Exploring the Higgs boson

self-coupling at the LHC

IIIIIIII

Luca Cadamuro
I I L University of Florida
Distinguished researcher

2019 and 2020 Imperial College HEP seminar
October 16t, 2019

2= Fermilab



The scalar sector of the standard model

Two main sectors of the SM:

V(OT®) = —p2 07D + A\(PTD)? | |
- - m Gauge sector: electroweak and strong interactions
/ explained with local gauge symmetries
e m Scalar sector: complex scalar doublet of fields and
potential with VEV = 0

°
°
-

0 spontaneous electroweak symmetry breaking
N (Higgs mechanism)
& AE‘ m The scalar sector is a necessary element of the SM
S\

0 W= and Z bosons masses

s A/@

O fermions masses via Yukawa interactions

f

Additional d.o.f.

= W and Z polarisation )] = Higgs boson

O regularises the theory at the TeV scale

Y4 )

Quantum of the field

The scalar sector properties are determined

m2 = 222 = 22 by the shape of the scalar potential
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The Higgs boson...

Observed by ATLAS and CMS in 2012 EPJC 79 (2019) 421 35.9 b (13 TeV)
> P ! L ! L ! L —
= Mass precisely determined: S ‘: TCMS F
muy = 125.09 + 0.24 GeV \% L Yukawa interactions ‘ :
m Precise study of its interactions with fermions and © ; G :
i auge

vector bosons...
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.. and its self-coupling

Observed by ATLAS and CMS in 2012 EPJC 79 (2019) 421 35.9 fo! (13 TeV)
- t L L L !
s Mass precisely determinea: = ‘: cMS t
My = 125.09 + 0.24 GeV .
= Precise study of its interactions with fermions and LLB 1077 E
vector bosons... S ‘f | a‘fgracﬁon?;
Y.
= ... but self-interactions not measured experimentally! 5 10° | -
. . \ g‘ N SM Higgs boséon :
V(H) = =miH? + MAgapvH® + ~dgaaueH* — S0* < 10 — (M, ¢) it L
2 1 4 £ - o

=
N
o
O
AnnH - direct access to the shape of the scalar potential Es obed o ol
1 %
Direct test of the EW symmetry breaking I 1 Par1t(i)cle mass?GeV]
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Why is it important?

The shape of the scalar potential is linked to many open questions of particle physics and cosmology

my, = 124 GeV
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| a3(M,) =0.1184
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RGE scale y in GeV

Higgs mass my, in GeV

m The modification of the shape of the scalar potential at high scales makes the EW vacuum metastable

m [he stablility of the potential at high has an impact of the possible role of the Higgs boson as the
inflaton in the primordial Universe
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7\|-||-||-| - how measure it?

Two complementary strategies exist:

Direct ) Indirect
measurements “ measurements
in HH In single H

| | m Extract the value of AvnH from precision
= Use the production of two Higgs bosons to single H cross section measurements

probe AHHH 0 indirect measurement: stronger theory
o direct measurement: theoretically clean assumptions needed to disentangle NLO AxHH

0 very rare process = experimentally effects from other couplings / new physics

challenging 0 benefit of the large single H cross section
(~ 1000 X OHH)

The combination of both strategies maximises our sensitivity to AHHH
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The Large Hadron Collider

m The CERN LHC is designed to deliver pp collisions at \/s = 14 TeV and £ = 1034 cm=2 s

m Design instantaneous luminosity exceeded throughout the Run 2 operations at /s = 13 TeV!

High _
Luminosity

) LHC
" LHC

un-| é é Run-Ii

15 2016 | 2017 | 2018 12021 | 2022 (2023 f
gMaghine: o
: Splice consolidation : : 1 4Tev 1 4Tev

Beam pipe — 5x nominal
8TeV. f ’ ’

Run-|

2011 [ 2012

2x nominal . luminosity instan.

/TeV _ luminosity luminosity

75% nominalé éluminosity

O5fp-1 150fb1 ~300fb-! | . 3000fp-1  eues
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HH production at the LHC

“triangle”

10*

HH production at pp colliders at NLO in QCD
M, =125 GeV, MSTW2008 NLO pdf (68%cl)

NNLO FT-approx ( JHEP 1805 (2018) 059 )

® Gluon fusion: dominant production mode

' ' 0 about 4300 HH events in the Run 2 datasets

10°
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m Tiny cross section : experimentally very

challenging!
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Extracting Aguy from HH measurements

g OO0 ---H

0.15

g OO0 ---H

[ [ [ [ [ ]
HH production at 14 TeV LHC at (N)LO in QCD 1
~~~~~~~~~~~~ M, =125 GeV, MSTW2008 (N)LO pdf (68%cl)
o2k ek Phys. Lett. B 732 (2014) 142 -
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) —— |box[?
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SM HH production
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SM —V.
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m [nformation on AxHH is obtained from both the
total and the differential production cross section
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llustration of shape efrects
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Interference effects have important consequences for the sensitivity of the searches
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HH : which decay channels?

bb
m Phenomenologically rich set of final states

m Branching fraction and S/B largely vary
across channels

WW

m Common analysis techniques (e.g. H—bb
reconstruction) and channel-specific
challenges

TT

Y4

Broad study ongoing by the o
ATLAS and CMS Collaborations Trade-off ¥ ..
between B

and purity

<

XX % :current public results at the LHC Run 2

—h

B (HH — xxyy)
My — 125 GeV 10_1

107
107
10
107°
bb WW T 77 Yy
‘ ’ rarer

Keep B high enough
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High B, low S/B: HH — bbbb

Event selection Multijet background estimation with data-driven methods
= Four b jets: crucially relies on 80 amas | e :
tagging perfOrmance Since trigger % 1052_ I‘fe:o}\?e;e(;/c;nz':j;begion, 2016 E:::ij:;fmcﬁ é
. I ‘GEJ 10 - - - - Scalar (280 GeV) ]
= Use H—bb signature to reject the = ATLAS:fromaanti-btag ¢ o .
backgrounds region. Usg a gldeband r e iea
for the estimation and a ok E
[ATLAS Simulatior 11,3 control region for the - -
oot 006 I s validation o s =

: g 0.5 _200 400 600 800 1000 1200 1400
. my,, [GeV]

. . Cizljigtinarl] E\(err\]t o I(;I_err:sitsphere Iillal('jlary2nd | Mil)(eddlflvent i

B CMS: “hemisphere
mixing” to build
background events

" T &
D, 7%@)
&

O LN

II|IIIIIIIIIIII|III|III|III|I

, o= ) from recorded data
| L 1 | L1 1 | transverse transverse
120 140 160 180 200 thrust axis thrust axis
m|26jad [GeV] — — p b-tag jets — — pnon b-tag jets
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High B, low S/B: HH — bbbb

Separation from the multijet background is essential

> 10T 7 T — T T — T - == L T0 0 . e e s e o e e e e e e e ...3.59.1:.b.1.(13.-.r.e\-./—_)
8 .F  ATLAS o 1§ FCMS bt - = Kinematic properties used to
o = S oV 24.3 fb ultijet EREEE —HH —bbbbSM 7] .
g e Iv:{_eso1l\:/ae£ Svigﬁ:I?:{febgion, 2016 E:adf_olniﬂf_ ] N = == Mixed data = sSuppress the huge mult”et
N = emi-leptonic tt = e ~~ Total unc. a
g oL - - - - Scalar (280 GeV) 1wk _ backgrgund
= S e SMHHx100 = = E
s | e, G (800 GeV, kiMp=1)  __| C . L . .
) — - G (20 GV, W2 0 = Discrimination based on jet
102 = L NN Stat+Syst Uncertainty 5 — ] ]
E Mkt T 1 WL ii angles, pr, b tagging scores,
I F SR E - : invariant masses

o =
(&)

Data / Bkgd
_._i
-
y//
7
—
7
_
0
P

o
&)

Obs. (Exp.) : 12.9 (21)
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/ 7,
—
Normalized residuals

X OHHSM

= . Oota-background)/Backgrouna . 0 ATLAS: selections on kinematic
3 = (HH — bbbb signal) / background . ]
variables + fit on mun

0 CMS: variables combined into a
BDT used for signal extraction

0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
BDT output

Obs. (Exp.) : 74.6 (36.9) X onpSM
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Medium B, medium S/B: HH = bbtt

m [hree tt final states

.-
N i : O TuTh, TeTh, ThTh: 88% oOf t7 decays
| T . .
N /‘ D = Challenge of triggering for the fully

- g hadronic final state

2 7//\ \

)\ \\\ = Mass of the 17 system reconstructed

\ 4 th with a likelihood method
4

0 used to suppress the backgrounds

TT = UVuV: ThV: [TpTh]
TT — €VeV: ThV: [TeTh]
TT = ThV: ThV: [ThTh]
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Medium B, medium S/B: HH = bbtt

_ : | m Irreducible backgrounds
\ genuine b jet . prompt from o tt — bbWW — bb 7 -
| simulation
(_GLg_' fromt — bw_) t - bW —bov o di-boson, ZH (minor) . .
| i simulation +
1 Zly* > tr+2bjets  _) corectionin
L= pp
mis-1D = Instrumental (reducible)
hadron jet backgrounds
o tt, Z/y*, multijet with smuiaton +
misidentified jets as th or b jet | estimate
" mis-ID light | 0 single top, W+jets (minor) ™) simulation

__jlavour jet_
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Medium B, medium S/B: HH = bbtt

m Sophisticated
variables based
on the kinematics
are used to look
for a signal

m Sensitivity
dominated by
fully hadronic
categories
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Events / Bin

Data/Pred.

: | | | | | |

- ATLAS
1045— 13 TeV, 36.1 fb

E 'chadthade-tagS
103 .é.-l....' -------
10°

10

1
—h

}}}}}},ﬁ}}}}};

¢ Data

- NR HH at exp limit
Top-quark
jet — 7, _, fakes (Multi-jets)
Z — vt +(bb,bc,cc)

I jet — t,_, fakes (tt)

I Other

SM Higgs

Uncertainty

----- Pre-fit background

h\\\\\\t\\\\\\\_

Awmnaan s bbbl

B U

1.5 L L II"'I"'I"'I"'I"':::;
| PR Qgs\\\ﬁx\\\\mmW\\\\\\&g
05529820 R R T X Y R

>1 08 -06 04 02 0 0.

BDT score

Fit the output of a BDT
Obs. (Exp.) : 12.5 (15) X opySM
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CMS 35.9 b (13 TeV)
10° Eresolved 2b T, T, ¢ Data
- channel It
10°E Multijet
- Drell-Yan
10 ;_ | Other bkg.
- [ | SM Higgs boson
1;_ ' Bkg. uncertainty
----- (k, =1, SM) x 100

(kx =20) x 10

O 50 100 150 200 250 300 350 400 450 500

M, [GeV]

Use the mt2 variable
Obs. (Exp.) : 31.4 (25.1) X onnsSM

October 16th 2019

16.



Low B, high S/B: HH — bbyy

. CMs 35.9 b (13 TeV)

A‘IO E_ I I I I | I I I I | I I I I | I I I I _E

Very rare but clean channel S TE ... Grav. m =300 GeV M tH(Y)  + Data -

% o Rad. m, = 600 GeV [l VH(yy) -

L < 10° —— gg — HH (x10° =
Maximisation of acceptance and 5 F — vBFHH ()E);Os)) 9gH(y) High purity

purity is essential L oL -

Medium

103:_ "-.,,. purity _:

m Main backgrounds: y/yy + jets continuum, -]

single H - -

9 10°E =

m Several event categories defined to - -

maximise the purity 10 H =

o low and high mass of the mnH system - B -

o0 medium and high purity using a MVA e L | =

discriminant ~1 0.5 O 0.5 1

. ST . lassification MVA
0 simpler categorisation in the ATLAS analysis Classification

using the number of b jets Inputs: b tag score of the jets, helicity angles, and

variables related to the HH transverse balance
7
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Low B, high S/B: HH — bbyy

. Benefit of the excellent m,, resolution as signature
m Look for a signal

using the my,

diStributiOn 8_|_|A|T|LA|S I | I | I |+I I Isaltal I I__
: : - Vs=13TeV, 36.1 fbo~! ——— Bkg-only fit
— S|multaneously fit ~ 2 b-tag, tight selection

with mpp in the CMS
analysis

Events / 2.5 GeV
Events/(1 GeV)

m Large variations of
the H kinematics 5
when K changes

0 ATLAS: loose and
tight selections for

N
T T T T T ]

——e
——e
——e

?

| e
-—e

I R g

—_— -
—-®

EaN (@)

o N RO
_||||||||||||__| |

!'IQ'H'|'I'||||_—_I“9 |
N

SM HH search and E IH H HH u

K)x Scan A | LA S ;
1 CMS: behaviour Mo 120 ' ' 130 140 150 160 >

captured by the mMyy [GeV]

Mik categories Obs. (Exp.) : 20.3 (26) X GHuSM

10—

CMS

35.9 fb' (13 TeV

N

14_| | | |
- pp—~HH—bbyy
12|

High-mass region

High-purity category

|IIII|IIII|IIII
+Data

Full background model

------- Nonresonant background

——— SM HH signal (x20)

150 160 170 180
m,, [GeV]

Obs. (Exp.) : 23.6 (18.8) X onuSM
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Combination of the results

T CMS 35.9 fb (13 TeV)
ATLAS —e— Observed
~ (s=13Tev, 27.5-36.1 1" U =xpected i Oosones 735.5
S = ev, oo " Expected = 1o Expected 88.8xSM
| ggg/llz (pp — HH) =33.51fb Expected = 20 | |
bbbb
n Obs. Exp. Exp.stat. _ Observed 74.6xSM *
Expected 36.9xSM
HH— bbt*t 12.5 15 12 | gg—HH
Il 7 bbtt
HH— bbbb I 129 21 18 i Exoonta 25, b —e— Observed
HH—> bbyy 203 26 26 by B -~~~ Median expected
] ] B B Observed 23.6xSM - 68 /o expected
HH— W'WW*W 160 120 77 Expected 18.8xSM 95% expected
HH— W*'Wyy 230 170 160 Combined
Observed 22.2xSM
B ) Expected 12.8x SM
— hbWtW" 305 305 240 I | | N | |
AA—~bowwy S0y S SAT _ 6 78910 20 30 40 506070 100 200 300 400
95% CL on SM
Combined 69 10 88 O Ok
I Lo o1l Ll I Lo vl I AR
10 102 10° 10* 10° m The combined results benefits from the similar

SM

95% CL upper limit on OyoF (pp — HH) normalised to OggF Sensitivity in several channels

JAYoJ o (o T a I e IERCHENI WA M Ve Full Run 2 dataset (x4 more data) current under analysis
with the 2016 dataset only X2 more sensitive (from stat.) + analysis improvements
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Combination of the results

10

B‘ - I 1T 11 1T 1T 1 I 1T 1T 1 I T 11 | I I 1T 1 I 1T 11 1T 1T 1 I 1T 1T 1 | I_
2 - : 1 |~ " Exp. 95% CL limits
T - | -
L B : 41 |~ Obs. 95% CL limits
R : )
o | Tmm===a_ : — bbbb
o 1 —
Lé - . — bbr*t
o B i
- 1 |~ bbyy
~ Allowed «, interval 11
10-11-at95% CL _ Comb.
; Obs. - Exp. ; - Comb. +1o (exp.)
B ( XP. Stat.) ATLAS |
" -5.0-12.0 | -5.8-12.0 ! (s = 13 TeV i Comb. =20 (exp.)
B -5.3-11.5) , -1 n
5 I I I( I )I I 27'|5 ) 36'|1 fo I ~ Theory prediction
10°" 5015 10 -5 0 5 10 15 20
Ky
Observed: -5.0<k)< 12

Expected:

-5 8<kri< 12

o(pp—HH) [fb]

CMS 35.9 fb™ (13 TeV)
3500 - 3‘ - 95% CL upper limits 5 5 :

B & — Observed

EA L . - == Medianexpected 1 _ li....;

3000}

2500

[ 68% expected
[ ] 95% expected

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

. IE :z ‘ii &&&&&&&&&&

2000F
1500
1000

500 [

N T T 1T

-20

-15 -10 -5 0

Observed:
Expected:

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

5 10 15 20

kx=7‘HHH/ }\'SM

-11.8 <ky» < 18.8
-/ <K< 13.6

m |mpact of the changes in the mun spectrum clearly visible in the shape of the upper limits
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Beyond gluon fusion

—— SM VBF HH

Cov contribution

- ”’fﬁLHH
= Second production mode at the LHC 0.8 i,
m Unique access to the VVHH interaction 0l
0 should differ from SM prediction if the Higgs boson emerges from 0 2; ”"“*wwm mmm |
some new dynamics at the TeV scale (“composite Higgs") Ly e T end
, _ _ , _ 00 400 600 800 1000 1200 1400 1600 1800 2000
m The two VBF jets give extra handles to identify the signal M. [GeV]

The study of other HH production modes give new insights on the properties of the scalar sector
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Search for VBF HH

Four central b tagged jets : muy signature to reject bkg.

High An jet pair : VBF signature

§' g L L L L L 'E
,;.E B ATLAS Preliminary = Non-resonant signal a
L 10° = \s=13TeV, 126 b —— Observed limit (95% CL) =
;];_ B HH—bbbb = === Expected limit (95% CL)
2 10° = " | Expected t 1o E
b§103f— Expected + 26 _f
10 ~
= Small cross section — high BR final state: search in the L -
bbbb decay channel with the full Run 2 dataset B B B S S
. . . . . . ) CZV
0 bbbb ar_1a|y3|s. extended with a jet pair with properties (mj, An) 1600 (1000) X GVBFgy
compatible with VBF production
o look for a signal in the mppo, distribution -1.0 < Cov < 2.7 (-1.1 < Cav < 2.8)

allowed @ 95% CL
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L:LSM+Z%O§+

m 5D parameter space,
contact interactions,
large kinematic
modifications

0 probed with
representative signal
shape benchmarks

m HH as a probe of
high energy BSM
effects

o full EFT operator fit
should be the focus
of the next results

Luca Cadamuro

A broader BSM picture

In a linear EFT cg = Cog
CMS Preliminary

Assumes SM Higgs branching fractions ® Observed

o0 Median expected

o)
N et 30® U
o0 o oot 0

95% Expected
68% Expected

95% CL upper limit on o(gg—HH) [fb]

Contact interactions Mostly trilinear coupling Shape benchmark

Shape benchmark 2 Shape benchmark 7

6 200 400 600 800 1000 1200 1400 160

m,, [GeV

m,, [GeV
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Extracting Agpy from single Higgs

Single H production as a precision tool
to look for NLO effects from AHHH

Differential distributions

OBR[%] ttH
i 13 TeV LHC

BSM/SM

K3=O
K3=2

* EPJ C (2017) 77: 887 510

JHEP 1612, 080 (2016)
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Single H : input

ATLAS Preliminary Toay Sta Syt

(s=13TeV,36.1-79.8fo" |°rPz 086 012 (0.1, -0.06

my = 12500 GeV. ly, <25 | %% 063 oz (o1 2 L. .

Py = 89% o 2% 2 Lary o m Combination of single H measurements

F—e—Total Stat. Bz 087 024 (019 -0.14) . . .

== Syst. "I SM = S B S S In various production modes and decay
Total Stat. Syst.

gg—H, O-jet x B, . 129 1018 (4016 10.00 | channels

gg—H. 1-jet, pyl < 60 GeV x B 057 o (os Toaw | Gluon fusion . . . .

GG, 101,605 pf < 120 GeV x By fo 0g7 1038 (1038 1018 m Fiducial Higgs boson production modes

ggaH,1-jet,120$p’;’<200 GeV x B, o= 1.30 J_rg% (tgg;, tggg) . . . _

ggaH,21-j:et,p’;2200 GeV x By, i 2.05 3‘:}:2‘2; (£§:§§, fgé‘g) ?’nd klr.].ematlcs phase Space re.glonns'

0H,> 20l P <200GeV x Bz 111755 (ae 029 simplified template cross section

qq—Hqq, VBF topo + Rest x B, = 157 fg:gg (fgzgg, ig:g) . . .

e o | ve 5 35 45| VBE + VH (had) m The impact of AnHH corrections is |

99-Hag, P, 2200 GeV x B, e 035 T (1% 5% evaluated for each process and bin

qq—sHIv, pV <250 GeV x By, pessy oo Y2 (1102 0TI WH ( O parametrise single H yields vs k), assume

993Hiv. py 2250 GeV x Bz = 19 S (i o (lep) no relevant inter-bin changes w.r.t. SM

90/aqHll py <150GeV x Bz pem=d 0.85 1122 (Tp%e 170 O no differential effects available for ggF

99/qq—HiIl, 150 < p¥ < 250 GeV x B,,  H=e= 0.86 f1:29 (J_”:OZ, t0:79) . .

MM SR 1 B T 22 ZH (lep) (expected small), single ttH bin |

= limited access to differential information
1 B | - o i8:§§|<i812% o9 | ttH
—10 -5 0 3 10 15

Parameter normalized to SM value
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Extracting }\HHH

2 10: I I I | I I I I | I I I I | I I I I I I I I I .
~— - ATLAS Preliminary N
- O p —]
~ - \s=13TeV, 36.1 - 79.8 fb :
m Reinterpretation of the simplified template cross section " 8 m,=12509GeV E
combined measurements TE oo Sys. E
. . 6:_ —— Stat. + Exp. Sys. + Sig. Th. Sys. -
m Assume that all the other couplings are fixed to the SM f —— Total=Stat. + Exp. Sys. + Sig. Th. Sys. + Bkg. Th. Sys.
prediction oF // E
. ] ] 4__ ....................................................................................................... IJ.I ............................ _: 20
m Variations of AvnH and of other couplings cannot be : -
distinguished S E
0 reduced sensitivity by 50% if kv also fitted 2F E
] no SenSItIVIty If further degrees Of freedom are Introduced 1;_ .................................................................................................................................... _; 1o
O: | _

15

Complements direct determination from HH Measurement sensitive only under strict

assumptions on other Higgs boson couplings
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A global view of the self couplmg

< 8||||||||||||||| |||||||||||||||| [T !,_, 14 T — T T :
c [ ATLAS Prellmlnary — d_OUble Higgs - - ATLAS Prellmlnary ' .
— 70 {s=13TeV,275-79.8fp" — Single Higgs — _ {s=13TeV, 27.5-79.8 fb" |
C}I [ Ky =Kz;=K =K =K,=1 —— H+hHH _ 1-3__‘<w=‘<z=‘<l=‘<b=1 . -
6/ - C oM e | e 1 = The combination of H
- ] —  +DBestri . R ISUPTLL it _
51 E 1.20 #BestPithet | [ im0 and HH allows to
. - o et i - probe simultaneously
195% CL : E=H - AnHH and other
3 E i - couplings variations
21 = - "-. _ .
- ] 0.9 4 = ~20% improvement
1:68% cL : : , - in sensitivity to AHHH
|||||||||||| | I | | | ] | | ] | | | 1 | B ] | I I |."I || ‘I ] I“|| L 1 1 I_ " "
%0 15210 5 0 5 10 15 20 08,5450 52  Whenadding single H
K, Ky,

All other  fixed Float ka, ki, others fixed

Kn= 4.6 +32 3 g 5-15% precision reduction on kx when
floating all kK = reduced theory assumptions!

Probe more generic models LO (HH) with NLO (H) effects combined within a k-framework
with all couplings variations Not fully coherent theoretically = full EFT fit as a next step!
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Towards the Run 3

: rare channels of potential interest
in Run 3 and beyond

XX %

Expanding the direct HH measurements b 133 B (HH — xxyy)

®m Expect in total ~300 fb-1 collected, 13 — 14 TeV my = 125 GeV

= ~ 10k HH events produced!
ww | 24. 4.6%

m Channels will sub-percent BR but very clean will
start to be sensitive to SM-like values

m Possibility to capitalise on the Run 2 experience

to Improve the analyses and develop dedicated
HH triggers ZZ | 3.

v ] 0. 0.1% |RULENE

I —

More precision in indirect H measurements

rarer

m Benefit of the X2 increase in the statistics
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The high-luminosity LHC

Upgrade of the LHC planned to SR i e High
start after the 2024-2025 & ll:glrgmosnty

shutdown Run-| Run-l| Run-lII
1 upgrade of the quadrupoles to !
|  14TeV

focus more the beams 13TeV _ 14TeV
1; "y 7 sEXg‘-';"p‘pe . 5x nominal
0 “crab cavities” to reduce the bunch __ . 8TeV o O ey
crossing angle —— 75 ot . -
Iuminosityg /
Increase of the instantaneous st 150fb1 >300fb-" |  3000ff 1 mesaes

luminosity by ~5 w.r.t. design
values

o levelling of the luminosity for a
large part of the fil Unique possibility for very high precision on Higgs physics

m Expect to collect 3 ab-1 during Expect to reach the ultimate sensitivity on HH

a decade of operations
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Why is it challenging?

CMS Phase-2 3000 fb" (14 TeV)
30 Simulation Preliminary
T e T o | B
C  ps[ HH — bbbb
O i
S
D 20~
> 20
m Up to 200 simultaneous pp interactions per single bunch g -
crossing! @ |
C u
0 radiation hardness and reconstruction are key challenges é 10|~
o triggering is particularly difficult in the harsh HL-LHC enviroment 9 :
5_
m HH analyses sensitivity to Aunn crucially relies on low muH } CMS-PAS-FTR-18-018
0 soft objects — difficult region at high pileup = S 7, B S-rou
Minimum jet o threshold [GeV]
An ambitious program of detector upgrades is planned to
maintain and improve the performance at the HL-LHC Essential to maintain low thresholds!
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A perspective view

From the experience of the Run 2...

CMS Preliminary 2018 data 11.11 fb'1 (13 TeV)

—

I\/Iaxmalé ,‘ L
‘Runl R 2016: ambitious

8T algorithm 477 UPArade, upgrade of the
efficiency/ 77 CMS L1 (hw)

' } Isc;lated, E;L1>30 Ge\:/ | trigger SyStem

E Isolated, E~ > 34 GeV same detector

more granular
inputs and more
powerful FPGASs

Efficiency

‘solated, -E >-38 GeV -

%0 20 36 40 5:o 50 76 8060106
?:rofflme [GGV]
Performance improved despite the higher

Instantaneous luminosity

. to the challenges of HL-LHC

= New L1 trigger system
o X7.5 bandwidth, X3 latency

o0 inputs from the tracker!

= New highly-granular
endcap calorimeter

0 3D calorimetry:
position + energy + time

CMS HGCal : more

m Precision timing for PU than 6M channels

suppression

Unique opportunities to expand the
physics capabilities of the experiments
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Extrapolations:

Same upgraded detector

oerformance @ PU 200 as Run 2 Detector
Ii’hase-Z MC-based analyses: upgrades
-ast or full sim with Phase 2

performance from TDRs

Performance scenarios
studied to bracket the
future performance at
the HL-LHC

Assume uncertainties halved
w.r.t. current values

>

Syst. uncertainties: scaled with
luminosity until “floor” levels

Analysis methods: using today’s V
ideas + future detector potentialities| jmprovements

Assumptions based on
Run 2 experience
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HH prospects at the HL-LHC

| _ | ATLAS and CMS HL-LHC prospects 3 ab-1 (14 TeV)
s HH sensitivity projected with Run 2 ~12r PP — 2o |
- - = | Ignificance: L
extrapolation and dedicated Phase-2 = >/9 o —— Combination
anal ses Z 10 ' 0.1<Kk1<23 [95% CL] ’ B
Y ST 0.5 < k2 < 1.5 [68% CL] : "=~ bbyy
0 small impact of systematic uncertainties B " o
observed in most channels 994%cL 8 il /N ) bbte
m Expect 50% (100%) precision on K at oL ~" bbbb
68% (95%) CL N ' bbZZ*(4l)
0 with the current analysis techniques! 95% CL 4 _ _ ﬂr | bBwiviv)
Further improvements should come in the i ' :
next 20 years A 1 arxiv:1902.00134
= Can determine whether Higgs boson 08% CL S nn A\ -/ - - s mrmnee S
N F A TP ity PR PR
0 L adat b DL

self-coupling exists (kx = 0)

Combination of channels and experiments is crucial to achieve sensitivity at the HL-LHC
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The HL-LHC view of }\HHH

m HH driving the sensitivity on
Kx at the HL-LHC

m Large differences from
single Higgs measurements
assuming Kx-only variations
or globally fitting all
coupling modifications

Luca Cadamuro

68%CL

[0.3,1.8] _
[-0.3,3.3] 95%CL 4 bbyy
[-%%1’ 28]2U 03, 12] 1 bbrtr
05,58 _ -
-1.5,7.7 bbbb sr
12,74 _ 2
27,87 Q
11,88 _
[-2.5,10.2] bbW W
Eg? | ;g% ‘:.: 1 combination
-1.9,5.3]
_4.1 . 14.] 1 tth, h->yy -
- O
—_ ] 7 , o
—(1)1 gg %a/: //f % 4 exclusive fit ,§
_2 ,39 7 . ~—_—
[[ -5., 7. ]] / // W//A 1 global fit
-10 -5 0 10 15

Exploring the Higgs boson self-coupling at the LHC
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Future colliders : a general overview

op et+e- colliders

colliders * Linear colliders

m |[LC : super-conductive RF cavities ==
\ o ook 0 staged, s =250 GeV-1TeV,L~1-3ab’ .

long tunnel

m CLIC : two-beam acceleration scheme
o0 staged, s =380GeV-3TeV,L~1-5ab7..... .

o 100-km tunnel at CERN Circular colliders

016 T magnets for 100 TeV = FCC-ee : same tunnel as FCC-hh

5 low-E (LE-FCC) option with 6 5 Js=180-380 GeV, L = 150 - 1.5 ab"
T magnets — 37 TeV |

m HE-LHC

0 16 T magnets in the LHC
tunnel for 27 TeV

compact Lmear Colhder (CLIC) ol LA
/ WD 380GeV-11.4km (CLIC380) - :*'/ Q) e
_ U 1.5 TeV - 29.0 km (CLIC1500) /,’ A e ¢

3.0 TeV - 50.1 km (CLIC3000) /;f *

B CepC : same tunnel as SppC
(upgrade to a pp collider)

0 Js=90-240GeV,L=16-6 ab"

Towards high energies Towards precision Higgs physics
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HH at future pp colliders

= ‘.)P—ﬁ’\;\;\' (NNLO QGQ) SEELe-T T =
= - Tpp T L5770 L -
— - ,9- - ,;;” 00\ S ‘NLO O.C'D\ _
- -="_- (&\/ —2 \’\\’\ K ]
-7 5 Ay PP
= P QQ —
- M, =125 GeV -
- MSTW2008 -
- | Lo | | | | | | T -
7 8 910 20 30 40 50 60 7080 10°

\'s [TeV]

onn (100 TeV) = 1224 fb
X33 xs, X10 lumi w.r.t HL-LHC

LHC HIGGS XS WG 2014

m \ery rare channels and
clean achieve good
sensitivity

m bbyy, bbrr leading
the sensitivity
because of the good

purity

m For bbbb, use HH + jets

Events/0.1 GeV

FCC-hh Simulation (Delphes)

Frrd | LI I L I L I UL I I I UL I i I LI I L l_
200 - -]
C ZH — bba i
180F- Vs =100 TeV B ob:o0(H) — bbal .
B [ =30ab" [ ] ttH — bbal N
.160‘_ T ——— HH — bbZZ — bb4l _
in N
140 . w
e bbZZ(4¢)
i Ak =15-20%
80 ]
60— —
40 -
20— -
Pt st ; Fiees. -
920 21 122 123 124 125 126 127 128 129 130

m,, [GeV]

0 boosted jets easier to separate from the background
0 the centre-of-mass boost allows to maintain access to events

close to the mun threshold

Benefit of the high energy and luminosity

Clean channels and new topologies used to fight the PU

October 16th 2019
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HH at ete- colliders

Z-strahlung

Z Z
A . Z
H H

llllﬂ
L L Ll

P lllllll

c(e’e” — HX) [fb]
=3

| lllllll

L | lllllll

m Vs =400 GeV needed for HH production
0 only achievable in ILCso0/1000 and CLIC1500/3000

10~

m Small cross sections for ZHH — O(500) events
expected for the full run 107

m VVBF production interesting for vs > 1 TeV \s [GeV]
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Comparison of the sensitivities

Higgs@FC WG September 2019

Direct HH - T T 1 T T 1 T T 1 T T 1 T T 1 1 d|-H|ggS Single-HiggS
HL-LHC HLLHC HLLHC
ina the fiitliire b 50 %o 907 (47%)......
m |eading the future £ e L0
HFnn/ityvr Aarmn X IR [ T10-20]%,  e=d 50% (40%)......
SenSItIVIty on )\HHH HE-LHC .FCC -ee/eh/hh  |\\] FCC-ee/eh/hh
: . 25/ (18%)
m need high energies at ete- LE-FCC & LEFOC
. FCC-eh,, | FCC-eh,,
colliders FCC-eelehhh —m———@™— | & irioan” Ddna ™
FCC-ee?l

365
24% (14%)

FCC-ee365
33% (1 9%)

m ultimate precision of 5%
achieved at FCC-hh FCC-ee S

. . o N
Indirect single-H - Voo
®m limited by HH HL-LHC CEPC}——— — | s ?;QE;SZQ/) .....
reach ur?t” h?g_her energies BT C7L/Kf,31°‘%°/ """"" ;éz_ic%g:: -----
and uminosities are L T - O

1 O 40 50 o
8% CL bounds on «, [%]
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Conclusions

The shape of the Higgs potential is so far largely unknown
O its measurement will deepen our understanding of the scalar sector

= HH measurements give direct access to AHHH
0 small cross section : experimentally challenging
0 crucial to explore and combine several decay channels
o0 broad spectrum of analyses by ATLAS and CMS

m Sensitivity from single H measurements via NLO effects
0 need to disentangle AnnH from other effects of physics beyond the SM
O benefit of a H + HH combination for maximal sensitivity >
0 a full EFT view as the way to move forward »

m Full Run 2 dataset under analysis, and Run 3 close to start!

m \Very good prospects for measurements at the HL-LHC
0 with important experimental challenges to tackle

m One of the key physics topics for future accelerators A HH—bbtr event candidate
in the CMS 2016 dataset

Luca Cadamuro Exploring the Higgs boson self-coupling at the LHC October 16th, 2019 K .




Additional material




a.Uu.

Shape benchmark 1

200 400 600 800 1000 1200 1400 160
m,, [GeV

0

Shape benchmark 2

a.Uu.
O T

200 400 600 800 1000 1200 1400 160
m,, [GeV

0

a.Uu.

Shape benchmark 3

OII

200 400 600 800 1000 1200 1400 160
m,, [GeV

0

a.u.

Shape benchmark 4

o

500 400 600 800 1000 1200 1400 160

0

m,, [GeV
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d.Uu.

a.Uu.

Shape benchmark 5

500 400 600 800 10001200 1400 160

m,, [GeV

Shape benchmark 6

500 400 600 800 10001200 12400 160

0

m,, [GeV

d.Uu.

Shape benchmark 7

200 400 600 800 1000 1200 1400 160
m,, [GeV

Shape benchmark 8

o

200 400 600 800 1000 1200 1400 160
m,, [GeV

0

0

0

d.Uu.

a.Uu.

a.u.

HH shape benchmarks

Shape benchmark 9

200 400 600 800 1000 1200 1400 1600
m,, [GeV

Shape benchmark 10

500 400 600 800 100012001400 160

0

m,, [GeV

Shape benchmark 11

200 400 600 800 1000 1200 1400 1600
m,, [GeV

Shape benchmark 12

200 400 600 800 1000 1200 1400 1600

m,, [GeV
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Nr. k ¢ Co Cg Cog
1 75 1.0 -1.0 0.0 0.0
2 1.0 1.0 05 -0.8 0.6
3 1.0 1.0 -1.5 0.0 -0.8
4 3.5 15 -3.0 0.0 0.0
5 1.0 1.0 00 08 -1.0
§) 24 1.0 0.0 0.2 -0.2
7 50 1.0 0.0 0.2 -0.2
8 15,0 1.0 0.0 -1.0 1.0
9 1.0 1.0 1.0 -0.6 0.6
10 | 10.0 1.5 -1.0 0.0 0.0
11 24 1.0 00 1.0 -1.0
12 | 15.0 1.0 1.0 0.0 0.0

SM | 1.0 1.0 0.0 0.0 0.0




HH — boWW

Irreducible tt background Advanced ML methods for signal identification

CMS 35.9 b (13 TeV)
: ? I I I I I I I I I I _,g - . st " _}
@ 107 ATLAS gy Du ] 8 L eonames D mmE m Jarget WW—/vfv decays
CIC) 5 - \/g = 13 TeV, 139 fb B 7/ +ets HF ] 1400 — p— K, = Ke=1 (SM) s M Single t . .
5 10° F Selection: == Other 3 nertainty | m tt irreducible background
5L SR, SF+DF and no dy cut HH (x20) b 1200 SM Higgs _
5 : 1000 F- suppressed with DNN method
10% £ —> E - m <75GeV | 75 <m <140 GeV m. =140 GeV
103 E : B0~ - ” 0 use kinematic information of the
02k 600 | objects in the event: mass. pr,
10l L @ o - 400 [ angIeS
100 : 200 0 CMS uses a parametrised DNN for
T B maximal sensitivity over K
SNl L S o
~ 1o ﬁ\g\\\N\\\\\\;\\g\N 5 ag;m#Hﬁ%ﬂﬁﬁ@mé;*@i;mw;u;@ﬁ@%;éw m The ML discriminant used to look
SO0 L e NN S e e e -
0% 9 7 5 3 1 1 8 5 7 9 11 B — T os T 0s : for a signal
o DNN output at i, =k, = 1 (SM), m_bins 0 ATLAS: counting exp. at high score
Obs. (Exp.) : 40 (29) X OHHSM Obs. (Exp.) : 78.6 (88.8) X OHHSM 0 CMS: fit to the DNN distribution
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Rare HH channels
WWyy Obs (Exp) : 230 (160) X onHSM WA Obs (Exp) : 160 (120) X onHSM

ATLAS ¢ Observed data ® Data Prompt-lepton Y4

/s =13 TeV. 36.1 fb™! — Total background (Fit S+B)_ ATLAS Fake-lepton [ iz7vvv QmisID
’ - Continuum background  _| Vs =13 TeV, 36.1 fb” v 2 stat+syst uncertainty

non-resonant -.= SM single Higgs boson —
with pTrY selection Uncertainty

mm= SM HH x 20
2 leptons 3 leptons 4 leptons
Low m,, | High m,

Events /2.5 GeV

.
| A
s PRI s R

@
—_
o

*HUHHHH;“AHJ

T ] | ] | | ] ] ] | ] ] ] ] ] ] Channel

110 20 130 140 150 m 27, 3¢, 4¢ final states, veto on b jets

¢

NSFOS =0 NSFOS =1,2 NSFOS =0,1 NSFOS =2 NSFOS =0,1 NSFOS =2

Data/Bkg
oIIII_LIIIII\IDIIIITII

m Prompt and fake lepton backgrounds from

= Targets WW—£vqq decays control regions

m Look for a signal using the m,, spectrum

m Counting experiment in each region
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Single Higgs effects from Anuy

ol'),[%]

', —80 B - E t{H

Cross section Branching fraction
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H + HH : expected results

< B B I B L B v 14_ATLA|\SPI|| L L B I L B B B
= imi — = double Higgs - — reliminary: ' —

= 7- ?Tfsst\rflg:.lsné%.s fo! — - single Higos - - y:' fs=13TeV, 275 - 798107 -
N © Expected (k, = 1) — — R+AR - 1.3 4 sm TN =xpected (=16, = 1) =
BF Kw=K;=K=K=K,=1 - ~ <eBest Fit * Kw =Kz =K =Ky =1 N

- 3} - —68% CL - ' -

51— 7 1.2 950, cL __

- \ l; I - - :

- | | 'l | H—T |

* ¥ = 1=t E
-95% CL ‘\ 'I | - = H+HH |

3 ‘\ II [ — B _

- \ | II[ - 1 —

oF i\ 111 — - .

i \\ [I/ ] - _

it \\ 11 : 0-9¢ B
©68% CL \\ /4 : - , -
O_|||||||||||||||Ilwllllllllllll_ 08_||||||||1"|| |||||||||||||||||||||i\||||_
-20 -15 -10 -5 O 5 10 15 20 =20 =15 =10 -5 0 5 10 15 20
KK Kk

kn=1.0+73 33
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H + HH : tixed vs tloating K

< 8I: | [ [ [ [ | [ [ [ [ | [ [ [ [ [ [ [ [ | | |: < 8|_ | | [ [ | | [ [ [ [ | [ [ [ | I I [ [ | | |_
- 7: ATLAS Preliminary - — | ATLAS Preliminary -
— 7 7 — (e i . -
c}' " Vs =13TeV, 27.5-79.8 fb™ i C}' L 8 13 TeV, 27.5-79.81 :
6 — Ky Kz» Ky Ky, K, profiled — 61— Expected (k;, =1)  __ Ky Kz» Ky Ky, X, profiled —
5; —— K;-0nly model _f 5%_ - = K, -0Nnly model é
: : ST I
4:— . 41— l¥ IL:_
£ 95% CL - "95% CL\ |\ -
3_— — 3_— \ \ [I __
- . - \\ " -
21 — oF \\ /A
- ’ - \ \ / ’
: : : \ y -
- - - \ §
168% CL - 1-68% CL *Q Nﬂj ;
B _ B \ |
N B R R B L | N A
0 -10 0 -10 -5 0 5 10
Ks Ks
Model | kw7 | kz5 @ ke D17 kpti7 ket 7| ka9 | ka [95% CL]
0.08 +0.09 +0.12 +0.20 +0.16 +3.5
Goreric | 035008 | 1105050 | 100K | 103203 | 106208 | 55133 | [-3.7,11.5] | obs,
0.08 0.08 0.12 0.21 0.16 7.6
1.00+0-98 1 1.00+9-%8 | 1.00*9-12 | 1.007021 | 1.00%01% | 1.0+7:¢ | [-6.2,11.6] | exp.

Luca Cadamuro
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m [The combination of H
and HH allows to retain
sensitivity to Ky even
when introducing
additional degrees of
freedom: HH needed to
solve the degeneracy
with other couplings

m [he best-fit values for
all the couplings are
compatible with the SM
prediction
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H + HH : Input comparison

< 8:I 1 | L | 11T | 11T | 11T | 11T | 11T | L I_ < 8_I T | T T | T T | T T | T T | T T | T T T I_ .
S | ATLASPreiminary —— ppongr | £ | ATLAS Preliminary —— Ho 22 | = HHdrives the
N /[ (s=13TeV,275-798f" 1 o T7F =13Tev. 275-798%" —— H—-n - sensitivity
' [ Expected (x, = 1) pp—H, VBF ] . ~ Expected (k. = 1) —— Hobb .
E R ] - " H— WW* _ .
61 PP, VH - 6 — How 4 m ggFisthe most
: T PeoR R - - T HH o b : sensitive single H
B | B —— — HH — bbt*t .
5 = pp—HH, ggF — 5F — — HH — bbyy - . g
B - : E production mode
4 = 4 e 0 sensitivity from total
A 95% CL - 3; 95% CL // / 7 cross-section
n - — I-
- - - // / /1 = ttH not sensitive for
2F v 2r / // / / Kn > 0 because of
- /" - [P the d
e . & i Ll e degeneracy
- \\ 68% CL : ; 68% CL /" / : (second minimum) in
O NIRRT AN RN A A . e ™ | | | O_' D — O '| | v ] .
-20-15-10 -5 0 5 10 15 2 %0 15 10 -5 0 5 10 15 o0 the cross-section
K;L K?y
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Using the differential information in single H

CMS Phase-2 Simulation Preliminary

3ab' (14 TeV)

——

Stat + exp. syst. + ggH+VH theo. uncert.
Hadronic categories only
Leptonic categories only

-2AInL

Expectation x, =10
Expectation x, =-5
ttH+tH theo. uncert.

xBR(Heyy)/dp: (fo/GeV)
I (1 1 11 Ir
‘ |

| . T
10°° - FEmmEEmmEees l l‘
T —
-I_T-' -
Lo B :
s L . ]
[
= IYHi<25 AR l { """"""
- H—yy: pYr >20GeV, Il <25 E
>=2 jets: pjT > 25 GeV, Injl <4, at least one b jet :
107 ! ! ! ! i

,  (p!'>350 GeV)/150 GeV

0 45 80 120 200

p? (GeV)

CMS Phase-2 Simulation Preliminary

3ab' (14 TeV)

68% CL

95% CL |

| | | |
w/ YR18 syst. uncert.

Stat. uncert. only

Hadronic categories only

Leptonic categories only

K, =1

P
= 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1

~
~
-..
I|III|IIII|IIII

-1.9 < Krn < 5.3[68% C.L.]

m ttH: from the observation to fully differential information at the HL-LHC

m The differential spectrum encodes information on Kj
— retains sensitivity also if pwn Is left floating

m Goal: extract the best sensitivity from a H + HH combination
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Single H future prospects at the HL-LHC

(s =14 TeV, 3000 fb™' per experiment

Total ATLAS and CMS
— Statistical HL-LHC Projection
—— EXxperimental
—— Theory Uncertainty [%]
2% 4% Tot Stat Exp Th
. 1 Ky, = | | 1.8 08 1.0 1.3
m Extrapolation of the current measurements to 3 ab | |
0 under assumptions on the evolution of the systematic Na==u : 1.7 08 0713
uncertainties and detector performance Kz = 1.5 0.7 06 1.2
m Most couplings known at a precision of 2-4% ! Kg = 25 09 08 21
0 with theory uncertainties as the dominant ones K = 3.4 09 11 34
0 stat. uncertainties remaining relevant for very rare Ky, = | 37 13 13 3.2
processes ; ;
K: B=_. | 1.9 09 08 1.5
Ky = 43 38 10 17
Kz, E: 9.8 72 17 64

0 002 0.04 006 008 0.1 012 0.14
Expected uncertainty
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CMS detector Phase-2 upgrades

Barrel ECAL

Front-end electronics upgrade

MIP timing detector

Trigger/ DAQ —_— Precision timing in the barrel and
/50 kHz @ L1, 12.5 ps latency

7.5 kHZ @ HLT

QRS = endcaps (~30 ps resolution)

HGCal:
forward

calorimeter
High granularity
3D + timing information

Muon detectors
Barrel DT and endcaps CSC
electronics upgrade

New forward detectors
Tracker

High granularity
Reduced material budget
Extended coverage
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Future colliders operations

+10 +15
0.5/ab 1.5/ab 1.0/ab 0.2/ab 3/ab
ILC 250 GeV 250 GeV 500 GeV 2Meop 500 GeV
5.6/ab 16/ab /zag SppC =>
CEPC 240 GeV N
1.0/ab 2.5/ab 5.0/ab => until +28
CLic 380 GeV 1.5 TeV 3.0 TeV
FCC 150/ab 10/ab 5/ab 1.7/ab hh.eh
ee, My ee, 2Mw | ee, 240 GeV ee, 2Myyp =
LHeC 0.06/ab 0.2/ab 0.72/ab
HE- 10/ab per experiment in 20y
LHC
FCC 20/ab per experiment in 25y
eh/hh
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How about HHH?

Lo Vs =T7TeV Vs =8TeV Vs =13 TeV Vs = 14 TeV Vs = 100 TeV

Mppn/2 | 12.0377108% £ 52% | 17.991195% 1 4.8% | 734311577 £3.3% | 86.847159% £3.2% | 47327119 £ 1.8%

+19.3% +18.4% +16.1% +15.9% +14.0%
Mpp, | 9.917193% £ 53% | 15.147184% + 4.7% | 63.327161% £ 3.4% | 76.15719% £ 3.2% | 43067159% £ 1.8%

Depends also on trilinear coupling

m Both high energy and high luminosity needed 10
o /s =100 TeV, 30 ab-! (FCC)
m Many possible final states!

0 Most interesting ones: bb bb bb (19.2%), bb bb 77 (6.3%), bb bb WW,
(0.98%), bb 77 77 (0.69%), bb bb yy (0.23%), bb 17 WW>; (0.21%)

NU

~S 0

m Performance crucially depends on detector performance! (many
final state objects)

—5

0 need also forward coverage up to |n| = 3.5 10

m Sensitivity: at FCC, O(100%) precision on OHHH, AHHHH € [-4, +16] %
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