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Physics at the LHC

- Where do we stand? Prospects for HL-LHC -

A few preliminary remarks on this talk:

* Focus on latest results and full Run-2 data analyses

 ATLAS heavy — mostly due to convenience
(apologies for this!): in most cases there are
equivalent results from CMS
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ta taking at the LHC in Run 2
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Month in Year

In Run 2 (2015 - 2018):
Delivered: 156 fb-!

Recorded: 147 fb'
(Data taking efficiency 94.2%)

Good for Physics: 139 fb-"
(Efficiency 94.6%, = high data

quality)

« Excellent performance of the accelerator and the ATLAS and CMS experiments

High data-taking efficiency and high data quality

* Integrated luminosity in Run 2 measured with a precision of +1.7%

« Timely analyses

IFT Madrid, K. Jakobs, 12t December 2019

[ATLAS-CONF-2019-021]

- Many results based on the complete Run-2 dataset




Data taking at the LHC in Run 2 (cont.)
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ATLAS

EXPERIMENT

Run Number: 336852, Event Number: 883966264

5 Gev threshold Date: 2017-09-29 09:19:23 CEST

Z— uu candidate with 65 additional reconstructed vertices!
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Summary of recent results from the LHC

880 ET (GeV)

ATLAS

EXPERIMENT

Di-jet event with the highest di-jet invariant mass of m; = 8.02 TeV recorded during 2016




Double differential jet production cross sections, as a function
of p; and rapidity y (full 2015 data set, Vs = 13 TeV)
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« Also at the highest energies explored so far, the data are well described by NLO perturbative
QCD calculations (NLOJet++)

« Latest comparisons to NNLO predictions (NNLOJet) [u. Currie, N. Glover, T. Pieres, Phys. Rev. Lett. 118 (2017)]
- improved agreement, however, scale dependent
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Search for new phenomena in di-jet events

« Results based on Run-2 data (2015 - 2018): 139.0 fb-! at Vs = 13 TeV

arXiv: 1910.08447

@ T a U L L B B L
g'° ATLAS . Data & W Theory ]
Lﬁ 108 v§=13 TeV. 139 fb_1 Background fit oc 1 "._.. —e— Observed 95:/0 CL —g
107 . — BumpHunter interval o N Expected 95% CL 3
Inclusive umprunter interva x 0 pm +10 ]
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* 2 3 = 5 6 7 8
m, [TeV] m,. [TeV]

* 95% CL exclusion limits: Excited quarks m,.>6.7TeV (6.4 TeV exp.)*
Add. gauge bosons: my>4.0TeV (4.2 TeV exp.)
Quantum Black Holes: Mgy > 9.4 TeV (9.4 TeV exp.)
Phys. Rev. D96 (2017) 052004, 36 " Contact Interactions: A>131TeV (n =+1)

A>21.8TeV (n, =-1)

*pre-LHC limit on excited quarks from the Tevatron: 0.87 TeV
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Search for new phenomena in b-jet events

* Results based on Run-2 data (2015 - 2018):

arXiv: 1910.08447

139.0 fb'! at Vs = 13 TeV
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Interpretation in terms of b 3.2 Tev 3.1 Tev
excited b* quarks and DM mediator Z” gg = 0.20 | 2.8 TeV 2.8 TeV
dark matter mediators: b DM mediator Z’, g = 0.25 | 2.9 TeV 3.0 TeV
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graviton, k/Mpp = 0.2 2.8 TeV 2.9 TeV

IFT Madrid, K. Jakobs, 12t December 2019



Standard Model Production Cross Section Measurements
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Status: November 2019
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Huge progress also on the theoretical side: (N)NLO QCD / el.weak corrections
LHC for theorists: “Long and Hard Calculations”
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Precise measurement of Z boson production at Vs = 13 TeV
Exploring differential measurements

» High-precision study of Z boson production at 13 TeV compared to state-of-the-art

arXiv:1909.04133

35.9 fo’! (13TeV)
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Also comparisons with resummed & FO predictions. None provides fully satisfying agreement yet.

Understanding of p;(V) spectrum and W—Z correlation important for W mass measurement

IFT Madrid, K. Jakobs, 12t December 2019
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High-statistics probes of diboson production

Exploring differential measurements

New high-precision measurements of differential W*W- (left) and Zy (right) diboson cross
sections, probing the EW gauge structure of the SM and test of QCD

- - D
arXiv:1905.04242 A\
;l 1 03 :?l T T T T T L T T T T T T T Ié: G Z Q
[0) - ATLAS ¢ Data 2015+2016 3
% 102 ;_ /s =13 TeV, 36.1 fb™ [_] stat.® syst. uncertainty _;I | o+
EVE ppo etwiv — (NNLO + NLO gg)® NLOEW 3
o - NNLO + NLO gg— WW 7]
. — "\ N\
310k — NNLO (incl LO gg—> WW) - q v
~§‘ - | i P E ATLAS-CONF-2019-034
: B N = 2 T T T T L
5 0F = = 7= ATLAS Preliminary
E 3 G = -
© ok 1 2 4 (s= 13 TeV, 139 fo”
1 - E E
107 3 o9y E Z(—=lly 3
E E 1 E =
107 ' g §
- | 3 107 . =
10°%E N : - = - - 3
L : T T T T T T I T T T T T T T T - 10*2 g & MATRIX NNLO = ?
a4 E = Z MATRIXNLO E
< . - 3 - 3
[ 1 2:_ .............. | —: 10_3 - e Data
N L ILI__Il = . SN S
§ _ | = S 1Fe o o @
~ 3 ® 08E ’
0.6 ! = £ S ! .

100 120 150 200 300 500 1200
Y
pead’ [GeV] E! [GeV]

IFT Madrid, K. Jakobs, 12th December 2019 13

W
o
A
o
(&)
o
()]
o
\‘
o
[o]
o

30 40 50 102 2x10°



Top—antitop production measurements

Huge tt statistics at LHC allows to measure multidimensional differential cross sections

Analysis based on 36 fb! with high-precision

Inclusive tf cross-section O [pb]

Ratio wrt PDF4LHC

ATLAS-CONF-2019-041
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Uncertainty dominated by PDF, QCD scale, experimental
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ATLAS-CONF-2019-026
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» Charge asymmetry measurement
- non-zero at 4o
(first evidence at the LHC)
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Associated production of tt with bosons

ttZ cleanest channel, allows differential cross-section measurements

« Very interesting measurement from CMS using 78 fb-! in 3 and 4-lepton channels

arXiv:1907.11270
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Very clean signal regions;

Total cross section measured:
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Vector boson scattering

EW same-charge WW+jj 6.90 (4.60) obs (exp)
ATLAS-CONF-2018-030
EW WZ+jj production 5.60 (3.30) obs (exp)

ATLAS-CONF-2018-033
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Events / 0.125

Observation of Vector Boson Scattering in ZZjj

Higgs boson regularizes the weak boson scattering cross section at high energies
q q q q q q q q

ZZjj analysis exploits decays to four charged leptons (££4¢ ) and (£€vv)
Multivariate analysis to separate EW signal from backgrounds (e.g. QCD ZZ2)

ATLAS-CONF-2019-033
227TT{TTT{TTT‘TTT{TTT{TTT{TTT‘TTT‘TTT{TT7
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10
ATLAS observed vector-
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0—1 -0.8 -06 -04-02 0 02 04 06 08 1 -1 -08-06 -04-02 0 02 04 06 08 1 N
-> All VVjj channels have
BDT Output BDT Output

now been observed
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Status of Higgs Boson measurements




H > ZZ* - 47 signals

20 1 2 Phys. Lett. B716 (2012) 1 201 9 ATLAS-CONF-2019-025
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Impressive progress illustrated by comparison of H > ZZ* - 4¢ signals
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Phys. Lett. B716 (2012) 1

H - yy decays
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Differential H - yy cross-section measurements

ATLAS-CONF-2019-029
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F —4— Data, tot. unc.

r H—yy, \s=13TeV, 139 b
- antik, R=0.4, p_>30 GeV

syst. unc.

BE-EEm

T T
gg—H defaut MC + XH |

N’LO + XH =
N’LO+JVE + XH N
STWZ, BLPTW + XH [

NNLOJET + XH =

Powheg r\IlNLOPS + XH _|
GoSam+Shema + XH §
Shema (vepsento) + XH ]
MG5 aMC@NLO + XH |
XH = VBF+VH+ttH+bbH |

« Data are well described by theoretical calculations (within uncertainties)

> =3

jets

» Such measurements will become important ingredients for future measurements
of Higgs boson parameters (Effective Field Theories)

IFT Madrid, K. Jakobs, 12t December 2019
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Statistical combination for cross-section measurements

(total and differential)

ATLAS-CONF-2019-032

¢ Combined data
5 H-yy

0 H—Zz'—4l
------ NNLOPS K = 1.1, + XH

1.8
1.6
T 1.4

[pb/GeV]

do’dp_
S
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0.2 ]
0....|....|....|....|....|....|.A...i-z.‘l-.°.43u_.njm.=.
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1F
0.8

0_6:_|'III|IIII|IIII|IIIIIII*II|IIII|IIII|IIII|IIII|III'|_E
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P, [GeV]

O-S%ﬁ

N

I
_.:_
-
+
—
_5_._
-——
|

Data/Theory

ATLAS-CONF-2019-032

9 L R A L
2 1001 ATLAS Preliminary
T
g [ AH—yy 0 H—-ZZ*—4l
o L ¢ Combined data
80 ' Systematic uncertainty
60

a0}

20k

= Opppy My =125.09 GeV

QCD scale uncertainty
Bl Total uncertainty (scale ® PDF+a)

Vs=7TeV, 451"
Vs=8TeV, 20.3 b
Vs=13TeV, 139 fb™

Combined inclusive pp 2 H + X cross section:

a(pp = H) = 56.7285(yy), 54.4¥25(4¢), 55.4%%3 (comb) pb

IFT Madrid, K. Jakobs, 12t December 2019

10 11 12 13
Vs [TeV]

(Precision of 7.7%)

SM: 55.6 + 2.5 pb (NLO-NNNLO QCD, NLO EW)
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H > WW* - {v tv signal

« Large branching fraction, however, also severe backgrounds
(no mass peak, due to neutrinos)

* > Rely on lepton/jet kinematics (- transverse mass M, di-lepton invariant mass my, 6y,)

Phys. Lett. B789 (2019) 508 CMS-PAS-HIG-2019-002 (2019)
2000IIIIIIIIIIIIIIIIIIIIIIIIIIIII R
E ! ! ! ! ! -¢-I DataI N IUncer{ainty ! 7 _ 137 fb™ (13 TeV)
o 1800- ATLAS W BHe 3 [cms il
< 1600F H—WW—evuv, N < 1] tiwe [l ww ] e " Preliminary WH
% 1400F Vs=13TeV, 36.1 ' Wl zy [ Mis-ld 3 = _,,_L ;ls:
i 1200 mw e [ ltdnzenai?:y MC@NLO
n E H-++4 Madgraph5_a
. C i —— Obsgrvgd
1000 ] i
ggF: 630 ] I
(exp: 5.20) ;
i 107
- i H.{HHH,_Q_L},i
1
¢ a00f - 107 g
o C . E
g oF . L
.:_ ] © 15¢ |
- ] g 1
» . T 05f *
Col bbb i O o 0 ;
60 80 100 120 140 160 180 200 220 240 0 50 100 150 200 250
m, [GeV] H
P (GeV)

« Very significant excesses visible in the “transverse mass” and my, distributions
ATLAS: gluon fusion 6.3c observed (5.20 expected)
« CMS: First differential measurements with full Run-2 data

IFT Madrid, K. Jakobs, 12t December 2019

CMS

23



Couplings to quarks and leptons ?

 Search forH 2 tt and H - bb decays;

» Challenging signatures due to jets (bb decays)

or significant fraction of hadronic tau decays

» Vector boson fusion mode essential for H 2 tt decays

/
\,\q/'/
W, Z,
’ I _
W,z

/'/;\‘\

« Associated production WH, ZH modes
have to be used for H - bb decays

_~e/pn e/u

EW F W Wy
b
q ' W Z ~b

\‘G

Exploitation of multivariate analyses

IFT Madrid, K. Jakobs, 12t December 2019

Events / 10 GeV
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UTy g + €T0q VBF ATLAS Preliminary

f Ldt=203fb" ({s=8TeV Signal Region E

. + —¢— Data ]
= — H(125)— = B
' Mz o ]

Il Others E

I Fake t
772 Uncert.

250
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Couplings to Fermions: H - 1t

35.9 fo' (13 TeV)
. > :|||||||||||||| ||I||I||I||I||I|||| %) T 17 { T T 7T { T T 7T { T T T
o SearCh fOr H 9 TT Wlth TT 8 35:_ CMS 32: +°bs__bkg_: _: 0] - ATLAS EIZaffi)gt?O(;; 4
decaying in ey, ut,, er,and T, 5k 4 v 41 @ [ Vs=mTevsen mzon ]
‘T 30+ observea 2.5F {4 c | Thag%hag VBF hlgh p”' SR B Other backgrounds |
g [ — Hor (u=1.09) oF DBkg. we. § A g v, ; Mrl'nsclg(:t:mltid T ]
« Largest background from Z-> ttv & =f i o 11 " o4
and hadronic multi-jet events £ pof comme 0st_| I
O F Others II | I I I 4
g - Betg.une. 0 50 100 150 200250 300 1 2
» Search in categories aimingat % | e (GeV) S
ggH and VBF production = Ml R s |
5 —: é 2
1]
-I 11 1 I 11 1 | I 11 1 I 11 1 | I 11 1 I 11 1 I- -‘c_ﬁ‘ 1
0 50 100 150 200 250 300
m,. (GeV) 0 50 100
MMC [GeV]
Phys. Lett. B779 (2018) 283
35.9 fb” (13 TeV)
Observation of H 2 1t | CMS Phys. Rev. D99 (2019) 508
. s . u=1.36 4940 g o8 T T T T
Significance: CEN Tameor ]
- " h 4 &1 - I Best fi -1
p=t. 14*344: >bI 0.65 + :Mt“ n
CMS- 5.90 e_Tgsvgss: 0.4} {
ATLAS:  6.40 L i
(combination of Run-1 and Run-2 data) -0 D N ]
i Combsr;7ed _ o .
=1 0z - ATLAS ]
| ] —0-2;.1‘..1‘..1“.1‘..|H.\‘..1—i
0 > 3 -2 0 2 4 6 8 10
Best fit u = o/ of  [pb]
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‘_+_
|
_H_

o

Events / 10 GeV (Weighted, backgr. sub.)

Observation of H -2 bb decays

Phys. Lett. B786 (2018) 59

T

- ATLAS —eData 10
- (s=13TeV, 79.8 b B VH, H — bb (u=1.06) ]
I 0+1+2 leptons Diboson -

- 243 jets, 2 b-tags [ Uncertainty ]

- Weighted by Higgs S/B Dijet mass analysis B

— i =

rrryrrryrrryrrryrrryrrryrrryrTrTroTg
I I I I I I I I

+F e

lllllllllllllllllllllllllllllllll_

A
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m,, [GeV]
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H->bb mode dominates Higgs decays (BR~58%)
Most sensitive channel exploits VH, H>bb (V=W/Z)

N

q

q

/

w/Z
W/ z*

\H
N
N

Combination of Z and W final states characterised by
lepton multiplicity:

(2-lepton (Z—1t), 1-lepton (W—tv), and

VBF+ggF

ttH

VH

Comb.

O-lepton (Z—wv) )

Phys. Lett. B786 (2018) 59

L

e e
ATLAS H—bb

—_——
\s=7TeV, 8 TeV, and 13 TeV
47", 20.3 fb", and 24.5-79.8 fo'

w= O-meas / 0HSM

—Total Stat.
Tot. ( Stat, Syst.)
1.16 1.01 0.57
F, e + 1.68 +1 12 (tLOO ’ t0.51 )
0.56 0.28 +0.48
— ¢ — 1.00 02 (Y027 Toas )
0.22 0.14 0.17
[ 0.98 t0_21 (t0.14 ’ i0.16 )
0.20 0.12 0.16
rTi 1.01 fo.zo (%0142 %015 )
N B L L R B
0 1 2 3 4 5 6 7

Combination with ATLAS Run-1 results
- 5.40 observed (5.50 expected)
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Search for ttH Production

» Direct access to top-Yukawa coupling

« Rich decay topologies; final states with leptons, jets, b-jets, photons

Qo

o ol o Qal

s

ol

H > bb H > Ww* H>tt

multi-lepton channels (ML)

ATLAS 4 =

XPERIMENT

IFT Madrid, K. Jakobs, 12t December 2019



Observation of ttH production

Phys. Lett. B784 (2018) 173

.9108 UELELEN LA DL DL DL LA LR DL B

2107 ATLAS ¢ Data

S (s=13 TeV, 36.1 - 79.8 fb™ B - (u=1.32)

W08 fiH (u=1)
10° |:|Background
10

— —
(@] o
N w

—_
o

—

Data/Bkgd
_ N W
I I |

] -
L 11

. o —o —o
lIIIIIIlIIIlIllllllIlllllllllllllllllllllll

-3 -25 -2 15 -1 -05 0 05
Iogm(S/B)

- Combination of all channels leads to observation
of ttH production in both experiments (2018)

- Measured production and decay rates consistent

with SM expectation

IFT Madrid, K. Jakobs, 12t December 2019
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105

Phys. Rev. Lett. 120 (2018) 231801
5.1fb"(7 TeV) + 19.7 b (8 TeV) + 35.9 fb™ (13 TeV)
T T l T T T T I T T T T I T T T T T T

151

IIIIIIIII

T T T

L
—— Combined
----- SM expected
— 13 TeV
— 7+8 TeV

50

5 20
. . 10
0 P A R T Ry, g
0 0.5 1 1.5 2 2.5 3 3.5
Mt'fH

CMS observation of ttH production:
(combination of Run-1 and Run-2 data)

M=1.26

Significance: 5.20 (obs.), 4.20 (exp.) 28



Display of a tt(— e+jets)+H(— puupu) candidate recorded in 2017
Expected S/ B of ~ 30

Run: 336567
Event: 2327102923
2017-09-25 15:38:38 CEST




Including the 2018 data for H-> yy

l T T T T I T T T T ] T T T T ] T T T T ] T T T T

> N ]

S aoF- ¢ Data ATLAS Preliminan E Higgs signal appears in
10 S Continuum Background Vs = 13 Te . ttH production with decays
™ [ ---- Total Background m, = 125.09 GeV ] int

- - ——— Signal + Background All categories ]

g 20 f_ In(1+S/B) weighted sum _f

2 - ~ _

) - _

< 15 — h —

© . ]

£ 10 } E

n ]

1 1 I 1 1 L L l L 1 1 1 I 1 1 1 1 | L 1 L L I 1 1 1 1
0™ 110 120 130 140 150 160

m,, [GeV]

* Observed significance: 4.90 (4.20 exp.)

- Signal strength consistent with SM expectation: wim = 138 7537 (stat.) 717 (exp.) 3 (theo.)

IFT Madrid, K. Jakobs, 12t December 2019
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The next frontier: the 2nd generation H -2 uu

« Challenging, due to small couplings in the SM and large backgrounds

» Perform fit using event categorization and BDTs for discrimination

« Expected sensitivity: 1.50, observed 0.8c

= 300
O]
N 250
%
S 200
>
L
3 150
5
2100
=

50
o
X
(8]
c'u
o
()]

ATLAS-CONF-2019-028

ATLAS Preliminary -¢- Data
(s=13 TeV, 139 fb™ — Total PDF
H — uu — Signal PDF
log(1+S/B) weighted ----Bkg. PDF

110 115 120 125 130 135 140 145 150 155 160

m,, [GeV]

IFT Madrid, K. Jakobs, 12t December 2019

Oups / Oy =0.5%20.7

Run-3 data will be important!
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The next frontier: the 2nd generation H - cc

Search for VH(=> cc), new result from CMS, significantly improved over previous ATLAS limit

BR: 2.9% - 20 times smaller than bb, so need to worry about H - bb background

Challenging due to low cross section and need for c-tagging

« Categorisation according to charged-lepton multiplicity of V decays (0,1, 2I)

« Use and combination of of resolved (2c) and merged (1 large-R cc) jets

« Use of ML and jet substructure for tagging and classification

o xBR/SM<70

(13 TeV) 35.9 b (13 TeV)
ﬂ _||||||||||||||||||||||||||||||||||||||||||||||_ ‘(g F- 1+ rrrJrr~prr . rrrr~ 11 11 14
c 2000k CMS [ VZ(Z—~cc) 4 & 25-CMS ~+Observed [l VH(H—bb) — CMS-PAS-HIG-18-031
o - [ VV(other) 1 o " prelimi []vz@z—cc) [ vV(other) 7
1 2000F Simulation Preliminary W SingleTop - p rrelminaty Bl srgetor [t .
- ) ot ] o0 [~ Merged-jet _g P ]
1800F Merged-jet ] Z+udsg B = 2L (u) [ ]z+jets B vH(H—cc), p=21 ]
E oL — §+b/bb E " High purity —— VH(H—cc) x 100 §53% S+B Uncertainty | .
1600 BDT > 0.5 EZISC - C - Combined 95% CL
- 0 e VH(H->bb) . . L
1400 i VH(Hoco) 1 upper limit:
u 22255 Bkg. uncertainty ]
1200 (VH scaled to total bkg.)—: 7

(37 fﬁ expected)

|'|"|'|':|-| |‘|"|'|"|'-|'-'|-':| p il

—

. | nndlnnnn ndlnnnn . === N X X X X L .
0 01 02 03 04 05 06 07 08 09 - 60 80 00 120 140 160 180 200
cc-tagging discriminant Higgs candidate mass [GeV]
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Properties of the Higgs Boson

. \

—> Couplings to bosons and fermions

* Higgs-boson self coupling (?) -> HL-LHC




Higgs boson mass

The two high-resolution channels H > ZZ*-> 4fand H - yy are
best suited (reconstructed mass peak, good mass resolution)

Combined results: Uncertainties:
PRL 114 (2015) 191803

- Statistical uncertainty still dominant

ATLAS + CMS: (Run 1)

- Major systematic uncertainties: Lepton
m,, = 125.09 + 0.21 (stat) + 0.11 (syst) GeV and photon energy scales and resolutions

- Theoretical uncertainties small (correlated),

Precision of 0.29 _
o vy interference effects neglected

Updated Run-2 results: CMS Preliminary
Run 1:5.1 o (7 TeV) +19.7 fb" (8 TeV) — Total Stat. Only
1T T T T 2016: 35.9 1 (13 TeV)
ATLAS Preliminary Total (Stat. Only)
. F—e— Total Stat. [ Syst. - Only
Vs=13TeV, 36.1 fb" y Run 1 H—yy — 124.70 = 0.34 ( = 0.31) GeV
Total  Stat. Syst.
| Run 1 H— ZZ*— 4| —_—— 125.59 + 0.46 ( = 0.42) GeV
LHC Run 1 ———H 125.09 + 0.24 (+0.21+0.11) GeV
.................................. .I----_-.-.---.--.--.--.---.-.----..----.-.---.--.-- Run 1 Combined —_— 125.06 = 0.29 ( = 0.27) GeV
H—ZZ*—4] b " 124.88 £ 0.37 ( £ 0.37 £ 0.05) GeV
| 2016 H—yy —— 125.78 = 0.26 ( = 0.18) GeV
H-yy | — 125.11+ 0.42 ( £ 0.21+ 0.36) GeV 2016 He> ZZ*— 4l = 125.26 =+ 0.21 (= 0.19) GeV
Combined I—E—l 124.98 +0.28 ( £ 0.19 + 0.21) GeV 2016 Combined = 125.46 = 0.17 (= 0.13) GeV
PR (NN SN TR SR N AN S TN SN TN NN S TR SN SR NN ST S T SR N SR ST T WA N Run 1 + 2016 .L. 125.35 + 0.15 (= 0.12) GeV
124 124.5 125 125.5 126 126.5 |
mH[GeV] v v b by by 1y |

1 1 l 11 1 1 l 11 1 1 l 1 1 1 11
122 123 124 125 126 127 128 129 130
m,, (GeV)
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Updated Combination of Higgs boson results

- incl. 2015 - 2017 data for some important channels-

nggs boson production arXiv: 1909.02845 arXiv: 1909.02845
T I L I L I L I LI I L I L I L I L I LI I T 1 7T —_— T T T T ‘ ‘ ‘ T ‘
ATLAS —e— Total Stat. I Syst. M 8 20| ATLAS B —Hoyy
Vs =13 TeV, 24.5-79.8 fb" m i n\f o138 Jev. 242 | 79|-8<fb2 5 —H— 27Z ]
my =125.09 GeV, ly | <25 > - pH _ 50% o ' H—WwW |
Py, = 76% Total Stat. Syst. © 15| —H- 771 j
ggF HI—EH 1.04 £0.09(%0.07, fg:gg) I & Combined |
VBF H-=—=—— 121 105 (1013, Tois) 10 7 7
WH —H . —1 130 0% (Tomy. To5y) . 7 Q, 7
ZH e 105 030 (o024, 312) i = |
fiH+tH = 121 T0% (1047, 7039 ol a
| | | | | | | | | | i — 68% CL -- 95% CL =+Best Fit ®SM 1
06 08 1 12 1.4 16 1.8 2 22 24 26 0 20 a0 60 80 700
Cross section normalized to SM value
UggF [pb]
+0.09 Combined significance for vector-boson

Global signal strength: p = 1.11_ 0.08 fusion production process of 6.50 (exp., 5.30)

Run-1 result (ATLAS+CMS): u=1.11+£0.11

First full combination based on template
cross sections (reduced theory uncertainty)
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Updated Combination of Higgs boson results

V(lep)H

oW
I

—>| qq— Hlv, p,” <250 GeV |

—>| qq— Hlv, p," =250 GeV |

—>| gg/aq— Hil, p,¥ < 150 GeV |

=i gg/ag— Hil, 150 <p,” < 250 GeV |

—>| gg/qq— HII, p, >250 GeV. |

arXiv: 1909.02845

arias o N EEE
{s=13TeV, 36.1-79.8 fo" Byi;gﬂ' 086 912 (011 006
my = 12509 GeV. | <25 | 32 e oo B 1 8%
Pay = 89% e vy BB W B
e—Total [ |Stat. BBz 087 924 (L0419 -0.14)
== Syst. [ | SM BT R R N R ¥ B YR
Total Stat. Syst.

Ot d 129 %17 (015 oop)

jet, py <60 GeV 057 1% (039 022

i . +0. +0.1
-jet,1205pT<200 GeV 130 575 (Zoes -0.30

MELR .

= 1ot py=200GeV | 205 52 ('Géa o3

VBF topo + Rest 157 058 (‘o5 021

ot x B [VHiopo o1z 1% (3 0
Py =200GeV  Emm| 095 113 (G290 L0790

oty OO e em g
Py =250 GeV He— o1 5% (% ‘66

Py <150 Gev E 085 15 (‘oop 1120
gg/qq—>HleBzz,150sp¥<250 GeV 0.86 j?g (’:égg, ’:g;g)
P} = 250 GeV m—=—i202 S5 (13 070

e~ o e 820820
A S N E N R B B

-10 -5 0 5 10 15

Parameter normalized to SM value

First full combination based on template cross sections (reduced theory uncertainty)

IFT Madrid, K. Jakobs, 12t December 2019
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Updated Combination of Higgs boson results

arXiv: 1909.02845

arXiv: 1909.02845
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First full combination based on template
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cross sections (reduced theory uncertainty)

Parameter value
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Di-Higgs boson production

HH ggF cross section predicted to 34 fb at 13 TeV,
>1000 times smaller than single Higgs production

Sophisticated analyses needed, room for innovation

Best channels: bb yy (BR = 0.26%), bb Tt (7.3%), bbb bb (34%)
— combination

ATLAS combination using 36 fb~'analyses:

arXiv:1906.02025

T T T L | TorTrTTTT T
ATLAS —e— Observed = 10
— _ 4 mmeee- Expected — o
{s=13TeV, 27.5-36.11fb B Expected « 1o =
L ogsf: (pp — HH) =33.5 fb Expected = 20 i T
1
L Obs. Exp. Exp.stat. | o
s
HH— bbt*t 125 15 12 w
- N og
HH— bbbb 12.9 21 18
HH— bbyy 20.3 26 26
- . 107"
HH— W'WW'W 160 120 77
HH— W'Wyy 230 170 160
HH— bbW*'W 305 305 240 1072
Combined J 6.9 10 8.8
PR 1 PR 1 PR | PR

10 107 10° 10* 07
95% CL upper limit on Oggr (pp — HH) normalised to O o

IFT Madrid, K. Jakobs, 12t December 2019

B0 ---H H
V4
N
090/ ---H “\H

LO diagrams contributing with negative

interference to SM HH production

Box diagram dominates inclusive

production

Sensitivity to H self-coupling rises at low m

arXiv:1906.02025

T rTrrT

LI L L L L L L L LB LB LB L LB L
1

1 L1 1111

=~ = Exp. 95% CL limits

— Obs. 95% CL limits

-------- — bbbb
; g — bbr*v
: 1 | Bn
- Allowed x, interval 11
| at95% CL | Comb.
- Obs. Exp. E . Comb. =10 (exp.)
N (Exp. stat.) ATLAS ]
[ -5.0-120 | -5.8-12.0 ' (s=13TeV i Comb. =20 (exp.)
i -5.3-11.5) . -1 ]

| | f | )I I | 27'|5 ) 36'11 fo | ~ Theory prediction
-20 -15 -10 -5 0 5 10 15 20

K,

Combined fit yields 95%C.L. limits
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Constraints the Higgs boson width

Both CMS and ATLAS have constrained the Higgs boson off-shell coupling and through this
obtained upper limits on the Higgs boson total width I';.

The method uses the independence of off-shell cross section on Iy, and relies on identical on-shell and
off-shell Higgs couplings. One can then determine I, from measurements of Ugqnen @NA Hon-shell

Events / 4 GeV

—
o
o

w

(0]
o

60

40

20

35.9 b (13 TeV)

CMIS — . . . . .
+ Data
’ [ ] H(125)
[ a9-2Z, zy*
: B 992z, 2+
on- off- B z+X
shell shell

——

80

arXiv:1706.09936

ot o Skt
———
o
ol s aunnnnnnnnnnnnn
III|III|III|III|III|I

100 200
m,, (GeV)

(for illustration only, not the measurement reported here)
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gg—-H"-VV (%)
A off-shell 2 A 2 a
Hoff-shen1 () = g —H =VV = Kg,off_she]](s) : KV,off—shell(S)

off-shell, SM (%)

gg—->H—-ZZ 2 2

Y on-shell _ Kg,on—shell ' KZ,on—shell
MOH-SheH - gg—>H—>ZZ - r /FSM
on-shell, SM HI%H

Newest result from CMS using 80 fb-' and exploiting
matrix element techniques to separate production
modes yields: arxiv:1901.00174

Best fit: [y = 3.2 *25 MeV

Theory uncertainty from gg — ZZ prediction
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Search for Physics beyond the Standard Model

E‘ de 5‘0(9)
Uni€ication

SUPERSTRING
M-theory hetevotic

Typc <XA Type-l 2 Matter

Anti-matter

© Hitoshi Murayama, IPMU Tokyo & Berkeley
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SUSY: Strong production of squarks and gluinos

» Sensitive searches for squarks and gluinos in R-parity
conserving scenarios with neutralino as LSP (no leptons) D

- high mass reach -

analyses and boosted decision trees p

» Effective Mass variable used for some searches:
Mg = pr sum of jets (py > 50 GeV) and missing p;

q
« Many different scenarios investigated with cut-based i \i% -0
q
q

ATLAS-CONF-2019-040
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S o MBC [ Wijets 7
- 10 [ Jti(+EW) & singletop 3
1= af [ ] Z+jets B
o 10°¢ [ Diboson
W F B Multijet E
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C [ ) n
10E N E
1k t -
O 2 E ;
= 15 E
o 1FE
< o.g - | . | ‘
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Use simplified scenarios: here squark or gluino decays to quarks and neutralino

q
’ 4
q ~0
! _ - X1
T~ ~0
q X1
p
q
44 production, B@ — q i?):mo% ATLAS-CONF-2019-040
;‘ 1 600 B T T T I T T T I T T T I T T T I T T T l T T T I T T T I T
© . -
o) ~ ATLAS Preliminary Exp. fimit (+1 0p)
°1§ 1400 [ V{s=13TeV, 139 fb™ Obs. limit (+165Y5)
- . = heon
E | O-leptons, 2-6 jets ; e
1200— L OL obs. 36 fb
All limits at 95 % CL [arXiv:1712.02332]
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ATLAS-CONF-2019-040

- ATLAS Preliminary
Vs=13 TeV, 139 fb

0-leptons, 2-6 jets

All limits at 95 % CL

III|II~||

IIII|IIIIIIIIIIIIIIIIIIIIlIl;IZA"IIA:.'

|

Exp. limit (+16,4,,)
—— Obs. limit (+10500r)
. Exp. limits MB

—--=- Exp. limits BDT
OL obs. 36 fb™
[arXiv:1712.02332]
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Significant improvement over previous limits;
Gluino mass limit around 2.35 TeV, m(x%) =0
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SUSY: Strong production of squarks and gluinos
- neutralino mass dependence -

) ' 0 ATLAS-CONF-2019-040 ) ) 0 ATLAS-CONF-2019-040
Squark-gluino-neutralino model, m(y )=0 GeV Squark-gluino-neutralino model, m(%,)=995 GeV
S‘ 7000_ LN L L | LA L L L L L L L | T | S‘ 7000 LR L N N B L L N N N Y L S B B Y L B B B ]
[0} | . . [ I ' . .
S - | ATLAS Preliminary 1 o} - ATLAS Preliminary -
5 = : \s=13 TeV, 139 fb’ ] G r : s=13 TeV, 139 fb’' ]
£ 6000— ] £ 6000— 1 s ]
- O-leptons, 2-6 jets : -~ ; O-leptons, 2-6 jets :
- \ All limits at 95 % CL - L All limits at 95 % CL —
5000~ “ Exp. limit (=104, . 50001 Exp. limit (+1 0,0 i
- Obs. limit (=1 01cc)) - - —— Obs. limit (=1 cpes) ]
4000 - ‘ Exp. Iimits MB T 4000 . Exp. Iim?ts MB ]
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- OL obs. 36 fb™ — - OL obs. 36 fb' N
= [arXiv:1712.02332] ] - [arXiv:1712.02332] n
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« Significant extension of mass limits with Run-2 data
* Neutralino mass has strong impact on exclusion contours
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Results on dedicated searches for stop quarks

CMS: full Run-2 search for direct stop production - X

S

CMS rreliminary 137 fo' (13 TeV) {s=13TeV, 36.1-139 fb "’ July 2019
10 ;‘700_||||||||||||||||||||||||||||||||||||||||||| — Observed limits
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Events

Significance

ATLAS: new stop searches address specific soft
(“3-body”) region of stop-pair production

10*

10°

10?

10

Results on dedicated searches for stop quarks

b ¢
t -
- X9
S~< e
t
p W

IFT Madrid, K. Jakobs, 12t December 2019
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SUSY: Electroweak production

If squarks and gluinos are very heavy, then electroweak production of SUSY particles
could dominate > much lower cross sections, challenging phase space to explore

Summary of some recent ATLAS SUSY EWK results with 139 fb-!

350 July 2019 ATLAS Preliminary Vs=8,13 TeV, 20.3-139 fb" All limits at 95% CL
Ll T T T T I T T T T I T I: T T I T ._1 I:~I I T T T T I T T T T I T T T T I T T il
% - SF ] ==+ Expected limits
S, - | =—— Observed limits
—~ 300— —]
o — -
1= u 4 —:-0
E o500 O %y X VI
- ] Wz 243l
: 1 : arXiv:1403.5294
200— v arXiv:1803.02762
N ‘l a arXiv:1806.02293
C L ATLAS-CONF-2019-014
150 " — ATLAS-CONF-2019-020 »
— 1 1 [ Wh lob+2jbb+ yy+T*
= 9 aniv 11812.09432
100 7/ : — ATLAS-CONF-2019-019
— 1T ATLAS-CONF-2019-031
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L B
50— ' X %7 via
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Lol 11 I 111 1 I 111 1 ‘L L1 1 1 I | I I | I L1 1 I 1 11 I 1 I“ L arXiv:1403.5294
900 200 300 400 500 600 700 800 ATLAS-CONF-2019-008

m(%., %0 ) [GeV]

Most favourable case: electroweakino production with
decays through light sleptons: exclusion reaches up to
1 TeV (not shown)
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Search for stau pair production

Electroweak SUSY production, P
not because it is easy ...

ATLAS-CONF-2019-018
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First time sensitivity achieved by ATLAS

47



Electroweak SUSY sensitivity beyond LEP limits

arXiv:1712.08119
July 2019
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Interesting limits for electroweak SUSY production with compressed mass states
(left): First direct Higgsino constraints from ATLAS (combination of several analyses)

(right): Exclusion of slepton masses up to 190 GeV
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Search for Long-Lived Particles

Long-lived particles can occur in case of weak couplings, small phase space

(mass degeneracy), high virtuality (scale suppression)

Disappearing or
Displaced kinked tracks
multitrack vertices - g
/ Non-pointing
----- (converted) photons

L
-
-

"/ ‘_:.:‘ .- .'\
HE N
Displaced leptons, / P

lepton-jets, or
lepton pairs

Emerging jets

Trackless,
low-EMF jets

Meta-stable charged

. L particles
Multitrack vertices in

the muon spectrometer

IFT Madrid, K. Jakobs, 12t December 2019

Diverse set of

signatures that need

to be pursued by
dedicated, usually
non-standard
analyses, some
requiring special
triggers
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Search for a long-lived particle with q

displaced vertex and muon p :
t_ p

CIean _S|gnature of large track =" N R-parity violating signature
multiplicity and vertex mass DN i with long-lived stop
t
P b3k
q
Stop R-Hadron, pp =TT, T— uj ATLAS-CONF-2019-006
U) T T IIIIIII T T IIIIIII T T ||||||| T T T TTTTT p—
€ 8~ ATLAS Preliminary eData [[IHeavyFlavor 7| = - o
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Searches for Dark Matter particles

Missing
energy

- Mono-jet

- Mono-photon
- Mono-W or mono-Z
- Mono Higgs (H = bb)

- Mono-top

Data are in good agreement with the
expectations from Standard Model
processes

(applies to all mono-X searches)

IFT Madrid, K. Jakobs, 12t December 2019

Events / GeV

Data / SM

/
V/A

Resonance

Example: mono-jet search, E;™ss spectrum
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Interpretation on searches for Dark Matter:

q g X 3
Ex
9q Ix
Za
q X

Model assumptions:

neutral, spin-1 particle acts
as mediator
DM assumed to be Dirac fermion

Five parameters:

- Mass of mediator

- Mass of DM particle

- g4 flavour-universal coupling of Z
boson to all quarks

- g,: coupling to all lepton-flavours

- gy coupling to DM

IFT Madrid, K. Jakobs, 12t December 2019

JHEP 05 (2019) 142, up to 37 fb™'
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0 2: Er+X _ ator, Dirac DM ]
e //,-/ I=O,g‘/.=1 ]
/ _ = o CL :
0 05 1 15 2 25 3 35
mz [TeV]

ATLAS released a combination of E;™ss-based
DM searches involving ET,”“SS + X, X=jet,y, W,
Z, H, b(b), t(t) using large number of models
and resonance searches

E= Dijet
Dijet ¥s = 13 TeV, 37.0fb™
PRD 96, 052004 (2017)
Dijet TLA ¥s = 13 TeV, 29.3 fb!
PRL 121 (2018) 0818016
Dijet + ISR¥s = 13 TeV, 15.5fb"'
Preliminary ATLAS-CONF-2016-070

T tt resonance

Ys=13TeV,36.1fb"
EPJC 78 (2018) 565

B8 Dibjet
Ys=13TeV,36.11b"
PRD 98 (2018) 032016

— —MiSS
By +X
ET "+ ¥6=13TeV,36.110"
Eur. Phys. J. C 77 (2017) 383
ET +jet s=13TeV, 36.1f0"
JHEP 1801 (2018) 126
ET4+Z()) ¥ =13 TeV, 36.1 fo'
PLB 776 (2017) 318
ET +V(had) ¥s=13TeV,36.1 fo”
JHEP 10 (2018) 180
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Interpretation on searches for Dark Matter:

— 107¥ . E——— E—
5
= 10" EATLAS
3
s 107%
g tt resonance
1 _40 ,
*Lj_) 10 CRESST Il To+X
° 10"

107% arkSide-

107°

107

Paﬂdax W2

10%

107%

Vector mediator, Dirac DM

9,= 0.25, g= 0, g, =1

ATLAS limits at 95% CL, direct detection limits at 90% CL
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10 10° 10°
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Interpretation is highly model dependent
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B= Dijet
Dijet §s =13 TeV, 37.0 o'
PRD 96, 052004 (2017)
Dijet TLA fs =13 TeV, 29.3 fo”'
PRL 121 (2018) 0818016
Dijet + ISRfs=13TeV, 1550
ATLAS-CONF-2016-070 (Preliminary)

—ttresonance
E=13TeV, 361"
EPJC 78 (2018) 565

BB Dibjet
=13TeV, 36.1 o
PRD 98 (2018) 032016

s —MISS
E; T +X
ET "+ fs=13TeV,36.1fo"
Eur. Phys. J. C 77 (2017) 393
ET""+et fs =13 TeV, 36.1 fo'
JHEP 1801 (2018) 126
ET“+Z(l)fs=13TeV,36.1 fo'
PLB 776 (2017) 318
ET™+V(had) fs = 13 TeV, 36.1 fbo'
JHEP 10(2018) 180

— CRESST IlI

arXiv:1904.00498

——XENON1T

PRL 121, 111302 (2018)

= PandaX

PRL 117, 121303 (2016)

= DarkSide-50

PRL 121, 081307 (2018)

—LUX

PRL 118, 021303 (2017)

9q 9x
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High-mass resonance searches to probe new TeV scale symmetries or forces

ATLAS

EXPERIMENT
Run: 305777
Event: 4144227629
2016-08-08 08:51:15 CEST

Highest-mass central dijet event of 8.0 TeV selected in resonance search




High-mass resonance searches to probe new TeV scale symmetries or forces

CMS-PAS-EXO-19-004 18.3 b (13 TeV
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High-mass resonance searches to probe new TeV scale symmetries or forces

Di-boson resonance search 77.3 " (13 TeV)
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10 [ QCD Pythia8
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ATLAS

EXPERIMENT Exploit 3D likelihood fit to jet and dijet masses (30%
Run: 305777 improvement). In heavy vector triplet model, exclude

Event: 41442276€R Z’ (W) below 3.5 (3.8) TeV
2016-08-08 08:51:15 CEST




ATLAS

EXPERIMENT

Run Number: 336852, Event Number: 1440436043

Date: 2017-09-29 11:44:35 CEST

Highest-mass dielectron event
found during Run-2: 4.1 TeV.
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Searches for di-lepton resonances

Phys. Lett. B 796 (2019) 68
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- - _ - - reptoquarie _

Summary of Results on Searches for other BSM physics

SSM Z'(2£)

SSM Z'(qq)

LFV Z', BR(eu) = 10%

SSM W'(£v)

SSM W'(qq)

SSM W/(Tv)

LRSM Wg(£NR), My, = 0.5My,
LRSM Wg(TNR), My, = 0.5My,
Axigluon, Coloron, coté =1

scalar LQ (pair prod.), coupling to 1%t gen. fermions, B=1
scalar LQ (pair prod.), coupling to 1%t gen. fermions, B =0.5
scalar LQ (pair prod.), coupling to 2" gen. fermions, =1
scalar LQ (pair prod.), coupling to 2" gen. fermions, 8 =0.5
scalar LQ (pair prod.), coupling to 3™ gen. fermions, =1
scalar LQ (single prod.), coup. to 3™ gen. ferm., =1,A=1

excited light quark (qg), A=mg

excited light quark (qy), fs=f=f=1,A=mq
excited b quark, fs = 1A= m;
excited electron, fs=f=f=1,A=m¢
excited muon, fs=f=f=1,A= m;

quark compositeness (qq), Numrr = 1
quark compositeness (££), Nurer = 1
quark compositeness (qq), nurr = — 1
quark compositeness (££), nurr = — 1

ADD (jj) HLZ, ngp =3

ADD (yy, ) HLZ, nep =3
ADD Gk emission, n=2
ADD QBH (jj), nep = 6
ADD QBH (ep), nep = 6

RS Gkk(q4, 99), k/Mp = 0.1
RS G(££), k/Mp = 0.1

RS Gik(yy), k/Mp=0.1

RS QBH (jj), nep=1

RS QBH (eu), ngp=1
non-rotating BH, Mp = 4 TeV, ngp = 6
split-UED, u =4 TeV

(axial-)vector mediator (xx), gq =0.25,gom =1, my =1 GeV
(axial-)vector mediator (qg), gq =0.25,gom =1, my =1 GeV
scalar mediator (+t/tf), gq=1,gom=1,my =1 GeV
pseudoscalar mediator (+t/tf), 9q=1,9om=1,my=1GeV
scalar mediator (fermion portal), A, =1, my =1 GeV
complex sc. med. (dark QCD), Mp,, =5 GeV, CTx, =25 mm

Type lll Seesaw, B = B, =B
string resonance

Mz
Mz
Mz
My
My
My
My,
My,
Mc

Mo
Mg
Mg
Mo
Mg
Mg

Mg
Mg
Mg+
M+
M,

4
Nlurs
4
Alurs
Aurs

Aurr

Ms
Ms
Mp
Magn
Magn

Msigma

CMS

36 fb~! (13 TeV)

1811.01197 (2e + 2j)
1811.01197 (2e + 2j; e + 2j + EF'>5)
1808.05082 (21 +2j)
1808.05082 (2j4 + 2j; p + 2j + EY's5)
1811.00806 (21 + 2j)
1806.03472 (2t +b)

Selection of observed exclusion limits at 95% C.L. (theory uncertainties are not included).

IFT Madrid, K. Jakobs, 12t December 2019
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Physics at the HL-LHC

ATLAS

EXPERIMENT

HL-LHC tt event in ATLAS ITK
at <p>=200

A simulated tt event at HL-LHC with u = 200
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LHC

7 TeV &

2011

2012

75%
nominal

luminosity |

LS1

splice consolidation
button collimators
R2E project

2013

2014

experiment
beam pipes

13 TeV

13 TeV

EYETS

2015

2016

nominal luminosity
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2018

injector upgrade
cryo Point 4
DS collimation
P2-P7(11 T dip.)
Civil Eng. P1-P5

2020

experiment upgrade
phase 1

14 TeV

cryolimit
interaction
regions

2021

2022

radiation
damage
2 x nominal luminosity

P—" 1

HL-LHC
installation

2025

experiment
upgrade phase 2

14 TeV

5t07x
nominal
luminosity

2026

energy

integrated
Iurglgnosity
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14 TeV proton—proton centre-of-mass energy

14 TeV / 13 TeV inclusive pp cross-section ratio

Minimum bias

w

Z

2z

t (s-channel)

t (t-channel)

Wi

WH

H (9gF)

H (VBF)

HH

tt

ttZ

ttH

stop pair (0.9 TeV)
gluino pair (2.0 TeV)
Z'SSM (4 TeV)

q* (6 Tev)

QBH (9 TeV, n=6)

IFT Madrid, K. Jakobs, 12t December 2019
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Expected integrated luminosity of LHC and HL-LHC

3000 \
HL-LHC: , .
2500 - Lins J £ per year We will be
Conflguratlon [10340m—28—1] <M> [fb_l] goihg here
Baseline 5 140 250
Ultimate 7.5 200 >300 Possiblu w
2000 b 4 afr T
1500
:;: 5:_ ATLAS Online Luminosit% HL_L\/E'C13 TeV
3 - :
=000 ,E £
3 — Total Delivered: 100 fb —
= 3 W . 5
2 = e are here -
=500 =2 =
] — ]
= 1B - —
- RM -
O oC _ . | | ]

2015 2019 2023 2027 2031 2035

© P. Ferreira da Silva at Moriond EW, 2016
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Expected integrated luminosity of LHC and HL-LHC

3000
HL-LHC: /

N Linst J £ per year We will be
2500 Configuration M10*em =211 (1) b1 sina here

HL-LHC inclusive Higgs sample will be 23 times larger (30 times
for 4 ab-") than that expected for full Run-2 (~150 fb-' at 13 TeV)

With 3 ab=': 190 million H and 120 thousand HH (ggF) produced (SM)

(RS S

2015 2019 2023 2027 2031 2035

© P. Ferreira da Silva at Moriond EW, 2016

IFT Madrid, K. Jakobs, 12t December 2019



Phase-Ill Detector Upgrades

Designed to maintain current performance under high pileup (~35 - 200, L, ~ 7x103* cm=2s~")

HL-LHC

« Higgs factory for precision Higgs coupling measurements and increased rare & new
physics sensitivity

» Detector upgrades required for improved pileup and radiation robustness

ATLAS and CMS developed novel detection technologies at
the forefront of speed, granularity and radiation hardness

& 5001 ]
« Silicon tracking detectors with > 1B channels & Lok _”_ATLAS S'mulatlon Pfe"mmf'}_c
« Timing detector based on fast silicon LGAD £ 3005— E—_
technology (30 ps timing resolution per layer) ~ 200 %—i
« High granularity topological trigger and 1002_ §_§
high-performance DAQ architecture °F E
-100F =
+ New compute technologies: use of high-performance _o00E- e
computing, possibly GPUs, machine learning _300E HE

« ATLAS: 6 TDRs approved (1 more to come), MoUs —A0Q g 0
submitted to funding agencies Vertex z [mm]
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ATLAS Phase-ll Upgrade

Upgraded Trigger and
Data Acquisition System:

Muon Detectors Tile Calorimeter Liquid Argon Calorimeter

-LO: at 1 MHz
(capable of evolving to a dual-level
architecture with LO at 4 MHz)

- Improved Event Filter
(output rate of 10 kHz, hardware
tracking as co-processor)

Electronics Upgrade :
- LAr Calorimeter

- Tile Calorimeter

- Muon system

Toroid Magnet Solenoid Magnet

New Inner Tracking Detector
(all silicon tracker, up to |n| =4)

High granularity timing detector
New muon chambers (forward region)

in the inner barrel region

IFT Madrid, K. Jakobs, 12t December 2019
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Higgs physics programme at the HL-LHC in a nutshell

Higgs properties:

« mass (well known, expect to improve to ~33 MeV in H—4p), width (through interference measurements)

« spin (0* established), CP (odd admixture possible) — not discussed today

Rare Higgs decays:

* Observation of H — py, H — Zy, HH production (constraint on Higgs self coupling)

« Search for very rare (eg, H — My, M=J/y, ¢, p), difficult (H — cc) or anomalous decays (invisible
or new patrticles, or flavour violating)

Higgs couplings:
« Study of Higgs production and anomalous couplings by differential cross-section measurements

« (Global and partially global coupling fits: experiments moving from “kappa” interpretation to EFT

New physics in Higgs production or other scalar states

« Search for anomalous FCNC through top decays, Higgs production via SUSY cascades, etc.

» Search for additional scalar particles

IFT Madrid, K. Jakobs, 12t December 2019
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Higgs Boson couplings

s =14 TeV, 3000 fb™' per experiment
.| Total ATLAS and CMS
— Statistical HL-LHC Projection
—— Experimental
—— Theory Uncertainty [%]

Tot Stat Exp Th
1.8 08 1.0 1.3

1.7 08 07

1.5
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4.3
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0.9

3.8

0.6

0.8

1.1

1.3

0.8

1.0

1.3

1.2

2.1

3.1

3.2

1.5

1.7

198 7.2 17 64
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Higgs Boson couplings

=~ 1.25p L L I LA A
N 1 CERN Yellow Report on HL-LHC physics
C imi ] Xiv:1902.00134
1 of ATLAS Preliminary X SM prediction E IRy
E Projection from Run 2 data Combined 68% CL E
L - i
115 \s=14TeV, 3000 b ... Combined 95% CL —
1.1 :— \
e .
i ‘ ]
095  N_ @ rmeeem -
0.9 =
0.85 ool e b e 1T
' 0.9 0.95 1 1.05 1.1
Kg
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Sensitivity on Higgs Boson self coupling

ATLAS and CMS HL-LHC prospects

2
2 [ SM HH significance: 40
C |
ﬁm— 0.1 < k1< 2.3[95% CL]
N 0.5 <K< 1/5[68% CL]
994%cL 8 i\ /N
sl
os%cL afs i\ et
of=.
68% CL i,g,j,,‘ e ]
C ] | 1| I [~ TLiJ | JM4-’|-’I'I‘I'|'
2 1 0 1 2 3 4 5 6 7 8

Ka

3ab (14 TeV)

—— Combination
" bbyy
bbtr
**** bbbb
bbzZ*(4l)

“= bBVV(Iviv)

bbVV(iviv)
bbzz(4l)

combined

Combined ATLAS + CMS fit yields:

68% C.L. limits 0.5 < Ay (0bS.) / Ay (SM) < 1.5

95% C.L. limits 0.1 < Ay (00S.) / Ay (SM) < 2.3

IFT Madrid, K. Jakobs, 12t December 2019

ATLAS and CMS

3000 fb’ (14 TeV)

T l T T T l T [ T I T T T I T T T l T T T T T T
K — I‘ HL LHC prospects
o —— ATLAS
| —— CMS
HI + —i —— Combination
K .4 — H '_|—' Stat. uncertainty
— I ———
- s S
- ] —
S i
I 1
F l -
[
I i
1 l 1 1 1 l 1 l L I L L 1 I 1 L 1 I 1 1 1 | L 1 1 l 1 1 1 I L 1 1
-2 0 2 4 6 8 10 12 14
K

CERN Yellow Report on HL-LHC physics
arXiv:1902.00134
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Sensitivity for strongly produced SUSY particles

CMS Phase-2 Projection 3 ab™ (14 TeV)

|~ 3
> imi -1 i =0 ; [o}
) --=-Run 2limit @ 35.9 fb pp —> gg, g — tty, E 1 &2
g 2000| — with Run 2 syst. uncert. --- @ 300 b’ 3 S
EolXF —with YR18 syst. uncert. . "8’
— -1
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1500 | 8
i 3}
| =10% ¢
= o
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b ] 3
. o —
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- 1 O
: =
' To)
. ﬁ 10° %
00

w
o

ms (GeV)

CMS-PAS-FTR-18-037

Results based on current analysis techniques

e S/B@14TeV>S/B@13 TeV
® Bigger dataset allows for stricter selection criteria

e Generally reduced systematic uncertainties

IFT Madrid, K. Jakobs, 12t December 2019

Direct stop pair production analysis

e re-clusetered (“fat”) jets for high mass splitting

® ISR-based selection for compressed scenario

t
.- - > Xi
~0 ~0 \5 T X?
T tt X X, " - 0 lepton final state
;‘ T | T T I | T T T I T T T | T T T I T T T T | T T T I T T T E
8 1 400 __ ATLAS 95% CL exclusion, o, = 15%
— L Simulation Preliminary ------ 95% CL exclusion, o, = 30%
o 51200 (s=14 TeV, 3 ab"
1< 50 discovery, o et = 15%
= - 36.1 b 95% CL exclusion
€ 1000 WD,

II‘||I|||III|III|||I

I|III|III|III|IIIIIII|III|I

0

400 600 800 1000 1200 1400 1600 1800 2000
ATL-PHYS-PUB-2018-021 ™1 [GeV]

72



Sensitivity to el.weak SUSY production

Higgsino-like LSP (naturalness motivated)

e Lightest chargino and second neutrino close in

mass with LSP
® soft objects in the final state

e [SR-based selection

® Relies on upgrades to triggers at L1 and HLT to

maintain low lepton thresholds (3-5 GeV)

“Disappearing tracks” for even lower mass

splitting

CMS Phase-2 Simulation Preliminary 3ab'(14 TeV)

—_

PP — XXi+ pp — WKy, 1 — Zi5, X — Wi
- - Expected 95% CL limit
— Expected 5 o discovery

e
"

e b b b b s

100 150 200 250 300 350 400 450
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Sensitivity to staus

Stau as lightest slepton (large tanp)

e signatures with at least one hadronically decaying tau

e Small cross section (<1 fb-1 for m(stau) > 400 GeV @ 14 TeV)
® Large size of sample @HL-LHC important

e Sensitivity to right-handed tau limited by cross section

CMS Phase-2 simulation 3ab’ (14 TeV)
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Conclusions

« With the operation of the LHC at the highest energies,
particle physics has entered a new era;
Superb performance of the LHC and the experiments

« The Standard Model is challenged at the high-energy
frontier with ever increasing precision

* Higgs boson:

- Within present uncertainties, its properties are in
agreement with the predictions of the Standard Model

- We moved from the discovery to the measurement phase;

- The Higgs boson might be a portal to New Physics
(precision required)

» So far no signals from New Physics,
however, more complex scenarios have to be explored
with more data

» Future direction: HL-LHC
Exploration of the Higgs sector and continuation of
direct searches
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