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What are jets?
e Jets are spray of particles or collimated beam of hadrons (mesons
and baryons) produced in the high energy collisions.
 They are observed in electron positron annihilations to quark-pair.

* This is very much similar to muon-pair creation, but a careful study
inferred the existence of three colours that the quarks can have.

 The three jet events successfully describe the presence of gauge
boson mediator responsible for strong interactions, gluons.

* Now they are produced in multitude at the LHC, can be used for
various signals (e.g. top decays).

 They can also be used for BSM searches (like mono-jet events).
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Jets@CMS (2016)

By CMS Collaboration

CMS Experiment at the LHC, CERN
Data recorded: 2016-Sep-27 14:40:45.336640 GMT
Run / Event / LS: 281707 / 1353407816 / 851

For the first time, CMS physicists extract the fundamental parameters of QCD together with constraints on the

New Physics.

Jet cross sections 4 M.C. Kumar



Hadroproduction of jets

COLLABORATION DETECTOR PHYSICS INTERACT WITH CMS NEWS BLOG O\ SEARCH

JETS-0F=ALL-TRADES:

CONSTRAINING STANDARD
MODEL AND BEYOND

e |n hadron collisions, jets are produced in many ways not just in quark
annihilations. Many parton channels are possible.

;9 — 99, 49 — Qqk, 9%k — 949k, 499 — 9495,  Qiqk — 4Gk
qQq — 499, 99 —qq, 99 —q9, gg — gg.
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Jet calculations : Colour projection technique

e Consider a 2 —> 2 scattering process (four parton scattering).

* The basic idea: The matrix element in the colour space can be
thought of as a vector in the colour space spanned by some colour
basis elements.

* TJo resolve the respective components, one can simply project
these basis elements on to the given matrix element for a given
four parton scattering.

 The number of basis elements changes with the parton scattering
under consideration.

 Then these colour projected amplitudes can then be represented
iIn the matrix form.
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Quark quark scattering

Consider a four quark scattering process, represented by their colours: i j; — k|

C C
c1 = 0k 041, €2 =1y, T
\CI > = {01702} Orthogonal basis

Srg=1|Cr >< Cjy Soft matrix

Pi = Cz’/Sii |Pr >={p1,p2} Orthonormal basis

| Hy >= M|Pr > and < Hj| =< P;|M"* Colour projection /
Colour decomposition
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Soft and hard functions

N2 0

G797 —
0 (N*-1)/4

} Soft matrix

Hry;=|Hr >< Hj|

Hard matrix

H%%5—%5% — Oz? [

2C% (t* 4 u?)

959545 9;
12

12

q;9;—9;q; 9595 —459;
9 H }

quqj 74
22

a9
i3 N4 52 )
C
2 2 2
HUG7G% 2CF _(t—%u)_%u
2 N3 N,_s? st|’
4599595 1 2 (t2 + U2) (82 + Uz) 4 u?
H22 — + ) -
N2 | N2 &2 £2 N, st
(M |? = S;;Hy; = Tr[S.H] Born level
,(N? —1) t2+u2+52+u2 2 u?
— g S
g B _ 7 2NZs 52 12 N, st N. Kidonakis, G. Oderda and G. Sterman
9595954 Nucl. Phys. B. 531 (1998)
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Different quark flavours %4 — 4

HYG %A — 2

5 _(CF/NE)thQj%Qk%

2 2
h45 %=k dE — 2 (£ +u”)
NZz2 g2
B _ N1 (P +u?)
O-qg‘(ij—mk%é(‘s‘l) — O IN2 g 52 5(54)
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(C2/N2)p9i%=ade  —(C'p/N2)h9i% k0

h 9595 9k qk /N2
C

S4 =S+1+u

s, = 0 (At threshold)
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For qg —> qg channel

ct =0 &y, Co=d°TG ca=if°TY
§49—49 0 (N? — 4)(N? —1)/(2N,) 0
0 0 NC<Nc2 — 1
1 2
g9~ — 2],
= 2N3(N2 —1) <su )
Hng_)qg — Nchlg—}qg 7
HQng—%]g — NCQHillg—)qg :
1 25 U S
H99799  _— [_1 - - _] :
9 N2(N2 —1) r e T
YO = N
2
Haoag 1 g _ 4su ot
33 N.(N2 —1) t2 2su

)/2 |

10

H9799 — Oz?

 H

q9—4q9 q99—4q9 q99—q9
H12 H22 H23

q99—4q9 q9—4q9 99—499 ]
11 H12 H13

q99—49 q99—4q9 q99—499
13 H23 H33
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For gg—> gg channel

/

Cy _ Z[fijm dklm . dijm fklm] 5ik 5//)
cs _ i [fimgkim L giim gkim
cs _ é fkmgim - gikm giimy
:
Cy = g0k
Cs _ §dikn djln
5 ?
Co _ 1fikn fjln
3 Y,
1 : 1 ikn i
Cy = E (6ij5k/ — 5//5jk) — gf Gk
1 : 1 3 ikn i
Cs = 5 (5ij5k/ + 5//5jk) — 55,‘/(5]'/ — gd a
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For gg—> gg channel

S . _ Gsx3z O3xs
8x8 —
_05><3 G5><5_
1 0 0 0|
5 0 O 0 8 0 0
where Gsys = 5 and Gs.s=1|0 0 8 0
0 0 5] 0 0 0 20 O
000 0 27

N. Kidonakis, G. Oderda and G. Sterman
Nucl. Phys. B. 531 (1998)

Jet cross sections 12 M.C. Kumar



For gg—> gg channel

H99—>99 H99—>gg H99—>99 O H99—>99
vosae o | Osxa Oaxs HY BT HYY 0 HY
el P HE = | HET T HEY 0
X HXH
0 0 0 0 0
HYOW HYY Y 0 HY
9
Hgg—>gg _ J 1_t_u_s_t+t_ 7
16 s2  wu?2  su
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H{§™99 = —HY ™99, 5 1727 9 /su tu st
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32 ( s?2 st tu) ’
Hgg—>gg _ 1 Hgg—>gg Hgg—>gg 1 Hgg—>gg
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23 2 13 ) 25 6 )
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Hg59—>gg _ -2 nggﬁggj Hgg—>gg ; Hgg—>gg
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What about higher orders?

Threshold corrections as the first attempt

Thanks to the Factorisation theorem

d61p _ a4 = exp{ > ja’} xexp{ > jé}

a=1,2 b=3,4

x exp [2 ) /pT d_’)’a[as(ﬂ )| x exp [4 /pT %ﬁ(as(u ))]

_312 KLF LR

PT/N du

ri(as(p ))]
5

T

xTrace{H(ozs(u,Zq)) Pexp [/
p

~/N
x S(as(pF/N?)) Pexp [/pp %FS(QS(M ))] }

T

H(x)

0 s 1 d 3.0 n|?
HO () + Es HD(x) n—35=(I's)u <as, el ) Sy

N du |Bj.n||Bj.n
S(x) SO(x) + ?S S (x)

Soft anomalous dimension
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Initial and final state jet functions

2p5.C 2
gl = _2/ ap cao‘s(“ )InNa
7 s

Na—
/ dzZ
1 -2

1
[/1 _2)2 %A(fa)[aS(A(ZPa )P + = ! V’[OéS((1 — 2)*(2pa.¢)?)]

N—1 (1—2)
/ dz% {/ d;A(fa)[as(A(PT))]

1—2 1 2)2

+ B as((1 = 2)p2)] + BP [as((1 — 2)?P2)]
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Different subprocesses

a(p1) +4d'(p2) — a(ps) +4q'(pa),
q(p1) +q(p2) — d'(ps) +q'(pa),
q(p1) +a(p2) — q(ps) +a(ps),
q(p1) +a(p2) — a(ps) +q(ps),
q(p1) +9'(p2) — a(ps) +G'(pa),
q(p1) +a(p2) — 9g(ps) +9g(ps),
q(p1) +9(p2) — q(ps)+9(ps),
gpt1) +9(p2) — q(ps)+q(ps),

g(p1) +9(p2) — 9g(p3)+9g(pa)-
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Threshold corrections

N
Q
N
Q>

S

i , -
_ s _(0) In(s4/P7 1
iy {03 S )| T . + €10(S4)

IN®(s4/P%)
S4

+ by
_|_

+ by
_|_

2 A 3 2
&2 ad<é _ (%)20_(0) by In (34/p7-)
dtdu T Sy

In(s4/pP7)
Sy N

 These threshold corrections estimate the size of the logarithmic
corrections at higher orders.

 The reqular terms are not captured in these corrections and explicit
computation of the full FO results are required for this.
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Fixed order corrections

e We have two broad class methods to compute the NLO FO corrections.

e Phase space slicing : The soft and collinear singular regions are sliced
using small cut-off parameters. The calculation is carried out analytically
in these regions in d = 4 — 2e dimensions.

e Subtraction methods : Dipole subtraction terms are added to the real
matrix elements to cancel the singularities point-by-point in the phase
space.

e The IR singularities cancel between the real and virtual corrections.

e The remaining finite contributions can be integrated out numerically
using standard phase space generators.
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Jet algorithms

e Partons in the final stage do fragment into hadrons and hence can not be
detected as they are.

e Jet algorithm is precisely a way of defining the observable that is
consistent with the experimental measurements (that involve the cone

size defined as)AR = \/(772 — 771)2 + (¢, — 451)2

e Infra-red safety has to be ensured while implementing the jet algorithm.
e Different jet algorithms
e Cone Algorithms

e Sequential Recombination methods (kT-class of algorithms)
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Sequential Recombination methods

For each pair of particles 7, 7 work out the k; distance

dij — mm(k’ff, k’tsz) AR?]/RQ y

2
dip = ktz‘p°
o Find the minimum d,,;, of all d;; and d

. Ifd,,, is ad; then merge the particles i and j into a single jet by

summing their four-momenta (E-scheme recombination).

e Ifd, . isad;p, then declare it as a final jet and remove it from the list.

FastlJet package : For implementing the jet algorithm
M. Cacciari, G. P. Salam and G. Soyez (2011)
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Threshold
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vs Fixed order results (at NLO)
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CMS Physics Analysis Summary (2023)

CMS Preliminary Theory at NLO
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a, measurement from angular correlations

134 fb™ (13 TeV)
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Jet production@NNLO
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Inclusive jet production@NNLO

NNLOJET

— NLO/LO

- _ —— NNLO/LO
ATLAS, 7 TeV, anti-k; jets, R=0.4 ——— NNLO/NLO

1.2

1.1

0.9
0.8

1.2

1.1 ——

0.9
0.8 | |

1.2 +— | |

11 =

09
0.8 | |

|

K factor

1.2 | |
1.1

0.9
0.8

1.5<|yj]<20
|

1.2

1.1 ——

0.8 | |

0.9 — 1=::.:

|

1.2 | |
1.1 =1

|
NNPDF3.0

0.8 | T |

25<|yj) <3.0
|

100 200 500

Jet cross sections

1000

25

E.W.N. Glover et. al.
(2017)

M.C. Kumar



Inclusive jet production@NNLO

NNLOJET
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Diet production@NNLO
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Diet production@NNLO for LHC13
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Based on the Fast grids
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Jets at CMS@13TeV
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EW corrections

13 TeV 13 TeV
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EW corrections are important for central rapidity and high invariant mass region.
As high as 20%.

Elsewhere they can be 1gnored.
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Outlook

o With the advent of high energy colliders, we have huge jet production
cross sections at hadron colliders.

o Differential distributions are available now at NNLO

o Attempts towards N3LO calculation are on-going.

o Extremely tedious and time consuming calculations.

o Can be useful for the measurement of the strong coupling constant

and the parton distribution functions from the experimental data.
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