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Foundations

1. Lee & Wagner, 1508.00576
— first calculation with THDM as EFT of the MSSM,

2. HB & Hollik, 1805.00867
— improved THDM-EFT calculation,
— combination with fixed-order calculation,

3. Murphy & Rzehak, 1909.00726
— CP violating effects using complex THDM (cTHDM) as EFT.

= Next step: incorporate cTHDM calculation into FH hybrid framework.
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EFT hierarchies

Considered EFT tower

— Q=M
MSSM I=Msusve THDM —— = gV

» no separate thresholds for EWinos and/or gluino,

» RGE running using two-loop RGEs derived
by [Murphy & Rzehak, 1909.00726].
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cTHDM
Higgs potential

Vrtom (P, $2) =
= mi; ®]d1 + md, dIb, — (m§2¢1¢2 +h.c.)
1 1
+ §>\1(‘1>I“’1)2 + §>\2(“’§“’2)2 + A3(P] 1) (PID2) + Na(P] Do) (] P1)

1
+ (5A5(¢{¢2)2 + A6(PT 1) (DI d2) + A (DIo) (D) + h.c.) ,

with A5 67 and m3, being potentially complex parameters.

Yukawa Lagrangian

['Yuk = —htER (—i‘szaz) QL — hifR (—i¢1Tc72) QL + h.c.

with h; and h being potentially complex parameters. The other Yukawa
couplings are neglected.
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Matching the SM and the cTHDM
Matching of quartic Higgs coupling A:

A(Mpy£) =Atree + AAge + AXim  with
Airee =A1CH + 25 +2(As + M + Reds)c3ss + 4Redsciss + 4Redrcssy,

AR\ = — 3k((Re)\6 + Re/\7)c:2g + (Re)\5 — Re)\7)C4g
2
— (/\1Cl23 — )\25% — ()\3 + M\ + ReA5)C25) 525) s

2
AmA = — 3k(|m)\6 FImA7 + (ImAe — ImA7)cas + |mA5525) .

Matching of SM top-Yukawa coupling y;:
3
}/t(MHj:) = ‘hﬁg + hng’ (1 — gk’htq; — his,3|2) .

Improvements w.r.t. [Murphy & Rzehak, 1909.00726]: One-loop
corrections.
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Matching the cTHDM and the MSSM

Tree-level relations:

1
M=X = *(g +&), A *(g —&) M =58 s =X =X =0,
h;l—HDM — hlt\ASSM (ht)THDM — 0

Loop corrections:

» full one-loop corrections (assuming degenerate soft SUSY-breaking
masses),

> O(a:as) threshold corrections for quartic couplings.
Improvements w.r.t. [Murphy & Rzehak, 1909.00726]:
» purely electroweak contributions,

» O(atas) threshold corrections for quartic couplings.
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O(a¢ars) threshold corrections

SM to MSSM matching condition for SM Higgs self-coupling including
full phase dependence already known.

I

Use “Lee & Wagner trick” to distribute the correction to the ;.

Disadvantages:
» can not disentangle A3, A\ and As,
» imaginary parts not accessible.

= lIvan’s talk.
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Combination with fixed-order calculation
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Combination with fixed-order calculation |

Follows the recipe worked out in [HB & Hollik, 1805.00867].
Higgs two-point function:
() =
Mmoo 0N [EhEH(p) $hir) (o
- pl(o m% o>+ s S e ) |
0 0 m/  \ER() EREK) ERMEY)

with
hybrid FO EFT sub
2"P%) = 0 (p7) + A5 - A",
Ingredients:
> fixed-order self-energies iEO( 2),

» entries of cTHDM mass matrix AEFT,

» subtraction terms AEFT.
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Combination with fixed-order calculation Il

Important prerequisite

MSSM and cTHDM Higgs doublets must have the same normalization.

> [HB & Hollik, 1805.00867] — finite field renormalization for
fixed-order calculation.

> [HB, 1812.06452] — extension to the CP-violating case
(“heavy-OS" scheme)

= already implemented in FH, no extra work needed.
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EFT calculation — impact of O(«;as) threshold corrections

Msysy =2 TeV, ty =8, ¢p, = /4 Msusy = 2 TeV, Mys =200 GeV, t5 = 8
130 T T T T T T T
—— SMEFT
—— ¢THDM EFT w/o O(a,ar)
T SFT w/
b ¢THDM EFT w/ O(asar) v
1251
=
3
S 120+
SM EFT 1
_ XPR— 275 —— T " w/o O(asay)
15k _ — " w/ O(asa)
| L 1 121.0 L : :
200 300 400 500 1000 2000 =10 —05 0-(" | 0.5 1.0
Dty (]

My [GeV)

» impact of O(aa) threshold corrections even smaller for larger

Msusy.

» discrepancy between SM-EFT and THDM-EFT results for
Mp+ = Msysy mainly due to missing O(a?) threshold corrections
(— Ivan’s talk)
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Hybrid calculation — comparison to SM-EFT calculation

Msysy = 100 TeV, t3 = 3, ¢ar, = /4 Mgusy = 100 TeV, My = 500 GeV, ¢y, = /4

- 14( T —
29 —— hybrid SM —— hybrid SM
135F XPR = /6 1
—— hybrid rTHDM (interpolated) 35F —— hybrid *THDM (interpolated)
130 — hybrid ¢THDM —— hybrid ¢THDM

1 115 E
] 110 Bl
115 ]
] 105 E
1 1 J L L L L
110 10° 10 10° 1007 2 3 15 10
My [GeV] tan 8

» Phase dependence smaller for larger Msysy where using the THDM
as EFT is actually relevant.
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Hybrid calculation — phase dependence

Msusy = 100 TeV, My = 500 GeV, t5 = 3, ¢4, = 0
:

T T

128 —— hybrid SM

[ —— hybrid rTHDM (interpolated)
—— hybrid ¢THDM

| .
-1.0 —0.5 0.0
oy [7)

» Interpolation works less accurate if two phases are chosen non-zero.

M), [GeV)

Msusy = 100 TeV, Mp= = 500 GeV, t5 = 3, ¢4, = 7/2

L
—1.0 —0.5 0.0

: ' :
F—— hybrid SM

[ — hybrid *THDM (interpolated)
—— hybrid ¢THDM
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Pheno application | — maximal CP-odd component of hyos

o0 Msusy [GeV] M, [GeV] by (CP—odd) [%)]
T T T T T T T T T
18? ( ‘ l \ ]
16r = =) o o 1
L o — o N
14 e

tan 3

106 ——J

“ﬁ

————
DT _—— 0

9L
300 220 240 260 280 300
Mgy [GeV]

» Msysy adjust at every point such that M, ~ 125 GeV with upper
limit Msysy = 1016 GeV

> gray area: Mp < 122 GeV

» CP-odd component calculated by squaring 13-element of mixing

matrix
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Pheno application Il = M}?»*(CPV) benchmark scenario

\[,f” CPV r/ bb%h).}*}T )
20—

S
T

—— hybrid SM

—— hybrid ¢cTHDM
PR S TR ST SR R
100 200 300 400 500 600
Mpy+ [GeV]

700 800 900 1000
» interference between heavy Higgs bosons weakens

bb — hy3 — 777~ direct searches,
> quantified by interference factor n =n;” = n3 defined via

3

a=1

(bb — hio3— 77 77) = o(bb — hy)(1+nY)BR(h, — 777)
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Conclusions

» Incorporated cTHDM as EFT into FH,

» improved existing EFT calculation by adding more higher-order
corrections,

» numerical impact relatively small.

Implementation in FH:
» working implementation exists,

» so far separate routines for rTHDM and cTHDM EFTs, since for
cTHDM no light EWino/gluino thresholds implemented,

» still missing: routine to automatically choose between rTHDM and
cTHDM EFTs.
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