Research at the
energy frontier

(with the ATLAS detector)

A tiny selected sliver of topics that my group works on
Jahred Adelman



A (long) historical view of particle ph

Ancient Greeks (atomists):
Everything in the world
can be broken down into
basic building blocks of
matter (atoms) that we
might call “tundamental
particles” these days

Democritus: "Nothing exists except atoms and
empty space, everything else is opinion.”



A (long) historical view of particle ph

Conclusion: Faculty
members know something
about everything else
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Democritus: "Nothing exists except atoms and
empty space, everything else is opinion.”




Atoms: Not fundamental objects!

electron

Q 0 @ 0 electron 2 protons

2 neutrons

Proton Neutron

group 1 1
100798 1 H H 4002602 ¥ 9
e Periodic Table of the Elements [
&
perot 1 ||H Sratcammns | HE
Hydrogen Helium
12 2 atomic mass — 4 l:‘ alkali metals \:‘ metalloids 13 14 15 16 17 152
oF oSt SaLle mass nTDeT 55.845 2 6 atomic number e = =
6.041 9.012182 ioni . gESNE 10.811 ! | 18.998403 20.1797
5202 098 3q 8995 157 ‘t Lst ionization s 762.5 183 e electronegativity D akaline metals D nonmetals 8006 208 5" 10865 255 6“ 1023 304 7“ 13138 34 8« 16810 398 9_] Tar 10
H N i +5 ] I i 3 3 4
2 LI B e 4 other metals halogens B i i 2
Lithium Beryllium chemical symbol — it D I:' Boron Carbon 3| Nitrogen 3| Oxygen Fluorine Neon
15725t 15225 :i transition metals noble gases 157 257 2p* 157257 2p7 “is2st s *| 2t 2pe 152257 2p* 157257 2p¢
22.98976 24.3050 —1r -1-1— oxidation states I:] lanthanoids |:| unknown elements 26.98153 28.0855 30.97696 32,065 35. 453 39.948
4058 0 9311 73717 12 name I ro n -2 most common are bold 5775 161 13 786.5 1.90 14 10118 2. 1015 9006 2.5.16 1251.2 17 1520.6 18
3 E # electron configuration ——- [Ar] 3d° 42 D actindids g8 radozciive demens have a2 o i i % #
q masses inprrenheses i i ( :| AT
2 4 b3 b
Sodium MagneSilim Aluminium Silicon 23| Phosphorus 3| Sulfur | Chiorine 1| Argon
[Ne] 35t [he] 352 3 4 5 6 7 8 9 10 11 12 [Ne]3573pt [Ne] 3523p* *| ey 3se3pe *| ey 3s23pe *| ey 35230 *| ) 352 3pe
380983 40.078 44.95501 47.867 50.9415 51.9962 54.93804 55.845 58.93319 58.6934 63.546 65.38 69.723 72.64 74.92150 78.96 79.904 83.798
19 5808 1.00 20 633.1 1.36 21 6588 154 22 6509 1.63 23 6529 1.66 24 7173 155 25 7625 1.83 26 7604 101 27 737.1 1.88 28 7455 1.0 29 906.4 1.65 30 5788 1.81 31 7620 2.01 32 9470 2.18 33 9410 255 34 1139.9 2.96 35 1350.8 3.00 36
= b - bt bt b & b bt - bt bt = b bt 3 3
4 2 § i i i i i i i iBr IKr
Potassium Calcium Scandium Titanium Vanadium - Chromium ;3 Manganese :i Iron 53 Cobalt ] Nickel Copper Zinc Gallium Germanium Arsenic Selenium Bromine Krypton
[4] 45 (4] 45 [4] 3dt 45 = [4] 3% 4s® [4] 3d° 45 [#]3d> 4s* 3| [ 3de 4s® [#] 347 452 [#] 3d* 457 [#] 302 45t [#] 300 457 (#3000 st apt | (A 3o astapt | [a) 3 astapr | (a]3dredstape | [ 3dcastaps | [ e ast ape
85.4678 87.62 88.90585 91.224 92.90638 95.96 98 101.07 102.9055 106.42 107.8682 112.441 114.818 118.710 121.760 127.60 126.9044 131.293
4030 0.82 37q 5405 0.95 3801 6000 122 39, 6401 1.33 4ON 652.1 1.60 41 6843 2.16 4% 502.)0 1.90 4:3’7 7102 220 44« 7197 2.28 45¢ 8044 220 46“ 7310 103 47 8678 1.60 48{ 5583 1.78 49“ 7086 1.06 SQ‘ 8340 2.05 5]:' 8603 2.10 52“ 1008.4 2.66 53" 1170.4 2.60 54"
slRb Isr Y fzr iINb iMo {Tc IRu IRh iPd Ag fcd lin ‘sn isb iTe il  iXe ¢
r r = #VIO #1C  HiRU # 4 g n n e i qxe
Rubidium Strontium Yttrium Zirconium Niobium Molybdenum 3| Technetium  # | Ruthenium 3 | Rhodium -1| Palladium Silvel Cadmium Indium Tin Antimony Tellurium lodine Xenon
[K] 55 [H] 55 [H] dd* 55* [H] 442 5¢ [K] 4d¢ 55 [K] dd* 55 M) 8d* 55 3| (k) ad 55t 2| k] 4 5st [H] e [H] $ae 55 [H] dae 557 W] ddo5s35pt | (K] 4o 5sespt | (K] dde5stspr | (W] dcre5sispe | (M) 4de5sispr | (k) ade 5st 5pe
132.9054 137.327 174.9668 178.49 180.9478 183.84 186.207 190.23 192.217 195.084 196.9665 200.59 204.3833 07.2 208.9804 210 210 220
3757 0.79 55 5029 0.89 56 5235 1.27 71 6585 1.30 7% 7610 1.50 73 7700 236 74“ 7600 1.90 7537 8400 220 76« 8800 2.20 77.‘ 8700 2.28 78 800.1 2.54 79 1007.1 2.00 80u 5804 1.62 81 7156 2.33 82 7030 2.02 83 glz.l) 2.00 84:‘ gﬁﬂ.ﬂ) 220 8501 5037)0 86
s\Cs |Ba |Lu |Hf iTa iw iRe i{os iir Pt iAu iHg iTI ‘[Pb IBi ‘lPo At
S a u a i #re §HOS i 4 u | 0)
Czesium Barium Lutetium Hafnium Tantalum Tungsten  “4[Rnenum  #[osmium [ iridium 4| Pratinum Gold Merci Thallium Lead Bismuth Polonium Astatine Radon
[Xe] 65 Pe] 6s* De]4f1+5d265° | el 42450265 | [Xe]4f:45d76s% | [Xe] 4f+5d¢6s® | [Xe] 4f2¢5d% 6s* 3 | [Xe] 4f2+5d¢ 65 2| [Xe] 4f¢5d7 65 | [Xe]4f2+5d°6sr | [Xe] 4f1+5d% 6s* | [Xe] 4f245d% 6% | [Xe] 41¢5d% Gs=Gpp [Me] 472+ 5d% 652 Gpf [Xe] 4f2¢5d% 657 6pf [Xe] 413+ 5d Bs* Gpft [Xe] 4724502 652 Bpf [Xe] 4f:+5d% 65* 6p)
@9 L87|%9 88| 103|®H 104|®2 105|@®0 106|@9 107|@@N 108|@8 109|@H 110 |@2 111|@% 112 |@H 113 |9 114 |8 1152 116 117 |4 118
]| 50 P “ - .; “ - “
! 4|
Francium Radium Lawrencium | Rutherfordium | Dubnium Seabdrium | Bohrium Hassium Meitnerium [ Darmstadium | Roentydnium [ Copernicium [ Nihonium Flerovium Moscovium [ Livermorium | Tennessine 0Ogan&éson
() 752 (] 752 (st 72 7p | (st 6ar7sE
electron corfiguration blocks [
138.9054 140.116 140.9076 144.242 145 150.36 151964 157.25 158.9253 162.500 164.9303 167.259 168.9342 173.05¢
%, 57 1o m8 [mrs 501w 60am 611w, 62[m 631, 64 1w 651z, 66 1oy, 671, 68 [ 60 [+ 70

: lo L Ce ‘Pr ‘INd ‘P S E Gd “Tb ‘D H E T Yb
a e r m |Sm |Eu y 0 r m
Lanthanum Cerium Pr il i Europium Gadolinium Terbium Dysprosium Holmium Erbium Thulium Ytterbium

227, 232.0380 231.0358 238.0289 237) 244) 243) 247) 247) 251 252 257, 258 259
notes @ ,,80[zzmm, o0 [zmss o1 [z gofn  o3ae  oalms oslan osen, o7[@y  o8lms  oolen 100[@s 101[es 102
by # b b % b b 3 b4 b4 i #
Ac ITh fPa U fNp {Pu fAm iCm ’|Bk ‘|Cf *
* LkJimol = 96485 eV. Actinium Thorium Protactinium | Uranium NeptUhium Plutonium Americium Curium Berkelium californium Einsteinium Fermium Mendelevium | Nobelium

+ all elemerts are impli to have an idation

teat [An] 642 7s* [Pn] 64 7s* [A]56 60 755 [ [M]5P 6 7s* | [An]5fe6ar7st | [Rn] 56 757 [A] 51 75 [m]51 6275 | [An]5¢° 75° [R50 752 [Rn] 512652 ] 513752 [R] 572752 [Rn] 524 752
e of zero,




m/ln
O
Q0
Ie)
O
-
©
O
Q
D)
)
X
©
e
o)
=
>
)
=
n
o)
=
o)
o)
=
o)
1T



How do we study the makeup of an object?

Grad
students

Y )

If funding

If the professor allows

is in charge




How to study small objects?




How to study small objects?



How does the mmroscope vvork’?

Shine light on an
object. It bounces
back and hits a
sensor (your eye is a

type of sensor)



How does the microscope work?

BUT ... we can't distinguish
things smaller than the
wavelength of light that we use!



S0 we get back to the hammer approach

Put enough energy in
a tiny space and
Einstein tells us that
we can make new
types of matter

Smash things together and watch what comes out!



A boson, a field and its namesake

Peter Higgs receiving the Nobel Prize 1 year after
the 2012 Higgs-dependence day announcement




ATLAS h—yy these davs
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Can clearly see diphoton mass bump on top of
large background in this big data set!
Challenge is knowing that you have modeled the
background correctly



Higgs Boson differential cross sections - vvhy’?

e pt(h) probes QCD
modeling of dominant
triangle diagram, including

potential new heavy do®
particles in loop
e y(h) sensitive to modeling 5(5(566‘
of Higgs production and
partons (quarks + gluons)
iNside pro’[on Measure nggS bOSOI‘I
e pr and rapidity of jets cross sections in bins of
(quarks + gluons) sensitive various kinematic
to Higgs modeling and quantities sensitive to

d|fferent.productlon Higgs boson modeling and
mechanics

e Angular variables sensitive NeW PhVSiCS_ (Bri has _spent
to spin and CP of Higgs a lot of time on this)



ATLAS h—=yy differential
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Each of these bins has a diphoton mass fit!



- VOU are surrounded ...

Everywhere by a non-zero
Higgs field! Crazy idea. It
we |ook at electricity and
magnetisn

of

he fie

“the default value
d I1s zero (this is

important!)

Let's pause to think about this



You are surrounded by a non-zero field ...
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Looking for pair production of Higgs bosons

900} <«@---H “\H

Pair production of Higgs bosons directly probes
the Higgs boson-self coupling, electroweak
symmetry breaking and also the non-zero
vacuum expectation value of the Higgs field!

Problem: The above two diagrams contribute,
and only one is of interest. And they interfere
destructively



Looking for pair production of Higgs bosons
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Study Higgs boson self-coupling to understand
the Higgs potential shape! (And are we in a stable
or metastable minimum?!?!)

VavR IR/

Landau-Ginzburg Higgs Nambu-Goldstone Higgs Coleman-Weinberg Higgs Tadpole-Induced Higgs

(SM) Phys. Rev. D 101. 075023 (2020)



What about extensions to the SM?
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Altered self-coupling can significantly
increase hh production rates (as can lots of
other beyond Standard Model physics)



Looking for hh—bbyy

e h—pbb has largest Higgs
oranching ratio

* h—yy has high o aaspney e
efficiency and good ST e

. IS 'E t{ Data
mass resolution E
e Use a Boosted Decision 7
Tree to separate out I
small potential signal BTTBET03T0d 00 6T 08 B9

from large backgrounds

Big contributions from Louis (postdoc), who leads the
ATLAS analysis effort, Bri (studied b-tagging and
vertexing for photon events) and Tyler (earlier version of
analysis as part of his thesis)



One of the final fits
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Limits on Higgs self-coupling
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One of the candidate signal events y

EXPERIMENT \ ~

two photons with
Er=144+96 Gev’ mYY=1 23 Gevs 2::;11:?2332:55578
mbBYY=625 Gev 2017-07-17 23:58:15 CEST



For the future

e Think about improvements to photon
identification (Tyler and Gretel have
worked on this)

e New channels to improve limits on
Higgs self-coupling and also to
provide sensitivity to hhVV vertex
(Tyler, Gretel, August, Louis)

e Combination w/other channels (Louis)

e SM measurement of diphoton + heavy
flavor backgrounds - NEVER been
measured before, Bri is working on
this at ANL

LA

10° ATLAS Internal libb

Events

s =13 TeV, 140 fo' [lbl Mcc
yy+HF Hc [ ]l
DL1*2 tty B ttyy
Pre-Fit Uncertainty

Data / Pred.

15 20
(DL1 bin leading)*5 + DL1 bin subleading




How are we finding all this rare physics?




How often do processes occur at the LHC?
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How often do processes occur at the LHC?
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Our friends in beams physics do wonderful things
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We end up with lots of uninteresting collisions
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Need to “trigger” on interesting bunch crossings, but that's hard!

e Future: Can keep only 10,000
out of every 40 million bunch
crossings in the detector / sec

e [he multi-stage trigger system
makes quick rapid decisions,

(o) (e ) (mmen )

Endcap MDT Trigger
Processor

LOMuon
LoCalo
Barrel NSW Trigger
| eFEX l Sector Logic | | Processor

first in custom hardware ;‘:;
(40MHz —» 1 MHz) and then in sy i
commodity systems (1 MHz — — P ———

10 kHz)

Finding the trajectory of
charged tracks is a time-
consuming process in CPUSs.
Can we do this in a more
clever way?

Eve
Builder Handler ||Aggregator

Permanent

<~ - L0 accept signal
<— Readout data (1 MHz)
<~ - EF accept signal

Q: Output data (10 kHz)




ldea we are exploring (my group + others on ATLAS)

e Hough Transforms in FPGAs. The idea
s to take the trajectory of charged
tracks in the plane perpendicular to N
the B field and convert coordinates to
something better for track-finding
e Followed by a small neural network

or linearized y2 fit to filter duplicates
and remove fake tracks

Track

Silicon measurements

q==1
BASIC E&M! pT = momentum component perpendicular
. to B field
gA - sin(p, — @) (P, — Pp) A = constant for a given magnetic field
Pr T 'n r. = radial position of each measurement

® is azimuthal angle at origin/production
O _is azimuthal angle of each measurement



Does the Hough Transform work?
gA _ sin(¢, — ¢y,) . (; — dp)

Pt I'n I'n

" No pileup

05

alpT (e/GeV)
|
~

aq/pT (e/GeV)

-0.5

True muon ¢, = 0.43, q/p. = 0.52, more challenging to find in pileup

Yes! Though lots of work remains to be done here (Tyler,
Bri and Louis have all worked or are working on various
stages of track trigger design)
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A not-so terrible conclusion slide
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ATLAS h—yy differential interpretation

e Study strength and structure
of Higgs boson interaction
using effective field theory

approach

® All coefticients in effective
Lagrangian are zero in the
SM, non-zero values change

rates and overall shapes
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ATLAS h—yy EFT results
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Higgs boson pr distribution changes if Yukawa couplings change,
including the charm Yukawa coupling, which is difficult to study otherwise



Do we really produce that much physics? YES!

ATLAS

EXPERIMENT

Collaboration Site | Physics Results

ABOUT DISCOVER RESOURCES UPDATES Q SEARCH

All News Briefings Features Portraits Press Blog

Updates > News > ATLAS celebrates results of 1000 collision papers

Tags:
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Earlier this
year!

ATLAS celebrates results of 1000 collision papers

18th June 2021 | By Katarina Anthony

The ATLAS Collaboration celebrates the creativity, wealth and scientific impact enshrined in
its 1000 papers using LHC collision data. This work — together with that carried out by its
sister experiments at the LHC — represents a diversified physics programme that is
unprecedented and unequalled in physics research to date.

On 18 June 2021, the ATLAS Collaboration submitted for publication its 1000th paper
studying collision data from the Large Hadron Collider (LHC). It has been over a decade
since the LHC started colliding beams of particles at record energies. In that time, it has
produced the greatest wealth of physics data ever accumulated by a particle collider.

This treasure-trove of information about our Universe has been tirelessly explored by
ATLAS physicists. Their scientific contributions cover a broad range of subjects, including
the discovery of the Higgs boson and the study of its properties; the observation and
measurement of previously uncharted high-energy processes; precise measurements of
the properties and production rates of fundamental particles; the exploration of flavour
and heavy-ion physics; deep and broad searches for new physics phenomena; and the
development of countless new analysis methods and algorithms. Explore ATLAS’
research programme in the timeline below.

https://

atlas.cern/

updates/
news/1000-

collision-
papers




Finally, the LHC status
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Hough transform

qA _ sin (¢; — ¢y)

Curved circular arc of track in the x-y plane (perpendicular to beamline) due to B
field in the z direction can be transformed onto the q/p vs ®, plane

o Each hit on a track with form a straight line in this view

o Assume a given g/p.. for the track and for each ®, (hit on track) you can
calculate ®,

o True tracks will “accumulate” in a given bin in this 2D space

onstant for a given magnetic field
radius of hit in the detector

¢ is azimuthal angle at origin
Pt Th CDh is azimuthal angle of each hit

q
A
r

Done for each n x ¢ = 0.2 x 0.2 region (1280 across the detector)



Hough transform

One accumulator for each chosen layer
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One set of
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Padding
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An aside, what is this plot called?

Standard Model Total Production Cross Section Measurements status: March 2021
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Dinosaur plot

Standard Model Total Production Cross Section Measurements status: March 2021
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A bit of Higgs boson phenomenology

http://sites.uci.edu/energyobserver/2012/11/26/higgs-
production-and-decay-channels/

How does the LHC produce
Higgs bosons?

TEETEELEL0 /
g \\t
g g fusion : t V/ = HO WW, ZZ fusion :
t
gQQQ0QQQ0QQ|
q \
tt fusion

9 t W,Z
. : HO 9
: W,z
al.
g
HO

W, Z bremsstrahlung



http://sites.uci.edu/energyobserver/2012/11/26/higgs-production-and-decay-channels/
http://sites.uci.edu/energyobserver/2012/11/26/higgs-production-and-decay-channels/

How do Higgs bosons decay to photons?

http://www.hep.lu.se/atlas/thesis/egede/thesis-node17.html

(a) " y (b) w T
(C) y

Higgs bosons couple to objects proportional to
their mass. Decays to photons are indirect and
induced! (And thus rare)



But is the Higgs potential as predicted?

Landau-Ginzburg Higgs

A L\

(—m2HVH + \(HH)? + %2 (HTH)?,

Nambu-Goldstone Higgs Coleman-Weinberg Higgs Tadpole-Induced Higgs

Elementary Higgs

- - - pseudo Nambu-Goldstone boson emerging from strong
<|—czsm2(\/H’fH/f) + bsin*(VHTH/f), Nambu-Goldstone Higgs Idynamics at a high scale

A(H'H)? + e(H'H)?log 2, Coleman-Weinberg Higgs| EWSB is triggered by renormalization group (RG) running effects

—k*VH'H +m?H'H,

Tadpole-induced Higgs |EWSB is triggered by the Higgs tadpole




ATLAS h—yy differential i
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yy simulation to study the irreducible background, fractions of

other components from double 2D sideband fit in photon ID
and isolation - Bri has spent a lot of time worrying about the
irreducible backgrounds!



ATLAS h—=yy differential

doy / dpl [fb/GeV]
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No obvious discrepancies



Charm Yukawa results
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Higgs boson pr distribution changes if Yukawa couplings change,
including the charm Yukawa coupling, which is difficult to study otherwise
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Higgs field potential
V() = — " p + AP h)?

b(vacuum) — \i& ( ’ )

gb*%(w%@:))

V(g) = % (v® + h* + 20h) + 2 (v* + h* + 40°h% + 20°h* + 4v°h + 4vh?)

1

V~— 2hz+/1vh3
2 _Butv = (;42//1)0'5 so we have a precise

/ prediction of the non-zero strength of

Higgs mass term! We the hhh vertex (Higgs self-interaction)

measure this (125 GeV) for the SM Higgs field potential

and thus u

Minimum of Higgs potential
Is not at zero field!



Resonant production limits
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What about new physics?

e Can enhance non-resonant hh production in many
extensions to the SM
e tthh interactions, light colored scalars, it Higgs
boson selt-coupling were
altered, or if top quark had non-
standard Yukawa coupling 0

TOON 4 _-h

h h

% ¢ /,’/ % ¢ /,/ QQQQT'?"T// \QQQ_Q/:\__/_/ _____
&999y¢ &99f¢" &999f¢‘
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ATLAS h—yy differential i
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Bri has spent a lot of time worrying about the purity of our
diphoton sample to help us understand the background
shape!



ATLAS h—=yy differential
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Probing Higgs boson
+ 3 or more jets! No obvious discrepancies, yet...



Resonant analysis

e Also look for production of X decaying to a pair of
higgs bosons
e [irst select events with diphoton mass consistent
with Higgs boson mass, then look for bumps in 4-
body invariant mass

hep-ph/0009232 (Cheung), hep-ph/0503173 (Djouadi),
1210.8166 (Dolan et al), 1206.6949 (Tang), 1404.0996

(Kumar & Martin),among many many others

Two Higgs doublet models,
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ldeas we are exploring (my group + others on ATLAS)

e Continue to improve CPU algorithms, as CPU
power consumption is large!

e Graph Neural Networks. Cool machine learning
approach - can they fit inside FPGAS?

e Other machine learning approaches don't
seem as advanced but there is room to explore
(GNNs are the hot topic du jour)

e Speed-up in GPUs. Significant, but data
transter overheads remove much of the benefit.
So far



