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Intro: EFT from the UV point-of-view
E |GeV]

Scale of New Physics
(New physics should be rather heavy or
weakly coupled to the SM)

A

Apsn

How to approach new physics
with the current and future experimental data?

\ ;
Eexp Direct experimental reach

(Lack of direct discoveries)

mw SM electroweak scale



Intro: EFT from the UV point-of-view

E |GeV]
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= Matching This talk
= (calculate Wilson coefficients, <
% to do for each theory)
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(resum large logs, done once for all)
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mw EW precision test



Intro: EFT from the UV point-of-view

E |GeV]
Feynman diagrams L H L
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+~ o,
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3 S < YsuWsm - Vs >
= (Decoupled heavy particles, .-~ )
% extract Wilson coefficients) .-
i """""""" L L
; T
“““ + .
LEFT [Q/DSM] —ESM_I_ E CZ (ENABSM) O’L ...... L ]
1
(resum large logs, done once for all)
L vl = Lsu + (E ~mw)O;
I2 EFT |Vsyp| = Lsm C; mw ) O;
exrp .
: 1
Mapping (calculate observables, done once for all)
v
mw EW precision test Adapted from Z. Zhang's talk at HEFT 2017



E |GeV]

Apsn

Eea:p

Intro: EFT from the UV point-of-view

['BSM WBSM» ¢5M}

wnoi e,
O : e,
=i Functional path integral evaluation*®
B
5 T (*) Core techniques:
- L Covariant Derivative Expansion,
5 .......... various log expansion,
=i integration by regions,
q% e Covariant Diagrams, etc.
i T
i T

v A

RGEs running (resum large logs, done once for all)

LEFT W] = Lsm + Z c; (B ~mw)O;

Mapping (calculate observables, done once for all)

v
EW precision test



Outline of section 2

. Functional method & previous results in literatures

Effective action at tree and one-loop level
Expansion by regions: Hard vs Soft

Covariant Derivative Expansion (CDE)

The "Universal One-Loop Effective Action” (UOLEA)
Previous literatures and missing pieces



II. Preliminary: Effective Action by Functional Method

)y L . H L
Path integral formalism: ezseff[¢SM](“) = /D¢gSM ezs[wBSM’¢SM](“)

Find classical solution by solving EOM:

05 [VBsrs Vsu]
SVBsm

=0 = wgSM,c(wle‘;M)

H _ . H
¢BSM—¢BSM,C

Expand action around minimum:

= = = 1 628
S WBSM] =5 WBSM,C T 77] =5 WBSM,C] +

2 6(Vhsnr)?

n°+O0(n°)

Integrate over quantum fluctuation?) :

wgSM,c
2
Sers (] _ i [Esand [det ( : 523

(¢gSM)2 ¢£{SM’C> ]

¢s is spin factor (¢ = +1/2 for real scalar, -1 for Dirac fermion)

Re-write the determinant, det(A) = erlog4

. 6%S
Seff [ng] =5 [wgSM,c (¢§M) 7¢§M] +icsIrlog | — S(hH 5
(wBSM) ¢§SM’C
Tree-level One-loop level



I1. Preliminary: One-Loop Effective Action

We parameterise the shape of UV Lagrangian as follows:

Lyv = Lsu + [‘I’LF(%M) + h-C)} + @), [P2—m3, — U(dsu)] @

Quadratic coupling,
contribute to heavy-only 1-loop

Notations: P, = iD,, (kinetic momentum operator, hermitian)

¢y (heavy fields can be bosons or fermions)

Extract the one-loop (heavy-only) piece:

625
1—loo -
Sepp | = zcsTrlog< 557

> = icsIrlog [—P2 + méH + U(quM)] = icsIrlog Ay

(I)Hc

Evaluate the Trace by inserting complete set of spatial and momentum states:

Gl-l d d’q d’q
Sepp | =1c /d / —trlog (e'"* Ape ") ch/dd / Strlog (Aw)p, ,p, 4.

Core techniques to proceed the matching computations (quick overview):

© Expansion by regions => Extract short-distance fluctuation which contribute to the local EFT operators
(Fuentes-Martin, Portoles, Ruiz-Femenia, arXiv:1607.02142)

© Covariant Derivative Expansion => Manifestly gauge-invariant in each step of the computation
(B. Henning, X. Lu and H. Murayama, arXiv:1412.1837)

© Covariant Diagrams => Keep track of the series expansion (z. zZhang, arXiv:1610.00710)



I1. Core techniques #1: Expansion by regions (1)

In Dim.Reg. with MS-bar scheme, each “log det X" can be separated into “hard” and “soft” region contributions:
logdet X = logdet X|,,,, + logdet X|,

Basis idea:
-T-q (loop-momentum)

Mg, Hard region - 1PI effective action include quantum fluctuation at all scales

[ s L (bs) # S5 s
¢ ~ mg,, > |m3, |
- Extract short-distance fluctuations

T => LLocal operators in EFT Lagrangian
i —loo —loo
Soft region /ddl' E]lEJFTp [¢SM] — elff D [QbSM] . |
ara—region
2 2 2
72| ~ |mg, | < mp, Technically speaking;
M, T o Taylor expand the integral in “hard” region, then integrate over

the loop momenta
Making use of expansion by regions:

dlq <=1 1 "
1—loo . q
Lopr’ = —zcstr/ (QW)dizzlﬁ [ 5 (—P2+2q-P—|—U[¢SM])]

2 _
q Mg,

Adapted from Z. Zhang's talk at HEFT 2017 Fuentes-Martin, Portoles, Ruiz-Femenia, arXiv:1607.02142
10 Z. Zhang, arXiv:1610.00710



II. Core techniques #2: Covariant Derivative Expansion

—loo : - 1 "
=t [ LS [ i)
i=1 Oy

notation: P, =D,
© Basic idea: never separate D, into 9, and —igA,

o Key points:

© Expand the series up to n=6

© Power counting for EFT operator is fransparent

© Each fterm factorises info a loop integral over momentum-q and a trace involving P, U.
© 1-loop integrals can be done once for all => Universal results

© The universal coefficients of operators expressed in terms of the Master Integral:

/ ddq qﬂl .. q,u2nc — g,ul"'ﬂ2nc_’[ [anc} nznj’rLL
(2m)* (¢* — m)™i(q® — m3)" -+ (¢*)"* Eh
© Brute force the expansion and obtain the final results ?
Yes, but tedious and easy to make mistakes !
~ Simpler approach ? => Use Covariant Diagrams to keep track the expansion (see in )

© No matter how we deal with the expansion, the final results are universal !!!

11



II. Results: Universal One-Loop Effective Action (Heavy-only)

Write down the master formula of Universal One-Loop Effective Action (UOLEA):

LUOLEA = —tcstr {f§ Ui + £ G;IU/VG:U/,'IZ + fij Ui;iUji
+f3 [P*, G illPo, G+ f ; G,MV,iG/Vp,iG,pu,z’
+ 12 [PH U [P, Upi] + f&° Ui Uik Upi + £ UGG,
+1157 UiUeUaUsi + f13° Ui [P*, Uil [Py, Ugi]
+ 115 [P*, [Pu, Ul] [P, [P, Usil] + £1% UUsiGH G,y
+114 [P*, UGl [P, Uil Gy, + 13 (Ui [P*, Usi] — [P*, Uy lUz) [P, G,
f fraktm UiiUik Ui Uim Unni
+ 115" Ui Ui [P*, Unt) [Pu, U] + £15% Ui [P*, Uj)Ura [Py, U]

u,i]

oy
_l_fi% mn UijUijklUlmUanni}a notation: G}, = — [P, P,
Model-independent / \Depend on the UV theories
Universal coefficient as a Master Integral in q,
for example: 11111111 Operator in EFT Lagrangian, up fo d=6
6 ijklmn

Limit of the master formula:

© Available for heavy-only with non-degenerate mass spectrum
© Available to integrate out heavy fields: scalar, gauge boson, vector-like fermions

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



II. Results: What has been done in the literature?

Heavy-only:

© Degenerate in the mass spectrum (B. Henning, X. Lu and H. Murayama, arXiv:1412.1837)
© Non-Degenerate in the mass spectrum (A. Drozd, J. Ellis, J. Quevillon and T. You, arXiv:1504.02409)

Technical improvements:

© Expansion by regions (Fuentes-Martin, Portoles, Ruiz-Femenia, arXiv:1607.02142)
© Covariant Diagrams (Z. Zhang, arXiv:1610.00710)

Mixed Heavy-Light:
© General results in both degenerate and non-degenerate mass spectrum
(S.A.R. Ellis, J. Quevillon, T. You, Z. Zhang arXiv:1706.07765)
Extend the Universal One-Loop Effective Action (arXiv:2006.16260):

© Integrate out heavy fermions with scalar, vector, pseudo scalar and vector-axial couplings

l l

Implemented in the UOLEA, Missing pieces in the UOLEA
but not straight forward in practice

13



Outline of sections 3 & 4

III. UOLEA: integrating out heavy-fermions
~ Methodology & Results

IV. Examples:
© Effective couplings Ay, AZZ, AZ~

Summary

14



III. UOLEA: Integrate out heavy fermions (1)

Starting point: Lets write down the UV Lagrangian for fermions

Lov W, o] = Lolor) + Yy (v, P* —my — Xy [¢r]) U

general coupling with background fields

The effective action resulting from integrating out heavy-only fermions,

Selfjpr = —iTrlog (v, P* — my — Xy [¢1])

Do not square the quadratic operator! Following the standard manipulation for the functional fraces,

Citoow _ trZ / [ L (P4 Xulén))

pu Y+ mpyg
We need to fix the form of
background function X

We parameterise all possible UV renormalisation structures in the background function:

Xplg] D Wo +iWin® + Vy' + Ay

couplings with scalar, couplings with vectorial or vector-axial structures
pseudo-scalar structures
(note: Wy, W1, V,, A, independent with the Dirac matrices )

=> Expand order-by-order up to n=6, integrate over the momentum-q, evaluate the trace of Dirac matrices in
Breitenlohner-Maison-t'Hooft-Veltman (BMHV) scheme.

15



III. UOLEA: Integrate out heavy fermions (2)

Master formula for integrating out heavy fermions with chiral interactions (heavy-only):

qu Y +mpg

Lopr” =itr Z / [ = EF + Wolor] + 1 Wi [¢Lhﬂ+ Vilorh" + Aulor]y”) ]”

Main results:

© For the couplings with scalar and pseudo-scalar fields:
Completely done in both Degenerate and Non-degenerate mass spectrum.

=> 52 universal coefficients (see backup slides)
(general results where P, Wy, W1 are considered as Non-commutative objects)

© For the general couplings with scalar, pseudo-scalar, vector and vector-axial structures:

Completely done in Degenerate mass spectrum.
=> Universal coefficients are available in a Mathematica notebook.

16



III. UOLEA: Integrate out heavy fermions (3)

1—loop . = dd — . n
Lorr” =ity Z % / (Qﬂ(id [ : (=P + Wolor] + i Whlor]y’ + Vilory" + Aulér]y~?) ]

quYt +mpg

Example: Operators involving pseudo-scalar couplings (heavy-only, degenerate mass spectrum)
(full results in the backup slides)

OM1) terms

2(e + D)I¢°); — 2Z;m; Wy
Trace over internal indices:

Timi — 8miZ(q?]} + 2(11e + 12)Z[¢"]} Wi

e.g. color, flavour, su(2),... Dirac algebra already
—3ZPm{ — 48miZ(q"]f + 8miZ[¢*)} + 128Z[¢°)} | WY | computed.

O™ terms
Iimi — 8miZlg’]; — 2(e — 12)Z]q"[; [Py Wa][By, WA
24mZ1q"]? — 8miZ(¢’); + Iy my €vpe Wi Py, P][By, Py
—48m; (g7 + 4miZ[q’]7 + 192Z1¢"); W[ P, WAJWi [P, W]
—279m% — 192m2Z[q¢*)% + 28miZ[¢*]® + 576Z[¢°]8 WE[ P, Wi [P, Wh]
—279mb — 48m?Z[q*1® + 16mIZ[¢?]b P, Wh|[P,, W1][ P, P,]
Iymg +56miZ(¢*]; — 12m;Z[¢*]; — 64Z[¢°]f Wi By, P[Py, P)]
=24miZ{q"[} + 2miZ[q*]} + 96Z[¢°7 [Bus [Py WAlI[By, [Py, WA
—24miZ(¢"]7 + 2miZ[¢*]} + 96Z[¢°]; (WilByu, Wh] = [P, WA]WA) [Py, [By, B

Table 6: Operator structures in the degenerate fermionic UOLEA involving the pseudoscalar

coupling Wy S. A. R. Ellis, J. Quevillon, P. N. H. Vuong, T. You, Z. Zhang (2006.16260)

17



IV. Examples: Effective couplings Ayy, AZZ, AZ~

Goal: Test universal coefficients of the operators made by pseudo-scalar, vector-axial structures

Examples: Consider a pseudo-scalar (as A in the MSSM), decays into 7, ZZ, Z~ with a top-quark
in the loops. Decouple the top-quark and find the EFT Lagrangian for A — vy, A — ZZ, A — Z~

o EFT Lagrangian for A — v :
After the broken phase, write down the relevant terms for A — 77 induced by top-quark in the loops:
_ . m .mt 5
Lyissm D U | (10, — eQpF,) v* —my + 27 cot B A~ } U
After integrating out the fop-quark, we could write down the EFT Lagrangian as follows:
. L 1 0
EEFT(A”Y’}/) = C’A77 AFM,/F’IW, with FMV = §€uupan

Main exercise: compute the Wilson coefficients (4. by using the Functional approach and cross-check with
the Feynman diagrams computation or previous literatures

=> Let's see how UOLEA works in these examples...
(see backup slides for A — 77, A — Z~)

18



IV. Examples: Effective couplings Ayy, AZZ, AZ~

o EFT Lagrangian for A — 7 :

Step 1: Re-write the UV-Lagrangian into UOLEA canonical form
Lyv(UOLEA form) = @ |[PA* — my — Wiy°| w

my

P,=10, —eQ¢F),, W) = —t— cot fA
v

Step 2: Select relevant operators in the UOLEA

~ 1
AF,LWF,LW = A ie,uypaF/u/Fpa => Select OP€I’O1’OI’S in
O(P*W1) terms

Wi included in|P,, P,]

Step 3: Take the value of the universal coefficients and evaluate the trace over infernal indices

universal coefficient Substituting P, W1, and trace over colour index

(

‘Cii’sop(A/YY) — 392 m, tr (Elwpa Wi [P,LH P, [Ppa Pa])
1 N
= 1672 eQQ?cNC cot B AF,,, F"
TV

Agree with B. A. Kniehl, M. Spira, Low-energy theorems in Higgs physics,
Z. Phys. C 69 (1995) 77 [arXiv:hep-ph/9505225]

19



Summary

Functional matching method:
~ Allow a modelling-independent way to perform the matching calculations
© Universal coefficients can be computed once and for all

The spirit of Universal One-Loop Effective Action (UOLEA):
Losum [VBsa V5] (*) Results:
: © Tree-level and Heavy-only v/ (arXiv:1412.1837, arXiv:1504.02409)
© Mixed Heavy-Light v/ (arXiv:1706.07765)
© Heavy Fermions with chiral interactions v/ (arXiv:2006.16260)

Outlook:

~ Mixed statistics
(vorea® )

~ Open covariant derivatives

Matrix trace evaluation
v
L
Lrpr [Vsy] = Lsm + Z ¢i (B~ Apsu) O;
i
=> Start directly from UOLEA !!!

20



Backup slides: Full results for scalar, pseudo-scalar (heavy-only, degenerate)

Pure gauge operators:

OP) terms
—3Tmy + 4mIT[q*]} + (5¢ — 8)Z[¢"]; [Pus PPy, P
24miT(q"]} — 2miZ(q*)} — 64Z[q°17 | [Py, [Py, P[Py, [Py, P
—2IPm{ + Am]T]¢?)} — 22 T[¢0)? [Pus PPy, Byl Py, Pl

Operators involving scalar couplings:

OFWo) terms OM0) terms
Iimi + (24 — 10€)Z[q"]] (B Wol [Py, Wo AmT, W,
5,7,5 T 415 377,215
4Ii m; + 192mzz[q ]z + 16mzz[q ]7, WO[PlM WO] [Ppn WO] QZZZm? + (8 . 26>I[q2h2 WO2
—2T°m? — 16mZ[q*]? + 16m3Z[¢?]? WolP,, P[Py, P,
"] q°] o[ Py, P[Py, P AT8m3 + (16m; — dem; )Z[%)? W3
AZPm¢ + 432miZ]q")? + 36miZ(¢’]7 + 192Z[¢°)} Wol By, WoWo [Py, Wol
Tim? + 24m2T[q%]} + (24 — 10€)Z[¢"]} Wy
6Zym{ + 576m:Z(q"]? + 60m{Z[¢’]7 + 576Z[¢°)? W5 [Py, Wol[ Py, Wl
AT, T[4 37[¢2)5 5
2Tomt — 16m? Tl — 16miT P WAl P Wel P P sLimy + 96miZlg)y + 32mi Tl i
2
=5I7m¢ + 72m:Z]q"|} + 36miZ[¢’]; — 64Z[¢°)} W5 [Py, P[Py, P, STIm? + 240mI ("] + 40miZ]q?)? + 128Z[¢°%)9 | Wy
—2I7m¢ — 8m?Zlq"|} + 18miZ[g’]; + 96Z[q°1 | (Wo[Pyu, Wol — [Py, WolWo) [Py, [Py, P
8miZ(q"]; + 2m;Z(¢*]7 + 96Z[¢°]; [Py [P Woll[By, [P Wol]

21 S. A.R. Ellis, J. Quevillon, P. N. H. Vuong, T. You, Z. Zhang (2006.16260)



Backup slides: Full results for scalar, pseudo-scalar (heavy-only, degenerate)

Operators involving pseudo-scalar couplings:

OP™) terms O terms
Timt — SmTlq?)! — 2(e — 12)T[g")! [P, Wil[P, W] et DT — 2T e
24m;Z(q"]7 — 8miZ[¢’]? + ITPm; €wpe W1 Py, B[Py, Py
—48m2T[g"% + 4m T[] + 192Z[¢%)° Wi [P, Wi Wi [P, W] Zimi = 8miZ[q"]} +2(11e +12)T]¢"]; wi
—27%m¢ — 192m2Z[q"]} + 28m!Z[g?)? + 576Z[g]? W2 [Py, Whl [Py W) —3ZPm{ — A8miZ(q"]? + 8myZ(q?] + 128Z[¢°f | W7
—2T5mb — 48m2T(¢*]° + 16m?T[¢?] [P, WA][Py, Wi] [P, P,)
IPm{ + 56miZ(q"]} — 12m;Z[q*)} — 64Z[¢°]; WE(P,, P[Py, P
—24m?Z(q"]? + 2miZ(¢*)? + 96Z[¢°]7 [Py, [P WA [P, [Py, WA
—24m7Z(q")} + 2miZ(q’]7 + 96Z[¢°]; (WA[Py, Wi] = [By, WaAIWA) [Py, [ By, B

Operators involving the mixed of scalar and pseudo-scalar couplings:

QFWoW1) terms OWoW1) terms
48m;Z(q"]7 — 8miZ[¢*]? WA [Py, Wol By, Wh] + hec. 43¢ + )miZ[g} — 4T)m] Woli
ATmS + 96m, )} — 32m3T[¢?)? Wol By, W] [P, W] 8(e +12)T[q"]] — AZim;] Wowr
_9T4md 2774214 _ 474

24m2T[g")e — SmAZ[?]¢ + Tom? Euvpe WoWi [Py, P)[Py, Py] + hic. 2Lims + WmiZlg')y +4(5e — 127l | WolhiWolhh

—4ZPm) + 288m,Z]q"]); — 32miT(¢*]} Wew?e

24m2T(o} — SmiT()S + Tom Cpupo Wal Py PLIWA[P, Py RS e i
—41;577125 — 96mZI[q4]Z5 + 32mf’I[q2]Z5 WO2W1W0W1

4T2m? + 96m,Z[q*]? — 32m3Z[q?]? WoW

487”?1[(14]? - 4m§I[q2]? - 1922[(16]? Wi [P,ua Wo]W, [Pu; Wo
—478mb 4+ 96m2Z[q*)% + 16miZ[¢?]S — T68Z[¢0)¢ | W W,y
6,6 277,416 _ 477,216 _ 616

ATPm? + 144m;T[q"] — 36m;Z[q*]? — 192Z][¢"; Wo[P,, Wi)]Wy [P, Wi] 9T — 144m2T(q S + 24m T(0 + 3SAT(PT | WA
6Z7m; — 36m;Z[q"]; + 576Z[¢"]; WG [P, Wi [Py, WA ATOmb + 288m2T[q"]0 — 48m T[q2]% — T68T[¢E16 | WoW, Wy W2
—2I7m{ — 4m{Z[¢*]? + 5T6Z[¢")} WoW1[P,, Wh][P,, Wo] + h.c. 2T8mS — 48m2T[¢']® — 8mAT[q2)S + 384L[¢C]° | WoW2W, W2

—2I9m{ — 4m{Z[¢*)? + 576Z(¢")} WE By, Wol [Py, Wi AZPmi — 96mIZ[¢")) — 16miZ[¢*)} + T68Z[q°)7 wgwi

22 S. A. R. Ellis, J. Quevillon, P. N. H. Vuong, T. You, Z. Zhang (2006.16260)



Backup slides: Some operators involving pseudo-scalar, vector and axial-vector structures

Operators involving pseudo-scalar and vector:

OP*V2W1) terms O@P*VW1) terms
—4AmPT? + 32m3Z(¢*]? — 96mZ]q")? P p,Wy P, V,V, —4AmiT? + 32miT(¢*]? — 96mZ(¢")? | e*° P, P,P,V,W; + h.c.
—AmPT? 4 32m37T[¢?)? — 96m,L[¢"]? e"r? P, PV, W, V, —4m2T? + 32mPT[¢%)° — 96mZL]¢")? | e*P° P,P,V,P,W; + h.c.

AmPT? — 32m3iZ[¢*)5 + 96mZ[¢Y]? | e P, P, V,V,W; + h.c.

Am3T? — 32m3Z(¢%)? + 96mZ[¢])? | e**° PV, P,V,W, + h.c.

Operators involving pseudo-scalar and axial-vector:

QF*A*W1) torms

4m2T? — 16mZL[q*]? e p,A,P,A,Wi + h.c.

—4Am2T? + 16m3Z[q¢*)? e P,P,A,A, Wi + h.c.
4m2T? — 96m,;T[q")? e’ P,W1P,A,A,
4m2T? — 32miZL(q?]5 + 96mL[q*]? P’ P,P,A,W1 A,

(Useful operators for AZZ, AZ~ example)

23 S.A. R. Ellis, J. Quevillon, P. N. H. Vuong, T. You, Z. Zhang (2006.16260)



Backup slides: Effective couplings Ay, AZZ, AZ~

o EFT Lagrangian forA — ZZ:
Write down the UV Lagrangian for A->ZZ induced by top-quark in the loops:

. m
Lyissm D U {(Zau) Y —my + (ZTt cot BA) ol

g 15 g 13 5
_ _ 0 7 Al
cos@w<2 Qysin’ ) " Jr(cosé’w2> ,ﬂV]u

Remark: we are in the broken phase => Z-field will be factorised out of the covariant derivative !

Lyv(UOLEA form) D @ [PM’Y/“L —my — Wiy° = VAt — Alﬁ"f] u

( , m
P,=10,; W) = —i—L cot bA
Where P, W1, V, A

v
9 T T:
are defined as follows: V. = g 3 20l 7 oA — _ ) 3) »
" cosb, (2 @rsin ) SR cosf, 2 ) "

CazzAZ, e need 2 derivatives, 2 gauge fields
AZZ

Write down the EFT Lagrangian for A->ZZ: Lgpr(AZZ) = and 1 pseudo-scalar

Relevant operators in UOLEA: Lgrr(AZZ) D O(P*V*W;) + O(P?A*Wh)

2 ~

g
g e ot 85 (T8 4 3Q53y Qs sty — Th]) AZyu

Lrpt(AZZ) =

Agree with B. A. Kniehl, M. Spira, Low-energy theorems in Higgs physics,
Z. Phys. C 69 (1995) 77 [arXiv:hep-ph/9505225]
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Backup slides: Effective couplings Ay, AZZ, AZ~

o EFT Lagrangian for A — Z~:
Write down the UV Lagrangian for A->Z+gamma induced by top-quark in the loops:

. m
Lnvissm D U {(/L@M —eQpl) " —my + (ZTt cot BA) P

g 15 g 13 5
— — 0|72 Z, "
cos Oy, ( Qy sin’ ) al +(C089w2> “/leu

Remark: Only phofon-field can live inside the covariant derivative, the Z-field will be split info vector current
and axial current.

Lyv(UOLEA form) = u [Pﬂfy“ —my — Wiy = Vy* — Aufy“75] u

( ) Nz
=10, —eQ+F,; Wi = —i— cot A
=> Re-write in terms of H H Qf H ! v b

. < g T3 g T3
the UOLEA canonical form V,=— (? — Qfs%‘/) Z,; A, = — <£?> Z,

Write down the EFT Lagrangian for A->Z+gamma: Lerr(AZ7y) = Caz,AZ,F,

Relevant operators in UOLEA: Lgrr(AZy) D O(PV)

1 ~

N, cot B(eQ) - (T5 — 2Q¢syy) AZWF

£1—loop A7 _
EFT( 7) 16720 o

Agree with B. A. Kniehl, M. Spira, Low-energy theorems in Higgs physics,
Z. Phys. C 69 (1995) 77 [arXiv:hep-ph/9505225]
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Backup slides: Covariant Diagrams (z. zhang, arxiv:1610.00710)

Main idea: Due to the frace cyclicity, any terms in the expansion can be presented diagrammatically !!!
Power counting is transparent => classify diagrams very easy !

Key points: Define building blocks + readout rules => Generate all possible diagrams at each order,
evaluate the prefactor and get the EFT operators (able to automatise easily)

g =it [ ot i (P4 WAl Wi}y + Vilgul2* + Aulon )

Decompose the —1 _my N —q, "
fermion propagator ¢ 4 +my 2 —m%  ¢% —m¥y

Example:

r P \ (Readou’r rules: A
Buildi.ng blocks: bosonic part formionic par’r Diagram value = prefactor x trace (building blocks)
Fermion propagators: =my : = —yH brefactor: i A Tlg2nel™mi

: refactor: ¢ & g7
N\ _ 5
K N\ = Wi [(bL] Y j _ if the digram have Z_s symmetry )
Let's compute W1"2 term: (W1)2 — + Q ®
1 |
=1 5777%1@2 tr (W175 W175) + 2 51[(12]? tr (WWSWM W1757u)

The diagram is symmetry if we rotate 180 degree => symmetry factor = 1/2
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Backup slides: Expansion by regions

Making use of expansion by regions:

1—loop . ddq
Lppr = iCs (27T)dtr log (AH)PM—>Pu—qu

hard—region

dd
= jcq / (QWzdtr log (—[PM — qu]2 + Me,, + U[QbSM])

hard—region

Expanding the Log into the Taylor series with |¢*| ~m3 > |m2 |

log (_[PN B q:“]2 + Mmey + U[¢SM]) ‘hard—region - 10g(—q2 + mCI)H)

Finally, we obtain the EFT Lagrangian as follows:

_ dlqg =1 1 "
1—loo .
[,EFTP = —zcstr/ (Zﬂ)dizzlﬁ [ 5 (—P2+2q-P+U[ngM])]

2
q Mg,

Next step:

~ Expand the series order-by-order, up to n=6 (we consider EFT operators up to dimension 6)

Z. Zhang, arXiv:1610.00710
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Backup slides: Integrate out heavy fermions (1)

Starting point: Lets write down the UV Lagrangian for fermions

Lov W, o] = Lolor] + Yy (v, P* —my — Xy [¢1]) U

general coupling with background fields

The effective action resulting from integrating out heavy-only fermions,

Self_ijOp = —iTrlog (v, P* — my — Xy [¢1])

Two way of proceeding:
1. Squaring the quadratic operators, using the trick Trlog(AB) = Trlog A + Trlog B

S;;;OOP = —%TI‘ 10g (_P2 + m%{ + Ufermion) )

where Utermion = —%a“yG’W + 2mp Xg|or] + X12{ + [P, Xn [CbLH

=> Then we can use the master formula in UOLEA as mentioned before

Disadvantages:
© Not straight forward to derive EFT operators due to the complicated of the background function Usermion

o If Xy|¢1] contains Dirac matrices, the quantity [PaXH[CbL]”PM_)PM_qM , Will lead to non-trivial terms

which are not implemented in the UOLEA before
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Backup slides: Integrate out heavy fermions (2)

Lopr” =it Z / [ . (—P+WO[¢L]+@Wl[¢m5+Vu[¢LW+AM[¢L]’W5)r

u Y+ my

Any difficulties in this computations ? YES, we have v’ in D-dimension !!!

Lets do an example and see...

? 1
OWF) = —5 mi T tr (Wi 0*7°) = S ZIg)E tr (Wi 9°7"v° )

The 1-loop integral is divergence,
using Dim.Reg. to evaluate the integral

2 2

m; m3 2
%) = 27’ [1 — logu—; + (E —vE + log47r)]

Key points:
_ Due to the issue of 7° in D-dimension, we used Breitenlohner-Maison- t'Hooft Veltman scheme (BMHV)

© We must keep the terms O(e) in the Dirac traces, since they will cancel out the divergence term 2

of the 1-loop integrals ‘

e divergence is cancelled => extra finite term
e

2 2
ll—log i + (— —7E+log47r)] }tr (Wf)
(2 €

result of Dirac trace in BMHV-scheme No need to evaluate
Dirac algebra

2

O(W3) =i {—mezf + (8+2e)”;’
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Backup slides: Loop integrals

Definition of the master integrals:

['(§—2—nc.+n;)

')

(_ 2)2+nc—ni 1

2nc n; __ /I’

2 M?
T 1672 (- 1og )

The value of some master integrals:

i[q2nc]?z’ ne = 0 ne = 1 Ne = 2 Ne =
n=1 | M1 -log ) (G -log ) (% —logid)  15p(H —log i)
=2 |l F(i-logid) (G -losi) (8 -losid)
2 2 2 4 2
ni = ~ 502 ~flog=d  F(1-logiF) (3 —log—)
2 2 2
n; = ﬁ —ﬁ —ilog ]\55' ]féi (1 —log Afg)
2
ni = ~ B ~ — 55 log 73
Table 7. Commonly-used degenerate master integrals Z[g>"<|!" = I[q*"<|!" / 1oos, with 2 = 2 —y+

log 47 dropped. All nondegenerate (including mixed heavy-light) master integrals can be reduced
to degenerate master integrals by Eq. (A.2).
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