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* Resonant Higgs patr production



gg — HH
9 TOOO) , H
H
A -«
q=tb >
g OOO0D S H
g Te——pee== [
vg=1t,0b
g < e
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[Baglio, Djouaoli, RG, Mithlleitner, @uevillon, Spira '12]
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trilinear Higgs self-coupling
accessible

Swmall cross sectlon

Difficult to measure

Most promising final state
ts bbyy

[Bawr, Plehn, Ratnwater '03, Baglio,
D\jouaoli, RG, Mihllettner, Quevillon,
Spira 12, Yao 13, Barger et al 13,
Azatov et al 15, Lu et al 15, Kling et
al '16, Adhikary et al ‘17, Goncealves
et al ‘1]
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trilinear Higgs self-coupling
accessible

1000
sSwmall cross sectlon
100 ¢
Difficult to measure
10 §
Most promising final state
s bby~y 1
[Bawr, Plehn, Ratnwater '03, Baglio,
Djouadi, RG, Mihllettner, Quevillon,
Spira 12, Yao 13, Barger et al 13, 0.1

Azatov et al 15, Lu et al 15, Kling et
al '16, Adhikary et al ‘17, Goncealves
et al ‘18]

Rest of the talk: gluon fuston

[Baglio, Djouadi, RG, Mithlleitner, @uevillon, Spira 12]

o(pp — HH + X) [fb]
Myg = 125 GeV

gg — HH

,,,,,,,,,,, qq’ — HHqq"
qq/gg — ttHH |

e Q) — WHH
qq — ZHH |

25 50 75 100
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other processes can also be promising
[Dolan, Englert, Greiner, Nordstrom, Spannowsky, 15,
Englert, Krauss, Spa vw»owlresg, Thompsow 14, Nordstrom,
Papaefstathiow 18, Bishara, Rojo, Contino 16, Arganda,
Garcia-Garcia, Hervero 18, ...1




Theoretical predictions for Higgs
pair via gluon fuston



NLO RCD correctlons La roe: K/"’iﬁ [Pawsown, Dittwmaier, Spira '9<]

Historically:
* NLO RCD corrections computed in Large top mass Limit [Pawson, Bittmaier, Spira 9]
simplifies the integrals dramatically ! o et
(p_l_q)Q_mQ p2_m2 p2_m2
[Degrasst, Gglardino, RG ‘1é&]
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NLO RCD correctlons La roe: K/"‘iﬁ [Pawsown, Dittwmaier, Spira '9<]

Historically:
* NLO RCD corrections computed in Large top mass Limit [Pawson, Bittmaier, Spira 9]
simplifies the integrals dramatically ! o et
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[Degrasst, glardino, RG “16]
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Higgs pair production i the SM

Bottleneck = virtwal correctlons

Estimation of finite top mass effects

[Frederix, et al 14, Maltont,

* vreal corrections in full mass dependence Viyonidow, Zaro 141
ryonidow, Z.aro ’

¢ hLQhCY orders Ln EXpansLon Ln La Y€ Wiy [arigo, Hoff, Melnikov, Stetnhauser 13, Grigo,
Hoff, Stetnhauser 15, Degrasst, Giardino, RG ‘161
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Bottlemeck = virtuwal corrections

Estimation of finite top mass effects

[Frederix, et al 14, Maltont,

* vreal corrections in full mass dependence y Ldow, Zaro 141
rgovu, oW, Yo

* higher orders L expansion Ln Large Wi [cvicp, Hoff, Melnikoy, Stelnhauser 12, Grigo,
Hoff, Steinhauser 15, Degrasst, giardino, RG ‘161

* NLO result in full mass dependence [Borowka et al 16, Baglio et al '1£]
fully nwmerical, available as a grid [Htebnrich, Jones, Kerner,

Lulsont, Vry ontdouw '17#]

* NNLO result in Lncorporating partially top [De Florian 13, Grigo et al
MLass depewdewae 15, grazzint et al 1]



Bottlemeck = virtuwal corrections

Estimation of finite top mass effects

[Frederix, et al 14, Maltont,

* vreal corrections in full mass dependence y Ldow, Zaro 141
rgovu, oW, Yo

* higher orders L expansion Ln Large Wi [cvicp, Hoff, Melnikoy, Stelnhauser 12, Grigo,
Hoff, Steinhauser 15, Degrasst, giardino, RG ‘161

* NLO result in full mass dependence [Borowka et al 16, Baglio et al '1£]

'ﬁ/‘.LLH WMM&YLOD(L, a\/aiLabLC as a QYLOI [H’C,LV\IVLOM,JDV\/CS, KCYVbeV,
Lulsont, VVgow'wlou '17]

* NNLO result in Lncorporating partially top [De Florian 13, Grigo et al
MLass depewo[ey\,ae 15, grazzint et al 1]

cawn we obtatn a (semil-) awaLgthaL result tncorporating the top mass dependence?

Advawntages: faster, application to other processes and BSM, cross-check, ...



Bottlemeck = virtuwal corrections

Estimation of finite top mass effects

[Frederix, et al 14, Maltont,

* vreal corrections in full mass dependence y Ldow, Zaro 141
rgovw oW, VYo

* higher orders tn expansion v LArge My [cvioo, Hoff, Melnikov, Steinhauser 12, Grigpo,
Hoff, Steinhauser 15, Degrasst, giardino, RG ‘161

* NLO result in full mass dependence [Borowka et al 16, Baglio et al '1£]
fully nwmerical, available as a grid [Htebnrich, Jones, Kerner,

Lulsont, Vry ontdouw '17#]

* NNLO result in Lncorporating partially top [De Florian 13, Grigo et al
mass dependence 15, Grazzint et al 18]

cawn we obtatn a (semil-) awaLgthaL result tncorporating the top mass dependence?

Expa WSLow L smeall Pr, M [Bonciant, Pegrasst, Glardino, RG 18]

H,’,gh_e,,\,gyg Y LLmaLt [Davies, Mishima, Stetnhauser, Wellmann 181

Expansion tn small my [Xu, Yang 18]



Combine several expansions by using Padé approximants
ngredients: z = (8 +1i0)/(4m?)

* large mass expansion (arouno z=0)

* threshold expansion (around z=1)

* Form factor vanishes for z — oo

“Trick”:

* Conformal mapping  z =




Combine several expansions by using Padé approximants

[RG, Mater, Rauh "17]

0.00080
0.00070 | Pr =100 GeV :
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0.00050 | x.*”HHHHH%H% 111173
I e’ 7 }; ][ T
S - ] ¥ x :
£ 0.00040 [ 11yl
~ i !* f
0.00030 [ % '
-8
0.00020 [ & full
B reweighted HEFT ;
0.00010 |- * [n/m] w/o thres k

b n/n+0,2] ——

350 400 450 500 550 600 650 700
OOVWPQ rison with grid from [Heinrich, Jones, Kerner, Lulsont, vqjovw',olou 1 7]



Higgs patr production
beyond the standard Model



Higgs pair production beyond the SM

1. measurement of trilinear Higgs self-coupling

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

2. does the Higgs boson couple non-linearly?

s there a corvelation between couplings hXxX ano hhxXz?
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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

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
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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



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 resomawnces decauling to hh
Y g

L.e. heavy new scalar (or spin 2 particle) decaying to hh



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]



Higgs pair production

4.0

3.5

3.0

o(gg — HH) [pb]

2.5

2.0

1.5

ATLAS
Vs =13TeV, 36.1 fb~

Observed limit
Expected limit
Expected limit +10

Expected limit +20
Theory

1.0
0.5 —
O O:I L1 1 | L 111 | L 111 | L 111 L 111 | | I I | L1 1 I:
=20 -15 -10 -5 0 5 10 15 20
KA
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Searches difficult,
require high luminosities

Current bounds O(%+ 10/15%)

[ArXiv:1509.046F, arXiv: 1506.0028,
arXiv: 1603.0689]

'Prospects at =HL-LHC
for bbfyfy ﬁwaL state

[talk by Delgove “Pouble-Higgs
production at Colliders workshop” “1£]



Higgs pair production

e~ 4.0 | T T 1 T T 1 T T 1 T T 1 T T 1 L 1T 1T 1
fo) | | | | |
=~ [\ ATLAS —— Observed limi Searches diffieult,
35_ —— imi ’ ’ ’ ’, .2
T L Vs =13TeV,36.1 b Eig:gt:g e require high luminostities
3 3.0 Expected limit +20
@] |
- B Theory current bounds O(£104>M)
2.5 —
= ] [ArXiv:1509.046F, arXiv: 1506.0028,
2.0 — arXiv: 1602.06891
1.5 'Prospects at HL-LHC
10 for bby~y ﬁwaL state
T - [talk by Delgove “Pouble-Higgs
0.0+ I B A AN B A NN IR BN 'PYDU[M.OU:DV\/ at COLLI:U[CYS WDY‘QSI’\D‘P” '12]
=20 -15 -10 -5 0 5 10 15 20

KA

Single Higgs to constrain trilinear Higgs self-coupling:
[Mccullough 14, Gorbahw,

Enters L electroweak . , H;fs"h 'w’L pegrasst,
, , — 04 < () b < 17 GLarawno, Maltonl, Pagant

corvectLons to single (Aun/ Aphn) 2 16, Bizow, corbahm,
HLg9s Hatsch Zanderight '1&]

Ramona Grober —IPPP, Durham Mwi\/ersita 11/ 24



Higgs pair production

e~ 4.0 | T T 1 T T 1 T T 1 T T 1 T T 1 L 1T 1T 1
fo) | | | | |
=~ [\ ATLAS —— Observed limi Searches diffieult,
35_ —— imi ’ ’ ’ ’, .2
T L Vs =13TeV,36.1 b Eig:gt:g e require high luminostities
3 3.0 Expected limit +20
@] |
- B Theory current bounds O(£104>M)
2.5 —
= ] [ArXiv:1509.046F, arXiv: 1506.0028,
2.0 — arXiv: 1602.06891
1.5 'Prospects at HL-LHC
10 for bby~y ﬁwaL state
T - [talk by Delgove “Pouble-Higgs
0.0+ I B A AN B A NN IR BN 'PYDU[M.OU:DV\/ at COLLI:U[CYS WDY‘QSI’\D‘P” '12]
=20 -15 -10 -5 0 5 10 15 20

KA

Single Higgs to constrain trilinear Higgs self-coupling:

[DL Vvita, Grojean, Panico,

Global fit, taking into o Rimbaw, vantalon 17
accouwnt diﬁercthaL 0.1 < ()\hhh/)\hhh)la < 2.3 see also: Maltont, Pagamﬁ,
MEASUrEMENtS Slvlfl; =l 2

Ramona Grober —IPPP, Durham Mwi\/ersita 11/ 24



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



vacuum stability
VO = — 2| HP + A H Y+ | S
1%

swmall field tnstability

large field instability
V(R) viﬁj |
1 I
250, A0, cs<0 ;F-:u,ﬂ-:u,cﬁ:nu;'
I

X/
/\\“‘j .
) n .

~—/-

turns out that nowne of those instabilities can set bound on trilinear Higgs self-

coupling deviations

Ramona Grober —IPPP, Durham Mw'wersitg



Large field instability

Toy model [for a similar argument see Burgess, DL Clemente, Espinosa '02]

1, 1 1 )
Vi, ) = = —p + Al + — M2 + &0 + kb + 20"

Electroweak vacuum is absolutely stable if

2
k>0 and /1>(°&— and A>0
K

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



Toy model [for a similar argument see Burgess, Dl Clemente, Espinosa '02]

1 1 1 i
Vih, ) = — Euz + ZW + 5M2¢2 + ER3 + kh2P? + Zw(p‘*

Electroweak vacuuwm is absolutely stable uf

2
k>0 and ,1>§— and >0
K

ntegrating out gb and e)qmwoliwg ln large M2

1 1 &2

15 4 6 &K 8

M?2 M4
he operator makes potethaL seevma unstable!

for vacuuwm instability analysis full tower of EFT operators necessary

full models



Perturbative Mwitaritg bound

h h h<_ _h he_ N h
\\ // \I/ \'\ / \\ //
N / I I\ / N
= = h! h! X X
/ h N | VRN 7 N
7 N B 2 e R
h” Nh h-"~ ~~h h- "~ R h 7 Nh

Perturbative unitarity bound from partial wave analysis

0
[DL Luzio, RG, Spanmowsky "17] Re app,ypn| < 1/2 N
Ao / At =7 Annn = A Annh = Apn

Aniin [ ASM = 65
0.6—

0.8—

Avrix

s+t+u+dvrix —

0.2 ]
0.1 ]
0.0kS: ru
300 400 500 600 700 800 500 1000 1500 2000
Vs[GeV] Vs [GeV]
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Perturbative Mwitarl’cg bound

h\ /h ’ — ~h h~ ~ /h /h
\\ // < - \\ //
\ % I I\ / N/
= = h! h! X X
s h \ ! I/ N\ 7N
// \\ /J\\ //I/ \ // \\
h 7 N h — ~ ~~h h- "~ A7) h 7 NA

Perturbative unitarity bo: indl From partial wave analysis

bounds at low s

[PL Luzio, RG, Spa nwnowsky 171 2
y SM { SM

Anbn / ﬂﬁm =7  Annhh 3 7 hr?:nh 0.6 Annh = Agny §Annbn [ Agppn = 65

| bounds at Large s

Re a’%h—>hh| <1/2

0.8—

Avrix

S+t+u+dvrix -

0.2 -
0.1 -
------------- ] ~ t+u
un P J._.-._.._1-..-.-iv.l@—.--.--.—-|—1-—.--|--q--|-q-.--|-q-- ,u,n S Y e 1 T
300 400 500 600 700 800 500 1000 1500 2000
Vs[GeV] Vs [GeV]
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Perturbative Mwitaritg bound

h\ /h/ ’ _ /h h\ - /h ' \ /h
N N p 7/ I \'\ N . p 4
\ s I I\ 7 N
- =< B b X X
/ h N | L/ N\ 7N
) % \ . ) L . ) y \ ) % \ .
he VhoONG- T S~h h-~ \hN_ 7 “h
Perturbative unitarity boand from partial wave analysis  bownads at Large <

bounds at Low s
[l Luzio, RG, Spannowsky 171
Aot I Aopn =7 Anninn d nhih

Re a’%h—>hh| <1/2

Annh = A § Annnn / Ap, = 65

dyrtx i
s+t+u+dvrix —
0.0kS: ru
30 400 500 600 700 800 ' 500 1000 1500 2000
Vs [GeV] Vs [GeV]
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Swmtlar bound obtatned bU reqvccstiwg that

11
2| < 135

[Pl Luzio, RG, Spa nwnowsky 171

14}

125 < 6

8 & 0 1 1 B )}
g
’—




How LﬂY@C cawn /11,11,,1,‘ be?

n which models do we expect Largest deviation?
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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
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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]

Nk / NopE

|
|
.- Pe* *Excluded by | Excluded
er Higgs coupling | by my 1
F measurement | meausurementI
_20 +noaonflnnonaflannall or 1 noaoonnflnonoanfllnononll nn o I
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cos 6



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

[DL Luzio, RG, Spannowsky L7]

20 g1

Nk / NopE

|
. 0 |
Pe* °Excluded by | Excluded -
IATLAS 1509.006721 15 ] Higgs coupling by mw Iq
| measurement :

measurement
PR R TR T NN TR T T T NN T

20 L -
0.9 091 092 093 094 095 096 097 0.98 0.9

cos 6

Singlet model allows for deviations of

—1.0< )‘hhh/)‘%\;{h < 8.7

1

Color code:

electroweak

VacuUUm Ls
stable,

unstable

[Lopez-Val, Robens "14]



1 1 1 |
V(H,®) =12 |H|* + 5;@ D)° + M\ |H| + ZAg D" + 5)\3 \H|? |®|° # paH o HD®

[Pl Luzlo, RG, Spannowsky "17]
—+ r [ v r [ T " T T T T
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TrlpLet model

Allowed by py
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Conwnectlon vacuum stab'LL'Lta

trilinear Higgs self-coupling

study case of fermonic singlets

[Mohapatra, (valle) g6,

RH neutrinos, Lnverse see-saw Bernabeu et al '€51

i s ) o
Liss ==Y/ Lipvg i+ Mg X+ p) Xy X;+ h.c.

cCOMMON MAass scale M=10 TeVv
and Y, = |y, | I3 Ieaglio, weiland 161



trilinear Higgs self-coupling
[Pl Luzlo, RG, Spa nwnowsky ‘171

stu.olgcaseoffermowicsiwgtets 0.101 I I R R
RH neutrinos, Lnverse see-saw i L\
< R
i i ioc > 005 -
gISSz_YULZ¢UR,]+MUDR,1)(]+MXXZX]_I_hC' ﬁ | i
3 :
COMMON MASS scale M=10 TeVv o 0.00—!
and Y, = |yy| I [Baglio, Weiland 161 E o i
% 005l | '
S -0.05[ | _—
T — T I
y,=0.8 requires ULV-completion ool t ML YL \ IIIIII '
' 4 6 8 10 12 14 16 18

within 2 orders of magnitude due to

, " lo IGeV
Lnsta bLLL’Cg [see also Delle Rose, Marzo, Urbano "15] Gio(H )



Conwnectlon vacuum stabilita

trilinear Higgs self-coupling
[Pl Luzlo, RG, Spa nwnowsky ‘171

modifieation of trillnear Higgs 3 )
self-coupling o 005 :
3 | -
3 : :
SM °  0.00/—: '
| A/ Ay | < 0.1 % Z2 | N |
% | 0.1 :
nown-observable - :
S -0.05f | —
00 8 10 12 14 16 18

logg (u/GeV)



Resonant di—Hﬁ@gs proolu.otiow

[many works in different models, e.9. Chen, Dawson, Lewis ‘14, Martin Lonzano, Moreno, Park ‘15, Huang

etal '+, ....]

95% CL limit on o(pp—=X—HH) (fb)

10°

35.9 fb" (13 TeV)

CMS preliminary

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

Sbin 0

Observed

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

300 400

500 600 700 1000 2000 3000



Resonant production of a new scalar

Signal Background

. g ——— g . h
H .7 hoo
CI_;_;\}_I;}L(\\ \zD }\hhh(\\
g N g === h g “h

as ww
g — CHHG/U/G

127y
parameters | cul, ¢CH, Uy A
whew Ls the interference between Not considered in experimental
stgnal and background relevant? searches
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Resonant production of a new scalar

Signal Background

P g ——— g . h
.H // h ///
CI_;_;\}_I;}L(\\ m }\hhh(\\

g \\ h g L h g \\ h

as v
g — CHHG/JVG

127y
parameters | cul, ¢CH, Uy A
whew Ls the interference between Not considered in experimental
stgnal and background relevant? searches

do  dog N do; dog
dmhh B dmhh dmhh dmhh
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Classification of Lnterferences

m¢)—|—1OF¢ dO_S dO_I m¢—|—1OF¢ dO_S
o [ (2 ) / e (222
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I
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[(Bagwnaschi),carvalho, RG, LLebLer Ruevillon @LH avx,ol ongong]

> o2~ ~ -~~~ T 1 — [ T T -
9 | ey 99(—+ 4) ~ Zh - & | 99(~ 4) = Zh |
O | ch:_o.OO(le 0O =05 | O [ a=t1 o =05 |
g ' oc=o0g5+ o | 20 ¥ =Ty T OT g
0.1 é [
T <
o I N 1.5}
=, Mzn S |
0.0 ——gj;\— 3 A
N | - b 1o}
ﬁ s .
b-01} n - 05}
= |
i i 0'0 -_l 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 T
02 . 270 280 310 320 330
780 790 800 810 820
m GeV
myp |(GeV zh |




whew Ls the interference between
stgnal and background relevant?
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discovery channel for new Higgs bosons

* Dufficult measurement: Current Limits not strong yet

* Theory SM predictiows:
Diffieult caleulation but top mass effects Lwcorpomted at NLO
numerically § analytically

* Trilinear Higgs self-coupling:
Current Limits above perturbativity bound
Cowncrete models can have deviations tn trilinear Higgs self-coupling by a
factor of a few

* Resonant production:
Reaching the sensitivities wheve interference effects become important

Thawks for Your attention!



[plots form Baglio, weiland 16]
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constraints from LFV deca Yys, non-unlta ritg of PMNS matrix,
Planck and neutrino oscillation data
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needs to be probed in multi-Higgs final states
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