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H-COUP

Kanemura, Kikuchi, Sakurai, KY

Fortran code to calculate the h couplings at 1-loop level in non-minimal

Higgs sectors based on the (modified) on-shell renormalization scheme.
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H-COUP Ver. 1.0 (will be public soon)
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Structure of H-COUP

1. Define relevant tree level couplings

2. Compute 1PI graphs (1p, 2p and 3p)

3. Compute counter-terms

4. 1-loop corrected Higgs couplings
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Higgs potential of 2HDM (CPC + Z,)

O Higgs potential with softly-broken Z, symmetry and CP-conservation

V = m|®[* + m3|®2)* — m3[®]®; + h.c)
M1+ Phalaf! + X101 |af? + Aaf0]@a] + P (@]8)? + b,

O 8 parameters

v (=246 GeV), m, (=125 GeV), ) 21
my, m,, my,, sin(B-a), tanp, and M2 M*® = m3/(smﬁcos ﬁ)

O Mass parameters [sin(B-a) ~1]

My2 ~ AVvZ, Mg? ~ M2 + N'v? O HE A H




Process of Renormalization

1. Count the # of parameters in the Lagrangian.

& co-colhad

2. Prepare the same # of counter terms by shifting the parameters.

O LoPof.) = Lalghgf...) + 0L (g1, gn....)

3. Set the same # of ren. conditions to determine the CT's.

o

4. Calculate the renormalized quantities.




Renormalization in the Higgs sector

1. Count the # of parameters in the Lagrangian.

- Parameters in the potential (8) : m,, m,, m,, my,, a, B, v, M?

- Tadpoles (2) T Ty
- Wave functions (12) D Loven(2X 2), Zoyg(2%X 2), Z,(2X 2)
- Total (22)

2. Prepare the same # of counter terms by shifting the parameters.

- Parameter shift : m, > m,+ 0m, a—a+0oq,

- Tadpole shift . T,—> 0+ 0T, Ty — 0+ 3T,

- Field shift : H 7 H 7 . 14 %52}[ 0CHn
h) 7 Ceen\ 0=\ 6Chm 14167,



Renormalization in the Higgs sector

ov : Ren. in EW sector Hollik

OM2Z : Minimal subtraction
Kanemura, Okada, Senaha, Yuan

» 5T, 5T, (2)

om,, (4)
(@ =h, H A, H¥)

3. Set the same # of ren. conditions.

Tadpole condition: H, h - -O =0
OS condition I: O --Oi o =

@ p2 — m(D2
p
d D 6Z(p (6)
OS condition II: 2| o - - =0
® 0 (@ = h, H, A, H¥,

@ p2 = mq)z GO, Gi)
4 p 5a, O, A
OS condition III: O -- T =

0C,,, 0C,, 0C,. (8)
@ p? = mo” and p? = My* (0C; =0GC;)

- J




Renormalized Higgs Couplings

4. Calculate the renormalized quantities.

Tree Counter term

R =
S G e E

/ /
hhh ’ ’
h i — — — o — o —
O = -<\ + O + ®\.



Gauge Dependence (Introduction)

N. K. Nielsen, Nucl. Phys. B 101, 173 (1975)

q
Nielsen Identity: O [ - O“_ ,f:| = (¢* = mH)Ai(®) + (g% — m3)A;(¢?)

-

On-shell condition:  II;;(q* = m?) = ﬁ@j(q2 =m?) =0

1

‘ Gauge dependence reminds in renormalized mixing angles, e.g., da, of.
Q: Why does it happen?

A: We calculate only the PART of the S-matrix amplitude! :
Bruit force way

( )
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Pinch Technique
Extract ?ﬂ Extract —~~\

p N Extract 7




Gauge Dep. in CP-even Sector in Ry Gauge

4 )
W G Gauge boson propagator :
".r' 1=.'||| B . kpkv
e R N
R "‘-n:.--‘
Mass of NGB and FPG: &, xm,?

. J

&, contribution can be extracted by (W, H*, G*, c*) = (Z, A, GO, ¢,)




Gauge Dep. in CP-even Sector in Ry Gauge

Yamada, PRD64, 0103064

Gauge dependent part of the H-h mixing: Espinosa, Yamada, PRD67, 036003

-

2 2 A
Aelinn(p?) = T (p?) = e (p?)]_
2
= s1n286—aCp—a(l — {w)
X [th(pQ,U)C{)(pQ; W, Gi) - 29Hh(p23m§{i)00(p2§ W, GiaHi)]j
\_
2 — 1 2 2
Co(ph A, B) = o _mgB[Bo(p ; A, A) — Bo(p*; B, B)],
2 — 1 2 2
Co(p5A,B,C) = - _mgB[Bo(p ; A, C) — Bo(p™: B, O)).

gij(p?,m?) = (p* —m?)(2p* — m¥ —m32) — (p* — m?)(p* — m3)

Nielsen identity is satisfied!



Essence of Pinch Technique
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Pinch technique for the CP-even sector

p L |
Pl ) Oﬁ t P, :-;vh | - "2:: There are the other graphs
p 4 q q Lh Pw WY obtained by G*— H* and h — H.
(S-1) (V1) (V-2)
1 )
W I b ¥ h G+ L
[ |7 Feynman-gauge
J*_J' x‘_\—.—\
[ G+ L] ¥ W
J
(V-4) (V-5) (V-6)
Krause, Muhlleitner, Santos, Ziesche, JHEP1609 (2016)
b ow | Vow | G | IR
2
PT, 2 9 5 2 2 2 2. 17+ 117 2. 117 17
[, (q%) = ‘32?9(2@ — my — My )Sa—aCh-a|Bo(q"; H, W) — By(¢*; W, W)
I 1 | i [ ! |
(B-1) (B-2) (B-3) (W-1)




Gauge Dep. in A-G mixing Iin R Gauge

There is no &, dependence in the A-G mixing




Pinch technique for A-G mixing

T L 4 +
. h/H . 1 Z . A T . z ¥ , h.-"H’-f
v, G/A L“H_}G /A G /A Gin e _
Jﬁf R il I kel o U Skl ﬂ”%\ Feynman-gauge
z 4 - i th\\'\ 1 7
\ 1 3 hiH f | Ji)
(\V-1) (V-2) (V-3) (\V-4)
L 4 4 1 hiH ! r 7 4 L Iy
AV L L e 4 . h/H L | 0
R "s.‘ G /A
¥ i ¥ L ¥ i L . A kemmmma=a-
£ o “‘-\\
---------- P A h/H 7 ™
i hiH f Y A i f ! Y A
(B-1) (B-2) (B-3) (B-4) (W-1)

Krause, Muhlleitner, Santos, Ziesche, JHEP1609 (2016)

2
Hi};‘ﬂ (q?) - Efli? (qu - Tn‘?&)Sﬁ—acﬂ—a[Bﬂ(QQ; 4, H) o Bﬁ(q?: Z, hJ]




Gauge invariant mixing angles




Issue of Gauge Dependence

04— -
mg = 300 GeV - ) o : o 2
my
03E . _mzAvcﬁ—a[HAG(mA) + HAG(O)])
° 500 GeV _
— R 05 £ 0S
=021 _ — I' —T
z Alpyy ==
> r hVV
< 700 GeV
0.1F .
Typically, the difference
A | A | A | ! | A .
99 092 094 096 o098 I is 0(0.1)% level.

si(B—o)



Ak-Ak. at 1-loop level

Tree Level 1-loop Level (my, >300 GeV)

Or———7T——T1 1 1 1 80

s Type-IL, X . 3 _ 6|D_T)'IM’—‘II, X s
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Ak,-AK, at 1-loop level

Aky = (-0.5 £ 0.4)% HSM
80— T T Or— ' ' e

Type-¥Y

Type-X -

- P T L L -
LT W C—
% N . -
60 P SRR
- . + .- r. . o ate -
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Ak,-AK, at 1-loop level

= (-1.0 = 0.4)%
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Ak,-AK, at 1-loop level

Ak, = (-2.0 % 0.4)% HSM
01111 O s |
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hhh coupling

Kanemura, Kikuchi, KY, NPB917 (2017)

Tree Level,
1-loop Level
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Summary

O H-COUP is the tool to calculate the Higgs couplings at 1-loop level.

O Gauge dependence remains in the mixing angles in the OS scheme.

O Gauge dependence can be removed by using the pinch-technique.

O Numerical impact of the gauge dependence is negligibly small ~ 0(0.1)%

O Using H-COUP, we can do the fingerprinting of the Higgs sector in a

quite precise way.



Thank You!




Current and Future Measurements

Kx = Gnxx(EXP)/Gnxx(SM)

Present (LHC Run-I: ATLAS + CMS) Future
arXiv: 1606.02266 [hep-ex] arXiv: 2210.8361 [hep-ex]
Kz —0.98 Facility LHC  HL-LHC ILC500
[—1.08, —0.88]U ]
~10% 0.94.1.13] /5 (GeV) 14000 14000  250/500
o 057 [Ldt (fb~")  300/expt  3000/expt  250+500
[0.78. 1.00] k., 5—T% 2 — 5% 8.3%
» kg 6-8%  3-5%  2.0%
~20% g, ] .4ng:§‘: Ky 4 — 6% 2 — 5% 0.39%
~15% k7l 0.84%0- 12 Ky 4-6%  2-4% 0.49%
~20% |&p] 0.491“8:%; Ky 6 — 8% 2 - 5% 1.9%
licy | 0.78+013 Kd = K 10-13% 4-7%  0.93%
0% |k | 0.87+0.14 Ky = Ki 14-15% 7-10% 2.5%

To compare future precise measurements, precise calculations are necessary!
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Ex. 1 2HDM

O The nggS basis Davidson, Haber PRD71 (2005) ®,
' \wzﬁf’c’e\l
)= (3] e LT
Vs NG b,oson Charged Higgs
| ¢t v 1| H+ |
:[%(MHHG‘J)] ‘I’:[%(h’ﬁm)]

)

\ CP-even Higgs

cos(3 — a)
—sin(f3 -

sin( — )
a) cos(B — a)

V2 |
/ v
CP-odd Higgs
H
SM-like Higgs with 125 GeV

Kei Yagyu (U. of Florence) Higgs boson couplings in the non-minimal Higgs sectors



Important diagrams

Aky (Akg) ~ - 0.6% for mg, = 300 GeV,

Moo = 1.5V (O=H,A,H*)

Kx = Ghxx(MHM)/gpxx(SM),

AKX=KX-1

4 h
Ahod ey s
% ;F

@ “h

m~/

1 3 1
_W‘lZ@ )\hcb@W
= +(tree) X —=3

AKh n +300/O fOI‘ mq) = 300 GeV,

Moo = 1.5v (O=H,A H*)

U\




Ex. 1 2HDM with NFC

O Kinetic term

Lyin = |D,®1|* + |D,®,|* =|D,®|* + |D,¥|?

O Yukawa couplings -

Type I cotp cotp cotp

Type Il  cot -tan3 -tan
Ly =QrY,®qdp + -+ P P
Type X  cotf cotp -tan3

— gQLMd((I) + fdlIJ)dR + .. TypeY  cotB -tanp cotp
\' f

h —- = (SM) x sin(B-a) h---< = (SM) x
v ¢ [sin(B-a) +§ cos(B-a)]
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Coupling deviations at the tree level

Aky = (-1 £ 0.4)%, tanf > 1

0
|
- | Type-I and Y (Type-II and X)
qoF  Typel /|
: can be distinguished by the
I I
_ -20 i sign of Ak,!!
\E L ! | i
= 30k | Type-X
= - I -
A 1
< | 1
-40 - | .
I | | Type-II seems to be favored.
|
-50 - 16 | - But, we need more data to
i : 1
G011 I L really say excluded or determined.
-60 -40 -20 0 20 40 60
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Enomoto and Watanabe, JHEP 1605, 002 (2016)
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Figure 3.
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Excluded regions in the Z; symmetric models on the (my+,tan 3) plane at 95% CL

individually from the tree level processes B — 1v (red), D — pv (green), D, — 7 (blue), D, — pv
(vellow), K — pv/m — pv (cyan), 7 — Kv /7 — mr (magenta) in the upper panels, and the loop
induced processes BY — ptp~ (red), B} — p*p~ (magenta), B — X,y (vellow), AM, (blue),
AM, (cyvan), |ex| (green) in the lower panels. The black line contour in the type II and Y is the



Upper limit on A,y from triviality

HSM

V = )\q)slq)lz SZ + )\S S4 T




Higgs potential of HSM

O The most general potential

( N

V(d,S) =m2 |2 + N[O + fas|P|2S + Aps| P2 S

+teS +m2S? + 1.353 + )\554
S S /

\ S

O / parameters

v (=246 GeV), my, (=125 GeV), my, sin(a), Asg, Ay, and [e

o) M2 MEN (s
O Scalar Masses =T Y e, ) \e

ME =2ms + v os, M3 =2\?%, M = vpes.




Uncertainty for QCD corrections

Lepage, Mackenzie and Peskin, 1404.0319 [hep-ph] 54— %—‘]:1;;?1 —j;]}
L — Al

omy(10)  dag(mz) om.(3) | & . Ay
current errors I]III 0.70 0.63 0.61 0.77 0.89 0.78

+ PT | 0.69 0.40 0.34 | 0.74 057 049
+ L5 | 0.30 0.53 0.53 | 0.38 0.7
+ LS? 0.14 0.35 0.53 | 0.20 0.65 0.43

+ PT + LS 0.28 0.17 0.21 [ 030 027 0.21

+ PT + LS? 0.12 0.14 0.20 | 013 0.24 0.17
+ PT + LS? + ST 0.09 0.08 0.20 | 0.10 0.22 0.09
ILC goal 0.30 0.70 0.60

Table 1: Projected fractional errors, in percent, for the MS QCD coupling and heavy quark
masses under different scenarios for improved analyses. The improvements considered are:
PT - addition of 4'" order QCD perturbation theory, LS, LS? - reduction of the lattice
spacing to 0.03fm and to 0.023fm; ST - increasing the statistics of the simulation by a
factor of 100. The last three columns convert the errors in input parameters into errors on
Higgs couplings, taking account of correlations. The bottom line gives the target values of
these errors suggested by the projections for the ILC measurement accuracies.



