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Investigating the Higgs trilinear coupling Apnn

Probing the shape of the Higgs potential

» Since the Higgs discovery, the existence of the Higgs

potential is confirmed, but at the moment we only know:

— the location of the EW minimum: v ~ 246 GeV
— the curvature of the potential around the EW minimum:
my ~ 125 GeV
However what we still don’t know is the shape of the
Higgs potential, which depends on Ay,

» Annn determines the nature of the EWPT!

= O(20%) deviation of Appn from its SM prediction
needed to have a strong first-order EWPT

— necessary for EWBG

[Grojean, Servant, Wells '04], [Kanemura, Okada, Senaha '04]
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Investigating the Higgs trilinear coupling Apnn

Probing the shape of the Higgs potential

» Since the Higgs discovery, the existence of the Higgs potential is confirmed, but at the moment
we only know:

— the location of the EW minimum: v ~ 246 GeV
— the curvature of the potential around the EW minimum: m; ~ 125 GeV

However what we still don't know is the shape of the Higgs potential, which depends on A\,
» Annn determines the nature of the EWPT!

= O(20%) deviation of Appp from its SM prediction needed to have a strong first-order EWPT
— necessary for EWBG [Grojean, Servant, Wells '04], [Kanemura, Okada, Senaha '04]

Alignment with or without decoupling
» Aligned scenarios already seem to be favoured — Higgs couplings are SM-like at tree-level

» Non-aligned scenarios (e.g. in 2HDMs) could be almost entirely excluded in the close future using
synergy of HL-LHC and ILC!

— Alignment through decoupling? or alignment without decoupling?

» If alignment without decoupling, Higgs couplings like Annn can still exhibit large deviations from
SM predictions because of BSM loop effects — still allowed by experimental results
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Investigating the Higgs trilinear coupling Apnn

Current limits (LHC) on kx = /\hhh/x\hhh are (at 95% CL)

> Double h production: —5.0 < kx < 12.1 (ATLAS) and —11 < kx < 17 (CMS)
see [ATL-PHYS-PROC-2018- 117] (ATLAS), [CMS-HIG-17-008] (CMS)
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> Single h production: —3.2 < k) < 11.9 (ATLAS)
see [ATL-PHYS-PUB-2019-009] (ATLAS)
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Future measurements prospects for the Higgs trilinear coupling Apnn

R3 =
)\SM
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(Osaka University)
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RADIATIVE CORRECTIONS TO THE HIGGS
TRILINEAR COUPLING AND NON-DECOUPLING
EFFECTS
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The Two-Higgs-Doublet Model (2HDM)

CP-conserving 2HDM, with softly-broken Zs symmetry (®1 — &1, P2 — —P3) to avoid tree-level FCNCs
2 SU(2)r doublets ®; 2 of hypercharge 1/2
0 2 2 2 2 2 at +
Vorom = M1 |®@1]" + ma|P2|” — m3(PyP1 + $1P2)
A A As
SO 2ol 0|70 + af@]s P+ 3 ((@01)? 4 hic.)
7 free parameters in scalar sector:

m3, i (i=1---5), tan 8 = () /(®7)

(m7, m3 eliminated with tadpole equations, and (®9) + (®9) = v* = (246 GeV)?)

Doublets expanded in terms of mass eigenstates:
h, H: CP-even Higgses, A: CP-odd Higgs, H¥: charged Higgs

Ai (i =1---5) traded for mass eigenvalues my, mu, ma, my+ and CP-even mixing angle «

m3 replaced by a Za-symmetry soft-breaking mass scale M? = 2m3/sap
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Non-decoupling effects in Appp at one loop

First studies of the one-loop corrections to Appp in the 2HDM in [Kanemura, Kiyoura, Okada, Senaha,
Yuan '02] and [Kanemura, Okada, Senaha, Yuan '04]

» Annn up to leading one-loop corrections (for sg_q = 1)

3m2 1 48m Angmi M2\
Ahnh = :’;Lh+ { UL Z nele (4 p) + e
N——

1672 v3 v3 mg
d=H,A,HE

SM-like BSM

> Masses of additional scalars ® = H, A, H* in 2HDM can be written as m2 = M? + Agv>
(Ag: some combination of \;)

» Power-like dependence of BSM terms o« m3, and

( M2)3_> {0, for M2 > Apv?

11— — A
2 1, for M? <« Agv?

mg
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Non-decoupling effects in Appp at one loop

3

3m? 1 48m dngm* M?

A —_h _ t e (1 } ...
hhh v * 1672 [ v3 + Z v3 mé +

P=H,A,H*E
300

M=0 (Max. Non—Decoupling Case) » Huge deviations possible, without

sin’(o—p)=1 m,=100GeV violating unitarity!
~ L l (I — non-decoupling effects
& 200 m,=m,=m, (:md)) P g
3 Vg'=2m, 1 20
§< 100 + ] > Tree level o< mj,
T 160 4
T s > One loop x mg
‘é » Not a breakdown of perturbative

0 ‘ expansion!
100 200 300 400 500

mg, (GeV)
figure from [Kanemura, Okada, Senaha, Yuan '04]
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One-loop calculations of Appn

> Complete diagrammatic, OS-scheme, calculations been performed for a number of BSM models with
extended sectors (with singlets, doublets, triplets)

> One-loop calculations available for 2HDMs, HSM, IDM in program H-COUP [Kanemura, Kikuchi, Sakurai,

Yagyu '17], [Kanemura, Kikuchi, Mawatari, Sakurai, Yagyu '19]

Non-decoupling effects found for a range of BSM models at one loop
= What happens at two loops? New huge corrections?
= We derive dominant two-loop corrections to A, in a 2HDM [J.B., Kanemura '19]

Note: a few works exist at two loops, in MSSM [Brucherseifer, Gavin, Spira '14], NMSSM [Miihlleitner,
Nhung, Ziesche '15], and IDM [Senaha '18], but with different motivations (more details in backup)
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OUR TWO-LOOP CALCULATION
OF Ayun IN THE TWO-HIGGS-DOUBLET MODEL
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Setup of our effective-potential calculation

3
Step 1: calculate Vi — Step 2: Apnn = 0 Veff — Step 3: convert from MS to OS scheme
Jert, oms |
WS min.
MS
» MS-renormalised two-loop effective potential is .
Ver = VO 4 kv 4 g2 @ (m = 7)
1672

> V®: 1Pl vacuum bubble diags., and we want to study the leading two-loop BSM corrections from
additional scalars and top quark, so we only need

’ S ’ S ’ ~
’ \ ’ N \
1 \ 1 v \
F-———— - 1 1
\ / \ n 1

» Subleading contributions from h, G, G*, and light fermions neglected

» Scenarios without mixing: aligned 2HDM (sg_o = 1) = evade exp. constrains!
(loop-induced deviations from alignment also neglected)
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Anhh at two loops in the 2HDM
In [JB, Kanemura '19], we considered for the first time /\;Zh)h in the 2HDM:
— 15 new BSM diagrams appearing in V) in the 2HDM w.r.t. the SM case

2HDM

H A I+
- == =~
- ~ - ~ - ~
- ~ - ~ - ~
e N 4 N 7’ N
’ \ ’ \ ’ \
’ \ ’ \ ’ \
1 \ 1 \ ! \
A h, H \ | h, H \ L h, H 5
| [ 1 1
\ / \ ! ' !
\ ’ \ ’ \ /
\ ’ \ 7 A 4
N , N ’ \ ’
~. H _~- S~ A - SO HY U
[ L, <A e -
SR JAL L A A AL
7z ~ s ~ e ~ s ~ , ~ , ~
’ A AN \ ’ N ’ N ’ N
f vl vy \ vy vy \
I K I (N I I ]
\ 1N 1\ A 1N 1N /
\ 4 N ’ N ’ Al 7 N ’ N ’
~ \\ - ~ e \\ ~ e \\ -
PR PRl P P PR PRl
’ R Ny N N R \
' vt i v v (i \
| [ [ ] ] [ 1
\ I I I I I 1
AY 7/ A\ 7/ \ / \ / AY 7/ A\ 7/
~ . ~ . ~ . ~ . ~ . ~ .
~_ - ~_ - ~ - ~_ - ~ > - N~ -
H A H™ A Ht H*
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Anhh at two loops in the 2HDM

/ N ) 4 i i i i A

PR ! poocho ) T Y RN N N
| I I ;) (e N v v N \ 4 { 4
S PAERN R [ [ I 1 L |

T e Thee” \ RN FEN N AN \ S

H ! H So_” So_o” S S St Sl

H ES J/§ s AN N N N S N
e e T NS N e N N ! ! 4
\ PN " /! 1 H 1 H H H
N e

> We assume H, A, H* to have a degenerate mass mas

— 3 mass scales in the calculation: m¢, ma, M (— simpler analytical expressions)
» In the MS scheme

@) 16m3 2 m2\! 2 2 2 2\7 . 2
1) Ahhh:7(4+900t 26) I_W [—2M —mg + (M +2mq>)logmq>]
>

192m$, cot? 2 m2\* —
+m“;§°5(1—m2 [1+2logm3]
>
96m: m?2 cot? w2\ 2 o 2, 4
n mq)m;co I} - M [—1+210gm§,}+0 mq:;nt
v m2 v
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Decoupling behaviour of the MS expressions
» Decoupling theorem [Appelquist, Carazzone '75] — corrections from additional BSM states should
decouple if said states are taken to be very massive

m2 = M? + lov”

» To have ma — oo, then we must take M — oo, otherwise the quartic couplings grow out of control

4
16myg, M? —
5(2))\hhh Uml <4+9cot 25) < " ) [—2M2_mé+(M2+2mé) logmgp]
)
2\ 3 6 2 2\ A .
5O 167;;(1, (1 B M2 ) L 192ms got 28 (1 B MZ ) 1+ 2Togm3]
v mg, v mg

mAm?2 cot? M2 L 2.4
+96mqmtcot B(l— > [—1+210gmé]+(’)<m®mt>

v m2, v
» Fortunately all of these terms go like

- n g
2\n—1 A/\'Jz ()\4)’[)2)" M — 00
(mg) 1-— = _ = - 0
m2=M2+4+3gv2 M2+ Aev2 Xpv?2 fixed
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Decoupling behaviour and MS to OS scheme conversion

> To express 62 A\ppp in terms of physical parameters (vphys, My, Ma = My = My+ = Mas), we replace

MS scheme:{mH7mA7mHi7mt,v} — 0S scheme:{MH,MA,]WHiJVIt,vphyS = (\/§GF)71/2}
—— ———— —— —

me Mg

» A priori, M is still renormalised in MS scheme, because it is difficult to relate to physical observable
. but then, expressions do not decouple for M2 = M? + ;\(;,1;2 and M — oo!
» This is because we should relate Mg, renormalised in OS scheme, and M, renormalised in MS scheme,
with a one-loop relation — then the two-loop corrections decouple properly

» We give a new “OS" prescription for the finite part of the counterterm for M by requmng that the
decoupling of 5 ) Xnnn (in OS scheme) is apparent using a relation M2 = M? + Agpv?

48MS m\* [ M2 576 M8 cot? 23 \*
6@ X\ ® (1—) {4+3cot22ﬁ[3—( +2 4 -
Ughys M‘% \/g M2 vghys M(%
288 ME M2 cot? 3 M2\° 168 MEM? 2\’ a8ME 2\’ M2ME
s \l=9z) t—0» 1732 = l-9m) +0 5
vphys M<I> vphys Md) Uphys M<I> vphys
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NUMERICAL RESULTS
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Numerical results

In the following we show results for the BSM deviation  R:

2HDM 2HDM
_ A hhh )‘hhh )‘hhh
R = =
)‘hhh )‘hhh
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Decouphng behawour
- My=Ma=Mpz=Mop
\
\ Sg-q=1 > SR size of BSM contributions
\ — | to A
\ tsy=1.5 0 Annn
" A
K 6R'"/ OR = oM 1
\ 1 hhh
\ _ 6R2/

1 > Radiative corrections from
additional scalars + top quark
indeed decouple properly for

i M — oo
0 1000 2000

1 > M controls decoupling of BSM
3000 4000
M [GeV]

scalars in 2HDM in OS
scheme!
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Non-decoupling effects

2HDM
_ ARhh _1
- )\SM

hhh

0R

> Other limit of interest:
M = 0 — maximal
non-decoupling effects

> 5(1)5\hhh — X Mé
> 5(2)j\hhh — X Mg

> For M =0, tan 8 = 1.1,
tree-level unitarity is lost
around Mg =~ 600 GeV

100 200 300 400 500 [Kanemura, Kubota,

Takasugi '93]
Me [GeV]




Maximal BSM allowed deviations
R [%]

(at two loops)

1.0
200 400 600

50
: 00\
200] 400}

800 1000 1200 1400 1600
Mo [GeV]

2HDM
— Mhhh

0R = oM -1
hhh

> Here: Maximal deviation 6 R
(1€+2¢) while fulfilling perturbative
unitarity, in (tan 8, Ma) plane

Mg = M? + \ov®

> One cannot take Mo — oo with
M = 0 without breaking unitarity

> At some point M must be non-zero
— reduction factor

M2\"
1— — 1
( M;) =



Maximal BSM allowed deviations
6R [%] (at two loops)

1.0
200 400 600

50
: 00\
200] 400}

800 1000 1200 1400 1600
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_probed at
HL-LHC

2HDM
— Mhhh

0R = oM -1
hhh

> Here: Maximal deviation 6 R
(1€+2¢) while fulfilling perturbative
unitarity, in (tan 8, Ma) plane

Mg = M? + \ov®

> One cannot take Mo — oo with
M = 0 without breaking unitarity

> At some point M must be non-zero
— reduction factor

M2\"
1— — 1
( M;) =



Maximal BSM allowed deviations
6R [%] (at two loops)

4.0
2HOM
SR= —— —1
A
3.5

> Here: Maximal deviation 6 R
(1€+2¢) while fulfilling perturbative
unitarity, in (tan 8, Ma) plane

%25 5 M3 = M? + Aov”
probed > Qne cannot take Mg — oo with
2.0 |_at lepton M = 0 without breaking unitarity
collider . ~
50 (e.g. ILC, > At some point M must be non-zero
15 CLIC) — reduction factor
300 100
\ Mz n
200 400} «—— | probed at (1 — —2> <1
1.0 HL-LHC Mg
200 400 600 800 1000 1200 1400 1600
Mo [GeV]
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Summary

» First two-loop calculation of )\, in 2HDM, in a scenario with alignment

» Two-loop corrections to Apppn remain smaller than one-loop contributions, at least as long
as perturbative unitarity is maintained — typical size 10 — 20% of one-loop
contributions

4

non-decoupling effects found at one loop are not drastically changed

4

in the future perspective of a precise measurement of Ay, computing corrections beyond
one loop will be necessary

> Precise calculation of Higgs couplings (Anxp, etc.) can allow distinguishing aligned
scenarios with or without decoupling
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An example of experimental limits on Appp

54.0 \{\\\\N\\\\N\\\\N\\\\‘\\\\N\\\\N\\\
= F ATLAS —— Observed limit
T r .
T 350 T\ /5=13Tev,36.1 fp-! —--- Expected iimit
T F mmm  Expected limit 10
5 3.0 Expected limit +20
° F I Theory

25—

2.0

1.5

10 15 20

Kx

Example of current limits on k) from the ATLAS search of hh — bbyy

(taken from [ATLAS collaboration 1807 .04873])
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250 w \ ‘ ‘

Momentum dependence (at

M=0 (Max. Non—Decoupling Case) 10
200 | m=120GeV, sin’(0-B)=1 1
my=450GeV

S 180 ¢ 400 ]
~
3.100F 1
<§
S 50 | 300
z

=
< 0

<

300 400 500 600

700 800 90C

g (GeV)

(scalar part)

figures from [Kanemura, Okada, Senaha, Yuan '04]
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Radiative corrections to the Higgs trilinear coupling

» Higgs three-point function, T (p?, 03, p3), requires a pz/,
diagrammatic calculation, with non-zero external momentum //
» Instead it is much more convenient to work with an effective P 2
Higgs trilinear coupling Annn — 5 o o
1 3 V| 7777 = Dy (01, 93, 03)
LD —ékhhhh( = Anhn = BTE .
min. N
_/_/ \\
MS result N
» ['pnn and Appn can be related as 7)3\4
3/2
. 795 3 d 2
-T , == | 2= Mnp = | 1+ =—1I D)
rii(0,0,0) hhh (ZMS hhh + 5 dp? hh(p )|P2:Mi hhh
OS result h MS result

expressed in terms of
OS parameters

Z}?S‘MS: 0S/MS WFR constants; I, (p?): finite part of Higgs self-energy at ext. momentum p?
» Taking Thnn (03,03, 03) =~ Thni(0,0,0) is a good approximation
— shown for Appp at one loop in [Kanemura, Okada, Senaha, Yuan '04] (difference is only a few %)
— no study including external momentum exists at two loops, but in the case of two-loop Higgs mass
calculations, momentum effects are known to be subleading
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Setup of our effective-potential calculation — details

3/2
. ZOS
>\hhh = ( h X )\hhh
—~—~

» OS result is obtained as

MS
Zy .
MS parameters

inclusion of WFR  translated to OS ones

> Let's suppose (for simplicity) that Annn only depends on one parameter z, as

_ — 1
Ann — )\Elo}zh @) 4+ k6D A (25) + £26@ A (2™5) (l€ _ 167r2)

and _
2V Z X054 sy 4 k25

then in terms of OS parameters

N
i = A (X%%) + 5 [5(1)Ahhh<X°S) + Ak (X9%)5 Ve
(1) aA©) 22
+ 5 [5(2)Ahhh(X°S) + W(Xos)émx + S (X %) g 4+ T (%) (6Va)’
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Setup of our effective-potential calculation — details

» OS result is obtained as
~ ZOS 3/2
Ahhh = ( h) X Ahhh,

ZMS N~
h MS parameters
inclusion of WFR  translated to OS ones

> Let's suppose (for simplicity) that Annn only depends on one parameter z, as

i 1
Annn = )\Elo}zh( Is)er;(l))\hhh( MS) +r26@ ), na(z IVS) (N: )

1672

and xm:Xos+m§(l)x+H25<2)x

then in terms of OS parameters

P A;oh)h(Xos) +k [5<1)/\hhh(XOS) +

85(1) )\hhh

2 |« 05
+ K70 Annn( )+ B

‘ 0
(XOS)(S(DJZ + d/\gv,h),h
ox

because we neglect my, in the loop corrections and )\,,,,,, = 3m7 /v (in absence of mixing)
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Existing works at two loops

Model [ref.] Included Eff. pot. Typical Motivation
Corrections approx. size
MSSM Oasar) Yes O(~ 10%) Reach similiar
[Brucherseifer, Gavin, Spira '14] accuracy as mp,
NMSSM O(asan) Yes O(~ 5 —10%) Reach similiar
[Miihlleitner, Nhung, Ziesche '15] accuracy as mp,
IDM O(\3) (partial) Yes O(~ 2%) Effect on
[Senaha '18] strength of EWPT
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