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diagrammatic
Bilenky and Santamaria, NPB (1994); J. de Blas, Criado, Perez-Victoria, Santiago JHEP
(2018); Gherardi, Marzocca, and Venturini JHEP (2021)

® | ast decade, an old functional matching technique [Gaillard, NPB
(1986), Cheyette NPB (1988), L-H Chan, PRL (1986)] has seen a renewed
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® Covariant diagrams [Zhang, JHEP (2017)] are at all steps gauge covariant
and make use of the expansion by regions [Beneke, Smirnov NPB (1998);
Jantzen, JHEP (2011)] and a simpler matching framework [Fuentes-Martin,
Portoles, Ruiz-Femenia, JHEP (2016); S. Dittmaier, C. Grosse-Knetter, PRD (1995)]

® SuperTrace functional technique [Cohen, Lu, Zhang, 2011.02484] establishes
a cleaner way to display covariant diagrams for matching. Automated
tools exist [sTream, 2012.07851; SuperTracer, 2012.08506]. [t is this approach
we follow in our work.

Advances on this topic include: Finn, Karamitsos, Pilaftsis, EPJC (2021)
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The STr functional matching procedure

The Basic formula for functional matching:

Merr[d] = TLuv(¢]
where ¢ denotes light-fields.

* Tree-level: Cglﬂe; [¢] = Luv[S, 9]

with S being heavy-fields.

5=Sc[¢]
® One-loop:
i
rL,UV[QS] = EST‘I' IOg K - — Z S’I‘r[ 1X n]
hard hard hard
The expansion in (K~1X) can be graphed (STr dlagrams), eg.,n=3
f
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fields

® LQs' decoupling produce 54/60 operators in Warsaw basis (all but
bosonic CP-violating ones)

® This is the first study of functional matching with multiple heavy-field
decoupling.

® Support the usefulness of STr functional matching over other methods
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© Find the tree level EFT, £{9)[¢]

For LQs only four fermion interactions appear at tree level
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Steps for functional matching

® Find the tree level EFT, £V [¢)]
® Find the X = [U + P,Z" + Z"P, + ...] matrices
©® Enumerate UOLEA-terms (19) and STr diagrams (15) up-to d =6

eg.,
S f
i 1 . 1 A R
".'f 3 B 7§Slr [I’z— M} Usis, re —111')-2sz'rﬁ{"mﬁ{."m] hard
SJ s .)H ha
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Steps for functional matching

. tr
© Find the tree level EFT, ,CSEFiTe)w]
® Find the X = [U + P, ZV + ZMP,, + ...] matrices
©® Enumerate UOLEA-terms (19) and STr diagrams (15) up-to d =6
O Evaluate ES{TIOOP)[qb] using dim-reg, MS in Feynman gauge

eg.,
S o f
i i e 1 T 11
ki = N poapseEoap Uil ples|
S, oo f, ha
. 2 /112
i log M7/ M:
P — 7']
=3 MM tr{Us,s;Us,r Ugr Urrs, }
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Steps for functional matching

. tr
© Find the tree level EFT, £{9[¢)]
® Find the X = [U + P, ZV + ZMP,, + ...] matrices
©® Enumerate UOLEA-terms (19) and STr diagrams (15) up-to d =6
O Evaluate LSFTIOOP)[QS] using dim-reg, MS in Feynman gauge

The effective Lagrangian is the sum: £]§;e;) (9] + ESFTIOOP) [¢]
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Two heavy LQs: S; + S,

Lets consider two (out of five), heavy LQs with masses M; and Ms:

| Field/Group | SU(3) SU(2) U(1) |
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Lets consider two (out of five), heavy LQs with masses M; and l\772:

| Field/Group | SU(3) SU(2) U(1) |
S 3 1 —g
Sy 3 2 i

New Interactions with Quarks and Leptons:

Log=[(Ar) a5 e b+ (\7) & e,] Sii + he.
+ (/\BL) Sli Eiﬂ‘: {EPJ' e q;{k + (/\Bﬁ) Sli €iﬂ‘:{fpj 'i:t;':k + h.(!.

pr pr

+ (;\p,.) ingg; ce-f+he,
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S 3 1 —g
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New Interactions with the Higgs:

Lon=— (M} +Am|H?)|S1 - (;ﬁr; + Z\H2|H|2) 1502 + Az (S - H) (H' - Sni)

— Ay, (5*;1. -H) Si+ %/\ae‘f’*’ (s*g; e 5”*2“,-) (HT' -5*25,) +he (3.3)
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Two heavy LQs: S; + S,

Lets consider two (out of five), heavy LQs with masses M; and Mo:

| Field/Group | SU(3) SU(2) U(1) |
S 3 1

S, 3 2

o= el

New Self-Interactions:

C " Co =+ = . 3 = _ L
—Lg= EL (S19)2 + EZ (83 82)* + LD (8181)(81 - 82) + €!2(81,51)(5] 52a)

+ V(3 8;) (8, Sai) + [w'S]y e (ST e S) + e
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Tree-level (S; + S, model)

There are 12 baryon number conserving operators (semileptonic +

four-quark)

[Gu)]“’) _ (g ()

iq prst - 44‘.&2 '
[G(L) ](0) _ (A ()
lequ prsit Qﬂff !
G ]© = (A ()
Teulprst = Topp@
BL *
[Gm]m _ 08D
i prst QJ‘IE '
[G(L)](O) _ (/\gﬁ)*(/\ﬁ;ﬁ)
ud prst 34\1? '
] - (&R OR)
qugd prst 3 4\.{? '

[G(g)] © _ (Asp) (M)
‘q prst -lﬂff '
[G(_a) ](0) _ _()‘i?];)*()\f.iﬁ)
tequ prst 84&11_2 '
o _ (E\Ep)*(im')
[Gﬂ'rﬂ]w-sg = —W )
BL *
() (A5
14 prst 2;‘1? '
[G(S)] (0) _ (,\gﬁ)*(/\ﬁjﬁ)
ud prst J‘uff '
] - QAR08
quad] Mz
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Tree-level (S; + S, model)

and (all) 4 baryon number violating operators

L 1L LR
G ] o _ _QM G ] /\T “Ast
999 prst — 4112 ’ Tqqi] pr, st ‘12 ’
BRyx()IL BR)«(\IR)
[Grtu ](0) = M . [Lnduu] = )‘]
lprat M2 prt M?

usually not discussed or killed by extra (ad-hoc?) discrete symmetries.
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Tree-level (S; + S, model)

Only four-fermion operators — suitable for explaining possible anomalies
in meson decays

Bauer and Neubert, PRL (2016); A. Crivellin, C. Greub, D. Miiller and F. Saturnino, JHEP
(2021); A. Angelescu, D. Betirevi¢, D.A. Faroughy, F. Jaffredo and O. Sumensari, 2103.12504.

Also talks by Steve King, S. Trifinopoulos, N. Mahmoudi and J. Kumar earlier in this workshop.
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One-loop (S1 + S, model)

Renormalizable operators: e.g corrections to the Higgs mass, 6m? /1672

(6m?) = N, [/\Hulff(l 4+ Ly) + (200 — Ag3) M3 (1 + Lo)

+ Ay (1 + Mf log 4 /M — M3 log u* | M3 )] .

2
ALZ

where
w 2 2 2
Li=|0gm> Ay = M; — My,

1

and p is the renormalization scale.
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One-loop (S1 + S, model)

Renormalizable operators: e.g corrections to the Higgs mass, m? /1672

(6m?) = N. [/\HLMf(l + L1) + (2hgra — Agg) ME(1 + Lo)

M2 log 12 /M2 — M2 log 2/ M2
+|A§L|2 (1 + i logp/ LD‘2 3 log =/ Mj .
12

Perturbation theory instability is evident. The Higgs field is part of the
light fields so it should be of the order of EW scale. Otherwise EFT does
not make sense!
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One-loop (S1 + S, model)

Renormalizable operators: e.g corrections to the Higgs mass, §m? /162

(5m?) = N. [/\Huufu + L1) + (2Am2 — Ag3) M3 (1 + Lo)

M2 log p2 /M? — M2 log p? / M2
+|A§L|2 (1 + i logp/ 1&2 3 log ™/ Mj .
12

Possible solutions:

©® LQ masses My, My of the order of the TeV scale and O(1) couplings
® LQ masses at a high scale (>> m,,) but Higgs sector couplings tiny
©® Choose a renorm scale u such that Ly = L, = —1: Then dm?* =01
O Supersymmetrize the LQ-model

or combinations of the above four cases...
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One-loop (S; + S, model) cont'd

Non-Renormalizable operators: Lgrr O GpgOpyg

5\(* E\sr 1 4'1.'12
fp ; Lear A1) (2)y -
[G*‘-fi]p:-si o — 211}22 (l + 1672 ﬂ};(i\r,.cli + €5 WL+ Ly) | .

L Ow | @0 dyud)

Perturbative instability for large hierarchy of M; and Ms.

This tunning is not usually quoted in the literature. Same solutions as
before may be admitted. No problem when masses are close to each other.
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One-loop (S; + S, model): Neutrino masses

Weinberg operator is radiatively induced: Lgpm D %OW

log M2/ M3

1) _ ar 4. LT 5
(Guvlp = Ne Az ((/\ ) 3}5/\)“. ME— T2

| O | PP HEHNEE L, g, |

Physical neutrino masses: (in mass basis of 1704.03888) (m, /1672)

vAs,

. s M}
m, = —V2——"2L_ |Ulve AT Kexnmah Unins | log [ =
v YrT: [ uns (A7) Kexama ]\INS] g 2

See aIso, Mahanta, PRD (2000); Dorsner, PRD (2012); A. Crivellin, C. Greub, D. Miiller and
F. Saturnino, 2010.06593; Zhang, 2105.08670
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One-loop (51 + S model): (g — 2),

A recent 4.20 anomaly Aq, = (251 £ 59) x 10711 [BNL collab., 2104.03281]
has re-warmed up all BSM physics enthusiasts around the globe.

Two d = 6 operators are responsible in SMEFT (Warsaw basis),

[CEB]“)

[Co ] (1)

O (fg“”ﬁjﬂ"Hu’jw
O (lo"Ve)H B,y

gNe |5 [ [+ L3 Y“_Lypnuifim;g
672 |24 [ 5\MZ) T 2) MZ 24 MZ T 6 M2

gN. | 1 log i N 1] Y7 +LA*‘- YE if’te'y}:
1672 | 8 MP) T2l M T2 MY 48 A2
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One-loop (S; + S, model): (g —2),

To leading-log approximation, just set u = m;
OR
From g = M; run down to m; with RGEs Jenkins, Manohar, Trott, 1310.4838

!
and plug it into

dmgv

gt = Ame [l o 0 Lo o
At = = | SRelCes] — _RelCow]

£

see A.D., Materkowska, Paraskevas, Suxho, Rosiek, 1704.03888

4
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One-loop (51 + S model): (g — 2),

- 2
(81+82) _ Mg My "y LL+§
A= D T p [l(’g(mf) }%P(A )

g=1u,c,t

2 2 L .

My WL+ 3LL | 1R+ ) my 3«
A RLE L 3LR5] — LN
3202 u? ( a Tl el ) T g N

in agreement with fixed order calculations, e.g. Bauer and Neubert, PRL (2016)

A chiral enhancement of O(m;/m,,) can solve the anomaly for a TeV
S1-mass and O(1) couplings. See talk by M. Tammaro in this workshop

However, the same covariant diagram results in large contributions to the
muon mass as well.
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® Functional techniques to matching = Universal results
® STr-functional + UOLEA matching = simple framework

® In our study [2108.10055] we found all seeds for universal matching of
scalar LQs

® Technical discussion on evanescent operators and RGE checks

® Application to a two-heavy field model: all one-loop matching up to
d = 6 operators. Almost all operators appear (1+53 / 1+59).

® Demonstration of EFT matching in several physical observables. Rich
phenomenology.

® Future prospects: From model files to observables automatically?
This work provides a serious benchmark for testing coming codes ...

Thank you for your attention
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Backup: Feynman diagrammatic vs. functional matching

Figure taken from Cohen, Lu, Zhang, 2011.02484

Amplitude matching

(with Feynman diagrams)

P; &g

—— {Auvv(p)}

w/ IR reg)

Lyy[®, ¢]

Equate to derive {e;}

Lerr|d] {Aerr(p)}

w/ IRt pegulator

Functional matching

(our prescription)

[—"IJ\FI'I’~‘,DJ

\

D [p] — K, X
1 Enumerate

Functional
supertraces

l Evaluate

el Lger™le]

Advantages of functional approach: a systematic approach, no EFT basis
needed, no guess of effective operators, no calculating twice amplitudes.
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