MC

JES uncertainty.
derivation

Derivation of JES uncertainties
using in sty techngues

NO cormrection to the jet four
momentum applied

Global sequen.
tial callbration

Roduces lavowr dependonce
and energy leakage using
calorimeter, track and

muon-segmenrt variables

Calorimeter jets

at LCW4IES scale

Calorimeter jets

Residual in situ

callbration at EM+JES or

LCW+JES scale

Fingl JES col&ration and
uncertainties derived using
in sty techniques

Appiied only to dota

1910.04482



Jet origin choice
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Jet origin response

Energy Response R g at EM Scale
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Response for different jets
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Jet Energy Scale uncertainties
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Trijet event
P. Duinker, Rewew of e+e- physics at PETRA,” Rev Mod. Phys 54 (2) 325 387 (1982) also http://

Since quarks/
anti-quarks
only come In
1. pairs, tri-jet

I- events can be
| used as
evidence for
QCD radiation
of gluons




QCD production of quarks

[u(3)(v*)v(4)][v(2)y,u(1)]

|
S

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)][v(2)v,u(l)]
Each vertex gave us a factor of “e” - but u,c
and t quarks have charge Q=2e/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

M=l

Qe”
P1 + P2

M = % [(Plc-gkej?z)?] I [’szﬂyp:s N m%ﬂmyy e (W?)] ’
b [’Mﬁl%% — MY + me(’YwQ)]

Product of odd number of gamma matrices
IS zero

)2] Tr" (137’4 —mq)y” (137)3 + mQ)]TT[%L(pl + Me )Yy (pQ —me)]




Let's expand that out

./\/l2

=~ —
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K

2
Qe” y .
3| Tr (VB Py — MmO | X T Yl YeBy — eV
p1 + p2) 4573

K

2
Qe? 5 .
o+ ) [Tr 7“}7}47 p3 — 4mégﬂ ] X [Tr %Pl%% — 4m39uv]

2
Q62 v_ o v o
)2 [Parp3oTr ¥y "y = 4mg g™ | < s Tr Y in Yo Yo — 4meguw |



More plug and chug

1 277

M= [(pﬁepg)z] [paxpsoTr YT — Am g | < [PIDSTT ¥ ya 1Yo — 4mE ]

2 1 Q62 ’ UN VO UO AV UV Ao 2 v
M* = 1| (1 + p2)? [Parp3o4(g" 9" +¢"7 g™ — " g™7) — dmpgH | x

[P P54(9u7Gvo + Guo9rw — Guvdre) — 4m2g,u |
5 Qe? ? 2
n n

M= [(pl +p2)2] |[Phps + pivs — 9" ps - pa — mGg™ | x

[pl,uPZV + P1wvP2u — GuvP1 P2 — ng,ul/]



More plug and chug

2
Qe
M= [(p )2 [Pips + pips — 9" ps - pa — mg" |

[p1up20 + P1uD2y — Guwb1 - P2 — MG |

M? =4 [(pﬁe;)z] [(p1 - pa) (P2 p3) + (D2 - Pa) (1 - P3) — (P3 - Pa) (D1 - P2) — ME (D3 - pa) + (P1 - P3) (D2 - Pa) +

(p2 - p3)(p1 - pa) — (D3 - pa)(p1 - p2) — M2(p3 - pa) — (p3 - pa)(P1 - P2) — (p3 - pa)(p1 - p2)+
A(ps - pa)(p1 - p2) + 4mZ(ps - pa) — my(p1 - p2) — my(p1 - p2) + 4m (p1 - p2) + dmGHm?]

Qe?
(p1 + p2)?

2
] [2(p1 - pa) (2 - p3) + 2(p2 - pa)(p1 - p3) + 2m2(ps - pa) + 2m2Q(p1 -p2) + 4mémg]

NF—4[

Qe?
(p1 + p2

M? =38 [ )2] [(p1 - pa)(p2 - p3) + (P2 - pa)(P1 - p3) + mZ (ps - pa) +m(p1 - p2) + 2mgm]



636

Now we pick a frame

M= _(plc—?f;)Z] [(p1 - pa)(p2 - p3) + (p2 - pa)(p1 - p3) + mZ(ps - pa) + m§(p1 - p2) + 2mgm?]
|P1|=|P2|=pi Pick center of
|P3|=|p4|=ps mass frame where
energy of each P3
‘pl‘ — \/E2 — mg ObJeCt — E p1 e

pel = /B2 — m?,
P4

p1-p2 = E* +p; =2E% —m?

(p1 + p2)? = pt 4+ p5 + 2p1 - pa = 2m?> + 4E* — 2m? = 4E*?
p3'p4=E2—|—p?e =2E2—mé
p1-ps = E* —pgp; cos 0 = ps - py
p1-pa = E + pyp; cos 0 = ps - ps



Plugging it in

2 2
M? =38 [(plcfm)z] [(p1 - pa)(p2 - p3) + (p2 - pa)(p1 - p3) + mZ(ps - pa) + m§(p1 - p2) + 2mgm?]
P1 - P2 =E2—|—p? =2E2—m2
(p1 + p2)? = P> + p2 + 2p1 - p2 = 2m?% + 4E? — 2m? = 4E>
p3-pa = E® +p} = 2E° —mj,
p1-ps =E* —pgp;cos =ps - ps
p1-ps = E? + pspicost = ps - ps
2 Q_€2 ’ 2 , 2 2 , 2 2 24, 2 2 2\, 2 22
M= =38 Vo [(E= + pypicos0)” + (B — pspicos0)” + (2B — mg)m: + (2E° — mg)mg + 2mgm]
2 Q2€4 4 2 92 2 2/ 2 2
M= = YT [2E + 2p%p; cos”™ 0 + 2E7(m; + mg)]



Plugging it in
Q2€4

M? = !
2F
[2E* + 2p3p; cos? 0 + 2E%(mZ + mg)]

2E4

il = VE? —m2

pe| = \/EQ —mg

2 4
M? = (e
T [2E* + 2(E* — m?)(E? — m2) cos®
y . - mg,) cos” 0 + 2E%(m? +mj)]
= o7 [2E* + 2cos? O(E* + m2m2 — E*m? — E*m? Q
cmg — E*m? — E*mg) + 2E°m; “me
0 mg + 2E°mg)]

Q24 . m2m2 o 2
cos’0 [ 1+ Qm@m@) mQQerQ
_|_ e

M2 _ 2 4 .
0% |14 cos? 0 m? _mé m2, + m?
I 2 L=
E2 E2




Differential cross section

E2

2
M? = Q%e? 1—|-(3082(9(1— me) (

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?

| 2 m? m2 + m? |
?=Q%" 1+00829(1m6)< —Q>+ © -

E2

Start again with

do 1 M[*  |py]
dQ) 6472 (Fh + E2)? |ps

o= J — sin fdfdo

S Qe 1+ cos? 01 — 28)(1 — 28y + M) o s
sz d(pf in 0 | i & Z "0 9
672 1E?



Total cross section calculation

2 2 2 2

2m T 1 Q2€4 [1 + COS2 (9(1 — %)(1 — ﬁ) + E2 e] E? — m2
JZJ dgbf sin 6 ? 40
0 0 6472 AE?

2 2 2 2
mq

s . 1 Q264 [1‘}‘(3082(9(1—%)(1—?)4— QE2 e:| E2_m22d9
U_JO D™ AE?

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

sin 0

T 1 Q2€4 [14—(30826(1— Tg;)(l_ﬁ)_F E2 ] E2—mé
— df
7 JO 32 4E?

24  |[E2_m2 m2 4 m2 2 m2
o (e \/ QJ sinf(1 + —2 6)—|—Sin900829(1—m8)( — —9)dp

T 128E2w \| B2 —m2 ), E2 E2 B2
Q2 E2_m22 2+2m%+mg +2(1 mg)( m%
7T 128E2r \| B2 —m2 E? 3. B2 )
Q%* |E*—m§ 8+4mg+mg+2mgmg
g = — — —
128627\ E2—m2 \3 "3 E2 3 B

Q% B —mg (| + mg \ () 4 e
g = v
A8F?7m \| E? —m? 2FE? 2F?




Total cross section calculation

Q% [E*—mg () + mg \ (] 4 e
g = __ v
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

 48E2r

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

- : mass
‘up down strange charm when we
2\*  [-1\* [-1\* [2\’ h
R=3|(=] + (—) + (—) + (—) — 33 freac
(3) ’ ; ) charm
threshold
up down charm when we

R =3

Y () () (] 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™ — http//pdq |b|qu/2007/had ronIC-XseCtlonS/
utu—, s). o’(e*e’ — hadrons, s) is the experimental cross section corrected for initial state radiation and electron-positron vertex loops, .
o(ete™ — ptp=,s) = 4wa?(s)/3s. Data errors are total below 2 GeV and statistical above 2 GeV. The curves are an educative guide: had ronicrpp paqu J pdf

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/1, ¥(25), and Y(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.))



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 e Py
form factors in Griffiths, but

we'll skip it - hopefully it r
makes for fun reading :) If

we have time we can return ZAAEP SN

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: e ~ 1/137
ags ~ 1
e = v4na.
Js = \/m

“Strong” force!



Color for quarks

u® (p) — u'*) (p)e

c(red) =

c(green) =

c(blue) =

1
0
0

Spinors now get an
associlated color vector!

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

and nothing more than that



Color for gluons

651

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
quark, 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

1>=(rb+b7)/vV2 |5>= —i(rg— g7)/V2
2 >= —i(rb—bF)/vV2 |6 >= (bg + gb)/V/2
3>= (17— bb)/vV2 |7 >= —i(bg — gb)/V?2

Color octet

DO

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

Co

or singlet (not observed!)

9 >= (r7 +bb+ gg)/V3



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 >= (r7 4 bb + ¢g)/V/3



Color state of gluon

11 >=

2 >=

[

— —

— —

vl

1

-

S OO HOODOO OO oo HrHrOoO OO o ooo

)

S

N—

/

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
ggbar—qqbar
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 P1 /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
iIn 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
—1Gs
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)

3 gluon _gsfaﬁfy[g/uw(kl — k2)>\ + gy)\(kQ — k3),u, + gm(k3 — kl)y+]
vertex

4 gluon
vertex
—ig2 [FP FN(gurgvp — Gupgur) + LG 90p — GurGup) + F PN (GupGun — Guwdrp)]

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!)

! (Q i m) for internal quarks/anti-quarks




Feynman rules for QCD (7)

(2m)*6* (p1 + p2 — 1)
Impose
conservation of
energy and
momentum at
each vertex with
4d Dirac Delta
uc function (with
(27)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)

PN

d4
VCT VC (27‘()4 q
_2298 )\Oé,y,u _2298 )\B’)/V
/! uct
P2 UucC
4
700 P q

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

(2m)*6*(p1 + p2 — q1)




Example calculation (qgbar—qqgbar)

Can’t do a full calculation,

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

1 1 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)

af
M=K u(t)er]) = [H SN[ (e
277)45 D5 1) di?r

So matrix element is:

—_ggﬂ cE A #][u(1)e o 5(2)eh [Ny, [v(4)e
M = —=[aB)e ][\ ][u(l)e] o _p3)2[ (2)ca ][N ] [v(4)ed]
Or simplifying last delta:

2
M = ——=_[a(3)eh] ] [u(D)er][T(2)ch Ay, [v(4)ed]




Example calculation (qgbar—qqgbar)

Matrix element is

Compare with e+ e- scattering:

€

M= [@?) (p3)7uY (p1)][0 (p2) 7, (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-
quark 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? 676

Let’s pick the incoming ;o 1
qguark to be red and the 4

Incoming anti-quark to be 1
c(red) = ( )

(cg)\acl)(cg)\o‘al)

anti-blue, and the outgoing 0
quark red and outgoing anti- 0

quark anti-blue 0
c(green) = ( 1 )



Calculating color factor

1

1 (cg)\o‘cl)(c;)\o‘q)

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

T\] [ 0\ .
o /|| N




Calculating color factor

1
4

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

A8 is only matrix with entries in 11 and 33



Calculating color factor

S|

N T
(100)A | 0 (00 1)\
O — -
1 1 1 -2
— 23 )\8, = —
f 4 11733 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 + ¢g)/V/3

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

1
_li Ty
il (3)



Color factor for singlet

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

—_

1

—_

f:i\%% [(100)A“ ( 8 )] [(100))\0‘ ( 8 )] +i%\% [(010)A“ ( 8 )] {(100)%( )}+

%%% _(001)%“ ( é ) —(100))\0‘ ( § ) +i%% :(100)A“ ( g ) (01 0)A° ( é ) +

s oo (3)] [ (3)] <4 o (3] [or0ne ()]

i%% —(100)%“ ( § ) _(001)%“ ( é ) +i%% —(010)AO‘ ( § ) (00 1A~ ( g ) +
oo ()] [oone (2]

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



Color factor for singlet

[

—

R [(1 0 0)A° ( 0 )] [(mow ( 0 )] LS [(0 1 o)A ( 0 )] {(100)»1 ( )} T
433 0 0 433 0
o ()] frooe ()] s oo (1] v (2]
i%% (01 0)A° ( 2 ) _(o 1 0)A° ( 2 ) +i%% :(00 1) ( 2 ) _(0 1 0)A° ( § ) +
%%% (100)A° ( § ) _(ooma ( é ) ﬁ%% :(o 1 0)A° ( § ) (00 1) ( g ) T
il ()

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\)



e
9
@)
=
(7p)
O
|
O
g
O
(©
Y
|
9O
@
O

Color singlet is
attractive!

4/3



We now skip a bit

Interesting
discussion in Griffiths
on pair annihilation in

QCD. Please read
it ;)



Asymptotic Freedom 685

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 686

But now we have to I

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 u=0 as reference,
so need it as a parameter
that defines the baseline for
renormalization!



“Fat” and boosted jets

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

large enough jet (ie a §
“fat jet”) in the 5
detector, we can &

compute its mass.

Why might that be |
useful? 3

800
700
600
500
400
300
200
100

1.5
y

0-555 100 150 200 250 300

What happens to the
kinematics of the top
quark (and its decay

products) in pp—X—ttbar

If mx Is very large?

ATLAS Preliminary EI t'?a‘a
{s=13TeV,3.2fb™ [ W+ets

utets

44

"+_._._ ----- b g S U +++'+“H """"

Large-R jet mass [GeV]

ATLAS-CONF-2016-014



“Fat” and boosted jets

| (AL L A A (L A B B B R

- r Ty

> - v o4 ' 4 T T L4 04 T T T T n > - T T T T T T T T T T
8 - ATLAS Preliminary —o— Data 2015+2016 8 2200F - Data 2015+2016 ATLAS Preliminary
o 2000 y5 . 13 Tev, 36.1 o % 4 E w 2000E- % s is = 13 TeV, 36.1 fb”
c\,g - AR(large jet, b-jet) > 1.0 & 17 (other) . _\g 1800E- mmm 7 (othen) AR(large jet, b-jet) < 1.0
€ 4000 Je‘ofo’ > 200 GeV @ Single Top (W)  — Y 1600:— @ Single Top (W) Jet p r>_350 GeV
4 - MO+ D, (g, =50%) @ Single Top (other) 4 = @ Single Top (other) Tqo + ‘ d,, (€,, = 80%)
w - W tag pass 0 W+jets 4 W 14000 0 W+ets Top tag pass
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ATLAS-CONF-2017-064



“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  Prelminary —e—Data =
0] C {s=13TeV,3.2fb" C Waiets ]
o 10% & utjets s single top —
S = Pre-Fit =3 Z+jets =
o F == Giboson " But aets
> 1L =k ey J butg
(- - - u
g 1 tricky to
W 10° s = .
- = calibrate!
10 | E
- N, B e _
%3 151 E A + ? -
5 TE IR e =i T 7 ATLAS-CONF-2016-014
R sb b o T Ty ]
- 0 500 1000 1500 2000 2500 3000 3500 4000 4500

mie* [GeV]



Event display of boosted ttbar candidate .

hadronic top |
candidate

leptonic top
"~ candidate

ATLAS

EXPERIMENT

Run Number: 180144, Event Number: 43671503

\

op candidate
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