Triple Higgs and quartic interactions
at future colliders

[pp + B collisions ]

INFN Barbara Mele



Higgs self-interaction couplings |

3k the "tough topic" even at "most-future” colliders
5k most interesting to measure from theory side....

Higgs potential :

1

M = M =1
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this talk |

&k HHH projected reach on As (A3)
at 100-TeV pp collider [gg = HHH]

Xk multi-TeV Y collider & tentative
parameters and timescale after EPPSU

3k HHH projected reach on As (A3)
at multi-TeV py colliders [VBF -» HHH]

\, recent study by Chiesa et al.

JHEP 09 (2020) 098

not covered here: indirect A4 bounds from
H and HH production [see 1810.04665,1811.12366)]
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%k gg » HHH
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(SM) Oty VS Owl, 1y [pp collisions) |

LHC HE-LHC FCC-pp

LHC HE-LHC FCC-pp
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OrvHy ¢ Orny /100 ¢ ~ fb
at /S < 100 TeV
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arXiv:1508.06524 hhh — final state

many many different

HHH final states with
N.y > 10

at 100 TeV (30 ab-1)

& (bD)

quite a few studies
of gg = HHH
at pp colliders :

hep-ph/0507321, arXiv:1508.06524
arXiv:1510.04013, arXiv:1602.05849
arXiv:1606.09408, arXiv:1702.03554
arXiv:1704.04298, arXiv:1708.03580
arXiv:1810.04665, arXiv:1811.12366
arXiv:1909.09166 . ..

Barbara Mele

BR (%) o (ab) Ngoab—l

(bb)(bb) 19.21 1110.338 33310
bb) (bb) (W W1y) 7.204 416.41 12492
bb) (bb)(77) 6.312 364.853 10945
bb) (77) (W W1p) 1.578 91.22 2736
bb) (bb) (W Wayp) 0.976 56.417 1692
bb) (W W) (W W) 0.901 52.055 1561
bb) (77)(T7) 0.691 39.963 1198
bb) (bb)(Z Z2e) 0.331 19.131 573
bb) (W Wap) (W W) 0.244 14.105 423
bb) (bb) (77Y) 0.228 13.162 394
bb) (77) (W Wayp) 0.214 12.359 370
TT‘)(Wng)(WWw) 0.099 5.702 171
TT) (7T ) (W W1p) 0.086 4.996 149
bb)(Z Z20) (W W1p) 0.083 4.783 143
bb) (77)(Z Z20) 0.073 4.191 125
bb) () (W W1y) 0.057 3.291 98
bb) (77) () 0.05 2.883 86
WWle)(WWu)(WWu) 0.038 2.169 65
TT‘)(WWQ@)(WWM) 0.027 1.545 46
T7)(77T)(7T) 0.025 1.459 43
bb) (W Wape ) (W Wap) 0.017 0.956 28
WWae)(WWie)(WW1,)  0.015 0.882 26
bb) (bb)(Z Z 40) 0.012 0.69 20
7T) (17T ) (W Wap) 0.012 0.677 20
bb)(Z Z0) (W Wayp) 0.011 0.648 19
T7)(Z Z20) (W W1y) 0.009 0.524 15
bb) () (W Way) 0.008 0.446 13
77) () (W W1y) 0.006 0.36 10
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anomalous Higgs self-coupling parametrization

)‘iszlf\z/lh — A?zlf\z/[hh — m,‘;
m2 1 2?)
h 1.2
Vi = o h? + (1 +83)Anpvh® + 1(1 +34) A
typical of 1T
well-behaved EFTs » - 03 = Cg 04 = 6 ¢ + Csg
VP (@) = Agfj_ y (qﬂ O — %zﬁ)n
#:3 3 interesting benchmarks :
2
_ _  GCeV . — .
% = Tonrpz = 03 03 =0; free 04
4
gy = 4;;2@ =5, — 665 - 04 = 603 (well-behaved SMEFT)
oM A
- free (d03,04) —
A3 = Agp (1 +93) be agnostic about how UV dynamics modifies

Higgs self-interactions
A = Agn (1 4+ 04) -» no assumption about the actual size of (03, 04)
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O(HHH - bbbbbb)  [pp , 100 Tev] |

arXiv:1909.09166

2.5 1

100 TeV, 20 ab-1

significance

—
)
]

e
ot

-0 -8 -6 -4 -2 0 2 4 6 & 10 12 14 16 18 20

d4 Ay = ASM(l -|—d4))

A3 = Agnp (1 + 03)

Ay = Asp(1+04)

[ 3:=0] -6 < 04 < 18 (95%CL)

"typical" constraining power of HHH in pp
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hhh — (bg)(bg) (vy) pp. 100 TeV, 30 ab-1

(BR~0.2%) S/B ~ 0.5 S/vVB ~ 2.1

t
process 010 M) oNLO X BR X Prag (@) €analysis NI

hhh — (bb) (bb) (7). SM 2.89 5.4 0.06 9.7

hZZ,(NLO) (ZZ — (bb)(bB)) 0.817 08 0002 0 <1
hhZ,(NLO)(Z — (bb)) 0.754 0.8 0.007 <1
hZ,(NLO) (Z — (bb)) 8.02 x 103 1130 O(107°)
bbbby + jets 2.95 x 10° 2420 O(107?)
bbbb + jets 5.45 x 103 4460 O(1079) <1
bzm + Jets 98.7 4.0 O(107?)

[ 3:=0] -5 < 04< 15 (95%CL)

O [ e ladl Al P[] arXiv:1508.06524
In "optimistic” scenario ! - Xive1 60609408
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Muon-Collider possible timescale |

Proposed Tentative Timeline (2019)

(e
O CDRs TDRs
= R&D detectors Prototypes Large Proto/Slice test
E MDI & detector simulations
Design
Baseline design Design optimisation Project preparatio-
Test Facility
E Design Construct Exploit Exploit ’I
L
Q :
<§t Technologies
Design / models | Prototypes / t. f. comp. Prototypes / pre-series
Ready to decide Ready to commit Ready to
on test facility to collider construct
Cost scale known Cost known

Physics Briefing Book

D. Schulte Muon collider, AF-EF, July 2020 arXiv:1910.11775
Barbara Mele H2020, 29 October 2020 10



https://arxiv.org/abs/1910.11775

Tentative Target Parameters

SV TN [ 3Tev  10TeV  14TeV

Based on extrapolation of
MAP parameters

o, mm 5 1.5 1.07
B mm 5 1.5 1.07

integrated lumi
Oyy Hm 3.0 0.9 0.63 for 5 years (107 s) run
Schulte, July 2020

L~10em st~ 1ab™ Yy o S

Barbara Mele H2020, 29 October 2020
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our "reference frame” :

i H-

—

J /S, ~ 3, 6, 10, 14, 30 TeV |

L = (Ecy/10 TeV)? x 10ab™?

10 TeV)Z
V'S

apoint X JL ~ 104v1,s
551’01’ ~ 1 °/o g

' allows precision on whatever is |
i pair-produced in s-channel | |

~ 1fb (

| not yet systematic |
. Physics studies,
| just a few preliminary ',
projections | l
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at [VSy, > a few TeV's], point oy»x (~1/s)
superseeded by oww-x (~log" s) |

10% [102 ab-1]

© 10° m

107

10

1

107

10°°

10°°

107

[fb]

/s [TeV] .



trilinear Higgs coupling at Muon Colliders |

2 2

DS2n® - M hh' %k 40.000 HH pairs at 14 TeV |

HH — 4b

pr(b) > 30 GeV, 10° <6, <170°, ARy >0.4. |m;; —mpg| < 15 GeV

3| 6 (other
benchmark lumi (ab™!) 1 4 projects)
HHWW (AKw, )in 5.3% | 1.3% | 0.62% | 0.41% | 0.20% | B%CLIC
HHH  (Ak3)in 25% - 0% 1| 5% 6%
(95% CL, single-parameter fit) T. Han et al. arXiv:2008.12204

talk by Xing Wang in "Precision Higgs IV"
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wruT — HHHv, (v = VevVWVT) |

2

m 1
Vi = Tth + (1 +33)\nnvh® + 4(1 +34) A

w T = WW,p,
— HHHv,7,

0 = 1 + 203 + €304 + 40304 + 055§ + cg05 + c75§ -+ 085554 + 095§

HHHZ subdominant !

; OHHHZ ~ 1/2 OHHHw @ 3TeV
G ~ 1/50 OHHHw @ 30TeV

Barbara Mele H2020, 29 October 2020 15



O (03, 04)

[ HH collisions ] |

Chiesa, Maltoni, Mantani, BM, Piccinini, Zhao,
arXiv:2003.13628, JHEP 09 (2020) 098
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0.09
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o]
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<
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—~

0.02 -

0.01 |

0
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.N

O (SM)

[ HH collisions ]

Vs (TeV) /L (ab™%) || 10 /20 14 / 33 30 / 100
OSM (ab) :Nev]
otot 4.18 [84] || 7.02 [232] || 18.51 [1851]
oc(Mygpg < 3TeV) 2.89 [58] || 3.98 [131] || 6.69 [669]
oc(Mgpg < 1TeV) 0.37 [7] || 0.45 [15] 0.64 [64]

M, > 150GeV
do/dYu

V3 =1.5 TeV
3 TeV i
6 TeV —
10 TeV — |
14 TeV —

30 TeV — | |

—6

—4 —2 0 2 4 6

arXiv:2003.13628

Barbara Mele

do/dYn 007
| - /5=15TeV
- M <1 TeV 3 TeV 1006 |
HHH S5 28 6 TeV —
| 10 TeV — |
MuHH<1TeV 14TeV — |5 0.05
30 TeV — |
2
£ 0.04
1
=
1 & 003
=
E
0.02
z
0.01
0

H2020, 29 October 2020

applied everywhere (selects VBF contribution)

‘V/§::]d5'ib\f

\ do/dpr +

3 TeV

6 TeV — A

10 TeV —
14 TeV —

30 TeV — |

200 300
pT7 H [GGV]

100

400
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muHH distribution vs 84 (85 =0)

1.2 ) Az = Agar(1 4+ 93)

1] -
A'nd M g

115 | o o | A= Asn (1 +04)

2.4

5, = —0.5
f —0.2
2.2 b i —0.05
b /5 =6 TeV T Tl

9 —: . 10 TeV -- | 1.1 - e :.|.O “Lbgiy i L
' 14 TeV - 4 -3 T

 104= 1
= 51.8 I' '64--O°5 = % 1.05 + | o “ S '1_:“ s
5|3 | 8IS i .'.; n :'| it i '- o i
].6 [53 — O] | : M o CR oo !

dod4
dMymH

+0.2 5y = 0.5

0.2
] 0.05
il o Vs =6 TeV
0.8 [53 — 0] 10 TeV --
i 14 TeV ----

1.2 1.6 2 2.4 2.8
MHHH [TGV] MHHH [TGV]

arXiv:2003.13628

3k maximal A4 (A3) sensitivity for
M+ close to threshold [independent of V' Sy,]

Barbara Mele H2020, 29 October 2020 18



oHHH /O(sm) versus (03 , 34) |

arXiv:2003.13628

"

f 1 | | | | Mung <1TeV -- | | | if
0.8 ! ! ! 5 5 5 5 0.8 5 ! 5 5 5 ii !

-1 -0.7% -05-025 O 025 05 075 1 -1 =07 -05-025 0 025 05 075 1

* 64{4 * A3 = Agn (1 + d3) 653

Ay = )\SM(l —+ 54)
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(N-Nsu)//Nsw ~1 vs (53,84) |
VBF—HHH | %= om(l0) /S, = 14 TeV

A = Asam(1+dyq)

arXiv:2003.13628
. 1 , ,
3 g | 7
64 64 Vs =14 TeV
2.5 | L=33 ab™!
9 0.5 = <1 ol
s L MuHH<1TeV
< N . 78
0.5 ‘ ‘
0L o5 L !
cgb% // SM e
—0.5 /// ‘| Otot
’ o7, OMymu<l TeV]
_1 / I | i | | _1 : ; |
—0.2 0 0.2 0.4 0.6 0.8 —0.2 —0.1 0 0.1 0.2
; 03 : 03
3

[05=0] -0.3 < 84 <0.5 (68%cL) Il
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54 bounds from owHH@on [33=0] vs VS, |

Vs (TeV) Lumi (ab™') | x-sec only  x-sec only
l o 20
6 1 0.60,0.75] [—0.90, 1.00
10 20 0.50,0.55] [~0.70,0.80
14 33 0.45,0.50]  [—0.60,0.65
30 100 —0.30,0.35]  [—0.45,0.45
3 A 100 —0.35,0.60]  [—0.50,0.80

%k full HHH statistics E
3k no background -

3k no optimization from kinem.features

of (03,04)-depending sub-amplitudes

4
Barbara Mele H2020, 29 October 2020 21



for 0320, can constrain deviations from
SMEFT configuration [04 ~ 6 03]

N (65,04 + 605) —

N(d3,603)|/+/N(d3,603) <1

(N w
|

5, [55 - 6 93]

NG

=14 TeV

Barbara Mele

H2020, 29 October 2020

\/5 =30 TeV
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Beam Induced Bckgr (BIB) from muons' decay

two tungsten nozzles can mitigate BIB in detector
-> = reduced acceptance in forward regions

250 |- N9

(= MAP studies at /S, ~1.5 TeV)

=500 0 : 2.50e+03 5.000+03 7.5

0.09 dO'/dYH : da/dYH
Vs =15 %eg — | |  /s=15TeV —
i 3 Te i e
0.08 6 Tov - My <1 TeV 2 $e¥ o
10 TeV — eV —
, 007 | v -MHHH< 1 TeV N
2 006 | WIV = | Q4 sensitivity enhanced 0TV —
E 0.05 | 1 for MuuH<1TeV where
g final p.les are more
E | centrally produced =,
S 0 2 4

6

YH

=>=>cutting of f small angles
can increase sensitivity |
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54 bounds [63=0] ¢« Oiot VS a[r'educed accept.]

Vs (TeV) Lumi (ab™1) ' ‘
6 12 —0.60,0.75] [—0.50,0.70
10 20 —0.50,0.55] [—0.37,0.54
14 33 —0.45,0.50] [—0.28,0.43] 04
30 100 —0.30,0.35] [—0.15,0.30
3 100 —0.35,0.60] [—0.34,0.64,

3k geometrical selection on H < bb decay products
(in principle inclusive on H = bb,cc,gg, T T...= no BR applied)

3k clear improvement in sensitivity !

Barbara Mele H2020, 29 October 2020 24



killing acceptance in forward regions increases sensitivity

1.5

0.5

04

—0.5

Barbara Mele

—3 TeV
6 TeV
10 TeV

1A - T\

13 1CV

30 TeV

1

4.4 ab

100 ab

|

L

L

100

1.5
Vs=3 TeV —
6 TeV —
[Nev > 20] 10 TeV —
1+ 14 TeV —
30 TeV
\k
I e
0
=
_,———""————"————___———"'————‘——————
—<::?:::::?
—0.5 [ A A D
—1 1
1 10 100 1000
L [ab™!]

[ Self-coupling measurement
~ robust against
i beam-induced bckgr effects Il
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"Physics" bckgds to VBF - HHH

3k all HHH decay modes with sizeble BR's are relevant |

%k 8-body final states (at least !)
=*> hard to evaluate via MC's

3k 6b-jet bckgr moderate at FCC-hh [arXiv:1801.10157]
5%k might be S/B >> 1 at multi-TeV muon colliders... =

T

(66‘21’\\ Chiesa et al., in progress
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cf. bckgds to VBF = HH at CLIC_3TeV

J/s=3TeV L=5ab '

Process o/fb €tightBDT NiightBDT
e — HHvv§ 0.59 8.43 % 367
only HH— bbbb 0.19 26.3 % 361

only HH— other 0.40 0.2 % 6
eTe” — qqqq 547 0.00033 % 13
eTe” — qqqqvv 72 0.017 % 90

e'e” —qqqqly 107 0.0029 % 23
e e — qqHvVV§ 4.7 0.56 % 174
ey —vqqqq 523 0.0014 % 52

ety = qqHyv 116 0.0026 % 21
Roloff at al, arXiv:1901.05897 S/B ~ 1
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outlook

3k testing Higgs potential via Higgs self-coupling
measurement of paramount importance |

3k triple Higgs production only direct access
to quartic self-coupling

¥k projections at FCC-hh can give few-% accuracy on A3
but only mild bounds on A4 (3A4/A4~10) at present

3k first indications that Y colliders @10+TeV with
L~ 1035cm-2s-! might provide a A4 determination with
few-10% accuracy (3A4/A4~1), i.e. significantly better
that other future colliders !

5k physics bckgds expected mild (also for hadronic final
states) =» detailed simulations needed
(challenging = many particles in phase-space)
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