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e One of the “golden channel”

i i 3’ QATLAS

© S
Very clear signature in the | . g ALLAD
detector g . 2 09:31:00 cest http://atlas.ch

m Low background
contributions
m  Good mass resolution
e Analysis is based on finding two
pairs of isolated leptons with
same flavor and opposite electric
charges
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H- yy

The inclusive fiducial cross section times the H—yy branching
ratio is measured to be:

ofd = 65.2 £ 4.5 (stat.) + 5.6 (syst.) + 0.3 (theo.) fb
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Probe Higgs couplings to 2nd
generation fermions

O LowBR
Here: Higgs production in VBF
channel
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Differential measurements

e With large statistics of full Run-Il dataset, we can

explore differential distribution
o To isolate phase space regions that are particular
sensitive to new physics effects
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e Measurement of differential cross sections §  [ATLAS Prelminary  Hoyy, (3= 13TeV, 130 1
1. Measure number of Higgs signal events Nso™@! in i-th p,H & | ; + et tot une. Y syst.unc.
bin (or of any other observable) F Y Eiﬁ;ifjiﬂ;:ﬁ;xsmm
2. Background subtraction %g ESl XH = VBF+VH+ttH+bbH ]
3. Unfolding: Derive correction factor from MC information: ol
NTeco [ i
Ci = jpart
4. Calculate differential cross section: g 2
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Ratio to default pred.

Differential measurements
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Higgs boson mass

T I
AI TLAS - Total Stat. only
Run 1. Vs = 7-8 TeV, 25 fb™, Run 2: /s = 13 TeV, 36.1 fb”' Total  (Stat. only)
Run 1 H—4l ' = 124.51+ 0.52 ( £ 0.52) GeV
Run 1 H-yy H——e—— 126.02+0.51 (+0.43) GeV
Run 2 H—4l] — 124.79 + 0.37 ( + 0.36) GeV
Run 2 H-yy -—ol—- 124.93 +0.40 ( +0.21) GeV
| Runts2H-o41 . 124714030 (£0.30) GeV
Run 1+2 H—yy ———— 125.32 £ 0.35 (+0.19) GeV
| Run1Combined &#—e— 12538 £0.41 (£037)GeV
Run 2 Combined e ——— 124.86 £ 0.27 (£0.18) GeV
| Run1+2Combined T 124.97 £0.24 (£0.16) GeV
| ATLAS+CMSRuni -l.—- """""""""" 125.00£0.24 (£021)GeV
e e e e by b
123 124 125 126 127 128
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Higgs CP/Spin

e Spin and CP state of Higgs-boson are determined
probing angular distribution of decay products
o Data hints very strongly to a Spin CP state of 0+
o Alternative models are rejected with a CL of more
than 99 .9 %
e Spin-1 hypothesis was theoretically excluded by
observation of H->yy decay mode (Yang’s theorem):
o A massive spin-1 particle cannot decay into a pair

of identical massless spin-1 particles. :
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Di-Higgs and Higgs self-coupling

Higgs-mechanism of electroweak symmetry breaking and mass generation
does not only predict the existence of a scalar boson, but also its self-

coupling

Probing the self-coupling of the Higgs
boson allows us to verify the form of the
Higgs potential

Di-Higgs production mode is very
sensitive to contribution from BSM
physics
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Ggor (PP = HH) [pb]
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Di-Higgs and Higgs self-coupling

So far, we can only set limits on the self-coupling
strength and the Di-Higgs production cross

section

Will need the full data from HL-LHC phase until
we can measure these observables

T IIIIIIII

Allowed x, interval
ar95% CL \

Obs. Exp.
(Exp. stat.)

T rll1||||

20 15 -10 -5 ©

50-120 | -58-120 | |
(53-115) 1|/

,l'l
/

5

ATLAS
Vs =13 TeV
27.5-36.1 1"

10 15 20

K

L8

=== Exp. 95% CL limits
= Dbs. 95% CL limits
— bbbb

— bbr*t

— bbyy

= Comb

. Comb. % (exp.)

Comb. 20 (exp.)

= Theary prediction

HH— bbt*t
HH— bbbb
HH— bbyy

HH— W'WW*'W
HH— W'Wyy
HH— bbW*W’

Combined

ATLAS

10

95% CL upper limit on O or

—e— Observed
5=13Tev, 275-361 107 = Eiﬁzggj T
csgg"F (opp = HH) =33.5fb Expected + 26
Obs. Exp. Exp.stat. |
12.5 15 12
12.9 21 18 ]
20.3 26 26 ]
160 120 77 ]
230 170 160 ]
305 305 240 .
Kt L e 10 88
10 10° 10* 10°

(pp = HH) normalised to GS’;"'F



HH

—t ol
= M

RN B, @

95% CL exclusion limit on a,, /i)

- P

o

Limits w. Syst.
- . tnpatn

Limits w. no Syst.

Di-Higgs prospects

LT W A (T P T el T LS T T I
- ATLAS Preliminary 1
'+ Projection from Run 2 data, Vs = 14 TeV, HH- bbt't |

ATLAS Prelimina

Projection from Run 2 dafa

&I
o
s =
Vs =14 TeV i DI
|\ HH-bbbb — Mo sysiemalic uncertainties = 5
= e 2016 analysis systematic uncertainties = ‘ o Baselllne. Flep "had
= 10k (ww Baseline, 1,1, —
= = e, - Baseline, combined i
— S : g
= B W .
= =
= ©
SRR R P R P T P P P T P T T P P P P PP PR PR Ty H
= : | © :
= —
= O |
5—//_”_ >
3 u
LTI &
3 o o
ﬁﬂﬂ 1{]{}{} 1500 Eﬂﬂﬂ 25[“] 3.:":“] popei el ey el e gy By Py eep g ilspegog g gt

0 500 1000 1500 2000 2500 3000
Integrated luminosity [fb™]

Integrated luminosity [fb"]



i Ongoing Searches for Beyond the Standard Model Physics




Search for Supersymmetry (SUSY)

e SUSY in a Nutshell:

O
O

O0O

Symmetry between fermions and bosons
B Each SM particle has a (heavy) SUSY partner particle with
Lightest SUSY particle (if neutral and stable) is Dark Matter
candidate
Extension of scalar sector:

B 3 neutral and 2 charged Higgs-Bosons within the minimal supersymmetric
extension of the SM (MSSM)

Predicts unification of gauge couplings < 601 e,
Local SUSY describes Gravitation \
Introduces R-parity: 40+
1 Ta,
_ 3B+L+2s 20
PR - (_1) Joy ]
) 0+ 0

conserved in many SUSY scenarios 0 10 0 10

log,(Q/GeV) log,,(Q/GeV)



Search for Supersymmetry (SUSY)

Standard Model particles Supersymmetric partners

uuu U

l_. _ @ gluino

a @photino
QOO O GWEHE @
Q00U WO @
@ quarks w © squarks @ higgsino
@ leptons O sleptons & sneutrinos

@ force particles O neutralinos X° & charginos ¥*



Search for Supersymmetry (SUSY)

e Search for stop quark pair production b q
g [ e et g L _' | | e e | s R p t q
% 1o~ ATLAS it Z+jets | f W 0
(c?l - 5-13Tev, 139 1" MM W+jets . Single top - _ - X1
= T ¢ Data - ~ X1
e 8C Sk =——— mt3) = (500,450) GeV - L i W
T % | 4 1 . p q
6 = —
: | : b4
= B e Search for multi-jet final state
ol ——=r 7 incl. large amount of missing E,
26 STy 30 Probe phase space regions sensitive

E¢iss /\/ﬁT G eV”z] to contributions from SUSY signal



Search for Supersymmetry (SUSY)

e Search for stop quark pair production

3
O 1000
- 800

600

400

ttproduction ; T — t 7 /bW /bff Limits at 95% CL

T I T T I T T T | T T | I(((\é l /I il

 ATLAS o
I = P a7 o |
| s=13TeV, 139 fo” P B
ATLAS, 36.1 fb" e .
= Observed Limit (+1cpeor) e .

5 ‘(\\/‘/

I|III|III|II

2oolf“'

= = = Expected Limit (1 6,,,)

P

i
400

|
600

L_n
800

1000

1200 1400
m: [GeV]

Events

Significance

Exclude stop masses of ~ 1300 GeV
for neutralino masses below 400 GeV

10° tt Z+jets
ATLAS W Single top WttZ

i =1
\s=13TeV, 139 fb BW4jets W Other

104
Post-fit

¢4 SM Total ¢ Data

108

102

sﬁ'q-778/74~77/5/74~TOSH&DSH&TVEH&TOSHCI SReo SRey SRey SRes SRpy SRp; SRps



Search for Supersymmetry (SUSY)
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Search for Supersymmetry (SUSY)
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Other (more exotic) Direct Searches

e Broad range of searches for BSM physics at ATLAS
Excited leptons [1]

Leptoquarks [2]

Dark matter (e.g. invisible Higgs) [31

Vector-like quarks [4]

Highly ionizing particles (i.e. monopoles) [5]

Heavy neutrinos [6]

Lepton-flavour violation [7]

OO0OO0O0OO0OO0


https://arxiv.org/abs/1906.03204
http://pdg.lbl.gov/2018/reviews/rpp2018-rev-leptoquark-quantum-numbers.pdf
http://cdsweb.cern.ch/record/2715447/files/ATLAS-CONF-2020-008.pdf
http://cdsweb.cern.ch/record/2628759/files/ATLAS-CONF-2018-024.pdf
https://arxiv.org/abs/1905.10130
https://arxiv.org/abs/1809.11105
https://arxiv.org/pdf/1607.08079.pdf

Direct Search for excited electrons

L. [d L 8
e Excited leptons appear in composite models [1]
O Introduce new constituent particles called presons y
B Bind at high energy scales to form the SM .
o . o [ _
fermions and their excited states W q
O Explain the existence of the three generations of
quarks and leptons q 9
e o o e e e e o o i e e
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https://arxiv.org/abs/1906.03204

Direct Search for leptoquarks

e Leptoquarks appear in several SM extensions [1]
E.g: GUT or R-parity violating SUSY

o Bosons (with spin 0 or 1):
Carry baryon (B) and lepton (L) numbers

Carry colour and fractional electrical charge.
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http://pdg.lbl.gov/2018/reviews/rpp2018-rev-leptoquark-quantum-numbers.pdf

Direct Search for Dark Matter

e Search for invisible Higgs boson decays [1] 9 X
O Motivated by e.g. Higgs-portal models, which ¢
allow BR ~10% for invisible Higgs boson decays V H
B SM predicts BR(H- vv) = 0.12% v

B Decays into WIMPs could explain the q _
2r — T T T T T T T T X

Ogll?/lF X Binv [pb]

L L ] /
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http://cdsweb.cern.ch/record/2715447/files/ATLAS-CONF-2020-008.pdf

ATLAS Exotics Searches* - 95% CL Upper Exclusion Limits

ATLAS Preliminary

Status: May 2019 [Ldt = (32-139) b V5=8,13TeV
Model ty  Jetst ET™ [raim™] Limit Reference
T T ——T—r Ty T — T T T T —T

ADD Gkk +8/q Oep 1-4)  Yes 361 [Mp 7.7 TeV n=2 1711.03301
ADD non-resonant yy 2y - = 36.7 Ms 8.6 TeV n=3HLZNLO 1707.04147
ADD QBH = 2j = 37.0 My, 8.9 TeV 1703.09127
ADD BH high ¥, p1 >lepu =521 - 3.2 My 8.2TeV , Mp = 3TeV, rot BH 1606.02265
ADD BH multijet - >3j - 36 | My 9.55 TeV. , Mp = 3 TeV, rot BH 1512.02586
RS1 Gk — vy 2y - - 36.7 | Guk mass 4.1TeV 1707.04147
Bulk RS Gk —» WW /ZZ multi-channel 36.1 Gkk mass 2.3 TeV : 1808.02380
Bulk RS Gkx — WW — qqqq Oep 2J - 139 k/Mp; =1.0 ATLAS-CONF-2019-003
Bulk RS gk — tt lepu 21b>1J2) Yes 361 &k mass 3.8 TeV r/m=15% 1804.10823
2UED / RPP leu 22b23j Yes 36.1 KK mass 1.8 TeV Tier (1,1), B(AMY - tt) =1 1803.09678
SSM Z’ — ¢t 2ep = - 150 | NS T TEV] 1903.06248
SSM Z’ — rr 27 = = 36.1 Z' mass 2.42TeV 1709.07242
Leptophobic Z” — bb - 2b - 36.1 Z’ mass 21 Tev 1805.09299
Leptophobic Z” — tt 1e,u 21b,>1J/2) Yes 36.1 Z' mass 3.0 TeV r'm=1% 1804.10823
SSM W’ — tv Tepu = Yes 139 CERN-EP-2019-100
SSM W' — 1v 1z = Yes 36.1 W’ mass 3.7 Tev 1801.06992
HVT V' - WZ - gqqq model B O e, 2J - 139 gv=3 ATLAS-CONF-2019-003
HVT V' - WH/ZH model B multi-channel 36.1 V' mass 2.93 TeV gv=3 1712.06518
LRSM Wg — tb multi-channel 36.1 [ Wgmass 3.25 TeV 1807.10473
LRSM Wg — uNg 2pu 14 = 80 Wg mass 5.0 TeV m(Ng) =0.5TeV, g = gr 1904.12679

. Clqqqq = 2j = 370 |A 21.8TeV n, 1708.09127
Clttqq 2epu - - 361 [A 40.0TeV 7, 1707.02424
Cl tttt 2lep 21b21j] Yes 361 A 2.57 TeV. |Cael = 4m 1811.02305
Axial-vector mediator (Dirac DM) Oepn 1-4j Yes 36.1 Mumed 1.55 TeV £,=0.25, g,=1.0, m(x) = 1 GeV 1711.03301
Colored scalar mediator (Dirac DM) 0 e, 1-4j Yes 36.1 Mumed 1.67 TeV £g=1.0, m(y) = 1GeV 1711.03301
VVyy EFT (Dirac DM) Oen 14,<1)  Yes 3.2 M. 700 GeV m(y) < 150 GeV 1608.02372
Scalar reson. ¢ — ty (DiracDM) 0-1e,u  1b,0-1J Yes 36.1 my 3.4 TeV y=04,1=02, m(y) =10 GeV 1812.09743
Scalar LQ 1% gen 1,2e >2j Yes 36.1 LQ mass 1.4 TeV B=1 1902.00377
Scalar LQ 2" gen 1,24 22 Yes  36.1 LQ mass 1.56 TeV p=1 1902.00377
Scalar LQ 3¢ gen 27 2b - 36.1 LQ; mass 1.03 TeV B(LQS — br) =1 1902.08103
Scalar LQ 3 gen 0-1epu 2b Yes 36.1 LQ‘; mass 970 GeV B(LQJ — tr) =0 1902.08103
VLQ TT — Ht/Zt/Wb+ X multi-channel 36.1 T mass 1.37 Tev SU(2) doublet 1808.02343
VLQ BB — Wt/Zb+ X multi-channel 36.1 B mass 1.34 TeV SU(2) doublet 1808.02343
VLQ T5/3 Ts3| T3 » Wt + X 2(SS)/z3eu>1b,21] Yes 36.1 Ts/3 mass 1.64 TeV B(Ts3 —» Wt)=1, o Ts;sWe)=1 1807.11883
VLQY - Wb+ X leu 21b2>21j Yes 36.1 Y mass 1.85 TeV. B(Y = Wh)=1, cg(Wh)= 1 1812.07343
VLQ B — Hb+ X Oep,2y 21b21j Yes 798 [Bmass 1.21 Tev k=05 ATLAS-CONF-2018-024
VLQ QQ - WqWq Tep 4]  Yes 203 [ 1509.04261
Excited quark ¢* — qg - 2j - 139 only u” and d*, A = m(q") ATLAS-CONF-2019-007
Excited quark ¢* — qy 1% 1j - 36.7 only u* and d*, A = m(q") 1709.10440
Excited quark b* — bg - 1b,1j - 36.1 1805.09299
Excited lepton ¢* 3ep = = 20.3 A=3.0TeV 1411.2921
Excited lepton v* 3eu1 - - 20.3 A=1.6TeV 1411.2921
Type Il Seesaw 1epu >2j Yes 79.8 N mass 560 GeV ATLAS-CONF-2018-020
LRSM Majorana v 2u 2j - 36.1 Ng mass 3.2Tev m(Wg) =4.1TeV, g = gr 1809.11105
Higgs triplet H** — (¢ 234eu(SS) - - 361 | HE mass 870 GeV' DY production 1710.09748
Higgs triplet H** — (7 3eut - - 20.3 DY production, B(H;* — ¢1) =1 1411.2921
Multi-charged particles - - = 36.1 multi-charged particle mass 1.22 TeV DY production, |g| = 5e 1812.03673
Magnetic monopoles - - - 34.4 monopole mass 2.37 TeV DY production, |g| = 1gp, spin 1/2 1905.10130

paitlalidats 10 1 10 Mass scale [TeV]

*Only a selection of the available mass limits on new states or phenomena is shown.
{Small-radius (large-radius) jets are denoted by the letter j (J).



Direct Search for Diboson Resonances

e Most searches for diboson resonances in ATLAS follow the same principle:
o Perform (quasi) model-independent search for a bump in a smoothly falling mass
spectrum

Events

—— Signal
Background

m [GeV]



Direct Search for Diboson Resonances

e Heavy vector triplet (HVT) as an example —
for a simplified model: | WEW-

o  Simply introduces an additional SU(2) field G 107"} Zr'h
to the SM o | ModelB dd
m ResultsinaZ and W :T '
m  Coupling to SM particles governed by S 1077
model parameters g, , s , 9, - /
o Representative for: 10--‘: _—
m  Minimal Walking Technicolour = _
Little Higgs models 500 1000 1500 2000 2500 3000 3500 4000

Composite Higgs models M, [GeV]
Models with extra dimension
e Model A:

o  Prefer coupling to fermions
F ----- )
/ W,Z,H

e Model B:
o  Prefer coupling to bosons

e Model C:
o  Fermiophobic
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Direct Search for Diboson Resonances

Simultaneous search for:

Heavy vector triplets

Gravitons

Heavy scalars

the 95% CL
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Direct Search for Diboson Resonances

Search for:

Heavy vector triplets
Gravitons
Heavy scalars
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Direct searches for an extended Higgs sector

e Inthe SM, the Higgs sector has been chosen to be as simple as possible to accomplish
electroweak symmetry breaking
o The Two Higgs Doublet Model (2ZHDM) is a particularly promising extension of the
SM Higgs sector as it is used in several BSM theories (e.g. MSSM) [1]
O Single extensions
B Higgs-field Portal model (Hidden Sector) [1], [2]
O Scalar triplet Models
B Georgi-Machacek model [3], [41
O Composite Higgs


https://arxiv.org/pdf/1702.03776.pdf
https://arxiv.org/pdf/1702.03776.pdf
https://arxiv.org/pdf/hep-ph/0605188.pdf
https://lib-extopc.kek.jp/preprints/PDF/1985/8509/8509075.pdf
https://arxiv.org/pdf/1908.00396.pdf

Direct searches for an extended Higgs sector

e Search for a charged Higgs boson
O Predicted by e.g. models containing 2HDMs
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Events / bin

Data / Pred.

Direct searches for an extended Higgs sector

e Search for a charged Higgs boson
O Predicted by e.g. models containing 2ZHDMs Y ot < b
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Direct searches for an extended Higgs sector

e Search for doubly-charged Higgs bosons

O Predicted in models that contains a Higgs triplet field.
B Leading to same-sign dilepton events

VBF H* » W*'W* 35.9fb7 (13 TeV)
I\l\II\I\II\l\II\I\IJ\IIII\IIII\IIII\II

— Observed CMS ]

---- Median expected
B 68% expected
95% expected

pp — H™ jj — W*W*jj (VBF)

H™) B(H™ > W*W?) (fb)

= 3
O'VES

] i v 111 | I\I\|I\I\|I\I\l1\|||!\|||l\|||l\||
q > L q 200 300 400 500 600 700 800 900 1000

m,.. (GeV)




Direct searches for an extended Higgs sector

e Search for doubly-charged Higgs bosons

O Predicted in models that contains a Higgs triplet field.
B Leading to final states with 4 leptons

iy 120 T T T T T T T T T T T T T T T T T T T T T T T T
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Events / 114 GeV

Data/Prediction

e Search for a pseudoscalar boson
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Direct searches for an extended Higgs sector

O Predicted by e.g. models containing
_2HDMs
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Effective field theories

So far no hints for new physics in direct searches
What if scale of new physics is outside the reach of the LHC?
o Search for smooth enhancements in the tails of our observables
m E.g. from resonances with masses beyond our reach
o Probing for shape modifications of our observables
m E.g. from anomalous couplings
Effective field theories (EFT) allow for model independent approaches to search

for such new physics effects

A Smooth enhancement in tails




Effective field theory (EFT)

e In EFTs, Lagrangian of the Standard Model of particle physics is
supplemented with additional BSM terms:

c:
Lerr = Lsm+ Y K'Oi
i

e (; are higher dimension operators
e c are the so-called Wilson coefficients

O Specify the strength of a new CP-even (or CP-odd) interaction (i.e. they describe

deviation from SM)

® A is mass scale for new particle

q ¥ > q




Differential measurements

e Re-interpretation of differential cross section 10

measurements are used to constrain EFT parameters

e Measurement of differential cross sections
1. Measure number of Higgs signal events Nsio@ in i-th p;" bin
(or of any other observable)
2. Background subtraction
3. Unfolding: Derive correction factor from MC information:

———
ATLAS Preliminary H—syy,{s=13TeV, 139"
-4-Data, tot. unc. 3\ syst. unc.

= gg—H default MC + XH i
B NNLOUET @ SCET NNLO @ NPLL + XH ]
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do, /dp! [fb/GeV]
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<

NI'GCO 0% e
I — npart S o
§1.5
4. Calculate differential cross section: g 1
205
&
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Effective field theory (EFT)
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Effective field theory (EFT)

H— yy is sensitive to:
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Effective field theory (EFT)

Exclude large range of EFT parameter 3
space .
So far: No significant deviations from the
SM expectations found
o However, not yet sensitive to range
really relevant for EFTs

Coefficient  Observed 95% CL limit Expected 95% CL lmit
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