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Bl Dark Matter in our universe

Dark Matter (DM) = Invisible gravitational source in our universe

Indirect evidence: rotational curves of galaxy, bullet cluster, gravitational lensing

[Rubin et al. (1980)] [Markevich et al. (2002)]  [Oguiri et al. (2018)]
[Clowe et al. (2006)]

— astrophysical observation suggests missing mass coherently

Features of DM

Electrically neutral

Stable, or long-lived particle

Non-relativistic property @structure formation

Occupy ~1/4 of total energy density in current universe
(Cosmic Microwave Background) (n. Aghanim, et al. [Planck Collaboration] (2020)

No candidate in the Standard Model

DM identification = Problem in Particle phys./Astrophys./Cosmology




l Particle Dark Matter

% sketch of concept

4

? ] Constraint 2
Hypothesis: Dark matter (DM) = New particle

Ourgoal:  |dentification of DM interaction theory onstraint |

How to identify “interaction theory for DM”?
— |dentify DM Quantum Number

Ny

e DM spin
e DM Mass

Dark Matter interaction

v

* |nteraction btw DM and SM particles, etc

Efforts toward DM identification Dark Matter mass [GeV]

Constructing possible DM models

Derive precise predictions & compare w/ exp. results Precision in theoretical prediction is crucial

Develop new methods to probe DM to reconstruct DM properties form exp.




spin triplet

Today’s Talk "

1

Question : How to distinguish DM spin among DM candidates w/ the same int.? (e.g. SU(2). triplet DM)
EFT approach : Achieve high precision systematically (Key: Resummation of large log)

: FrameworKk is largely Universal (= spin independent) w/ separable features

Yy +vZ4

- spin — 1 DM annihilation spectrum

0.3 1

E., [TeV]




[MF, T. Abe, J. Hisano, K. Matsushita (2020)]

B Electroweakly interacting spin-1 Dark Matter

(®;) #0 (i =12)
(H) #0

Extended EW Symme:  SU(2), X SU(2), X SU(2), x U(1)y ——— U(1).,.
V\,/V

Exchange Symme.

Vacuum expectation values: field spin [SU(3). SU(2)o SU(2); SU(2)2 U(1)y
(@) =(D,) = - (vq, O) Ve ~ O(1) TeV " % ) 1 2 1 é
\/5 0 vg/) @ UR 5 3 1 1 1 3
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[MF, T. Abe, J. Hisano, K. Matsushita (2020)]

B Electroweakly interacting spin-1 Dark Matter

Extended EW Symme:  SU(2), X SU(2), X SU(2), x U(1)y ——— U(1).,.
V\,/V

Mass Vector

(@) #0 (= 12)
Exchange Symme. (H) #0

Z, parity from exchange symmetry: - Wy < Wy,

Scalar Zo parity Mass ' w3 _ w3
0 O//l 2/1
~ V¥ = (neutral)
h' even \/5
Wi — W5
>~V  O()TeV | y== 0”\/_ # (charged)
2
hp odd
W! iw? \
h even ~v  0(00) GeV Wi = ke * n=0.1,2)
even massless . 2 )

VA(A =1,2,3) D VY VT . SU(2). triplet-like spin-1 particles, incl. stable DM candidate




M y-ray spectrum from DM Annihilation

Non-perturbative corrections 7 W=
Sommerfeld effects — should solve Schrédinger eq. \/ ) )
VEDM), V—
Sudakov log — should be resummed (today’s topic) O(1) TeV
v ~A~ Z Wi
Q. How to sum corrections systematically? — A. Soft Collinear Effective Theory 6(100) GeV ’
Current status SU(2). odd SU(2)L even
- ‘Framework is completed
spin-0 J .
M. Bauer, et al. (2015) [triplet]
G. Ovanesyan, et al. (2018) [triplet]
spin-1/2 J M. Beneke, et al. (2019) [triplet] /M. Beneke, et al. (2020) [doublet]
M. Baumgart, et al. (2024) [quintuplet]
spin-1 ‘ This work! [triplet]

Aim: Precise gamma-ray spectrum from spin-1 DM annihilation, Key: Universality in EFT construction
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Soft Collinear Effective Theory

[Short review]

Original: [C. W. Bauer, S. Fleming, M. Luke (2000)] in the context of B — Xy

Review: [T. Becher, A. Broggio, A. Ferroglia (2015) [arXiv: 1410.1892]]
Review: [T. Becher’s lecture note @Les Houches 2017 [arXiv: 1803.04310]]




Q’=-gq’

B Large log in QED [review] SRR

u . artificial cutoff
SUdakOV dOUble |Og [Peskin-Schroder’s textbook, Ch. 6, EqQ. (6.66)]

do do a 0’ 0’ , ey 27
L= [1=-5 1
o~ P)= <dQ>o - 0g<m2) Og(ﬂ >+@(0‘) Qe_ -

| massless mediator
IR divergence @u — 0

e S

e e
What is observed cross section in the realistic experiments?
Answer: e (p,;) = e (p,) + (soft photon) ['." finite energy resolution] 0 A & '~
u-dependence cancels in the total amplitude including soft photons e e

Double log corrections (log# log# ) appear w/ typical energy scale in loop amplitude




Bl Multi-energy system

Kinematics of Heavy DM annihilation

Hard initial state . non-relativistic DM particles g* ~ (mpys, 0)
/Collinear particles . EW bosons  p* ~ mpynt, £F ~ mpygt"
Soft radiation . EW radiation AZ

DM annihilation (hard)

\.“ 1% iy :\N\N\N% “ _MWF f X (collinear) [unobservable]
/'\ 7=(1.00,-1) EW radiation (soft) n=(1,0,0,1)
A
Perturbative parameter: “1
m m _ E 2 ~ P24
T=— W o 22 ~ 107! (for Tev DM vl
2mp\ 2mp\ 2

e.g. see [M. Beneke, A. Broggio, C. Hasner, K. Urban, M. Volimann (2019)]



Bl Multi-energy system

Kinematics of Heavy DM annihilation

Hard initial state . non-relativistic DM particles g* ~ (mpys, 0)
/Collinear particles . EW bosons  p* ~ mpynt, £F ~ mpygt"
Soft radiation - EW radiation A?
cf. Sudakov form factor in QED
2 [Peskin-Schréder’s textbook, Ch. 6]
Q2 P2 L2 A2 Q2 PZ L2 A2
Amplitude: D # log —————— | +# |log — + .-
2 2
17 17
: e e
affecting RGEs massless mediator

Problem: The amplitude involves various scales (Qz, P2 L2, A?)

e.g. Ifwetake y = A, log(Q?/u?) > 1

(Large log) appears— Perturbative calc. breaks down




J Solution: Factorization

3}74Z4 6}74Z2 21}72Z4 42}72Z2
F(x,y,7) = i > - 5x2y2z2 A

X2
—10x°y? 4 35x°%7% — T0x% + y*z* — 2y7?
+7y%z* — 29y%7z2 + 30y? — 10522 + 210

1 Factorization
=8 < (° + 7) < () x (FATS)

e.g. Factorization of (x, v, 2)- polynomials




J Solution: Factorization

i/l = (complicated func. of {Q% P L* AZ}) Full theory

D

= GEORN < J(P°, ;1) < G > SCATA) SCET

a_J | e e’ — a_J
hard anti-collinear collinear soft

Our strategy

We “construct” the effective theory (EFT) to reproduce the same physical result as the full theory

In the EFT, the physics @each energy scale (hard, collinear, anti-collinear, soft) is separately described

(Multi-energy scale system) < matching = (single-energy system) X 4




ll Benefits of Factorization [1/3]

0’
L*+

P? ~ A2t

(r(p)X(©) \% M‘ TABCD yapue | VO(p )V (p,))

x (X110) x (X,|YYYY|0)

Amplitude / Cross section is automatically factorized, and each part is calculated @natural scale

X (y|<10)



ll Benefits of Factorization [2/3]

RG evolution

d 2 2
/’t_ i(pi9//t) =F1XFz(plalu)
dy

2
1% Anomalous dim.
Fi=vyglog| = ) +72 o
U i = {hard, (ant1)collinear, soft}

Energy evolution follows Renormalization Group (RG) equation w/ only single scale

— Chose 1t to suppress large log, then perturbative calculation is again viable!
(RG improved perturbation theory)




ll Benefits of Factorization [3/3]

RG evolution

d , , Solution e 1
//‘E pis ) =1 X FAp7, n) F(p# p) = J d//t;

Hi
7 m -
[ = Vi1 log L I Yis Anomalous dim.

p? i = {hard, (ant1)collinear, soft}

Via RG evolution, we can systematically “resum” log corrections + finite corrections
— Reduction of y-scale dependence & uncertainty in final prediction




m

Construction of
Soft Effective Theory (SET)

[let’s practice w/o collinear particles]




[T. Becher’s lecture note @Les Houches 2017 [arXiv: 1803.04310]]

Ml e.g. Semi-relativistic electron scattering

Kinematics spectra
e (p1) + e (py) — e (p3) + e (py) + Xi(q,) 0.5 MeV |—
Voo
Hard initial/final state . electrons: py,p, = P, P4 massless

: No collinear particles (as long as electron is semi-relativistic: £, ~ m, )

Soft photon radiation . arbitrary # of soft photons w/ E, < m,, X.(q,) = v(q,) +y(q,) + - +y(q,)

How to construct Soft Effective Theory (SET)

® Write down amplitude w/ soft photons in full theory (=QED)

® Find Feynman rules for soft photon processes ‘

® (Construct effective Lagrangian to reproduce derived amplitude

P1 P3

ds

® Factorize soft correction from the electron field
— Factorization of Hard physics & Soft physics D2 P4




[T. Becher’s lecture note @Les Houches 2017 [arXiv: 1803.04310]]

ll Amplitude in full theory (=QED) ———

Ap(p+9)
/
Amplitude w/ soft photons Q prae rre ¥
Z(p -+ g -+ me)
A —
rp+a) (p+¢q)? — m2 + ic
Z( -+ me) /(1.
~ 2f-q+z’e (o p*=mg, ¢¢ =0, p| > |q]) (k) elk)
MeP + m 0 Soft photons
- 2Mme V- q -+ 1€
P+l
2 v-q e P, = ! _2W (Projection operator)
(
Zva,qHE, ¥ P, =P, P2=p, P,¢P,=Pye-v.
Eikonal approximation
Neglecting O(A = E./m ) | 1
AM = 7 P P P |
On-shell condition for soft photons iAM = ulp) N w v q+ z’e( iee - v) v-q' + i€

projection  vertex - \— ——
* Simplified Feynman rules propagator




[T. Becher’s lecture note @Les Houches 2017 [arXiv: 1803.04310]]

ll Effective Lagrangian for SET

Introduce auxiliary field xPh, =h

Lo = Z b, (X)iv; - Dh,(x) — Lo D' Ci(vy, vy, V3, Vg MR, (OT 1% ()RS (T 1 (x)

4 HV J J V2
J

Auxiliary fermions for each velocity direction (fermions living in limited momentum region: pl.’" ~ mevl.’")

Single pole for fermion propagator
." Fermion in SET is very close to on-shell condition p* ~ m_v* + g*
Anti-particle cannot appear from external lines (— absorbed in higher dim. operators)

All we need to do: Determine the Wilson coefficient by matching btw full-theory amplitude & SET operator

No loop corrections to this matching (. No dimension-full quantity in SET — loop correction = scaleless integral = 0)

projection  vertex - \— —
propagator




[T. Becher’s lecture note @Les Houches 2017 [arXiv: 1803.04310]]

ll Factorization of soft photon

Wilson lines
0
S/(x) = exp —ieJ dsv; - A(x + sv)) | .

Charged particle traveling along y* = x* + SVZ.” (v(k) | S;(0) ] 0) = —ie /O dsv; - (v(k) | A(x + sv;) | 0)

— External electrons (no recoils due to soft photons, E, > E ) O
— e (o (k) [ dsemCek0

Matrix element for single photon reproduces Eikonal amplitude
0

. e—is(vi-k—ie)
= —ie (v - €(k)) [—i @ — z‘e)]

U; - E(k)

UZ”]C—?;G.

Wilson line is the solution of SET’s EoM: v, - DS.(x) = 0.

Wilson line is useful representation to make gauge singlet combination — ¢

Decoupling transformation: 7, (x) = Sjx)h"(x),

ey ———

M =" Citi(vs)Ciu(vr)a(va)Uiu(vz) { X, (k) | 515,518, | 0) = Mee (X (k) | 515,518, | 0).
7' Hard phys. Soft phys.




[T. Becher’s lecture note @Les Houches 2017 [arXiv: 1803.04310]]

ll Relation btw Hard & Soft phys.

Scale dependence

o = H(me,{v}) S(Es,{v}),

1 dgpg d3p4
2 2E5 |y — U] (27)32F5 (27)32E,

Hard:  H(me,{v}) = Meel?(2m)* 6 (p1 + p2 — ps — p3) ,

B B 2
Soft:  S(E.. {u}) =] [(X.IS] 51 5] S210)[ 6(E. - Bx.)
Renormalization 7

o=H(me,{v}, n) S(Es,{v}, )

d 1 d 1
ig — () : Physics should be p-independent & (ﬂ—%) | (ﬂ_§> — | S =0
dy du H du S

Sum of anomalous dim.

RGE properties of Hard physics is determined by Soft physics (or vice versa)




m

Soft Collinear Effective Theory
for spin-1 DM




m

Soft Collinear Effective Theory
1 DM




[MF, M. Vollmann (work in progress)]

] SCET construction

Regime For TeV DM:
Perturl'?)ative ex.pansion W.I.t. { s, A } 1 = My - Mpmym — Ey ~ 1 0_1
Factorize amplitude for each scale (to suppress large logs) szM szM
Degrees of freedom
Full theory SCET
Spin-1 DM : V;‘ A=1,23) —> eavy NR spin-1 DM Y,

EW boson : W;‘ (A =123) —> © Wilsonlines
(Anti-)collinear EW boson : {&,, < |-} (Wilson line)

Soft EW radiation . 3, factorized from DM

. Y, factorized from (anti-)collinear particles

Matching btw “Amplitudes in full theory” & “SCET operators for DM annihilation”
— Factorize amplitude for each energy scale: hard, (anti-)collinear, soft




[MF, M. Vollmann (work in progress)]

[l Tree-level matching

Full theory setup
Initial state: two NR DM particles

Final state: massless EW bosons (transverse modes only) XB WD

Matching ‘

EFT operators
LO potential is spherically symmetric — total spin is conserved

Final state: massless EW bosons (transverse modes only)

@g)i — J'ds[thA (Sn +)Q7D (tn_) X TABCD U(“Sfﬂ”

SU(2)L Charge Lorentz spin Orbital wave func.
State: ¢ =0,2 - 5=0,2 s-wave (LO) |
Under Y‘;} < YJ): Symmetric | Symmetrlc Symmetric

7 =1 S = 1 p-wave (suppressed)

Anti-symme. Anti-symme. Anti-symme.



[MF, M. Vollmann (work in progre

Operators for Spin-1 DM
Ling = Z Z Z/dsdtC’(S)z(s t, 1)O S)"’(t S, 1)

va S=07=0 1
Spin SU(2)L charge
spn-0: OF = TonP Y TABP AL S (sny )tV ALe, (tn) |
S 5 (1) 0(2)1 L TATBTABCD av _ Bu Av C /t D L _O(O)
pin-2(1): Uz = o (n" 77¢ +nn") J—c,,u(sn-F) La,u(m ) 2
| - A : &
Spin-2 (2): 09)2 = T_ (ng — n_)O‘Tﬁ (ny — n_)ﬁT?BCDALSM(anF)?ﬁ ALE’V(tn_) + 3 (99)

T;‘ZB(?D — 5AB5CD SU@2). charge: £ = 0
TA?C’D _ 6AC&BD 5AD5BC’ B gé’AB(SCD | SU@2). charge: f = 2

3




ll Factorized Amplitude: V'V° — X
MVVy = yX)=#Y ) ) COu)
S

l S
X (01 1YY UL 11 [VVIgg) X K7 ~ hard
x (y|2,0)]0) ~
X (X.| <5 ,(0)]0) ~ collinear

% <Xs ‘ [Y;?A/TéBCDYfB/] ?CC’?DD" O> ~ SOft




[MF, M. Vollmann (work in progress)]

Bl Factorized cross section

d(av) B |
ZZSUZ Z Z (\/z)n,d 9 2 my

i,y S J,F

~ (hard function)

(5); (S )j
x C)C iy

33 ~
X Zy ( )

X Jd(n k)J. . <4mV(mV -k, —n_ k/Z)) (collinear jet function)

X Wgg(n_ -k ~ (soft function)

Once EFT operators are specified, amplitude/cross-section are automatically factorized for each energy scale

— Renormalization Group Equation for each function? (next page)




M. Bauer, et al. (2015)] [M. Beneke, A. Broggio, C. Hasner, K. Urban, M. Vollmann (2019)]

ll Renormalization group equation

Fi(pl-z, //t) — Fi X Fi(pl-z, ,u) Fi = 7i1 log| — | + Yin Anomalous dim.
d1n u

i = {hard, collinear, anticollinear, soft}

-1
d | :
—(factorized cross section) = 0 : Physics should be p-independent %Sketch of proof taking A% ~ Q

du P2L2
|
=4 Z [=0
l

= | 7h.1 log

P2
+ 7z log ﬁ + 7,1 108

/42

M

—Ve1 = —7Ve1 = Vs '
log-indep. part: 7h,2 o (7c,2 T 7/6,2 T 73,2)

Hard properties Determined by SU(Z) prOpertieS Universality of LL resummation was first pointed out by [M. Bauer+(2015)]

T }/c,l lOg 1

+ 2 Vi

og (Q, P, L, Ay) part: /h,1 Anomalous dim. is spin independent

We can recycle the same y as spin-1/2 case




ll Constraint on anomalous dimensions [BU]

N\
Physics should be p-independent < Sum of anomalous dimensions cancel %Sketch of proof taking AZ ~ <P8L2>
!
S0
l

P2
= | 7h1 lOg ﬁ + Vel lOg ﬁ + Ve lOg ,l/t + Vs.1 lOg Z yl 2

(Yh T Vel T Vel T Vs, 1) lOgIM +h110 . ‘ }/c 1 . 10’ Z Vi2

”@‘I\/Iost'hdh }tr|V|aIMpart 'tofcancel A

P © a4 \ s GIR e S S Haad e
.= a Tav b - -
- - AL L
E - SR AT P ocals 0% p ‘g_\

Only one possibility to cancel different scales

_ includedin@  — log (products of momenta) =log 1 =0
log y part: /n1 = T (%,1 TVe1 T Vs,1)
, 2 2 272
— — — — — : Note: O -A2=Q -PL =1
@1log (Q,P,L,A)part: Yh1 — — Vel = — Vel = Vs v py2 ST p2 2
3 log-indep. part: 'h2 = — (}’C,z T Yoo T 73,2) — Universal anomalous dim. (up to sign)




[MF, M. Vollmann (work in progre

_ “Exact” universality of spectra (spin-0, 1/2, 1)

d 0%\ i
— CWi=1.C®) | [y =Yeusp |2In| = (j(j+ D) —4) | + 274+ v

dﬂ J 4 !

soin-0: O = Ton2PT THBP AL (s )i Aus, (tn-)
1 ~ALB QL 1% oV ~ D 2
Spin-2 (1): Og) — Ta Tﬁ T?BCD (77Lu77f + 1 UfM)AJ_C,M(SnJF).AJ_E’V(tTL_) — g OF}D :
s ~ = ~ 4
son2 @ OF% = Ty(ny —n)*Tg(ns —n ) THPP AL (sn )t ALg, (tn-) + 5 OF
Z Cc) @(S )i = (Lorentz structure) X C (S)z (5AC(33D - 5AD53C 25A35CD ) ( C}Slo %q&)

X {‘TA TB } |n trlplet lrep
@spln 0 — gbCT{TA TB}¢ ‘QYJ_CM(S”+)‘Q{J_C,M(WZ—)
0 2EATA TRy 0 (sn,) AP, (in_)e™ *

spm——
M. Bauer, et al. (2015)] [M. Beneke, A. Broggio, C. Hasner, K. Urban, M. Vollmann (2019)]

“Exactly” universal spectra for all DM spin
(up to overall factor)

% Universality breaks down by loop corrections




m

Results




[MF, M. Vollmann (work in progress)]

Spin-dependence: (1) peak location = DM mass

y- ray S pectru m (1 / 2) (2) overall cross section

Spin-independence: shape of spectra (Next Leading log)

2nd peak Z
10-25 | for spin-1 DM annihilationl vy + v
_ Y
N | 38
(spin-1/2) X —
o | 9
°° >
E | ¥
= : 1026
S
Lﬂb
my = 5 TeV
mz =9 TeV (EZ" = 0.95 TeV)
10727F 8 =5%
0.3 | | — - | | ,

E, [TeV] Spin — 1 triplet dark matter




[MF, M. Vollmann (work in progress)]

y-ray spectrum (2/2)

8T : 40 F ' ]
T Sommerfeld-only <—w/0o resummation 35¢

S k

s

S 9T 7

I ]

= ) Next Leading Log

. O Leading Log -

S

Lﬂ?\ 2
1 n
O L
4.25 4.50 4.75 5.00 5.25 5.50 5.75 480 485 490 495 500 505 510 515 5.2

E, [TeV] E, [TeV]

Comparison: { Sommefeld factor only, Leading Log, Next Leading Log }
Uncertainty is decreased depending on DM mass / energy resolution (next page)




. Pe rs pGCtive Our benchmark DM mass

M. Beneke, A. Broaaio, C.T asner, K. Urban, M. Volimann (2019)]

10.00 | o
'Vef,%g Ew CTA projected (121.3503)
x@féﬁ 1. \ ~F -
3 E =y - g [ wide
Lﬂ@ .10' Power law fit _ Sl

Intermediate: 1 ~
§ 2mDM

AN _

001 ‘ IEI’VGSIZ m%/[//mlx Ly "' | LI |_|_|_|_|_|_§
E—”Mm -0 10.0 1000
m,[TeV]

Lighter DM: Power suppression (1) gets weak — 1-loop correction is important

Heavier DM: Realistic energy resolution @CTA — SCET of wide resolution regime is necessary




l Summary

SCET for EW interacting spin-1 DM
We construct SCET for EW spin-1 DM for the first time X B

Full theory

1

Tree-level matching — Specify operators in SCET Matching‘
XA

Factorization formula is derived (best benefit in SCET formalism)

We directly prove universal shape of energy spectra for all DM spin SCET

Universality of LL resummation was first pointed out by [M. Bauer+(2015)]

Resumed y-ray spectrum XB

y-ray energy spectrum ( yv, yZ,yZ') @NLL accuracy
Perspectives

10-2 }/ Z /

Extension to other regime for heavier DM £

1-loop matching (cf. [M. Beneke+(2019)] for spin-1/2 DM) =

The first step for completion of EW int. DM for all the spin

mz =9 TeV (EZ" = 0.95 TeV)

Detailed analysis is ongoing (thermal relic DM mass, etc) S — ' —

E. [TeV]
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[http://www3.u-toyama.ac.jp/theory/index-e.html]

l Visit us! (U. Toyama, Theory Group)

Topic: Particle Cosmology

RN A

Baryon asymmetry
Neutrino

Dark Matter
Higgs Physics

Phase transition

Gravitational wave ... (See our Web site for more info)

# If you stay at the dormitory in U. Toyama, you can stay
5 days within travel support per day (~10,000 yen)

# Food in Toyama is AMAZING =% — 5[

Giving seminar / Hosting JSPS fellow / Visiting student
You are always welcome!!!



http://www3.u-toyama.ac.jp/theory/index-e.html
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J Matter contents

SUQR)y X SUR2) XSU(2), X U(l)y =y SU(2); X U(l)y =Py U(1).,,

Exchange Symme. (®,)#0 (i =12) (H) #0

Each fermion corresponds to SM fermion Wy y Wi p Wy p
Scalar field to realize U(1)em in low ener :
| z& UllJem In low energy field spin |SU(3). SU(2), SU(2); SU(2), U(1)y
(I)j — 103' +Ta7T;L { st. D, = —eDTe (j=1,2) J
t -1, 1 1
. 1 (in! — 72 ’ ’ dr. 5 3 1 2 1 6
2 \o—n? 4 real degrees of freedom for each 1 3 1 1 1 9
UR 5 5
Symmetry transformation 7 1 3 1 1 1 1
- Gauge trans. (for scalars)  « Exchange trans. R 2 3
o311 21
< Py — (]2(];)2(/1L ]
Hw— U H % 9o = g2 (# 91) ER 5 1 1 1 1 -1
U, = explif,(z)] (n=0,1,2)
% 0| 1 C2) 2 1 0
Vacuum expectation values
vp 0
(@1) = (P2) = % (; ) (’U(I) > ’U) s 0 1 1 2 @ 0
Vo
0 ! ! 1
(H) = (E) O(1) TeV  O(100) GeV H 0 1 1 2 L 2




ll Comment: Why Wilson line?

Problem: Derivative operator is not suppressed 0P, | oitivnr ™ /10Q¢n (No suppression)

How to express Vn-th derivative op. systematically?
¢, : collinear field

n* = (1,0,0,1)
n* =(1,0,0,—1)
Solution: Representing as non-local interactions .
Sn
] ) = Bulx+ s) = ) —(1 - 9)'h, (%)
dsCS)p,x + sD+1,x) = Y C,— (- 9)'h,(0)[-+1h, () Com
n=0 ' C, = | dsC(s)s" & coeff. for higher derivative op.

Gauge covariant form = Wilson line &, (x) = P exp [igJ ds'n-A, (s'n)




