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QCD coherence and how
it fails

Jack Holguin
In collaboration with Jeff Forshaw

This talk is based on work to come [arXiv:2001 . XXXX]
and slightly on Parton branching at amplitude level [arXiv:1905.08686].



https://arxiv.org/abs/1905.08686

Coherence recar

What is coherence?

Coherence is sometimes a vague concept. It can have multiple definitions
depending on who you speak to:



Coherence recar

What is coherence?

Coherence is sometimes a vague concept. It can have multiple definitions
depending on who you speak to:

* Waves with a constant phase relationship are coherent.
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Young and Friedman




Coherence recar

What is coherence?

Coherence is sometimes a vague concept. It can have multiple definitions
depending on who you speak to:

 Fields that are mth order coherent have correlation functions that factorise as

G (X1, i) Xy X1y vy X)) = HG(xi;xi) Vn<m
i

V
This is a powerful macroscopic description.

RJ Glauber ‘63




Coherence recar

What is coherence?

Coherence is sometimes a vague concept. It can have multiple definitions
depending on who you speak to:

* Wave functions are have quantum coherence if their amplitudes sum linearly.

quystem — 2 A,
ieE{paths}
This is what | will be using.

(Note, this definition is closely related to Glauber’s and this description plus
Glauber’s coth order coherence gives the simple first definition)



Quantum coherence recarp

Wave functions are have quantum coherence if their amplitudes sum linearly.

Asystem = z Aj
ieE{paths}
is a coherent sum.

Pevent = P;
ie{systems}
is an incoherent sum (or replace the sum with a product for incoherent product).

It can be intuitive to view processes that fundamentally rely on quantum coherence
as processes dependent on entanglement:

Y=y, Q-+, Q¢ =9, Q (¢ + d,)
PI% = Y:]° @ |p- + P | EPI/JPCI)\

Fully described with 1 and ¢ treated incoherently



Quantum coherence recarp

Wave functions are have quantum coherence if their amplitudes sum linearly.

Asystem = z Aj
ieE{paths}
is a coherent sum.
Pevent = P;

ie{systems}
is an incoherent sum (or replace the sum with a product for incoherent product).

It can be intuitive to view processes that fundamentally rely on quantum coherence
as processes dependent on entanglement:

Y=9,0¢0_-+Y_Q®¢, =¥, _+¥_,

1

Description fundamentally requires coherence



Quantum coherence recarp

An amplitude must be summed coherently with other amplitudes if it describes a
process that can probe the quantum phenomena of the other amplitudes (i.e.
interference effects or entanglement).

We expect incoherent physics to describe all systems that interact in a classical limit
or are independent events.



What is QCD coherence?

Electrodynamics example:
To probe a charge distribution of size d then we need 1 < d.

Oy < O




What is QCD coherence?

More generally we expect physics at large scales (or long wavelength) to be
insensitive to physics at short scales (or short wavelength).

This manifests in multiple ways in QCD. The previous example now appears as

k k3 k . a
%q + = wﬁﬁ< when 04, < Q4.
o q q

Let’s look at a more subtle example...




What is QCD coherence?

Let’s consider an ‘accelerating’ proton. We are going to take it from some low scale
u and to some high scale Q and study how its parton distribution function (PDF)
changes. As it accelerates, it will radiate gluons and quarks. Lets focus on radiating
gluons. This is described by DGLAP evolution 72 ’77.

1

P

df, (x, 1) B asjdz

C2m
0

dinu Z

0@ (1o (Son) 0 = 0 = 22, ()

/

Parton distribution function:
‘likelihood for finding a quark of
scale ~ xu in a proton’

1+ 72
qu§Z) — CF 1—,

Splitting function: squared matrix element for g — qg.
Z is momentum faction.



What is QCD coherence?

Let’s consider an ‘accelerating’ proton. Lets focus on radiating gluons.

1

D2 [y otz - 1)

0

1+ z2
1—2z

qu (Z) — CF

Note that as z — 1 this whole equation goes to 0. This limit is the soft gluon limit
(relative to the proton’s scale). So a high energy proton is only sensitive to high
energy radiation. This makes intuitive sense.



What is QCD coherence?

So let’s calculate something we could see at the LHC.
The born cross-sections interface with PDFs in the following simple way:

dJ(Q) . do_partonic(\/ XaXp Q)
dxadxb - fA(xa' Q)fB(xb' Q) dxadxb
A




What is QCD coherence?

What about beyond the Born level?




QCD factorisation

What is QCD coherence?

So now we include all the radiation that might dress the final state. This is often
dominated by soft gluons, so they are what we will study. Coherence causes us to
expect that we can still write the following to all orders with soft radiation

Opartonic (\/ XaXp Q)

dx,dx,

do(Q)

dx,dx,

d
— fA (Xa, Q)fB (xb' Q)

i.e. using an incoherent product, as protons only care about hard gluons. Interface
should be semi-classical.

This is correct for ‘sufficiently inclusive’ processes
— Colins, Soper and Sterman ‘83-"89.



QCD factorisation

What is QCD coherence? o
Forshaw, Kyrieleis, Seymour ‘06 ‘07
What it Wesigclude all the radiation that might dress the final state. ThisisBften
dominated by soTtekiQns, so they are what we will study. Coberehce causes us to
expect that we can still writesthe following to all ordses®With soft radiation

do(Q) . g tonic(\/ XqXpQ)
dx. d — Las Q)fB (xb' Q) dx s
( 7 Cl o
i.e. us#TB an incoherent product, as protons only care about hard gluons. ace

should be semi-classical.

This is correct for ‘sufficiently inclusive’ processes
— Colins, Soper and Sterman ‘83-"89.



QCD factorisation

How is QCD coherence violated?

Need to unpack our previous formulas more:

Measurement function, functions on the
parton phase space

(. i} o (o) = [ Zdan*{ 1 ( i ,c)} w({Pha- {0}).

I 1€initial I
Observable ]

PDF with renormalisation scale below the
Incoherent sum over gluon multiplicities inclusivity scale.

We will need to resum soft parts of this and compute parts to as. Warning maths
coming...



QCD factorisation

How is QCD coherence violated?

Gaps between jets observable

1€1nitial

S} {pyo. {0}) = / chrn*{ T 7. (“‘“—;

un({P}n.{v}),

I

One collinear gluon from
proton term in X Collinear splitting function

Colour charge operator for collinear emission,
‘trapped’ behind the soft Sudakov factors.

1—k7 /2Q° \

doy o, [@ dkr
dﬂ:adﬂ‘b dB f V/;;z KEQ? z qq(z) fB (Tb Q)

<[00 20) Falea/2, Q) TV s TaVig GV,

oTiVE )= 22 fa(za, Qo) Tr(Vg,oHV ), o)

Resummed soft gluons described by Sudakov
factors (cusp anomalous dimensions), modified

they are only integrated over a IR finite portion
of phase space.

I

PDF with renormalisation scale below the
inclusivity scale.



Coherence violating logarithms

How is QCD coherence violated?

doy Q dkp [LFT/2Q7 g,
dmadfﬂb dB f /_;;2 ngz z qq(z fB (ﬂ?b Q)

X I:e('z — xﬂ) fA(IafZ= QU)F (VkaTTQVk‘T,QHV val‘g ko ) — zng(:I:a., Qﬂ)ﬁ(in:QHvEﬂ,Q) .

L

[T, T | #o




Coherence violating logarithms

How is QCD coherence violated?

Q dkr 1-k%7/2Q* dz
d:t:ad:rb B f /kz 2 /202 — Pyq(2) fB(70, Q)

x [9(3 — Ta) fa(za/z, QU)FTT(VQHJETTGV&T:QHVI:TQTEYIQG,J:T) — 2% fa(2a, Qo) Tx(Vo, oHV, )

L

Evaluate at fixed order

Super leading! )
\ Sub-leading in colour
F Non-abelian
dz1 g 4 5 Q 3N2
~ — — ) 1 — Y ke <
draden Jo(ﬂ) n (Qo)ﬁ fAfB t < Qo
y d(LIPS)54 (Pﬁna] - J-Dinitial)

25 +O(af L") + 0(a?), .W




Coherence violating logarithms

doq s Q dkr 1-k7./2Q° dz
=L _Bs anT 4z p I
dz,dx, dB ™ /,UF /k%/2622 z QQ(Z) UO( ) fB (mb’ Q)

1
X [@(Z — $a) fA(iL'a/z, #F)ﬁTr(V#F:kTTGV;‘?T:QHVLTQTLVLFJ;T) — ZQfA(an: #F)Tr(V#FjQHVLF,Q

where

o v ak(y dyy " gy im
V:L’,y ~ Pexp ( Z Tz : TJ[r kgfj) /On_SheH e (1 - Un(k)) + E(szg 3

T izilijein)

).

Very general. Studying this allowed us to observe that coherence is
always violated once a computation is performed to high enough order.

5 gluons will always ensure coherence is violated, often 4 is sufficient.




Coherence violating
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