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What is H-COUP?

@ ChatGPT

What is H-COUP in particle physics

In particle physics, H-COUP refers to a computational tool designed to calculate Higgs boson

couplings. It is used to analyze the properties of the Higgs boson within the context of the Standard

Model and beyond. The main purpose of H-COUP is to provide precise theoretical predictions for
Higgs boson production and decay processes, which are essential for understanding experimental

results from particle colliders like the Large Hadron Collider (LHC).
Key aspects of H-COUP in particle physics include:

1. Higgs Boson Couplings: H-COUP computes the couplings of the Higgs boson to other particles,
such as fermions and gauge bosons. These couplings are critical for predicting how often the

Higgs boson is produced and how it decays.

2, Precision Calculations: It incorporates higher-order corrections and precision calculations, which

are necessary for making accurate comparisons between theoretical predictions and

experimental data.

3. Standard Model and Beyond: While H-COUP is primarily used within the framework of the
Standard Model of particle physics, it can also be adapted to study extensions of the Standard

Model, including various Higgs sector models.

4. Collider Physics: The tool is particularly useful for interpreting results from high-energy physics
experiments, such as those conducted at the LHC, where precise measurements of the Higgs

boson properties are performed.
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. H-COUP (Hierarchical Clustering On the Unit Hypersphere) is a clustering algorithm designed for

high-dimensional data analysis. Unlike traditional clustering methods like k-means or hierarchical
clustering, H-COUP is specifically adapted to work on the unit hypersphere, making it particularly
useful for directional data, such as text data represented as TF-IDF vectors in natural language

processing or any data where the magnitude is not as important as the direction.



What is H-COUP?

Q. Hcour

G HCOUP — Google TH&5

- @ H-CouP @ 8

Home Publications Release History Old Versions Contact

NEW!! H-COUP version 3.0 was released (28th Nov. 2023)

H-COUP is a package of Fortran codes for computing observables of Higgs bosons including radiative corrections in extended Higgs models. H-COUP version 3
(28th Nov. 2023) calculates various Higgs effective vertices, decay rates and branching ratios of any Higgs bosons including radiative corrections (one-loop Electroweak
and higher-order QCD corrections). The current version includes the Higgs singlet model, four types of two Higgs doublet models and the inert doublet model.

The manual for H-COUP version 3 can be taken on arXiv:2311.15892 [hep-ph].
Authors: Masashi Aiko, Shinya Kanemura, Mariko Kikuchi, Kodai Sakurai and Kei Yagyu

Downloads

» H-COUP version 3.0 : [HCOUP-3.0.zip] [The manual for H-COUP ver. 3 is here]
H-COUP needs a Fortran compiler (gfortran is recommended) and LoopTools (www.feynarts.de/looptools/).

Models: 2HDMs (Type-I, II, X and Y), Higgs (real) singlet model, Inert doublet model

Quantities: Effective vertices, decay rates, branching ratio at one-loop level (EW)



History of H-COUP

Kanemura, Senaha, Okada, Yuan (2004)
On-shell scheme in the 2HDM
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Application: SM-like Higgs decays
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- “Fingerprinting” the Higgs sector

- New no-loose theorem



Application: Heavy Higgs decays
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Quick review on 2HDMs

O Symmetry: SM gauge symmetry + Z, (softly-broken)

(®1,Py) — (P, —P3)  (to avoid tree level FCNCs )

We assume CP-conservation in the Higgs sector.

) ) Davidson, Haber PRD71 (2005)
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Higgs potential

O Higgs potential with a softly-broken Z, symmetry (®;— ®,, ®,— —0,).
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V = m?2|®, > + m2|®,|2 — m2[®1d, + h.c.]
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O Higgs masses (h,, h,") basis
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O Decoupling limit

We can take s. . — 1 without M? — 0o
M? 5 00 (S5q— 1) o

— Alignment without decoupling
O 8 parameters

my2, my2, m,2, my.2, sin(B-a), tanB, v and M2
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Gauge & Yukawa sector in the Higgs basis
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Gauge & Yukawa sector in the Higgs basis
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Higgs alignment at quantum levels?

Masses, couplings, -

» Mixing angle no longer describes the “alignmentness”.

We can define the alignmentness by the deviation of the coupling or decay rate,

but it cannot simply be expressed by model parameters ---.

[We propose a new reno. scheme such that the mixing describes the alignmentness. ]




Renormalization

O Parameter shift
m,?o — m?o —|—5mfo (o =h,H, A H),
M? = M?+6M%, v — v+ v,

a — o, B — 003,

O Field shift

H 14+ 30Zy  0Zun H G°\ | [1+30%e 0Zca G°
_>,
h (SZ.F;H 1+ %6/’5;; h A 07 A 1+ %(SZA A

Gj: 1+ %(SZG_L (SZC_LH:F Gi
—3
H:l: 5Zn:t(;4: 1 + %5ZA H:I:

We have 20 counterterms.



Treatment of tadpoles

Standard tadpole scheme

Th/H — 0+6Th/H

Renormalization condition

O = + ¢ =0 0Th/5 =Ty

' h/H h/H i h/H

Fleischer, Jegerlehner (1981)
Alternative tadeIe scheme Krause, Lorenz, Muhlleitner, Santos, Ziesche (2016)

No tadpole counterterms are introduced, but Higgs fields are shifted as

h—h+Av,, H — H+ Avgy (h) =(H) =0 E.g., 2p func.

—1
sy = oz [ ] . O
h/H p I/ H ih/H




Renormalization in the Higgs sector
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@ p2 — mq)z

p
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OS condition II:

0Z, (6)
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OS condition III:

(@ # @)
@ p? = my,? and p? = mg?

® __O‘: ¢ =0 » 0Ly, 0Zpw, 0Zgp,

6ZAGI 6ZH+G-l 6ZG+H- (6)

J

ov : Ren. in the EW sector

OM2 : MS-bar in the hhh vertex

Hollik (1990), -

Kanemura, Okada, Senaha, Yuan (2004)

da and 0.

We need 2 more conditions to determine
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Previous scheme (KOSY scheme)

Kanemura, Okada, Senaha, Yuan (2004)

Field shifts are performed as follows (e.g. CP-even part):

(HB) ~ R(-ap) (Z;ﬁ) — R(—6a)R(—az)Z (’,j;g) — R(~60)R(~ag) ZR(og) (fj)
=7

52y Zy
7 (1t 60;(;% R(-6a)Z = ( I+ 0Chp, ;;:504)
0Chy 1+ 22 0Cpg — 0o 14 =5- @ 1-loop level

We then identify the W.F. renormalization factors as

6 Zun = 6Cyn + dar Assumptions: 5Cyp, = 6Cp
CP-even
5Zth = 50}“‘1’ — O 6CGA = 6CAG

+ — +
0Zga = 0Cga +0p3 0C: ™ = 0C, ¢

CP-odd
0Zac = 0C g — 003 In total, we have 21 conditions.
0 e+ = 0Cq++ + 003 — Relaxing one of the OS cond. III,
Charged _
6 Zics = 0Cear — O3 all the CTs are determined.

In the new scheme, we take 0C; & 0C;; or 0Z; & 0Z; (i # j) independently.



3-point functions

We exhausted all the 2-point functions. Let us consider 3-point functions.
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New renormalization scheme

Decay rate at NLO
FNLO(h —)7‘7‘) ZFLO(h —>’TT)(1 -I—AT )
I'nno(h — Z00) = Tro(h — Z00)(1 + AES)

S S.1PI 1,1P]
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. N o 4
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‘ The mixing angles describe the alignmentness at quantum levels.



Prediction?

- The mixing counterterms are determined by Gy = 2y T2 g,
v mZ
T2z AZLE  NZE 57, v o
i EW T h _U mr T
5(6 - CY) = —0Zgp — lg—a |:5SZM + Fl,treceizw e 5 SM 05m = 5 T + m, +0Zy,
hZZ
h FS=1P1| AT AT } I
K htT |dj rem EW |sM R
08 = T O + Vo4 + (B —a)+ 0Zmn
T+ e a | M7 Ty 2 o |

- The other h decays (h > WW*, bb, cc, etc.) are the predictions.

a2 2
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om2 dm2
AV _ ( w0y s 522) NN RN

The dominant contribution 8Z,, vanishes in the new scheme.
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Deviation in the h — VV* decays

Using H-COUP v3 with modifications

Type-I 2HDM, my, = my = m, = 300 GeV, I'(h— XX)

AR(h — XX) =

—1
tan = 2, 0 < M2 < (300 GeV)? Csm(h — X X)

10 ¢

Preliminary
10°% ! S A

KOSY scheme KOSY scheme

10

10

|IAR(h—ZZ*)]|
|AR(h—>WW*)|

New scheme
New scheme




EW corrections to h — ff

For Cf = Gr

om om

f _ < f T szt N /T T T

AEWT =2 ( . - m + OZV - OZV) + A1J"Eem - Al"e:m + AE‘\-’V|SI\’I
, f T fin

Again, the d8Z,, term vanishes.

| x=n/2-(B-aq)
For ¢r= i cos(B - a) ~ x
r 2
om om 1 07 v
f _ f T f T h
Apw =2 [m—f ~(f T 07y, — (G027 + 2¢; (; — Cf) (7 - ?>
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+(ﬁ— —CJ%) ( mf#—éZz)
X mZ
fin
2
+ Ao = Ao — Awlan) + (22— 1-6F) (A% - Aiflsw) + O(2)
N y,

The dZ,, term appears and it is enhanced by the factor of 1/x.
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Deviation in the h — ff decays (Type-I)

Using H-COUP v3 with modifications

Type-I 2HDM, my, = my = m, = 300 GeV, I'(h— XX)

ARh — XX) = —1
tanB = 2, 0 < M2 < (300 GeV)2 ( ) Csm(h — X X)

Preliminary
0.147 T T T T 0.14 ———
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0 00| O 1 o.os_LO
i e I
i/ 0.06| & 0.06
q L
< 004 0.04
0.02 0.02
: 10 10° 10
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h — cc is almost the same as h — 1T
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Deviation in the h — ff decays (Type-X)

Using H-COUP v3 with modifications

Type-X 2HDM, my,. = my = my = 300 GeV, r XX
H+ H A AR(h - XX) = — (h — ) 3
tanf = 2, 0 < M2 < (300 GeV)? Lsm(h — X X)
Preliminary
0 e 0.2=
Type-X +
0. 4
= a
T -0.2 T Type-X -
i/ N c o
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& =1—sin(f — «a) & =1—sin(f — «)

h — cc is almost the same as h — bb



Non-decoupling effects on hhh

Kanemura, Okada, Senaha, Yuan (2004)

O 1-loop correction to hhh _
2-loop calculations:

Braathen, Kanemura (2019)

s h
I? ) ) Bahl, Braathen, Weiglein (2022)
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— C —_— —_—
@ m
3272 . v3 m2 ~ —f Non-dec. case (M «m,)

v3

This m,*-like effect appears in both the KOSY & the new schemes.



Renormalized hhh coupling

Using H-COUP v3 with modifications

Type-1 2HDM, m,,, = m,, = m, = 300 GeV, f‘hhh
tanf = 2, 0 < M2 < (300 GeV)? A’fh — f‘SM —1
Preliminary hhh

KOSY scheme

New scheme




Summary

O H-COUP is a numerical tool to compute the Higgs decays @ NLOEW.

O We proposed the new renormalization scheme in the 2HDM, where the
counterterms da and 0f are determined by using the h — 117 and h — ZIl decays.

O In the new scheme, the mixing angle sin(3-a) works to describe the alignmentness,

and we can compute the other Higgs observables by inputting the deviation in the

h — ZZ* (and/or h — TT) decay.

O In the new scheme, the deviation in h > WW* is almost the same as h = ZZ*,

For the h — ff decays, they strongly depend on the Yukawa & fermion types.
For the hhh coupling, a large non-decoupling loop effect can appear in both schemes.



