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The ATLAS Collaboration in 2018 EATLAS

>5000 members: ~3000 signing authors, >1000 students




> The ATLAS detector
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Standard Model of Elementary Particles

three generations of matter interactions / force carriers
(fermions) (bosons)
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Standard Model Total Production Cross Section Measurements
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SM Higgs Boson Status

Events/ 2.5 GeV
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SM Higgs Boson Status
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“ Motivation for Beyond-the-SM (BSM) Physics

Observations
from 21

cm hydro gen

Dark Matter

Invisible matter, weakly interacting, massive, clumpy.

~85% of the universe's matter!

No particle of the SM is a convincing DM candidate

Large scale structure
formation

Bound galaxy clusters



Motivation for Beyond-the-SM (BSM) Physics

Inflation

Grand Unified Theory

Neutrino Masses

Matter-antimatter asymmetry Gravit
ravity

Higgs mass fine tuning

SM Parameters ___“___Q___“___

Dark Energy

— The Standard Model is not the final answer in physics, but it is a part of a greater theory



" New Physics Associated to the Higgs Boson

Program of direct searches for BSM phenomena associated to the Higgs boson

High mass states
Typically “high-pt” signatures

* Additional Higgs states

* BSM Higgs decays & couplings * Additional Higgs states
— light resonances — neutral or charged

— enhanced rare decays — decays to SM particles
— flavor violating couplings or Higgs bosons, etc

— long lived particles — Invisible decays
— Invisible decays

Effort is complementary to measurements of Higgs boson properties (spin, CP,
couplings, decays) to search for deviations from the SM

Program is not only in HBSM group, but also in other groups in Higgs and Exotics
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Searches for BSM Higgs bosons: Overview

Neutral Heavy Higgs Di-Higgs Charged Higgs Mono-Higgs
A/H—tt H—hh H*—tb h—Za H—bb+MET
A/H—tt H—Sh H*—>tv h—aa H—ott + MET
A/H—bb H—SS H*—>cs h—ss H—-Za—Z+MET
A/H—pup NR HH H*—cb tta, tts
H—-WW H* =y H*—Wa
H—-ZZ H* Wy h—meson+y
A=y H* WH/Wh LFVh
H—Zy H* W W h—invisible
Hosyy H™ h—x
H—WH®
A—Zh
A—ZH

— Rich and diverse physics program in the Higgs, Exotics, and Higgs/Dibosons physics groups of ATLAS

— Find all results online:  https://twiki.cern.ch/twiki/bin/view/AtlasPublic/HiggsPublicResults
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/ExoticsPublicResults


https://twiki.cern.ch/twiki/bin/view/AtlasPublic/HiggsPublicResults
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/ExoticsPublicResults
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|. Additional Higgs Bosons
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Art by Liron Barak
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Benchmark Models

e Countless benchmark models on the market (— see recommendations by the LHCHXSWG)

* Popular: MSSM (Minimal Supersymmetric SM), 2HDM (two Higgs Doublets), additional singlets, Higgs tripletts, ...

« 2HDM: Two complex, hypercharge-one scalar doublets ® @, resulting in 8 degrees of freedom

O ((I)+) o Hfr H, = H2+ tanp = V1/V2 m2, 0 | co s M3, M3, Co —Sa
®Y HY HY 0 m3 —Sa Ca Mz, M3, Sa Ca
— Five Higgs bosons: h (SM-like, CP even), H (heavy, CP-even), A (heavy, CP-odd), H*, H’

Mass hierarchy or mass degeneracy often imposed in the benchmarks,
leaving three parameters: Heavy Higgs mass, tan, mixing angle o

Four types for which no FCNC are allowed on tree level:

Type I: All fermions couple with H_, none with H_
Type Il: Up-type quarks couple to H , down-type quarks and charged leptons to H,
Flipped: Up-type quarks and charged leptons couple to H , down-type quarks couple to H,

Lepton-specific: Charged leptons couple to H_, all quarks couple to H,


https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCHXSWG3
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Heavy Higgs Decay in the MSSM: High tanf

tan=30 FeynHiggs+HDECAY
f 1 __‘LrJ._l | : | | | | | | | | LI I | I L E E
7
m - 1%
— BR(H— tt) '
g — BR(H— bb) ]
) — BR(H— 171)
1072 BR(H— ) | 3
s — BR(H—->WW) | 3
107 E
B J\ mh moc scenario 7
1074 Ll | AN IR P AR A A

100 200 300 400 500 600 700 800 9001000
M, [GeV]
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A/H — 1t

Selections
T,.4Thaq: Single T trigger, p;(t,)>85/130/165 GeV depends on trigger , p(t,)>65 GeV
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A —- ZH — llbb

Events / 136 GeV

Data/Prediction

H is not limited to 125 GeV — 2D scan in A and H mass, mA > mH
Signal produced in gluon-fusion and through b-associated production
Categories: nb=2, nb>=3 to access both production modes

80 < mll < 100 GeV, mbb must be close to the hypothesized H mass

-] " A U S L R S UL

1.0pzo 4%, ;‘Vj@?ﬁiﬂ‘/x‘;//?’/i/ﬁ*‘ﬁ’//?//yfﬁ;‘ﬁz‘jffﬁfﬁﬁ

] T oo -
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(|
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—— ——r
ATLAS
Vs=13TeV, 36.1 fb!

my =300 GeV, np=2 Top quarks

Z+(cl, I)
Wjets, diboson, Vh
[ IV

7zz22 Total uncertainty
Pre-fit background

Mypp [GeV]

0.35

L L B B B BB
— ATLAS Simulation

03— Vs =13 TeV

~ b-associated production, n, = 3
0.25 - mA =500 GeV

- mg =250 GeV

02— ¢ Simulation

==== Interpolated shape

— Original fit

0.15

1/N dNidm,,,., [GeV™']

©
_\
III‘\HI|\IH|\III

 mllbb final discriminant

Sim. - Interp.
Stat. Unc.

440 460 480 500 520 540 560

Background estimation:

« ttbar: Shape taken from simulation, normalisation from data
control region (eu pair instead of ee or puu pair) — 99% pure

« Z+jets: Shape from simulation, normalisation obtained from signal
region mllbb fit (works well because shape is different from signal)

« Smaller backgrounds estimated entirely from simulation
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A —- ZH — llbb

S S B B L R A N I B i S i Y A i e U ma ey MR I RN I
> ATLAS o ATLAS : :
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Additional Neutral Higgs Bosons: H — Zy

95% CL Upper Limit on ¢ x B [fb]

Signal shape modelled with double sided Crystal Ball

k . -
Background shape modelled fbkg(X, b,a;) = N(1 -

No significant excess found, global significance 0.8c

Two catgeories for the high mass search: Z — ee and Z — uu

5! /3)b xz’;zo ar log(x)/ (k=0)

Background model had to pass spurious signal tests and also an F-test

« SMlimit: 6.6 (5.2) obs (exp) (SM analysis uses different categorisation)
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Heavy Higgs Decay in the MSSM: Low tanf

tan=5 FeynHiggs+HDECAY

i 1k\l__\llllll
e
m

10"

LHC HIGGS XS WG 2014

10°E E

103 —BRtob) |

— —BR(H—rTT) -

B BR(H— uu) N

| — BR(H— WW) ]

_| L | | | m'? mod ?cenalrlo |

‘4 | | Ll | | L1 11 | | L1 11 | | L1 11
10100 200 300 400 500 600 700 800 9001000

M, [GeV]

ttbar decay is dominant in many models for m, > 350 GeV and low tanf3
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A/H — ttbar (8 TeV)

x10°
8_—""I""I""I""I""I":
I, ATLAS Simulation :
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Huge signal-background interference, model-dependent
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Charged Higgs Bosons: Production (2HDM)

Low mass Intermediate mass High mass

NLO pp — H'W

o(pp — tt) * BR (t —» bH") * BR (t —» bW) t rgw
NLO: Phys. Rev. D76
NNLO (2007), hyesp_pr?/\glggo»] 237 https://arxiv.org/abs/1607.05291

PRL 110 (2013) NNLO: eg. hep-ph/9806244

Tools: 4FS: MG5_aMCatNLO,
SFS: Prospino

. ~— ET T T T T T T T T L I B L B L L BB g
' Charged Higgs production at the LHC "é A 3 g
PP N — b . 13 TeV, NLO total cross-section . % B .matChed 13
= 107 "==-a H*Wbb —— E s 10" — 4FS -
g (m) = 166.8 GeV, m,(m) = 2.31 GeV c tixBR - - - o = 3
N B tanB = 5 S .. tH - C — 5FS ]
+3 30 B tanB = 10 h tanp=1 — ' , - 4
= E=EEE tanp = 30 _101 tanB=8 —— : . 10° = =
3 tanp = 50 g - tanp=30 —— E E 3
o 1 o ~ L Vs=13 TeV s
B YR2 - ) 9 10°E tan p=30 E
A J 10 19 E =
- 12 I~ n
£ | i - ]
2 10 15 104 R
T OE 4 9 = R R R AN B A B B
g 10 B 200 400 600 800 1000 1200 1400 1600 1800 2000
~ . oty > e 1 1 1 1 1 1 L L 1 L 1
S — B 130 140 150 160 170 180 190 200 210 220 my; [GeV]
900 110 120 130 140 150 16C my= [GeV]
M,,: [GeV]

Differential cross sections at LO Differential cross sections at NLO


https://arxiv.org/abs/hep-ph/9301237
https://arxiv.org/abs/1607.05291

28

Charged Higgs Decay in the MSSM

1(}O §| T T T T [ T T T T ] T T T 1 R R — fg % 14—
L _8 —
: - mhmod-
I £ 0.8
10'F Et -
0 | 0.6/ —tb
+£ 2 mhmOd', tanp = 50 - :
% 10 : ——— BR(H" ->tb) |- | _taunu
E | ——— BR(H -> cs) E 04 0. +
I — BRH->1v) | | u —_—
s BR(H ->uvu) I~ X x
107 F e B
- . 0.2/
10'4 | | | | | | | | | | | | | | | ‘ | | | | ‘ | | | | O_| | | | | | | | | | | | | | | | | | | | | | |_—i |
100 200 300 400 500 600 0 10 20 30 40 5

M, - [GeV] mhmodm m,.=300 GeV tanf
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Charged Higgs Bosons: H" — tv

Th-jet

Th-lep

Efr trigger
1 T, p? > 40GeV

>3 jets and >1 b-tag
no Y or e

E+ > 150GeV

mT(T, BT) > 50GeV

single lepton trigger
1 T, p+ > 30GeV
>1 jets and >1 b-tag
1 mu or e, pf’T > 30GeV
E+ > 50GeV

BDT input variable

Thad-visTJ€LS | Thad-vis +1€pt0n

miss
ET

Aﬁbrhad-vis, miss
Aqbb-jer, miss
Aﬁb& miss
AR; had-viss €
ARp_jet, ¢
ARp.jet, thagovis
T

CO KX

CoLOOOCCCX

S

Events / 0.1 Data / SM Events / 100 GeV

Data / SM

3
35?19 T T =
30E ATLAS e Data [JMisiDj— <
- Vs=13TeV, 36.1fb" ----H200Gev [EEMisiD e/ -1 ]
255_ T+e signal region ----H" 400 GeV  [JW/Z+jets ]
20F [t & single-top [l Diboson 3
15F ]
10f
5:
0
2
15
1
0.5¢
0 L 1 1
100 . 1000
mT('c,ET ) [GeV]
3
3§1|O 1 T T é I T T I | T T I T | I I T I 1 | T 1 1 I I:
5 53_ ATLA e Data [CIMisiDj—»t 7
~t Vs=13TeV, 36.1 fo! ----H200Gev [EEMisID e/ — t -
2F t+jets signal region - H'400Gev  [JWiZ+jets
- [l Diboson

—
&
LELBLEL

[t & single-top

p

+ 4
+ |
i+
L,

8
:T-+ | | | | | -t+- + !
-1 -0.5 0 0.5 1 1.5 2
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Charged Higgs Bosons: H" — tv

Th-jet

Th-lep

Efr trigger
1 T, p? > 40GeV

>3 jets and >1 b-tag
no Y or e

E+ > 150GeV

mT(T, BT) > 50GeV

single lepton trigger
1 T, p+ > 30GeV
>1 jets and >1 b-tag
1 mu or e, pr > 30GeV
E+ > 50GeV

*  prY
I T

T-track

P

T =

Er

~ 2 — 1

Pt

Polarization of the hadronic tau gives discrimination:

- In t — bW decay, tau comes from W decay
-In H" — tv, tau comes from a scalar

— Difference in energy carried by the charged and neutral pions

Events / 0.1 Data / SM Events / 100 GeV

Data / SM

3
35:_<1 OI T T =
30E ATLAS e Data [JMisiDj— <
- Vs=13TeV, 36.1fb" ----H200Gev [EEMisiD e/ -1 ]
23 E_ T+e S|gnal region ----H" 400 GeV  [[JW/Z+jets 1
20F [t & single-top [l Diboson 3

o=
2
B
1
Sk
i | 1 L
0 100 _ 1000
mT('c,ETSS) [GeV]
3>T1 I03I T T T T T I | T | T 1 | I I 1 I 1 | T 1 1 I I
5 5_ ATLAS e Data [OMisiDj >t ]
~t Vs=13TeV, 36.1 fo! ----H200Gev [EEMisID e/ — t -
---- H" 400 GeV  [JW/Z+jets 3

2F t+jets signal region

[t & single-top

[l Diboson

0 _.. =
2 T T T T T T T T T T T T M
1 5_| O Uncerltainty | +-+-_+_++ _L A
1 O St Bhshias R = e I [
0.5t T+t
0 | L 1 1 1 I 1 1 | 1 | 1 1 | 1 | 1 1 1 1 |
-1 0.5 0 0.5 1 1.5 2
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Charged Higgs Bosons: H* — 1v

><
"_. E I\\I|\\II‘\III|\\II|\II\‘I\II|\III‘II\\|\I\I
9_ 9? 7LLAS e Data [CJMisiDj— <
}é" 8§ Vs =13 TeV, 36.1 fb' ----H'90Gev  [lIMisID e/y — 1
T : 2 [Jft & single-top [l Diboson
4% LR
38| ik
N
T
o TR - S S S S M
21_4i\\II|I\\I|\\II‘\III|\\II|\II\‘I\II|\III‘II\\|\I\IZ
0 1 of |_1__|Uncerta|nty
S 0.8f
06:\\II|I\\I|\\II‘\III|\\II|\II\‘I\IIl\III‘II\\l\I\I:
"0 01 02 03 04 05 06 0.7 08 0.9 1
BDT score, 90 to 120 GeV
"_. 8IIIIII[lllllI|IIII|IIII|IIII|IIII|IIII|IIII|IIII
3107 ATLAS e Data [IMisIDj - <
£ 186 Vs=13TeV, 36.1fb" ----H 500Gev [EEMisID e/ -1
S 5F THets signalregion - H" 2000 Gev [ W/Z+jets
L 10° [Jti & single-top  [Jl] Diboson
10° T
107 (. =5
10 S —————
1
1 —1
E _4lllllIIII|||II|IIII||III|III|IIIIlllIIIIIIlll
B { ot [ Uncertainty
e 1 ——— :
g S
A 0.8f
06IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII

"0 01 02 03 04 05 06 0.7 0.8 09

BDT score, 500 to 2000 GeV

x10°
1_. _||||+L||A[S|||||||||||||||||||||||||||||||||||||||||—
© 4 A e Data [JMisDj—»t 3
2 35F Vs=13TeV, 36.1 fb! ---H 160Gev  [EEMisID e/ -t
© 3E t+jets signal region  H180Gev  [JWiZdjets
L|>J 2 5E [Jtt & single-top [l Diboson =
2k ]
1.5[
1E
0.5E
1.4
c% 1'2_ |:|Uncerta|1inty | | | | +H_
g e e e e
©
S 0.8} 0
0 6 I | L1 11 | L1 1 1 | | - | 11 1 1 | L1 1 1 | L 1 I | | S | | L1 1 1 | L1 1 1
0 0.1 02 03 04 05 06 0.7 08 09 1

BDT trained separately in different m(H") regions to
exploit the changing kinematics as a function of m(H")

No cut on BDT applied, BDT shape is input to the fits

BDT score, 160 to 180 GeV
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Charged Higgs Bosons: H" — tv

ATLAS

\s=13 TeV, 36.1 fb’
—— Observed (95% CL)

e B ic
p t2c

S Expected (95% CL)

10

IlIII||III|IIII|
ATLAS

Vs =13 TeV, 36.1 fb™

—— Observed (95% CL)

i ™ . :io
gt t20

| 11 1
| IIIIIII|

—t

<
N
/

p — tbH") x B(H* — 7%v) [pb]
[ 1 |||||||

Limit on B(t — bH*) x B(H* — 1*v)

E — - 2015 result
i ! = E
10° E i i
- i S102% E
n - © = -
c v v v e b e by e b e by cC B N
90 100 110 120 130 140 150 160 o i _
mHt [GeV] E —3 | | | | | | | | 1 1 | |
510" 00 200 300 1000 2000
m. [GeV]
Huge improvement since run-1
from using MVA methods No gap for m(H*)~m(t)

ATLAS explored this region for the first time ever
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Charged Higgs Bosons: H" — tb

g QQQO0Q0Q,

H+

g QQOOQQQ,

Explored in single-lepton and

dilepton final states

Events divided into many categories to
increase sensitivity & background control

Backgrounds:

ttbar+light jets and ttbar+heavy quarks,
modelled from simulation with huge

uncertainties

b

Events / region

Data / Pred.

> T T T | T T T I T T T I T T T | T T T ‘ T T T I T T T ‘ T ]
O - -¢-Data B (200 GeV) ]
O o i
= 600 ATLAS L Ottvignt [O+zte
= - Vs =13 TeV, 36.1 fb W= tt+ X 7
@ O00[z4jets, 5)= 4b pre-fit [ JNon-t &% Uncertainty |
c
[
o -
- w400
Very difficult i
300
Many (b-)jets 200F
. . 100F
If H" mass is close to
top mass, almost no 3 14
SR £ 12 o
discrimination S Sl
g 0.8F SRRy ' , S ‘;of’"
O 06)
0
10° T T T T |+ T T T i T
Data summ H (200 GeV)
g ATLAS . ]t +light Ceztc
¥s =13 TeV, 36.1 fb B i+ = 1b T+ X
10° pre-fit [ ] Non-tf Uncertainty
®

.......'IIIIII I;
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Charged nggs Bosons H* — tb

' rt(1)

- § 7OO;ATLAS | -¢-Data | I:l (200 GeV)—i
m(b-paidR™"Y B ool = Tevserw Ej;'fj‘; %L N Very little discrimination at low mass (~200-300 GeV)
}Tr(ji) i SoozfﬂﬂﬁzaszmBH“E]Mmﬂ 4% Uncertainty E
H> sosl - BDT trained for each mass point, in each SR
AR™E(b-pair) E
m'n 300 _: . " " . . " "
AR(¢, b-pairAR™™) E At low mass, kinematic discriminant added to training
min 200 —
m(u-pair®R )
Hjets 100
rp!llmx @ 1:; D — PH+(X)/(PH+(X) + Ptf(x))
nqgé;gii; ) ) o L e e e
aitr £ 08f
max -p‘.l O 06 L
m " (j-triplet) 1 08060402 0 02 04 06 08 1
D BDT Output
__g 0-6_"'I""I""I""I"""'I""I""I""I""_
= 055_ ATLAS Simulation ZJeaona ] Discriminant D reflects the probability that an event is compatible
% R b oo ] with H* — tb or ttbar
5 04 ]
s ¢ 1 Inputs:
S 0.3F — P
L ]

0.2

_L

0.

///// /////// // /////
////// // //
////
// // ///

lIII|I

Y,
////
////
0 ///
0 010203040506070809 1

Discriminant

- mass of leptonic top

- mass of the hadronic W

- mass difference between leptonic top and hadronic W
- mass difference of the H* and one of the tops
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Charged Higgs Bosons: H" — tb

' rt(1)

-_% 700 --Data e H' (200 GeV)—|
=~ ATLAS S . 7
i paerR“““ 5 ool ¥er 1TV e B Very little discrimination at low mass (~200-300 GeV)
PT US ) w 50 f+3: 2 6j= 4b post-fit [ Non-tt #22 Uncertainty é . | |
H> 106 - BDT trained for each mass point, in each SR
AR™E(b-pair) E
min 300 = ' ic discrimi ini
AR(L, b-pair®R™™) E At low mass, kinematic discriminant added to training
min 200 -
m(u-pairt®R)
jets 100
H 10
' -O 14 — LA LI LI LI LI LI LI LI T T _]
m(b palrp%ﬂx) 2 42 '8_ I I | [ [ [ .
yppmax © - Py ATLAS === 95% observed limit (CL ) ]
(b-pair) 5 08¢ fe samnn 95% ted limit (CL)
X B e 1 Vs=13 TeV, 36.1 fb” o expecledimt (55
m " (j-triplet) -7 08-06-04-02 0 02 04 06 08 1 1 , 90. [ Expected £ 1o -
D BDT Output +:||: |:| Expected + 2¢ T
T s A Atatesasacasana ng: r:g 1 mﬂ"“:'tanB=0-5 i
= - ATLAS Simulation A sackground . Jay = my*® tanf = 1 .
g 051 44jets, > 6j>4b 2 E +:'|: B mi°* tanB = 60 -
q>) E ==+ H" (200 GeV) E "_9 : :
5 0.4 -
s | z TooT .
S 03f N o - .
L 1 ~—
[E——— m © _
0.2 / = - 107"
0.1 77 . -
///// // / /// 1 1 1 | 1 1 1 I 1 1 1 | 1 1 | | | | | 1 | I | | 1 | 1 1 | I | 1 1
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36

Charged Higgs Bosons: MSSM Interpretation

.@_ N [ I 1 I I
- N .
S 'M 4 H* — tb: uniquely sensitive
2 1 tolow and high tanf
v o
Y ATLAS Overlap at high tanf
/ motivates a combination
u ;f 95% CL, exclusions

H"— tv,tb :
Low mass fully mod- Observed, v .
excluded! \(_h 13 TeV — - Expected, tv 1
SZj ! = N\ Observed, tb T

----- Expected, tb g

\\ o Larp o il e

200 400 600 800 1000 1200 1400
m, [GeV]




37

Charged Higgs Bosons in Triplett Models

I : - 3 leptons, MET > 25 GeV, b-jet veto
- m(WZ) reconstructed calculated with the
solution for neutrino p, that gives W mass

W+ Y . .
- VBF selection on jets (mjj>500 GeV, |A11jj|>3-5)
Z " - Georgi Machacek model Nucl. Phys. B 262 (1985) 463
> iRs RAEED RAEAS RESES RS TAS S REAES ERaES LEEE =
O 4t ATLAS ¢ Data ]
q - S E Vs=13Tev,36.1fb" I WZ -
3 - VBF Signal Region [ fake/non-prompt -
] 0 10°E v -
’-:\E _l__ T T T T I T T ) T | T I/r/l \1 C E : ZZ E
S, oLATLAS ///// & = B Z+VVV -
D ~EVs=13TeV, 36.1 fo' 10 = N\ Post-fit uncertainty E
0.8 / - L ¢ 4 ... VBF HE 450 GeV -
- VBF Category 10 Sl — S =
0.7F // -
063— // 1 el 1
E =
0.5 . | -
0.4 B

03; —e— Observed 95% CL _; % E | | |
e e Expected 95% CL = ~ ofF ° 5
0.2 ] Expected (+ 16) = < I * * } :
= (1 Expected (+ 20) = © = 7
o 290local Wt B AR AN D
P PR T EPEIP T M I P . P -

900 300 400 500 600 700 800 900 200 300 400 500 600 700 800 900 1000

m(H’) [GeV] My [GeV]


https://www.sciencedirect.com/science/article/pii/0550321385903256?via%3Dihub
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Doubly Charged Higgs Bosons H"*— W'W"*

Theory: arXiv:1105.1925

60T/V2 8

A= ( 0
SM Higgs Doublet and additional hypercharge Y=2 scalar triplet 0
— 7 Higgs bosons (H™, H*, A, H, h), h is SM like
— Triplet conveniently provides non-zero neutrino masses (type-ll seesaw mechanism)
3 catgeories: 2| (same-sign), 31,41  MET > 70 GeV (30 GeV) for 21 (3, 4l)

Cut-based selection, optimized with TMVA

_5+/\/§

-

¢+
QSO

) ot H—(

H++

riZ

1) B \ S [ _\‘_ Dat [ ] — 1 20 L LI N S B I B B B N B

+ ata = - -
2 . ATLA . s ; :
o 15 1 [ QMisID — L A TLAS —e— observed 95% CL upper limit _|
1l ~ (s=13TeV 36.1fb (] Fake Leptons 'g 100 .
_ Signal regions for m, _, = 200GeV g \C/)\t/hzrrcf’nzzt;npt H_g o s=13TeV 36.1fb" - - - - expected 95% CL upper limit _
B [tV Prompt i o i
10 — s My 200 GeV + 80 I: expected limit (+20) -
B fifig Uncertainty N i - l:l expected limit (+10) i
B . B ~ ——— H™ theory (NLO QCD) =
L ] T 60— -
5 — — |& — .
" — ...........; : : il = —
------------------- . T 40 —
= 4 o = _
B & 20 TN\ ]
£ 2 S? N 2

D 0 ii L . — L — : . ! . @) O _I PR IS S N S N T S SN TR N T M i RN (U U [N T

200 2ev o Ar 3 3 A 200 300 400 500 600 700
efet eyt SFOS 0 SFOS 1.2

m .. [GeV]

)w


https://arxiv.org/abs/1105.1925
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Di-Higgs Searches

Non-resonant
KI
8 TGO060000p—>——g-——————- H 876666660t o H
Kr K?L //
t/b e
H "~
8 66000000 ¢—<«———————- H 8 76606666t S H
Kl‘

SM ggF — HH cross section (x =1): 33.4 fb
SM ggF — H cross section: 48.7 pb

Coupling variations lead to different shape and rates:

Resonant

000 _-h
A> -X-.:
990/ “h
X can be a heavy Higgs (spin-0)
or a Graviton (spin-2)

HH branching fractions:

(13 TeV)
50.025
I — k)\ =1, SM
002 | —k, =0, only box diagram
— Kk, =2.45, maximal interference
0.015 k k, =5, soft spectrum

— k, =20, mainly triangle diagram

| bb | WW TT Y4 Yy

bb

WW 25% 4.6%

T 2.5% 0.39%
7 3.1% 1.2%

0.26%

"
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Di-Higgs Searches: Non-resonant Results

ATLAS sets worlds-best limit on non-resonant HH production:

A N B N N N L RO IR L S R A B L O
. . — 102 :I l L |I_I_I I | LI I LI I LI I LI I LI I LI I I:
ATLAS Preliminary =~ Sveened e = --- bBbbexp) - -~ Combined (exp.) -
| 5-13Tev, 275-3611" e p 1o — e 0;’:6_ —__ Combined iobsg _ :
oM (pp — HH) =33.4 b Expected + 26 L - —— bbt't EObS-; M Sxpeciad =15 { ombl-ned) =
9gF . - - - bbyy (exp.) Expected +2c (Combined)
di 10 —— bbyy (obs.) &== Theory prediction —
Obs. Exp. Exp. stat. | o - 3
S L i
HH— bbbb 129 207 185 T L — =
_ 5 1?----__-___ .... |
c = =
HH— bbt't 126 146 119 3 5 ]
| : g i ._..j-::.._::I. | -
_ P -1 ATLAS Preliminary \ -
204 263  25.1 o 107'E -
k= BDYY 8 = {5=13TeV, E
"""""""""""""""""""""" ] > [ 27.5-36.11b" i
— ks :
hmiciiie > . 2L | | | ] | | |
- T T T T Bg 10——IIII—I.III_IIIII_‘IIIIIIIIIIIIII[IIIIII
0 10 20 30 40 50 60 70 80 8 20 15 -10 S 0 5 10 15 20

95% CL upper limit on CoqF (pp — HH) normalized to G;;;T: K, = KHHH / 7LSM

—5.0 < k) < 12.1 (5.8 < k) < 12.0)
-7.1 <x <13.6 (exp)



41 HH — 4b candidate
ATLAS oo s

EXPERIMENT Date: 2016-10-23 07:05:27 CEST




. Select events with 4 b-tagged jets (R=0.4), p_> 40 GeV L

......
------

42 m m %107'"""""""""""3
. S, ATLAS t Date
Di-Higgs Searches: HH —4b  {.f 2%, & -
™ gt Resolved Signal Region, 2016 ~ [ Hadronicff 1
= E [ Semi-leptonic
/\RrﬂA *qc_; i - - = - Scalar (280 GeV) 3
i . i i i MmA S T E IS, e SM HH x100 E
« Trigger: one or two jets passing online b-tagging 2 BN O e =
(plus additional non b-tagged jets) — = Gy (1200 GeY, k/mp.=z)3
102 Ao, L AW Stat+Syst Uncertainty -

—_ =
o
m _‘l —
4 i A
H il
bos,

* Not easy: Pairing the b-jets to Higgs candidates,

. . . = = ' ' ' ' N N
use dijet mass to solve combinatorics 2 F ey | l\% \ %
- i Ry
a '"'**’“*‘*Qfé?ﬁ**f- Hnhnt N
g b TP IR R
L 200 400 600 800 1000 1200 1400
My, [GeV]
» Expected: decay of two particles of equal mass
. \\m\’l"“‘““'ﬁiﬂi"",ﬂfffm; . SNX . . .
%@ﬁ‘ﬁ‘w‘- f—f‘fa‘ff{fif:{ W \ « Semi-leptonic B-decays lead to energy loss — mass equality needs
& ' *»';',ff"f . modification of expected masses (120 GeV, 110 GeV)
S . ‘i' £
. D_, quantifies the distance of the ;?
masses from the line connecting S| (midead, mpmrt) (120 GeV, 110 GeV)
=

(0,0) and (120, 110) GeV

Pairing that minimizes D is chosen

In simulation, this leads to at least
90% correct pairings

m4j~270GéV
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Di-Higgs Searches: HH — 4b

Data-driven estimation of the background model:

- Selection of the two-tag sample (contains >4 jets, exactly 2 of them b-tagged)

- Application of two weights (combinatorial, kinematic),
obtained from the sideband, to make the 2b data look more like 4b data

- Determining the normalization of multijet and ttbar by fitting event yields
in background-enriched control regions

- An alternative background model is derived from the control region (CR),
is used for validation and to derive a systematic uncertainty

c = — —— ———— T = 25 M LA L L L R LA B B B B
= 700— - o 0 =
e - ATLAS ﬁ E/I?Jtlzjet - ~ - ATLAS é Mitlzjet 7
2 600 fs=13TeV,243 10" [ Hadronic I ) Is=13TeV,243f0" [ Hadronic {f =
@ E Resolved Control Region, 2016 [ Semi-leptonic ff g) - Resolved Control Region, 2016 [ Semi-leptonic tt
L|>J 500 — - == Scalar (280 GeV) _— W 5opl— = == Scalar (280 GeV) -
C e, 00000 e SM HH %100 ] i SN T T SM HH %100 ]
- N Stat. Uncertainty - W\ Stat. Uncertainty
400 3 400 3
— P 300{— —
300k Reweighting >t :
r - > =
200— — 200— —
100(— — 100 -
15 i - e -
g E YT - 1.5 T
) C
o \ Fiyge 2 H %
.y 1 [ \\ [XTY 3 e 1 B * **i' ’.§e++"e++*i fi%%{ N Nd
g [\ Ty 8 T 1 t t R
© C N 5] \
a] 05+ N L = L [m) 05 L L l I L
L 1 2 3 0 1 2 3 4

5 6
Subl GC AR,

[GeV]

ubl

S

2 i
-
@
=]

]

160

140

120

100

10°

10°*

Events / 100 GeV

10°
102

10

107"

Var/Nom
e N

o

ATLAS
Vs=13TeV, 243"
Resolved, 2016

N
N
o

)
o
o
Events / 25 GeV?

160

Sideband 180

140
120

100

100 120 140 160 180 200
lead
mz2¢ [GeV]

LI I B S N B R — T T [ T T T [ T T T [ T

ATLAS —— Multijet
{s=13TeV, 243"
Resolved Signal Region, 2016 —— High H_CR Weighted
—— High HT CR Inverted
§§§ Stat. Uncertainty
E
E
E |
1 1
1 1
1
1
200 400 600 800 1000 1200 1400

m,,, [GeV]
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Di-Higgs Searches: HH — 4b (Boosted)

Events / 0.1 TeV Data / Bkgd Events /0.1 TeV

Data / Bkgd

LA LR ]
104 ;ATLAS ) ¢ Data —
= Vs=13 TeV, 36.1 fb” . E
103 ;Boosted Signal Region, 2-tag % L\illultuet _i
= ol e e Scalar (2 TeV) E
5 — - === Gy (2 TeVk/M,=1) x 30 —
10 = SN Stat+Syst Uncertainties "=
10 =
— e 1 \L N :,
1 g_ ! H pi % N —n;:
1071 = Haih
S _ el S i 1S T
P Y i Ea T
A :
. N ~ g
05—\ d LIt 3
0 0.5 1 1.5 2 2.5 3 3.5
m,, [TeV]
I B L L L L L B
- ATLAS N
10° = Vs=13Tev, 36.1 " il ;\Dniﬁj ot =
= Boosted Signal Region, 4-tag o B
N P P T Scalar (2 TeV) .
10 = --== G, (2 TeVk/M,=1)x 30 =
= o AN Stat+Syst Uncertainties -
- 1= 7
1 = ii— —
il 4tag 7
1 5 C = ]
]
05 25 3 35
m,, [TeV]

Events/ 0.1 TeV

Data / Bkgd

Er T T T T T LI L B =
3 - é:%ﬂé\% 36.1 " ¢ Dota :
10° o 000l I [ Multijet —=
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Di-Higgs Searches: HH — bbrtr

ATLAS' best HH channel for non-resonant

. —ATLAS Slmulatlon
- L 13 TeV, 36.1 fo™
0.08— Narrow Scalar

o
—

3 categories: Had-had, lep-had (single lepton trigger),
lep-had (lepton+tau trigger)

Acceptance x Efficiency

III|III|IIII[II|III|I

0.06
* 2 bjets required in the SR, 0 and 1 b-tag regions used for validation ¢ -
« BDT trained in each category, for each mass hypothesis 0.02]-
« Fits performed to the BDT output Qo300 406500600 7008009007000
m(X) [GeV]
Variable % 107%;411[1:!]1:9] S i?ff‘ ::;;(prli;“:it' o ;E 8 ATLAS —e— Obs 95% CL limit
Eoprmeny e 2 E | q3Tev,36if’ e c4p 5% CL i
MuyH o = Tephad jet — 1, fakes 3 1 = - * 1o
MMC 105ZE — ét;;::t +(bb,bc,cc) E: i E :’ .
L 4 F SM Higgs 1 = ~ -
on 10w S Uncertainty = Exp 95% CL limit T,
E Ol g srars Pre-fit background 3 X
AR(T, 7_) 103 = ..-.--._,._ —— - ) 10_1 J EXp 95% CL limit Thad had
AR(b b) 102: ':_._M; E
EmlSS § :
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BN ¢ centrality E N
W 1:E 1072 =
mr 10" ; L e E
Aqﬁ(H,H} g 1.2 | | | | LR = B
Apr (lep, Tha d—vis) % | PSP . \\q\\\a\\\\»\\\)\\\\}\\\\i\\\ \\\\4\& |— hMSSM Scalar (tanf = 2)
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Di-Higgs: Resonant results

95% CL upper limit on o(pp — S — HH) [pb]

1072

1072

- --bbbb (exp.)
— bbbb (obs.)
- --bbt't (exp.)
—— bbt*1" (obs.)
- - - bbyy (exp.)
—— bbyy (obs.)

- == Combined (exp.)
—e— Combined (obs.)
I Expected +16 (Combined) 3

Expected +2c (Combined) S
—— hMSSM (tan3 = 2) n

ATLAS Preliminary
\s=13TeV, 27.5-36.11" spin-0

300 400 500 600 700 800 900 1000
mg [GeV]

1

o(pp—Scalar—HH—bbbb) [fb]

95% CL Limit on o(pp— S— HH) [pb]
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ll. Exotic Higgs Decays

“This 1s not exactly, what theory predicted
for the Higgs decay!”




*  Exotic Higgs Decays Overview

New particles might couple preferentially to the Higgs boson:

' 9] Hidden Typical benchmarks:
W' Valleys? - SM + dark gauge symmetry U(1),
Dark - 2HDM+S

Matter? - NMSSM

Extended Higgs sector contains
light singlet (pseudoscalar a or scalar S)
SHaa gHZa
H width is very small (4 MeV)

— even a small new Coupllng could lead
to sizable decay branching fractions

Hidden interaction, coupling to dark sector: : I i

EWSB




”  Exotic Higgs Decays Overview

H — aa — bbupu arXiv:1807.00539
H — aa — 4b arXiv:1606.08391 arXiv:1806.07355

H — aa — 2t2u arXiv:1505.01609
H—aalZZ[ZZ — 4]l  arXiv:1505.07645 arXiv:1802.03388
H — aa — 2j2y arXiv:1803.11145

arXiv:1808.10515

H — aa — 4y arXiv:1509.05051 (0.2<mX<2TeV)


https://arxiv.org/abs/1807.00539
https://arxiv.org/abs/1606.08391
https://arxiv.org/abs/1806.07355
https://arxiv.org/abs/1505.01609
https://arxiv.org/abs/1505.07645
https://arxiv.org/abs/1802.03388
https://arxiv.org/abs/1803.11145
https://arxiv.org/abs/1509.05051
https://arxiv.org/abs/1808.10515
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H — Invisible

-2 Aln(A)

q

X

q P Y

H

Higgs may decay to DM,
can be identified indirectly via
MET + the rest of the event

BR (H — inv) < 0.26 (obs)
(0.17 +0.07 -0.05 exp)

CMS: 24% obs (23% exp)

Interpretation also in Higgs portal models to set limit on
WIMP-nucleon scattering cross section.

—
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12

10

7

T | T T T I T T T I
ATLAS Preliminary

Vs=7TeV, 451"
Vs =8TeV, 20.3 b

Vs =13 TeV, 36.1 fb"
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— Run 2 combined
= Run 1+2 combined

III‘IIIlIIIlIIllIII

I
=
no

0.4 0.6

BH—> inv

| |
ATLAS Preliminary
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& E :
- = Bcl)-|biinv< 0.24 ATLAS Prelim. E "
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2107k =il e, @B m i
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U 1042k -  Scalar wimp £
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- Other experiments 8
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Rare Higgs Decays

Search forH —» J/yy, H— v yand H— Yy probes c-quark and b-quark Yukawa coupling

Rate predicted by the SM extremely small, an observation would hint new physics (eg. composite Higgs)

Select events with OS muon pair (lead u pT > 18 GeV), and a photon (pT > 35 GeV)

2D fits to the dimuon and dimuon+photon invarant mass spectra — no signal found on top of the SM predictions

Rare decays of Z to the same final states searched as well, no deviation from prediction found

> N LA IELL L I > SN I I I L I R R =
Branching fraction limit (95% CL) | Expected | Observed 8 F ATLAS 4 & L D ground fit +1o ATLAS ]
BH - J/yy)[107*] 3. Oféi 35 g g E=13;TeD\;,t:6.1 o™ g § 100_— Egcl):n;bRinatoric (s=13 TeV, 36.1fb"  —
B(H -y (28)y)[ 107 15677 198 & F —sBackgound st 3 2 gof B yinsmeiol) -
-6 +0.5 U>J C il 1 v(nS) background = - DBZ- y(sp)=10° ) i
B(Z—=T[yy)[107] L1753 23 40F ) = 7 FSR ] ]
q -6 - I} B(H—> w(nS)y)=10" 1 60 —
B(Z—y(28)y)[107] 6.0%}5 43 0 W | I %BEZe ng((rr:s)):xﬂo'e—_ ]
B(H > T(18)y)[ 10*] S04 | 49 o R, -
B(H - T2S)y)[107] 6.2 5.9 : | ||" * ] ]
‘_ . 20 -
B(H = TGS)y)[107] 5023157 F { : i : i
B(Z—"T(18)y)[107°] 28703 28 g . +# " * {WM{ i i i o ..+ L + .+ _/ .+ o * L + s +.++
B(Z—VY(QS))/)[ 10—6] 38t}? 1.7 % 051: “ N #W 'Mq 1 || I | | ” '= % 051E ++++ +++ PTi4dte,t ++++ + { ++ ++ *I
B(Z —(38)y)[ 107 ] 3,013 48 T 50 150 200 250 300 8 2 22242628 3 3234 3638 4 42
08 m,-.-, [GeV] oo [GeV]
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0= E
a is a pseudoscalar, Zd is a vector boson A e — #
107 ?
10° ATLAS E
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Summary & Outlook

After two runs and 8 years of datataking...

- no sign of new physics found yet (but a few excesses here and there), no SUSY
- if new physics is accessible at the LHC energy scale, then it's hiding well

- We're entering a new era, doubling the luminosity will take a long time

But, analyses get more and more sophisticated:

Clever and more powerful machine learning techniques, better signal-background
discrimination, better control of systematic uncertainties for physics objects and theory

o
We have collected only a small part of the dataset yet (5%!) o

- Run-3 and then HL-LHC enables probing especially the phase spaces ..
where we're now very much statistically limited, and it leads to better
precision of Higgs and other particles coupling measurements 1 Diels + e Myt

- 14 TeV energy leads to larger cross sections and helps pushing into ca | .
the high mass corners S e
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Minimal SUSY Extension of the SM (MSSM)

In the simplest SUSY extension, the Higgs sector consists of two Higgs doublets:

g

b ht v
- _ u _ _tu
b = o | 7 Hi= 70 = 1 tanff = — -co
u d Ud %
p=
P
— This leads to 5 observable Higgs bosons: &) o
< < o
gE g\ég‘ 2: H Mp0 = A0 = TTp0 (radiative corrections % '8 °
Chargea: H H 1m0 < M0 < M0 raise the masses) i TH
: O
>
The mass of the lightest CP even Higgs (,h“) is constrained to be < 130 GeV &’ o
SM-like?
— Observation of the Higgs at 125 GeV does therefore not rule out the MSSM ©

« SUSY introduces a lot of new parameters (to parametrize the mass breaking mechanism)

* The unconstrained MSSM has 109 new parameters — reduced by phenomenological considerations
(eg. no FCNC) to 22 parameters

« MSSM benchmark models (such as m mod etc.) defined to study specific phenomenologies,
leaving only two free parameters: tanf3, A mass



mhmaxup

mhmod=+

light stop
light stau
tauphobic

Low m,

MSSM bechmark scenarios for the LHC arXiv:1302.7033

Higher order corrections
maximize the h mass

tanf}

Reduced stop mixing wrt. mhmax

In mhmod+ the predictions are more
in agreement with (g-2)p,
in mhmod- with b—sy

ggh suppressed

tanp

Enhanced h — yy at high tanf

Suppressed couplings of h
to down-type fermions

m >m,
m, = 125 GeV fixed

200

BOP r v e e
50F
40F

30

20

MSSM mhmaxup

[ m=125:3 Gev

11 I | I T | I 111 1 | | I | I 1111 111 1 | | I 1111 4
250 300 350 400 450 500 550 600
m, [GeV]

[ m=125:3 Gev

IIII|IIII|IIII|IIIIIIIII|IIII|IIII|IIII
200 250 300 350 400 450 500 550 600

my- [GeV]


http://arxiv.org/abs/1302.7033

2HDM

Model UR R ‘R / One doublet is fermiophobic
Type 1 D, D, D, One doublet couples to up, other to
Type 11 d, O O ¢ down-type (=MSSM like)
- One doublet couples to quarks as type-l,
_ >
Leptop specific | &, ey b, other with leptons as type-lI
Flipped D, D, $y  [.4One doublet couples to quarks as type-Il,
other with leptons as type-I
Scale factors of U . il LI I B B o x .
Yukawa couplings In /h Yn /H In YH Ya YA gA
Type-I i—j % % % :i :-i cot3 | —cot3 | —cotp
Type-1I :—; :ﬁ — > % E—{ 23 5] A tan 3 tan 8
Flipped (Y) i—j :{ (;1 ﬁ :i :{ cot 3| tanp — cot 3
Lepton Specific (X) i—i f’% — :i | B2 ':_f; cot 3 | —cot | tanf




Significance, Limits, test statistics

— Profile likelihood ratio (used at the LHC):

A
A

L(p,0()) -conditional fit

A(p) = L(j, é)

Test-statistic to test the background-only hypothesis

(— discovery):
—2In A(0) [

D7 4 2mA0) 4

>0
<0

,unconditional fit*

Drawings: A. Read

7 9

The consistency with the background-only hypothesis is quantified with P,
|f p, is small, the consistency is poor — discovery.

The significance is the
corresponding number of
Gaussian standard
derivations:

,/63,27%

i

95,4}5%
99,73%

=

p-20 p-o

1

pto  p+2o

Oc~0.5

16 ~0.16

20 ~0.022

30 ~0.0013

40 ~ 0.000032
56 ~ 0.0000003



Significance, Limits, test statistics

Test-statistic to test the signal hypothesis # Toys, for a given p
(— exclusion limits): (i is scanned) \
_ observed
_ —2InA(p) p<p
qu = .
+2InA(p) o> p

7 9y (W)

Define the quantity CLs (modified frequentiest limit):

CLy(p1) = P CLs is the ratio of two p-values.
s\H) = 1 —pp Sometimes, P, is also called CLS+B and P, is called CLb (eg at LEP).

If eg. CL (1) < 5%, the signal hypothesis (u) is excluded at 1-5%=95% confidence level.
CL_is known to be conservative, it prevents excluding hypotheses one is not sensitive to.

The observed p-values (p,, P, and 1-p,) are integrals from the observed value of the
test-statistic to infinity.

The expected p-values (suppose we had many LHC's, what is the average
result we could expect) are obtained from integrating the medium
of the test statistic distribution of the toys up to infinity.
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