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> The function B.p is parity-odd, since B is an axial vector
o Expected value of §ﬁ =0 in absence of parity violation

> Asymmetry in B.J = parity violated

We know the Standard model violates parity in the weak interaction
o Some objects are produced more frequently than their mirror images

° |s there parity violating new physics at the energy scales probed by the LHC?




Searching for parity violation at the LHC

The goal Energy deposits E jet
> Develop a model independent method to 3 — 3 P m
search for parity violation 700 700
o Produced by unpolarised beams 2 - w00 2 - w00
o Detectors not sensitive to polarisation
> Looking at momentum or energy 1 0 1 500
information as images
400 400
. S 0 S 0
The solution o -
> Can we see an asymmetry a parity-odd -1 -1
measurement function in a similar way to = 200 . 200
B. p ? 2 2
= 100 r 100
o f(x) = g(x) — g(P(x))
> For an arbitrary function g(x) 757 s 3 3
o x=imagesin (n, ¢) with > 3jets n n
o g(x) is a convolutional neural network (CNN)
satisfying ¢-translation symmetry * o
Energy deposits in Reconstructed jet pr
calorimeter

* See backup for more information




* Normalised example D(x)

* Value ony axis indicates probability of point

S e a rC h m et h O d ’ ﬁIL(ae?\;lzspsgiim:fLagng' points x > 0 are twice as

Problem statement D(x)
- We have a dataset drawn from distribution D(x) 1 ):(1
o X =1image (energy or pr) in our case E
- Does D(x) violate parity symmetry? P‘(Xl)B
Method | |
o Sample point x;, 1
- Label x, as real or fake 3
- Real (r): point drawn from D(x)
- Fake (f): parity transformed point
- Calculate probability of x, being real* as P(real| x, ) 1 \0/ 1 > X
Aim
- If D(x) conserves parity, real or fake are equally likely for a point Which is the point drawn from the distribution
- If D(x) violates parity, either real or fake more than 50% likely for a point and which is the “fake” point?

Trained classifier can assign a higher probability
of x, being real

(real, fake) = (r,f) *probability for (x1, I3(x1) ) being labelled (real, fake)



We can calculate [1] the probability of x, being drawn from D(x)*

MaChlne |earn|ng P(real|x;) = sigmoid| g(x,) — g(P(x,))|

setup

f(x) is a parity-odd function

Sigmoid(x) =

1+ e
Sigmoid
ML model
X4 . - f(x;,) — P(real)
Jet image f(x,) = 8(x1) —8(P(x,)) output probability
Training method CN

o Sample points from D(x), get images in n-¢ plane — input to ML model
o To learn the CNN g(x): minimise Loss = —log P(real|x;)

Testing method — using trained ML model
o Sample new points from D(x)

o Calculate net output f(x) =g (x,) — g(ﬁ(xl))

o |f average f(x) over dataset significantly > 0 = parity violation in the dataset

*For derivation see backup slides [1] Tombs, Lester, A method to challenge symmetries in data with self-supervised learning 2111.05442


https://arxiv.org/abs/2111.05442
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o Use a dataset that violates parity in a way that can be seen in momenta
Minimal Standard-Model Extension (mSME) [1,2] 3T 1 o 1 2 3
> Violates CPT and spontaneously breaks Lorentz symmetry | I jetll”
° Modify SM quark-gluon vertex with 4x4 coupling matrices ¢, - ]
, _ o Compare positives to negatives
° Off-diagonal elements in ¢, can cause parity violation )
=1
> Jterms such as ticu in £, where we get components E . P which are parity odd % 107? | T positve JtLn
° Modulate effect of ¢, by a coupling constant A (A = 0 is the SM) @ 10°9 : bt MGALVE Jetl 7

105é
Data generation " %

o 3-jet mSME samples generated in Madgraph
> Showering in Pythia
o Reconstruction with pile-up in Delphes to approximate ATLAS detector

o Cut p; >220GeV leading 3 jets, |n| < 2.8 to emulate a 3-jet trigger

[1] Colladay, Kostelecky, CPT Violation and the Standard Model hep-ph/9703464
[2] Colladay, Kostelecky, Lorentz-Violating Extension of the Standard Model hep-ph/9809521



https://arxiv.org/abs/hep-ph/9703464
https://arxiv.org/abs/hep-ph/9809521
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Training setup

o ~10M events split into three sets (train, validation, test) in (60, 20, 20) ratio -1.0 -05 0.0 0.5 1.0
net out[:ut

o Hyperparameters tuned on the validation set (# hidden layers, # convolution v n
kernels, learning rate, amount of regularization, early stopping) Compare positives to negatives

W oo ] .
Results for reconstructed jet images \=1; see parity violation 5 10%4 — F’°5't't‘_"e "ett"”tf”tt
] . negatlive nel outpu
o Network output on the test set is clearly asymmetric around 0 i 1051 E ?
o For a typical search, cut (e.g) |net output| > 1.0 and compare positive and ?
negative yields 10 ;
103é
Metric, log likelihood ratio 102
o Comparing to a symmetric hypothesis ( P = % for each event) _
. . . . 1 101 E ==
o Log-likelihood ratio for a data point log P(real|x;) — logg ; =
o Mean log-likelihood ratio over the dataset, Q, used as a metric. 109 3 i} :
> Determines how much parity violation the model sees in the dataset 15 : . ==+ |
° Q=870+30 ppm € 101 T
& 0541
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ppm = parts per million 7 net output




Final results

&
Previous slide: training and testing %
with reconstructed jet images, A=1 5
o Clearly see parity violation N
See parity violation when instead \')?:I;iizir'ty
training over different inputs seen by
model

o Using energy deposit images provides
more sensitivity

Reduced sensitivity when coupling
reduced

Each point is a individually
trained CNN

! Energy deposits in calorimeter image |
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Conclusions

Summary

o A method has been developed for a model-independent search for parity violating physics at the LHC
> This has been developed for a 3 jet theory

° Can be similarly performed on other physics objects e.g. electrons, muons

o Wide range of potential final states that could be investigated

Future
o We would like to see these techniques used on real LHC data
o We plan to make the code public for sample generation and data analysis to facilitate this
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Beam-flip
Energy deposits (rotate 180°
as an MNIST digit

Energy deposits Rotated in ¢ Parity flip about x)

CNN
symmetries

Parity-odd )
° f(x) = g(x) —g(Px)

Symmetric to ¢ rotations

o Since choice Of origin is arbitrary . Original image PT .00 , Parity flip PT.., . Parity flip, translated ¢ P10 y Beam flip P10
> Use max pooling: for each n slice, take 2] . wo 2] o 2 . oo 2] 200
only the maximum value across the entire LI -
¢ range y 00 " - o0 |
S 0 01 0 0]
Symmetric to rotations 180° about x- w0
axis (swap beams) . - .
! | 100 _, | 00 _, 100 _, | = 100
> Since we have pp beams
-3 o 3 o 3 o ~31 0
o |r'(|tIOdUC)e two more terms, g(R18OX) and -3 -2 -1 o0 1 2 3 -3 -2 -1 0o 1 2 3 -3 -2 -1 0o 1 2 3 -2 -2 -1 o 1 2 3
g PR180X n n n n
net output = -0.116 net output = 0.116 net output = 0.116 net output = -0.116

Overall network to train
o f(x) = g(x) + g(RygoX) — 8(Px) - 8(PRgoX)

Check on the network — are the desired
symmetries obeyed?

[1] Lester, Tombs, Stressed GANs snag desserts, a.k.a Spotting Symmetry Violation with Symmetric Functions 2111.00616



https://arxiv.org/abs/2111.00616
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LIV plots
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mMSME multiple couplings
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mMSME multiple couplings
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