


Motivation: “Elements” of a collision

2. Parton Shower
; approximation

|. High-Q Scattering - tel

field theory / Al

very inclusiv

3. Hadronization o0 40 4. Underlying Event
model model
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* In order to have precise predictions working at LO

might not be enough

o [pb]
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* In order to have precise predictions working at LO

might not be enough
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NLO QCD in e'e™ colliders

(Total Cross Section)

< (Can we use pQCD despite confinement? “YES”

* The y/Z virtuality is Q = /s

° Y, £ ; #*  Production occurs at a dis-
tance ~~ %

o ; + @Qislarge = pQCD appli-
cable

< Hadronization changes quarks and gluons to hadrons.
<> Hadronization takes place at a scale %

< The change in the outgoing state occurs too late to modify the
probability of the event to happen!

= Details of the final state certainly are changed.

6



Lowest Order Result (a?)

< For simplicity, we neglect the Z contribution (i.e. v/s << M)

4o’
(1+cos’f) = og= 2 N, Q}%

doo _ 7T0‘2Q?f N
dcost 28 ¢

leading to

o(e™

Ry =

e~ — hadrons) 0
= N,
oete” — putp) Zq: “a

<> At the Z pole (i.e. neglecting y), we have

g (A3 + V)
Az + V2

Ry = N,



10
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10

R =o(ete™ — hadrons)/o(ete™ — putp™)

08 : -
J/ Y (2S) ’E =
| Z 1 -
L=
. L;'—H?%‘#WW *"‘éﬂ §
IR
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Next Order Correction (ai)

= We should evaluate

= Writing MY = M{ + M7, the o, contribution has the form

_ T _
/ d®, |2 Re (Mg—>2) M™%+ / d®s | M2 73|

< After adding all contributions the UV divergences cancel out (Ward
identity). The same happens for the IR ones!

R=R (1 : O‘S(“))—mo (1 : as(\/g))

(s T

< Atthe Z pole, the NLO corrections =~ 4%



2 There is NO renormalization for IR divergences.They
indicate sensitivity to long range physics.

2 The IR singularities are not physical: they indicate the
breakdown of the perturbative approach.

C

2 Origin of the IR singularities in ¢" ¢~ — ¢qg
»

1 1 1
(Pq +pg)2 B 2Dq * Py B 2Equ(1 — COS qu)

2 The phase space integration helps but doesn’t cure the IR
divergence



eTe” — gqg contribution

\ _ N 7
= We have to evaluate \,\W G \W
. // AS // »
== It 1s useful to define - G
2F .CCQE
Bi = -7: — 1 \/gg (1 — COS qu)
2H; r1 B
To = 7::1 i/gg (1 — cosBz)

=> The three body phase space is

dP3 = da dfB dvy dxqy das



= Doing the algebra and performing the angular integrals, we obtain

7" = 30 No 3 Q2 [ dardo
q

20, T4 + T3
3T (1 —x1)(1 — z2)

with 0 < z1 (z2) < land z1 + x2 > 1.

= This integral is divergent for T1(2) — 1 This corresponds to
*# soft gluon limit £, — 0;
i the gluon is collinear with the quark 6qg — 0:

i the gluon is collinear with the antiquark 6gg — 0.

= The origin of the singularities is the massless quark (antiquark)
propagator
1 . 1
(pg +Dg)2 2P Dy 2E;E;(1 —cosfy,) 5




= Unlike UV divergences, there is no renormalization for the IR ones.
They indicate sensitivity to long range physics like masses,

hadronization process, etc.

= The singularities are not physical; they indicate the breakdown of
the perturbative approach. Quarks and gluons are never on
mass—shell—particles and we can not ignore the effects of confinement
at a scale ~ 1 GeV.

= General form of the IR divergences. Writing the born term as

M =7(pg)etyuv(pg) with N =e'yv(p;) = M=7u(py)N

= The gluon emission from the quark line leads to

My = ) (—i)oi 2N

13



== In the limit p, — 0

_ Yo _ 2Pqa Pqa
Mi = u(pg) 7 +H]€7]g)2N = u(pq) (.I N = (.7 M

=» The total amplitude for gluon emission is this limit is

Pqa Pga
Mﬂg:( : : )M

Pq * Pg Pq * Pg
Pq * Pg

M|z, =2
¥ oy .05 p)

M.

= After including the d®3 we obtain (explain!)
dE, 4

" 200,
5999 —

d cos 0 |
O'qq/ COS qg E (1 _Cosgqg)(l—‘l—COSOqg)

the quark and antiquark are basically back to back in this limit.
14



= The perturbative expansion for the production of quarks and gluons

is ill defined. However, it well defined for the “production of hadrons™.

= We should introduce a regulator. For us, the number of dimensions
D = 4 — 2¢. Doing so

2005 3 + 5 — €(2 — x1 — T2)
3 (1 —xzq)1te(1 — zg)lte

7999 — o0 NCZQ(?H(F)/(]TldTQ
q

with
3(1 —_ 6)2
H(G) (3 = 26)I (2 —_ 26) it (’)(e)

resulting in

200 [ 2 3 19
6

999 = gy N.. 2H (e
ot = 00 N Q3O 3 [+

|5



Virtual corrections to ete™ — g

= Using dimensional regularization to evaluate the loop corrections we

obtain

25 [ 2 '
= > 84 0()

Im | € €

099" = g, N, Z Q?H(e)
q

= The cross section for the production of gluons and quarks at order

(vs 1s finite leading to

R:Jw§:Q?bﬁf$(l+Q@Bay—Lﬁhﬁ)+O@é@
q



NLO in DIS

(QCD Corrections)

= Does the parton model make sense when we include QCD

corrections?

Virtual Gluon Contributions

\
# M. . = —iequ(p’ )y (1+asV)u(p) -

% Using the Landau gauge —> only

the vertex contributes. %,
% There are only IR divergences.
* V = F <4w2 ) * T(14e) T*(1—¢) (

Q I'(1—2¢)

% The contribution to p,p, W'

virt

) :
)

€ €

— 0 (current conservation).

|7




% Finally

2T

F2 1 dy
2= Y@ Y ayw)a(t - y/a) x
L yirt q x Y
Qg Aru?\€ T'(1 — ¢ 2 3
U5 (@) raaa (2
27 o, ['(1— 2¢) £4 €
Real Gluon Emission
* g, WH and p,p, WH" con- ]
tribute. A 8
** There are IR divergences for b +
the 1st diagram ~ ﬁ P, ==
2 742
s a=a9) — sCF / (7179 (zp) L +Z~ dbr T




¢+ After doing the algebra and some tricks, we get (~ — ¢/ 1)

F. Arp*\¢ T(1 —¢
72q__CF< o) ((1—28)) :
> & [ Lo 350 /0 + 80 —y/e) - 1
+finite terms}
where

1 1
/ dz g(z)[f (z)]4 = / dz (g(z) — g(1)) f(z)
0 0

¢» Notice: that the IR divergences do NOT cancel when we add these

two contributions! Not the whole story yet!!!!




Initial State Gluons

% Inclusive reaction = we should consider v*g — ¢q.

q P
%+ There are collinear diver- K _1: o
gences in Wrp. | N |
& Wi is finite. £, | = '
4 Defining z = x/y
F2 g ]. Z 9 1
—| = Q / dy g(y)z X
& g 27('1—8 q q T

¥ 2
{22+ (1 - 22~ Ilf((ll_ 25)) In o) +6(1—2)

4 Collinear divergences are not physical (m,, m,, etc)

— sensitivity to low scale physics.
20



= We can save the model

Q°.

—> redefine pdf’s! They will depend on

= We define the quarks pdf’s through (DIS scheme) (there are others)

Fy(z,Q%) =
since
by Fo
T T

virt

we have (including 5 of F,, to quarks)

I-l;’2 I‘F‘2

| 7 ql T !
1 <

<—:+111Q)
& =
1 2

s = ]-_(
é—l— n =

Zf’ z [q(z, Q%) + 4(z, Q°)]




= We can save the model = redefine pdf’s! They will depend on

Q°.

== We define the quarks pdf’s through (DIS scheme) (there are others)
Fo(z, Q%) = Zf’ z [q(z, Q%) + ¢z, Q)]

since
Ho.  Fo _La| | Fo
& L |virt | L q | L g
we have (including {; of F, to quarks)
¢(z,QF) = qo(x)
as, [Ldy i 1 =\ . ;
+% . ; q0(y) ( T F +In 12 )qu(Z) T qu(z)-
as [1dy I 1 2 — |
— o 1 = %= I s P(( Z .. [
+27T/a: yQ(J)< 5""””2) 19(2) + qg()-




(Dokshitzer—Gribov—Lipatov—Altarelli—Parisi Equation)

= Deriving ¢(z, Q*) with respect to In Q* leads to

dq(0,Q) _ oy [Vdy] i )]
d1n Q2 = 2,” ” _QO(y)qu<§ +9(y)qu<y

- ld; q(y, Q%) P, (;) g(y,Qz)quG)]

= Knowing ¢(z,Q3) and g(x,Qi) = we can obtained them for

other Q* == predictivity is not lost.
= We can even use 1t to extract os.

= Physical interpretation: v* with Qg probes scales 1/0Q).

Fluctuations have a different lifetime.

23




Irrparoved

e ~. . /( rasolution
s S \\
; \
l’ \-
/ !
/
: ! >
[ §
\ [
\ .'
! {
\ e
Ve
\o '
. ~
T —— - ™ -5
\ Resolution
y‘{QSJ SeEs g X} i 110% ) seer Isoftar

araks insde gfd)

& 5= Fyqlz) 1s the “probability” of the quark to keep a fraction z of ifs

momentuim.
24



NLO in hadron colliders

long distance, non-perturbative

<> The parton model expression for cross sections ‘l/

g = Z 1 —|—15z'j /d:c1 dxo {fi(fEl,Q%’)fj(fE?a Q%‘) t1e j} &

1J

6ij(0s(QR), Qs QF; T1225)
short distance, perturbative/
= Expanding the pdf’s and 6 (X = X9 + X@) 4 ...) the lowest

order term 1s

1 . . .
o= Z g /da:l dzs {fi(o) (a:l)f;o)(xg) i ]}® az.(;.))(xla:zs)
]

iJ

25



<> The NLO contribution 1s obtained through

FORY+ 1O vio gl x 6@ @ [f7 £ +ie ] x e®

< The red term contains collinear divergences that are canceled by the
divergences in the blue term. Let’s consider one example.

W™ production

< For simplicity, let us consider only the 1nitial gluon contribution to

< | K



< Defining 1) = M3, /s and z = 19/ (x122) We have

R - D KT
i T0/T1

12ssin” Oy

wi(o0g(e) ® {122+ (1 -2 (-1 ) + szmte}

= Evaluating explicitly gg — W™ q gives rise to

R T Y .
i To/Z1

125 sin? Oy

i(eng(en) @ {12+ (1= ) (-1 ) + Hfzmte}

< The collinear dlvergences cancel out. We are left with the finite

contribution To this order, now, we do gp(z) — q(z, Q%)
27



e Scales:

* The evaluation of 6 contains a UV divergence => renormalization
=> remnant of the process is the renormalization scale tir

* Full calculation should not depend on it r=> we can estimate the
higher order corrections by the ;tr dependence

* At each order, the subprocess cross section and the PDF’s have a
residual factorization scale dependence on L F

* The residual scale dependence should improve with higher order
calculations

28



e Scales:

* The evaluation of 6 contains a UV divergence => renormalization
=> remnant of the process is the renormalization scale tir

* Full calculation should not depend on it r=> we can estimate the
higher order corrections by the ;tr dependence

* At each order, the subprocess cross section and the PDF’s have a
residual factorization scale dependence on uf

* The residual scale dependence should improve with higher order
calculations

Why should we care about NLO?

28



2 NLO correction can be large, e.g. 30-100%

2 NLO reduces the sensitivity to unphysical scales

2 More accurate predictions have impact in searches/measurements

K. Ellis
20 l
Top cross section, m=172.6 GeV, Vs=2 TeV _
NLO -1
15 LO |
. :
S 10 -
b ----------------------------------------------------------------------------- —
5 —
CDF result 28" ow7.040.3(stat)20.3(syst)20.4(hunt) =
[ 1 1 | L1 11 | | 1 1 1
%6 50 100 200 500

u [GeV]
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2 NLO correction can be large, e.g. 30-100%
2 NLO reduces the sensitivity to unphysical scales

2 More accurate predictions have impact in searches/measurements

29



29

d%c/dM/dY [pb/GeV]

0.003

0.002

0.001

0.000

p?) — (Z;y’)+X

NNLO

LO

Vs = 1.96 TeV
M = 200 GeV
M/2 £ u £ 2M

-1 0 1
Y

(C. Anastasiou, L. Dixon, K. Melnikov, F. Petriello, PRL 91 (2003) 182002)

2

do/dayY [pb]

80

60

40

20

2 NLO correction can be large, e.g. 30-100%

2 NLO reduces the sensitivity to unphysical scales

2> More accurate predictions have impact in searches/measurements

L NNLO Alekhin0OZ2

— NNLO MRSTO1

[ Vs = 1.8 TeV
— 66 < M < 116 GeV
[ M/2 = pus2M

[ © CDF data (3.9% lumi. error omitted) R
1 I 1 1 L L I 1 1 1 1

0 L L 1
0.0 0.5 1.0

15

Y
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2 NLO correction can be large, e.g. 30-100%
2 NLO reduces the sensitivity to unphysical scales

2 More accurate predictions have impact in searches/measurements

29



2 NLO correction can be large, e.g. 30-100%
2 NLO reduces the sensitivity to unphysical scales

2 More accurate predictions have impact in searches/measurements

pp > H+X->WW +X->e'vevrv+X

I | | | I | 1 I | | | I I I | I I |
300 — MRST2001 LO, MRST2004 NLO/NNLO —
- Mp/R = pp =pup =R M, NNLO .
- M, = 165 GeV y
250 |— ey &
- 4 EERRKRBBKS
- A N2 202020202
- B et N0 202020 20 20 22
- v.oozozozotoo f f 2'
200 — KRR actor or 4!
i SRR :
PN \\ -
2K \
\\\30 > \ NLO 4
150 | "' D %0 % Y% %0 %0 20070070 %0 2 0 %2020 2 0 0 %% % %
100 = LO ~
] | | | | | | | | | | | | | | | | | | |
20 40 60 80 100

29 prcte [GeV]



100000

= 10000
Q

=, 1000
o}

< 100
D
+
N
®
©

1

0.1

30
/ + |et cross section (LHC)

10 | MCFM5.2

| CTEQ6M

2 2 2 2 2 np2
0= {mZ + pt,Z’ <pt]et3> . HT , le4}
| |

LO x IK-fact (I1 5)
\ toy data —

‘ LO scale dep |
‘ NLO |

kt alg., R=0.7

0

200 400 o600 800
pt et [GGV]

1000

Using LO there might be fake excesses



In brief,
do = Z/dxa/dxbfa(xaaﬂ%)fb(xbvl‘%‘) Xd&ab(xa’xb’Qz’as(M%))
ab

Born level partonic cross section
pdfs obtained from a LO analysis and | loop AP

a, (m,) obtained from a LO analysis and evolved with | loop f

NLO | -loop level partonic cross section
pdfs obtained from a NLO analysis and 2 loop AP

a, (m,) obtained from a NLO analysis and evolved with 2 loop f

NNLO 2-loop level partonic cross section
pdfs obtained from a NNLO analysis and 3 loop AP

a, (mq) obtained from a NNLO analysis and evolved with 3 loop f

A/S? pQCD @ LHC 3] Daniel de Florian 10



* “state of the art”
* automatic NLO

NLO timeline
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32
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The NNLO revolution

el 1e\0 1e\\0 o\\0 z'\“'\

{ 9 . ) et oand®t oerel® oetd yriel e\\0 G a0
- Neeren © ot de“\(\gou Weniko i, van V_\“eo\ uadh Z“ e\n\\‘o"jou koY Me\ﬁ\Kov,"ee\d\Kov,Pe‘f‘ . e‘a‘\:j“.\ on % ont@ .
N, 1aS\O™ , el 25\0\ S0V i - . At riah: ’ . 112 N

D \ ot iy ANaS aaV\“d‘a“ 1ot B it pnast . pnas\® W ot W iz it o G‘aﬂc. ge F\©° 2000 we (azz a. razZ!
A W io o W A W\ aift Ca‘%a\am.\' rorahs gerre’® \oria® i
itk \BF it g FlO
o

Explosion of calculations Hj, Boughezal et al.

o o VBF diff., Cacciari et al.
Startl ng In 201 4 Zj, Gehrmann-De Ridder et al.

ZZ, Grazzini, Kallweit, Rathlev
Hj, Caola, Melnikov, Schulze

W AG tal.
1, 022" ial) goughez?' ©
v (patie : Mitov
ttbar total, Czakon, Fiedler,
Z-y, Grazzini, Kallweit, Rathlev, Torre
ji (oartial). Gehrmann-De Ridder, et al.
o) 2002 2004 2006 72, Cascioli it et al.
2008 -ZH diff., Ferrera, Grazzini, Tramontano
WW , Gehrmann et al.
1 990 201 0 ‘ttbar diff., Czakon, Fiedler, Mitov
Z-y, W-y, Grazzini, Kallweit, Rathlev
Hj, Boughezal et al.
201 2 Wij, Boughezal, et al.

"Zj, Boughezal et al.

WH diff, zH diff, Campbel| et al..
77 Campbey gy o
Grazzjn; etal.

Grazzjn;
etal,.
Mc, at

LO B
2 h
ngle top Shn nn-p gd °zal ot al
A, de Fioy,, Serger, der, et g
ic Z ‘::H: Chen Ian et gl ’ C.-YUan, Zhy
Yj, Campbe// c L)eljlme’ e;":;nn. ¢ ’.d
P VBF i 2z MATRIx Ptus Geh : Ells, o El, o S8l o, ot o)
fr- . . J. sz. <4, G Heinri atNN . m'lann et ’ I//lams ’/Iams
om L. Cieri Wertngs, o, Femc, oty "WLO, Graggy gy " 21
[CAS . .
Vo N pQCD @ LHC Daniel de Florian
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N3LO
The new Frontier!?

Higgs (TH, app.) C. Anastasiou, C. Duhr, F. Dulat, F. Herzog and B. Mistlberger

Higgs (VBF) F. A. Dreyer and A. Karlberg

Higgs (Diff in TH app.) F. Dulat, B. Mistlberger and A. Pelloni

Higgs, B. Mistlberger

Higgs (Diff. qT-subt)
L. C, X. Chen, T. Gehrmann, E. W. N. Glover and A. Huss

] . ] : ] : ] . ] . N\ 1
.
2014 2015 2016 2017 2018 T DY, C.Duhr, F. Dulat, B Mistlberger
from L. Cieri
ICAS . .
A pQCD @ LHC Daniel de Florian 26
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Hi ggs at NB3LQO  c.Anastasiou, C. Duhr, E Dulat, F Herzog, B. Mistlberger (2015)
B. Mistlberger (2018)

Very relevant observable called for higher orders (slow convergence)

Impressive calculation : new techniques

Within (excellent) heavy top approximation s

68273802 loop and
phase space integrals

Observe stabilization of expansion
Small correction (2% at Mu/2)
Scale variation at N3LO ~2%

A pQCD @ LHC Daniel de Florian 27
34



Parton shower we should describe the whole event!

|. High-Q Scattering ¢: . 2. Parton Shower

field theory / A

very inclusiv

approximation

.-
o .‘ .- .
= - @-
o e ~
1= ‘.‘

'4 . Frank’s artist expression

3. Hadronization o0 410 4. Underlying Event
model model

35



* Parton shower is an approximation for multi-particle states.

* Matrix elements for ¢ — qg (9 — g9 ---) due to soft and
collinear divergences can be approximated

1 1
(pg +pg)? 2E,E,(1— cosb)

. .= Z
|-z

* We write the approximation:

dt ag
Pt or

* The parton shower evolution is a Markov process based on this
approximation.

M1 d®py1 =~ [M,|*dd P(z)dzdg

* General purpose MC (eg PYTHIA) use this approximation to
simulate higher order processes.

36



Parton branching

» Two types of branching

spacelike timelike
b
» For a timelike branching @ - < 0 =0, + 0.
Py » P << ps =t Ey=zE, , E.=(1-2)E,
» Kinematics (for small angles)
t= 2B, (1 — cos0) ~ 2(1 — 2)E26° g — t
— c — S ~ — - —
b T2 B, \ 2(1— 2)

pt conservation z0, = (1 — z)0,

37



18,y Ot

» Matrix element forg>g g

' in
/gc

t
4 2
L CaF(z; €4, €p,€.) | My]?

2
M, ~ Mn%vggg — M, |? =

Cp =3
* Non-vanishing contributions

in out out
out in out
out out in

» Average + sum of polarizations

i C soft

1 — 2z Z .
C(F)=0Cy4 . | — F2(1 —2)| = Pyy(2)
b soft 38




» Matrix element for 9 — qq

A

C(F) =Tr |2°(1 — 2)7| = Pyy(2) with

« Matrix element for 9 — qg

1+2% - -
C(F) = Cp 1+_ZZ = P, (2) with

* Phase space:
we showed that d®,,.1 = d®,, ® dM?* ® dP,

here dM? = dt

39

Crp =

Qo | i~



d°p d°p
Now d<I>2=/2—E: ((pa—pb)z)—/ 2E: (t — 2pq - pb)

EZdEy, do dcosf
_ Dp@T0 OY AT0° b5(t—2EaEb(1COSHb))

2F)
1 1 1 dE}
2 OE.E, Pt T TR
1
= —dzdy

4

1
Finally AP, 1 = dP, @ dt ® Zdzdgo

40



« Cross section
1

M, . 11°d®,,
F My, 1] +1

d0n+1 —

putting all together and remembering that  F,..1 = (27)°F,

dt ¢*

S

(27)

dopi1 = do, 3 dz dp

dt g ~
= do,, n dz %Pba(z)

 For spacelike branchings the expression for t changes

4]



Evolution equations ey Y?j

 Let’s consider a space like evolution (e.g. DIS)

* Pictorial representation

5t [ A |
5fm(x,t):?t / &l f(@',1) 55 P(2) 6(x — =a') d

- ot Ldz a, - +

P(z) f(x/z,1)

L 0 z 2T

4? to ¢



Evolution equations ey Y?j

 Let’s consider a space like evolution (e.g. DIS)

* Pictorial representation

0 fout(x,t) = — f(a,t) /0 dx’ ;—; P(z) 6(z" — zx) dz
0t Ly s :
— ? f(x,t) /O dz % P(Z) K

43 to ¢



Evolution equations t Yf
~tpy —t

 Let’s consider a space like evolution (e.g. DIS)

* Pictorial representation

ot [1dz a, -
5fm(a;,t):?t /O % Py fla)at)

z 27 \

44 to t



1
5f($ t) — 5fzn _5fout — @ . dz ;_; P(Z) ;f (fat) —f(il?,t)
1
dz o x
@ = [ 5 Pe) (L)

with P(z) = P(2)

- Sudakov factor

A(t) = exp / at /dz—




« Sudakov factor

/
A(t) = exp / ot /dz—
to |

z 2T

— f(x,t) = A(t) f(,to) /dt’ A(t) /dz % by

NG

A(t)f(x,to) paths that did not branch in to — ¢ -

probability of not branching!

46




» (Generalization

/
Az(t) — eXP —Z/ al /dZ — Pzg
to

0 dz o P T
815( ) Z/ z 27T (;’t>
- Comments

1. there are infrared divergences
2. we need a regularization prescription 1
3. ad hoc cut off to define resolvable emissions / dz

4. virtual corrections cure the problem

47



Parton Shower basics

® Now, consider the non-branching probability for a parton
at a given virtuality t;

ota, [tdz .
Pnon—branching(ti) =1- Pbranching(ti) =1 4 / —P(Z)

® The total non-branching probability between virtualities

t and to: N X L
t o Z A
non—branchin tat = 1 > —P
P branching (£, £0) g( y 27T/z . (z))
SN~ ()

~ e IG5 I PR — At 1)

® This is the famous “Sudakov form factor”

KIAS MadGrace school, Oct 24-29 201 | Parton shower and MLM matching Johan Alwall



« Monte Carlo
« Goal: given (x1,t1) generate (x2,t2)

« To obtain to solve

space like evolution

* To obtain z=x»/x1 solve

T2 /71 1—e
/ dz%P(z):r’ / dz =2 p
] 27 ) 2T

» Stop the process if t2 > Q*

- For time like evolution switch to with t1 and stop at to

49
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with

r' € [0,1]



* PS is not accurate to describe extra hard jets, by construction!

i — . 1stJetPt
| hlst_temE_2002_Inln | tt - ] ot T
Mean 123.3
104 g RMS 112.8
- Top—pair
10° __'nlm_'j -— .
E "l e
ok —— PYTHIA PS
- “?Lw.
— Hﬂ‘\
102 = | “Lﬁ__LL\
- . -
— IL . ALPGEN
T | I. < ME
10 — _J.L-ﬂ“
= IR} L
L - | “r
L Ny g
1 ' NN N 11N1111111|1l4ﬂ51
0 100 200 300 400 500 600 700 0 1000
deficit of hard jets
PT of additional jet "



Z + N jets

'NADJd IV

O W

]
o -_PS does not emit
* hard jets

1
1 1 1
i !
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Cross section (pb)
o o o
- oo o

—
()
o

101

T 11

7+ N jet, LHC, pT>30 GeV

~ dashes: Herwig

N=1

—t Integrated pT rate of N—th jet

solid: Alpgen =~ Matrix
clement

¥Shower MC

Jash llJlllI

important for SUSY searches_

? N=3 = — .k" 1
L 5 5 o .
Ellllllllﬁil-'a:lrl]_l4lllllll—l‘h—hlL
+ 50 100 150 200 250
[Mangano]



V. Jets

< (Can we obtain more information on the hadron production besides

the total cross section?

< We expect that soft process
don’t change completely the high
energy features ——> a spray of
hadrons follows the direction of

the original quarks and gluons.
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Three jet event:

Runiewent 137223 93868 Date 300805 Time 134427 CtrkiM= ¥8 Sump= 56,63 EcaltN= 3 SumE= 65,4 Hcoal Ch=23% SumE= 11,52
Eb=an 45,137 Eviz 104,4 Eniss -14,1 Ve ¢ -0,03, 0,08, -0,43) Huoni{k= 1) Sec Wtazi{M= 83 Fdet(h= 0 SumE= 0,0}
Bz=4,300 Thrust=0,738]1 Apla=0,0517 Obl st=0-A859E Spher=l, 4732 i

* why not 4?

* Which particles
belong to a jet!

* how to get

! ;
~ ? : * : f
arton — Mjet - Lo S
p q] K I"\:- I;"' I
. ,
. 4
I‘I"\ _/f/- --A\\ .-"f&-\-\_\_\- .I'II-I
ky . i W
'ilx .\' l,-" --Il'
.\ -'-I
k] "
o -
1‘ .II'
" ~ -
1 '\'\.-' I'.l'
- -5
# ,
- T -~ - b,
x T
£ el
T T 1
2 I
- 1
| |
. :
| 200 i, | Hig 20 B0 GeW

Centre of screen iz O 00000, 00000 (), 0000} |
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Not an easy task:

Proper “Size’, Of jets.

“NOiSe”

\ ISR (beam) clustered

jet

1l
“"“II!IIM“‘\\‘IH“ "
Al

jet

[Lian-Tao Wang]
Overlapping jets.
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Criteria for a good jet recipe:

|. Simple to implement in an experimental analysis
2. Simple to implement in a theoretical calculation
3. Defined at any order of perturbation theory
4.Yields finite cross sections at any order of PT

5.Yields a cross section rather insensitive to hadronization
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controls the number of jets

< The JADE jet algorithm 1s the following: Consider n
particles/partons and a cut y

€ Identify the pair with minimal invariant mass m. If m? < ys join
the two particle into a single cluster.

¥ Apply the previous procedure to the n — 1 particles and clusters
until we can not form new clusters.

¥ The number of particles/clusters at the end of the process is the
number of jets.
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<> This expression describes well the energy dependence of R3

30

® JADE x AMY
+ TASSO * VENUS

O Mk-II

,Abcuan O(@?)
ﬂ{ ."' -/(1 s = const.

R 5(Y o = 0.08) [%)
= 0

15

E.,[GeV]
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> This expression also describes well the y dependence

100 R e B A R —
- OPAL e ]
t E..=91GeV o" '
. <m ./'/ 2-jet
— 80 F 3 / -
S5 [ ~* “
o . q
£ . emxA 2-3-4- S.jet data 1
S wf -
= .
- - QCD O{o.2):
= - 5 575 :
5 . — % = 0017 EZ, Axgs= 110 MeV.
2 40 o1’ = Eop, Afjs=230MeV
>
% ~
= [
20 g y
.\. 3-jet 1
4 | \-M._
0 . - ""':ﬁ-'l‘;:-.x]-e—tx = ‘ . 1 2
0.0 0.05 0.10 .15
ycut
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A few jet algorithms

* Three popular jet algorithms are kT, anti-kT, and Cambridge/Aachen

* The distance and rule to join objets is

AR;; \ °
le — mln[pT?a pT(ﬂ ( R J> and dlB — pT1

with AR;; = \/Anfi + Apf

repeatedly combine objets untild;gis the smaller distance.
Then call it a jet, remove from the list and start again

*The choices are: kT (o =1); anti-kT (o = —1);
C/A (o = 0)
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* Example with C/A algorithm [borrow from G. Salam]

p,/GeV
40
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* Example with C/A algorithm [borrow from G. Salam]

p,/GeV
40 4 DeltaR_{ij} = 0.153968
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* Example with C/A algorithm [borrow from G. Salam]

p,/GeV
40
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* Example with C/A algorithm [borrow from G. Salam]

p,/GeV
40 4 DeltaR_{ij} = 0.155556

61



* Example with C/A algorithm [borrow from G. Salam]

p,/GeV
40
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* Example with C/A algorithm [borrow from G. Salam]

p,/GeV
40 4 DeltaR_{ij} = 0.249206
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* Example with C/A algorithm [borrow from G. Salam]

p,/GeV
40
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* Example with C/A algorithm [borrow from G. Salam]

p,/GeV
40 4 DeltaR_{ij} = 0.292063
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* Example with C/A algorithm [borrow from G. Salam]

p,/GeV
40
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* Example with C/A algorithm [borrow from G. Salam]

p,/GeV
40 4 DeltaR_{ij} = 0.410317
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* Example with C/A algorithm [borrow from G. Salam]

p,/GeV
40

61



* Example with C/A algorithm [borrow from G. Salam]

p,/GeV
40 4 DeltaR_{ij} = 0.538969
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* Example with C/A algorithm [borrow from G. Salam]

p,/GeV
40
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* Example with C/A algorithm [borrow from G. Salam]

p,/GeV
40 4 DeltaR_{ij} = 0.571429
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* Example with C/A algorithm [borrow from G. Salam]

p,/GeV
40
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* Example with C/A algorithm [borrow from G. Salam]

p,/GeV
40 4 DeltaR_{ij} = 0.856353

61



* Example with C/A algorithm [borrow from G. Salam]

p,/GeV
40
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* Example with C/A algorithm [borrow from G. Salam]

p,/GeV
40 4 DeltaR_{ij} = 0.895475
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* Example with C/A algorithm [borrow from G. Salam]

p,/GeV
40
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* Example with C/A algorithm [borrow from G. Salam]

p,/GeV
40 4 DeltaR_{ij} > 1
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* Example with C/A algorithm [borrow from G.Salam]

p,/GeV
40

30
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* Example with C/A algorithm [borrow from G.Salam]

p,/GeV
40 4 DeltaR_{ij} > 1

30
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* Example with C/A algorithm [borrow from G.Salam]

p,/GeV
40

30
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* Example with C/A algorithm [borrow from G.Salam]

p,/GeV
40 4 DeltaR_{ij} > 1

30
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* Example with C/A algorithm [borrow from G.Salam]

p,/GeV
40

30
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* The different algorithms lead to distinct
jets shapes when they overlap

kT () starts around softer objects

C/A (0) cares only about distances \ /
I

anti-kt (-1) clusters around hard objects

anti—kr

pp > p?




Cam/Aachen, 801

1
+ 4o T

anti-k,, R=1

SISCone, R=1, f=0.75

-2

[JHEPO4 (2008) 063]
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Jet production

* The basic expression for 2 to 2 processes is

> [ doraey BRI @GR 45

de (1 + d;5) dp#-

“+ In the jet-jet CMS — dyldygdp?p = %sdmldxgd cos 0*

d’o I i@, Q0)5@2,Q%) =inrr o
— ) 9 > M k)l
dy1dyadps ~ 167s2 Z (1+ 6;;)z122 D |M(ij — ki)
with
_— 2

/5
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-+ The LO processes leading to jets are

Process o2 dQ at 90 degrees
22 | A2
aq' — qq %0 2 2.2
a2 1 2 a2 | §2 a2
00— aq | 35 |5 (55 + 550) - m) | 33
97 — ¢'7 e 0.2
94 — 97 | 23 [% (§2;2ﬁ2 | 52“;“2) 8 “j] 2.6
93 — g9 25 [3? S %p—jﬁ‘ﬁ] 1.0
99 — qq % |3 EEE — 3840 0.1
22 | A2 ~2 | a2
99 — 99 3 |35 + T 6.1
9999 | 3x3(3-8-%-%) 304

witht = —3 (1 — cos)/2and & = —3 (1 + cos @) /2
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Tevatron results

the inclusive jet cross section does agree with NLO QCD

over 8 orders of magnitude!

010 PHYSICAL REVIEW D 75, 092006 (2007)
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PHYSICAL REVIEW LETTERS 101,062001 (2008)

> 10'E D@ Run I . |0y|4<04| (3382)( o
G 10 o 0.4<|y|<0.8 (x
8 . - 0.8<|y|<1.2 (x8)
N 104 1.2<|y|<1.6 (x4)
=10 1.6<|y|<2.0 (x2)
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© 10
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10°EF R gne = 0.7
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10”5060 100 200 300 400 600
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eLet’s look the results without the dirt trick of log plots

PHYSICAL REVIEW LETTERS 101,062001 (2008)

D@ Run || Reone = 0.7
1.5FL=0.701b"

-
—-—-
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eLet’s look the results without the dirt trick of log plots

PHYSICAL REVIEW D 78, 052006 (2008)
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* The agreement is also nice for the dijet invariant mass, eg, at CDF

PHYsSICAL REviEw D 79, 112002 (2009)
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Jets at the LHC

the inclusive jet cross section is nicely described by NLO QCD

T T T T T T71] 1 l U B R
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a more serious comparison

+ 35_ T T T T T T
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again we can study dijet invariant masses
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Highly boosted objects: fat jets
e At the LHC W’s, Z’s, H’s, and tops can be very energetic such that

their decay products are collinated, merging the final state jets!

slow moving => well separated final state jets

highly energetic state produce a single fat jet with substructure
73



Highly boosted objects: fat jets

e At the LHC W’s, Z’s, H’s, and tops can be very energetic such that

their decay products are collinated, merging the final state je

slow moving => well separated final state jets

highly energetic state produce a single fat jet with substructure
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2 Why should we care?

5 a) pp - tt > {wbbjj
10 1= Vs = 14 TeV
reconstr. m(tt)
2 b—tags
10-4 - —
1079 - Rpn=04  —
R.. =0.7
| | | | | | | | | | | | | | | | | | | | | |
0 1000 2000 3000 4000 5000
m(tt) (GeV)
_ 2 2

do/dpq(t) (pb/GeV)

10— <

10— 4

[Baur, Orr 0707.2066]

top pair production at the LHC

.
1 1 |

T | T T T T | T T T T | T T T T
pp - tt > {vbbjj
Vs = 14 TeV
2 b—tags

i
| | |

0

1000 1500 2000 2500
pr(t->blv) (GeV)

500

* requiring separated jets suppress,the signal at high invariant masses



2 Basic idea

daughters have similar momenta

signal E background (QCD)
1 i 1
A
— (7. E
: 1+ 27
P(z) x 1 E P(z) x 1 _ZZ

QCD prefers softer radiation

2 idea: reverse the jet algorithm analyzing the daughters

* first proposed by Seymour (1993) for W’s
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P Example:VH at the LHC [Butterworth et al arxiv 080224707
Unboosted analysis

>
8 1500 |—
S|
i
1000 —
500 |— -I-"
| +
- ) ATLAS TDR
T (unboosted) H is hard to see.
| | | | | | | | | | | |
0 0 50 100
m;; (GeV)
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Boosted analysis

ol

2 Search for boosted Higgs: >
for jet j with size R 97 mass darop

* Undo the clustering and label 71 5 J2 with m;, > my,

* j is a heavy particle if there is a mass drop such that

mg, < U m; [mass drop]

min(ptjl s Pt,jo )
maX(ptjl s Pt,j2 )

> Yeut [symmetric splitting]

* if there is no mass drop rename and redo the analysis

For instance Ycut = 0.15 and p = 0.67
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First answer

< Sterman and Weinberg: 2 jet
event if a fraction 1 —e of the total
energy 1s contained 1n two cones

of size 0. ©

E1“‘E2+E3< ek
<> This can be applied to hadrons (experimental data) and
quarks/gluons (theory).

< This 1s IR finite: sums collinear and soft gluons and virtual
corrections.



General form of the IR divergences

9, dE 4
o 37‘_ O'qq / COS q4g Eg (1 — COS 06]9)(]‘ COS qu)

2 The integral diverges for

Eq — 0 (soft gluon limit )

0y — O
7 (colinear limit)

Ogq — 0







