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Introduction

® Properties of the Higgs bosons have been measured at the LHC:

Masses, hVV couplings, hff couplings,--

Current exp. data are consistent with predictions of the SM.

® Deviations from the SM may be found in the future collider exp.

HL-LHC, ILC, CLIC, FCC-ee, CPEC, HE-LHC,FCC-hh,---

The Higgs couplings will be measured with a few % accuracy.

» Can we clarify the shape the Higgs sector with the precise
measurement of the Higgs observables?

In this talk, we discuss whether we can discriminate various
extended Higgs modes via 1-loop corrected Higgs decay rates.
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Extended Higgs models ™ |

Type-I1 - |- + +
Type-X (| + — | — — +

We focus on 4 types of THDMs and TypeY | + - | - + -

the H IggS Singlet mOdel (HSM) [V. D. Barger, J. L. Hewett and R. J. N. Phillips, PRD41 (1990) 3421]

[Y. Grossman, NPB426(1994)355]; [A. G. Akeroyd and W. J. Stirling,

Nucl. Phys. B447 (1995)3]
[M. Aoki, S. Kanemura, K. Tsumura and K. Yagyu, PRD80 (2009) 015017]

THDMs Type |, I, X, Y HSM
(Softly broken Z, sym., CP conserved) (No global sym. )
D, + D,

: D+ S | singl
Higgs sector w (Real single?)
(pi — (

1/\/§(v+hi+izi)) (i=12) S=Vsts

Physical states

+
(h: 125 GeV Higgs) h,H, A H h H

Free parameters my, My, My+, A, ,B, M? my, Q, ‘mg, 7[5 Us

2m? 2m?

. 1,tree 1,tree \%
Higgs coup. Lyyvv == ,UVSB—a , Lhpr = T, ‘e,

(Se = Sine; S tree _w S,tree m g
Cop = cos @) Fhff o v (85_04 + ffcﬁ—Oé) Fhff — __’U Co
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H ] CO U P [Kanemura, Kikuchi KS, Yagyu, CPC 233 (2018) 134]

H-COUP is a program to evaluate Higgs boson couplings at the 1-loop level.

® Renormalization scheme: improved on-shell scheme
[S. Kanemura, M. Kikuchi, KS, K. Yagyu, PRD96 (2017),035014 ]

Gauge dependence coming from the renormalization for mixing angles

are removed by the pinch technique. [r Bojarski, G. Chalons, D. Lopez-Val, T. Robens,
JHEPO2 (2016) 147.]; [M. Krause, R. Lorenz, M. Muhlleitner,
® MOdel . R. Santos, H. Ziesche, JHEP 09 (2016) 143.]

Higgs singlet model (HSM)

Two Higgs Doublet Models (THDMs) Typel, Il, X, Y
Inert Doublet Model
® Outputs : Renormalized Higgs 3-point vertex functions I} yx

Dyv(2), F}jlff(s)' [hpp T(h - yy),T'(h - Zy),I'(h - gg)

Higgs decay rates are evaluated at the 1-loop level by using
H-COUP:

[(h- ff), T(h > ZZ* > Zff), T(h > yy), T(h > Zy), T(h > gg)



Diagrams for h - zz* - Zff

(THDM): k1§% = sin(B — )

K%f = sin(f — a) + ¢rcos(f — a)
(HSM) hzz _ hff _

Self-energy correction Zff vertex correction

thz
L hzZ
""" hzz n L0 o
KLo h==m- — ]
\ J Z NN «—f
Y

hff vertex correction Box diagram correction
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AR(h - bb) VS AR(h - @) [~ 16 u_
- T(h = XX)sy
[S. Kanemura, M. Kikuchi, K. Mawatari, KS K. Yagyu] cos(p-a)<0
60 - 35 L IR AR IR
%,; = Type Il
- Color plots : predictions atthe ;| N 4!
1-loop level for each model g /% I
o Type Y &\ 43 5
O\o 20 L e Lo
= j\ /2000
- A contrast of color : values of 2 oo o, y 1500 ]
mass of extra Higgs bosons -
0C oLl 20N o ]
p 20 \
I Typel : : \ 700
- Black line : predictions at the AQ [
— S : ( A
tree level (tanf = 1,3). wle : Type X itoeey

60 40 20 0 20 40 60
AR(h—>tt) [%]

— 4 types of THDMs are discriminated by pattern of deviations.

— The upper bounds of mass of extra Higgs can be obtained
from magnitude of deviations due to theoretical constraints.
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AR(h - ZZ*) vs AR(h - T%)

I'(h - XX
AR(h - XX) = ( Jex _

[S. Kanemura, M. Kikuchi, K. Mawatari, KS, K. Yagyu] I'(h > XX)sm
5 cos(p-a)<0
| Type I,Y 2000 Type II,X
ol B —1500 |
o O z
N _ ;
N ,
0 . :
T | 7
< HSM mg, =400GeV
I 1 ) % NN NSNRSS SSS— SOT—— ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
080 40 =20 0 20 40 60

AR(h—tr) [%]

— HSM can be separated from the THDMs.

— Type | and Type Il can be discriminated in this plane.
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Summary

® We discussed a possibility of discrimination among the HSM and
4 types of THDMs with precise measurement of Higgs decay rates.

® We evaluated the Higgs decay rates at the T-loop level by utilizing
H-COUP.

— Pattern of deviations : HSM and 4 types of THDMs can be discriminated.

— Magnitude of deviations : Information of the mass of extra Higgs bosons
can be obtained.

We need the ILC!



Back up slides



Accuracy of the Higgs couplings measurements

Current data (LHC Run 1)

exp.

scaling factor: ky = gryx/Jihex

[ATLAS and CMS, JHEPO8(2016)045]

KRz

Kw

—0.98
[—1.08, —0.88]U
[0.94,1.13]

0.87
[0.78,1.00]
1.4010-21

0.8477]
0.497031
07851

0.8719:53

— We should evaluate the theoretical predictions including radiative corrections.

Precision of Higgs boson couplings [%]

Future prospect (HL-LHC, ILC )
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10}

[K. Fujii, et al., arXiv:1710.07621]

12

LHC 3000 fb™' (ATLAS: ATL-PHYS-PUB-2014-016 (2014), Model Dependent « fit)

LHC 3000 fb™' & ILC 250 GeV, 2000 fb™' (Model Independent EFT fit)

LHC 3000 fb™' @ ILC 250 GeV, 2000 fb
@ ILC 500 GeV, 4000 fb™' @ 350 GeV, 200 b (Model Independent EFT fit)

XL %i@ Vs Wy Voe 5 5, oy
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AR(h - bb) vs AR(h - T%) [Tree]

['(h - XX)gx

1
th - XX)gpm

For THDMs :

AR(h — FF)0 = (sin(8 — a) — & cos(8 — a))? — 1

Eu &d Ee
Type-1  cotp cot cotf
Type-1I  cotp —tan 8 —tan 8
Type-X cotp cot —tan 8
Type-Y cotp —tan cot B

AR(h—>bb) [%]

S
o

N
o
— S

IN
o

60 %
-60

60 |-

o

N
o
; —

.. ] - sin(ﬁ; ~a)=0.98
, /tanﬁ =1,3 Typé X
» . - 5 tanﬁ =i (3,95

0.99

20 0 20
AR(h—>t7) [%]

40 40 60

[S. Kanemura, K. Tsumura, K. Yagyu, H. Yokoya,
PRD90 (2014) 075001.]

In this plane, 4 types of THDMs can be distinguished.
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Numerical calculations (1-loop)

We discuss whether or not THDMs and the HSM can be
distinguished by deviations from the SM in the decay widths.

« Scan region of input parameters in the THDMs :

095 <sin(f—a) <1, 1<tanf <3,
Mp = My = My = mHi,

me = 400,700,1000, 1500, 2000 GeV,
o< M<K Mep

« Scan region for the HSM :

095 < cosa <1,
me = 500,1000,2000, 3000, 5000 GeV,

O<ms <m(b, AS:MS:O
« Constraints:

Perturbative unitarity, Vacuum stability, Wrong vacuum condition (for HSM),

S, T parameters
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Impact of Loop correction of extra Higgs in hZZ vertex

Approximate formula ( m, mgtm, >> m, ) b ‘/“\
sin(f —a) = 1,tanf =1 \_,z’
) Moo
oy | Lmg (M V
iz = 2\ 2 g (T
d=A H H*
1) M2 > U2 Decoupling case p) /\42 < 72 Non-decoupling case
) U pling
2 L As2 2 L g2

mg = M” + Ajv” ~ M m3 ~ M? + \jv? ~ \v?

[S. Kanemura, M. Kikuchi, K. Yagyu Nucl.Phys. B896,80.] [S. Kanemura, M. Kikuchi, K. Yagyu Nucl.Phys. B896,80.]
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constraint for THDMs (Higgs signal strength )

[ATLAS, JHEP1511(2015)206]

2HDM Type | ATLAS 2HDM Type Il ATLAS E 2HDM Lepton-spedific ATLAS 2HDM Flipped ATLAS
—— Obs. 95% CL —— Obs. 95% CL ) = Obs.95%CL E=7TeV. 45471 —— Obs. 95% CL Ee7Tov.a .,
= ! 5=7TeV,45-4.7 10" =7TeV,454. 5=7TeV, 45-47 b
X Bestit (‘§=; I:: ;::f.::b X Bestit §=8TeV,203 15" _ X Bount =8Tev, 203" X Besti f5=8Tev, 203 fo"
- === Exp. 95% CL ' - ==~ Exp. 95% CL ---- Exp.95%CL —m == Exp. 95% CL
— - sM — —sMm 10-——SM o — —sm
o T [-=8 TR A A T T ) « T
K 5| s R :
A | s 8 0”"004 S E
afp | 4 4 <X 4
! 3 r
% ' S 2 :
2 | }’ Al .
1 b 9% it 1 1
I ;" P d | i
04 : °~ 04X 04f 1 :
03 | o % v 03} 0 ]
02 "’ | 3 ,}’ ””’ { 02 ‘ d 02 il
XX KX % 9. 9.9;
10_1 Crad’) b ‘ i S A',“": :04“ 10—1 ’n‘tﬁ.‘ N ’Q' iy “"“Qﬁ FaNe AN 10—1 ¥ ‘l’,’:A; A N A i 10-1 1 1 1 1 1 "' | 1
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(a) Typel (b) Type Il (c) Lepton-specific (d) Flipped

CB—a = 0.1-> Sp—a = 0.99
Cg—q = 0.2 > sp_, = 0.98
CB—a = 0.3-> Sp—a = 0.95



| sinoc | (upper limit)

Constraint of direct search (HSM)

[T. Robens, T. Stefaniak, Eur. Phys. J. C (2016) 76,268] LHC Run Il
1 R R A Table 1 List of LHC Higgs search channels that are applied by
0.9 C i HiggsBounds in the high-mass region, yielding the upper limit on
: // | sin | shown in Figs. 1 and 2
0.8 /_’i‘_,.r‘ Range of my [GeV] Search channel Reference
0.7 f 130-145 H—ZZ—41 [94] (CMS)
0.6 J./ 145-158 H—-VV (V=W,7Z) [66] (CMS)
158-163 SM comb. [95] (CMS)
0.5 //— 163-170 H—-WW [96] (CMS)
0.4} Vo natin 170-176 SM comb. [95] (CMS)
176211 H—-VV (V=W,7Z) [66] (CMS)
0.3¢ 211-225 Ho7Z—41 [94] (CMS)
0.2F LHC searches in EPJC 75 (2015) 104 |- 225-445 H—VV (V=W.2) [66] (CMS)
0.1 E updated results 445-776 H—ZZ [70] (ATLAS)
' 200 300 400 500 600 700 800 900 1000 776-1000 H—VV (V=W.,2) [66] (CMS)




Status of direct search of extra Higgs

® constraint for THDMs (LHC Run I, Summary plots by CMS ) [CMS PAS HIG-16-007]

CMS Preliminary <517 (7 TeV) +<19.7 b (8 TeV) CMS Preliminary <5110 (7 TeV)+<19.7" (8 TeV)
2HDM Type I, cos(B-a)=0.1, m, =M, =m,+ 100 GeV 2HDM Type II, cos(B-c)=0.1, m, =m,=m,+ 100 GeV
a1 a1
S §: ] Observed exclusion 95% CL 8 g =] Observed exclusion 95% CL |4
7t =S Expected exclusion 95% CL 7 s Expected exclusion 95% CL
6 [ ] H-> WWI/ZZ (arXiv:1504.00936) | 6 — ::fm"g‘;m;m?m 009361
51 [ AMM- T (HIG-14-029) 5k [ —Y T ‘r[(l'(|7é-:v4-029. ) i
al [ A-Zroii (arXiv:1603.02001) | | ak ] A—sZH—lrt (arXiv:1603.02991) |
[ A-ZH-libb (arXiv:1603.02991) [ A—ZH-libb (arXiv:1603.02991
3 Non-perturbative region 3 Non-perturbative region
g Y T —— Ssesans -

— Basically, for Type Il tanf < 2,

200 300 e s0 My < 380 GeV are excluded.
m,, [GeV]

® Future prospect of excluded regions | Kanemura, Tsumura, Yagyu, Yokoya, PRD90(2014)075001]

Type-IITHDM  my=my,cos(f —a) =0
L B B R

T

J H,A t 900 |- LHC 3000 b 1l E
800 — LHC 300 fb"

T - SEERERET RN

S
S
g OO0 ) b E<
HA ~T
A —> In the future exp.
9 cossseesen b excluded regions are spread.

2 4 6 8 10 12 14 16 18 20 22 24 26 28 30
tanf}
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Constraint of direct search (THDM

At LHC Run Il

[ATLAS ,Eur.Phys.). C78 (2018) 24]

T T T T
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final state: evuv

10

ATLAS H—-WW cos (B-a) =-0.1

2HDM Type II ]
Vs=13Tev —Observed 95% CL [@+lo -
36.1fb" ---- Expected 95% CL []+20 -
[X] Excluded g

[ATLAS, arXiv:1712.06386]
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Signal strength( current data)

Decay channel | ATLAS+CMS ATLAS CMS
u 1144573 1147530 | 111455
(+0.18) (+0.26) (+0.23)
—0.17 —0.24 —0.21
e 12088 | 1208 | L0ar0
(+0.23) (+0.32) (+0.3o)
—0.20 —0.27 —0.25
uw 1.09 518 122753 | 0.90 53
(+0.16) (+o.21) (+o.23)
—0.15 —0.20 ~0.20
T 1.11 1935 1417558 | 0.88 %058
(+0.24) (+o.37) (+0.31)
—0.22 —0.33 —0.29
e or0%® | oc2'dy |osi g
(+0.29) (+o.39) (+0.45)
~028 ~0.37 20.43
s 0.1%33 —0.6%55 | 0.913%
(+2.4) (+3.6) (+3.3)
53 ~36 39

JHEPOS,045

Definition of u/

~ BRgy

f
A = BRg,



Signal strength by ILC (prospect)

ArXiv: 1310.8361

ILC ILC LumiUp?
250/500/1000 GeV 250/500/1000 GeV
ZH v H ZH virH
Inclusive 2.6/3.0/—% - 1.2/1.7/—% —
H — vy 29-38% —/20-26/7-10% | 16/19/—% —/13/5.4%
H — gg 7/11/—% —/4.1/2.3% 3.3/6.0/—% —/2.3/1.4%
H—ZZ* 19/25/—% —/8.2/4.1% 8.8/14/—% —/4.6/2.6%
H->WW=* | 6.4/9.2/—% —/2.4/1.6% 3.0/5.1/—% —/1.3/1.0%
H 71T 4.2/5.4/—% —/9.0/3.1% 2.0/3.0/—% —/5.0/2.0%
H — bb 1.2/1.8/—%  11/0.66/0.30% | 0.56/1.0/—%  4.9/0.37/0.30%
H — cc 8.3/13/—% —/6.2/3.1% 3.9/7.2/—% —/3.5/2.0%
H — pp - —/—/31% - —/—/20%
ttH ttH
H — bb —/28/6.0% —/16/3.8%




Constraint from flavor experiments

A. Arbey, F. Mahmoudi,O. Stal T. Stefaniak arXiv:1706.07414v1

THDM Type | - Flavour constraints THDM Type Il - Flavour constraints

tan B

600 800 1000

[T S TN TN N N TN TN TN Y SO TR T (NN WO S |

200 400 600 800 1000 200 400
M, (GeV) M (GeV)
THDM Type Ill- Flavour constraints THDM Type IV- Flavour constraints

|

200

400

|

600

! Lo PRI T N W W
800 1000 200 400
M, (GeV) M, (GeV)

600

800 1000




Higgs singlet model(HSM)

G+
- Higgs potential d = . S=uvg+s.
Z5 v+ +iGY)

V(®,5) =m3|®|* + N\ P|* + tgs|P[*S + Nas|P|?S? +tsS + m%S? + pusS? + \gS*

* Mass eigenstates

= R(«) with R(a) =
¢ h Soy  Ca

Physical state :h, H

* Physical parameters

2
vV, My, My,, &, Mg, AS' HUos

21



Two Higgs doublet model(THDM)

wt
_ _ d; = with 1 =1,2
- Higgs potential L(Uz’ + i + izi)

\/5
V :'771‘%|(I)1 ‘2 + 7ng|(1)2|2 — '77'2%((1)11‘ (1)2 -+ h.C.)

1 1 1
+ 5)\1|(I)1‘4 -+ 5)\2|(I)2|4 + /\3|(I)1|2|(I)2|2 - )\4|(I)J{(I)2|2 + 5)\5[((1)11'(1)2)2 + h.C.]

* Mass eigenstates

]2:1 H 21 Z 'u_.?iF B 'u,.v+
(0)-mo(t) ()-20(3) ()20 (5)

Physical state :h, H, A, H*

* Physical parameters

2
V, My, My, My, My+, a, f, M

22



Scaling factor Ky = Dinx/Tiwy

THDM :
N Gpal, m3 | 1 M? f x> a?
Lk = 77) = 128+/2m3 3 (1 B 772Hi> " ;Qﬂ\ e (L +&r@= _)IF +(1= ?)IH
HSM :

Ky = oS a



Definition of form factors for hVV and hff

pl p2 4+ F? ,uvpoplpfzg

le le

+l51V5£b#+leVSFh. £f +;b11bzl“m —|—1b11b2y5f’£Pfo,

hVvV: 7 form factors

hff: 3 form factors



Another tools

Prophecy4f :
- Model: THDMs, HSM

- h > WW/ZZ - 4 fermions

RECOLAZ :

- Model: THDMs, HSM

- Calculation to NLO amplitude



Other plot
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I['(h - XX)gy
I['(h - XX)sym

AR(h - bb) vs AR(h - 1%)

[S. Kanemura, M. Kikuchi, K. Mawatari, KS, K. Yagyu]

cos(f-a)<0
_ Type I | |
a0} — 40 |
re) o) ; L
Q Al Q | T\.\J ........................................................ S | i
i 1 W :
= = H$M. |
C o0l | conl. .V T |
5 | < 20 | : Type Y
E1Te i :
- TypeX ; Type lI
B - 4POGeV‘:/" ; -60 |/ ; : i | i
-20 0 20 40 60 60 -40  -20 0 20 40 60

AR(h—7t) [%)] Signal strength (LHC run 1) AR(h—r) [%]

ILC250 (20) [K. Fuijii, et al., arXiv:1710.07621]

— Type X and Y can be discriminated from other models.
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* —
AR(h > ZZ*) vS AR(h - %)
- = —
[S. Kanemura, M. Kikuchi, K. Mawatari, KS, K. Yagyu] I'(h - XX)sym
5 cos(B a)<0 5 cos(B a)>0
| Type I|Y Type 11X
I yp ; 1 5 eR/
~ 5| [ =
N 1Tev N
(A a f
5_10 E 7OOGéV A 5
is I s
< : HSM | ; <
A5 b U — 4QO-GeV~ ..... S |
2080 20 20 o0 20 40 60  ©B0 @0 =20 0 20 40 60

AR(h—tt) [%] Signal strength (LHC run 1)

ILC250 (20) [K. Fuijii, et al., arXiv:1710.07621]
— HSM can be separated from the THDMs.

AR(h—r) [%]

— Type | and Type Il can be discriminated in this plane.
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AR(h —» yy) vs AR(h - 1T) I(h > XX)ex

AR(h — XX) = TCES

[S. Kanemura, M. Kikuchi, K. Mawatari, KS, K. Yagyu]

5 COS(B )<0 5 - 9‘.’3“’? a)<0
< | < |
o: S : ST -5 SRS
> - - >= [ %
> _ > :
1 é 1 ;
< HSM < HSM
Typel,Y Type LY]
_15 e e e -15 - e g5 s - ) (SO SOOI . & . - T SN | _
.20 | e . . i . B, Ty e e L . | i S
-60 -40 -20 0 20 40 60 -60 -40 -20 0 20 40 60

AR(h—tt) [%] Signal strength (LHCrunl)  AR(h—tt) [%]

ILC250 (20) [K. Fuijii, et al., arXiv:1710.07621]
— Type X and Y can be discriminated from other models.



AR(h - cc) vs AR(h - 17)

[S. Kanemura, M. Kikuchi, K. Mawatari, KS, K. Yagyu]
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I'(h - XX)gx
I'(h - XX)sym

AR(h = XX) =

cos(p-a)>0

T
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Renormalization of scalar sector
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Renormalization of Higgs sector

We have used improved on-shell scheme renormalization in calculations

for Higgs boson couplings at the Tloop level. [S. Kanemura, M. Kikuchi, KS, K. Yagyu,
PRD96,035014]

e We introduce counter terms

* Parameters in Higgs potential : 8
V, mh/ mH/ mA/ mHi—/ MZ/ a’// 18
* Fields of Higgs sector : 6
h, H*, H, A G° G~

» Shift of parameters: (@®=h, H*H, A)
My = My+0My, M>M+EM, a>a+b8a, § — 4 + S8,
H | +%8Zy  8Cup+da (H
(h)_)<3ch,{—5a 1+%5Z,,)(h)
- We obtain 20 counter terms :

v,6mg, SM?,6a,6B,6Z4,8Ce, o, (® =h H AH*,GO,GY) .
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ﬁu(qZ) =1 j+ + ®
i :h,Hj

We set following on shell conditions :

d - + +
020+ 5 Mop(P)] oy =0 (O=h/H, A HT,G7,G)
60, 68, 6Cp100 : 14,4, (m3,) = Tgp(m3,) = 0 (®y, O, =h, H, A, H* G * ,GY)

OV : This counter term is determined in gauge sector.

OM : This counter term is determined by minimal subtraction

In this way, with above 20 renormalization conditions, all counter
terms are determined.
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Gauge dependence on mixing parameters

e for renormalization of scalar mixing parameters éa, 6
originally, We had used ordinary on-shell scheme.

® Renormalized Higgs observables in ordinal on-shell
scheme possess a gauge dependence through éa, 68.
[ M. Krause, R. Lorenz, M. Muhlleitner, R. Santos, H. Ziesche, JHEP 09 (2016) 143 ]

e We have removed this gauge dependence by using the

pinch technique.
[J. Papavassiliou, PRD50, 5958]
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Gauge dependence on the counter terms

M1;(q?) = + .h "

Nielsen identity : [N. K. Nielsen, NPB101 (1975) 173, Y. Yamada, PRD64(2001)036008]

0¢1;;(q%) = (¢* — mi)A(¢®) + (¢* —m})A;(q?)

A;(g?), Aj(@*): sum of loop function
ex.1) 8m% (the counter term of the Higgs boson mass m? )
smy = Mpp (M)

From the Nielsen identity g = m%, m? = m?

_ 2
j — Mp

D 0:(6mp)=0
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Gauge dependence on the counter terms

M1;(q?) = + .h "

Nielsen identity : [N. K. Nielsen, NPB101 (1975) 173, Y. Yamada, PRD64(2001)036008]

0¢1;;(q%) = (¢* — mi)A(¢®) + (¢* —m})A;(q?)

A;(g?), Aj(@*): sum of loop function
ex.2) 8 (the counter term of the mixing angle 8 )
1

Of = ZmA AGO(mA) + Il450(0)]

Appling to the Nielsen identity

1
0:(0f) = — Zm? 5 [(m% — 0)Ag(0) + (0 — mZ)A,(0)]

B 0:(68) # 0

With the same argument, we can also find d;(6a) # 0
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Gauge dep. for Higgs 3point vertex

EX.) renormalized hZZ vertex

Z
hzz:. h ----- ‘i + ——— S S p—— Qﬂ
Z

Tree level 1-loop level Counter term

S 4 \ S
1_|oop ___ = h"‘ V + --- S + --- S + ...
level S 7 v S

2 Sm2 1 o)
counter_____ @i = _2% [Sﬂ_a(i%z + 827 + 67, — 7”) + Ccg_q (6B + 6Cy)]

term m
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| demonstrate that £, dependence for I, (g?) are removed.

u u
Y A GOA v | ! -0 ol
Mserr = |- O T Al . |G G
ﬂ" “u 1 A Y
{h/H V\ Z | h/hf_ |
. \A/GO A/GOA Y A/GO VA/GOI
Mf;ffh 2| & * FT L ‘ + [
Y Z Y h/H Y h/H~- { Z |
____________ YA
pinch Y A + v | +
Mbox = / h/H
NVVVVWVVWVVIVWIWIWWI 000 b oo oo




Pinch technique

Toy process : uu — uu

AII

PYa — Mgy

N o -

>

Original diagram

/ Wff coupling

Yk, = Wa —ma) — (Pa — i — my)

\

Derivative coupling or W boson propagator

=

Pinching

Pinch term
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PT PT aArPT . p;
Moert» Mposxr Miwave * Pinch term

'Zve) =0

We obtained the gauge invariant 1, ,

adding the pinch terms
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| demonstrate that £, dependence for I, (g?) are removed.
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| demonstrate that ¢, dependence for I, (g?) are removed.

Uu u
Y A GOA v A Y ~0 oA
Mierr = Q + JAAL L ey el
av “u ¥ )\ Y A
Ij/H Y Z A h/H_ A
. A/GO A/G° T A/G® la/Go””
iR B s R e N I e
7 7 Y H/H h/I_i*-“ / )\
____________ YA
pinch Y A + Y A+
Mbox S |Z h/H
AVaV.VV.V.V.V,V, V.Y N AR
; {:;Z | ’ d PT PT PT
Mpm'Ch = ----A-/-éo--- E (Mself + Myert + Mpox + Mywave) =0
wave
| | We obtained the gauge invariant I, ,

by adding the pinch terms



