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with the Higgs bosow the last missing ingredient of the
sStandaro Model Ls found ...



with the Higgs bosow the last missing ingredient of the
sStandaro Model Ls found ...

..out Ls it the only Higgs boson?
s the Higgs sector really as predicted by the SM?
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Conwnectlons to the “lnvisibles”:

* thggs as a portal

L=X\o'¢)(H'H) to scalars: “dark sector”

[see e.g. also Arsenii’s talk on Mowdag,
Awnastasiia, Nicolas” and Sarif's talk

L=yL'HN neutrino portal Jesterday]

* Higgs decays to invisibles

Higgs boson measurements of tnvisible width can Limit Light tnvisible states

* connection of hierarchy problem with other open Lssues of SM

e.g. dark matter? S could theve be a

connection
matter-antimatter asymmetry of the unlverse — ————pp to the Higgs sector?



Conwnectlons to the “lnvisibles”:

* thgogs as a portal
L=X\o'¢)(H'H) to scalars: “dark sector”

L=yL'HN neutrino portal
* Higgs decays to invisibles

Higgs boson measurements of tnvisible width can Limit Light tnvisible states

* connection of hierarchy problem with other open Lssues of SM

many models address
both, e.9. SUSY

matter-antimatter asymmetry of the universe  ———% clectrowenk
baryogenesis,
modification of trilinear
Higgs self coupling

e.g9. dark matter?



The Higgs bosow - what do we know?
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The Higgs bosow - what do we know?

sp'w\,

mp = 124.97 + 0.24 GeV

JATULAS, 1206.00242]
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CP/ Spl',w
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CP/ Spl',w

[ATLAS 1506.05669] This does not mean though
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Higgs width

(D T

; visible but yet
the “usual” ecays to

- o wot searched
SM decays tnvisible final o L
Le funa
states, e.g9. PM (LA

. states
current Limeits

BR<0.24
[CMS 1610.09218]

no direct measurement possLbLe at the LHC
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1ﬁH :@—'_ | inv‘,_" Funtagged

deca Yys to
tnvistble final
states, €.0. PM
current Llmits

BR<0.24
[CMS 1610.0921L]

the “usual”
SM deca Ys

no direct measurement Posslch at the LHC

stzeable destructive interference of h->Z2Z with background

measurement of off- and on shell
couplings allows to extract width
[Caola, Melntkov 1=]

caveat for width determination:

Ty /Ton < 3.5

[Kauer Passarino 12]

 onXBR(h— ZZ — 40) Fogh Kz 2
H22 =Ton x BR(h — 22 — Al)]gy;  Tp/T5M
o doy, R R
MZﬂé = ~ Rggh(s) K’%LZZ(‘S) y

[doh]g

Kggh(8) = const, Kpzz(8) = const

[ATLAS 1808.001191]
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So far everything sMm-like

higher precision might
still reveal a surprise

Missing:

* Higgs self-couplings

* couplings to 1st and
2nd generation
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* Higgs self-couplings

+ Zcﬂ (lry"1r) (HTﬁuH) ) .

* couplings to 1st and
2nd generation

CuB g

Cy c 2 CU c a a
ALp, = Yu QL H 0" ur B,y + mwgyqua Hc"ur W, + ngs Yu L H " N up G,

W W W
* more generally:
+ Can g yaqrHo" dr B, + degydq,;a Ho"dp WZ & db Ya qrHo"" \dp G, g , , 5
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ClBg aw g ¥ 5 4 ,
+ > yi LHo" g By, + —5— - y; Lo Ho" IrW,, + h.c. C'f:feOtL\/e Lagmwgmw

[operators from Contino, Ghezzi, Grojean, Mihlleitner, Spira 141



The Higgs bosow - what do we know?

only wnder certain

assumptiow, SM

width not yet reached
- SPLW

Lot of progress made the more precise
after Higgs discovery the better

the wiore Preoise

the better * CP-mixed state
still possible
couplings still to be
measured

Ramona Grober —IPPP, Durham Mwiversit5



* Preclsion measurements of couqsLngs:

Many wodels predictably only small deviations tn couplings in
absence of new light states

* Couplings yet unexplored

light Yukawa couplings, tHiggs self-couplings, tn
general: exploration of dim-6 Higgs operators

. Exotic Higgs decay channels

Ln extensions of the SM exotic decays are possible

* Searches for additional Higgs bosons

the Higgs might not come alowne...



Probing the trilinear Higgs self-
coupling

4 V©)

Measurement of trilinear
Higgs self-coupling gives
lnsight to the Higgs
potential and hence
electroweak symmetry
breaking

[quantumdiaries.org]
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[Baglio, Djouaoli, RG, Mithlleitner, @uevillon, Spira '12]
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qq — ZHH/WHH

q H
W/Z .

-
WH

! W/Z

[Baglio, Djouaoli, RG, Mithlleitner, @uevillon, Spira '12]
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sSwmall cross sectlon

Difficult to measure

Most promising final state
s bbyy (significance ~ 1.5)

[Baur, Plehn, Rainwater ‘03, Baglio,
Djouadi, Rq, Mithlleitner, Ruevillon,
Spira 12, Yao 13, Barger et al 13,
Azatov et al 15, Lu et al 15, Kling et
al 16, Aolhilearg et al 17, qonecalves
et al ‘1]
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0.1

[Baglio, Djouadi, RG, Mithlleitner, @uevillon, Spira 12]
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Higgs pair production beyond the SM

1. measurement of trilinear Higgs self-coupling

V=—ud"¢+Ae'¢)* ecws=e
probes the Higgs potential

Ramona Grober —IPPP, Durham Mw'wersitg



1. measurement of trilinear Higgs self-coupling

V=—p?¢'o+ No'¢)*
probes the Higgs potential

strong 1st order ew phase .

’_ s ’ 3 \V-/
transttion uswally predicts 2
modified trilinear Higgs self- i
coupling

nightwmare scenario: scalar
SLW@ Let [Curtin, Meade, Yu '15]

target for trilinear
Higgs self-
coupling: 20-20 %

e, Yu 15]




Higgs pair production beyond the SM

1. measurement of trilinear Higgs self-coupling

V=—ud"¢+Ae'¢)* ecws=e
probes the Higgs potential

2. does the Higgs boson couple non-linearly?

s there a corvelation between couplings hXxX ano hhxXz?

Ramona Grober —IPPP, Durham l/u/\,'wersi‘cg



Higgs pair production beyond the SM

1. measurement of trilinear Higgs self-coupling

V=—ud"¢+Ae'¢)* ecws=e
probes the Higgs potential

p
>
>
>
>

o

i

2. does the Higgs boson couple non-linearly?

s there a corvelation between couplings hXxX ano hhxXz?

3. probing particles in the gluon fusion Loop

Gluow fusion Loop can contain new colored particles

Ramona Grober —IPPP, Durham w/\,i,\/ersitg



1. measurement of trilinear Higgs self-coupling

V=—p?¢'o+ No'¢)*
probes the Higgs potential

1 1
—— ) 5,2
p? = v2h

2. does the Higgs boson couple non-Linearly?
s there a correlation between couplings XX and hhXXz?
2. probing particles in the gluon fusion Loop
Gluow fusion Loop can contain new colored particles

4. discovery wode for new resonances decaying to hn

L.e. heavy new scalar (or spin 2 particle) decaying to hh
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Prospects at HL_LHC
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Searches difficult,
require high luminosities

Current bounds (’)(:Izl())\f%)
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ArXiv: 1603.0689]

Prospects at HL_LHC
for bby~y ﬁwaL state

— 0.8 < Ahhh/)‘g}é\z < 7.7

[ATL-PHYS-PUB-2017-001]

Single Higgs to constrain trilinear Higgs self-coupling:

Global fit, taking into
account differential
measurements

0.1 < ()\hhh/)\}?%)lg < 2.3

[DL Vita, rojean, Panico,
rRimbauw, vantalon 17
see also: Maltont, Pagant,
Shivaji, Zhao 11



Trilinear Higgs self-coupling

caw the trilinear Higgs seL{—aovq::Liwg be constraint
theoretica Lly?

Awnd how Large can it be tn conerete models?

Ramona Grober —IPPP, Durham Mw'wersitg



Perturbative Mwitaritg bound

h h h<_ _h he_ N h
N / I I\ / N
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Perturbative unitarity bound from partial wave analysis

Re apppnl < 1/2

[PL Luzio, RG, Spa nwnowsiky "L7] s
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Perturbative Mwitarl’cg bound
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bounds at low s
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Perturbative Lnita

V'Ltg bound
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Perturbative unitarity bo: indl From partial wave analysis

bounds at Low s
[l Luzio, RG, Spannowsky 171
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How LﬂY@C cawn /11,11,,1,‘ be?

n which models do we expect Largest deviation?

Ramona Grober —IPPP, Durham Mwiversitg



How LﬂY@C cawn /11,11,,1,‘ be?

n which models do we expect Largest deviation?

y ’, ’, C
l-f there Ls a tree-Level contribution to Lg = A—62|H |6

v models with new scalars that couple with H H

L=HH® or L=HHH® o SN

Ramona Grober —IPPP, Durham w/\,'wersitg



v whitch models do we expect Largest deviation?

’, ’ ’ C
lf there Ls a tree-Level contribution to L = A—62\H !6

In models with new scalars that couwple with

L=HH® or L=HHH®

d Og
(1,1,0) | ®HHT
(1,2,5) | PHHTHT
(1,3,0) | ®HHT
(1,3,1) | ®HTHT
(1,4,%) | PHHTH?
(1,4,2) | PHTHTHT




v whitch models do we expect Largest deviation?

’, ’ ’ C
lf there Ls a tree-Level contribution to L = A—62\H !6

v models with new scalars that couple with H H

L=HH® or L=HHH® AT T TN

How LﬂV@C cawn /11,11,11,. bﬂ,
taking Lnto account
noirect constraints?




1 1 1 1
V(H, ®) = pi|H|* + M| H[* + 5#3(1)2 ‘|' 5)\3|H|2c1>2 + §M3<1>3 + Z)\2<I)4

[DL Luzio, RG, Spannowsky L7]
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er Higgs coupling | by my 1
F measurement | meausurementI
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cos 6



1 1 1 1
V(H, ®) = pi|H|* + M| H[* + 5#3(1)2 ‘|' 5)\3|H|2c132 + §M3<1>3 + Z)\QCI)4

20 [DL Luzio, R4, Spakuowslga 1]
Te®_ ©®r ' oo T T e T

1 Color code:
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] VACUUM LS
< _
n N
~—
=
S unstable
<

|

|

|

| |

| |

Pe ® xXcludae Voo xXcludae |

% oExcluded by | Excluded |
|
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* Many measurements in Higgs physies still outstanding

* Trilinear Higogs self-coupling measurement timportant
probes Higgs potential

information on electroweak baryogenests
* Current limits not strong yet and above bounds from perturbative unitarity

* Cowncrete models can have deviations in trilinear Higgs self-coupling by a
factor of a few
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