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Motivation: the Higgs sector ﬂ(“

® The discovered Higgs boson is consistent with the SM :(
® However self-interactions not measured with high accuracy

s [ .- T T ATLAS [arXiv:2211.01216]
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Why di-Higgs? ﬂ("

® Triple Higgs couplings (THC) can enter at leading order (LO) in di-
Higgs production

ete” colliders Hadron colliders
h g 09909909 / h
hH
A >------ o«
. "
g 09999990 h
“Higgs-strahlung” Vector boson fusion (VBF) Gluon-gluon fusion (ggF)
e"e” — hhZ ete” — hhvv gg — hh
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Two Higgs Doublet Model (2HDM) = T

® SM + second Higgs doublet |5 physical Higgs bosons: h, H, A and H*

Variom = m2, (cp i ) +m2, (<I> cpg) _ [mm (cp <1>2) n h.c.} n % (cbjcpl)z + 22 (¢Tc1>2)2
A3 (cp{q)l) (<I>§<I>2) Y (cb{cpz) (cp;cbl) + [% (cb{cpz)Z + h.c.]

m (P conservation: (h, H even, A odd)

m /> symmetry to avoid FCNC (sofly broken by m%Q) — only consider type |
® |nput parameters:

mp (~ 125 GeV), mg,ma, my=+, tanf,cos (8 — a) = cg_q, m%Q

m Alignment limit. for cs_, = 0 the SM interactions for 1 are recovered
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Triple Higgs Couplings in the 2HDM

m Tree-level triple Higgs couplings (THC) given by:

h/’L‘ //
h .
_________ < = —1wn!App,n,
h and Ky = Anhh
[N AT \SM
J hhh

(n = # identical bosons)
m Constraints:
® EWPO, mainly T' parameter

® Tree-level unitarity and potential stability

® BSM Higgs boson searches @LHC,
TeVatron and LEP
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[FA, Heinemeyer, Herrero,
2005.10576, 2203.12684]

Allowed ranges at the tree-level:

Type | Type Il
KX [-0.5, 1.3] [0.6, 1.0]
Mne | [F1.7,1.6] | [-1.8, 1.5]

In the alignment limit: kx=1 and \,,z=0

® Properties of the SM-like Higgs boson

m Close to alignment limiti.e. cs_o >~ 0,
less severe in type |

® Flavor Observables By — i, b — s
2HDMC, HiggsBounds, HiggsSignals, SuperISO were used
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ete~ vs hadron collider A\‘(IT

m Total XS presented in benchmark planes with large (and allowed) THC

® Full computation with all LO diagrams, i.e. no NWA!

[FA, Heinemeyer, Herrero, 2106.11105] [FA, Heinemeyer, Miihlleitner, Radchenko, 2212.11242]
m ¢te~ colliders: ILC and CLIC ® Hadron colliders: HL-LHC
® ete™ — hhZ, hhvv (VBF) = Gluon-gluon fusion 99 — hh
® Tree level computation: Madgraph ® One-loop calculation: HPAIR
» hhZ (hhvv) dominates at low ® NLO QCD corrections also included in

® Access to triple Higgs couplings (THC) via the differential cross
section distributions on the invariant mass of the final Higgs pair m
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Main BSM effects from THC A\‘(IT

A) Non-resonant diagram with k,» — important at low myy,
® |nterference with the other diagrams

B) Resonant H diagram with Awwz — important when my, >~ mg

ete” colliders Hadron colliders
Ve
" g 99999999 h
: hH
/h A >------ o
h g w9998 h

o ,
C) Only at e~ e™ colliders, resonant A diagram (no THC)

Ve

At both colliders, in the alignment limit c2uDM = 0sMm (at LO)
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At ete~ colliders
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hhZ cross section @ILC 500 GeV ﬂ("

o(hhZ), 500 GeV, osy = 0.158 fb (630)

Type I
m = 1000 GeV
m3y = m3; cos? a/ tan B

(630) o(hhZ), 500 GeV, oy = 0.158 fb

Type I
tan 8 = 10
m?, = m% cos® a/ tan 8

50 (31520, 6740)

50
30 (18910, 4050)

10 (6300, 1350)

= .

8 1200 - 5 (3150, 670) §

—_ <

10 £ 1000 T2 (260,270) g

. g I 1.5 (950, 200) L%

= Il 800 [ 13 820,180

e <

g [t 1.05 (660, 140) =<

Black line I 600 0.95 (600, 130) g

is the = 0.8 (500,110)

boundary 1 £ 400 0.7 (440,90) &

of the 0.6 (380, 80) °
allowed 0.5 200 : : : : 05 (520, 70)

region -0.3 -0.2 -0.1 0.0 0.1 0.2 0.3 —03 —-02 —-0.1 0.0 01 02 03 ) ’

Cha Cha 0.01 (10, 0)

® hhZ is the dominant channel at this energy
® c5,—tanf plane (with large masses) - effect of ) # 1

® c5_, —m plane (with low masses) —» H and A resonances with o ~ 5ogy ~ 0.8 b
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Triple Higgs Couplings @ILC 500 GeV ﬂ(“

=2 Access to THC via the differential XS o(ete- — hhZ), Vs = 500 GeV
— 10g T T 1 LB — T T 1 — T T 1 T T T ]
A) Kk — at the threshold > E i | | =TT ]
. : O L e 11 A =02 — 0 =0.158 fb < 10*
(light blue line) s af BT o042 | 3
=, = O e = 0.539 fb N
B) Az — resonant peak at S F I BTG
M =T H (dark blue Iine) é 10 %_ m = 300 GeV, 1 2
3 F _ 510
C) A resonance - plateau 2102 tanﬁ—olsé 3
1 e - CB—a = V. ’ 7
wrt the SM (yellow line) S F e T 210
107 m2, = HC 3
13 M 7 I t 7
® 1, and A effects “mixed” it my 7
close to threshold 10 ;
~1
i o 3 10
O Asymmetry of the H peak - 10°° T
ALhH Sign m,. [GeV]
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hhvi cross section @CLIC 3 TeV ﬂ("

o(hhvp), 3000 GeV, ogy = 0.819 fb (4097) o(hhvr), 3000 GeV, ogy = 0.819 fb (4097)
50 — T 50 (8180, 204850)
g | 1400 4 1o - ‘
z%jior(r)%{(;ci:g a/tan 3 :?f:zn’ig cos? a/ tan 80 (4910, 122910)
; 1200 10 (1640, 40970)
8 - 5 (820, 20490) E
— <
10 E 1000 —+ 2 (330, 8190) 2
=~ g Lt 1.5 (250, 6150) é’
g Il 800 L[ 1.3 (210, 5330) N
+ <
g 1.05 (170, 4300)
Black line I 600 0.95 (160, 3890)  §
is the Sm 100 0.8 (130, 3280) ‘2
g?#)nedary 1 0.7 (110, 2870) gm
b
allowed 05 200 0.6 (100, 2460)
region 03 -02 -0.1 00 01 02 0.3 —03 —-02 —=0.1 0.0 0.1 0.2 03 0.5 (80, 2050)
Ch—a Ch—a 0.01 (0, 40)

® hhvr is the dominant channel at this energy
® Now the H and A resonant production is sizable also for large Higgs masses

® For moderate masses o ~ 3osm and for low masses up to o ~ 100su
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Triple Higgs Couplings @CLIC 3 TeV

o(ete — hhvv), Vs = 3000 GeV

A) kx — at the threshold A =
9 K, =10, 4, =-05 — O =03819fb E| 10°
m Different from SM even = E o em |
with 2= 1 = L B G S R
B) A — prominent 5 F m=000GeV, 7,
resonant peak at muy,~my  310F tan :012 3
. % A | cg—a = 0.2, —;| ,
® Dip-peak structure - S 102k | L m3 e §10
sign of \uum 10_35 1;10
C) no A resonance w :
B millp 1
1074 = : ! .|....|..|...
500 1000 1500 2000 2500 3000
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o(ete” — hhvV), Vs = 3000 GeV
Greataccess : =
2 lof mehnas e
to Ahh H @CLI C =L e 3
3T V ' .§ ; m = 300 GeV_; 10°
8 107 =
e ’ § 10—2;_ —% 10?
® Estimated “sensitivity” b ot
to \nnm from the | i
eXpeCted final 4b Jet 10 e 0 300000 5300 . 3000
m,, [GeV]
events at the H peak: G(ete — hhv), Vs = 3000 GeV
z . ;I S ——e=zamt 3
. Overa”, Iarger ; 1()%_ K, =10,4,,=-05 —E;E:;;le}ﬁgf;blb —§10
“sensitivity” to Awm at & —atmh o
VBF channel at S ok m =600 GeV .
@3Tev § 1072;_ C,B—Oé — 0'2 _%102
a Also gOOd 10-3;_ | —§10
“sensitivity” if my is oL by el
500 1000 1500 2000 2500 _ 3000
Ve ry IOW m,, [GeV]
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Cross section /20.0 [fb / GeV]

Cross section / 20.0 [fb/ GeV]

o(ete” — hhvv), Vs = 3000 GeV

FrT—TT T L B e e e e L
E BR2 —— 0=1851b 1.
[ x,=084,,=03 — O =0819f = 10’
= i O, = 1.691 fb E
E — Opye=1.1921b ]
o —— 0,,=0.266 fb 104
L e o':‘:‘;_,=0.054fb 3 10
E m = 500 GeV—; 10°
r 5 102
C 510
E 1
= L Ll -
1500 2000 2500 3000
m,, [GeV]
o(ete” — hhvv), Vs = 3000 GeV
T ]
E spa —— 0=1541 1
o _ - — 0y =08191b = 10°
. 03 Ay = 1.1 Grome=17081 | 3
E Oy =0351b ]
F —— Oy = 0.085 b =104
L — 0,,;, =0283 fb ; 10
F m = 1000 GGV_; 10°
cg—q = 0.08
C B—a =102
o 5 10
o - 1
=0 IR T el T 1 P SRR NP i 3
500 1000 1500 2000 2500 3000

m  [GeV]

hh
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At the HL-LHC
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hh production via ggF @HL-LHC ﬂ("

o/osm (NLO) o/osm (NLO)
= 1000 GeV 60 1400 60 19.76 b
m2. — m%{Ci 40 40 JSM —
12 —
tan 3 20 1200 20 O'SNl\%O = 38.24 fb
=10 % 10
1 O
10 g 1000
- \ m\ 6
g
=) 4 4
= I 800
: 2 |
Black line 5 600 2
is the 15 15
ta =10
boundary 10° 12 400 . nf3 0
of the ; . 2~ MEC
12
allowed o 200 . tan
region 03 02 01 ‘(ﬁoi ?'1 0.2 03 03 02 -01 0 01 02 03
COS (0% COS(B o a)

m XS shows effects from x, and M.z In both planes
m Effect from H resonant production only important for mg below ~600 GeV
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Effect of x, @HL-LHC AT

Plane 3: cos(8 — a) = 0.1015

—my = 245 G:eV
- " = 0.97
2 Access to k, via the / —me=asicey || A
differential XS 10° g~ 1190 G !
kx = —0.04
A) k) — at the threshold g
Larger XS for k) < 1 2107
5
B) Awnr — Noresonant peak =
~ = tan 8 = 10
at mu,~muy (red arrows) - e
Very small H Yukawa / ¥ tanp
coupling | Bin5Gev |
10 200 400 600 800 1000 1200

Mhh [GCV]
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Effect of Ay @HL-LHC IT

A) Ky~ 1 101 cos(f —a) = —0.0735 mp = 26475 GeV o cos(f —a) =0.203 mpy = 548.25 GeV
— _ P 1_30.3113162 - 10 ' ' I
then BSM 0 B T B e =12
effect . T om0k e e |
f oy = 114.39 b M _Ziii{ _ 5'.31)) fb
mal_nly from = 10 _ A- L
Hdiagram ¢ < 0%
5107 ~
B) A\iner — £ g
= = 10% |
Resonant <o £ i
peak at 4
10 10
o= Bin: 20 GeV
. - bln. e
Slgn of Ainn 200 400 600 800 1000 1200 10000 200 600 800 1000 1200
- StrUCtU re min [GeV] my, [GeV]
of the ® my very close to m “Conservative” my
resonance threshold - o ~ 6og)\ S o~ 1.1logy
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Effect of experimental uncertainties ﬂ(“

® Smearing:. uncertainty from the finite resolution of the detectors
® More realistic bin size: ~ 50 GeV

0 Bin size: 10 GeV 0 Bin size: 20 GeV 0 Bin size: 50 GeV
10 T x x 10 T T T 10 T T
—all diagrams all diagrams all diagrams
- —the continuum the continuum the continuum
—smeared 15% —smeared 15% —smeared 15%
10_1 - —-smeared continuum | 10.1 - —smeared continuum | 10.1 I _ - —smeared continuum |
> = > '_
@] &) 5 E 5
) ) &
<1072 <107 21072}
5 5 $107y =
£ £ £
B 5 B
S = =
10 103 107
10 ; ' ‘ 1074 : ' ' 1074 ' ' '
200 400 600 800 1000 1200 200 400 600 800 1000 1200 200 400 600 800 1000 1200
mp;, [GeV] mp, [GeV] mp, [GeV]

® Smearing + bin size can make the signal reconstruction challenging :(
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Summary & Conclusions A\KIT

® Overview of the BSM effects from triple Higgs couplings (THC) in double
Higgs production in the 2HDM (type 1), still allowed by present constraints

® k\» - non-resonant effect, important at low my,, (Similar to SM unless H is
light)
® \.,z —resonant effect, experimental access via resonant production

® At ete” colliders: good prospects for the VBF channel @CLIC 3TeV, ILC
could be competitive if H is light

® At HL-LHC: resonant H contributions possible if H is relatively light below
~ 600 GeV

® Challenging reconstruction of the final signature (bin resolution +
smearing)

® Future directions! 1-loop effects to . can be sizable even in the alignment
limit! To be continued...
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Thanks for your attention! :)
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Back up
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XS vs k, in the SM at LHC KIT

Karlsruhe Institute of Technology

T

1 I I I 1
HH production at 14 TeV LHC at (N)LO in QCD
M.=125 GeV, MSTWZ2008 (N)LO pdf (68%ci)

qqqqq

e
e
-
—

MadGraphs aMOsNLO
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XS vs k, in the SM at ete— colliders ﬂ(“

e*e” - Zhh e'e” = vVhh

4 T T T T T T 4 T L | rrT r1r - T T T T T rrT r ™ T
LCH le”.e’)=-080.2).047H | 1 g e CLIC 1.4 TeV, unpolanzed, 0.15 fb
3l “_':: C 1.4 TeV, unpolarized, j'f'? o ] 3l —-—- CLIC 3 TeV, unpolarized, 0.59 fb
CLIC 3 TeV, unpolarized, 0.03 fb
= - p
o m I ‘!-‘ ]
E 2 . B 2_‘\*'\“‘ &
b .'::' h"‘h.h*'-‘ . P
o -
S - A e
-1 B ot ] 1 _:_ Teld [+ "-“1 ..._‘-_l-:-“_---_‘.—.ﬂ"'t-:-.
[Giic 1 e 24 '
1 1 1 D L 1 T 1 1 1
-2 -1 0 1 2 -10 -05 00 0.5 1.0 1.5 20
5.'(;1 5"{A
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2HDM Yukawa couplings = = N (IT

Lyukawa D _Zf u,d,l v |:€fffh_|_€ ffH+£}4f/y5fA:|
— 2[5 (£4VexmmaPr — &umaVexm PL) dHY + §omy PRIHT + h.c]

Typel Typell Typelll TypelV

Eu cot 3 cot 3 cot 3 cot 3
Ed cot 3 —tanf —tanp cot 3
& cot 3 —tan f3 cot 3 — tan 3

with f? = SB—« + gfcﬁ—oz 76]{’{ — CB—a — gfsﬁ—oz 75{? — _igu 7521471 — Z.Sd,l
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Plane 1 AT
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50 ' 50
—_— B X,y = Unitarity
— B, = pp —— Stability
10 104 10 3
=] =] =] =]
< < =] =]
- - - -
1 14 14
T T T T T T T T T T T T T T -LI T T T T T T T T T T T T
—0.3-02-0100 01 02 03 —03-02-0100 01 02 03 —03-02-01 00 01 0.2 03 —03-02-0.1 00 0.1 02 0.3
Cha Chaa Chen

Chen

tan /7
tan 4

tan 4
tan 4

—0.3-0.2-01 00 01 02 03 —0.3-02-01 00 01 02 03 —03-02-01 00 01 02 03
Cl—a Cl-a Co—a

CHa

/\MHI
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Plane 3
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R “sensitivity” at ete~ colliders
R NR . NC’

NC’
Cuts:  p5 > 20 GeV,|n°| <2 ,p% >20 GeV ,ARy > 0.4, Fr > 20 GeV

| hhv ‘ \/E [GO\I] ‘ O2HDM / JsM [fb] | J&begj_ / *‘ilv_ngr / A&?fé\é{]— [ -AZHDM/ -ASM ‘ R;l{;EfT ‘ [ hhZ ‘ \/g [GC\;} ‘ O2HDM / gsm [ﬂ)] [ xﬂv_,ﬁ,z / _VL:Z / LVY;}\Z[ | AQHDM/ ASM ‘ R4P)Z I

_ Nwi cuts
N=NxAx (&) A th cut

Nwithout cuts
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500 0.404 / 0.034 119 /4 /1 0.70 / 0.68 | 58 500 1.063 / 0.158 193 /10 /3 0.70 / 0.68 | 58
BP1 1000 2.391 / 0.097 1510 /24 /0 0.65 /0.55 | 303 ppy | 1000 0.913 / 0.120 206 / 1/ 4 0.70 / 0.71 | 205
1500 4.423 / 0.239 794 /13 / 2 0.58 /041 | 217 1500 0.493 / 0.077 2/<1/1 0.51 / 0.62 R
3000 9.098 / 0.819 2425 /46 / 6 0.44 / 0.25 351 3000 0.147 / 0.033 1/<1/<1 0.05 / 0.05 R
1000 0.234 / 0.097 9/3/1 0.65 / 0.55 41 1000 0.156 / 0.120 20/1/1 0.73/0.71 | 19
BP2 1500 0.625 / 0.239 70/3/1 0.56 / 0.41 39 BP2 | 1500 0.106 / 0.077 1/<1/<1 0.65 / 0.62 -
3000 1.850 / 0.819 282 /28/9 0.41 /0.25 43 3000 0.042 / 0.033 <l1/<1/<1 0.07 / 0.05 -
1000 0.208 / 0.097 85/5/3 0.66 / 0.55 36 1000 0.254 / 0.120 20 /5 /2 071 /071 | 11
BP3 1500 0.709 / 0.239 111/5/3 0.61 / 0.41 47 BP3 1500 0.218 / 0.077 8/1/ <1 0.70 / 0.62 7
3000 2.422 / 0.819 577 /30 /11 047 /025 | 100 3000 0.086 / 0.033 1/<1/<1 0.08 / 0.05 -
BP4 1500 0.428 / 0.239 4/<1/<1 0.50 / 0.41 - ppy | 1500 0.075 / 0.077 1/<1/<1 0.64 /062 | -
3000 1.523 / 0.819 2/4/3 0.38 / 0.25 34 3000 0.038 / 0.033 <1/<1/<1 0.07 / 0.05 -
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