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Overview

1. Universal One-Loop Effective Action

. BEffective action for gauge bosons

3. Effective action and anomalies (axion)



How far is new physics from the weak scale?
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Program: Matching-Running-Mapping

Energy

Luv|V¥Bsm, Vsl

to do for each model

LEFT [wSM] — LSM _|_ Z C; (A)OZ EFT without heavy state

RG running
(resum large 1ogs)

done once for all

Lerr|Vsm] = Lsn + Z Ci( )O;

................. lmapplngz

done once for all

electro-weak
precision tests O(0.1%) — O(1%)



Program: Matching-Running-Mapping

L:U V[wBSM 9 ¢SM ] /\ Feynman diagrams

to do for each model
O;

Lerr|Vsy| = Lsa + Z Ci

Energy

EFT without heavy state

RG running
(resum large 10€s)

done once for all

Lerr|Vsm] = Lsn + Z Ci( )O;

................. lmapplngz

done once for all

electro-weak
precision tests O(0.1%) — O(1%)



Effective Action by the path integral method

St Tl (1) = / DBy S1F83: Preany (11

Eq. of Motion : 53[@?’ o) =0 = D (Psm)
Expand action around minimum : 1 628 " 3
Taylor exp.: S[®] = S[®,. +n] = S[P.] A 25(1)2( )n°+On°)

Write Gaussian integral as determinant : 526 4 —1/2
i eiSeff[¢SM] — 62‘8[ ] de (
0 D2

Write determinant as trace of 1og in exponent :

Y
Serr = 5| ]—I—%Trln 05

gz (7)

tree level 1-loop level




One-loop Effective Action

Luyv = Loy + ((I)TF(¢SM) + h.C.) -+ (I)T (—D2 — m?p — U(¢SM)) b + O((I)S)

Heavy fields can be bosons or fermions P,=1D,

2
S11;floop = tc 1T ln[ — %(CI)C)]

e

= ics 1T ln[ — P? ‘I‘m?p -+ U]
e / e / d4q tr In[eOP (—P? 4 m3 + U)e=O7]

1. Op =¢qg.x
L> pqa

Gaillard & Cheyette’s trick : momentum shift &. Op = 8
. - 0 ~
= icCg /d4x/d4q trIn| — (Gyua— +qu)% +md —|— U]

S0 covariant derivatives are explicitly in commutators from beginning :
gauge twvariance ma vu,%]est through the computation

n+ 1 [ M | o
V — 0417 . PO& 7G, ) U = {P P U \
a Z n + 2 " QQOQ qa, REZ:O n. [ - [ [ “n’ ﬁqal o,

contain dim-6 operators & independent of momentum q!
lntegration on g can be done once for allil!

e g-integrals factorize give usual & simple Feynman Integrals

* traces give Higher Dimensional Operators M.K. Gaillard, Nucl. Phys. B 268 669 (1986)

O. Cheyette, Nucl. Phys. B 297 183 (1988)
B. Henning, X. Lu and H. Murayama arXiv:1412.1837


http://arxiv.org/abs/arXiv:1412.1837

One-Loop Effective Action

assuming degenerate mass matrix
B. Henning, X. Lu and H. Murayama arXiv:1412.1837

Cs
A Leff,1-loop = (47)2“{ L1 100p = Pl (—D2 —m? — U) o
[ 1 m? 3\
4 _ = =
rm| —5(los Tz —3)

+m2-— (logTZ—z—l) U-

I 2
+mY —i(logm——l) G2, ——log—U2

] 12 2 2 2
o 1, o1 , T, \
— - o (BG )2 - g—OGWG Gl — 75 (PuU)? —EU[—l—z]E/G G]
1|1 4 1 2 1 9 PV
= ﬁU + =5 U(PU) +ﬁ(PU) +£(UG G, )
1 o dim-6
~ i (B0 B01G — 5 VUG | Operators
11 5 1, 1
+ 5 60U 20U(Pu) 3O(UPU)
11 .
+ mU]} (2.54) 8



http://arxiv.org/abs/arXiv:1412.1837

Universality of the One-Loop Effective Action

 No need to reinvent the wheel, every slide up to here can be ignored

« Universality of CDE expansion results first noticed in the simplified
case of degenerate mass for heavy fieldsS s.Henning X. Luand B Murayama arXiv:1412.1837

- The general Universal One-Loop Effective Action (UOLEA)

subsequently derived without such assumption
A. Drozd, J. Ellis, JQ and T. You arXiv:1504.02409

+ However, extra structures (heavy-light terms, « open »covariant

derivatives, momentum-shifted-gamma matrices) in CDE expansion
not included in initial UOLEA S.A.R. Ellis, JQ, T. You, Z. Zhang arXiv:1604.02445

Universal heavy-light, terms now done S.A.R. Ellis, JQ, T. You, Z. Zhang arXiv:1706.07765

- A complete UOLEA, including all possible CDE structures, is in sight...
9
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Universal One-Loop Effective Action
for non degenerate mass heavy fields

Ll loop [¢]

Universal
coefficients f
encapsulate
dependence on
combinations of
momentum
master integrals

A. Drozd, J. Ellis, JQ and T. You arXiv:1512.03003

Ligoop = PV (=D* —m?* —U) @

/ f3 universal term calculated by 't Gooft ‘73

{fl T f2 10 _I_f3G:L21/z] _I_fZ]Uz2

/ \

T ng(P G,uuzy) f < uyzg)(Gya]k)< ou, kz) + f@J[P U ]

+ fgjk(UZ]UijkZ) + fZ](U G, z/jkG,Lu/ kz)

T f{%kl(Uw UijklUlz) + fwk zJ [Pm Ujk] [P Uk:z’]

+ f12 . [ 1 [P,,, U’LJH [Pm [Pw UJ%H + f12 b [ 1 [Pw U’L]H [Pm [Pm Uji“

+ U PI/? PV) Uz .
e [P [P Ul [P [P U] ame |

+ fl?S UZ] UjkG,Lw le,Lu/ l7 + f y [P U ] [PV? Ujk] Gu,u, ki OpePa,tOPS

+ (FBU P Uil = FSTPw UslUs) [Py Gl

+ UG U iU Ui Ui + £27 U Uik Py Urd] [P, Ut

+ A1 Uii [Py Ui \Ug| Py U] + fgklmn(UijUJkUklUlmUm"Um)} ‘
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Application of the UOLEA: MSSM stops

« Write UV Lagrangian for heavy multiplet in appropriate form to extract U matrix,
mass matrix and covariant derivative

Lov = Loy + (PTE=<T.c.) + O (=D? — M? — [)® + O(P?)

@ ~ o) a ) ~
O = C o (Wt +YeBul 0 w2 [ G 0
t* a 0 _}ff B/V - 0 mg
R R H in
\_ ) \_
g (B SBAHAT + §3sEHHT — §(aiYge25 + 593)|HI? Xl
h X HY (hi — 591Y7,c20) | H|?
* Exa,mple: OGG — gg ‘le GZVGa,uV
Lo = —z‘cs{ff' + fiUs + fY G i+ fPUE

+ f (PuGlvip)’ + 18 (Clvi) (o) (Cops) + Fi(PuU)* + f7* (UUUki)
+ fg (UijG;w,jkG;w,k )\~

)
RCTT..TT. . wkrr . . .
+ flO ([zIJ'%]U]kUklUl’L) + fll U'L_y [P,u,a U]k][Pz,u,a Ukz] m2 ] h% B lg%czé) h% N 19%625 h?XtQ
+f132,a (P#[PWUij]) (PM[PWUJ"L']) ‘|‘f132,b (P“[P,,, Uij]) (PV[Puani]) Cqg = W2_ 62 + 32 — 5 9
+ f12,c (PulPyu, Uij)) (Pu[ Py, Uja)
Zk ! ! /
(+ £33 Ui UG i G i JF 11 [Pas Uss) [Py, Use] Gy

7 17k /
+ ( 115an,3' [Pua Uj,k] - f1j5b [Pua Ui,j]Uj,k)[Pw Gu,u,k:i]
+ fi6UsiUikUtUmUnmi) + F137 Ui Ut [Puy U} [Py Usi) + £33 Ui [Pa, Ui Usa [ Pa, U]

+ fl%klmn(UijUijklUlmUanni)} : (3.1)



Effective action for gauge bosons
(Euler-Heisenberg generalisation )

J.Q., C. Smith and S. Touati, Phys.Rev. D99 (2019) no.1, 013003
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Photon effective interactions

Zqep [J*, 0,7 = /DA”IMD@ eXpi/dfc(ﬁQED + b+ Y+ JHA,) Lopp = —iFWFW + (i) — m)

4
e Construct EFT (integrate out fermion) :
Zoep [J",0,0] = / DA+ expz/ da:{—ZF FrY +J"AM} x det(iI) —m)
1
_ /DA“ exp’i/d:l:(ﬁeff LI, Leps = =5 Fu P = iTr (i) —m)
all about perturbatively
1 0o on 1 n expand the « det »
_ _ py s i
Lopp = —7FnF +znz::1 —Tr (ia_mA)
o ; O
WQW I ... :one-loop 1PI diagrams
o T
e Match QED to EFT:
1 o2 o2 o2
Leff = ~ {1 + aom} F, F* + 0425'7T2 OMF,,0,F"" +oz46'7r2 ot F,,010,F"
64 1 84 LY _
.6!7T2m4 (Fpu F* )2 .6!71‘2777,4 (Fpuw F* )2 +0(m 6> '
871} 0%
Fermion 2D.()? —Q? —Q2 E Q* gQa BE.H.
Scalar 1D Q? —1Q2 —Q2 —Q i624
2°° 8 32 32

13 J.Q., C. Smith and S. Touati, Phys.Rev. D99 (2019) no.1, 013003



Photon effective interactions

integrate out vectors

« in 't Hooft-Feynman gauge: does not satisfy QED ward identities when
photons are off-shell

— 4 photons amplitude matches onto effective operators only for on-shell photons
usual prescription to construct effective action breaks down

e the problem: the gauge fixing procedure

R¢linear 1 . . .
e Fizing = —g\ﬁ“WJ +EMwoT|?  this explicitly breaks U(1)ogp
unitary gauge?

1 . . .
Ly —gauge = =5 (DuW,[ = DyW)(DFW™ = DYW™H) +ie P W W, + My Wiw ™ — matching fails again!

e the non-linear gauge: Wi — DWE
non—Ilinear 1 : | | .
£ : = —g|8”W; + ZRGAMW; + EMy ot |?

gauge— fixing ~—

interpolate between linear (x = 0 ) and the U(1l) gauge invariant non linear gauge (xk = 1)

e? e?

1 1%
5lm2m?2 O FuyOp B + s 6l7m2m4

2
Match QED to EFT: £us = - {1+ 005 | FuF" + s

O*F,, 00, F*

et 5 e = _
+ ’}/4’1W(FMVF’M )2 + ’Y4,QW(FMVF’M )2 + 0(77?, 6) .
Q %) o7 V4,1 V4,2
21D, + 2 37 159 201 243
Vect . € 2 ey ey il e e Y !
ceot ;¢ 3¢ w59 Y BY

J.Q., C. Smith and S. Touati, Phys.Rev. D99 (2019) no.1, 013003 14




Gluon effective interactions

Construct EFT i.e integra,te out fermion :

Eeff = ——Ga GYHY —

1 G iTr In(il) — m)

©@)

= Llga oy >

4“<L

n

n=1
renormahze

()

__not finite

M&Q@W

* build the basis: %,
(0+2) _ 1 g o (rauw /
eGP =— {1+a04's2}GWG z
2 2
+ s 5'7T2m2 DVGa Ga,p,u + ay 6‘7T2m4 DVGa D2 Ga,PM
o no E.O.M. used
— abcya v b poyc p .
Lefr=Prg 23 2 2 [TGL GG because op. contribute to
3 g3 3
AR "y 2 S feGYM DG, DPGE 5 + Ba, 2 25 oG DOGY, DPGS, several off-shell 1PI
(4) Js Js
‘Seff Y41 . 25 Ga Q% ,w/Gb Gb,pa 4.9 o 25’ Ga Ga ,LWGb Gb po
gg’ a b,uv Ma b,po gg’ a b,uv Ma b,po
+ V43— 62 G LG G oGPt a4 62 G G G G
4 4
i V4.5 . 25’ fabefcdeGa e ,uVGb Gd po 4+ V4.6 o 925' fabefcdeGa Gc /M/Gb Gd po
e Match: Q % oy B2 Ban Ba,2 Va1 Va2 Y43 Va4 Va5 Y46
1 1 3 1 1 7 1 7 1 1 1
Sealar D 76 2 18 a8 Y T s 34 3L 96 om
Femion D L9 11317171
cermion e ) 22 94 14 1 48 192 24 96 96 672

J.Q., C. Smith and S. Touati, Phys.Rev. D99 (2019) no.1, 013



Gluon effective interactions

integrate out vectors

e calculation far more challenging!

* need to generalize the non-linear gauge to preserve QCD symmetry otherwise
1 PI off-shell amplitudes cannot matched onto gauge invariant operators

e non-linear gauge drastically reduce the number of diagrams to compute
(4-gluon diagrams: Q07 — 84)

* R gauge: get rid of mixing term like x*orm% ( X, DtHY )

e non-linear gauge: No X — Vs — Hy couplings all the mixed loops of vector
with its WBG boson disappear (very welcome!)

 Match with vectors in the loops:

J.Q., C. Smith and S. Touati, Phys.Rev. D99 (2019) no.1, 013003

&7y 8% Oy B2 54,1 54,2 V4,1 V4,2 74,3 V4,4 V4,5 V4,6

21D. +2 37 159 1 3 ] 87 81 87 81 3 27

A 16 112 16 28 256 256 128 128 32 224

Vector —

16



SU(N) effective interactions -

* QCD case extended to arbitrary representations of other Lie groups :

Tr over the fundamental generators of SU(S3) Tr over generic rep. R of SU(N)
: . . Tr(T2 Tb —J ab
vacuum polarization : N(TgTg) = L(R)0® quadratio invariant
S bosons amplitudes : Te(TE (TS, TS]) = il (E{D ensures proper matching

4 bosons amplitudes :
Cgbed = Tr(TETRTETS) + Tr(TITSTETR)

Mabcd _ CbedMl + Cgbchz + OgdeMB ’ Cabcd TI‘(Ta Tb T¢ Td) i TI‘(Ta Td Tc Tb )

Cabcd Tr(TETE Tb STE) + Tr(Tg Td Tb 1)
O(m”) and O(m~?) : 2 independent combinations of Tr expressed in terms of I>(R)

Dabcd _ QCabcd Oabcd Cabcd _ 12( )(2facefbde . fadefbce) :

ngcd — 2Cabcd Cabcd Cabcd — I ( )(zfadefbce . facefbde) :
Dabcd _ QCabcd Cabcd Cabcd = I ( )(_fadefbce . facefbde) _ _Dizbcd . ngcd

O(m~*) :(psd | induce operators tuned by: V4,5 and V4,6

1,2,3
the rest is proportional to the symmetrize Tr: D;*? = O + Cgb? 4 C§0 = —S Tr(TRTRTSTE)
— @‘ abcd +6 (5ab50d + 5a05bd 4+ 5ad5b0)

no matter the
2(4) _ AR) = (N(]AVx)(ﬁ)(R) B 12(6A)> y fg&)

4 4
9s b b () 9Ys ~a, b A,
rep. or spin in eff = G, G WG G0 H Ya,2 GZVGG WGpaG e

lelr2mad Y “161m2ma4

the loop: g4
a b,uv a b,po _ S a Ab,uvya ~b,po
(M o 1% D + G..GC"G,G HYa,4 3!7T2m4G GGG
’ 2 ’ g4 g4
1 + Va5 6'7.‘-25 fabefcdeGa QS uugb Gd po + Va6 6' 25 fabefcdeGa Gc ,uuGb Gd po
need to extend

V4,2 = S74.,4
L 2 J + dabcha Gb,,ul/Gc Gd,pa_|_ dabcha éb,/,ch éd,pa
|7T m4 pv po 6'7T m4 pv po
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SU(N), SO(N) effective interaction

Qgc)f =7 16,7fT§m4GZ,,Ga’WGfme’p” + 74,2&5—2%%1633,,@“’“”6?20@@”
+ 73 o g§*m4 GZVGb,uuGZUGb,pa Va4 6!7Tg§‘m4 Gzyéb,uuGzaéb,pa
+ s 6!7T92fls*m4 fabefcdeGZVGC,uuGl;UGd,pa +ag 6!752%714 fabefcderyéc,WGggéd,pa
+ V4,7 6!7f§m4 dadeGzbe’“”GzaGd’p“ + Va8 6!7rg§m4 d“deGZVéb»quzaéd,pa _

e reduction to U(1), SU(R) and SU(3) :

4
(4)  (yaa +1.3)9" 8 csmne
Lerrsv@n = gzt~ Wi WH)" +
4(y4,1 +74,5)94 3 T3 UV T+ Ti— 00 4(ya,2 + Va,6)

6!72m4 Wi WHEW e W + 6!7m2m4
4(74,3 —74,5)94 3 a2 4('74,4_'74,6)94 3 1 4.2
+ 6!m2m4 ‘W"”W I 6!m2m4 ’W’“’W "

(Va2 + 74,4)94

3 1173,uv\2
6!m2m4 (W‘“’W ")

_|_

-1 D,
5 2(R)

21,(R) D,

Va2 = Va,4/2

——1I>(R)

B2 Ba1 Ba,2
lomy “lom) o
2472 142

1 1 3

_EIQ(R) 512(R) —512(R)
'LR)  —2LM®R)  6LR)
8 2 14 2 2

V4,6 V4,7 V4,8
1 7 1
) ) iy
336 2(R) ) 4(R) 3 4(R)
19 1 7
— I(R “IL(R ‘(R
336 2(R) i 4(R) 3 4(R)
27 261 9243

“Lmr) 2ZnLmR =R
112 2(R) 32 +(R) 32 1(R)

94 3 1573 + 17
WMVW o WpUW P
(U(1)o € SU(N)) = (va1 + 74,3 +d**““ya 7

+ (Va2 +Yaa +d 8

dJ.Q., C. Smith and S. Touati, Phys.Rev. D99 (2019) no.1, 013003

4
9s @ QU Y a,po
6!m2ms G GGG
g5 x .
fo LUV Yo a,po
6!7m2m4 G GG G

T T o

AR) o

L]
[ ]
TN 1) T 171 N

aul

2(2741 + V4,3 + 7a,5)9" —w 2(y4,4 — 7a,6)9" oo
+ 6!m2m? (W:”W ) 6!m2m? |W:”W+ ol
2(4,3 — 74,5)9" w2 22712 + 744+ 7a6)9" e
=g W W+ 6lr2m? (Wi, W)™
4[ . o °]
104 SU(2) e
1000 e
100k .°
AR) | > ]
10 2 3
; o2
1h g E
T EH ;
0.1k ]
= 12/
0 5 10 15 20

100 120 140



Axions are blind to anomalies

J.Q. and C. Smith, arXiv:1903.12559
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An axionic toy model: simple QED extension

elocal U(1)e., , new scalar field ¢

L = —EFWFW + 91 (iD)Yr +Yr(ID) YR + (Yoo Lor + h.c.) + 0,070 ¢ — V()

e global U ( 1 ) PQ chiral anomaly

b — exp(—if)d , Vi — expliad)r, , Pk — expli(a + 1)0)vn

— Goldstone boson (axion) remnant of U(1)pg S.S.B.

Linear representation: ¢(x) = o' (x) + z@ () + v

< Polar representation: ¢(x) = \/L_( +c7 _Z@("”)/ Y

20



Linear representation

o(x) = o' (z) +ia’(z) + v

Anomalies do no show up : loop amplitude can safely be computed using a naive
regularization procedure even if U(1)pg is anomalous

21



Polar representation

O(w) = J5(v+00(x)e @

reparametrize fermion fields (invariant under U(1)pg ):
v (z) = exp(ica’(z) /o)L (z) , Yr(z) = exp(i(a+ 1)a’(z)/v)Yr(z)
. aodisapea,rs from the Yukawa, (y¢¥rir+ h.c.)

 Fermion kinetic term induce derivative interactions v:(iD)y:+vr(iD)¢r
0,a’ - _ 9,,a° — —
0LDer |= — Mv (ap Y"1+ (a+1)Ypy hR) = — gv (La+1)yy"p+pyys1)
 Fermionic path integral measure is not invariant:
new local interaction (Jacobian of the transformation)

2 2
_ € 0 a2 € 0 nIn%
OLjac|= T (a0 —(a+1))F, F" = s F, F*
I ‘CPolar 2 %aﬂaoauCLO =+ 5£Der + 6£Jao

22



Polar representation

o [ d'k i i i
TXVV_/(QW)4( 1)T1" %_gl_m@%_m@k_i_gQ_m +(1704H275)
2
M(a’ = Y YDer)= %’i((h T Q2)V7T4Y$€€(CI1)Z€(Q2)Z
2
—e€

= (2m2Co(m?) — QMQC’O(MQ))eo‘BPJE(ql)Ze(qz)qu,pqg,a

» the regulator term precisely cancels the local term from | 0Ly,

M — oo

M(a® = 1Y) poree = M(a” = ¥7)Der + M(a” = 77) sac

62

= m>Co(m?®)e*?"7e(q1)ke(q2)5q1,p02,0 = M(a° = YY) Linear

220

* in polar rep. : the local term aOFWFW is spurious _
it only serves to cancel out the anomalous term arising from 8Ma0¢7“75¢
j i identi o AF = pytysy)
nothing but axial Ward identity: |9, 6A4*|— ° g : - 0

e ¥ > 7Y often misinterpreted as induced by the anomaly

M(@® = v )Ba) =70+ M(CLO — Y )Jac

(4 -4 ) +
A +(-A + )

A <4——— physical identification!

23



24

Congistent use of anomalies

Jacobian of the tra,nsformation- tria,ngle gra,ph with left handed currents

4@5& V’YP

TI' +(176H277)

@uao . afy 1 ey,

_Z(CH)BTLLL ]2 (1 + b) q1,.92v

1 1 non anomal — _
i(q1 + @2)a T1Y) = 32 (@ —b) "™ q1,q00 \/\/_\»/"Y U( )em on anomalous = b 1
=(0sincea=—-b=1 a° | 1
; o4 1 apuv
~i(q)yTLr = 92 (1 —a) ™™ q1,.q2,
/\/\a{\y U(l)em
2

* 3, and b are free parameters :needed to keep track of the anomalies
« anomaly equally distributed (Bose symmetry) with a = —b=1/3

e In terms of vector and axial currents only « AVVs » and « AAA » do not cancel (Furry)

e careful to the regularization procedure: Pauli-Villars or dim. reg. enforce
automatically aandb (AVV:a= —-b=1; AAA: a=—-b=1/3 ) *we do not want that!*

e examples: 1mpose which are the a,noma,lous currents

" (@ 2) “V\W M 5 22)") (£



Couplings of the PQ axion: Matching the polar and linear rep.

0
ca” —7YY,499 :

V Y’g 4

0 A ’Y’g 0 0 p Y9g

@“a n a _ A
4 y’g yag 4 ’Y’g
M(a'o % 777 gg)Polar — M(ao % fYV? gg)ég‘v —I_ M(ao 7gg)Jac
M(@@® =77, 99)be = —W + M(A® = 77, 99)Linear

M(ao % WV’ gg)Polar — M(AO % /}/W7 gg)Linear

The anomalous contact int. do cancel out systematically with the anomalous part
to the triangle graphs

M(a® = 77y,99)AYV =0 = M(A” = vy, 99)Linear | = M(a® = 77, 99) sac

though interpreting the axion coupling as induced by the anomaly is incorrect!

25
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Couplings of the PQ axion: Matching the polar and
linear representations

e a¥ — WZ:
M(CL _>’YZ)Polar — CL %WZ)SX;“V—’_M CL %"}/Z)giv—FM a’ _>fyZ Jac — M AO — ”YZ)Lmear

Z0
For chiral gauge theory: the local terms from 0L jac are no longer reliable book-
keeping of the effect of heavy fermions because part of the anomaly is hidden in the
VAV triangle

e " = ZZ WTW ™ ;
4 ZW 4 ZW
u,de,v u,dev
- ZW ) ZW
- ZW ZW
0, a° A< y @ < ‘
ud,eV ) ZW A4 ZW

same conclusion: all the local anomalous contributions cancel exactly

M(a® = VV)porar = M(a® = VV)AYY + M(a® — VINEAY

+ M(a® = VA L M(a® = V) jac = M(A® = VV)Linear
£0




Conclusion

e All decoupled new physics is a non zero Wilson coefficient:

The One-Loop Universal Action is a simplified way to express collider constraints on
realistic BSM theories

e Construct EFTs for gauge bosons up to dim. 8 interactions (loop of spin O, 1/2, 1)

e Spin 1: usual diagrammatic procedure to build effective action breaks down
 quantized the SM in the non-linear gauge: matching consistent off-shell

(closely parallels the CDE path integral method)
* Generalization to QCD gluon and SU(N),U(1) ® SU(N) ,SU(N) ® SU(M)boson EFTs

 Match the axion decay modes computed using either a linear or a polar representation
for the scalar field breaking the U(1)pg symmetry

 we derived the couplings of axions to gauge bosons, they are not induced by the anomaly

e Could have consequences for ALP searches

27



spare slides
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Euler-Heisenberg Effective Action

« Consequences of Dirac’s Theory of the Positron », W. Heisenberg & H. Euler (1936)

e Classical field theory: Lagrangian encapsulates the relevant E.O0.M and the
symmetries of the system

e Dirac’s theory: an E.M. field create pairs of particles which change Maxwell’s
equations in the vacuum

* QFT: effective Lagrangian encodes quantum corrections to the classical Lagrangian
(ex: vacuum polarization)

e E.H. (1936): compute nonperturbative, renormalized, one-loop effective (no e+,e-)

action for QED in a classical E.M. background of constant field strength
» leads to several insights and applications

integrate out electron from path integral: / DAexp (iI'lA / DAWWeXp[ / d*x ( i Fyo+ 0 (i) - mw)]

one-loop effective action of QED: S0 = —jIndet(ilp — m) = —= 1n det ([P + m?

Perturbative expansion in powers of the external photon field: @
at low energies: effective action in terms of local operators
low energy limit: closed form which generates all the perturbative diagrams for the effective action

L, = 1
a2—b2:E2—Bzz—§E—2}",
2 2 2,2 L 1 -
0

773 {tanh(ebn) tan(ean) 3

59 a:\/\/}"2+g2—]-', b:\/\/]-"2+g2+}".



insights and applications

Euler-Heisenberg Effective Action

e nonlinear QED processes:
expanding E.H. to quartic order: sV =

o T e Lo low energy limit of
3607 2m / d'z (B2~ B’ +7(E-BP|+ ... light by light scattering

nonlinearities ~v dielectric effects, the quantum vacuum behaving as a polarizable medium

e pair-production from vacuum in E-field: i e
e~ et B !
E field accelerates and splits virtual vacuum dipole pairs, leading to e+e- pa,rticleQ production
I'=2ImL
ro e? F? o [_ m2m
Ar3 P el

 charge renormalization, S-function:
E.H.’s result correctly anticipated charge renormalization

subtraction of a log divergent term

S(l) _ _i > @ e—neSC €2ab772 | ﬁ(bQ . a2)
he Jo 13 tanh(ebn) tan(ean) 3
O bare result
Lpinor e? 1 e B one-loop QED ﬁ function
Ny — - — . - -
LMaxwell 1 27T2 o8 m2 , >~ . p

e paradigm of what is now called « low energy EFT »:
describes the physics of light d.o.f at energies much lower than some energy scale (heavy d.o.f. are integrated out)

Lagrangian expanded in terms of gauge and Lorentz invariant operators for the light fields

(n) . .
Log =m? Z G, %n at mass dim. 8 : (F,,F*)? or (B, FH)?
n 30



Mixed effective interactions

’J\J\J\/
o) (U(1) ® SUN)) = o 919n F,,F"Ge GYP7 + « 919n FFWGe Garo (4) I i T v o I i (iriaw v Fape
eff 1 6lm2ma HY po 2 6lm2ma - M po Seff(SU(Z\éf) X SU(N)) = Q1 62 WMV W GpUG + Qo 6lm2mA WW W Gpch
9i9n 919, ~ ~ g2 g2 g2.g2
n a, v a,po n a,pv a,po m9n . . o mn .~ oo
+043WFWG W Fpe G*P +a46!72m4F’WG MY Fpe G*P +a36!7r2m4WLUGa’WW;0Ga’p +a46!7‘r2m4W]:WGCL,MVIV;UGGW

9193 b b 9193 b = b A
b1y g A Fu GO G, GO0 By g d F, G G, GO

a1 = 043/2 Qo = 044/2 51 52

T T 7 1
Scalar 1—6Q(R) LL(R) 1—6Q(R) IL(R) 3—2Q(R)I3(R> S—QQ(R)L%(R)

Fermion  QR?LR)  ~QRPLER)  SQRILER)  LQR)LR)

201 243 261 243
Vector 1—6Q(R)2-72(R) 1—6Q(R)2I2(R) 3—2Q(R)I3(R) 3—2Q(R)I3(R)

J.Q., C. Smith and S. Touati, Phys.Rev. D99 (2019) no.1, 013003
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Universal coefficients in terms of standard master integrals

/ ddq q'ul “ o q,LL?nc — g,ul---/LQ’nc I[q2nc]nzn3’nL
(Qﬂ)d (QQ - Mf)”’b(q2 — Mjg)nj e (q2)nL o ij...0

Universal coefficient Operator
fi- 1) Ui
fi— 271! v, for degenerate mass hea V'Y fields
i 171 UUs B. Henning, X. Lu and H. Murayama arXiv:1412.1837
4 = 94ij ij " ji
fl = 161—[(]6]6 [Pll ,/Lll/ LHP G;pI/] f . l fll . 7 f15
L 5 T — (4m)212m* —
fi = % Tla)f G",.G",.G", (47)260m?2’ (4m)212m*> “ (47r)260m4 ’
f7 = I[q I [P, Ui [Py, Uji) 1 1
ik = — e O —
=3 Ui Ul Jo =~ myzo0m® Ji2a =0, Jis = g y260mt
f) - 81’[([—1]*) U”GIW Giu/z ’[, Z
fiakt = 11 Ui UiU Uy Jr=— 5 5 Ji2p =0, Ji6 = — 5 6
: ijht | kR (4m)212m (47)260m
H =2(Zl¢’li7} + ZIe*)58) | Ui[P", Ujk][Pu, Ukil » ; . ;
15 =4Z[q"¥ [P*, [Py, Uij]] [P, [Py, Uji]] fo = — (47)26m2’ ha.e = m» fir=— (47)220mS
fi3 = 4(Zlg" ‘f , : .
! U;jU;;GI G 7 . 7
i _ — 2 —
+21[q4]33+27:[q] i) [ ][ “ Jo = (4m)212m2 Ji3 = (Am)224mA > Jis8 = (47)230mP
= —87[q"];; PrUGPY, UjilG
11 J VL . .
T(q")33 + T[qh)22 Ui;[P*, Uji) — [P*, Uy )U;:) [PV, G _ ! i _ ¢
V_M4( 9" + Zla']i}) (Ui [P*, Uil = [P*, Ui)Uji) [P, G fo= 71 f1a = Gryzgoma ho = ero0ms
{{) m lIzljlkll# UijUijklUl‘m.Umi ( ﬂ-) m ( 7T) m
ikl _ o (774212112
: ( [qz ij;llz 211122 UiiUjie[P*, Unt) [P, Ui
+I[q ]LJA + I[ ijkl )
ikl _ 714212121 4 T[42]2112
18 [q ]1;Ai2;1_ [ zgki212 Uij [Pp$ Ujk]Ukl[Pu: Uli]
+ 2" + Zla)ijh
{éklm "= % lejlkl[«};,ll Ui j Uj kUktUim UmnUni

A. Drozd, dJ. Ellis, J@Q and T. You arXiv:1512.03003
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Functional methods: Heavy-Light loops?

* Linear coupling = tree-level, quadratic coupling = heavy-only one-loop

Luv = Lsv + ((I)i Flx)|+ h.(?.) - (I)T(‘P

* What about loops involving both heavy and light fields?
* Naively not accounted for in functional method

See e.q. Bilenky & Santamaria, hep-ph/9310302; Del Aguila, Kunszt, Santiago, 1602.00126.

 Solution: apply background field method to both heavy and light fields

b= botd . DD, D

2 M? — U T
L_ nd = l ((I), (75,) 1) - ."\l[ — L”(bd) | _L‘(b(j) (I)/
quac S R _ ch;’)(l) p2 L 7.,.2:2 . Lg’(:)(:) (),

_—
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Functional methods: Heavy-Light loops?

* Just apply background field method to both heavy and light fields?

o= o.+0¢ , =P+

* Actually, this gives the one-loop 1PI effective action and not L.g

* Feynman diagram intuition: Heavy-light loops in UV theory match onto both
EFT operators inserted at one-loop, and one-loop-
generated EFT operators inserted at tree-level

® ¢ 2 )
s b ¢ P ¢ . ¢
N ; .
@ () — +| ’ @
- ¢ ¢ ¢ " ¢
¢ ¢ \ J
(soft part) (hard part)
* The is not part of »Ceff , must be subtracted to keep only the latter
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Functional methods: Heavy-Light subtractions

- Various subtraction procedures proposed

See e.8. Boggia, Gomez-Ambrisio, Passarino arXiv:1603.03660
B. Henning, X. Lu and H. Murayama arXiv:1604.01019
S.A.R. Ellis, J@, T. You, Z. Zhang arXiv:1604.02445 » Universality properties also

applies to heavy-light case

Fuentes-Martin, Portoles, Ruiz-Femenia arXiv:1607.02142

q
/ d%x EE%,OTOP [Sp L] + I‘i',lg(\)/p [Sp L] (loop momentum)
m H . .
- 1PI effective actions include ’ . Integration by regions
quantum fluctuations at all scales hard region method avoids
l¢’l ~m2, > |mZ | subtraction, separates
"4 Al-loop _ pl-loop hard and soft part in
/ d°z Lypr” |PL) L,UV s hard integral, greatly
soft region : : 13
- Extract short-distance fluctuations 2 simplifies heavy-light

. . ¢l ~|m2, | <m?, treatment
->local operators in EFT Lagrangian

Moy,

- Simplification of evaluating CDE from these developments
lead to a Covariant Diagram formulation

- But Universality of CDE results means evaluation via all these different methods gives
same model-independent expression

B. Henning, X. Lu and H. Murayama arXiv:1412.1837
A. Drozd, J. Ellis, JQ and T. You arXiv:1504.02409
S.A.R. Ellis, J@Q, T. You, Z. Zhang arXiv:1706.07765
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Universal One-Loop Effective Action

with Heavy-Light extension S.AR.Ells, Jq, T. You, Z.

O(U} P?) terms

oWy P?) terms

Zhang arXiv:1706.07765

P-only terms

T 211 o - ‘
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Application: matching SM-EFT vs UV model

cusY T

Let’s match dim6-EFT and the MISSM :
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B. Henning, X. Lu and H. Murayama

Wilson coef. for degenerate stops

A. Drozd, J. Ellis, JQ and T. You
arXiv:1504.02409

arXiv:1412.183'7 Wilson coef. for non-degenerate stops

37



EFT vs Loop Calculation

+ BFT vs full MSSM calculation agrees well (non trivial check!)

+ Operators > dim-6 become important when EFT cut-off (stop mass) is too low

10

—
|

MSSM

=)

A R=cE /¢

0.001¢

1074

200

1,
0.100¢

” 0.010}

—EFT —MSSM
Cyg —C4 I

m-~=m- =m-
Q tr t

0.000020

0.000015

— 0.000010

I 0.5x107°

A. Drozd, J. Ellis, JQ@ and T. You arXiv:1504.02409
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Indirect Constraints on Stog

0.00006f | Lev>
A. Drozd, dJ. Ellis, J@ and T. You arXiv:1504.02409
0.00004}
Coeff. | Experimental constraints | 95 % CL limit di?' 177’617 0.00002}
t=4vy 4 A
_ L | marginalized | [-4.5,2.2] x 107° [ ~ 410 GeV -, 0.00000 |
g individual —3.0,2.5] x 107° | ~ 390 GeV ©
E Lhe | marginalized | [=65,2.7] x 107 | ~ 215 GeV ~0.00002)
7 individual (—4.0,2.3] x 107* | ~ 230 GeV —0.00004} “ o
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v MR dividual [-5,5] x 1074 | ~ 380 GeV ~0:00008) —
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The current sensitivity is already comparable to that of direct LHC searches 40



Indirect Constraints on Sto

A. Drozd, J. Ellis, JQ and T. You arXiv:1504.02409

Coeft. Experimental constraints 95 % CL limit X, = Odeg. m)t(}t —
1, (L0 marginalized | [-7.7,7.7] x 107 | ~ 675 GeV | ~ 520 GeV

_ 250GeV | individual | [~7.5,7.5] x 1076 | ~ 680 GeV | ~ 545 GeV

g FOCce marginalized | [—3.0,3.0] x 107°® | ~ 1065 GeV | ~ 920 GeV
individual | [=3.0,3.0] x 1075 | ~ 1065 GeV | ~ 915 GeV

11, CL150m! marginalized | [—3.4,3.4] x 107* | ~ 200 GeV | ~ 40 GeV

_ 250GeV | individual | [~3.3,3.3] x 107 | ~ 200 GeV | ~ 35 GeV

7 FOC-e0 marginalized | [—6.4,6.4] x 107> | ~ 385 GeV | ~ 250 GeV
individual | [~6.3,6.3] x 1075 | ~ 390 GeV | ~ 260 GeV

[1,CL1501 marginalized | [—3,3] x 10~* ~ 480 GeV | ~ 285 GeV

_ 250GeV | individual | [=7,7] x 1075 | ~ 930 GeV | ~ 780 GeV
T FCCco | marginalized | [=3,3]x 107> | ~ 1410 GeV | ~ 1285 GeV
individual | [~0.9,0.9] x 1075 | ~ 2555 GeV | ~ 2460 GeV

[1,CL150m! marginalized | [-2,2] x 10~* ~ 230 GeV | ~ 170 GeV

o 250GeV | individual | [=6,6] x 1075 | ~ 340 GeV | ~ 470 GeV
Cw + Cp rec marginalized | [=2,2] x 105 | ~ 545 GeV | ~ 960 GeV
° | individual | [—0.8,0.8] x 1075 | ~ 830 GeV | ~ 1590 GeV

+ Future FCC-ee measurements could
be sensitive to stop masses above a TeV
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