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PROSPECTS FOR PHYSICS @ HL-LHC
Personal highlights, with focus on the Higgs boson physics

P. Milenovic (University of Belgrade)
on behalf of ATLAS and CMS Collaborations
HC2018, Tokyo, 26-30 November 2018
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Preface

Excellence of LHC and its experiments @ Run 2: Enabled quick start after Run |
and rich physics program @ 13 TeV

» LHC: more effective bunch collision schemes, increased machine availability (x2).

- Experiments: improved performance at high pile-up (and operation efficiency).

Performed a plethora of SM measurements and searches for new physics:
SM measurements SUSY searches Exotic searches

Standard Model Production Cross Section Measurements Status: May 2017 ATLAS SUSY Searches* - 95% CL Lower Limits ATLAS Preliminary Bl 13Tev [_]8Tev

May 2017 ' Vs=7,8,13TeV LQ1(e)) x2
A Obotal (x2) ATLAS Prelimi Model LT,y Jets ET™ [Laam™ Mass limit Vs=7,8Tev [V5=13TeV| Reference LQ1(ej)+LQ1(vj) B=0.5 coloron(j) x2 [
11 T T T T T T T T T T T T LQZ x2
10 O A'O inelasti re Imlnary Theory MSUGRA/CMSSM 0-3e,u/1-27 2-10jets/3b Yes  20.3 1.85TeV  m(@=m() 1507.05525 p ; (ui) . -
inslastic 4, Goat" 0 26jets  Yes  36.1 m(E?)<200 GeV, m(1* gen. 4)=m(2" gen. d) ATLAS-GONF-2017-022 LQ2(uj)+LQ2(v) B=0.5 coloron(4j) x2 I Mu |T| Jef
Run12 +5=7,8, 13 TeV g e o3 ¥ 22 = Ee = Leptoquarks wino@) 2 [T
i = - 82, 8t - . miF})<200 Ge -CONF-2017-
6 incl. ) [ LHC pp Vs=7TeV S &= Eﬂqqf%ﬁqux,\?? 0 26jets  Yes  36.1 mE)<200 GeV, m(F)=0.5(m()+m(z)) ATLAS-CONF-2017-022 LQ3(t) x2 /3 g ) R esonances
1 O 0.1<pr<2TeV © 7z, 5ogq(Ll/yXy Seu 4jets - 3ed mE?)<400 GeV ATLAS-GONF-2017-030 LQ3(vt)x2 [/ luino(jb) x2 :
_ Data 4.5-4.9fp ! 2 28, 3qqWZ 0 711jets  Yes 6.1 m(E?) <400 GeV ATLAS-CONF-2017-033 Single LQ1 (\=1) [ g )
. ata 4.0—-4. 2 GwsB(ZNLsP) 1-27140-1¢ 02jets  Yes 3.2 1607.05979 Sinale LQ2 0y
dijets 2 GGM (bino NLSP) 2y - Yes 3.2 t(NLSP)<0.1 mm 1606.09150 ingle (=1) 0 1 2 3 4 Tev
5 0.3<mj; <5 TeV S GGM (higgsino-bino NLSP) ¥ 1b Yes 203 1.37 TeV m(7)<950 GeV, cr(NLSP)<0.1 mm, u<0 1507.05493 0 1 2 3 4 TeV
10 = GGM (higgsino-bino NLSP) Y 2jets Yes 133 m(¥?)>680 GeV, cr(NLSP)<0.1 mm, 4>0 ATLAS-CONF-2016-066
i LHC pp Vs=8TeV GGM (higgsino NLSP) 2eu(2) 2jets  Yes 203 |z 900 GeV m(NLSP)>430 GeV 1503.03290 ADD (y+MET), nED=4, MD
pr>25 GeV Gravitino LSP 0 mono-jet  Yes  20.3 865 GeV m(G)>1.8 x 10~ eV, m(z)=m(3)=15TeV 1502.01518 RS G ra V|TO ns ADD ), nEDet, M8
= " , NED=4,
Data 20.3fb~! §3 2 zobb0s 0 3b Yes 361 m(i?)<600 GeV ATLAS-GONF-2017-021 RS1(jj), k=0.1
. £ 250 en 3b Yes  36.1 mi?)<200GeV ATLAS-CONF-2017-021 . NED=6, MD=
10 B0 L BT PR o o ey ort RS1(yy), k=0.1 QBH, nED=6, MD=4 ToV
By, By —biC 0 2h Yes  36.1 m()<420 GeV ATLAS-CONF-2017-038 RS1(ee,up), k=0.1 NR BH, nED=6, MD=4 TeV
LHC pp \/_ =13 TeV 2 -‘E 5 l-: — 2e,u(SS)  1b Yes 361 B . 275-700GeV m()?‘:')<zuneev. m(FF)= m(F})+100 GeV ATLAS-GONF-2017-030 (ee) ‘ ;
1 03 1 n;>0 §§ foblT - 02epu 1-2b Yes 47113.3 |# 117-170Gev [T 1200-720 GeV| m(¥;) = 2m(F)), m(¥))=55 GeV 1209.2102, ATLAS-CONF-2016-077 0 1 2 3 4 Tev String Scale (jj)
ni>21g’— 0 _ @ 7 —>Wb¥ or ¥ 02e,u 02jets/1-2b Yes 20.3/36.1 |  90-198 GeV [ 1205-950/Ge V| mEh=1 GeV 1506.08616, ATLAS-CONF-2017-020
> 1 h (1) "
pr>125 GeV o Ao ol BE Data 008-36.11b I o Cenaget | veo ooy s cev iy QBH (j), nED=4, MD=4 TeV
0 O RAgpgs u B & i (natural GMSB) 2e,u(2) 1b Yes  20.3 150-600 GeV m(¥i)>150 GeV 1403.5222 . L]
pr>100 GeV n;>2n;>1 O tchan V.‘V-_‘.’.V RE hhoh+Z Beu(Z) 1h  Yes 361 290790 GeV m(}o?’(é):oeev ATLAS-GONF-2017-019 re I m I n a ADD (j+MET), nED=4, MD
2 O Ak n;>1 o ww b, h-h +h 1-2epu 4b Yes 361 [& . 320-880GeV m(7})=0GeV ATLAS-GONF-2017-019
10 = S ww tal ADD (ee.up), nED=4, MS L Ext
On EiS ! Bl T 07 2e.p 0 Yes  36.1 mE)=0 ATLAS-CONF-2017-039 arge exira
n; >3V 2 Wt VcVE o o XXX —Bv(ew) 2eu 0 Yes  36.1 mE})=0, mE, -0 S(m(E7)emit]) ATLAS-CONF-2017-039 ADD (yy). nED=4, MS Di .
o TFn;>2 o B 19, ] (), Ka—7e(v7) 27 - Yes  36.1 m(T})=0, m(z, $=0.5(m(F)+m(F) ATLAS-CONF-2017-035 Imensions
O B 0O wz A F =5 ;z,*)zﬁ_.z,_szmV)_ EFELEY) 3epu 0 Yes  36.1 ATLAS-CONF-2017-039 SSM Z'(t7) | Jet Extinction Scale
101 n >4nj >3 zzZ wz 99 DL wrowr Zib 23eyu  O2jets  Yes  36.1 ATLAS-CONF-2017-039 )
S>3 x4 i = O H->ww Wy S —WRILEL, hosbb| WW/Tr /vy emy 0-2b  Yes 203 ) Tﬂa?f):r::]l)?g), m@)=0, Zdecoupled 1501.07110 SSM Z'(j)
[ o] i} O 7z L1 2 X3, X35 —Ert dep 0 Yes 203 [k ) =m(), m(r2)=0, m(Z, $)=0.5(miE2)+m(i2)) 1405.5086 ) }
nj>4 nj%f.:) s-chan N Zy O GGM (wino NLSP) weak prod., ¥ —yG 1e.u+y - Yes 203 | W cr<imm 1507.05493 SSM Z'(ee)+Z'(up) TeV
n;>5 — N GGM (bino NLSP) weak prod., ¥{—yG 27 - Yes 203 |W 590 GeV cr<tmm 1507.05493 3
n24 H o= o MW i
1 h nis 5—Iﬂ— n,2°6 sl Zy G Direct ¥1#7 prod., long-lived £} Disapp.trk  1jet  Yes  36.1 I )m(E)~160 MeV, r(75)=0.2 ns ATLAS-CONF-2017-017 S$S () dijets, A+ LL/RR
ni>6 = a - Direct 1% prod., long-iived ¥ dEldxtk - Yes 184 495 GeV (5} m(E))~160 MoV, 7(F5)<15 ns 1506.05332 SSM W'(Iv) dijets, A- LURR
>6 oy 4 =7 VBF - 5 m;;>500GeV § o Stable, stopped g R-hadron 0 1-5jets  Yes 279 m(@)=100 GeV, 10 us<r(Z)<1000 s 1310.6584 SSM Z'(bb) '
n;> - =9  Stable g R-hadron trk - - 32 1606.05129 ! 1 i
-1 n;>6 oy (o] H->ww u - E,g Metastable # R-hadron dE/dx trk - - 32 m@)=100 GeV, r>10 ns 1604.04520 dimuons, A+ LLIM
10 (=] nj>8 S 8 GMSB, stable 7, K} »7(2, A)+7(e. ) 124 - - 191 | & 537 GeV. 10<tanf<50 14116795 0 1 2 3 4 5 TeV dimuons, A- LLIM
n>7i26 o] n o n m =l GMSUB,)??H-;C, long-lived %] 2y Yes  20.3 f; 440 GeV 1«2‘»“&53 ns, SPS8 model 1409.5542 dielech Ae LLIM
= 28, X —eevieuv/puv displ. ee/ep/up - - 20.3 ¥ 1.0 TeV 7 <er(¥))< 740 mm, m(g)=1.3TeV 1504.05162 ielectrons, A+
o Horyy mj>1TeV GOM 28, P26 displ, vix + jets - - 203 |# 1.0TeV 6 <cr@lo< 480 mm. M@)o 1 ToV 150405162 Excited diolect A LLIM
10_2 n>7 HesZ77 AN LFV pp—, + X, 7 —ep/et/ut eperut - - 32 21,2011, dizapnay233=0.07 1607.08079 ) lelectrons, A\~
nj>7 h 2 ZZ—4L l o~ B Bilinear RPV CMSSM 2cu(SS)  03b Yes 203 |a 1.45 TeV m@)=m(@), erzsp<1 mm 14042500 e* (M=N) Fermions single e, AHNCM
o ELr HL W 2D e, e,y den : Yes 133 mE})>400GeV, A1t (k = 1,2) ATLAS-CONF-2016-075 * (M=A) Compositeness
w —— W= W T W > trve, erve Sep+t - Yes 203 m@)>0.2xm(E), A133#0 1405.5086 B M= single p, A HnCM P
l i 28,8999 0 4-5large-Rjets - 14.8 BR()=BR()=BR(c)=0% ATLAS-CONF-2016-057 g’ (ag) ) )
10—3 — © 5 500 1 > qaq 0 45large-Riets - 148 mEE)=800 GeV ATLAS-CONF-2016-057 q* (qy) f=1 inclusive jets, A+
23, g1, X — qqq leu 810jets/0-4b - 36.1 mEED)= 1 TeV, A112#0 ATLAS-CONF-2017-013 . i L
F-iyt, [ obs 1e,u 8-10jets/0-4b - 36.1 m(F)=1 TeV, di3#0 ATLAS-CONF-2017-013 b inclusive jets, A-
| Fiobs 0 2jets +2b - 15.4 1450-510 GeV ATLAS-CONF-2016-022, ATLAS-CONF-2016-084
i, bl 2eu 2b - 36.1 BRI —be/u)>20% ATLAS-CONF-2017-036 0 1 2 3 4 5 6 Tev 01234567 8 910111213141516171819 TeV
Other Scalar charm, é—ct) 0 2¢ Yes 203 |& 510 GeV m(¥})<200 GeV 1501.01325
7 W 37 tF i i i Wii . . P | . . N
PP Jets Y w Z tt t 4% YY H WV Vy awrz ity Wjj  Zjj ww Zyy Wyywwy Zyjj Wjj *Only a selection of the available mass limits on new states or - 1
R=0.4 EWK EVLK Excl. .| i | s EngK EfV;le phenlofmce;na ifj slhowrfw, Mfan}; of ’{7he limits are based don 10 Mass scale [TeV]
fid. fid. fid. fid. tot. tot. fid. fid. fid. fid. tot. tot. fid. fid. fid. tot. fid. fid. fid. fid. fid. simplified models, c.f. refs. for the assumptions made.
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Towards the future: High-Luminosity LHC

From the early discovery machine ... to the Higgs factory and its full discovery potential

LHC
Run 1 | | Run 2 | | Run 3
LS1 EYETS 14 TeV 14 TeV
13 TeV 13.5-14 TeV energy
injector upgrade 51to 7 x
splice consolidation cryo Point 4 crvolimit . nominal
7 TeV 8 TeV button collimators DS collimation interaction ) HL LH(_: luminosity
R2E project P2—P7(11 T dip.) regions installation I
Civil Eng. P1-P5 \ .
2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025 2026 2037
radiation
experiment experiment upgrade 2 x nominal \urnmociiat:/nage r experlment
75% ) beam pipes nominal luminosity — phase 1 | b upgrade phase 2
nominal
luminosity [ /
luminosi ty

HL-LHC goal: detailed topography of (the known) particle physics landscape:
« Deeper understanding of the Higgs boson (couplings, potential).

ATLAS

EXPERIMENT

* Precision measurements in QCD, EWK, Higgs (ultimate goal O(1%)).

at <u>=200

* Probing new physics phenomena (directly & via precision measurements).

Challenges for the experiments:

* Major experiment upgrades needed to improve radiation hardness,
replace detectors at end-of-life or extend coverage,

* Provide handles to mitigate pileup and maintain/improve trigger acceptance.
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Upgraded detectors @ HL-LHC
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Upgraded detectors @ HL-LHC

LT: 10 kHz S
\ ' Full 40 MHz readout into CPU farm

| Trigger/ Q

o |

' Trigger/DAQ upg rades|

Major upgrade during LS2: i b
|Forward Interaction Trigger, Inner g

 Trigger/DAQ HLT: 7.5

4 ————
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Upgraded detectors @ HL-LHC

Trlgger/DAQ HLT: IO kHz

T""f?”’v‘%  Full 40 MHz readout into CPU farm

Muons up to |n|<4.0

| |"_‘P"°V trgemg A , Tracklng up to |r||<4 O ‘

, —

Fast tracklng and
vertexing

e —— _ == ,__‘

Trackmg/ Muons/ coverage upgrades |

‘Major upgrade during LS2:
|Forward Interaction Trigger, Inner
Tracklng System Muon Forward Tracker

i
|

Muons up to [n|<4.0 [f
Improved triggering || ||

P Milenovic, Physics prospects at HL-LHC 6 HC2018, Tokyo, 26-30t November, 2018



Upgraded detectors @ HL-LHC

= Trlgger/DAQ HLT IO kHz
Muons up to \n\<4 0 "

;; FuII 40 MHz readout mtoCPU farm
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Upgraded detectors @ HL-LHC

Trlgger/DAQ HLT 10 kHz

H \ D
Muons up to \n\<4 0 ke
Improved triggering ‘
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'Major upgrade durlng LS2:
\Forward Interaction Trigger, Inner
Tracking System, Muon Forward Tracker
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Detectors performance @ HL-LHC

| Jets ? ' MET resolution

Detector performance

S’ A o S A

1) 1_ L B B BN BN BN N B = L N N L LA L B BN

after Phase-2 upgrades: S [ \s-14ToV, <> =200 ATLAS Simulation § & 120FATLAS Simulation \s=14 TeV, <u>=200"
z - ITk Inclined 1 1003 ITk Inclined -

o o o o o ?—i i 6, = S0mm i %‘ B '.'h]soft track|<4'0’ IanTI<4'0 POWheg Pythla t f o

» Effective pileup mitigation 51071 Pyias et TG oF ankenn, 7 Ryr>0.1 E
> - 20<p <40 GeV . g OVL soft track Ror i

- ~ : € < : _._—0—_‘_ :

* Overall performance similar 3 1 Y . =
. LLJ B N = - ° . ® * -

or better than during Run 2 107 | I-ngs T, 3
—1.5<n|< - B -

o . > | | | —29<mi<as - ool E

* Extended capabilities with - I - : :
— ooy Oy Ry o - -

new algorithms 1906 065 07 0.75 08 085 0.9 095 %550 55 60 65 70 75 80
2017-10-30 Efficiency for hard-scatter jets Npy

 Pile-up suppression ‘ B Mass resolution . B-tagging ' LHCDb Vertex Locator

45 M
M Slmulatlon reliminar. 13 TeV

> 4OC S p y ; g 01 rrr Tt [ rrr [ rrrr[rrr o[t rrrT [T rrrrrrrrrrt é\ 1 ::.J::'!::.l. g g 0.6 [ I. T T T I T T T | T ]

- é i : f ’ = B , 0 7] ] - ]
0 F tt event tracks = - AILAS Simulton o B" mass -8 -2 - *  —@— default VeloPix
e v e e e G [ G- ~—Rn2E0.0=2 | 8 pu=200jetp >0Gev g 5

- >0 9 GeV o | Bs— up, IDATk tracks —a— [Tk Inclined, {u) = 200 — o < 0.5 * ThinSil (optimized) ]
c 0.08 —h— (op )
O 30 I ..................................................................................................................................... GN) . — i nt (50x50 pum? pixels, - Q‘ B A E i g :
£ - oHL-LHCBS, 3D vix, PU=140 © i Lo " digial clusteringfor ITk) 7 B il +© [ ‘e~ 4xPixel (optimized)
g o5 ... ..«HL-LHC BS, 3D vtx, PU=200 . S & B . 7] g ' Ay 8 0.4 — . . ]
S - mHL-LHC BS, 4D vix, PU=140 s 0.06~ P B i = ! . ]
© . JLHL LHC BS 4D vix, PU-200 Z B : . o T SOCHRUNE WM " 4 NN S 2 O - * ° 7
: 20_ AAAAAAAAAA . i tlE S T W T — - ' e I Y o A SNy ./ I '_ A _-
o O T R R B = F . 0.31 * ‘e ]

- 5 2 : 3 : : : : . I e S 7 S T /A S .
> qb - ..;.‘ ________ ‘ _________ T 0.04(— ) — i . “ecess ]
Q - o B :... % | 102 Ity ¢ & A ey TTttttte 0 2 i . ]
- — : A : : : — : ° o T = 4N SSSESEEEEERC A R 7 A . _'._ A _."
o M0 e - A A R di, v A :
@) - . a 0.02— Su ... — R — - - L .
*h - ----------- . -------------- --------------- -------------- -------------- P P - ... .ql ... — ‘ ............... N 4 7 4 +«+ noPU noMTD- | o AA _

S u . ® ‘ . .lV v AV v - o ' .5. %, 1 b ................. L = PU=200 no MTDA Ol C .... -AAA ]
O:_A_;ﬁﬁlq:llllill.lvil.llilll|Il|i||li|||||ll N |||i [0 | M -3 .pUZOOWlthMTD : ..-.'I..;::::; :
O O 2 O 6 0 8 1 1 2 1 4 1 6 1 8 2 4.9 5 5.1 5 2 5 3 5 4 5 5 5 6 5 7 5 E 10 IO SRS 4RI AL T Ty Se e COTPeT e T e e 0 | . | ' " | |

0.4 0.5 0.6 0 7 0 8 0 9 1
Density (events/mm) m(B) [GeV] b-jet efficiency

-
()
1SN
@)

Eta

P Milenovic, Physics prospects at HL-LHC 9 HC2018, Tokyo, 26-30t November, 2018



Workshop on Physics at HL-LHC and Perspectives for HE-LHC

« HE/HL-LHC effort : goals, organisation, timeline
« Extrapolation methodology and uncertainties assumptions

PMilenovic, Physics prospects at HL-LHC 10 HC2018, Tokyo, 26-30t November, 2018



HE/HL-LHC studies

Extensive studies & updated projections, organised in form of WGs:

* Review, extend and further refine our understanding of the physics potential of the HL-LHC
+ Opportunity for a more systematic study of physics at the HE-LHC (pp collisions @27 TeV)

* Stimulate new ideas for measurements and observables

WGI WG 2

I _ WG 4 WGS5
- QCD, EWKTOP nggs & EWSB LFlavourH @ Heavy Ion 4

i

Reports and timeline:
* Yellow Report: Summary of public studies from theorists and experiments.
* Executive Summaries: Input for CERN Council for discussion on EU Strategy for Particle Physics.

 Effort/report timeline:

More info: http: //|DCC web cern. ch/hlhe lhc- DhYSICS workshOD

' Oct2018 2018 || Dec2018
Plenary - First YR draft - Publication |

June 2018 ;
Plenary

" Nov 2017
Kick-off

P Milenovic, Physics prospects at HL-LHC N HC2018, Tokyo, 26-30t November, 2018


http://lpcc.web.cern.ch/hlhe-lhc-physics-workshop

HE/HL-LHC studies

Extensive studies & updated projections, organised in form of WGs:

* Review, extend and further refine our understanding of the physics potential of the HL-LHC
+ Opportunity for a more systematic study of physics at the HE-LHC (pp collisions @27 TeV)

* Stimulate new ideas for measurements and observables

WGI WG 2

' QCD, EWK, TOP |  Higgs & EWSB |

WG 4

LFlavo_uﬂ

Reports and timeline:
* Yellow Report: Summary of public studies from theorists and experiments.
* Executive Summaries: Input for CERN Council for discussion on EU Strategy for Particle Physics.

 Effort/report timeline:

More mfo httD //|DCC web cern. ch/hlhe lhc- DhYSICS workshOD

. Oct 2018 | 2018
| - First YR draft

Dec 20I
- Publication |

Plenary

" Nov 20
Kick-off
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Systematics recommendations & extrapolation methodology

General:
* Systematic uncertainties will be limiting factor for a wide range of measurements
* Assume similar detector & trigger performances

. Aim for as realistic assumptions as possible Expected experimental systematic uncertainties

Source Component Run 2 uncertainty Projection minimum uncertainty
Muon ID 1-2% 0.5%
Electron ID 1-2% 0.5%
Theoretical uncertainties: Photon ID 0.5-2% 0.25-1%
Hadronic tau ID 6% 2.5%
* Build upon existing/recent TH progress/studies Jetenergyscale  Absolute 0.5% 0.1-0.2%
i Relative 0.1-3% 0.1-0.5%
* Assume a scaling down by a constant factor Pileup 0-29% Same as Run 2
. ] Jet energy res. Varies with p and Half of Run 2
’ QCD calculations ( I /2)’ underStandlng of MET scgl}; Varies with analzsis sele?ction Half of Run 2
PDFs ( |/ 3), top PT ( |/ 2) , etcC. b-Tagging b-/c-jets (syst.) Varies with pr and 7 Same as Run 2
light mis-tag (syst.) Varies with pr and 7 Same as Run 2
° Integrated lumi. 2.5% 1%

Experimental uncertainties:
» Estimates of ultimately achievable accuracy based on the upgraded Phase-2 detectors studies (TDRs).

» Assumption that sufficiently large simulation samples will be available.

PMilenovic, Physics prospects at HL-LHC |3 HC2018, Tokyo, 26-30t November, 2018



Ultimate precision for PDFs @ HL-LHC

Knowledge of PDFs required to extract: Example W+c data
- fundamental couplings from cross section measurements Ezzzzg_-- Lumi orror = 15%
=
» predict the tails of SM distributions at large Q2 5 29000 s
Uzoooo;— -_
* probe the existence of new physics at high scales 15000 -
10000 E- PDF4LHC15 —
- PDF4LHC15+ HL-LHC e
5000;_ B HL-LHC pseudo-data (s:ifted) —__,_+
Estimate of PDFs constraints: g METTTTTTTTTTTTTTTT T
1.3
. . . . o =
* Based on precision differential measurements of processes with: 12E
jets, top quarks, photons and EWV gauge bosons S T
0.9E
* Improvement from use of LHCb data, and access to 0.8F
o oo . 0.7
large rapidities in ATLAS and CMS N e
2 2.5 3 3.5 - 4.5 5
"
Di-jet productlon ' Gluino pair productlon

P e s | I 2 [ | |
0 B PDF4LHC15 . | % PDF4LHC15
1.24 ] 1.8
- 58%8? + HL-LHC (scen A) - 1 6: -\\\\ + HL-LHC (scen A)
115: ] I === = =
0 - % + HL-LHC (scen C) 71 2 1 4: _+ HL-LHC (scen C) | I ’
£ b 4 £ |  Improvement |
) - = N | |
®© - - © 1.2 y
S 105 EI- by factor ~2-4
L - 1 2 1
Qo 1= 4 9 -
T = 1 ® 0.8
= gosf ]
Tr ] 0.6~
0.9 — 0.4
085: [ PR R NN TR ST M KNS TN SR NN T AN SO T SN S NN S S |: 0%: L c ey b b |y
1000 2000 3000 4000 5000 6000 1000 1500 2000 2500 3000 3500 4000
M™ (GeV) Myiino ( GEV)
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Physics Prospects @HL-LHC

EWK phenomena, QCD & Flavour physics

* Precision of sin20#, mw and m¢p measurements

* Production of EWK gauge bosons (VBS, etc.)

« QCD at large Q2, CKM unitarity, B-physics anomalies
» High-density QCD with heavy-ion/proton beams

PMilenovic, Physics prospects at HL-LHC |5 HC2018, Tokyo, 26-30t November, 2018



ET T T T T
- ATLAS —4— Data

Ultimate precision for cross sections: & 10°E (s=7TeV, 46107 ) p o .
+ @LHC: 0(Z = pp) = 502.2 + 0.3 (stat) = 1.7 (syst) = 9.0 (lumi) ™~ o E
- single dominant uncertainty : luminosity ~2% N e 5 e
« Measurement @HL-LHC: 103%
* Improved lumi. detectors, refined VdM scans, use of low-PU runs 10
* Once measured at (sub-)percent level, 10

use Z cross section to help luminosity measurement. L

I | | | | | | | | | | | | | | |
60 80 100 120 140

' ‘Target luminosity uncertainty: 1% | M [56Y]
| S— —— e e
mm Global EW fit
IV B Th Y ° Bl Indirect determination
Electroweak mixing sin20w: st ks ©
» Total uncertainty likely reduced by a factor of 3 @ HL-LHC AR SE R AR R R E AR RRARARRARERE
M N :
* |ndividual measurements reach current world-combination uncertaint "1 |
Strong benefit from tracker/muon system coverage sSeT@ )| | —e - =
° ComplementaryATLAS (electron) and Ce b b b b b b L
CMS (muon) measurements 3 -2 14 0 1 2 3
(Oindirect ) O) / Gt°t

» Study effect of improved PDFs
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S L L
- ATLAS § thfT( " i

6L A N otal (sta _
10°EVs=7TeV, 4.6 b ] 24 =
B ZIy =1t -
[ tt+singletop =
[ ] Dibosons ]
[ ] Multijet

Ultimate precision for cross sections:
+ @LHC: o(Z — pp) = 502.2 + 0.3 (stat) = 1.7 (syst) £ 9.0 (lumi) ™~
« single dominant uncertainty : luminosity ~2% 10

« Measurement @HL-LHC:
* Improved lumi. detectors, refined VdM scans, use of low-PU runs

- Z = ptw

* Once measured at (sub-)percent level,
use Z cross section to help luminosity measurement.

' Target iuminosity zny 1

Electroweak mixing sin20w:
» Total uncertainty likely reduced by a factor of 3 @ HL-LHC

* Individual measurements reach current world-combination uncertainty

dsin’0,, = =0.0004, =0.0008, +0.0012
NNPDF3.0 uncertainty

* Strong benefit from tracker/muon system coverage

* Complementary ATLAS (electron) and
CMS (muon) measurements

B L e i B B O i ML

° StUdy effeCt Of improved PDFS 70 90110/70 90110|70 90 110|770 90 110;70 90 110{70 90 110|70 90 110
M, (GeV)
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Ultimate precision for W mass

Latest mw result @LHC

< - | | | T T T T T T ]

W mass measurement: S . .L ATLAS == m, =80.370 + 0.019 GeV
O, 80.5¢ Bl m =172.84 £ 070 GeV -

* Improved knowledge of the W mass - key target of HL-LHC s . N M, = 125.00 £ 0.24 GV -
80.45— m= 68/95% CL of m,, and m, —

* Current dominant uncertainty from PDFs - 7
80.4F -

* limit PDF sensitivity via extended leptonic coverage |n| < 4

I

I

* Required optimal reconstruction of missing transverse momentun  80-3

* low-pile-up runs are a necessity 80.3F £ B 65/95% CL of ElectrowealC
- Fit w/o m,,, and m, ]
— (Eur. Phys. J. C 74 (2014) 3046)  —
B | | I | | | | I | | | I | | | | I | | | | I | |
8025965 170 175 _ 180 185
m, [GeV]

Precision @HL-LHC:
@ Gluino pair production

° LOW-PUI‘UI’]S(WithH"‘Z) > O IR I I R
O] - _

o L. = 18— ATLAS Simulation Preliminary <u> = 2—

- run | week: statistical precision ~9 MeV > 160 —=- Stat ® PDF E

C — _|

. e . . © = --o-- Stat. E

* run 5 weeks: statistical precision ~4 MeV 5 - PDF (CT10) -

c 12— ]

* Systematics with HL-LHC ultimate PDF ~4 MeV > 103_-\.\ E
£ - o, —— =

e — 8:_9':1’”*':.:: """ Bt--mmmemeeee SRR R X R p———— o

6 e =

+6 MeV | o g

of- =

o | | | | | | | |, 4

200 300 400 500 600 700 800 900 1000
Luminosity [pb'1]
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Ultimate precision for top mass
"J/P method" (t— bW —=}/PlvX)

CMS Phase-2 Simulation 14 TeV, 200 PU

Top mass measurement @H L-LHC: 3 D s venexfuin s | 5 p f“{ —
~ 70— ¢ ttsimulation < o} 3 1
* Improved uncertainty through more statistics, I S P (- S O R
. . . 60— 0y =(18 = 1) MeV ! 4 ]
calibration, better modelling, etc. S | [ w1 e
:_ Fit (signal + background) o:»‘i\\‘:‘i“: o ) _:
* Require future theoretical developments for ; G ]
interpretation in terms of a theoretically well defined mass op F4 o Crystar et signal it
B i 3 Phase-0 detector i
» Several methods available 0 - i L e e
Precision for different methods F l E
D Fees CMS : RERIR A :
(2. 3__ ' Pre[iminary PrOjeCtiOn__ 26 27 28 29 3 31 32 383 34 35 36
— C : ] m,..- (GeV)
E N - =i - J/V¥, arXiv:1608.03560 = o o .
- 2.5 '; e o (), JHEPOS (20160020 Precision for different methods
O 25_ ''''''''''' - sec. vtx, PRD 93(2016)2006 ] Method: tt lepton+jets  t-channel single top mgyy J/w O
= - K == single t, PAS-TOP-15-001 - Amy,p, (GeV): | 0.17 0.58 0.62 045 1.2
S . g l+jets, PRD 93(2016)2004 -
© 1.5F =
-— . - T T T T T P -
- ze A3 .
O S imimimimm e J + cross-section (Mpole)
8 1_— “"""'-' -1 secondar’y vertex
2 F M 10 single top
(U j— oo :
= 0.5¢ \ =e========="3 « |/ method
= _ AN = .
ot 1+ LO+jets

Run I 0.3/ab, 14 TeV 3/ab, 14 TeV
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Anomalies in "Flavour” Physics

Flavour anomalies - low-q2:
- Asymmetry between e and Y in decay width B—= K®)£+¢-

* observed by LHCb, but not by Belle, BaBar
- Asymmetry between T and p/e in decay width B—=D®)¢{+¢-

* incompatibility with SM (by LHCb, Belle, BaBar)

Flavour anomalies - high-q2:
- R(K%*) & b = s 7+

* Minimally flavour violating Z' ruled out (res. searches)
*R(ID)/ R(ID*) & b—2cTV

« Good fits for W' vector, scalar, or vector LQ

PMilenovic, Physics prospects at HL-LHC 20
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Flavour anomalies & LHCDb
U-b"'I""I'"'I""I""I""I""I""

Belle Il Projection
—— Belle Combination
—— Babar
LHCb
—— World Combination
- SM prediction: PRD92 054410 (2015), PRD85 094025 (2012)
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Anomalies in "Flavour” Physics

Flavour anomalies & LHCDb

> 10E | | —

. 1 E_ The uncertainties of ground and excited - * __:_

Flavour anomalles - Iow- q2 : g 95 states will be highly correlated. -..Ilizg)) 3
8 E- =

. . 5 : LHCb <RD) 3

- Asymmetry between e and U in decay width B—= K®)£+¢- § U3 preliminary +R2A2)) <
~ 6F +~R(A*) 3

* observed by LHCb, but not by Belle, BaBar <’ <E \ <RAN) 3

- Asymmetry between T and p/e in decay width B—=D®){+¢- °q:> "3 \ E
5 SF E

* incompatibility with SM (by LHCb, Belle, BaBar) = 2F ¥ SSSS#. =
- (' 1 E- phase I upgrade phase 11 =

' LHCDb able to measure in several channels| 20 2005 2030 2035
L — e e e Time/vear

Flavour anomalies & Lepto-Quarks
_HLLHC projection 3000 fb” (14 Tew)

Flavour anomalies - high-q2: £ T
? ] CMS —— w/ YR18 syst. uncert.
o R(K*) & b — g f+f— % Srojection, w/ stat. uncert. only

—_
(@)
L

0.8 —' 95% CL exclusion limit

 Minimally flavour violating Z' ruled out (res. searches) |

* R(D) / R(D¥) & b 2 cTV 3o ;-
« Good fits for W' vector, scalar, or vector LQ mo.4 t“ or {T _

0.2

) )
N b
Expected cross section upper limit at 95% CL [pb]

A
L)
A -
>
M )
. * x
. A Y \’ K
KX .
* ..
N g
‘0
. K]
S N ..
3 %, ¢
. S, o
:‘ \ s . . -
% .
“‘ ‘e, . .:
. ~, o
MY N I I Y | K | |

400 600 800 1000 1200 1400 1600 1800 2000
M, [GeV]
PMilenovic, Physics prospects at HL-LHC 21 HC2018, Tokyo, 26-30t November, 2018




Vector boson scattering

Vector boson scattering @ HL-LHC: Vector boson scattering

+ Precision test of triple & quartic gauge couplings (TGC, QGC) “ —, R 1 i q q
* Electroweak WW and WZ scattering observed in Run-2 W W=
* Unitarization of VLVL = VL VL cross section at TeV scale: TeC HZy QGC
* Scalar Higgs and/or new physics to cancel divergence - q L, W q ,Wi
q q

* Direct test of EW-symmetry breaking mechanism

Events/bin

5000

4000

3000

2000

1000

CMS Phase-2 Simulatio
| |

n Preliminary 3 ab™' (14 TeV)
T 1T 1 I T T 1 I T T 1 I T T 1

]IIIIII I

l

— WW(EWK)
— WW(QCD)

— 1t
— WZ
Wy

IIIIIIIIIIIIIIIIIIIIIIII

| !
...........

600 800 1000 1200 1400 1600 1800 2000

m; (GeV)

(\|2400_—|-||||||||||||||||||-|||!|||!|-||||1—_
Q - ATLAS Simulation Preliminary -
$22001 % B
& : S =14 TeV, 3000 fbo',<u> = 200
& 2000F- | -
~ 1800 =
_ — WZ-QCD ]
1600} Hz -
1400 v E
1200 - =
1000}~ =
800 —
600 -
4001 -
200 —

-0.8-06-04-02 0 02 04 06 0.8
- BDT

Soewe(WZy: 5-10%]

———

22

1

Events / Bin

EWK/QCD

Events / Bin

EWK/QCD

N
o
o
EEENRARENNERESRARENRERRNRARENRRRRRRRREEE
AR LAY RRRLY RLARE LA R AR

>

N @

TLAS Simulation Preliminary

s =14 TeV, 3000 fb
Zjj = 4l+j)

—EWK
—QCD

[

|||||||l||||||l|||||||||||||ll|lll|ll|||

llllll

%
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e =
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Vector boson scattering @ HL-LHC: Vector boson scattering

* Precision test of triple & quartic gauge couplings (TGC, QGCQC) 1 S — q i q q
* Electroweak WW and WZ scattering observed in Run-2 W W=
* Unitarization of VLVL = VL VL cross section at TeV scale: TeC HZy QGC
* Scalar Higgs and/or new physics to cancel divergence - q L, W q ,Wi
q q

* Direct test of EW-symmetry breaking mechanism

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

||||||||||||||||||||||||||| ‘__ T I L I L I L I L I L I LI I LI I L I LI
'_cE: - | | | | ' © 200FATLAS Simulation Preliminary e wz-ew
& 1400 —— WWEWK(LL) ‘ 1 E,golVs=14TeV, 3000 fo'<u>=200 MWz,
S - WW EWK(LT+TT) —— 1 2oL B WoZ, -
T - —— WW(QCD) 1 Yok mw.z, .
L 1200 A _ 160 WZ Wz, -

- — 1t —_— i} - BWZ->tX O

- — Wz : 1401 3 L ee——— e
1000} - - . | .

Wy 1 120 ' VLVL—V_ V. discovery |
°°F my; > 1100 GeV 1 o0y | significance up to 30 |
600 — : 80 combining channel

- ) 60 |
400 - and experlments'

- ) 40 — —
200~ [ . 20

Om N— lll; |||||||| ||— q _ _ _ _
5 o5 1 15 o 2"5 2 1 -0.8-06-04-02 0 02 04 06 08 *1
A cos 6,
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Physics Prospects @HL-LHC

No phenomenon is a true phenomenon
until it is an observed phenomenon.

John A. Wheeler

Characterisation of the Higgs boson

* Couplings, production & differential XS measurements
* Higgs potential and trilinear self-coupling
* Probe for anomalous interactions & rare/exotic decays
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Higgs boson couplings

HL-LHC as a "Higgs Factory™:
. Expected: ~1 70M Higgs bosons, K-framework : coupling modifiers
~120k of HH pairs

 Enables a rich Higgs physics program,
including couplings precision measurements.

Higgs boson couplings @ HL-LHC:

* ATLAS and CMS measure a range of processes
with different production and decay modes

* Projections based on LHC Run-2 results (36-80 fb-!)

osm(ttH) - Bsm(H — Z7) -

» Consider model(s) with the most important physics see Andrew’s and Stefan’s talks for details
message: K¢, Kb, K1, Ky, Kw, Kz, (+ Kg, Ky)
Channels used by ATLAS and/or CMS BSM effects on Higgs coupling (1-10%)
>
A?E/ign::mgf’;dcbl\}/l/s ggF VBF VH ttH = Model Ky Kb Ky
1572254 v v vV . Singlet Mixing ~ 6% ~ 6% ~ 6%
H = 7 ooV - 2HDM ~1% ~ 10% ~ 1%
g j v j j 2 Decoupling MSSM  ~ —0.0013%  ~1.6%  ~ —.4%
0 o7 Ve v v 2 Composite ~ —3% ~—B8-9% ~ —-9%
=
1 — [ v v X Top Partner ~ —2% ~ —2% ~ +1%
H — Z~ v v v ©
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® ° 48 \ N
Higgs boson couplings measurements

Sensitivity estimated using combined HIG measurements @I3 TeV:
» Consider signal strengths per-production and per-decay mode

300 fo'(13Tev) 3000 fb (13 TeV)
C M S w/ Run 2 syst. uncert. (S1) C M S w/ Run 2 syst. uncert. (S1)
. . w/ YR18 syst. uncert. (S2) . . w/ YR18 syst. uncert. (S2)
Pr Oj@Cthn w/ Stat. uncert. only PrOj ection w/ Stat. uncert. only
YY ——
u L H—— U 0.01 (Stat); 0.03 (S2); 0.05 (S1)
99 0.01 (Stat); 0.03 (S2): 0.06 (S1)
MWW —+——
0.01 (Stat); 0.03 (S2); 0.04 (S1)
MVBF '
0.03 (Stat); 0.04 (S2); 0.05 (S1)
MZZ ———
0.02 (Stat); 0.03 (S2); 0.05 (S1)
w
WH 0.05 (Stat); 0.06 (S2); 0.08 (S1) bb|l . . .
W S 0.02 (Stat); 0.05 (S2); 0.07 (S1)
MZH TT
0.04 (Stat); 0.06 (S2); 0.07 (S1) W
0.02 (Stat); 0.03 (S2); 0.04 (S1)
0.02 (Stat); 0.06 (S2); 0.10 (S1) 0.09 (Stat); 0.10 (S2); 0.13 (S1)
o o1 _ 02 03 o o1 02 03 04
Expected uncertainty Expected uncertainty

B>  achievable precision @3000fb-!
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Higgs boson couplings measuremen

Sensitivity estimated using combined HIG coupling "modifiers” @I3 TeV:
» Consider model(s) with the most important physics message: K¢, Kb, Kt, Ky, Kw, Kz, (+ Kg, Ky)

300 fb™' (13 TeV)

CMS

Projection
Bggw =0

w/ Run 2 syst. uncert. (S1)

w/ YR18 syst. uncert. (S2)

w/ Stat. uncert. only

0.03 (Stat); 0.04 (S2); 0.06 (S1)

0.03 (Stat); 0.04 (S2); 0.05 (S1)

0.03 (Stat); 0.04 (S2); 0.05 (S1)

0.03 (Stat); 0.05 (S2); 0.06 (S1)

0.03 (Stat); 0.06 (S2); 0.08 (S1)

0.06 (Stat); 0.09 (S2); 0.11 (S1)

0.04 (Stat); 0.05 (S2); 0.06 (S1)

i
0.22 (Stat); 0.22 (S2): 0.22 (S1)

0.1 0.15 0.2
Expected uncertainty

' total uncertainties 2-5%

3000 fb™' (13 TeV)

CMS

w/ Run 2 syst. uncert. (S1)

w/ YR18 syst. uncert. (S2)

Projection
w/ Stat. uncert. only
Bgsm =0
—
0.01 (Stat); 0.02 (S2); 0.03 (S1)
—
0.01 (Stat); 0.02 (S2); 0.03 (S1)
—
0.01 (Stat); 0.02 (S2); 0.02 (S1)
0.01 (Stat); 0.02 (S2); 0.04 (S1)
0.01 (Stat); 0.08 (S2); 0.06 (S1)
0.02 (Stat); 0.04 (S2); 0.06 (S1)
—t
0.01 (Stat); 0.02 (S2); 0.03 (S1)
0.05 (Stat); 0.05 (S2); 0.07 (S1)
0 0.05 0.1 0.15 0.2

Expected uncertainty
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Establishing coupling to charm is one of the key tasks:
- LHCb: Leading the effort - already at 300 fb-! expect limits < 7x SM.
Ongoing development of multi-class flavour separation algorithms for further improvements.

- ATLAS: At 3000 fb-! expect limits < 6.3x SM.

LHCb : BDT flavour separatlon ATLAS : ZH—}ffCC ATLAS - H"IHJ
/Q-)\ 1 I ' I ' [ % L 1 |"/'\| Dtl ' > = | | I ! =
-~ : G 800 ATLAS Simulation Preli P e _: L 10" ATLAS Slmulatlon Prellmlnary -
= [ LHCbdata 1000 o F u 14Tev"2$$3ff" e gt 3 9 ES=147Tev, 3000 1, <u>=200 5
E i = 700 2 c-tags, p? = 150 GeV B ZH(bb) 4 & 10°E E\'/*VCVW(QZ%F*VBF) -
— T — | Y4 . == E +Hi+ ,Y* E
m VI {300 2 600f; o jets = ‘% 10° WW-t =
i ] 500 thtH(c“) (100x SM) T 107 . W é
O light parton —{F=5600 400 10° 5
- . 300 10°
i 1 =400 o
i - 200
0.5 = .
i 1 —200 100 10
i Initial (no-tagging) sample: i 102
i 70% Ilght parton 22% charm 8% beauty i < 1 Qe T
1 -0 122 NN 80 100 120 140 160 180 200 220 240 260
-1 O 5 0 0. 5 1 o MO A D B G O
< 0.8E -
o O06E L.l L S m,, [GeV]
()

60 80 100 120 140 160 180 200
m - [GeV]

BDT(bcludsg)

Establishing coupling to muons is another key tasks:

- @HL-LHC: New analyses techniques exploiting the improved resolution of upgraded detectors.
Expected uncertainty on coupling about 5%.
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Differential XS and limits on Kp, K¢, K¢, €g

Projections of the combination of fiducial differential XS @13 TeV (36.6 fb~!):
» Sensitivity to modelling of hard quark and gluon radiation, BSM effects in the loops, etc.

» Sensitivity from the shape important with higher lumi.

Combined differential pr(H)

-l
o

pb/GeV)

N 10—1

Ao/Ap$

—
<
IS

—
— O
;o

O
)

Ratio to prediction

CMS Projection 3000 fb' (13 TeV)

“w/ YR18 syst. uncert. (S2)

- Ao(p:' > 600) / 250
S s T Ao(p': >200) / 120
l— 0 aseessssas V ........

- e Ao(pt!> 600) / 250
| 1@,

= )

— + Combination 4

= H — bb bdaaizs AR
- | H- Yy

- Hozz Ll

aMC@NLO, NNLOPS
o4, from CYRM-2017-002 43,

—
T T

0O 15 30 45 80 120 200 350 600 <

P} (GeV)

pt(H) parametrised
in terms of kp, K¢

Constraints on effective ku, k¢, k¢, ¢z couplings :

- Competitiveness with direct probes of Higgs couplings (in particular Kc)
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Differential XS and limits on Kp, K¢, K¢, €g

Projections of the combination of fiducial differential XS @13 TeV (36.6 fb~!):

» Sensitivity to modelling of hard quark and gluon radiation, BSM effects in the loops, etc.
» Sensitivity from the shape important with higher lumi.

Combined differential pr(H) Expected 2D limits
CMS Projection 3000 fb™" (13 TeV) in (kp, kKc) plane

< 9Ew/ YR18 syst. uncert. (S2) H pr(H) parametrised
O A0(Py > 600) 1250 in terms of Kp, K CMS Projection 3000 b (13 TeV)
Q) TEevsewy Ao(pl;>200) / 120 v 191 inat w/ YR18 syst. uncert. (82)| |
©®) - e Yirkenns Ao(p > 600) / 250 Bishara, Haisch, Monni, Re (2016) [1606.09253] [ — Combination yo )
(! oL - T = : 1‘_—H—>ZZ —6
IQ_|_ : + Combination “® E 1‘4f L —H -y
< ol % ) —5
10 = e © ] © T P yommommmemmed S B
B - H — bb o ISP 0.5
< Y — o N
ool LN S :
ST Ao ’\E 1.0 o
1074 _ MC@NLO, NNLOPS § -
- a ! S —
- 5 2 0.8 -0.5
" o, from CYRM-2017-002 ; 5 :
10—5 Lo v b b s b s b b by I E :
5 1.5 _1?
(@] B =
© B - % SM
%’_ (IR TR E TR T T R SRt 2 —-ﬁ-----%}% Hw | A
IS i o -6
% 0'5__| ||||||||||||||||||||||| TR ST L1
o 0 15 30 45 80 120 200 350 600 <

P} (GeV)

Constraints on effective ku, k¢, k¢, ¢z couplings :
- Competitiveness with direct probes of Higgs couplings (in particular Kc)
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Differential XS and limits on Kp, K¢, K¢, €g

Projections of the combination of fiducial differential XS @13 TeV (36.6 fb~!):

» Sensitivity to modelling of hard quark and gluon radiation, BSM effects in the loops, etc.

» Sensitivity from the shape important with higher lumi.

Combined differential pr(H)

CMS Projection

3000 fb' (13 TeV)

< 9Ew/ YR18 syst. uncert. (S2)

o) - Ao(p:' > 600) / 250
(\5 1Esevsevy Ao(p! > 200) / 120
Q : -------- v--A-;---- H

ol - Ao(p!! > 600) / 250
~ 10 i

IQ_|_ E + Combination i
% 1072 H — bb e
< 1073 :_ & H—yy
- Hozz Y
107 aMC@NLO, NNLOPS
E ogy from CYRM-2017-002 éﬁ
1 ()‘5 YN W N T T N M N T Y NN A A AT W A S A AU B M BN AN AR A IR
5 1.5
"6 N
O Z
S 1//5e% B R R Tt )
o) i
%% ()'ES:T |||||||||||||||||||||||||||||||||||
o 0 15 30 45 80 120 200 350 600

P} (GeV)

o0

pt(H) parametrised
in terms of cg, K¢

100 200 300 400 500 600 700 800
pH
T

Need better theory
description of high-pr tails

Constraints on effective ku, k¢, k¢, ¢z couplings :
Competitiveness with direct probes of Higgs couplings (in particular Kc)
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HH production and self-coupling

Probing HIG boson trilinear coupling Auun important @HL-LHC

* Information on the shape of the scalar Higgs potential, and potential anomalous effects

g _-H g < ---H g co - H & cog .- H Cg Ammn .~ H
¢ -- <’ £y )\ t g g s
o H T o R CH o ~ o ~ 1

ATLAS and CMS performing extensive sensitivity studies in individual channels:

- Analyses in bbbb, bbVV, bbzr, bbyy (expertise from LHC Run-2 + further optimisation/developments)

* Performing combination of all channels, and also ATLAS+CMS combination (to be public soon)
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HH production and self-coupling

Probing HIG boson trilinear coupling Auun important @HL-LHC

* Information on the shape of the scalar Higgs potential, and potential anomalous effects

g _-H g < ---H g co - H & cg .- H Cg Ammn .~ H
t —--<: ty A t : : ——OE
g H \\H g > ———H g \H g \H

ATLAS and CMS performing extensive sensitivity studies in individual channels:

- Analyses in bbbb, bbVV, bbzz, bbyy (expertise from LHC Run-2 + further optimisation/developments)

* Performing combination of all channels, and also ATLAS+CMS combination (to be public soon)
arXiv:1704.01953 arXiv:1709.08649
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+ Important possibility to constrain AnunH from single Higgs precision measurements

» HH differential information further improves the measurement
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Differential XS and limits on self-coupling

Performed first studies of differential XS for exclusive production (@HL-LHCQC):
» Sensitivity of differential distributions to loop-corrections involving self-coupling.

Differential pr(H) in ttH(H—YY) pt(H) parametrised

CMS Phase-2 Simulation Preliminary 3ab’ (14 TeV) in terms of k)
S
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Constraints on effective k) coupling :

* Need to study all production modes and decays channels to fully exploit the potential.
* Important complementarity with direct probes of HH production.
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Differential XS and limits on self-coupling

Performed first studies of differential XS for exclusive production (@HL-LHCQC):
» Sensitivity of differential distributions to loop-corrections involving self-coupling.

Differential pr(H) in ttH(H—YY) pt(H) parametrised
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Constraints on effective k) coupling :
* Need to study all production modes and decays channels to fully exploit the potential.
* Important complementarity with direct probes of HH production.
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Higgs boson width

104 -

Indirect constraints from off-shell Direct constraints from interference
k
* g8 ?VV,gg > H* =2 VV * 88 ?YY,gg > H—YY
3000 fb' (13 TeV)
LIIIIIIIIIIIIIIIIIIIIIII]IIIIIL %5000_
u CMS Pr ojection i 0] - ATLAS Simulation Preliminary Iy =200 x Iy g4 = 0.81 GeV
15— L & 4000 — ILdt=3000fb", \s=14TeV an<30GeV
- w/ YR18 syst. uncert. (fai=0) ’_ 32 = After background subtraction —e— Data
. _ ' : - N, —— Fit to data
i w/ Run 2 syst. uncert. (f_=0) [ = 3000 H \ L UircEaitaad Hosyy
. --- w/ Stat. uncert. only (f =0) F R 2 S ) AV (T AR Interference correction
! ai ’I 2000 ; Corrected H—)}’}’

1000

M C [2,6] MeV @ 95%CL

o1

95% CL

-1000

]l]lllll
., l-

'hH <40-50 I'sm |
fiiil'i’llilliwlllllll

68% CL - Lo
115 120 125 130 135 140

~
~ ’
Olllllllllllll\ |l’llllll|llll|

1 2 3 4 5 6 7
r, (MeV)

|
'
N
o
—
o

Some points to be understood/answered/addressed:
* Direct constraints: suffer from limited experimental sensitivity.

* Indirect constraints: need better understanding of dominant TH uncertainties.
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Anomalous HVYV interactions

Performance to be estimated using the H— 40 analysis @13 TeV.

* Parameterisation of - SM {/e\?,%mg r\gfoglenturn( expan)516n higher order cp-even  cp-odd
decay amplitude: Azl ‘ Ko ' 45 Q1+ q2 2 % .*(1) £(2), v (1) F%(2),uv
y P v . + \AgV\ My 1€v1€va @ f 'I'f f
/ i

Powerful constraints on anomalous couplings:
3000 fb' (13 TeV)

» Exploiting information from: o 32 /,,,\ LT VLA Aasaaasaa ERRBERRRRRRREseEees e
~ sl CMS Projection -
| — On-shell + off-shell ([,=I'3")

* H decay (on-shell) ,

* H on-shell production . — Only on-shell

w/ Run 2 syst. uncert.
4 95% CL

* H off-shell production:

- Sensitivity driven by 2

.~ ® Standard Model

on-shell production-level info. 42%‘)522%2‘71‘.‘&? '
Some model dependance from e il
assumption on HWW/HZZ "2~ 350 CL-superimposed
relation. A = .
0 -2 -15 -1 -05 0.5 1 1.5 2

0
f,3 COS(¢,,) x 10*

Parameter Information from 95% CL interval
fa3 decay 120104
fa3 decay & production 1.8 - 104
fa3 decay & production & off-shell 1.6 - 10-4
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Physics Prospects @HL-LHC

Good tests kill flawed theories; we remain alive to guess again.
Sir Karl Raimund Popper-

Prospects for physics phenomena beyond SM

* Search for heavy resonances
* Search for SUSY signatures
* Exploring the "dark sector”
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New resonances @ HL-LHC

Performance estimated using Z' and W' searches @ 13 TeV (HVT or RS model) |

- W' = tb — bbZ#v : high-pT lepton, significant Etmiss, two b-jets Low top pr High top pr
- Z' > tt - 2vb qq'b / qq'b qq'b : Exploit boosted topologies
w
Search for resonance decaying to HH (WED or KK model)
* Exploit boosted H->bb final states (narrow width approximation). i
W* = tb — bbdv Z' — tt (hadronic) X =& HH — bbbb (boosted)
CMS Preliminary Simulation 3000 fb! (14TeV) 3 ab (14 TeV)
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SUSY searches @ HL-LHC

Performance estimated using the (simplified) analyses

- Direct stau pair production: Simplified models, assume 100% BR of T — T X9,
* Main background: W+jets, ttbar

- Direct stop pair production: Compressed mass spectra
* Low stop - neutralino mass difference, channel needs high luminosity

Direct stop pair production: Direct stau pair production:

o~ ~'°~° .
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Dark sector @ HL-LHC

Simplified models for comparisons with direct detection:
* moho=-2Z : Z accompanied by a mediator decaying to DM particles

- mono-top : Top accompanied by a mediator decaying to DM particles

- dark photon : It can couple to SM particles via kinetic mixing.
(possible long-lived signatures for small kinetic mixing).
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Summary

* Understanding of the true nature of the Higgs boson is one of
the central subjects in the particles physics today

w/ Run 2 syst. uncert. (S1)
w/ YR18 syst. uncert. (S2)

CMS

Projection

BBSM =0

w/ Stat. uncert. only

0.01 (Stat); 0.02 (S2); 0.03 (S1)

Near-term future measurements @ 13 TeV %
might provides us with some hints... !

* Higgs boson might offer a portal to the new physics phenomena

0.01 (Stat); 0.02 (S2); 0.03 (S1)

0.01 (Stat); 0.02 (S2); 0.02 (S1)

0.01 (Stat); 0.02 (S2); 0.04 (S1)

0.01 (Stat); 0.03 (S2); 0.06 (S1)

High-Luminosity LHC will enable full discovery potential -

0.01 (Stat); 0.02 (S2); 0.03 (S1)

* Major effort of the community of theoretical and experimental
physicists is required (and is already ongoing)

* Estimates of the HL-LHC performance are extremely encouraging

of particles physics and to our understanding of the Nature

If your experiment needs statistics,
you ought to have done a better experiment.

E. Rutherford
L
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ATLAS and CMS Upgrade Documents

Letter of Intent CERN-LHCC-2012-022 |

hitps://cds.cern.ch/record/1502664 Technical Proposal: CERN-LHCC-2015-010
Scope Document CERN-LHCC-2015-020 https://cds.cern.ch/record/2020886
nttps;//cds.cern.ch/record/2055248 Scope Document CERN-LHCC-2015-019
tk Strip TDR https://cds.cern.ch/record/2055167
nttp://cdsweb.cern.ch/record/2257755 Tracker TDR

Muons TDR https://cds.cern.ch/record/2272264
http://cdsweb.cern.ch/record/2285580 Barrel Calorimeter TDR

_iquid Argon Calorimeter TDR https://cds.cern.ch/record/2283187
http://cdsweb.cern.ch/record/2285582 Muon TDR

Tile Calorimeter TDR http://cds.cern.ch/record/2283189
nttp://cdsweb.cern.ch/record/2285583

tk Pixel TDR PHYSICS STUDIES
nttps://cds.cern.ch/record/2285585/ http://cms-results.web.cern.ch/cms-results/
TDAQ TDR public-results/preliminary-results/FTR/
https://cds.cern.ch/record/2285584/ index.html

PHYSICS STUDIES
https://twiki.cern.ch/twiki/bin/view/
AtlasPublic/UpgradePhysicsStudies
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Future upgrade(s) of the LHC
* Basic physics parameters for HL-LHC and HE-LHC
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HL-LHC (1)

* talk by L ROSSI

Goal of ngh Lum|n03|ty LHC (HL LHC) as flxed in November |
2010

From FP7 HiLumi LHC Design Study application

The main objective of HiLumi LHC Design Study is to determine a hardware
configuration and a set of beam parameters that will allow the LHC to reach
the following targets: |

A peak luminosity of L___., = 5x103% cm2s! with levelling, allowing:

peak
An integrated luminosity of 250 fb™! per year, enabling the goal of ‘
L. . = 3000 fb! twelve years after the upgrade. ’
This luminosity is more than ten times the luminosity reach of the
first 10 years of the LHC lifetime.

2 performance established 2015-2016. With same h
same beam parameters, by using engineering marg

7.5 103 cm%s? and Ultimate Integrated L, ,x ~
d not be the limit, would Physics require more thar

L Rossi - HiLumi status @ HL/HE Physics workshop - CERN 300ct2017

— = S —— = = e p— s ———— -

PMilenovic, Physics prospects at HL-LHC 46 HC2018, Tokyo, 26-30t November, 2018



HL-LHC (2)

talk by L. Rossi

- _ _

Luminosity profile: ULTIMATE goal 1

e Peak luminosity =—Integrated luminosity
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After LS4, proton physics days increase from

standard 160 days to 200 and after LS5 to 220

L Rossi - HiLumi status @ HL/HE Physics workshop - CERN 300ct2017

.

* Development and testing progress as planned after redefinition of baseline design in 2016
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from talk by M. Benedikt

HE-LHC

HE-LHC design/idea:

- Working hypothesis: Upgrade LHC energy without major CE modifications on tunnel and caverns
» Similar geometry and layout as LHC machine and experiments
» Maximum magnet cryostat external diameter compatible with LHC tunnel ~1200 mm

- Strategy: Develop a single 16 T magnet, compatible with both HE-LHC and FCC-hh requirements

* Assume similar detector technology requirements in terms of resolution and radiation hardness.

HE-LHC V. Mertens et al.

»3800

- HL-LHC physics parameters:
| * pp collisions @ 27 TeV ‘

3700

~* >10 ab-! over 20 years

|
| |
|« pile up of up to 800 ‘
(for 25 ns bunch spacing)

- — - — s ———— = =———
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from talk by M. Benedikt

HE/HL-LHC parameters

parameter FCC-hh HE-LHC HL-LHC
collision energy cms [TeV] 100 - % o “i' ‘
dipole field [T] 16 | 16 | 833 8.33 |
| circumference [km] 97.75 26.7 26.7 26.7 W
beam current [A] 0.5 1.12 1.12 0.58
bunch intensity [10"] 1 1(0.2) 2.2 (0.44) o 1.15
| bunch spacing [ns] 25 25 (5) 25 (5) 25 25 .
| synchr. rad. power / ring [kW] 2400 101 7.3 3.6
SR power / length [W/m/ap.] 28.4 4.6 0.33 0.17
| long. emit. damping time [h] 0.54 1.8 12.9 12.9

beta* [m] 1.1 0.3 0.25 0.20 0.55 |
| normalized emittance [um] 2.2 (0.4) 2.5 (0.5) 2.5 3.75 |
peak luminosity [1034 cm2s] 5 30 2 | 5 1 ‘
‘events/bunch crossing 170 1000 (200) ‘ - ~800 (1) ‘“g' 27 ‘
stored energy/beam [GJ] 8.4 ”“__~; __H 036 |

I— — = —_— — — = = ————— — o _
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Other aspects of Higgs boson physics

* Higgs bosons production @HE/HL-LHC
» Other precision HIG measurements
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* Huge sample of H decays expected at HE/HL-LHC

1/0 do/dyy

27/14 TeV

0.3

gg > H@ HE/HL-LHC

Inclusive NNLO estimates for gg — H:

14 TeV with 3 ab-!

: Otot = 49.6 ig; pb  — 149 million gg = H events

Yu

NNLO estimates for differential effects:
* Rapidity distn shape significantly broadened from (4 TeV — 27 TeV
* Markedly hardened & broadened pT spectrum already in [0,100] GeV

PMilenovic, Physics prospects at HL-LHC
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gg > H@ HE/HL-LHC

Inclusive NNLO estimates for gg — H:
* Huge sample of H decays expected at HE/HL-LHC

event yield for pt(H) > p*r

10° NNLOPS H —> X— 109 | NNLOPS H —> X— J
107 _ ﬁnltemt, mb H—>bl_)— _ 108 ﬁnltemt, mb H_>b6__
o f 14TeV  H-WW — o7 | 27TV H— WW —
g OF 3ab"! Horr — ' 15abt Horr—
5 107 L Lo e N7 R 77
| H o yy oy
A : H—>_Z7-— f | H—>Z7—
5 109 H—=pp - H—opp :
102 |
10" |
10l NS NS e 100 L L NG NS SIS S ]
0 500 1000 1500 2000 0 1000 2000 3000 4000

py |GeV] ps [GeV]

NNLO estimates for differential effects:
* Factor ~1.8 increased reach in pT for a given event yield, N<I05, for 14 — 27 TeV
* No Higgs after 2 TeV with 3 ab-1 @14 TeV, or 3.8 TeV with |5 ab-1@27 TeV
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