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Preface

Higgs discovery: Triumph of LHC and its experiments @ Run |
» After the discovery, emphasis shifted towards measurements of properties of the new particle.

 All Runl results indicate SM-=like Higgs boson!

Cross-sections & branching ratios:

Couplings to fermions/bosons:
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Preface

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

» 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:
SUSY searches

ATLAS SUSY Searches* - 95% CL Lower Limits

Exotic searches
B 13Tev [_]8TeVv
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Latest Higgs boson measurements @ 13TeV

Characterisation of the SM Higgs boson:
* Measurement of propertiesin H = 42 ;and H = YY

* Probing of Yukawa interactions in ttH,H & Uy, H = 11,and H = bb
* Probing of its self-couplings in pp > HH

[*] predominantly presented results obtained with 36 fb-'
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H — 40 measurements
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H — 40: Analyses approaches

Exploit full decay-, production-, and object-related information:

» Clean signature, good m4e¢ resolution (1-2%). Low irreducible/reducible backgrounds (estimated from MC/data).

- Even categorisation: Based on event topology and ME-based discriminants

VBF

Four-lepton invariant mass:
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VH

7 categories targeting
5 production modes:

CMS Preliminary 35.9 fb' (13 TeV)
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H — 40: Production modes

Extract info on H couplings by performing simultaneous 2D fit in seven categorie
Untagged VBF |-jet VBF 2- |et VH hadronlc VH Ieptonlc VH MET ttH
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Untagged VBF |-jet VBF 2-je VH hadronic VH leptonic VH MET ttH
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H — 40: Mass

Perform 3D fit (mai, Dm4i, D¥"pi) using the Z-mass constraint: 8 om
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H — 40: Fiducial cross sections

Measurements of a fiducial cross section:

* Measure within fiducial phase space to minimise model dependence

* Not sensitive to production mechanism, but expected to be dominated by gluon fusion

Fiducial XS @ 7, 8, 13 TeV Fiducial XS @ 13 TeV
5.1 fb" (7 TeV), 19.7 fb™ (8 TeV), 35.9 fb™' (13 TeV)
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H — 40: Fiducial cross sections

Measurements of a fiducial cross section:

* Measure within fiducial phase space to minimise model dependence
- Differential measurements for: pr(4l), N(jets), pr(jet), Y(4l), |cosO*|, A@(jj) and mi4

» Sensitive to modelling of hard quark and gluon radiation, relative contributions of different production
modes, BSM effects in the loops, PDFs, etc.

pr(4l) : CMS pr(4l) : ATLAS

CMS 35.9 fb™ (13 TeV)

AN T 1 r [ r o1 [ 1 [ 1 T [ I T T T ; B I L I I I I [ _
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@ 3 e Systematic uncertainty E O - H—> 22" =4l 1 [ ] Syst. uncertainties -
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H — 40: Fiducial cross sections

Measurements of a fiducial cross section:

* Measure within fiducial phase space to minimise model dependence
- Differential measurements for: pr(4l), N(jets), pr(jet), Y(4l), |cosO*|, A@(jj) and mi4

» Sensitive to modelling of hard quark and gluon radiation, relative contributions of different production
modes, BSM effects in the loops, PDFs, etc.

N(jets) : CMS N(jets) : ATLAS

CMS 35.9 b (13 TeV) —_— 3 , , ,
fo) i | | | - 2, C ATLAS Preliminary ~—*— Data .
Y— o ¢ Data (stat. © sys. unc.) B ~ H— ZZ* — 4] Syst. uncertainties 7
~ 10 3 —— Systematic uncertainty E 25— p NNLOPS £ = 1.1. +XH ]
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o) i Y2 gg—H (POWHEG) + XH - D MGS5 FxFx k = 1.47, +XH N
10k [ "] XH=VBF + VH + ttH (POWHEG) _ o[ sssssss XH = VBF+WH+ZH+ttH+bbH |
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H - YY measurements
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H — YYy: Analysis approaches

Exploit clean sighature and good m,y resolution

- Even categorisation: Based on mass resolution and S/B
in the VBEVH, ttH and gluon fusion categories

° . : ’_ 1 > EEEE e el
Simultaneous fit to the di-photon myy spectra in all cats. § 20— | o ATLAS Preliminary —
. . . g 180 Tt Background (s=13TeV, 183107 =
I3 categories targeting 5 production modes: S | T JonatBackaround Hoyy,m, =12509GeV 3
S 160 nd S/B weighted sum of -
WogH WVBF WH [zH PBiH WbbH  tHjp  [TtwH N ol event categories =
120 —
ATLAS Simulation Preliminary H—yy \s=13 TeV 100 =
ttH leptonic goF- e —
ttH hadronic 60— _:
VH dileptons 40 :_ _:
VH leptonic 20 :_ _:
VHMET o:: e S =
VH hadronic tight = 10 ;— | | | | | —;
VH hadronic loose -z 55 —f
VBF tight 5 +++ ? . +++ ++| ‘#
VBF loose g u + + ++++ + +?+ + %
W _5__
9gH fwd high-p, 110 120 130 940 150 160

ggH fwd Iow-pTt
ggH central high-pTt

ggH central Iow-pTt

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Fraction of each signal process per category
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H — YYy: Analysis approaches

. . . CMS Preliminary 35.9 fb ! (
Exploit clean sighature and good myy resolution R S AL
(:) - A ~ -
= - m,=125.4 GeV, p=1.16 _
- Even categorisation: Based on mass resolution and S/B 2 g VBE 0 o .
° ° ° 0) -
in the VBEVH, ttH and gluon fusion categories i - B component -
. . . . I§ +20 i
* Simultaneous fit to the di-photon myy spectra in all cats. Sl T o T I
[ ] [ J (] 2: : - 1 1 1 ‘—:
14 categories targeting 5 production modes: 1 g h T
. . -1 O | |
CMS Preliminary H-—yy 35.9fb” (13 TeV) BT T B Component Sublracied
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Results presented in form of sighal strengths per production mode, coupling
modifiers, and as "simplified" cross sections:

L B B L I L B
 ATLAS Preliminary —e—i Total
| Vs=13TeV, 13.3fb"

W, — ° m,, =-0.25 f;zgg
MVH B d vy =0.23 tlg;
lLVBF B d Uyee =2.24 tg:g?
g [~ e hon =099 028

W, — ggF@N3LO o p, =085 o

Fun- ngF@lNNLO| . IT._I R l.LR.“".'1|=.1'.1.7.t§:§.2.
2 1 0 1 3 4 5

Signal Strength
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ttH | 220¢ —a—] Fac.tored out
— main TH uncert. —
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cSproc/()'theo
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H — YY: Fiducial cross sections

Performed measurement of fiducial cross sections (XS) N(jets)

CMS Preliminary  35.9 b (13TeV)

- 3 categories to optimize signal significance based on € GLH=1T oo _j
° ° ° ° Z § """"" g -

mass resolution estimator (decorelated from di-photon inv. mass S [ tee ]

( P ) O}—E 102 i ggH POWHEG + HX _—

* Measured within fiducial phase space to minimise model dependence ° ™ . f«

x 10°

- Differential measurements of pt(YY), Y(YY), N(jets) 10— I
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Performed measurement of fiducial cross sections (XS):
Measured within fiducial phase space to minimise model dependence
Differential measurements of pr(YY), Y(YY), N(jets)

* Good agreement between H — 4| and H — YY results in all variables
* p-values higher than 56%

40

20

H—»yy+ |-|—>zz—>4|@7 8, 13 Tev_

H — YY: Fiducial cross sections
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Search for H production
In association with top quark
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ttH: Analyses approaches

ttH production - direct probe of top Yukawa coupling:

+ Tree-level process, XS proportional to A¢:2. Complementary evidence to loop-induced ggH.

g - t
g
T At }\q
""" H q4 -----H OtwH ~ 507 fb-! @ 13TeV
T
g «— 1t g

* Several decay modes. Updated results for leptonic searches for ttH production (H > WW/ZZ/T1T1).

"Multilepton” _° "ThEX "
Ve
p p
a MW
o ) ” A t W .
| n e S ” .
Dﬁ A " T~ Th
A W B .
g ¢ g t W )
& b
b

— —_——

| ttZz—32+X

Irreducible: tt+W/Z/Yy* - from simulation, O(10%) uncertainty
Reducible: tt+jets or charge mis-assighment - from data, O(30%) uncertainty

Similar strategy for background estimate in the two analyses

e
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N

ttH: Multileptonic and semi-had. H —

Extensive use of MVA and ME-based methods for sighal extraction:

- Multileptonic categories (20ss, 32 , 40): use kinematic BDTs against ttbar & ttW/Z, and/or
ME likelihood ratio for additional t¢tW/Z separation (counting experiment in 4£ category)

CMS Preliminary 35.9fb" (13 TeV) CMS Preliminary 35.9fb' (13 TeV) CMS Preliminary 359 fb ' (13 TeV)
LT | | 1 T | T T 3 o [ | T T T . _r vvvvvvvvvvvvvvvvvvvvvvvv : |||||||| .r l T --_
[ ) - I'I, post-fit (SM prediction) - [ ] - 3l, post-fit (SM prediction) - [ 5 B 41, post-fit (SM prediction) _|
P 120 _— <+ Data @WZ SNon-prompt ] ° 70— <+-Data [OJttZ []Conv. — ° L & Data [JRares |
B WttH [JRares [[Charge mis-m. _| - WttH @EWZ Non-prompt - i ttH EATotal unc. .
= EtW W W* (Total unc. R - EttW [JRares[3Total unc. 3 4 - otz ]
100 [@ttZ [IConv. — 60— —] B ]
] : 50— B -
80 B C 3 —

SO <\ :\ 1\\3

E_- stat. unc. [ total unc.

oooN» OO
J

1
1
! 5
} 1.0 E
0 0.5 | | | | | _§ ) 3
0 00— 2 3 4 5 _
BDT (ttH,tt/ttV) bin BDT (ttH,tt/ttV) bin min M, (GeV)

- Semi-nadronic categories (30 + 1Th, 20ss + ITh, 1 2 + 2Th): use kinematic BDTs against tthar &
ttW/Z, and/or ME likelihood ratio for additional ¢¢€W/Z separation

o © CMS Preliminary 35.9 b (13 TeV) ° CMS Preliminary 35.9 b’ (13 TeV) ° CMS Preliminary 35.9 fb™' (13 TeV)
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[IttH, H — WW/ZZ [ ]Rares iz 77 Flips Otz 777 Uncertainty
' Uncertainty 0 C . iw I Uncertainty 8l . tw 3+,
11427, B 2lss+tc N
- — missing-jet e
‘\““‘f‘ P 1 5 | —
N\ . m
L . 1= -
\\\\\\\\\\\\\\ ~

3
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% 0'5;_ O.5§—
a fo] s —e * | OE i
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ttH: Results

First indication for ttH production in multi-lepton final states:

ttH production

LHC Run1 o 3 +0.7

JHEP 08 (2016) 045 0.6
CMS Run?2

Preliminary |
YY 1977
_HIG-16-022, 129 fb”" ’

~ | | O O +1.2

’ M "~ 0.0
’Q 'HIG-16-041,35.9 fo™'|

o bl ~0.2:08
%. 16-0C » " N :

Ay | leptons| 1.5+05

| HIG-17-004, 35.9,fb" g

ﬁ Tt A 0.7 2’5

| <H|G'17’003'b 11 l 1 1 1.1 L1 1 1 L1 1.1 l L1 1.1 l 11 1 1 l L1 1 1

—1 0 1 2 3 4 5
Signal strength relative to SM prediction

ttH, multilepton final states (electrons, muons):

sighificance 3.30 (observed) 2.50 (expected)

ttH, semi-hadronic H—TT

sighificance 1.40 (observed) 1.80 (expected)
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ttH: Results

First indication for ttH production in multi-lepton final states:

ttH production

LHC Runt o 3 +0.7
JHEP 08 (2016) 045 0.6
CMS Run?2
Preliminary |

VY 1.9

_HIG-16-022, 129 fb”' .
| | +1.2
’Q'\ OO 0.0
. —0.2 +08

%9 1G-16-0 8. 129 b ; ) o
fy leptons| 1.5+05
| HIG-17-004,35.9 o) e
ﬂ “h 0.7 55

'HIG-17-003, 3¢ I

“—1““01“11““2““31“141 15
Signal strength relative to SM prediction

S : |

~ There’s still not a single analysis with a strong & unambiguous ]
ttH signal, and it will take time and effort to get there... v

e e e ——————— — — — — -
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ttH: Results

Overview of measurements of ttH production by CMS and ATLAS @ 13 TeV:

L o R L I@;

LHC Runft e s
bb ATLAS /(\:TAIA-:S
CMS 12.9 fb"! |
ATLAS ATLAR

ep ~ms
ATLAS | ——— 2

M cms 2
4l e
Tht+X CMS I :MS
-2 - 4

u(ttH)
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Probing of H = U couplings
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Sensitivity to measure Higgs couplings to 2"Y generation fermions:

» Clean signature, good ma¢ resolution. Small BR of ~10-*. Irreducible background mainly Z/y* — up

H — pu: Analyses & Results

* Event cats.: Use BDTs to separate VBF-like events. ggH-dominated cats. based on pt and n of Uy

* Simultaneous fit to the di-muon myy spectra

10 e

10°

Events / 2 GeV

10“

10*

Inclusive in categories

ATLAS
\s=13TeV, 36.1 fb’

+Data  —ggF x 100 3
Drell-Yan — VBF x 100

[ Top ~—VH x 100
Diboson

Data/MC
T

m,, [GeV]

’Combmatlon of results @ 7, 8 13 TeV:
\

ATLAS Hopp 7+ 84 13 TeV | —0.13 1.4 e
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Probing of H @ TT couplings
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H — TT: Analyses & Results

Sensitivity to measure Higgs couplings to 3" generation fermions:
* Event cats.: 4 final states (e, UThy, €Thy, ThTh) and 3 categories (0-jet, VBF and Boosted)

* Simultaneous fit in two kinematic observables that yield the best sensitivity for each signal region (2D) plus
control regions (1D) for the tt, QCD and W+jets backgrounds.

VBF category, ThTh final state:
CMS  FPreliminary 1.7, VBF 35.9fb" (13 TeV)

Events/bin

Higgs boson measurements at LHC and prospects at HL-LHC 25 AWLC'7,SLAC, 26-30™ June, 2017



Sensitivity to measure Higgs couplings to 3" generation fermions:
* Event cats.: 4 final states (e, UThy, €Thy, ThTh) and 3 categories (0-jet, VBF and Boosted)

H — TT: Analyses & Results

* Simultaneous fit in two kinematic observables that yield the best sensitivity for each signal region (2D) plus
control regions (1D) for the tt, QCD and W+jets backgrounds.

35.9 b1 (13 TeV)

(D1d'l T 1 T lllll LI B Illl lllll T 11
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Sighal strength per category and final state:

35.9 fb” (13 TeV) 35.9 b’ (13 TeV)
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Probing of H @ bb couplings
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H — bb: Analyses & Results

Sensitivity to measure Higgs couplings to 2"4 generation fermions :

* "boosted™ gg—H—bb: Exploit boosted topologies: aim for H(125) produced with high pr
* H — bb reconstructed as a single jet (using jet substructure & b-tagging techniques).

» Simultaneous fit of jet mass distribution (both for events that pass and fail b-tagging - to extract QCD bkg).

Inclusive fit results:

%10° 35.9 b (13 TeV) 35.9fb" (13 TeV)
> L L N A B L L | > gooo= T T T g
) [ - -
500 CMS W — - CMS W .
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N~ = Preliminary double-b tag < 0.9 -.-ﬁllultijet ] N~ 7000k Preliminary double-b tag > 0.9 “-tffllultijet — Events Categorlsed
"g 400:_ ;;;;'}éz%l)Background _: % 60005— %Ezéeél)Background —f N b|ns of the jet p-l-
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T 3002 2 control-region - T 5000 sighal-region - ( )
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Sensitivity to measure Higgs couplings to 2"4 generation fermions :
* "boosted™ gg—H—bb: Exploit boosted topologies: aim for H(125) produced with high pr

H — bb: Analyses & Results

* H — bb reconstructed as a single jet (using jet substructure & b-tagging techniques).

» Simultaneous fit of jet mass distribution (both for events that pass and fail b-tagging - to extract QCD bkg).

CMS Prellmlnary

CMS Preliminary

35.9 b7 (13 TeV)

359 fb™ (13 TeV)

’§16:‘.‘;"|"'| N L B B I S 316:".__‘"1""|"':-'|""
S 14 3 S 14f &
8 12 | = 2 12F
C‘; 10F § 10
8L 8
6f 61
af ; : 4 -
. ' — stat. + syst.] B — stat. + syst.]
2: ~---stat. only - 2 ~---stat. only -
2 T e e 0 Qo s
l’LH MZ
H 4
Observed best fit uH=23%°%  uZ=078"%
Expected significance 0.7c (uH =1) 5.80 (uz =1)
Observed significance 1.5¢ 5.1c
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H — bb: Analyses & Results

Sensitivity to measure Higgs couplings to 2"4 generation fermions :

Aim for SM Higgs boson produced in association withW or Z (Z—=Vvv,W—£v,and Z—£20).

Event cats: based on b-tagging, number of leptons, number of jets, and kinematics.

Simultaneous fit of several MVA discriminants (one per cat.).

. — . =
N]ets e 2 N'ets — 3 o
1000 ATLAS Preliminary Vs=13 TeV, [L dt= 13.2 fb"
m T I T 1 I TTT [ TrrT ] T l T 171 ] T I T l TrT [ TT m _I T™T I T [ [ l T ] T 1 ‘I T 7 LA | I T l T ]
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u>_| E p;' < 150 GeV U:\(oer;alr'\:;' ) E u>_| E p: < 150 GeV P:-‘::It :anc:ground E - Stat‘ : ’ '
20001 «+++ Pre-fit background 5000__ -]
o . : - 0.15+067 (+049 +045)
NI = 22 | 4000ERe: e ZHI— k=4 -0.64 ‘-0.47 -044/ —
E E 3000 —
1000 B : +095 +0.68 +0.68
. . 2000 - L i . . N
n - . WH 0337092 (064 —067)
S00E E 1000 =
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g E 3 1 % “050 (-035 -038)
%1, %1; N W PR SR S SR
T 09 Bl bt vz 7z 2% 09 Bl bbbt 7R 0 2 4 6 8 10
O 1 08060402 0 02 04 06 08 1 S 1 08-06-04-02 0 02 04 06 08 1 .
BDT,, BDT,, Best fit p=c/oSM for m =125 GeV
—_— e e e i‘ V 7/’——, . N *r‘i‘
u N j‘ Obs (exp ) S|gn|f|cance 0 4 ( | 9)
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Searching for pp @ HH pair production

Higgs boson measurements at LHC and prospects at HL-LHC 29 AWLC'7,SLAC, 26-30™ June, 2017



HH: Analyses approaches

Tool to extract Higgs boson trilinear coupling AxHHH:
* Probe the shape of the scalar Higgs potential.

g o000 AHHH _- H g 70000) ---H
tv>Y-t TN tY I“ OuH~ 33.5fb' @ 13TeV (NNLO + NNLL)

g o000 s H g o0

* Resonant production X—HH: Probe for BSM phenomena.

* Non-resonant production: Probe for anomalous AuHH and Y¢ couplings and 3 new contact interactions.

* Several decay modes. Strongest limits from HH — bbbb.
New results for HH = bbTT and HH — bbVV(2vvV) searches.

HH — bbbb HH - bbTT HH — bbVV(2I2V).

14
14
h v
____‘:’
X \\ e
h
N
b
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Analysis approach:

- Topologies: 4 resolved jets, and =
two pairs of boosted jets (from H = bb) -

200—

. . . et1 . 150}
* jet sub-structure and b-tagging techniques o jef :
» 1D fits: invariant masses the (sub)jets :
} 50;—
Resu‘ts: % 15101 - 11c1>ol R kzcl)ol - lzéol 300 ©

mz2 [GeV]

* For non-resonant searches limits: /0sm ~ 29 (with ~36fb"!, still the strongest limits).

%) — I T T T | T T T | I ! I I J I I I I I I l — '31 04 E I I | I | I | I I | I | | | | I I | | | | I | I I | E
. . S - . . I —
G 10°E ATLAS Preliminary —+ IE\JAatI?_ t E — F  ATLAS Preliminary —— Bulk RS, kM, =1.0 S
o — — -1 | | ulje ] - i o —
- = f 1I3RT9\_/, ?0;6, 1|0-1dfb Ot - Ig - (s=13 TeV, 13.3 fb"! —e— Observed Limit (95% CL) 3
fé’ B 'gnal iegion: nesolve —— Gi(300) x10 7 Ig ------ Expected Limit (95% CL)
P —_
o 10°E — SS?]?]) XE:(?O = 1 10°E I Expected = 1o =
= x = — -
- - WA Stat+Syst Uncertainty — < — Expected = 20 .
10 = 1l 3 T — —
= Sy = X, A2
- i 4= = . “10° & Resolved | Boosted —
_ \ — O] - —
1= N — — —
SN N - T — -
-\ i <~ 2 r -
L R ~—
107" = \B w ° 10¢ =
2 . . _— — _
5°F — :
2 L L B _
*C-U‘ : §\ 1 —t | I | | | | I | | | | | | | | | | | | | | | | | | ‘I—
O o L& \ 500 1000 1500 2000 2500 G?OOO
200 1200 M~. [GeV]
m, [GeV Gt LGV,

Higgs boson measurements at LHC and prospects at HL-LHC 3 AWLC'7,SLAC, 26-30™ June, 2017



Analysis approach:

HH: HH

3 TT flavors: eThy UThy ThTh
bb cats.: 2 btag, | btag, | boosted jet

» I D fit: muH (resonant), mr2 (non-resonant )

Results:

L|m|ts on 0/0sm as fuctlon of ms and (KT, k)

100
0
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Analysis approach:

HH: HH

3 TT flavors: eThy UThy ThTh
bb cats.: 2 btag, | btag, | boosted jet

» I D fit: muH (resonant), mr2 (non-resonant )

Results:

L|m|ts on 0/0sm as fuctlon of ms and (K, k;\)

100
0
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CMS prellmmary

35.9 fb' (13 TeV)

1000
e Observed bb p:c + bb e1: +bb T, T
900 o) Expected CLS ....................................... C OmbinédChanneIS ......
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Theory predlctlon
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— bbTT
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8 - preliminary channel ot
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e = N\ bkg. uncertainty
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HH: HH — bbVV(£vv)

A n a I ys i S a p p ro ac h : CMS Preliminary 36 fb (13 TeV) 1000 CM'S IPceIi'mirrary

1400_vlvlvlvr'vrir|rll'rl
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10°
ATLAS CMS
L [fo-] L [fo-']
5 bbbb  coNF2016049 PAS-HIG-16.002

10 PAS-B2G-16-008

bbyy CONF-2016-004 PASHIG-16-032 ATLAS

WW — 133
1 04 VY CONF-2016-071 342 (308)

— 35.9
bbVV PAS-HIG-17-006

79 (89)
I O

35.9
bbtt PAS-HIG-17-002

N
o
©

28(25)

117 (161) | 91(90)

N
o
N

WWyy | 747 (386)

1 2.3-3.2 b 13.3 fb’ 35.9 fb

[=]: Test of anomalous HH couplings

95% CL limit on o(pp—X—HH) [fb]
o

300 500 1000 3000 5000

NOTE: ATLAS bbbb limit is for spin-2, other limits are for spin-0,
but expect very similar sensitivity in the two spin hypotheses mX [G eV]
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Latest Higgs boson measurements @ 13TeV

Search for BSM phenomena in Higgs physics:
* Probing for anomalous HVYV interactions in H — 40

* Searching for additional scalar resonances
* Search for BSM signatures of the Higgs boson in:
H — YY/bb + Etmiss (DM) and H = ut/eT (LFV)

[*] predominantly presented results obtained with 36 fb-'
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Exploit full decay-, and production-related information:

Parametrisation of

decay amplitude:

A==

leading momentum expansign

K ky Y (q1 + q2)?

TVai +

VV 2
Ko " (g3

- SM
18
v

» Untagged, VBF, VH categories:

vy’
(A5

2 _x

my, €

higher order cp-even

H — 40: Anomalous couplings

cp-odd

1€ Z,(,”f*(z)”“’ +f;,(,1)f*(2)’“”

3 ME-based discriminants encoding both decay and production information

CMS Preliminary 35.9 fb" (13 TeV) CMS Preliminary 35.9 16" (13 TeV) o CmS Plrelilr"irl’ar}l' S 959 flbq (13 TeV)
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H — 40: Anomalous couplings

Exploit full decay-, and production-related information:

CMS Preliminary 35.9 fb™ (13 TeV) CMS P,r e”,mirl'ar’]' ——— ,351'9 f,bq ,(13,T?V) CMS Preliminary 35.9 fb™ (13 TeV)
m | | I | | | | I I | | I | | | | | | | ' . m I | | | | | | I 1 | I | I |
o " ¢ Observed i i — Observed, ¢ =0Oorm g o - ¢ Observed 7
© 1o — total SM Dpg>0.5 © [ — totalsm Dog>0.5 1
o I VBF+VH SM untag Categ()ry 1 20 ....... Expected, ¢ =0orx 7)) 15__ VBF+VH SM untag Category——
-IE ....... total fa3 =1 \ "E | total fa3 =+0.5 |
© | {TTiVBF+VHT <1 . © | [iVBF+VHf =405 IRk
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— ® ® o |0 o o ® — 10 ] ! ]
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| | | | | | | | | | | I | | | |
07 05 0 05 1 %% -0.2 0 0.2 Dde%4
. f..c0S(d..) CP
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Runl exp
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“"Dark Matter™ H — YY + Etmiss

Searches for BSM phenomena (DM) with H — Yy and Ermiss sighature:

£y
q h g h
a . h z // Nw /
T Q ’ g /
] A° )
N -—- X
£ 5 z X( gs ; @
Q - 5
N N _ 0
q X < 9 X

- Event categorisation: Use Etmiss sighificance and magnitude of vectorial sum of y and jets.

* Simultaneous fit to the di-photon myy spectra.

9 A4
. . = 107 =
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Higgs boson measurements at LHC and prospects at HL-LHC 38 AWLC'7,SLAC, 26-30™ June, 2017



"Dark Matter": H @ bb + E1miss

Searches for BSM phenomena (DM) with H = bb and Etmiss sighature:

q h

3
I ya \\AO X
s (
N _
q X
- Two categories: with resolved jets (MET < 500 GeV) and merged jets (MET > 500 GeV).

* Simultaneous fit to the di-jet mj spectra.
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% 1 .2 ;_l I I L l L | L L I | L I LI I | L l_; % 1 '5 ;_ I I [ |-+- 500 __ .\§ —_:
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» Upper limits on the (simplified) DM production
m,. [GeV]
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From here into the (near-term) future...

CMS Preliminary 11b7 (7 T ]
T 1 I

% C

¢ 120 - e Data

™ L [] H(125)

;100__ qu/gg_’ZZ,zY*_
‘q:')‘ L _ B Z+X

>

L

80~ 2011+2012+ +2016

300 400 500 700 900
m4, (GeV) S
TLAS P

H—2Zzz" -4

nggs boson physms @7, 8 I3 TeV '

H
AH-yy GH-ZZ* 41 QCD scale uncertainty
’ omb. data @® PDF+u,

syst. unc.

Vs=7TeV, 45fb’
Vs=8TeV, 20.3fb"
Vs=13TeV,3.21b"

so far, compatible
with Standard Model...

LHC goals for 2017 and 2018:45 fb"' per year (with ~50% availability of stable beams)

Immediate attention by experiments:

» Readiness for data taking and analysis in 2017 (and for Phase Il Upgrade TDRs)

* Preparatory discussions between experiments (and TH colleagues) for LHC combination:
- mass and differential fiducial XS (towards the end of 2017),
- overall couplings and simplified cross sections (end of 2017 or after).

Higgs boson measurements at LHC and prospects at HL-LHC
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Towards the long-term future: HL-LHC

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

LHC
Run 1 | ‘ Run 2 | | Run 3
LS1 EYETS LS2 14 TeV 14 TeV
injector upgrade 5to 7 xI
splice consolidation cryo Point 4 limit . nomina
7 TeV 8 TeV button collimators DS collimation icnrtyeorzlargtlion . HL LH(_: luminosity
R2E project P2—P7(11 T dip.) regions installation k
Civil Eng. P1-P5 ﬁ
o urminciamage experiment
S experiment experiment upgrade < X nominal furminosity —
:w;,ir17.r1 beam pipes nominal luminosity — phase 1 P upgrade phase 2
uminosity [ /
30 b | 150 fb™ 300 b | otemat

HL-LHC - topography of our particle physics knowledge:

« Deeper understanding of the Higgs boson (couplings, potential).
ATLAS

EXPERIMENT

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

at <p>=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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Physics performance @ HL-LHC

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

John A. Wheeler

Prospects for Higgs boson physics at HL-LHC:

* Precision measurements of H(125) propertiesin H & yyand H — 4/

* Probing/measurement of rare decays and couplings
* Measurement of its self-couplings in pp > HH
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Analysis techniques & extrapolation strategies

ATLAS HL-LHC analysis techniques:
* 14 TeV collision energy and 140 or 200 PU

 Simulate detector response by smearing pt and E of physics objects,

- Emulate triggers with trigger efficiency functions

CMS fast simulation for HL-LHC:

* 14 TeV collision energy and 200 PU

* Parameterised Delphes simulation

CMS extrapolation strategy:

Validated with

' full simulation
' Validated with full simulation

* Public results @13 TeV are extrapolated to larger data sets (300 and 3000 fb™').

 Extrapolations are presented under different scenarios for the evolution of uncertainties.

systematics exp. Sys. theo. sys. | high PU

unchanged | scaled* 1/v/L | scaled 1/2 | effects
ECFA16 St v X X X
ECFA16 S1+ v X X v
ECFA16 S2 X v v X
ECFA16 S2+ X v v v

Higgs boson measurements at LHC and prospects at HL-LHC
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H(125) propertiesin H 2 YY @ HL-LHC

Performance estimated using the H— Yy analysis @12.9 fb~! (13 TeV).

Effects of high pileup and detector performance @3ab-! estimated:
* The beamspot is simulated to have 0z ~ 5 cm

* Vertex identification reduced from 80% to 40%
* Photon ID efficiency decreased by 2.3% (10%) in EB (EE)

Sighal strength per production mode Fiducial XS measurements
CMS Projection 3000 b (13 TeV) CMS Projection | 1|3 Te|V
| 1 T 1 | T T T 1 | T T 1 | T T 1 | T T 1 | T T 1 | | | | | | L | | [ |

H_>YY ECFA16 S1+ H_>YY
ECFA16 S2+ — - | -
MW . _ fiducial vqurqe |
gen 1,1 L .
— + 0.01 (stat.) = 0.08 (exp.) = 0.06 (theo.) — - pTgen(Y1 @ >3 a)™, FOPATE IO _
+ 0.01 (stat.) = 0.01 (exp.) = 0.03 (theo.) ™ (v, )l <2.5
- MYY | _ B Isogg:)_3 (71,2) <10 GeV —— ECFA16 S2(+) B}
I ggH | | —
| _ B (300 fo') . . -
v fid ! |
W o : = _ + 0.05 (stat.) = 0.09 (exp.) —
— — + 0.05 (stat.) £ 0.03 (exp.)
| — (3000 fb™) . ! -
e — Ofid ! !
|t B - + 0.02 (stat.) = 0.09 (exp.) —
+ 0.02 (stat.) = 0.03 (exp.)
||||| ||||||||||||||I||||||||| llllllllllllllllllllllll|lll|lll|lll|
-0.1 0 0.1 02 03 04 05 4 -2 0 2 4 6 8 10 12 14
expected uncertainty relative expected uncertainty (%)
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Performance estimated using the H— 40 analysis @12.9 fb~! (13 TeV).

Effects of high pileup and detector performance @3ab-! estimated:

* Lepton misidentification rates

* Lepton efficiencies decreased accordingly for muons/electrons

Sighal strength per production mode

CMS Projection

3000 b’ (13 TeV)
| | | |

| I I | [

| [ I I | [ [

H—ZZ" — 4] — ECFA16 S1+ —— ECFA16 S2+
MZZ + 0.02 (stat.) = 0.04 (exp.) = 0.07 (theo.)
+ 0.02 (stat.) = 0.03 (exp.) = 0.03 (theo.)
MZZ
ggH H
ZZ
Uyer H
V74
Mo H
ZZ o
l.‘Jﬂ:H L
| | | | | | l | | | | | I | | | |

0 0.2 0.4 0.6 0.8
expected uncertainty
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» H(125) off-shell production exploited to constrain its decay width 4
* Lepton efficiencies assumed to be preserved

» Limits on ['H extracted assuming SM-like Higgs boson (YR4 : 'sm = 4.10 MeV @ mn=125.09 GeV)

mg4¢ and off-shell production: ME discriminant:

%I EI—I o | rrr I e I e | rrrd | e | rrr | rrnd | rr |§ 8 0.3 _l [ I [ I [ I | | [ I [ I [ I | I | I I I_
O] T ATLAS Simulation - & [ —ggoH—2ZZ ((s ATLAS Simulation T
2 L w 7 = - —gg—H" —>)ZZ Bl) i
1075 s=14 TeV E 50.25(- — 8% (5=14 TeV—
5 =N —gg— H*— ZZ (S) - = - 2
S 3| —gg—ZZ (B) . S - -
10°E —gg—s (H*—s) ZZ (SBI) = 5 0.2 .
: ] e I :
4 i N [2) u |
10 E = 5 0.15— = ]
[ - S — —
— _ L - _
10°L = 0.1 -
10°L ~ 0.05~ -

=I | 1 1 I L 111 | ] 111 | | I | | L 111 | | I | | | 11 l— _%:ﬁ 15' "l__'3_ll 1_12| l5l I l_|21 l l_l1l I51 l l-|1| l l_lol 151 l loil 0—5
100 200 300 400 500 600 700 800 900 1000 - - - - o v
m [GeV] ME discriminant

4|

' | FH = 4 2*' 5— | MeV (stat E@O *j]

L - e it A4 i B
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g “0000)

g “0000°

gmj———H
ty

Yt

g 70000 ---H

* Results for several decay modes: HH — bbTT / bbyy / bbVV / bbbb .

OhH~ 33.5 fb! @ 13TeV (NNLO + NNLL)

Median expected Z-value Uncertainty
limits in g, as fraction of j, = 1
Channel ECFA16 S2 | Stat. Only | ECFA16 S2 | Stat. Only | ECFA16 S2 | Stat. Only
g9 — HH — ~~bb (S2+) 1.3 1.3 1.6 1.6 0.64 0.64
g9 — HH — tTbb 5.2 3.9 0.39 0.53 2.6 1.9
gg — HH — VVbb 4.8 4.6 0.45 0.47 2.4 2.3
gg — HH — bbbb 7.0 2.9 0.39 0.67 2.5 1.5

Higgs boson measurements at LHC and prospects at HL-LHC
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H(125) self-couplings @ HL-LHC

Performance estimated using the pp @ HH analyses with 2015 data (13 TeV).

* Probe the shape of the scalar Higgs potential.

g “0000) AHHH _ - H g 70000) ---H
tv>- . LY IY OnH~ 33.5 fb! @ 13TeV (NNLO + NNLL)
Y N t
g oooo” ~H g oo00" ---H

* Results for several decay modes: HH — bbTT / bbyy / bbVV / bbbb .

CMS Projection \s=13Tev SM gg — HH CMS projection (13 TeV)
] : :
I I L | L | T | L | L I T T O :
— ECFA16S2 ~ —— ECFA16 S2+ 3 o0l 99_>HH_>1717bb Channel -
—— Stat. Only % L T
u _| %0_45 - ECFA16 S1 | ... /,’ .................. ........
MYYbb I 0.4 ; — ECFA1 6 Sz ,,', --------
- - 0.35F ~*~ Stat. erroronly |....0 . ...
Mﬂbb I I 0.3 f__ ...... ........................................................ ,Q’l ................................................................
B N 0-25:_ ...... ........................................................ ................................................................................
M yvob H -
02__. ...... ..................................................... .....................................................................................
0.15__ ...... ...................................................... ......................................................................................
X bbb | | -
L | L L | L I L | L | o 0.1__ ...... II ............ lll ....... ll.ll.l ........
-2 -1 0 1 2 3 4 5 300 400 1000 2000 3000
Total luminosity [fb™

expected uncertainty
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Performance estimated using the simplified pp @ HH analyses (13 TeV).

* Probe the shape of the scalar Higgs potential.

g “0000) AHHH - H g 70000)
ty -
>{H .
g o000 ~H g oo0o0

OnH~ 33.5 b @ 13TeV (NNLO + NNLL)

* Results for decay modes: HH — bbyy / bbbb, and ttHH production (HH — bbbb, semi-leptonic tt)

HH — bby
S 400 | | | | | I | | | | | | I | | I I | I 7 | | I | I | _L
= u ATLAS Preliminary Non-resonant prediction ]
o 350 [ PRLLLLLE Expected Limit (95% CL) _|
e - s =14 TeV,L=3000b" pummm Expected = 1o ]
|g - Expected = 20 -
- negligible syst. .
L [ -
'? 250— ]
o f ]
2 200 -
o u L
150}
100

| 1 1 | | 1 | 1 1 1 | 1 | 1 1 | 1 | I | 1 | | -T
-10 -5 0 5 10 15 . |v|20
)\'HHH/)\'HHH

.ii Expected to be constrained to: |
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HH — bbbb
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o ] TSR WL B B S AL SO LU IO RS
Qo - Non- HH pred
=  LATLAS Expocted Limit (99% CL)
2 o gf.Simulation Preliminary s Expected+ 1o 7
| _S' = Expected + 26 -
{F ~ ys=14 eV, 3000 fbo i
T 2C —
T - ]
S o150 -
Q. B _
ey - |

1=

0.5
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Physics performance @ HL-LHC

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

Prospects for new physics at HL-LHC:

* Probing for anomalous HVYV interactions in H — 420

* Searches for SUSY and DM signatures
* Direct observation of new resonances (Z', W")
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Anomalous HZZ interactions @ HL-LHC \\

Performance estimated using the H— 42 analysis @12.9 fb~! (13 TeV).

« Parameterisation of 1 - SM leadl:l_g %oglenturn( ex_]i)_an)smn higher order cp-even  cp-odd
decay amplitude: A= . ‘ &1\9\/’%3 % qu\/\élz m2, et €t *(1)f*(2) v +f*(1)f*(2),uu
(A
Lo s/

Effects of high pileup and detector performance @3ab-! estimated:
* Lepton misidentification rates, and efficiencies

CMS Projection

Expected limits on —— ECFA16 S1 (300fb™) TOWE?.I"ClS the small value§ Of
Higgs Boson anomalous couplings fractional presence sensitivity
— ECFA16 81+ (300017) pre-dominantly comes from
H-—ZZ* — 4] the interference effects between
m, = 125 GeV different decay amplitude terms
f | —|— | . o
Projected 95% Cls:
[ i Parameter 300 fb~! 3000 fb~1
£2Z | | fa3 X cos (¢z3)  [-0.094,0.094]  [-0.012,0.012]
Al I - fa2 X cos (¢a2)  [-0.020,0.039] [-0.0025, 0.0031]
| | | | | | far x cos (¢pa1)  [-0.14,0.05]  [-0.010, 0.0072]
02 -015 -01 -005 O 005 01 015 0.2

expected 95% CL limits
Higgs boson measurements at LHC and prospects at HL-LHC 50 AWLC'7,SLAC, 26-30™ June, 2017



SUSY searches @ HL-LHC

Performance estimated using the (simplified) analyses b
Direct stau pair production: Simplified models, assume 100% BR of T —= T X° >;
* . ~ ™ «‘2(1)
* Main background: W+jets, ttbar P N
Direct stop pair production: Compressed mass spectra p Ch
N/
* Low stop - neutralino mass difference, channel needs high luminosity >xf4€@i @
o . o o . - o o . i X1
Parameterised detector response (resolution, efficiencies, misidentification rates) A f\:W;,,
b 4
Direct stau pair production: Direct stop pair production:
= L DL L L B ~10% & , , , , , R
3 - ATLAS Simulation Preliminary - £ E ATLAS Preliminary Simulation :
= 500 vs=14TeV, L =23000fb", <u> =200 — © L {s=14TeV,L=3000fb", u=200 -
Elx‘- _ Opg=30%; 5 G discovery _ 10 —_f‘f‘ production __
- - Opyq=30%, 95% excl T = m; - Mo =173 GeV g
400 - Gy =50%; 5 G discovery - - 1
[ - Opg=50%, 95% excl _ _ ol J
- Gy g=20%, 5 ¢ discovery PRTIctonh S - . e N (et
300~ Gy =20%, 95% excl PP CSPETLIITI RS - 1 S —— E
_ T \\ v | L .
200/~ P N -
- % Lo - 107 —
N v ] - m Exp. 1o -
100~ - e Eigecteés 95% CL L
nd v 4 1 e Expected 95% CL wnth 300 for
E !. - 0_2360 4(l]0 5(|)0 600 700 800 ?TQO[ Ge ]

AR R BN R
900 200 300 400 500 600 700 800

I

:i Dlscovery reach m(stau) < 430 520 GeV ﬂ 21 Dlscovery reach m(stop) < 500 GeV !

B I ww]

= —]

e e = e

—— — — —— ——

current exclusion limits about 110 GeV
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New resonances @ HL-LHC

Performance estimated using the Z' and W' searches @ 13 TeV.
- W' = tb = bb#v : high-pt lepton, significant Etmiss, two b-jets oW top Pt

- Z' > tt - 2vb qq'b / qq'b qq'b : Exploit boosted topologies

Effects of high pileup and detector performance @3ab-! .

Lepton efficiencies assumed to be preserved, .
systematics (likely conservative) adopted to diff. scenarios.

v
' ' Z' - tt
_} m ° ® °
W tb — bb/lv Z" — tt (hadronic) (hadronic + semi-leptonic)
CMS PreliminarySimulation 3000 fb™ (14TeV) — T R B e e N N R I O R R 3000 fb™' (13 TeV)

3 10 e e ] = 8_ - Exp- 95% CLs upper limit | Q 104 ; - - = = Current Systematics
'& § NG T :::g:zm :<MI:: E — 10 §_ J L dt — 3000 0 fb'1 - Exp. 1 ¢ uncertainty _§ % ? CMS —— — No Systematics
" _ ] " - - . _ 7 = 3[ .. ) ) [ ] Expected Range for Lepton+Jets
3 - — 95% CL expected 1 E - Exp. 2 G uncertainty N t 10°E Preliminary Simulation r0}. from B2G-15-002

1E Current Systematics = 1E = N = proj _
= = . Reduced Systematics = T = Leptophobic Z’ cross section = o 102 ;_ EYY Expectfed Range for All-Hadronic
T C N No Systematics N - 1L i TeV . % = ' pr°"_f’°m B2G-15-003
% ok X . u‘IO s=14Te —§- & 1oL Z' 1% Width (NLO)
- - . oC P . S -
; o B 7 m 1 O —g = 1 Lo
10" = % - £ =
A - g -3 i — -
v 10 4 gk
_E0CE 1 % . 1 B2k
% - Invariant Mass Analysis - 10 E % =
%104?e/u+|etsN tags =1o0r2 _E - ] %10’3'5—
= 5 | | 1 | 7 MW E L =
© 1000 1500 2000 2500 3000 3500 4000 0 1 2 3 4 5 6 7/ 8 u%- 104

W' Mass [GeV] mz [TeV]
i e e ———
| Exclusmn m Z > 4 TeV S|m|Iar to both flnal states i
. - "
"~ current limits about 2.7 TeV current limits about 2 TeV
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Summary

Measurements @ 7, 8, 13 TeV indicate the SM-like Higgs boson
* Understanding of the true nature of the Higgs boson is one of

> b L oo e T
the central subjects in the particles physics today E |§ 'F ATLAS and CMS
L3 - LHC Run 1
B !
Near-term future measurements @ 13/14 TeV “Is 107 -

might provides us with some hints... 3

* Higgs boson might offer a portal to the new physics phenomena 102k
¢ ATLASiCMS -
------- SM Higgs boson

Upgrades to HL-LHC will enable full discovery potentialmB:

* Major effort of the community of theoretical and experimental ;g'\g;/elgi
physicists is required (and is already ongoing) ) oot oL
- Estimates of the HL-LHC performance are already encouraging W07ES i ey T
10° 1 10 10°

Particle mass [GeV]

Next-generation accelerators and experiments are key to the future
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

m
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