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«“A hunched black beast
made of razor edges
and barbs and ribbons
of sharp metal; a chair

that could kill a man”
« George R R Martin

«|s HL-LHC going to be > i
able to melt it? . __ |
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«L.S3 Iin 2024 has major accelerator & ATLAS work

«From mid 2026 move into 200 pile-up events/BX
« Luminosity limited by detectors constraints
« Maintain maximum digestible rate for hours
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The REAL nggs factory

uAII very difficult.....
“Men were real men, women were real women, small
green furry creatures from alpha centauri were real
small green furry creatures from alpha centauri”

«Seriously, It is a dirty,dangerous (for detectors) and
harsh environment
« But it will work...if we can work out how to handle it

«Most results so far are from 36fb

« Extrapolations and HL-LHC studies are for 3-4ab™
° |t's a big jJump and not all will be done perfectly.
It is unlikely the final analyses will be done the same way

R A e e e e
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ATLAS upgrades

«Muons:
« |[nnermost layers upgraded,
« New Small Wheels
«Tracker:
« New: All-silicon
Itk
«Timing:
« High Granularity
Timing Detector
In endcaps

Tile calorimeters

W
A\ ! LAr hadronic end-cap an
. forward calorimeters
Pixel detector :

LAr electromagnetic calorimeters

Toroid magnets

Muon chambers Solenoid magnet Transition radiation tracker

Semiconductor tracker
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ATLAS upgrades '

«Calorimeter: front end electronics replaced
« Higher granularity
«Trigger total rebuild for 10x rate
« Aim for similar thresholds
« Non-trivial as
pileup makes
events more
complex

LAr hadrenic end-cap an
forward calorimeters

LAr electromagnetic calorimeters
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HL-LHC events '

«Harsh environment
«Pileup goes from O(40) mean to O(200)

«Tracking scales factorially with hit density
« Currently we do not have affordable solutions
« This needs intellectual input now.
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Computing model '

«cAssume a flat

budget gives 20% § o Aasrmy 1
|mprovement per [~ 2017 Computing model .

802018 estimates: —

ye a_r ~ v MC fast calo sim + standard reco ",'- »
| ® MC fast calo sim + fast reco . P, & i
- N Ot g uaranteed 60—+ Generators speed up x2 v -
B * @ [
' | — Flat budget model Je e
«Revised 2018 efBudiel oo F 2

Annual CPU Consumption [MHSO06]

A, ’
— " ’ - ¢
40 ! ’ Tt
2 un 3 ! ®,Run4d 5

computing model :
reduces demand 20|~ e _
«Then with fast sim / N TE s SRS
2018 2020 2022 2024 2026 2028 2030 2032
reco / generators
we ~ cope
« Run 4 will be tough

Year
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Systematic assumptions

«MC stats assumed negligible
«S1: Assume current uncertainties (safe)

«S2:

heory %, lumi 1% Bt
« Detectors as detailed below

Used here

Source Component Run 2 unc. Projection minimum unc.
Muon ID 1-2% 0.5%
Electron ID 1-2% 0.5%
Photon ID 0.52% 0.25-1%
Hadronic 7 ID 6% Same as Run 2
Jet energy scale  Absolute 0.5% 0.1-0.2%
Relative 0.1-3% 0.1-0.5%
Pileup 0-2% Same as Run 2
Method and sample 0.5-5% No limit
Jet flavour 1.5% 0.75%
Time stability 0.2% No limit
Jet energy res. Varies with py and n Half of Run 2
Pt scale Varies with analysis selection Half of Run 2

b-Tagging

Integrated lumi.

b-/c-jets (syst.)
light mis-tag (syst.)
b-/c-jets (stat.)
light mis-tag (stat.)

Varies with p and

Varies with p and

Varies with p; and n

Varies with p and
2.5%

Same as Run 2
Same as Run 2
No limit
No limit

1%
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Higgs Production x decay

T AITLIAé ﬁrellirnlinal.ryl T T T ] I T T T T T T T T T T T T ATLAS Prehm]nary
Projection from Run 2 data "T_roJefAtf'?rn {;Og‘osg?b% data ZZ
Vs = 14 TeV, 3000 fo" YY =476 Total Stat. Syst
’ Total  Stat. Syst. :
Hoy, Iy, <25 | ota at. Sys S 2 H— ZZ' |y|<2.5
ggF+bbH H—e—H 1.00+0.04 (£0.02,+0.03 ) 99F 1.00£0.04 (+£0.02,+0.04 )
VBF H s H 100 * 270 (+£0.04,%0.08 ) SyS VBF === 1.00+0.42 ( 1%19,£0.07)
VH —f——— 1004009 (+008, *°%) VH —E— 100 0 (T e )
| [ | +0.08 7 L 1 +0.23 +0.22 +0.06
top HE T == 1.00 *%% (+0.05,+0.06 ) ttH ; IE e S e
| I I-O-ITotaI Sltat |:|Syst | SM | I | l—'—|'||'ota| St?t DSyst | SM
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 | | 1 | | | | | 1
0.8 0.9 1 1 1 1.2 it 3 1.4 0.6 0.8 1 1.2 14 1 6 1.8
cxB)/(cxB
( )/ ( I (6xB)/ (o xB),
||\||||||||||||||||l||||||||\\lllllll‘lllllll\l
ATLAS Prehm'nary T IAITI'L‘A\SI 'Igrle In‘,lllnlarlyl ) L L L L A LT LI B L L e v e v e e Ui e [ S f el SR e pRa G i e
P from Run 2 imi L X
\(—roiefz%[]e\r/orgoogr}wdata WW Total ~ Stat. Syst. Projection from Run 2 data ATLASPre!lmlpary i bb s T Tk d000 T
o WW* Vs = 14 TeV, 3000 fb TT Total  Stat. Syst. Projection from Run 2 data
l Hot —Total = Stat. b b
9gF E 100 70% (£0.01,+0.04 ) ooF ,E. 100 *O2 (1003, 072
giiimes 0 e (Tot.) ( Stat., Syst.)
l i ——g-— 100 300 (%95, 70%)
VBF *IE* 1.00 *209 (£003, T VBF IE* 1.00%0.08 (£0.03,+0.07 )
| ZH & +0.05 +0.04 +0.04
FedTotal | stat [Msyst || swm FedToral | stat [ syst | M i 1.00 Zo5s  (Zo045 004 )
IIJ||||||||ll||||||||l||||||||l\lllllll‘lllllllll ||||‘\I|||\I|||\\I|||\I|||\\Illl\llll\\llll\llll\ i e - g pt iy g adfisle sy 5 gLl 1
06 07 08 09 1 11 12 13 14 15 1.6 0.6 0./ 08109 1 14 12 1.3 1.4 1.5 1.6 0.8 1 1.2 1.4 1.6 1.8
Best fit 6/cg,,

(6xB)/(oxB),

(6xB)/(cxB)g,
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Production and decay modes

| I ] T T T T I3 | [ [ | [ | [
ATLAS Preliminary Total |Let: L iSiar, Syst. [] ATLAS Preliminary Total hed  Stat. Syst. [
Projection from Run 2 data Projection from Run 21data
s = 14 TeV, 3000 b Total  Stat Syst S Ul i ol St eyl
: BR : + + +
ggF Fel +0.024 (£ 0.008 + 0.022 ) bb == +0.076 ( + 0.020 £ 0.073)
: S 2 BR.. o +0.060 (+0.017 + 0.057)
VBF +0.042 (+0.020 + 0.036 5
@ ( ) SyS BRyw o +0.058 (£ 0.010 £ 0.057)
WH ESE1 +0.077 (£0.041+ 0.065) BR,, o +0.060 (+0.012 + 0.059 )
BR,, Efe +0.053 (+0.016 + 0.051)
ZH e +0.049 (+0.034 £ 0.035) :
. BR,, — e | +0.149 (£ 0.127 £ 0.075)
ttH El +0.053 (+£0.019 £0.050) BR,, H—fF=e——= | +0.242(+0.20340.131)
(]S s e R = e e ] e R | i e e e e s S PRSP T e ol e N A oy G Ao i i v o i e | e
0.6 0.8 1 12 1.4 1.6 1.8 2 0.6 0.8 1 1.2 1.4 1.6 1.8 2
Cross section norm. to SM value BR norm. to SM value

«Assume decay, measure production & vice versa

«All systematics limited, except uu & Zy
« Expect uu clearly seen, 4.90 for Zy
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Extracted couplings v mass

E>|> [E ] e T Tt LT = &g ]
2 1 ATLAS Preliminary -
= = Projection from Run 2 data }: =

“b [ Vs=14TeV, 3000 b W S2
0] e SM Higgs boson _

1072 E ‘b ol

= o o

= i =

107 = =

- uo -

107 = =

> 1o P H - H] | =
g B g
1.05 |

o g e A A e A i o s i ol o il

> -4 g

2 0951 -

0.9 |- ~
0.85

107" 1 10 10?

Particle mass [GeV]
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Extracted couplings '

HlO parameter 1 I I | | | I 1 I I | | I | I I | | | | ] I | | | | ] ] I
general fit | s T 1 St Syt
¢« Imposing UL | _147ev, 3000 Total ~ Stat  Syst
on W.Z Ky ¢ +0.022 (+0.008 +0.020) S2
- ; o +0.017 ( +0.008 +0.015)
_A0 Kz . SYS
“GIVGS.Z. 4% K == +0.040 ( +0.012 + 0.037)) y
precision K, —o— +0.037 (£ 0.014 + 0.034 )
« Except U & Ky = +0.026 ( +0.010 + 0.024 )
Zy Kq F +0.029 ( +0.011+0.027)
«3.3% limit on Ky ad +0.021 ( +0.009 + 0.020 )
: Ky e +0.070 ( + 0.064 + 0.028 )
non-SM Kz, ==+ +0.123(£0.097 £0.076)
decays, Bgsi 2 +0.033 ( +0.015 + 0.029 )
1 I 1 | | | | 1 1 l | 1 1 | 1 1 | | 1 1 | I 1 1 1 I | | |
e.g. DM 0.6 08 1 12 14 16 1.8 2

Parameter value
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Hcc coupling '

«Several approaches target Hce (H - J/gy or H pT)
« Most straightforward is VH, H - cc
«Four regions considered

« 1 or2ctags

« High orlow p_Z-ll

« Best is shown right 500
° Signal multiplied by 100! 0

«Observation not expected
« But expected limit 6.3xSM 100

T | T T T I T T T | T T T I T T T | T T T I T T T l T T T
= . . L + Asimov Data 3
800 ATLAS Simulation Preliminary .. pre-fit —
= Vs=14TeV, 3000 fb" —Fit Result 3
700 2 c-tags, p? = 150 GeV B ZH(bb) —
C mZz -
mZwW

Events / 10 GeV

600

HZ + jets

[t ]
—ZH(ct) (100xSM) —

300

cross-section (stat only) - g Bbanss
« Z - neutrinos will add some £ jo—————————+—++++1
sensitivity 8 “°™60 80 f00 120 140 160 180 200

m . [GeV]

« As will analysis optimisation



https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2018-016/
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Differential distributions: ZZ+yy '

«Higgs p. up to 1 TeV 10% precision or better
« Statistics

— 1

; - _b._ e e
Important > R
o - e e
here X il —e—e-
«High-pT bin - [ ATLAS Preiiminary RS

Projection from Run 2 data
02 g {s=14TeV, 3000 fb™

can be divided £ i

«May be possible  Ho oy 2z -
toadd H-bbat o g s,
hlgh pT ~ [ HL-LHC Scaled Sys. + Stat. o

"0 10 20 30 45 60 80 120 200 350 1000
P [GeV]
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H- TT CP properties '

«Analysing tau decays probes coupling

to fermions /p

« CPX In MSSM hidden in bosons
“'"US e TT— pV pV d e CayS y — \ ................
«Analyse p- mi*n® energy sharing . <

« As a probe of angle : :

«Use VBF and ggF productlon
« In low/high pT modes i

«Results depend upon T° BN - B
reSOIUtlon -DIE_ —4—=+=—*— —*—=t=_-‘_

¢ 18°- 33° miXing angle resol. DE:‘:P__————____——

« for 1 -2x nominal n° resoluton ~ ° '
L
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Di Higgs production '

«Right:Branching Y-
ratios of various  zz- Decay % —
decay modes cch :
«Red circled ol 1
channels have oal
ATI__AS_ ol @ ———
projections
«Purple have results ob “@" 9-70 3.27 3.14

bbo WW g9 T cc /7 VY

at 13 TeV : :
«Many weak channels are not exploited — some gain

possible
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btag
¢ From

«Cocktal

¢« 1 hard

« 2 soft b, 35 or 55 GeV
« Finally 90% efficient for SM

«The multijet background
error Is hard to predict

«UL from 1.5 to 3.3 x SM
« Depending on this error

W. Murray 18

HH - bbbb

«Extrapolating 36fb™* analysis
« Assumed 8% Iimprovement in

tk Improved performance

of multi-b triggers
b, 225 Gev pT

—
N A OO 0O O DN

Illlllllllll TTT

- N

Limits w. Syst.
Limits w. no Syst. 959, CL exclusion limit on o,,,/c=M

o=

oo o

Illllll
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T T I T T T | T T T ‘ T T T | T i | 1 | T T T | T ] T | T |
ATLAS Preliminary T Muttjet %
Projection from Run 2 data i

Vs = 14 TeV, 3000 fb

_ ATLAS Preliminary

Projection from Run 2 data

s =14 TeV

..............................

HH—s>bbbb

No systematic uncertainties

2016 analysis systematic uncertainties

I|III|III|III|III|III|[I

HIIHHIHII'H W

III|IIII|IIII|I[I 1

OO

500

1000

1500

' ; 2000 2500 3000
Integrated luminosity [fb™]
| /|
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HH - bbTT

n n C :IIIIII[\II|III]I|I|!II||!\|III|IIIIII
™ o E A+LAS Preliminary — SMHH — bbr*t ]
e - a n a yS I S I S e 07 = Projection from Run 2 data Top-quark =
2 7 F (5=14TeV, 5000 " Jet—> 1, fakes (Multijets) ]
t I t d O 6| radtiaa 2 brlaGS Z - 11 + (bb,be,cc) 5
exXtrapoiate i 10° Mo oo

[l Other

«Ilh and hh channels analyses 4T =
¢ hh, shown right, most powerful |

Last bin Tiep Thad Channel Thad Thad Channel

(SLT) (LTT)
tt take-Thad-vis - - 129+ 20
1 235+ 6 360 + 30 0 AP P U U S S I e s sl P
Single top 283 + 15 5443 0 -1-0.8-0.6-0.4-02 0 02 04 06 08 1
Multijet fake-Thaq-vis - - 337 +7.2 BDT score
Fake- Thad-vis 300 + 10 97+ 9 - P e e B W e i e L i AL
Z = 17+ (bb, be, cc) 340 + 20 470 + 40 95 £ 16 i . ;“C”;;‘t;{,j;ﬁ”;’;“C';f;‘;fy”zg‘;;;ed
Other 105+5 61+7 122+ 2.1 = — Baseline
SM Higgs boson 78 + 4 3142 55+ 3 % = =
Total background 1343 + 25 1069 + 55 209 + 17 i O i e o
SM HH 328 + 1.6 9.8 + 0.5 32+3 CE S =

“Expected UL 1xSMo e ———

107 £ Projection from Run 2 data
E Vs=14TeV, HH— bbt*t

T R Y N O 0 O S Y OO 0 O 0[O G (O 0 O S O y
0 500 1000 1500 2000 2500 3000
Integrated luminosity [fb]



https://arxiv.org/abs/1808.00336
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HH - bbyy '

HH Y YY haS 900d § 85 ATLASSlmuIatlon P:ellmlnary r=1§:\ie'r;{*§§§§;b
resolution & triggering; ¢ o =
H - bb Is high rate, o N\ Stat. Une
«Use BDT to separate
from background
HTWO Comparable ‘POO 110 120 130 140 150 160
backgrounds: | ™y [GeV]
« Continuum (sidebands) Sigigl | Al g
2 3.7 in 123-127
« Single Higgs peaking  "hoon eneray 14% 14%
- ©3.2in 123-127 (50% ttH) ;o creray 90 a0
«Sighal 6.5 expected Resolution

«Expected UL 1.2xXSMg 9P ¢ 2o ~11%
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Combined sensitivity to HH

e L L AL

Channel Statistical-only | Statistical + Systematic
HH — bbbb 1.4 0.61
HH — bbr 1~ 2.5 2.1
HH — bbyy 2.1 2.0
Combined 3.5 3.0

«The fitted HH signal 1 can be extracted with about
a 40% error
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Caution on predictions

«ATLAS 36fbt HH ATLAS e omeves

_ . -1
Vs=13TeV, 275-36.11b W Expected + 1o

Summary - Ooqt (PP — HH) =33.5 fb Expected + 2 i
« bbWW at 305 x SM! e | ove. Bip B Sl
« Looks pretty hopeless?

12.9 21 18
203 26 26
HH— WWW'W 160 120 77

HH— WW oy
HH— bBW'W

Combined

10 107 10° 10° 0°
95% CL upper limiton 6 . (pp — HH) normalised to o,
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Caution on predictions '

«ATLAS 36fb HH Thras e

—_— - I
Vs =13TeV, 275-36.1fb W Expected * 1o

S U m m ary - Oont (PP — HH) =335 b Expected + 20

« bbWW at 305 x SM! o . . s

« Looks pretty hopeless’?\.,ﬂ‘ es 2w
«But 139fb* bboWww o |

« Dileptonic; previous o]

was single-lepton e

« Expected limit 29xSM ﬂ}. ------------------------------------

Combined 6.9 10 8.8

« Factor 10 improvement TP e Y Ry
. 95% CL upper limit on o (pp — HH) normalised IGG:':F
«Good ideas and hard " "

work can still improve all the results

203 26 26

160 120 77

230 170 160
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Di Higgs interpretation '

«Destructive gu:b
Interference A
between box q90)

and triangle

——-H

Box Diagram

<Varying K, Injects signal

« Mostly at low m_,,

«Example for bbyy right

«Low mass Is harder to
trigger for bb and TT

modes

« Limits degrade

Events / 20 GeV

TTO) ?zH
e
— | “\H

Triangle Diagram

o L L L L L, L B T
- ATLAS Simulation Pr?Iiminary
6 Vs =14TeV, 3000 fo HH signal + background
HH-bbyy .. 123 GeV < m,, < 127 GeV
DAE=o s hie s g IS ERR B Sos S K, =6
A K, =0
— K, =1
3= k, =10
2 St
1_ :“"! -- .f" .g - ane
R ';...-ll.f- | | | T
QOO 300 400 500 600 700 800 900
My, [GeV]
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Limits v K, '

«Cross-section at SM K,=1
and K,=4 similar

« Therefore approx
degeneracy

eline
- [ Baseline £ 1o

£ —— Theory prediction

—h
o
w

1 02 = —

95% CL exclusion limit on o, [fo]

« But kinematics is different

=1 I I O ] | | SNE T : l X 1 3 | kT I . T | B T ;
—— No systematic unce
---- MC statistical unce

[ ]Baseline+2c == Curren

........
ty,
[

ATLAS Preliminary 7

T e e e ]

rtainties =
rtainty neglected
t systematic uncertainties

Projection from Run 2 data ]
Is = 14 TeV, 3000 fb”

HH— bbt*t
|III|III|III|III]I

-6 4 6 8 10 12 14
«Result is second minimum 8
S L I L L L L L L B L B L ]
" . _F ATLAS Preliminar ~— bbbob ]
I n L R V K)\ g g :I E Simulation and Prolectlons :rom Ryn 2data —e— pbrtr ~
i Vs =14 TeV, 3000 fo', = ]
E Systematics uncertainties included —e— bbyy =

« Could be reduced by more
detailed m_ study

«Expected exclusion:
K,<O0.4or>7.4

=e— Combination J
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Searches continue: h/A to TT

> = T T T T T T T T I a Q oy R R e P ) R B ! L = e i) e B
o - : ii - - . = ATLAS Preliminary — Baseline -- 56 sensitivit
0] ATLAS Prel 14 Tev, 3000 fo" [JMultijet @ L ¥ y
= 104 L Prolectlanrj?rgr?:ns;)r/lgdata E WZz/y—>rr = HTau al r I n +— | Projection from Run-_21 data @@ +10 ---- Unreduced sys. |
2 ¢h dTh b veto =5 WwW-ov 3 Vs = 14 TeV, 3000 fb 20 ---- Stat. unc. only
) - ] 60 hMSSM scenario 7] Run 2 exp., 36.1 fo” —
Li = DTop il 7/ 7
3 [JOthers | I _ h d
10-2 <= AIH (300) an
e AVH (500) 7 .
e A/H (800) h 5 h
10¢ z %, Uncertainty 5 40
T channels
= g .-":...- E E o 20
B e = <with b-tag
200 300 400 500 1000
mEPt[GeV] Or b-VetO Y 11 1 e e e
500 1 OOO 1 500 2000
> 2 | - ——————
& s ATLAS Preliminary Vs = 14 TeV, 3000 f5' [JJet—>7 fake ] m, [GeV]
s 10°E Projection from Run-2 data OzZ/y*—rr 3
E E( ;:L.Ieprhad b-tag /) I:IZ/Y*_HI il = e
g owp T 0w . «EXpect to be sensitive to tan

. == A/H (300) :
o :E%E = B>12 for m <1TeVin
102 = % Uncertaintyg

o} - ; hMSSM
! -—1 3 «Slill sensitive at m, =2TeV

0 100 200 300 400

m't [GeV]
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More searches '

«The list is long and incomplete
«Many potential new physics scenarios are possible
« Many of them weakly coupled / aligned

«Examples:

« h125-Za
@ A light "a’ decaying to photons or even stable

« H,-»H,H, with any of these 125 GeV
« H* -~ Wh tv ortb

- O",H—)I..llJ.
« Hoaa - {bb, TT, U, JJ, YY, Invisible }?
¢« Ht+ - W+W+

«One small Higgs can ruin all your plans

SR e R SR o
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Conclusions

«The HL-LHC programme holds many exciting

Higgs Hunting opportunities

« The H125 couplings potential is excellent
> The rare, and invisible decays will be strongly probed

« The diHiggs studies are a must
> 3 sigma evidence for HH seems possible
o All studies of the BEH field are critical right now

« And the search programme extended
«But to make it real we have to invest effort in

hardware and software upgrades
« These are comparable to building ATLAS (&CMS)
« And will not happen without dedicated effort

e

|
i
|
]
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How to punch a hole? '
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Higgs mass and width '

«Higgs mass will improve from current 240 MeV

(ATLAS)

« 52 MeV if no improvements made
« 47 MeV if Itk yields 30% resolution improvement
« 33-38 MeV If also scale uncertainty reduced 50-80%

«“Width

3000 fb™ (13 TeV)
I\I\ill\\ll\\\lL

T

« CMS project range 2-6 MeV @95%CL . 7=
o 51/82 S|m||ar here : ----- w/ Run 2 syst. uncert. (fz=0) ’

. --- w/ Stat. uncert. only (fai=0)
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Self coupling from single H '
«Higgs self coupling is major W
target

. . -
«Loop diagrams mean single o N—
Higgs rates are sensitive S
« Especially usir]g distributions\ o S
« {tH structure different e
«Extract limits on coupling: = :
ia = 4,075 7 (stat.) 7] S (exp.) To'f (sig.th) 705 (bkg.th) :
—32< Ky <119 @ 95%CL 0.8 o M
«Tighter than direct HH: ol
5<K<12.1 ) "”"‘3" ;
« But using more data ottt
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Invisible Higgs '

1 7 7

I | T T T
ATLAS Prellmlnary
Vs=13TeV, 36.1 fb”

4917 (7 TeV) +19.7 b (8 TeV) + 38.2 1o (13 TeV)
I\I‘IIII“\I[’

127

-2 Aln(A)

N — V{had)H(inv)
10~ — Z{lep)H{inv)

r — WBF Hinv)
= Combined

-2 A Log(L)

6k
4r
i 2t
: < 11 | - Il L1 | I | I | ‘ | - i _U 2 U 0.2 0 4 0 6
00 0.1 0.2 0.3 0.4 0.5 0.6 0.7 B )
H—inv

B(H = inv)

«CMS released a new combination of datasets

« Most powerful invisible Higgs limit
« 15% expected, 19% observed

«ATLAS 13 TeV result:
« 17% expected, 26% observed
¢« Both have small preference for positive decay fraction?
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