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The Higgs self-interaction

Measuring the Higgs self-interactions Is an essential step to understand the
structure of the Higgs potential
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» distortions expected in many BSM scenarios
» related to order of EVWV phase transition (relevant for cosmology)

» limited precision at LHC due to small statistics



The Higgs self-interaction

Measuring the Higgs self-interactions Is an essential step to understand the
structure of the Higgs potential
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» distortions expected in many BSM scenarios
» related to order of EVWV phase transition (relevant for cosmology)

» limited precision at LHC due to small statistics

+ at high-energy lepton machines accessible : [
mainly iIn HH production )

+ additional bonus: test strength of Higgs : )
couplings at high energy (VVHH coupling) _ .




Main double-Higgs channels
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Sensitivity to Higgs self-coupling

The two channels provide complementary information
+ ZHH gives stronger constraints on dky > 0

+ vvHH gives stronger constraints on dky < 0
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» dependence on 0k decreases with energy in vvH H, but compensated by large
INncrease In cross section



Precision reach at CLIC

Ay? =1 Ax? =4
CLIC Stage 2 [—0.22, 0.48] [—0.40, 1.05]
CLIC Stage 3 [~0.13, 0.16] U [1.13, 1.42] [—0.24, 0.42| U [0.87, 1.53]
CLIC Stage 2+3 [—0.12, 0.14] [—0.21, 0.35]
5 bins in vvhh [—0.11, 0.13] [—0.21, 0.29]

[Results from theory study,
see later for experimental study]

Precision at CLIC ~10% at 68% CL (combining |.4TeV and 3TeV runs)

+ Interplay between vvHH and ZHH has a strong impact on the
reach, excluding the region at dxy ~ 1.2

+ Additional improvement from differential distribution in vv HH



Differential HH distributions

The Higgs trilinear coupling strongly modifies the distributions

CLIC 1.4 TeV, e'e">vvhh LIC 3 TeV, e'e">vVvhh
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CLIC 1.4 TeV ~ 20 ~ 40
CLIC 3 TeV ~ 60 ~ 100

» differential analysis can exclude the second minimum

bounds on k) 68% CL 95% CL

CLIC inclusive -0.22,0.34] U [1.07, 1.28] -0.39, 1.56
2 bins in vvhh [—0.19,0.31] —0.33,1.23]
4 bins in vvhh [—0.18, 0.30] —0.33,1.11]




Precision reach at CLIC

More detailed analysis confirms previous discussion

Constraints for dx) based on Ax? =1

hhvv cross section only (3 TeV) [—0.10,+0.12] U [1.40, 1.61]
hhvv (3TeV) and Zhh (1.4 TeV) cross section —0.10, +0.11]

hhvv differential (3 TeV) —0.07,40.12

hhvv differential (3 TeV) and Zhh cross section (1.4 TeV) —0.07,4+0.11]

[See talk by U. Schnoor for details]

+ Differential analysis of vvH H at 3 TeV is almost saturates the whole
precision



Impact of Global Fit



Single Higgs couplings

Corrections to Higgs trilinear are usually not alone: accompanied by
modifications of single (and double) Higgs couplings

Vector Boson Fusion
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» Several couplings can affect single-Higgs production (and Higgs decays)



Single Higgs couplings

Corrections to Higgs trilinear are usually not alone: accompanied by
modifications of single (and double) Higgs couplings

global analysis 1s needed!

l
il

Minimal set Iin the Warsaw basis; |2 operators

e Higgs couplings to gauge bosons dc., c.., .0, Cz ., Cyy, Cyg
e Yukawa's dy:, 0yp, 0Yc 0Y-, Oy,

e triple gauge couplings A



Impact of global fit
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CLIC 1.4TeV, 6k, only
L CLIC 1.4TeV, global fit
8t CLIC 1.4TeV+3TeV, 6k, only
[ CLIC 1.4TeV+3TeV, global fit

CLIC 3TeV BDT + 1.4TeV, 6k, only

A

exclusive fit ( 0k only)

global fit
68 %C.L. 95%C.L.
CLIC Stage 2, exclusive [—0.21, 0.34] [-0.38, 0.89]
CLIC Stage 2, global [—0.22, 0.40] [—0.39, 1.00]
CLIC Stage 2+3, exclusive [—0.11, 0.12] [-0.20, 0.27]
CLIC Stage 2+3, global [—0.11, 0.13] [-0.21, 0.29]

+ Single Higgs measurements are precise enough to make deviations in
single Higgs couplings subdominant in Higgs pair production

» Stage 2 fit Is affected at the [0-20% level (especially the upper bound on 6k )

» Stage 3 fit Is nearly unchanged  (modifications < 10%)



Higgs trilinear at CLIC Stage |



Self-Interaction from Single Higgs

Higgs self-interaction can be

also probed indirectly through

single-Higgs processes
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Good sensitivity at low energy
in HZ (and vvH ) channels



Higgs trilinear at CLIC stage |

+ exclusive analysis can surpass
HL-LHC sensitivity

10

HL-LHC, global fit
HL-LHC + CLIC 350GeV, 6k, only

HL-LHC + CLIC 350GeV, global fit
1




Higgs trilinear at CLIC stage |
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HL-LHC, global fit
HL-LHC + CLIC 350GeV, 6k, only
HL-LHC + CLIC 350GeV, global fit

+ exclusive analysis can surpass
HL-LHC sensitivity )
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+ but a global fit spolls the sensitivity

» strong correlation between dxy and modifications to the hZZ

coupling

* single Higgs channels basically insensitive to 0k at stage 2 and stage 3




Comparison with other colliders



HL and HE LHC

[Higgs Physics at the HL-LHC and HE-LHC
report, to appear]
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+ HL-LHC can test the Higgs trilinear with O(50%) precision
—0.43 < 0k) <0.5 at 68% C.L

+ HE-LHC could test the Higgs trilinear with O(15-30%) precision

(projections vary significantly between different analyses)



ILC

ILC, global fit

10 T T T \ T T Yy - T T
I — up to 1TeV
----------------- \ | —— up to 500GeV
| \ ILC: 250GeV(2/ab)+350GeV(200/fb)
+500GeV(4/ab), P(e™,e*)=(¥0.8,+0.3)
1TeV(2/ab), P(e”,e*)=(-0.8,0.2)

+ |LC could test the Higgs trilinear with O(20%) precision

68 %CL 95%CL
ILC up to 500 GeV (—0.27, 0.25] [—0.55, 0.49]
ILC up to 1TeV (—0.18, 0.20] [—0.35, 0.43]




Low-energy Lepton Colliders

Single-Higgs channels can test the Higgs self-coupling provided that runs at
different energies are performed (eg. 240 GeV and 350 GeV)

» combination of runs remove blind direction in the fit

» precision of order 30-407%

CEPC/FCC-ee alone CEPC/FCC-ee + HL-LHC
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FCC-hh

Exclusive fit on 0k

Ok Ag=0.00 | Ag =001 | Ag=10.015 | Ag=0.02 | Ag=0.025 “ theory error:
rp=05 2.7% 3.4% 4.1% 4.9% 5.8% “”;;j‘”r‘zeon
rg = 1.0 3.4% 3.9% 4.6% 5.3% 6.1% A Ac(pp — hh)
rg = 1.5 3.9% 4.4% 5.0% 5.7% 6.4% >~ “o(pp — hh)
rg = 2.0 4.4% 4.8% 5.4% 6.0% 6.8%
rg = 3.0 5.2% 5.6% 6.0% 6.6% 7.3%

overall rescaling / [Contino et al. Physics at a 100 TeV pp collider:
of bkg rate Higgs and EW symmetry breaking studies ‘| 6]
np —rp Xng
» precision likely to be limrted by systematics
(theory systematics dominant for Ag 2 2.5%, leading to dky\ ~ 2Ag)
» ultimate FCC-hh reach in the 4 - 6 % range
g ) --h
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e

» global fit could significantly affect the prediction
(strong dependence on top Yukawa coupling) ! 2:53>®_h_</ h



Theoretical implications



Theoretical implications

+ Direct test of the structure of the
Higgs potential

(so far only Higgs mass term tested directly,
but no interaction)

+ lest of New-Physics models

+ Determine properties of EVW phase
transrtion

(possible connection to cosmology, in particular
baryogenesis)

Vi(9.)

20



Testing the Higgs potential

+ Current measurements only tested
locally the minimum of the Higgs

potential
(Higgs mass and VEV, I.e. quadratic approximation

of the potantial)

V(H) =\ (JH? = v?)°

+ Directly measuring the Higgs self-interactions gives us direct
evidence of the full structure of the Higgs potential

> h

2



Deviations in Higgs couplings

Deviations in Higgs couplings are often present in BSM models

Generic new physics tends to give deviations of the same size In many
Higgs interactions

eg. minimal composite Higgs models  (SILH counting) ¢ = % <1
1 ghvv
Op ~ = (Ou|H]?)? —d Hv="gy =144
/ Ihvv
O ~ | H® ——p H"x="gyp = 1+¢
f 9nhn

» easier to test in single Higgs couplings

22



Deviations in Higgs couplings

Specific classes of models can however have enhanced deviations In
Higgs self couplings

eg. Higgs portal models

new scalar singlet
coupled to the Higgs

; mil g« typical coupling
LD 0g.mH Hp — — V(gep/ms)
* MMy mass scale of the singlet
992 12 12
0Ky ~ Slik/[ 9293—2 > dRy ~ 92g3—2

» deviations in Higgs self couplings can be much larger than deviations In
single Higgs couplings

0~1 g.~3 my>~20TeV =B 55y ~01 > Orky~13x1073
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EVV phase transition and baryogenesis

T o

+ The EW phase transition in the SM s VAN ) e

very weak (actually a cross over for mj, = 80 GeV) \ N\

\ /‘// y \\"\
» not surtable for baryogenesys which 1
requires strong first order transition $

+ a sizable modification of the Higgs self- A\ | Jjr=m

couplings can turn the EVV transition NN ey

into strong first-order surtable for
baryogenesis
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Models for baryogenesis

Viable models for EVWV baryogenesis can be constructed by enlarging the
Higgs sector with an extra (heavy) singlet

1 1 1
2 2 Q2 2 2 2
Z = Zow + 5(0u5)" — 5mgS” —asS|H|" = SAns STIH[™ = Vs(5)
mixing angle \ strong first order EW
transition
. m, = 500 GeV, sin ¢ = 0.05 / _— \mgA@o GeV,sing =005
\ \ 1 [
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. Vot sessssas’s e grey regions tested by single-
4 .l o : ) Higgs coupling measurements
. s \ L2 i i (stage |, Il and 11l
S0 = 0 Vo ! i
< Q Vo i .
2] b ; ;‘.l e blue (orange) lines from
—4 - b A resonant di-Higgs production
N iy 2t 3TeV (1.4TeV)
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az

10 12
bounds from Higgs
trilinear measurements

» Higgs trilinear measurements complementary to single-Higgs
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Conclusions



Conclusions

CLIC allows to measure the Higgs trilinear self-coupling

+ VBF and DHS main channels at stage Il and stage |l
(possible explortation of differential distribution in VBF)

+ first precision determination (only O(50%) possible at HL-LHC)

+ ultimate CLIC precision ~10% at 68% CL

bounds on 0k

._1 - 0 - 1 .
HLLHC |52 m o
HE-LHC | %2 04
4 _
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1N SeﬂSIJEIVIJ[y L e
FCC-ee |22 1080
ILC |23 To
CLIC (stage ll) | 5% 102
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Conclusions

Higgs self-coupling measurement has several important theoretical
implications

+ Direct test of the structure of the Higgs potential
+ lest of New-Physics scenarios  (eg Higgs portal models)

+ Determination of the properties of the EW phase transition
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