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Design searches that were impossible before!

Multi-bosons to test Higqs couplings
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- wmore challenging measurement
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Precision Tests of SM Distributions

e.9. 272 processes (Wz,LL,..)

- smwall statistics

- wmore challenging measurement

- more space for improvement
- signal big: even a relatively poor

€.9. HngS COMPU‘MS 8, 4 '-»?0{'@}.” measurement can be precise

- big statistics
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Precision Tests of SM Distributions

e.9. 272 processes (Wz,LL,..)
- small stakistics
- wmore challenging measurement

- more space for improvement

e - signal big: even a relatively poor
e.qa. Hiaas Couplinas., Z-Pole measurement can be precise
9. Higgs Couplings,

- big statistics

- soowher or laker stjsﬁema&c Limiked

Experimem&auv very QFFQQLE,V\S
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Higqs Cougtiv\gs

Higgs is a (pseudo) goldstone boson

—F ) SM BSM
o h sinh = (h T - )
Gk Vb +epph’

ALl tree-level Higgs Couplings are modified

Supersymmetry: only H: exchanged at (R-parity)
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Modified Higqs sectors have modified Higqs couplings

Higqs COMPLEMSS

Higgs is a (pseudo) goldstone boson

" h sinh = (h 3 | )
Ry ik Heyph?

ALl tree-level Higgs Couplings are modified

Supersymmekry: only ax&hauged at (R-parity)

< A

Higqs couplings to top/bottonm modified
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Are among the most important tests of new physics
(focus of collider program)

Associated with the following operators:
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(focus of collider program)

Associated with the following operators:
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HL-LHC Reach (3000 {b-1)

Higgs couplings are measured U processes with on-
shell Higgs (E=125 GreV)

(s = 14 TeV, 3000 fb™' per experiment
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HL-LHC Reach (3000 {b-1)

Higgs couplings (HC) are measured in processes with on-
shell Higqs (E=128 GeV)

/
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Higgs couplings are measured U processes with on-
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Higqs COMPLLMQS ak Hi;gkwﬁimm'gv

Theoretically Interesting @
Experimentally cont mc}c&%j distributions @

(recall k-framework: merely a rescaling of SM)

Higqs COMPLLV\SSZ



Higqs Coupiiv\gs ak Higkwﬁiv\érgv

Theoretically Interesting @

Higqgs couplings: Experimentally dont mc::»di%v distributions @

«OT do Ehev...?
SM is the unique &heorj, with (ks Far&dﬁ conbent,
valid up to arbi&r&rv enerqgy:
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Higqs Couptiv\gs ak Higkwﬁiv\érgv

Hiaas couplinas: Theore&i&auv Interesting C
L99 upLings: Experimentally dont mad&{v distributions @

«OT do Ehev...?
SM is the unique &heorj, with (ks F&r&ti.e conbent,
valid up to &rbi&rarv enerqgy:

800

0
108 105 109 1012 10l5 1piB8

A [GCV]

Any coupling modification must induce energy-growth
i some process, reduciing the validity energy-range



Higqs COMPLEMQS... without a Higgs (HwH)

modifications of Higgs couplings induces
£2 qrowkh in process with longitudinal WZ bosons!

M
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Higqs Coupliv\gs... without a H&ggs (HwH)

Henning,Lomba embau,FR - PRL19
Any modifications of Higqs couplings induces
E? growth in some process with longitudinal WZ bosons!

1)
T
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M
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o
£

modification of top-yukawa



Tolfo Yukawa... without a Higgs

modified Top-Yukawa iy <> |H|*QHtp
A2



TOF Yukawa... without a Higgs

"= (h f:qs())
modified Top-Yukawary <> |H|*QHty
A2
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Top Yukawa... without a Higgs

"= (h f:qs())
modified Top-Yukawary <> |H|*QHty
A?

H[* =

(v* H 2hv + B2 + 20707 + (¢°)%)

| —




TQP Yukawa... without a Higgs

Another way of understanding E-qrowth: ( o )
R
modified Top-Yukawari <> |H] H|2Q btr

2
A Goldstones = W, ZL

- 2 2h’U—|—h2 W2¢+¢ﬂ+(¢0)2)

stakistics _
Sl




TQP Yukawa... without a Higgs

Anocther way of understanding E-qrowth:

lower Ehreshold

stakiskics -

gt




Top Yukawa... without a Higgs

Anocther way of understanding E-qrowth:

A2 Goldstones = W, Z.
H|? = l@ 2hv + h? ’2¢+¢ﬂ +(¢%)°)
L 2 ‘ W )

AN

lower threshold
Many final states (WWWZ,22)

e = Al : -




Top Yukawa... without a Higgs

Anocther way of understanding E-qrowth:

¢—|—
v 7= (h+z’q§0>
modified Top-Yukawari <> |H] ;QH tr
AZ Goldstones = W, Z.

I _ 1 ' i —
P =5 F 2hv + h* 426767+ (¢°)°)

AN

lower Ehreshold
M?«wj final states (WWWZ,22)
| Boosted Ec::»g;

= e e -




“T“op Yukawa... without a Higgs
a:pp — V'Vt




Top Yukawa... without a Higgs

pp— VVit
SM sighal classified bj #L@.Fvﬁams'
Process (0T | 0F0% | 30(40)
WEWT 3449/567 1724/283 216/35| - -
WEW*12850/398(1425/199| - |178/25| -
W*Z [3860/632| 965/158 |273/45| - |68/11
77 |2484/364 - 351/49| - |(12/2)

pt. > 250 GeV / ph > 500 GeV
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TOF Yukawa... without a Higgs

pp — V Vit
SM sighal classified b:j #L&P&OV\S' v~ 72L: Small Background
Process 0F0F | 00T | 30(40)
N ~ W WEWT 3449/567 1724/283 216/35| - i
ttyj — tWlbjl WEW*|2850/398|1425/199| - [178/25| -
W*Z |3860/632| 965/158 |273/45| - |68/11
Z7 |2484/364] - |351/49] - |(12/2)

ph > 250 GeV / php > 500 GeV



TOF' Yukawa... without a Higgs

pp — VVii
Process Kiﬁ (0% | 30(40)
~ W WEWT 3449/567 1724/283 216/35| - i
ttyj — tWlbjl WEW*|2850/308(1425/199| - [178/25| -
W*Z |3860/632| 965/158 |273/45| - | 68/11
Z7 |2484/364] - |351/49] - |(12/2)

pb. > 250 GeV / ply > 500 GeV

i 0.4
omi.tj channels with »2 iﬁip&oms N
(small B) P
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T e
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Constraints from pp - jtVV at HL-LHC
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<O Top Yukawa... improvements Preric .
<
\\\‘l\y‘ Same amplitude enters in many channels...

9, %a

signal i longitudinal

/ pciarizafﬁioms

Further tm Frcwamam&s:

more channels
background estimate

Legs Order Diagram Channels | Xsec|fb] | QCD bgnd | L/T
L ot [ iWTWEWE 0.7 0.03
QCD s tW*z2z 0.4 0.03
L1 =W £ 3.5 0.10)
- — BT F 3.5 0.20
thW=2 3.8 0.11
thz 7 0.02 0 0.09
" HZWW 0.083 0.03
QCD el tZZ2 0.008 0.04
>"A< : tbW W W 19 / 0.04
t toW 22 3.8 0.07
itz 0.1 0.20
. ~\<_ (W= 0.3 0.32
Bw ‘4 thZ 0.2 0.31
) thW*(58) 0.9 2 0.29
23 BIVE(OS) 19 0.45
e W LW F 75 167 0.15
WV EW 75 458 ] 0.13
- thW=2 26 215 0.15
o thZ Z 4 0 0.07
. e iIWEWFW= 0.7 0.03
B +QCD = | wtzz 0.4 0.03
. tWiw¥ 4 7.15 0.09
)é tWEWw+ 8 6.44 0.10
Wz 0 75.4 0.07
tZ7 5 2.64 0.07

t-channel gluon

——so far

differential distributions {inko larqer £2)



HwH Program |

K+t

HI*QHtr

H|°

HGa, G

H|*B,, B"
HPWe, W

|H|?0,H" 0" H




HwH: Higqs Self COMPLLMQ

E-qgrowth from a modified sabfm{:ouptiv\gz

s JHI°
VR

| Grolstones = Wi, ZL
H|? = % (v + 2hv + h* + 2¢i¢_ +(¢")%)



HwH: Higqs Self Coupi.ima

E-growth from a modified self-coupling:

2
/ U
3 |PI|6 with 2 Higgs vew.s - (/ ™~ A2
h , e (= Eraditional \

A2 Higqs L.c:-u, Lin E?

me—:asurgmem

CGrolstones = Wi, ZL

|H|* = = (v* 4+ 2hv + h* + 2¢Y¢_ +(¢")%)

DN | —



HwH: Higqs Self Caupliv\g

\]\ / V2
|IL]|6 with 2 Higgs view.s - & ™~ F

3
h° € A2 / .
H|* = % (v® +2hv + h* + 207 ¢~ + (¢°)?)
wikh Higgs view.s

Contact Interaction Vi 1
p ~
Among Wi, Zi Vi A2



HwH: Higqs Self Caupliv\g

\]\ / V2
|IL]|6 with 2 Higgs view.s -« A2

3
h° & A2 [/ S
H|* = % (v® +2hv + h* + 207 ¢~ + (¢°)?)
wikh Higgs view.s

DCOM&QCE Inkeraction Vi L2
, Amoing Wi, Zi v, ™ 2 wab SM



HwH: Higqs Self Caupiiv\g

6 . . / ~N —
H with 3 Higgs views -« A2

A 2N

he e

H|* = % (v® +2hv + h* + 207 ¢~ + (¢°)?)
wikh Higgs view.s ‘/ v,
DCOM&QCE Inkeraction V; E2
Amoing Wi, Zi v, ™ 2 wab SM
Vi

pp %]j —|—4VL



HwH: Higqs Self Caupiiv\g

6 . . / ~N —
H with 3 Higgs views -« A2

A2 £

he e

H? = % (v* H2hv)+ h? + 207 ¢ + (¢°)?)
-
| | ey VE
with 1 Higgs veew. SN F
Vi
pp — jih + Vi Vi
wikh Higgs view.s ‘/ v,
bComEo\aE Inkeracktion Vi L2 &
Among Wi,Z. v, ™ Az wTL SM
Vi

pp — 77 + 4V



HwH: Higqs Self Caupiiv\g

6 . . / ~N —
H with 3 Higgs views -« A2

A2 £

he e

H? = % (v* H2hv)+ h? + 207 ¢ + (¢°)?)
-
| | ey VE
with 1 Higgs veew. SN F
Vi
pp — jih + Vi Vi
wikh Higgs view.s ‘/ v,
bComEo\aE Inkeracktion Vi L2 &
Among Wi,Z. v, ™ Az wTL SM
Vi

pp — 77 + 4V



HwH: Higqs Self Cmupuv\g

E-growth from a modified self-coupling:

// v2
6 . Y ~N —
7,3 ‘H ‘ with 2 Higgs view.s - & A2
2 (= tradikional \
A Higqs f...ou, Lin \
measm&mam&?

CGrolstones = Wi, ZL

with No Higgs veew.s

Contact Interaction V; E2 ‘
Among Wi,ZL v, ~ F wrlb SM |
Vi |

pp %]] —|—4VL‘




HwH: Higqgs Self COK«&F

pp — j7h + W-

:W]

Lin

ning,Lo

gardo,Riembau,PRL'w



HwH: Higqgs Self COQ‘.{,}F

Lin

ning,Lo

f%ardo,Riembau,PRL'w

W =il+v —» Same-sigh L@.pf:ons

pp — j7h + W-

:W]



HwH: Higqs Self Cmﬁfaim

ning,Logardo,Riembau,PRL'w

W —=l+v Same-sigh L@.p&@-v\s

pp = jgh +W=W=
h — bb

VBFE &Opoiogj



HwH: Higgs Self Couplin

ning,Lo%ardo,Riembau,PRL'w

W —=l+v Same-sigh L@.F:Ecwns

pp = jgh +W=W=
h — bb > Enough events

Ver topology > Low background B

v
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HwH: Higgs Self Couplin

ning,Lo%ardo,Riembau,PRL'w

W —=l+v Same-sigh L@.F:Ecwns

pp = jgh +W=W=
h — bb > Enough events

Ver topology > Low background B

v

2

15;
[ Constraints from pp = jj “v/*v h at HL-LHC

10}

0.1 0.3 1 3 10



HwH: Higqs Self Coupling

W —1l+v Same-sigin L@.F'Eo-ns
pp = jjh+W=W=
h — Db > Enough events

VBF topology > Low backqround B

15; _
[ Constraints from pp = jj #v/*v hat HL-LHC |

10}

5[ 1o ; //
~<~ o % Of - 95%, HL-LHC hh : N\

» HwH: single chawnnel, sim!ﬂ@. av\atfjsis, compe&&i\/e wikth HC!



HwH: Higqs Self COMPLEMS

e TRANY possibii&&ies of improvement ...

WlL, 7, — leptons/hadrons
- More Funal states
Wi, 7, — leptons/hadrons




HwH: Higqs Self Coupi.ms)

e TRANY possib&ii&ies of improvement ...

- More Final states




HwH: Higqs Self COMPLEMQ

e TRANY possibdi&es of improvement ...

- More Final states

- Look also ak Ei=qrowing processes

- Keep differentiol information to exploit E-growth



HwH: Higqs Self Caupiiv\g

see MAGNY possibiti&es of improvamev\&

1% Wi, 7, — leptons/hadrons

- Final skates t}’{{az

%7 Wi, 7, — leptons/hadrons

f VL
- Look also at £i-growing processes ;‘?\“?
L
|47
-~ Keep information to exploit E-growth

- Devetcwp -sensitive amaivsis



HoH Program: h ko qause bosowns

Wiy
Ky |H|*B,, B" 4 /gxi
. - i

Rz |H[PW, W ——
Z,"



HoH Program: h to gauge bosowns

Wiy
Ky |H|?B,,B" 2% /E-tii
: _ w i

I{Z'Y ’H|2W51/Wauy \

e Z, 7
: 10 constraints from pp » jjVV at HL-LHC 1
| Sémpte av\atjsis:

b
: Inclusive

<o e

| K2~ tomy&&&iva, Ky ok

: solid, dashed:B=1,0
oL
-2 -1 0 1 2
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HoH Program: h ko gause bosowns

w L
p 5 o Z’ ,.y l /(
v |H|"B,.B . 2 (
AN ]H|2W:Z’VWG“” — - T,

\
v Al
: 10 constraints from pp » jjVV at HL-LHC 1
| SLMF@L@. omod.jsi.s:
b
Inclusive
o O
| = | 2y competitive, fynot
2' IIIIIIIIIII §olid, .da.Sh.ed:. B = 1 O |
2 0 1 2
Kzy

Ay ||R(ATM)

S
~
—
.
¥
—
. -
2
>
—
S

VvV 0 4,2 1\ ; ”
Unfortunakely SM/BSM- [vra o | 3 | Prospects to “resurrect
interference small: ZZ > | interference with exclusive
Yo 0 2

reach poor.

o | 2.0 2.0 aaimu&hat QMSL@. MQO\SMTQMQV\&

Yyoeo 0 0 Panico,FR,Wulzer’18
OODOOD ) ()

Azatov,Contino,Machado,FR'17



HoH Program: Higqgs-Gluons

see also Azatov, Grojean, Paul, Salvioni‘l4

A
2 va a v
|H| G,LLI/G . >-- - g ZL

g
Nown~-resonank!
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H|*G, G

HoH Program: Higqgs-Gluons

- —

g~ Yo

Main H
Production
mode @ LHC:
well measured

see also Azatov, Grojean, Paul, Salvioni'l4
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HoH Program: Higqgs-Gluons

see also Azatov, Grojean, Paul, Salvioni'l4

0.4V
0.3 | vl
K | et g 2L
G 9 0.2 | |
‘Ge Gom -— = : {emilepton ]
|H| G,U,I/G UU" 01 _______________ é_:'m-‘“ -------- | g ZL
g ‘ — T i__hadrony A/ ;
Main H -0.1 _ Nown-resonant!
Production ~0.2. P i
mode @ LHC: : K 2+

-0.3"

well measured
0.0 0.5 1.0 1.5 2.0

B
ImEQrEaM& since Caupi.ihg measurementks leave degemeratées...

N
1 NN\
— RN A
Kg¥ £ -
| T Hi gluons HwH offer new observables,

& 0.0 — == ) ,
| 0 Atk I orthogonal to previous ones:
boosted, /¢ 7 ‘\‘ ‘= ,:r', '

081 S N
y /:::/’ & of1iF-shell :
2 g ". o : o tth\ o : o




HuwsH: probiv\g the EWSR sector

Possible that BSM has extra EWSB sources or non-decoupling -

e.g Galloway,Luty,Tsai,Zhao'13; Falkowski,Rattazzi'19;
Brivio,Corbett,Eboli,Gavela,Gonzalez-Fraile,Gonzalez-Garcia,Merlo,Rigolin'13; ...

oMW PLQMQMEO\T’v

HuwH processes will be the most sensiktive ko best Ehis kvpo&hesis!



Messaqe
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Messaqe

P More Luminosity -> access to new observables: high-energy tails

P Challenging
P More improvements

P Multiboson HwH: Competitive/Complementary to HC measurements

Probe EW sector Break degeneracies

. Many OFFQrEuhiELes for impravameh& (c:on&rarv to HC):

i |
1000
m(ee)

P Important for future colliders (HE-LHC,CLIC,FCC,..)



HwH Program: h to gause bosowns 2

Wi InSM VL suppresseci

L L Contiflo,Grojean,Moretti Piccinini,Rattazzi’10

v |H|28MHT6NH \
_ -
sy < 8%, (HwH) 6ry < 5% (HC)
W, Z N Bishara,Contino,Rojo’17



