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Introduction: double HH



Plehn, Spira & Zerwas, 1996
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Stronger cancellation close to threshold

Li & Voloshin, 2013

Small in the SM = good for NP
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Tree-level
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Tree-level
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i A x m, = 0
e g correction to the electron Yukawa
e h

= 0 by parity conservation
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SMEFT operators for HH



e Assumption : NP scale >> energy probed in experiments E

— ¥
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%g p-<m N

One assumption : p2 < m”*

G
], J,=J 0t T =y, (1= s

Ex : Fermi theory “Sar2]”
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Grzadkowski et al.,

X3 S0(‘3 and (’04D2 ¢2(p3
Qc | fAPCGGIrGoH | Q, (¥p)? Qep (') (lperp)

G | ABCGIGEGSH || Qun | (¢fo)D(eTe) Que (0'0) (Fpu,P)
Qw | eEWIWewEe | Qup | ("D e)" (9" D) || Qay (#7) (Gpdr )
QW €IJK’W7‘{VWI,I]pWPKu

X2 DX o 202D
Qec | oG, G  [1Qew | (Lo e )T oW, (i Dy o) (L")
G | eleGaGY  [1Qus | (L,o"e)pB,, (¢'i D} o) T, 741,)
Quec | (Go™Tu,)p G, (¢1iD,, 2)(Ete,)
Quw | @o™u)r'gWL, | QW | (o'iD, )@n"a)
Qus | (G0""ur)P By & | (o1iD! ) (@77 ar)
Qic | @™ T4d)pGh, || Quu | (i Dy o) (@ uy)
Qaw | (ot d, )T WL, | Qua | (ol D, ) (d,d,)
Qi | (30" dr)p By | Quua | (7" Dyep)(@py"d,)

Table 2: Dimension-six operators other than the four-fermion ones.

2010

Tree-level

One-loop
thanks to eeZ,
evW, hZZ, hWW
modification:
Constrained

by LEP/LHC
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Most operators do not contribute (Parity/ o« m,

~ 0)

(LL)(LL) (RR)(RR) (LL)(RR)
Qu | Gl) ) | Qe | Eue)@re) || Quo (m )(esv“et)
D @) @ara) || Qu | (@) (@)
o (Qp%T Qr)((?ﬂ“T @) || Quad (dpyudy) (dsyHdy) Qua (p% )( t)
Qi | (L'l >< AT || Qea | (Eruen) (dydy) 2 (quqrx 2
Q| (@) (diydy) & @) (@ TAuy)
QW) | (@ T u)(dy"TAdy) || QL | (@ yuar) (dsydy)
QY | (G T q)(dsy* TAd,)
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Qledq (e, ) (dsqi) Qdug e*ejy, [(d2)T Cul] [(g7?) T ClY] t o
Quuna | (@u)zin(@dy) | Quan e [(g2)7Cq] [(u7)"Ce it
Qi a | (@Thu)en(@TAdy) | Qloy e ke mn [(q3))TC ] [(q7™)TCI] AN
(Ber)ejul(@iue) i | )T (@) O] (@] | - IR
(Bouer)ejn(@Eo™ u) ||| Qauu e [(d) T Cul] [(u)" Cey]

Table 3: Four-fermion operators.
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Most operators do not contribute (Parity/ o« m,

(LL)(LL) (RR)(RR) (LL)(RR)
Qu (Lpypule) (L™ 1) Qee (epvuer)(Esyes) Qi (p% )(esv“et)
D @)@ e | Qu | @) ()
o (@™ @) (@ T ) || Qua (dpyudy) (dsyHdy) Qua (p% )( t)
% | Gt
QY | Gyt )@Y @) || Qo | (@uen)(dsydy) 2 (quqrx 2
Q| (@) (diydy) o | (@I ) (@ T )
QW) | (@ T u)(dy"TAdy) || QL | (@ yuar) (dsydy)
QY | (@ T4a)(dyTAdy)
(LR)(RL) and (LR)(LR) B-violating
Qledq (Ber)(dsq)) Qauq e“Megy, [(dg)TCuf] [(¢7)" Cly]
Quona | (@u)en(@d) | Ququ e [(qg7)"Cqf*] [(ud)Cey]
Quuga | BT )o@ || Qu e e mn [(a7)7 Cal*] [(a2m)" Cly]
(He)eju(@iu) S e (r1e) j1(71E)mn [(g57)TCaP*] [(q7™) T CIY]
(Bouer)ejn(@Eo™ u) ||| Qauu e [(d) T Cul] [(u)" Cey]

Table 3: Four-fermion operators.
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Results
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SMEFT Cep C SM z
v (\/g Ceyp Cet) . [0 (\/57 N /\%t) — 0 (\/5)]
N2 N2 5o
/ SM
50‘2 — 50‘51,&1, _|_ 50‘3}’8 50'stat = O'SM/L 50'3}/3 = Q0 (Qf = 01)
Ind. 95% CL
Benchmark | Experiment | /s(GeV) | L(ab™") |Ce /A°|(TeV %) |cet /AN°|(TeV —%)
i FCC-ee 350 56 < 0.003 (< 0.004) < 0.116 (< 0.146)
5 CLIC 380 05 < 0.004 (< 0.006) < 0.143 (< 0.184)
3 C 500 3 < 0.003 (< 0.004) < 0.068 (< 0.083)
2 CLIC 1500 15 < 0.003 (< 0.003) < 0.027 (< 0.035)
5 CLIC 3000 3.0 < 0.002 (< 0.002) <0.012 (< 0.015)

k=1 (k=0.35)
bottom decay

k=BR(h — fif1) x BR(h — faf2)
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Benchmark | Experiment | /s (GeV) | L(ab™")
1 FCC-ee 350 2.6
2 CLIC 380 0.5
3 ILC 500 4
4 CLIC 1500 1.5
5 CLIC 3000 3.0

95%CL, k=1
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Other constraints



Higgs coupling to electron (will improve)

2

e e 2 3 Ce Me
— + cxgﬁ\é/)g ST \%A; (4m? — m?) [f(m,%,mf) +log m—%] < 600 <
-0.1 -0.05 0 0.05 0.1
Fine tuning of the mass T 1
05+ -0.5
[Ome| S me — ‘
>
@
Cet | < 8_7#% ~ -3 —2 NE 0 -0
Az| 3m§’_2><10 TeV <
&
-05 -0.
Top pair production
S < 107221073 TeV ™2 -
A -0.1 —01.05 (; 0.;)5 0.1
Ceo/N?[ 1/TeV?]
Durieux, Perello, Vos & Zhang, 2018 C. Degrande




Summary



- HH production is small in the SM

-+ 2 operators are relevant for ee > HH

C

- HH at lepton colliders: —= < 103Tev™ % <1071 - 1072TeV >

AZ "

- They will be further constrained by ttbar, H
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