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Single-Higgs boson properties

¢ All main production modes observed

— couplings measured with 10-50%

precision

¢ Spin/parity: JP¢ = 0**

— spin 1 and 2 excluded at > 99% CL
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¢ Mass: prec151on <0.2%

T L e e e e e e I e e L R
ATLASandCMS

F—e— Total Stat. 1 Syst.
LHC Run 1 Total  Stat. Syst.

ATLAS H—yy p———4 126.02+0.51 (+0.43£0.27) GeV
CMS H—yy —e— 124.70 + 0.34 (£ 0.31+ 0.15) GeV
ATLAS H—ZZ—4l —— 124.51+£0.52 ( £ 0.52 £ 0.04) GeV
CMS H—ZZ —41 —== 125.59 £ 0.45 (£ 0.42+0.17) GeV

| amasioms gy - 12507020 (£0254014)GeV
ATLAS+CMS 41 I'—'IE—'l 125.15 £ 0.40 (£ 0.37 £ 0.15) GeV

| amLasicms e b n-éq """"""""" 125.00+0.24(£02140.11) GeV

I1;3I == I12I4I T I155I e I12|6I Fe I‘Ié?l i I1;8I = I12I9I I

m,, [GeV]

4



?Higgs potential
1

¢ Higgs potential: V()= 5 w’ <I>2+% A D
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¢ Approximation around the v.e.v:
v(q>)~xv2h+xvh3+lxh4

/

Y V

mass term self-coupling terms il
¢ ) known from v.e.v and Higgs mass: A= 5 ~0.13
%

¢ BSM effects could change A = definex, = ’IHHH
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?Higgs potential and electroweak phase transition

¢ Second order phase transition

¢ First order phase transition
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— constantly at thermal equilibrium — matter-antimatter asymmetry?
— not so interesting for cosmology — domain walls?
— preferred option with the current — gravitational waves created by
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?HH production (1)

¢ Direct sensitivity to A_...: di-Higgs production

¢ Non-resonant production: rare process of the SM

— destructive interference
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¢ Resonant production: e
— new heavy intermediate particle
A
— KK graviton, radion, heavy Higgs bosons
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A‘ HHH

HH production (2) v
HHH_
L _ HH production at 14 TeV LHC at (N)LO in QCD :
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?HH decays

¢ Many decay channels!

CERN seminar, 13" of Dec. 2011

It would be a very nice region for the Higgs to be > accessible at LHC inyy, 41, Ivlv, bb, 11
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¢ In practice consider channels with bb (BR = 59%) to maximise the rate



?Outline

¢ Current results with LHC Run-2 data

¢ Prospect studies at HL-LHC

¢ Comparison to future colliders

10



Analyses with Run-2 data
36 fb?, 2015+2016
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?Search for HH at LHC

¢ Channels for the Run 2 analyses:

ATLAS | CMS
bbbt v v Sizeable BR © Expected SM HH events for 36 fb™
Relatively small background © | | | | | | -
bbyy v v Small BR ® o | - .
Good diphoton resolution © =
Relatively small background © | 77| 0.01 e
bbbb v v Largest BR © llaa | 001 001 007
Large multijets and tt bkg ® | yyqq TSRl [ o
(bbl\fl\/) v II:arge l])BkR% vaq | 225 080 027|025 | 115 001
- Ivlv arge bkg L
WWW v Very small BR ® T 519 683 121 041 038 174 0.02
(-1vaq) Good diphoton resolution © bE_ 11.27 3.76 | 3.49 I 16.25' 0.19
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¢ General analysis strategy:
— candidate mass consistent with SM Higgs boson

— small angular separation between b-jets
= boosted regime above ~1 TeV

— multivariate methods to reject background

: 12
- use m_ . when possible



HH _ bbTt

¢ Sizeable BR ©, relatively small background ©

¢ 2bjets+ 1, T 00T T

— including boosted 1 and b-jet for CMS
¢ BDT for resonant and non-resonant signal
— ATLAS: on non-resonant + each resonant mass point

— (CMS: resonant mass < or > 350 GeV 129" (13 TeV)
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¢ Final discriminant: e o R BhToutput

— BDT output (ATLAS)

- modified m_, for resonant, m_, for non-resonant (CMS)
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?HH _ bbyy

¢ Small BR®, good diphoton resolution ©

¢ 1 or 2 b-jets and two photons

— corrected mass for resonant search

— BDT selection (CMS)

¢ Extraction of signal from parametric fits to:
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?HH - bbbb

¢ Largest BR ©, large QCD multijets and tt backgrounds ®
¢ Large use of boosting techniques

Merged
— 4 resolved b-jets: ~250-1200 GeV : -
. Resolved i
— semi-resolved (CMS): 750-~2000 GeV b-jets _—
— 2 boosted b-jets: ~750-3000 GeV
- L0 e B s BT AN IS Ee e 35.9 fb" (13 TeV)
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% HH _ bbiviv and Ivaayy

¢ CMS: bbVV(-llvv): large BRO,

large bkg ®

¢ Two opposite sign leptons, two

small-R b-tagged jets,

¢ 12<m <m, -15GeV

¢ Neural network training + output

Events

Data / sim.
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CMS 35.91b" (13 TeV)
T u'wchannel | ¢ Da@ . i
: Signal (5 pb) B Drell-Yan
i=——K, =%=1(SM)q [ Single t
Uncertainty ‘A%
. iV
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DNN output at k, = x, = 1 (SM), m, bins

¢ ATLAS: ywyWWW( - lvqq ): very small
BR®, good diphoton resolution ©

¢ Two photons, one lepton (e or p),
two jets and no b-tagged jets

¢ p.""> 100 GeV for non-resonant and
resonant search for mx > 400 GeV

Events / 2.5 GeV

ATLAS Preliminary
fs =13 TeV, 36.1 fb
m, = 260 GeV
without pf selection

# Observed data
— Total background (Fit S+B

----- Continuum background
- - SM Higgs boson
Uncertainty

-..'|
LLLLLIL
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?Results for resonant HH

¢ Limit set on spin-0 (THDM, hMSSM) and spin-2 processes (graviton,
radion, ...):

— complementarity of the different channels and analysis techniques
(resolved/boosted), combination in back-up

. 0 0 _1
- no significant excess oS | | 359M7(13TeV)
c [ > >; > >:: >é 1
103 ! i | I | | | V| g | | [ A i | | T1 17 I | LR | | | i i | | T 1 1] |§ S 3.5__ hMSSM g‘: ;.3 g (uo!j g—
- - - bbbb (exp.) - -- Combined (exp.) ] - Z : Z ; :
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& e H I
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2 300 400 500 600 700 800 900 1000
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¢ Interpretation in hMSSM model ol b ity L M (EE U
— CP-even lighter scalar = h (125 GeV Higgs boson)
— CP-even heavier scalar = H

— CP-odd scalar = A

mg [GeV] JE
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?Result for non-resonant HH (1)

¢ Summary of limits on o/o,:

e e e ] CMSpreIiminarygg—>HH 35.91b'1(13TeV)
ATLAS Preliminary  —— g:::;‘t’:: Y
Sl et

Vs=13TeV, 27.5-36.1 b B Expected + 1o | Observed 78.6xSM

cgg’}’,': (pp = HH) =33.4 b Expected + 2 Expected 88.8xSM
Obs. Exp. Exp. stat. bbbb

B i Observed 74.6xSM

Expected 36.9xSM

HH— bbbb 129 20.7 185 |

L - bbtt

Observed 31.4xSM

HH—s bbt*t 12.6 14.6 11.9 Expected 25. 5<SM
E | bbyy

b Observed 23.6xSM

HH— bbyy 20.4 263 251 Expectad 18 8xSM

—e— QObserved
- —— - Median expected
mm 68% expected

) Combined
Combined 6.7 104 9.2 Observed 22.2xSM
Expected 12.8x SM

e e e et s e 95°/clexpected
LR e T D 6 7 8910 20 30 40506070 100 200 300 400
95% CL upper limit on CggF (pp — HH) normalized to e 95% CL on GHH"GSI\H’I

. expected limit on o/o_
¢ Combined results: O(10*SM) ATLAS CMS
— most sensitive channels: bbtrt, bbyy, bbbb  |pbwt 15 25
— difference of sensitivity between experiments Eg\k% ;? é?
= room for improvement bbllvy ; 89
lvgqyy 160
combination 10 13 18




?Result for non-resonant HH (2) e

H
L] L] ) /
¢ Limit on anomalous couplings: x, H_ i
- =@ Mann
Y R
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CMS preliminar 35.9 b (13 TeV
E‘ 102 E| [T T T [T T I T [T T T T [T T T T[T T T T[T T T T[T T T T [TTTT 3 E 3500_ ':;!;: ; y ; : ; E ; ( :)
o - --- bbbb 29XP-; --- Combined (exp.) 3 = i \ :
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%o 105" 95" 90 5 0 5 10 15 20 20 -5 -0 5 0 5 10 ) 5 N 20
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K = An / Aa

¢ Current limit at 95% CL: ~-6 <k, < 12
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?Result for non-resonant HH (3)

A‘ HHH

K= )LSM
HHH_

¢ EFT

approach:

1 1
Ln = 50, hd"h — Smith? {r)Asarv b?

o IOX 2 hh) (rtn + he)
3TV v

1
4

¢ Limit in x,-x_plane:

¢ Interpretation with benchmark points:

CMS Preliminary
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- g S /
[ i
: B
/ N
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E /
L1 i 1L A (N
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e
o
S
T
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2 2,

10F
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O Median expected 95% expected

J

HH combination §
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3 O
T -,‘» T A e E

duction

[
12 3 4 5 6 7 8 9 10 11 12SMk,=0

Shape benchmark

[ ] Observed 85% CL excl. ] Expected +1c ¢ SM k
- -- Expected 95% CL excl. Expected 26 c,=c,=c,; =0
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% Conclusions on Run-2 studies

¢ Di-Higgs searches based on ~36 b of LHC Run-2 data
— several final states studied: bbbb, bBW, bbrtr, etc

— improved sensitivity using boosted technologies and
machine learning

¢ No significant excess observed in resonant search
¢ No excess in non-resonant production, limit ~10*SM

¢ Integrated luminosity collected at the end of Run-2: ~140 fb!

Fﬂ160_ | | | | | 1]
_Q — QR
< | ATLAS (s =13 Tev
140FPreliminary
- ] Delivered: 158 fb™!
120 D LHC Delivered Recorded: 149 fb"
Physics: 140 fb™

- [ |ATLAS Recorded
[]Goodlorphyﬁcs

—_
o
o

A O
o o
T T T TTIT[TTT[TIT]

Total Integrated Luminosity
(0]
o

N
o

uoneiqi|ea gLog 1enu|

R T T LT R L LI
Month in Year
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HL-LHC Prospects



?The HL-LHC and HE-LHC projects

¢ Context: Yellow Report (YR) with CMS and theorists for European Strategy

¢ HL-LHC: Vs = 14 TeV, 3000 b
— approved by CERN in 2016, until ~2035

LHC / HL-LHC Plan ot'.i%:imsiw

LHC
Run 1 | | Run 2 | |
LS1 EYETS 14 TeV 14 TeV
] 13-14TeV ™ energy
splice consolidation injector upgrade - 5lo7x
7 TeV 8 TeV button collimators cryo Point 4 %rtyeormton HL-LHC installation pominel
R2E project vil Eng. P1-P5 regions —_
2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2024 2025 2026

N .
75% experiment nominal lumingsity | | | experimentupgrade | | ——— i experiment upgrade
nnnnn | beam pipes phase 1 phase 2

 E= 500107 o,

¢ HE-LHC: Vs =27 TeV, 15000 fb
— in the LHC tunnel
— would run from 2040 to 2060 23



?Detector performance at HL-LHC

¢ Large pile-up at HL-LHC compared to LHC:

ATLAS Online, 13 TeV JLdt=148.5 fo !

z z
yol 500; N 2015: <> = 134
- - ] 2016:<u>=25.1
@ 400 0 2017:<u>=378
£ - [ 2018: <u>=37.0
S C [ Total: <p> =342 ] .
3 300[- = HL-LHC:
5 - ]
3 - ]
S 2001 = 200
3 £
Q C Iw
o - 18

100— -

% o 20 30 40 50 60 70 80

Mean Number of Interactions per Crossing

¢ Upgrades of ATLAS and CMS to cope with aging, pile-up, radiation
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0.08~ o & optimistic E 1.4F §\ \\\ gh Run 2 (i<2’5 E

C % e ”s; o HL-LHC,p=200, & g \ \\:{}- LN ]

0.06}~ = ';. pessimistic i -3 :__/' 102 i - o \\\ ]

C o $ o Run2 — E — \ 3

0.04F o o % L —7F : e ;

B ] e 1 1:_ r Inclined Duals \dk\ 1

0.02— 02 8 8% E 10 50*50 {if? e e

- DNl o _gle & e\
:Mgéé’ : §D| ! ! D?Dégéé% 3 ?g.. i3 %

0116 118 120 122 124 126 128 130 13 4 09: i i L] FEEEE N ST TN N FET T N A
: Strip DR LArTDR Pixel TDR 055 0.6 065 0.7 075 0.8 085 09 095 1

i Summer 2017 Fallzin 7
Spring 2017
my, [GeV] ing b-jet efficiency

¢ Current resolutions/efficiencies could be kept at HL-LHC! 24



?I\/Iethods

¢ Either extrapolations from Run-2 analyses, or dedicated studies with
smeared/parameterised detector response

_ . Expected SM HH events for 3000 fb™
summary of channels/methods: L
un g 104
[/A%Y 12 0 10°
ATLAS CMS o .
. : 10?
bbbb extrapolation |parameterised Siem 1 iy
bbtt extrapolation |parameterised . ¢
B . VV
bbyy smearing |parameterised e SN
bbVV(llv) - parameterised vag| 187 155 EESEEE °° I o
bbZZ(4l) - parameterised = 433 569 101 84 31 145 2 =
314 I 291 I 1354I 16

b ° Ivgg VV49 llgg YY  lvv 1l

¢ MVA analyses used for almost all channels

¢ Systematics: common agreement between ATLAS and CMS
— performance uncertainties scaled by 0.5 to 1
— theoretical uncertainties divided by 2
— MC stat uncertainties neglected
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?HH - bbbb

¢ ATLAS: fitof m 5 distribution

¢ CMS: dedicated BDT

¢ Both experiments use the Run-2 p_* cuts,
different thresholds tested

(%% 12_'_ =0 % 7 I T T T I 71 71T [. i .I T I : SHRLAE N | T _'_
© - ATLAS Preliminary ]
L B i}
bI . Projection from Run 2 data -
s 107 Vs=14TeV, 3000 fb" e
= - HH—bbbb .
% 8— 2016 analysis systematic =
= - uncertainties s
@ i il
3 i il
() 6— —
(_.)' L -
S TDAQ TDR i
O 41— .
»
2 :|' 1 0 | I [ G E I S [ | l I; 1 l L1 1. I I O I - o B | I i 5 1 4:
30 40 50 60 70 80 90 100 110

Minimum offline jet p_ [GeV]

¢ Significance:
— ATLAS: 1.4 wo/syst 0.61c w/syst
- CMS: 1.20 wo/syst 0.950 w/syst

Events / Bin

|||||m] IIIII|T|] IIII|TT|'| IIIII[TT| IlIIIlTl] IIIIITTI] IIIIIﬂT|j

—1
107500

Events / bin width

;S [ Y N | Ll I ']
400 600 800 1000 1200 1400 1600 1800 2000

10°

108E

107

108

10°

104

IIIllllllllllllllllllllll

ATLAS Preliminary ] Multiet
Projection from Run 2 data =3 t (all-hadronic)
Vs =14 TeV, 3000 fb™

B tt (non-all-hadronic)
——— SM non-resonant HH—bbbb

Illllllll

IIIIIU.l] IlIIILll] IIIILlJ.I] IIIIIllJ.| l[IIILI.I] IIIILlJ.I] IIIII[IJJ_T

My [GeV]
CMS Phase-2 3000 fb" (14 TeV)
E Simulation Preliminary T Multijet
E HH — bbbb e i

MESS
L&%@v‘,

|
\ *\““k\ieeeeeeeew«\

[ Single Higgs
N\ Bkg. uncertainty
SM HH (x 100)

7t ¢ e 7
BDT output
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HH _ bbTt

, . & [ ATLAS Preliminaty  sunoteer ]
¢ ATLAS: BDT output used as final discriminant = 107} peiscintonfunzdae. — ropquas .
) ) ) o = C Vs =14TeV, 3000 fb" Jet— 1, fakes (Multijets) 3
— binning adapted to higher statistics Q| gBL Bt il e
LU g I Jet— 1, fakes (tt) E
¢ CMS: Neural Network used as final discriminant .- = 6
. - : Uncertainty .
— new for this study - , 3
.CMS Phase — 2 Simulation Preliminary 3000/~ (14TeV) B ?
10° - 3
10
...|...|...|...|...|...|..I.‘ITV‘.'T
-1-0.8-0.6-0.4-02 0 0.2 04 06 08 1
BDT score
0.0 0.2 0.4 Classgnlgdiction 08 1.0 12 = R A B
= - —— Baseline — No systematic uncertainties 7]
b% - [ Baselinet1c  ----- MC sﬁatistical uncertainty neglected
S 10 EI $:Z§Iri;i> rie ;:ﬁon -...=. Current systematic uncertainties il
¢ Example of different assumptions E PN M g §
for systematics e s -
5 10°E ' =
= 5 ATLAS Preliminary 1
¢ Significance: g | )/ oo
: HH— bbt*t
— ATLAS: 2.5 wo/syst 2.10 w/syst A CIECRATE TS E S Ui L

B S R R R R R VR FRREY!
— CMS: 1.60 wo/syst 1.40 w/syst %
27



?HH _ bbyy

¢ ATLAS: dedicated BDT trained to remove continuum and main single-Higgs

background (ttH)

¢ CMS: dedicated BDT to reject ttH
+ BDT to reject continuum

3000 fb' (14 TeV)

CMS Phase-2
= e e
& - Simulation Preliminary
50— =
g - pp—HH->yYbb
@ E
S .ol HP, 480 GeV <M,
> =
m L
30f

20

10

t

Pseudo-data
Nonresonant backgr.
Full backgr.

Sig. + Full backgr.

T - - I | i -] | | - - I 1 bkl | . - | ] - - l
‘POS 110 115 120 125 130 135 140 145

¢ Limit on k,: use of m __ categories
YY

¢ Significance:

— ATLAS: 2.10 wo/syst 2.00 w/syst
— CMS: 1.80 wo/syst 1.80 w/syst

- difference with partly due to m  resolution

Events / 20 GeV

Events / 2 GeV

S ) S S I R o e e M (01 N R B
85_ ATLAS Simulation Preliminary 'S = 14 TeV, 3000 fo”
g : R SM HH-—bbyy
gt @l Single Higgs
= [ bbyy
6:— I Reducible
= Others
5;_ NN Stat. Unc.
4:
3
2
1
foo— 160
m,, [GeV]
o VA0 O L 0 ST
- ATLAS Simulation Pre1liminary
6:_ Vs = 14 TeV, 3000 fb HH signal + background
F HASobyy 123 GeV < m,, < 127 GeV
5 R T X, = 6
B:sensitive ser?smve to SM — %, =1
Holarge k| | ri. o T S
2F 1 RN e
B BRI | ™ SN | o UM
- L J';-‘.ll.“i 1 | L1 1 i I 13 | 1 I i i --I 1 :.“.;“'I:”“““E".E””
QOO 300 400 500 600 700 800 900



% HH —. bbVV(Iviv) and HH — bbZZ(41), CMS only

¢ HH - bbVV(Ivlv) ¢ HH - bbzZ(4ll)
— optimised on WW, but ZZ signal — very rare but clean final state
included for the results - 1 signal event after selection
— Neural Network discriminant
CMS Phase-2 Simulation Preliminary 3000 fo' (14 TeV)
w CIM§ ?lhlalsel-lzl IS[In':ullalt[olnl [?[;eli{'ninary 3000 fb"1 (14 TeV_) % 0 3 il il | | | TTTT l FEIRI=T | | ELE | | o L | TTTT l EEIGT | TTTT | =l Ii
=l I-||H —|>bb\NW|, uulcharlmel| i 9 i itz .
@10 Signal (x2000) [l ft - S - [ {’/V;F . |
w — %, =10 B Drell-Yan ] £ 025 =ZH (H) q
10° — K= I tH = o - I oo(H) i
- - I tH i
. 0.2 — HH—> bbzZZ4l) ]
10 - -
o 0.15 .
10° 0.1 -
102 : :
0.051 =
0 01 02 03 04 05 06 0.7 0.8 09 1 s :
J | [LILTL ] | [ (L] | [LILTL L | LI {1 ] | [LILTLTL | | | | [LILIL L | e | T
SNetipLt 20 121 122 123 124 125 126 127 128 129 130
¢ Results: 0.60 significance ¢ Results: 0.40 significance
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o

HHH
SM
HHH_

?Combined results (ATLAS) =

o

¢ Expected significance with and without systematics

— for SM: Channel Statistical-only | Statistical + Systematic
HH — bbbb 1.4 0.61
HH — bbr 7~ 2.5 2.1
HH — bbyy 2.1 2.0
Combined 3.5 3.0

¢ Measurement of 1 (SM signal injected):

~30% (40%) Without (With) SYSEMatiCS ~ 8 rrrrrrrremrr e oo
o ATLAS Preliminary —=—bbbb :
= 7 E Simulation and Projections from Run 2 data —e— bt =

. . . . < Vs = , 1, = i ]

’ Maleum llkellhOOd flts % 6 S?St;;;[i:\é l?nocoe(ittat?nties inlluded = bbyy =
. . . : == Combinati il
with and without systematics 5 gl e

- extract limit on x, at 95% CL.: 4 =

—0.4 <k, < 7.3 with syst

— extract measurement of K, at 68% CL:
0.25 <k, < 1.9 with syst




?Combined results (CMS)

o

HHH
SM
HHH_

o

¢ Expected significance with and without systematics

for SM:;

Significance
Channel Stat. + syst. Stat. only
bbbb 0.95 1.2
bbtt 1.4 1.6
bbWW ({vlv) 0.56 0.59
bbyy 1.8 1.8
bbZZ(£000) 0.37 0.37
Combination | 2.6 I | 2.8 I

¢ Measurement of p1 (SM signal injected):
~40% (36%) without (with) systematics

¢ Maximum likelihood fits

with and without systematics
- extract limit on k, at 95% CL.:
—0.18 <k, < 3.6 with syst

— extract measurement of K, at 68% CL.:
0.35 <k, < 1.9 with syst

s CMS Phase-2 3000 o' (14 TeV)
g Simulation Preliminary Assumes SM HH signal
—« bbbb
—— bbtt
—— bbVV(viv)
—— bbyy
bbZZ*(4l)

—e— Combination

| 95%

68%




?Combined results (ATLAS+CMS)

Significance [o]

o

HHH
SM
HHH_

o

¢ Combined values channel-by-channel
— no correlation considered (shown to have negligible impact)

— systematic uncertainties included

- bbVV(lvlv) and bbZZ(4l) are CMS only = scaled to 6000 fb~!

¢ Combined significance: 4.5/4.00 without/with systematics

SE I | I i =
455 HL-LHC:prospects internal =
""E N ATLAS stat-only ATLAS stat+syst i
4 M CMS stat-only ; CMS stat+systi -
35 -~ I Comb stat-only Comb stat+syst =
3E I
B S .
<ok E
- — E
155 =
0.5 = | =
0 i i i i =
bbbb bbtt bbyy bBVV(IvIv) combined

-2AIn(L)

99.4% CL

95% CL

68% CL

¢ «, measured with a precision of 50%

— second minimum excluded at 99.4% CL

12

8_

ATLAS and CMS HL-LHC prospects

SM HH significance: 40

0.1 <kn<2.3[95% CL]
0.5<kn<1.5[68% CL]

3 ab (14 TeV)

— Combination
~- bbyy
bbte
"~ bbbb
bbzz*(4l)

= bbVV(lvlv)
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?Combined results (ATLAS+CMS)

K;—

NP

HHH
SM
HHH_

¢ 68% CI, channel by channel
¢ Dashed line = no ATLAS analysis, using value from CMS

AITILIAISIalnId ICMSI I I I I I I I 3IololO .Ifbl-1 |( 1I 4I -I-Iel\/? I I
— o i HL-LHC prospects
bbyy ! — ATLAS

| —— CMS
R H — —— Combination

bbtt e, e Stat. uncertainty

 —  —

bbbb — —

—_ i-//////////),////////////////////////////////%- -
bbVV(lvlv) | | —

F —

;////////////////////////////////////////////;

| | |

. o . -1

combined i

| I 1 1 1 | | I 1 | 1 | | | 1 1 | | 1 1 1 | | 1 1 | | | 1 | 1 | |

2 0 2 4 6 8 10 12 14
kk

bbZZ(4l)

¢ x, measured with a precision of 50%

— many channels limited by statistics
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HHH
SM
HHH_

K;—

o

?Indirect probes via single-Higgs (1)

¢ Single-Higgs production: Higgs self-interaction only via one-loop
corrections (ie two loop-level for ggF)

¢ x -dependent corrections to the tree-level cross-sections, depends on: «
K g

7 OB t

~ production mode — mainly ttH, tH, VH CoT e K,

— kinematics properties of the event

9 TOGOOT /K g t

¢ Method applied to ttH( - yy) differential cross-section measurement:

. . .. 1
CMS Phase-2 Simulation Preliminary 3ab (14 TeV)
8 —#— Stat + exp. syst. + ggH+VH theo. uncert. CMS Phase-2 Simulation Preliminary 3ab” (14 TeV)
§10‘Zj i Hadronic categories only — L7 R A
= - i Leptonic categories only = C : w/ YR18 syst. uncert. )
T~ ~ Expectation «, = 10 < C
% - - 4" =t P ) K o S— 0 b e Stat. uncert. only
= L ._m-_. -------- Expectation x; = -5 ' C
= 1 | e {tH+tH theo. uncert. C Hadronic categories only
s 4=
£ i [ 95% CL | Leptonic categories only
= il | - '
Pl = j : e Ko
= - ' H -
5 L ' (p" > 350 GeV)/150 GeV C
2 [ i 2—
C 1 -
T L : C
= YH <25 (AR | | R £
L Hosyy:pl > 20 GeV, || < 2.5 : - 68%CL
. N 1 =
>=2 jets: P, > 25 GeV, | < 4, at least one b jet : C
1 1 1 1 1 Il
1074 ! ! ! ! ! %% -5 0 5 10 15 20
0 45 80 120 200 350 K
pH (GGV) A

¢ 68% CI: -1.9 <k, <5.3if only K, varied

¢ First test with experimental “data”, more channels to be added 34




?Indirect probes via single-Higgs (2) ST

¢ Global fits of single-Higgs inclusive couplings and ttH differential

measurements
14_ —r—— —
i dotted: dka only / solid: global fit
12; width: S1 and S2 scenarios
¢ Different BSM scenarios : HL-LHC single Higgs, inclusive
. . 10+ HL-LHC single Higgs, differential
- only K, can be varied (dotted line) [
. 8l
— EFT framework (solid line) P
¢ Different scenarios for systematics o
(bands) af
2
D_||..|..||||||.....|....|...|-
-15 -10 -5 0 5 10 15

¢ Biggest impact from diff. cross-section
¢ Improvement of di-Higgs direct measurements (for variations of k, only)
¢ HL-LHC: 68% CI (optimistic systematics):

- -0.1 <k, <2.3if only x, varied

- -2 <k, <3.9 for global fit 35



& Conclusions on HL-LHC studies

¢ State-of-the art experimental studies on direct measurements
— coherent results by ATLAS and CMS
— went from ~20 last year to a combined significance of 4c!
- first real measurements possible, eg precision on k.: 50%

— much room for improvement

¢ Some ideas collected to improve the Run-2 measurements

¢ Realistic systematic uncertainties from current knowledge

— still margin from improvement: data-driven background estimates, data-
driven constrains on single-Higgs (eg ggF+ 2 b-jets), etc

¢ Interesting developments on indirect constrains
- single-Higgs differential cross-sections, global fits

¢ All Higgs physics at HL-LHC and HE-LHC in the Yellow Report
(1902.00134)
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Summary and comparison to future colliders



o

HHH
SM
HHH_

o

?HE-LHC results e

¢ Extrapolation of HL-LHC results to HE-LHC
— scale cross-section to 27 TeV (*4) and luminosity to 15 ab™ (*5)
— no systematic uncertainties included

¢ bbrr channel: significance: 10.70, precision on K,:20%
¢ bbyy channel: significance: 7.10, precision on K,: 40%

- pessimistic because analysis not optimised for measurement of k,

— theory study in the YR claim 15% precision on K,

* realistic detector performance 2 NG e e e 10
£ b HL-LHC/HE-LHC E
* no pile-up considered (u=800-1000) = f __ HL-LHC combined -
. . o . 121 LEE =L1H4CTev, g.ab('; =
* interesting categorisation of b-jets 103_ —e o 27 TV 15 2 E
L. e 3G
8- =
¢ K« could be measured with an 6 g
. IR W | S . S e 20
uncertainty of 10 to 20 % I / 5
: . 2 -
— without uncertainties N 1 e
O I | L 11 L1 I | I | I I | I | I |
- effect of pile-up? e 234 s 678
K

=

— contribution of ggF+jets? -



?Summary of HL(HE)-LHC prospects

OH1-TH

OHT1—-3H

yy<«dd 10841pUI Yy «dd 108UIpUI
c i c i
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- © . o = © o .
= £ 1 ‘B = £ "5 -
> 0 ~ .m < - m .m - m
S 0 = o s C S .
Tel 0 0 o £ > o o < o
O O 2 o = [ =) o © (o))
1 1 1 1 1 1 1 1 1 1 1 1
I
Qoo
X 2
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w D
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o
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¢ Nice summary plot in the Yellow Report:

15

10
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?Comparison to future colliders (1)

¢ pp circular colliders:
- HE-LHC: Vs =27 TeV, 15 ab™
- FCC-hh: Vs =100 TeV, 30 ab!

¢ ooF production increases quickly with energy
— but k, mostly affecting m _ near threshold

HL-LHC HE-LHC FCC-hh

HH production &t pp colliders at NLO in QCD
My=125 GeV, MSTIV2008 NLO pdf (68%¢

*30

OP-'\mP‘O\' o

*4

oyLolfe]

MadGraph5_ aMC@NLO

8 1314 25 33 50 75 100

40



?Comparison to future colliders (2)

¢ ce colliders:
— linear: ILC, CLIC

— circular collider: FCC-ee, CEPC
¢ Di-Higgs production with ee colliders:

- ZHH
e direct and indirect

« stronger constraints for k, > 0

et Z -
A NS == i oh
::>Vévv{fﬁh :;yvvvvffﬁ "e-
e $37h S N5
et ~H et Z e z
Z- .I
+ it ~
15, % @
e 7, e Sh e Ky ~h

- vwHH
e stronger constraints for k, > 0

FCC-ee
FCC-ee ILC
Lc CLIC CLIC
L cEeP | . o
e ¢ I Y I E
< : *W@% i
T
o 100 =
o .
SL - |
o}
10 £ 3
1TE E
107 & ZHH E
A :  1608.07538 5
10—2 | H LI | ! H ! ! | ! I I I !
1000 2000 3000
Vs [GeV]
3.0
vvhh, 1.4 TeV
25N === vvhh, 3 TeV
------ Zhh, 1.4 TeV
2.0t
&
o)
B 4 g[Znh 1.4 Tey.
*[vvhh 1,4 TV,
vvhh 3 TeV
1op =
0.5¢ . . . \ . ]
-1.0 -0.5 0.0 0.5 1.0 1.5 2.0

0Ky =K, -1


https://arxiv.org/abs/1608.07538

?Comparison to future colliders (3)

¢

35

30

Lumi [ab™]

25

Uncertainty on X, vs Vs, luminosity, time:

— ee colliders, pp colliders

NB: not official plots, personal collections of results

: — ® 8
: FCC-hhy "% [HL-LHC -
- ¢ c S0 71 ]
s . 1 2 - .
— areax uncertainty on K, = Z aob- B
B ] % N ]
L 1 @ - -
: 1§ s | uc E
- E 201 HE-LHC =
e a C CLIECC_ee o
L-LHC E 101~ [ { ‘ FCC-hix
N T T T AT SRR N SR S - :I il Ll L PR S R N S SR R N N |-|-| |:

40 60 80 100 N30 2040 2050 2060 2070 2080 2090
{s [TeV] time
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& Conclusion @)

¢ Run-2 data:

— mainly aiming for resonant production
— first methods developed
— current sensitivity: ~10*SM

¢ HL-LHC:

— expected significance: 40

HH production at 14 TeV LHC at (N)LO in QCD ]
_ . measured with pre cision of 50% e — My=125 GeV, MSTW2008 (N)LO pdf (68%ci)
)\ E \-\\"‘-\_‘ 3

¢ Room for improvement

agolfel

— systematic uncertainties

— more sophisticated methods
— more channels _
~ indirect contraints (in particular for Run-3) .

AT MR TP L B
MadGraph5_aMC@NLO

¢ Tri-linear couplings also studied in future colliders

— CERN Council Open Symposium on the Update of European Strategy for
Particle Physics: 13/16 May, Granada (Spain)
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HH — bbyy: from Run2 to Run3 to Run4

€5 (tight)

¢ Performance vs pile-up
— photon calibration
— photon identification
— b-tagging :

— bbyy: up to a factor 2 data/MC ~

normalisation discrepancy
- fakes

— single-Higgs: 100% uncertainty

on ggF+ b-jets production

¢ Improvements of analysis
— very photon-oriented so far,

1.2

- T
E  ATLAS

T T
@ Z-lly Data

NLO/LO
> 00 = o D oW o
S [T

0O mEEE=

-2AIn(L)

extract more information from b-

jets
— previous focus on resonant,

present focus on non-resonant

SM, future focus on K,
measurement

T {5-13TeV, 329 fb" &7y MC =
e 20 GeV <E; <40 GeV =
E 1.81< n| <2.37 3

0.9 =]
£ —e— 7

0.7 :$;:
= converted y B

08~ Without bkg subtraction =
- L 1 1 1 3

1457 0T et o RS R

05E f—

gé____—.—'_._.______q_____‘__:F i

0-9’.,..ll‘...m...\....\....\...m...r

10 15 20 25 30 35 40
n

i . —— L0

& YY+2 jets

B

1308.3660

Events / 2.5 GeV

©° [T I b

5 :
Adjy o

ATLAS and CMS 3000 fo' (14 TeV)

5 i HL;LIiC prospectsi
1| —-bbbb —bbtt
[ —-bbVV(ivlv)  —-bbyy
4 i bbzZz*(4l)
FL 8] - ATLAS ~CMS
3l ¢
;
g
AN 3

I —
- ATLAS | $ o .
20 Vs =13TeV,36.1 fo-! B sngotigss |
[ 2 b-tag, loose selection o i
i Other SM yy + jets
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10 i =1
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1 el ol 1
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= T T
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https://arxiv.org/pdf/1308.3660.pdf

?EFT approach

¢ From JHEP04(2016)126

! 1 ne,
Ly = 58” hoth — EmihQ @XSMU R — —(v @‘L +2h h) (trtr + h.c.) —|— SU (cqgh — hh) GG,
oo ——---- o ®
@ ----

¢ 12 benchmark points:

Benchmark k) K Co Cq Cog
c.=C. = =0

1 75 1.0 -1.0 00 00 v X

2 1.0 1.0 05 -0.8 06 25-Y VYV VES® AMAA Y Y V YV +1
3 10 1.0 -15 00 -08 : YVE® Aii0 V ¥ ::
4 35 15 -30 00 00 Y YV Y YT AAAE VT VY g,
5 10 1.0 00 08 -1 : YoV v s &
624 10 00 02 -02 15 v vV Vv vyweiwy vv vy FE
7 50 1.0 00 02 -0.2 i v7

YVV® AAEY V ¥

8 150 1.0 00 -1 1 [ L
9 10 1.0 10 -0.6 06 L2247/t :9
10 100 15 -1.0 00 00 ; 7y ATII\N\X o
11 24 1.0 0.0 1 -1 05F Y YV V VYVWWYAVWY VY VY V V i
12 150 1.0 1.0 0.0 0.0 5105 0 5 10 18

SM 10 1.0 00 00 00 Ky, 46



https://link.springer.com/article/10.1007%2FJHEP04%282016%29126

?Combined results (ATLAS+CMS)

¢ Comparison of negative log-likelihood ratios:

ATLAS and CMS 3000 fo' (14 TeV) ATLAS and CMS 3000 b (14 TeV)
—~ 12 e -
S HL-LHC prospects = sk i| HL-LHC prospects
= [ = "| -bbbb ~bb1r
J 1ol —— AILAS N 1| ~-DbbVV(vlv)  —bbyy
. I — CMS 1y bbzz*(41)
gBe Lo CEE el SR TS S 95%
—e— Combination i :
3%
of
____________________________________ 95% 5
£ N\AEY obs /4| 68%
68% B
.

¢ Difference on 2" minimum mainly frop the bbyy channel: 3 categories of
m_ . (especially a low-m_ one) to resiove the degeneracy around k,=6

(while this low-m_, category has po effect around 1)

¢ CMS slightly better below 1: bbbb + other smaller channels 47



?Future colliders

¢ Uncertainty on k,:

CLIC

ILC

FCC-hh

FCC-ee

HE-LHC

HL-LHC

48



?Prospects for Higgs couplings

¢ Extrapolation of Run-2 results, ATLAS+CMS

Vs =14 TeV, 3000 fb" per experiment
[ Total ATLAS and CMS
— Statistical HL-LHC Projection
— Experimental
- [heory Uncertainty [%]
Tot Stat Exp Th
OygH = 1.6 07 08 1.2
Oyvpr — 3.1 18 13 2.1
OwH , 5.7 33 2.4 40
Oy b— 4.2 26 1.3 3.1
Ouy —— 43 13 18 37
PR L i L L L i PR L 1 L L L - L L 1 L L L | I L L 1
0 0.02 004 006 0.08 0.1 0.12 0.14
Expected relative uncertainty

115

1.10=-

1.05=-

1.00—

0.95=-

0.90—

0.85

sl i e o

—_—

current bounds
HL-LHC S1
HL-LHC 52
HE-LHC Base
HE-LHC Opt.

—_—
—_—

Bt

49



	Slide 1
	Slide 2
	Slide 3
	Slide 4
	Slide 5
	Slide 6
	Slide 7
	Slide 8
	Slide 9
	Slide 10
	Slide 11
	Slide 12
	Slide 13
	Slide 14
	Slide 15
	Slide 16
	Slide 17
	Slide 18
	Slide 19
	Slide 20
	Slide 21
	Slide 22
	Slide 23
	Slide 24
	Slide 25
	Slide 26
	Slide 27
	Slide 28
	Slide 29
	Slide 30
	Slide 31
	Slide 32
	Slide 33
	Slide 34
	Slide 35
	Slide 36
	Slide 37
	Slide 38
	Slide 39
	Slide 40
	Slide 41
	Slide 42
	Slide 43
	Slide 44
	Slide 45
	Slide 46
	Slide 47
	Slide 48
	Slide 49

