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7 FEBRU

Ap MILLUJ and. quu;‘l pan (Hybrid) |

~ Registration fee ~ Overview
FREE and local expenses will be supported. Students will learn a variety of
(No support for travel fees.) topics in collider physics via
lectures and tutorials. Long lunch
Eligibilily break for skiing and discussions
Mainly for graduate students and postdoc fellows are planned.
(Max. 25 participants in parson / No limitation for online students) LEchuErs
Rikkert I'rederix (Lund. Sweden!
Venue Benjamin ['uks (Paris. lrance)
ANA Crowne Plaza Resort Appi Kogen Fabio Maltoni (Louvain, Belgium)
. Olivier Mattelaer (Louvain, Belgium)
Application submission deadline Davide Pagani (Bologna, Italy) etc.
18 December, 2022 o .
rganizers:
Websile E 'E Kaoru Hagiwara (KEK)
T ' g Danicl Jeans (KEK)
https./ / lcs.sgk.iwate-u.ac.jp, Eti- Fabio Maltoni (UC Louvain [ Bologna)
Kentarou Mawatari (Chair, Iwate U,)
Contact Shinva Narita (Iwate U.)
ics2023@iwate-u.ac.jp Yajuan Zheng (Iwate U.)
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Kentarou Mawatari
'ﬁé;j\(EB my hg

with Junmou Chen (Jinan U.)
Kaoru Hagiwara (KEK)
Junichi Kanzaki (Kavli IPMU)
Yutaro Suzuki (Iwate U., M2)
Ya-Juan Zheng (lwate U., PD)

arXiv: 2003.03003(EP)C), 2203.10440, 2211.14562, ...

= U wate
Unlversity
S

@ lwate U. campus
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744 Chapter 21  Quantization of Spontaneously Broken Gauge Theorles

Wi

Figure 21.3. ['he Goldsione boson eguivalence (heoren. Al high energy,
the amplitude for emission or absorption of a longitudinzlly polarized massive
gange boson becomes equal to the amplitude for emission or absorprion of
the Goldstone boson that was eaten by the gauge hoson.

A gauge boson (massless; v=c)
B cats a Nambu-Goldstone boson (NGB)
B becomes fat (massive; v<c)
B cannot digest the NGB well

= throw up the NGB ... NGB equivalence theorem




Iongltudlnal polarlzatlon vector
el 7 X pH ~ \/_ i }

M(€+€_ — W;WL_)%Z,V X (\/5)2
% U(6+6_ — W[_J_WE) X S Unitarity violation ???

+ — +117— Miracle gauge cancellation

ole" e — W )ocl/s

— ( W W ) / among the 3 amplitudes !!!
_I_

~ — + - .
~ 0(6 e — T ) Goldstone-boson equivalence theorem
in the high-energy limit

Beauty of the spontaneously broken EVV gauge theory




On the other hand, we need experimental tests to proof theories.
e

@ATLAS

EXPERIMENT
hitp://utlas.ch

-

e.g. Higgs production @ LHC/;‘ <

% 50_IIII|IIII|IIII|IIII|IIII|II‘II|IIII|IIII|IIII_
L Data —

(5 - ATLAS* Higgs (125 GeV) ]

o | H—=ZZ"—2e2u e i

o - s =13 TeV, 139 fb” o VWY .

) 40 B [ ] Z+je,ts, tt N § ’

E = 7., Uncertainty - B : q ‘

) - ] W :

> Bl _ s O

W 30 . .. ,
r Il ¥ Our real life (experimental
rob 1 P2 data) is not so S|mple

%o 90 100 110 120 130 140 150 160 170 Evark: 4SS

Event: 74566644
2011 25 30 07:34:29 CEST
m,, [GeV]

E-lab seminar @Nagoya U. - 2023.1.18 8 /23 Kentarou Mawatari (Iwate U.)




MadGraph is one of such tools to
generate events, based on numerical
evaluation of helicity amplitudes.

HELAS (HELicity Amplitude Subroutines)
plays a main role in MadGraph to
evaluate helicity amplitudes numerically,
invented by K.Hagiwara, H.Murayama
and |.Watanabe in 1991.




Eur. Phys. J.C

. - THE EUROPEAN
DOI 10.1140/epjc/s10052-008-0663-x

PHYSICAL JOURNAL C

Special Article - Tools for Experiment and Theory
[arXiv:0805.2554]

HELAS and MadGraph/MadEvent with spin-2 particles

TKK = TKK - T12*(pvi(1)*pvZ(2) + pvi(2)*pv2(1))
T13*(ov1(1)*pv2(3) + pv1(3)*pv2(1))

- T14*(pvi(1)*pv2(4) + pvi(4)*pva(1))
123%(pv1(2)*pvZ(3) + pvi(3)*pvi(2))
124%(pv1(2)*pv2(4) + pvi(4)*pvi(2))
T34*(ov1(3)*pv2(4) + pvi(4)*pv2(3))

K. Hagiwara!, J. Kanzaki’*?, Q. Li*?, K. Mawatari*¢

'KEK., Theory Division and Sokendai, Tsukuba 305-0801, Japan
*KEK, Tsukuba 305-0801, Japan

3Institut fiir Theoretische Physik, Universitit Karlsruhe, Postfach 694
4School of Physics, Korea Institute for Advanced Study, Seoul 130-

Vertex Inputs Output Subroutine TKIVZ = TKIVZ - TI29CoviC1)*V2(2) & pvi(2)*V2(1))
SST SST Amplitude SSTXXX T13*(pviC1)*v2(3) + pvi(3)*v2(1))
ST S HSTXXX Ti4*(pv1(1)*V2(4) + pvi(H)™W2(L))
SS T USSXXX rZ3%(pvi(2)*v2(3) + pvi(3)*vi(2))
FFT FFT Amplitude I0TXXX T24*Cpvi(2)*v2(4) + pvi(a)*v2(2))
FT F PTIXXX, FTOXXX T34‘(nv1(3)‘v2(4) - pv1(4)‘v2(3))
— Fr il oLt TW = TW - T12*(VI(1)*V2(2) + vi(2)*v2(1))
VVT VVT Amplitude VVTXXX T13*(VICL)*V2(3) « vi(3)*2(1))
VT V JVTXXX T14*(VI(1)*v2(4) + vi(8)*v2(1))
\"AY T UVVIXX T23*(vi(2)*2(3) + vi(3)*v2(2))
FFVT FFVT Amplitude I0OVTXX T24*%(v1(2)*v2(4) + vi(48)*v2(2))
FVT F FVTIXX, FVTOXX T34*(V1(3)*v2(4) + vi(48)*v2(3))
i M JIOTXX TK2V1 = TK2V1 - T12%(v1i(1)*pv2(2) + vi(2)*pvZ(L))
VT VVVT Amprfit-udc TV i Lt M
- , (vi(1)*pv2(4) « vi(4)*pv2(1))
VVT V JVVTXX T23%(v1(2)*pv2(3) + v1(3)*pv2(2))
\AAY T UVVVXX r24*(v1(2)*pv2(4) + vi(4)*pv2(2))
VVVWVWT | GGGGT | Amplitude GGGGTX T34*(vi(3)*pv2(4) + vi(4)*pv2(3))
GGGT G JGGGTX
felelele T UGCCCX vertex = (FE(1,1)-F4(2,2)-F£(3,3)-Ft(4,4))*( KIV2*K2V1 - VIV2*F )
& 4 F*TVV & VIVZ*TKK - K2VI*TK1VZ - K1VZ2*TK2V1
-lab seminar @MNagoyz U o




huge cancellation

100 10" 102
V'S [TeV]

| At very high energies, event generators encounter numerical problems

' due to cancellation of significant digits ...




| I D I D I D D D N D D A R | I D I D I D D D N I D D O R
§ . I I I I I I
010_ =
o

~Vy
reg — W-W+ Vet [ o .
OGN PO unphysical

| g g —

— Total ‘M’Y _I_MZ___F MV|2

--e-- s-channel
physical

B - - --¥-- t-channel

1= — Total
---- s-channel |./\/l,y|2 + |./\/lg_|2
~<v-- t-channel | MV|2

102} —

—1 -0.5 0 0.5 1 -1 -0.5 0 0.5 1
COS 0 (scattering angle of W™)

1Do we have any choice?
‘ yES!!




Chen, Hagiwara, Kanzaki, Mawatari, 2203.10440

M, (HELAS)
+M;(New HELAS)

HELAS)
El g d
106 LAS “1 =o(New HELAS)

00 107 10?2
Vs [TeV]

[In the New HELAS calculation, No unphysical energy growth for each amplitude!

SR




Chen, Hagiwara, Kanzaki, Mawatari, 2203.10440

Feynman-Diagram gauge Unitary gauge Feynman-Diagram gauge Unitary gauge

New HELAS New HELAS HELAS
E 1 I L I UL I 1 LI LI l LI I LI I l 5 1 I |l LI L I LI 1 L LI LI I LI 1 I
— -t + . — Q- + -3r -
g 108|— 9 9% —+ W W™ —uv,e%e — 108} _ % 106} €%z W W™ 5 u™v,07, - 108 ::'__'j_':{;';—;":-_g"x _
] ] 104 - ]
— Tzl
102 - ‘ 102 B
o @ —8——— O -+ R —u— s.=channel
-.,-_ i . —%— t-.channal
2
= — qou Mo+ Mz M R o - N
—-- s-channel | M., |2 + | M z|? % | —- schannel
v tchennel | M, |? | v tchennel
102 - - -
lllll lllllll ll 1 1 ‘llll 1 1 lllllll 1 1 11 1.l lllllll ll 1 1 1
-1 05 0 0.5 1 x 05 0 05 1 —1 -0.5 0 0.5 1
cos® % cos® cosH

Enhancement from the t-channel amplitude
fIn the New HELAS ca.lculatlon: | Whal is new?
i * No subtle cancellation among the amplitudes! . i
| » Each squared amplitude describes the physical distributions! | Gauge choice




Hagiwara, Kanzaki, Mawatari, 2003.03003
Chen, Hagiwara, Kanzaki, Mawatari, Zheng, 221 1.14562

4 3 4 3 5 3 5 43 1
5

5 5
21 21 21 21 2

| ><«><

Feynman Dlagram gauge Feynman gauge

104} —

Feynman gauge

10%rgg +gog

| p-p collision at ,/S=13 TeV

102}

— total —  total
102 102|—
—— (a)+{b)+{c)+{d) —— (a)+(b)+(c)+(d) 102
|~ (a)initial |+ (a)initial &~ - —— (a)e{b)+{c)+{d)+le) —— (a}e{b)+{ch{d}ole)
v Ehinaly” T Sk ~— @ - ® @ 0
104~ —+— (c)final & - 1o~ (efinale . Wi =@ —@ w0 =@ @
—¥— (d) final p* —+— (d) final p* & (o) —=— ()
ol b b ool by b PRI I T S T PR R RS SR
0 100 200 300 400 500 O 100 200 300 400 500 ) 0 500 1000 0 500 1000
Pty [GeV] Pry [GeV] min(m(g;g;))[GeV] min(m(g;g;))[GeV]
[ M. . v
What is the Feynman-Diagram qauqe ?




Hagiwara, Kanzaki, Mawatari, 2003.03003
Nagy, Soper (2007,2014) Chen, Hagiwara, Kanzaki, Mawatari, Zheng, 221 1.14562

® obtained from a light-cone (LC) gauge propagator,
by choosing the gauge vector along the opposite
direction of the gauge-boson momentum.

Pl =~
, o nte" +q¢tn” L
=—g9"+ — with n* = (sgn(q”), —q/|q1)
= > (@) (a,h)" +sen(q”)e (g, 00 (q,0)"  with &(g,0) = e
h=+1 ..
systematically subtract the scalar component
G q” which leads to unphysical energy growth in
cf. Ploaan = 9" + = each amplitude.
= > (g, h)e" (g, h)" +sgn(q®)e" (¢,0)€" (¢, 0)"
h=+1



Hagiwara, Kanzaki, Mawatari, 2003.03003
Chen, Hagiwara, Kanzaki, Mawatari, Zheng, 2211.14562

e pt
A Y A A
’T .........
7 Y
| v I
e ll+ Y
(a) (b) (c) (d)
LC gauge with n*=(1,0,0,1) FD gauge Feynman gauge
= 104 I I I I I I I I I I 104 I I I I I I I I I I 104 I I I I I I I I I I
> I I I I I I
& eut — ety
g ) J/S=250GeV - -
o
©
102 102
1H 1H
Aty — total
—e— (a)+(b)+(C)+(d) +iH" || = (a)+(b)+(c)+(d) L"'..q ! || = (a)+(b)+(c)+(d)
-~ (a) Initial e~ “la -4 (a) Initial - e -~ (a) Initial e~
J| - (o) initialy* i | e O of || — ®iniman:
10° - (c)finale = 1O (c) final & 10° - (c)finale ]
-+ (d) final u* (d) final pu* -—¥-- (d) final u*
0 50 100 0 50 100 0 50 100

Py [GeV] Pry [GeV] Pry [GeV]




Hagiwara, Kanzaki, Mawatari, 2003.03003
Chen, Hagiwara, Kanzaki, Mawatari, Zheng, 2211.14562

e ut
A A 4 A
.
4]
A Y &
e put
(a) (b) (c) (d)

LC gauge with n* =(1,0,0,1) FD gauge Feynman gauge
'_'1°4llll rrrryprrei rrrryprrei 104llll LI LI rrrrprred 104llll rrrryprrei rrrryprrei
> I I I I | [ [ I I I I I
& eut — ety
5 i
3 102 —

N _
gy
L :ii . N
,| — total %*Lth ,| — total *::::.1‘1"‘.1, ,| — totl
1 e @eor(ere(@) Sml] T == @e)eiere(e) HmT T (@)uib)e(ere(@)
| --4—- (a)Initial e~ " | —a— (a)Initial e~ | —&- (a) Initial e~ il
--%-- (b) Initial p* —v-- (b) Initial p* —%- (b) Initial p*
104} - (c)finale~ 104} —*- (c)final e 104 —* (c)final e —
—-¥- (d) fllnal u+l | —wl- (d) fllnal p+l | —+|— (d) fllnal u+| |

0 100 200 300 400 500 O 100 200 300 400 500 O 100 200 300 400 500
Pry [GeV] Pry [GeV] Py [GeV]



Kunszt, Soper (1988) Hagiwara, Kanzaki, Mawatari, 2003.03003
Waulzer (2014), Cuomo,Vecchi,Wulzer (2020) Chen, Hagiwara, Kanzaki, Mawatari, 2203. 10440
Chen, Han, Tweedie (2017), etc Chen, Hagiwara, Kanzaki, Mawatari, Zheng, 221 1.14562

® 5-component polarization vector
Mo = evu(q,0) T = évr(q.0) Ty with M = (p,4)

n
6{‘,4 (q,0) = (€},(q,0), 7) [reduced pol. vector] € (2,0) = €,(q,0) — 7(711_V
Ty =T™ [BRST identities] ;7% — 1, 77V

® 5x5 component propagator

U

PV f)
m M VMN N
q my, + 1€ q° — my, + 1€

~ .~ * mV ~ vV vV
5 —Guv —ze,‘(q, 0) Q Guv = Guv — n#qn_l._qq”n
VMN — ~ my
i€y (q, O)_Q 1 n* = (sgn(q®),— /|7

Massive gauge boson = QM superposition [reduced polarization vector + its associate NGB]

f We can systematically remove unphysical terms which grow with energy from all the diagrams. :




Chen, Hagiwara, Kanzaki, Mawatari, Zheng, 2211.14562

® The free Lagrangian in the Light-Cone (LC) gauge:
L= —%(BF‘Z” —VZH)? + %mi’Z“Zy + %(6"1)2 +mZHta,m — 2—16(77!‘Z,,)2
2 2 _ _ "
— 1 (Z~ 1r) ((3 + M%) Gy — Ou0, 3 maﬂ) (Z )
- —md, AN
® The equation of motion in the momentum space:

H ~
(—g* +m?)gh, +g'q, — = €n" —img* (Z "(Q)) _OM V() =0
img, ¢ m(a) )

e All the 5-component of Z"(¢) have a common mass.

® The LC gauge prozagator: g n“q,,n+ :“n,, Z,mnn“q
Pic P = ’
GLc N — = LeN —im " 1

® The FD gauge propagator is obtained by setting

n* = nfp = (sen(¢®), —7/|71)



Chen, Hagiwara, Kanzaki, Mawatari, Zheng, 2211.14562

W Wt W~ Wt W wt
W W
“\ v Y
LC gauge withn*=(1,0,0,1) FD gauge Unitary gauge
E I | I | | | I | I I I I | | | | I | I I I | I |
= B vy = WW = (e V) (utvy) B
3 . Vs=2TeV ] — total o Lv""lvniga rAJ-a-'ArAJ
i
OTT  Imiv)—myl< 15x Ty T 10 v Echanne! ! T
--4- u-channel 'ﬁJ,AJA‘ “’1%
--8-- contact A !
n . » 1 g
1 Lvl
- . - A iy
102
1
| 1 | | I | | | | | | I | 1 1 1 | | | I | | | |
—1 0 1 -1 0 1 - 0 1
COS By- COS By COS By-




Chen, Hagiwara, Kanzaki, Mawatari, Zheng, 2211.14562

W~ Wt W~ W W W

W W

N

LC gauge with n* =(1,0,0,1) LC gauge with n* =(1,1,0,0) LC gauge with n* = (1, pw-/IPw-1)
S‘ 1 1 1 1 I 1 1 1 1 1 1 1 1 I 1 1 1 1 1 1 1 1 I 1 1 1 1
*.;-. vy = W W* = (V) (0¥ vy) — total
T " Vs=2TeV o --%— t-channel "
10%pMy M(eVe) = M1 vy) = My 1 1M --2— u-channel u A | N
--8— contact
102|— —
— lA‘!ﬁ_‘ er 2] . rvlrv-: : la] "A’LA
%vﬂ-"”“ﬁﬂ 1*%"‘9"*%&&&- ﬁﬁ&ﬁ& E’%lﬂl
1@5—655&&5—8—5—5—8555&5 11— — 1 —_
| | | | I | | | | | | | | I | | | | | | | | I | | | |
—1 0 1 —1 0 1 —1 0 1




*The new HELAS subroutines are publicly available on

http://madgraph.ipmu.jp/IPMU/Software/HELAS/

® All the numerical problems
associated with so-called gauge
cancellation is absent.

Helicity amplitudes for individual
Feynman diagram have definite
physical interpretation as

[all the invariant Feynman
propagator factors for the
connecting lines]

X
[the splitting amplitudes at each
vertex (=Wigner’s d-function)]

Feynman-Diagram gauge

T SARAN RN LR LN IR

do [fb/T:

104

102

Unitary gauge

e ep =+ W W' s uv,eve
[ /S=10TeV

- = Total N
--o-- s-channel
-=- tchannel

pT) V] p(u) eV]

 Because of these properties, we |
| believe that amplitudes

| evaluated in the FD gauge give
deeper insights on scattering
i processes, and give improved
efficiency in event generations. |




