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Exclusive jet cross-sections

Gaps between jets

+ @
 We are interested in cross sections of the form
0(@0) = 505 3 11 [1dp]Mal@I (@~ Fior) 59 (on ) © (@0 = 2Eons )
m=M i=1 —— QO
e The energy veto © (@ —2E..) introduces non-global Fixed cone
|Ogarltth g log(%) ~ 1
 What does “out” mean? A o
* Fixed cone cross section: “out” depends only on the
hard scale dynamics
* Sequential clustering: “out” also depends on the soft o)

scale dynamics.

Clustering Constraint

Figures adjusted from 1605.02737



Non-Global v.s. Clustering Logs
NG

CL

First emission
changes gap for
second emission

Due to uncorrelated
emissions. Even exist

Due to correlated
emissions n QED.



Non-Global and Clustering Logarithms (an incomplete history)

 NGLs first discovered by Dasgupta and Salam in 2001 (hep-ph/0104277)

* NLL NG resummation was recently achieved. GNOLE: 2111.02413, SCET: 2307.02283, PANSCALES:
2307.11142)

* LL Beyond leading color:

(Weigert: hep-ph/0312050, Hatta, Ueda: 2011.04154, Platzer et.al.: 1312.2448, 1802.08531,1905.08686)

* Super Leading LOgS (SLL) discovered 20006: (Forshaw, Kyrieleis, Seymour: hep-ph/0604094:
Resummation: Becher et al 2107.01212)

» Clustering Logarithms (CL): Found shortly after NGLS (appleby, Seymour: hep-ph/0211426))

e Analyzed in SCET: (. Kelley, J.R. Walsh and S. Zuber: 1202.2361,1203.2923) A factorization theorem

for CL in SCET as a product of a hard and soft function was thought to be
Impossible



What does “out” mean?

 We run an inclusive k;-type jet clustering on the partons {p;, ..., p, } which
yields the jet momenta { Py, ..., Pnj}.

 For each jet, decide whether it is “In” or “out”, e.qg.,
« only the M hardest jets are “in” for M jet cross sections or

e only the jets which are in a cone with (half)-opening angle a around the
thrust axis are “in”

1y
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k~type clustering algorithm

1. For a list of partons with momenta {p,, ..., p, }, determine the distances

AR;, Determines the
o 17 . .
dij = g0 tFIEL..ny clustering distance
di=F1", i€{l,...,n}, Gives an approximate order
p=1:k. p=0:C/A p=—1:Anti-k; IN which things cluster

2. Find the minimum of the d;; and d;.

3. Ifitisa dl-j, combine the two partons into a single one with combined momentum Pii = D + p;

and return to step 1.

4. Otherwise, if the minimum is a d;, declare the corresponding particle to be a jet, remove it from
the list of particles, and return to 1.

5. Stop when no particles remain.



Factorisation and Resummation



Factorisation Theorem
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RG Evolution and Resummation

Anomalous dimensions
* The renormalised hard function satisfies an RGE:

({2}, (2, Q) Z'Hz (n}, {21, QW) T ({n}, {2}, Q, 1)

 The anomalous dimension is a matrix in multiplicity space

Vo Ry O 0
0 V3 Ry3 0 .-
p#_% | 0 0 Vi Re o |4
47 0 0 0 Vg --

. R is obtained from the soft emission limit of %,(/,?) |

 V is obtained from the soft gluon loop limit of 7(,(7})
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Deriving the one-loop Anomalous Dimension

Real Anomalous Dimension

1 m+1 dEiEid_;; Ez'
Consider the hard function: -+ (71220, @ €)= 50 lj[l/ =z " T g
. m—+1
X Hms1({p,a})2m) %6 (Q — Y Ei)6'“V (Bior + @) Oin({p, a})
1=1

Take the SOft limit:  #o1({p,a}) = IMonss ({2, a1) Monsr ({2 a})) =5 — Wi T Mo ({p}) T!

L 16(24)0m (ng) 3" WA T2 H, ({0}, {2}, Q) T2

Perform the Eq Integral #ms: (fnna} {22}, Q) = 15, (i)

R,
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RG Evolution and Resummation
Anomalous dimensions
At NLO, the anomalous dimensions are given by

| NW hd |net|ng ”

Contains 4-parton correlators

|+ Depends on details of clustering, e.g. |




Parton Shower
g O

Shower time t = — log(—
. . g( Qo)

 Shower generates real emissions by randomly choosing dipoles and emission
times accordingto V.

e Stops, once a new emission does not satisfy the “in”-condition.

* Angular integrals are done with the MC-sampling

» Energy integrals are trivial at LL due to the o(z;) term in R

* The only additional difficulty related to the clustering is to determine the “in”
condition for each new emission
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Strongly Ordered Clustering



Example Situation for diet production
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Example Situation for diet production
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Q Primary particles

() First emission “in” Phase space, where the
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Example Situation for diet pro
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Anti k;
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Q Primary particles

() First emission “in”

O Second emission “in”
@® Second emission “out”
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Phase space, where the
second emission would be In
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Example Situation for diet production

Anti k;

Q Primary particles

() First emission “in”

O Second emission “in”
@® Second emission “out”

C/A

Phase space, where the
second emission would be In
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Take Away

The “in” region for p, . , is obtained by

i Putting a “circle” of §
{radius R around every
| jet{P,....P,

B

No growth! (Like flxed
’ ;H_Cones) | |

)
L

Putting a “circle” of
every particle

IS the distance with

a harder parton
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radius 6; < R around
I {Pis 5P}, Where 5 ;

| which p; became a jet |
| or was clustered with }

‘

| Steady growth! |
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~ Putting a “circle” of }
radius R around every
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LL Features
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Hard particles: s

SOft EMISSSIONS: s

Set-up allows for analytic
resummation of CL up to

power-correction in R

(Delenda, Appleby, Dasgupta, Banfi hep-
ph/0610242)

Blue and red particles
cannot cluster




Set-up 2 (Veto on extra jets)

R? =2(1 — cos )

Hard particles: smsmsscmmss

SOft EMISSSIONS: s

 CLs have not been
resummed analytically

1 +cosa * Blue and red particles can
A}? = In |
1 — cos a cluster
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Common Misconceptions

» Anti k- clustering does not produce CL: This statement depends on the exact

definition of the jets and the “in”-condition. For Setup 2 this is true at LL but
not necessarily at NLL. For Setup 1 it is false.

« All k;-type clustering algorithms give the same CL at order asz: This is true for

Setup 1, not for Setup 2. I. e., it is true when there is only one possible pair
that can be clustered.
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Setup 1: k,~Clustering With

As a check, we compared with
(Delenda, Appleby, Dasgupta, Banfi hep-ph/0610242)

and reproduced their result.

Here and in the
following, we always
plot the gap fraction for
diet production:

o(?)
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Op

Central Rapidity Gap
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Effect of k, jet-clustering on the gap fraction for a fixed

central rapidity gap of Ay = 1. In this set-up, emissions
can never cluster with the primary jets.
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Setup 2: Clustering Effects With Jet Veto On Extra Jets

1.0F

0.8}

0.6

2. Why are primary

(1)
Q
>

ap roxma’uons decent’?

04 i k,
----- anti—k, primary

C/A primary

Does this flatten off or not?!
O 2 b o o o R
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Effective Gap Area

* Note, if there is no gap then there is no veto and there are no large logs

* With the clustering, the gap becomes smaller with each emission. At some
shower time it should vanish completely and the shower should evolve

unitarily.

e Cross section becomes independent of t(QO)
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Effective Gap Area

k; algorithm with R ~1.04 < An =1.0 C/A algorithm with R = 1.04 < An =1.0
0.10 89 0.10 97
0.08 36 0.08
32
0.06 15 > 0.06
- B
2
0.04 6 = 0.04
0.02 2 0.02
0.00 <1 0.00

0.0 0.1 0.2 0.3 0.4 0.0 0.1 0.2 0.3 0.4

bin probability %]



How good is the primary approximation?

Just ignoring the non-global
effects due to “new” dipoles
(pretending the gluons are
photons) gets you within 10%

of the correct result for k,
-clustering!

Note that 10% is also roughly
the effect of subleading color
or NLL corrections!

A?] anti-kt[%] C/A[%] k‘t [%]
20 666+1.5 320+1.4 9.1+ 1.0
1.0 | 64.7+1.0 17.8408 —4.7+0.6
02428406 39+05 —12+05

The table lists the ratio (X imary() — Zp (D)) 21 (1) at £ = 0.07



Reduction of NG Effects

The strong suppression of the gap fraction due to NGL is driven by collinear
emissions into the gap:

Without clustering, collinear
emissions soon dominate

Anti-k; algorithm with R ~1.04 & An =1.0
L]

0.10 23

0.08 - 12

At shower times of t ~ 0.07 roughly 10% of the gluons
emitted into the gap are emitted with 0.3 < cos 6 < 0.4 i.e.
66° < 0 < 73° \

@)

0.06

w
bin probability [%)]

0.04

0.02

0.00 <1

—1.0 —0.5 0.0 0.5 1.0
cos 6

The plots show at which angle from the emitting dipole gluons are radiated into the gap.
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Reduction of NG Effects

The strong suppression of the gap fraction due to NGL is driven by collinear

emissions Into the gap. For k, clustering, there is
Without clustering, a strict bound on
collinear emissions soon collinear emission
Anti-k; algorithm with R ~1.04 < An =1.0 dominate C/A algorithm with R ~1.04 < An =1.0 k; algorithm with R ~1.04 % An =1.0
0.10 ‘J 23 0.10 23 0.10 3 . 23
0.08 - 12 0.08 L 12 0.08 - 12
X < X
0.06 6 = 0.06 6 g 0.06 =
2 2 :
0.04 32 0.04 3 = 004 &
S 3 S
0.02 2 0.02 2 0.02
e (cosf) o (cosf) o (cosb)
o (cosl)to e (cosf)+o o (cosf)+to
0.00 <1 0.00 <1 0.00
—1.0 —0.5 0.0 0.5 1.0 —1.0 —0.5 0.0 0.5 1.0 —1.0 —0.5 0.0 0.5 1.0
cos 0 cos 0 cos 0

The plots show at which angle from the emitting dipole gluons are radiated into the
gap.
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Conclusion

* Presented a first factorisation theorem applicable to NG observables with
clustering effects

* Derived the 1-Loop anomalous dimension

o Simplified sequential clustering algorithms at LL

* LL result was implemented in a parton shower. Our result agrees with results
previously calculated with different methods. Using the shower we

e analysed how the “effective gap” seen by emissions shrinks with larger ¢
(smaller Q)

* shed light on how clustering suppresses the importance of collinear emissions
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Outlook

» calculate the two-loop anomalous dimension to go to NLL

* expand our analysis to more general, possibly double logarithmic,
observables (like jet masses)

* Analyze the effect of subleading color

* |look at hadron collider observables, including also SLL
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Global, Non-Global, Clustering, Super-Leading

What is what?

» All of these are logarithms of = >1

Global Non-Global Super-leading Clustering
Towers ofas log(%) expected| Even atLL, non-abelian At hadron colliders,
from naive exponentiation [strongly ordered emissions| starting at o3 and beyond If the shape of the gap
of the fixed order result. destroy the naive LC, collinear singularities changes with every
We only need to consider | exponentiation starting do no longer cancel emission, then even
the primary hard partons from o5 . With every exactly between real and @ abelian emissions do not
as emitters. (Concept does| additional emission one virtual emissions due to exponentiate. Leading to
not really make sense gets new dipoles that can Glauber exchanges. additional non-global logs
beyond LL) again radiate and generate Starting from o5 these atas .
new “non-global” logs. effects are super-leading.

* |n general, one has all of those and they mix. Instead of listing which types of logs
exists for a given observable, one should rather state which logs are absent.
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RG Evolution and Resummation

e The resummed cross section becomes
o(Qo) = Y (Hi({n}, {2}, Q,0) D Ui ({0}, {2}, oy n) @ S ({0}, {2}, Qo, 110) )

=M m>1

)
 \We implement this equation in a Parton shower with the shower time

/Mh d_,u FH _ /Oz(ﬂvh) doa « F(l) _ L In Oé(,LLs) P(l) _ tI‘(l)
v H a(ps) B(a) dm 2/80 a(“’h)

* Define H,,(t) = Hu({n}, (2}, Q, un) Unm({n}, {2}, th, ps)

t
e lterative solution .. (t) = / 0t Hap (¢) Ry eI Varsi
0

with the evolution kernel U ({n}, {2}, us, un) = Pexp —/“h d—“rH({@}, ,p,)-
LJ g -

« And combine everything as owL(t) = Y (Hn(t) ®. 1)

* At leading color, one can reformulate the solution as a parton shower (LL: Becher
et. al.; 1803.07045,2006.00014, NLL: Becher, Schalch, Xu: 2307.02283)
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Strongly Ordered Clustering

- Note: If the jet clustering on {p, ..., p,,} vields the jets { Py, ..., P, }, then
the clustering on {py, ..., P,,» P11 €ither

1. yields the same jets { P, ..., P, }
2. Or {Pl’ ”"Pnj’pm+1}
e |n case 1., the “In” condition is satisfied

* |n case 2., we only need to check the new |et

 How to simplify the clustering, taking into account the strung ordering?
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Factorisation Theorem
Factorisation for fixed cones: , (Q QO) Z (Hm({n},Q,p) @ S, ({n} Qo, u)}

Note, that

OulP)) = OO | 3¢, ((n}, Q) - (H/ e Ed 3) ({ph)X]

IS very simple e (2m)>

— ( ) Q EtOt)éd 1(ptot) 1n({p})

vSm({ﬂ},Qo) =j<0|81 (n)...8T (nm)|X><X’Sl (1) ...8m (N ‘O>¢9 (Q — 2E0ut)
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