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Interference effects are difficult to model in parton
shower simulations

Parton showers are based on probabilistic MC approaches

Quantum interference effects not easily included in formalism

Several interference effects can appear

1/Nc effects in dipole
showers

v/Z interference in EW § CKM interference in
showers EW showers
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Consider a simpler toy model that exhibits interference
effects similar to the CKM case

Yukawa theory with two types of fermions and mixing between them

L =1+ mi)fi + f2(id + m2) f2 + (0u0)?
+a1f1f10+ g2fofod + gr2 [fifo+ faf1] ¢

Very simple Feynman rules
81 82 812 812
Many similarities with the CKM interference
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Consider a simpler toy model that exhibits interference
effects similar to the CKM case

L =P +mi)fi + f20i0 + ma2) fo + (8,0)°
+g1f1fio+ g2 fafod + g1 [fifo + fofi] &

The mixing g12 gives several interesting effects

Different real emission amplitudes Virtual diagrams give rise to
give rise to interference flavor change without radiation

£ 5

£

Need to correct both real and virtual effects
Similar to including subleading color
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In the high energy limit where masses can be ignored, can
diagonalize this problem

Interaction can be written in matrix notation
T g1 gi2 J1
i (292 ) (4 )

This can be diagonalized as

: et [ 91 912 fi _(F T ga U Ja
U, 22)U (912 92 )U(fz )¢_(fa’fb)< 0 gb)(fb >¢

g1+92—4¢ g1+g2+9¢ .
Ja = 5 , g = 5 , g =-sign(ga — 91)\/(91 — g2)% + 497,
g (VIi—w@ L =921 9)
B —u V1=u? ]’ 2q’

Thus, the theory can be transformed into a system of non-interacting fermions
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This allows to compute splitting amplitudes using insight
from parton showers

Parton showers are defined from splitting function and Sudakov factors and
depend on an evolution variable

Discretize evolution variable and define (no-) emission probabilities (P) A

PpA4 As

P1A+ AV PaAs

Emission depends on P of particle that emits and A of system at time t;
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However, computing the final result is exponentially hard in
the number of final state particles

a

e Ajonly depends on na, Np,
b but different for each |

e P, depends on flavor of each particle,

. 0 i i — but independent of i
P1A2 AP P2As PoA4 As

There are two important facts to realize:

1. We need to rotate back to the fq, f2 basis in the end, so need to
compute amplitudes, not probabilities |

{ 2. Need the results for all possible final state particles fa, fo

This means that for each shower history, need amplitudes for all possible
flavors of fermions

This grows like 2N for N fermions
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Since most of you have not thought about quantum
computing, here is a very short primer

Every state is represented by quits. Examples are

f,=10)./,=11), |5) =1]101), true = |0),false = | 1)

We operate on these states with unitary operations (matrices)

2x2 matrix U [7 4x4 matrix U — [J —

on single gbit on pair of gbits — —

All Unitary operations can be built out of a very small set of basic operations

Can perform controlled operations
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Since most of you have not thought about quantum
computing, here is a very short primer

On a quantum computer, can perform many calculations at once

Consider following
circuit:

It performs operation

i) |q) — i) U7 |q)

!

—U U2

U4

— (think binary)

If start with superposition of all integers, perform 8 calculation with only 3 gates

Za@ ) |q) %Za@ VU |q)

However, in the end can only measure one of the 8 possible states, so
need to think carefully how to use this parallelism
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A guantum computer can compute the 2N amplitudes
using polynomial number of operators

p) H R —P) (P ul™ H gt -
At each discreet time interval, algorithm |») + Un @
rotates from f4, f2 basis to fa, fv basis, o e
. e o/
performs shower in 4 separate steps,
and rotates back to f1, f2 basis ne) (1 —
|’I’I,a> // Ucount @B Uh
ne) ()
Operation 10 >
count particles 1° ,,,,,,,,
Ucount g 10° 5 ///
decide emission T 1)
Ue £
create history 5
Uh § 106-?
adjust particles 10
Uo 10 2. eto Wog

— Q o Number of steps (N)
creceee Christian Bauer
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The basic idea of the 4 steps can be understood quite
easily from parton shower intuition

Operation Scaling

count particles
Ucount

Count the particles

decide emission

Total emission probabillity is product of e
SUdakOV faCtor for eaCh pal’tIC|e createUr:lstory

adjust particles
Up

A" = [A(0,)]" [Ay(6,)]" A 4(6,)]™

Need information about the total number of particles of each type

p) (o —@—) p) ——P)
T Can show that this
ng) —— Uy = Ing) counting step
IS linear In
|na> / U+ |na> + Ucount — n[qutS] _ |nN
|nb> // U_|_ — |nb> + |

Total scaling is NInN
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The basic idea of the 4 steps can be understood quite
easily from parton shower intuition

Operation Scaling

Decide emission (did it happen or not?) Restisieas

Ucount

. . . decide emission
Emission can be written as Ue
simple Unitary transformation Sresin e

adjust particles
U(m) — \/A(m)(em) _\/1 — A(m)(ﬁm) j Sp
e VI=AM@G,)  JAM0,,)

where from before Sudakov factor depends on n
A = [A (0,17 [A,0,)]" A 40,)]"

&) vt -

This can be Performing the controls on the n; values

implemented  |ng) ——("¢ — is somewhat expensive (N3 operations)
using a simple

quantum circuit Ma) ———(Ta)—
np) —f—(16)— Scaling is N4 InN
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The basic idea of the 4 steps can be understood quite
easily from parton shower intuition

Operation Scaling

count particles
Ucount

Create history (which particle emitted?)

decide emission

Once we know an emission happened, Ue
deCIde Wh|Ch par‘ncle d|d em'SS|On createUTstol‘y

adjust particles
Up

Relative probability given by
P(60,,)
zk Pk(gm)

Complicated operation, which depends on type of all particles available
— exponentially possible combinations

Does this imply exponential number of operations?

One can find an operation that only grows polynomially with N
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The basic idea of the 4 steps can be understood quite
easily from parton shower intuition

Operation Scaling
Create history (which particle emitted?) [sskes
decide emission
ini P.O)=P ' U
Defining ) Pu6,) = P(n,.n,.n,) | the following [N
algorithm does the correct thing Un
adjust particles
P)ar ()
P ——® O—0)—@—0)
p)y = () hy,  —— U,gm’k) - ] U}(Lm k)
(D)
|p>1 | (Q[?/) (m,2) ( ) @ |6> ! = 1
1),y U™ U = g -
le) ’ ¢ )\ t Wlth | ¢> + — 4@@7 U-_
Ine) A — S - na) —— U™ = (0) U_
na) A U g L gman | ) B ) il
Inb) A = - - -
\/ P G B \/ By (O) At each step, assigns the correct
Uk = = <"(<g’”;’”b> P <”1§’"(aé”b> amplitude to integer k (particle p)
Vs (11— 528 | and keeps unassigned in state 10>

Scaling is N°InN
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The basic idea of the 4 steps can be understood quite
easily from parton shower intuition

Operation Scaling

Adjust particles (adjust the flavors based [pm———""
on the emission) Ucount

decide emission

Ue

If the particle that emitted is a fermion, add a [
boson. If emitted particle is boson, add adiust particles

fermion and change boson to fermion

Can be implemented rather easily

s —— U - ¥
Phasa - =" U le) (ol + Y |7 16 (il 0

S H o
t=a,b 1=1,b |pk>

N
%
L
‘—
[
L 4
4

), —— Up — + > g (I1F) | i) + | i) 1f)) (0] O

Up
J\ i=a,b l
|h> / \kj : A gz < O

with g; = pj)

V2(92 + g2)

JAA)
%

JA)
%

Scaling is N2InN
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Number of gbits still larger than what is available on current
hardware. But we can simulate something simpler...

Removing ¢ — ff splittings and starting from single fermion simplifies things a lot,
since only one fermion throughout whole evolution process

No need to keep track of numbers na, np, Ny

All emission probabilities equal (determined by single fermion)
Since only the one fermion can split, no need to track history
Every emission simply adds one fermion

064 — Analytical (g1, =0)
24 step simulation (g1, =0)
E=1 4 step simulation (g1 =0)
24 step simulation (g1> =1)
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Much simpler algorithm

=1 4 step simulation (g1> =1)
0.4 - Y 4 steps IBMQ Tenerife (g1> =0)
A 4 steps IBMQ Tenerife (g1> =1)

vl 2 step sim. with ¢ = ff (912 = 0) | ‘

| = 2 step sim. with ¢ > F (g12 =1)
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There are many more things that can be done using
quantum computers, and it is fun to explore possibilities

1. There are many basic operations that are know how to do on a QC
* Fourier Transform
* Measuring phase of an eigenstate
* Time evolution of a qguantum mechanical system
2. In fact, it was shown how one can simulate an entire QFT on a
quantum computer
* Shown for both scalars and fermions
* Works at least in principle for strongly interacting theories
* Resource requirements prohibitively expensive

Very interesting to figure out what is possible with this
completely different way to perform computations
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