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The Effective Field Theory
(EFT) matching problem

= Given Lyv[pg,pr] with Heavy fields ¢ and Light fields ¢,
satisfying miH > |miL |, atlow energy £ < m,,, ;

LErT [SOL] =7

= Conventional approach: Feynman diagrams.

= Calculate scattering amplitudes/correlation functions with
Feynman diagrams in both UV theory and EFT.

= Equate the results and solve for EFT operator coefficients.

= But there is a more direct (and more elegant) approach!
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EFT matching from path integral

— tree level

= Let’s look at the path integral.

/ Don)[Dpr]e S+ fovlemen] / [Dipp) et 4w corrler]

= Tree-level = stationary point approximation.

Leprler] = Lov|encler] ¢

where ¢ ¢ solves classical equations of motion:
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EFT matching from path integral
— ohe-loop level

« Background field method: vu = ¢ub+ 9y, ¢L=9¢LbL+ ¢

Luvien.erl+Joer = Luv|encerp)ern] +Joery
1 /
——(SO’HT QO/LT) Quv |¢m.clerLpl, ¢rb] (SOJ/LI)
2 L
+0(¢"”)

= If we were to compute the 1(L)PI effective action (Legendre
transform of the path integral),

Fi_,ll(;(\)/p [QOL,b] = i ¢, logdet Quv [SOH,C[SOL,b]a SOL,b]

= Cs 1s spin factor (= +1/2 for real scalar, -1/2 for Weyl fermion)
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EFT matching from path integral
— ohe-loop level

= But instead, we are interested in the low-energy local
effective Lagrangian.

= After careful manipulations of the functional determinant,
we can show (ZZ [1610.00710]) —

-loo -loo .
/ddx £1EFTp[90L] = Fi,va oL =i¢s logdet Quy [SOH,C[SOLL 90!3} ‘hard

hard

= Expansion by regions: expand integrand before integrating.

= Full integral = hard region + soft region contributions.
= Hard region: |¢°| ~m], > |mZ | (g =loop momentum )
S 2 2
= Soft region:  [¢°| ~ |mJ, | < m?,
See e.g. Beneke, Smirnov, hep-ph/9711391; Jantzen, 1111.2589.
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EFT matching from path integral
— ohe-loop level

/ddx El loop[ L] _ Fl -loop [SOL] ‘ha . =1cs logdet Quv [QOH,C[SDLL SOL} ’hard|

EFT L, UV

= How to compute this functional determinant (in a nice way)?

= Covariant derivative expansion (CDE): expansion in m;; that
is gauge-covariant — we never separate D, into 9, and —igA,,.
= Gaillard [Nucl.Phys.B268,669 (1986)/; Chan [Phys.Rev.Lett.57,1199 (1986)];
Cheyette [Nucl.Phys.B297,183 (1988)];
= Henning, Lu, Murayama [1412.1837]; Chiang, Huo [1505.06334]; Huo
[1506.00840, 1509.05942]; Drozd, Ellis, Quevillon, You [1512.03003].
= Debate: Is this CDE approach general enough?

= Del Aguila, Kunszt, Santiago [1602.00126]; Boggia, Gomez-Ambrosio, Passarino
[1603.03660]; Henning, Lu, Murayama [1604.01019]; Ellis, Quevillon, You, ZZ
[1604.02445]; Fuentes-Martin, Portoles, Ruiz-Femenia [1607.02142].

= Answer: Yes (with a systematic diagrammatic formulation)!
— ZZ [1610.00710]
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CDE series = Lcovariant diagrams
(ZZ [1610.00710])

= 1 Cgq log det Quv [@H,C[@L]a SOL} ’hard

1-loo 1-loo
/ddx Lipr: L] = FL,UVP[QOL]

= Assume general form: Quy = K+X

har

« K: kinetic operator (diagonal, —P? + m?/—p +m for bosons/fermions)
- X: interaction matrix X = Ulg] + P, Z"[¢] + Z'"[¢] P, + O(P?)

= Notation: P, = 1D, (hermitian operator).

= Basic rules: Building block Bosonic Fermionic
i
' = M; (heavy onl
Propagator : =1 ) i y only)
i —
—— -6
draw dotted lines _ . i o — i o i
to contract Lorentz P insertion :l = (2511) S =P
indices in pairs : ;
U insertion ~ol _ Uij
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Example: integrating out @
complex scalar (e.g. squark)

(2Z [1610.00710])

= [i}5 g w2Pe -2P” 2P, - 2P)

= Spin factor: - i/2 for each real scalar.
= Symmetry factor: 1/S if diagram has Zg symmetry.

= Loop integral: 7[¢*]"" if diagram has
= n; propagators with mass M; and

= n. Lorentz contractions
master integrals

dq ghs - - - ghane s T
d( 2 _ M2\ni(a2 — M 2\ny ... — gt nC[I[q “lij... ]
(2m)4 (¢* — MP)™i(q? — M)

J ’
uvpo

completely symmetric tensor, e.g. g"""7 = g""¢’" + g"*¢g"7 + g"7¢"”
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Example: integrating out @
complex scalar (e.g. squark)

(2Z [1610.00710])

=71 I(g"]} - tr(2P* - 2P" - 2P, - 2P,)

’ 1 M2 1 2 v 2 p2 v
1672 241 g o 02 part of — 59 tr(G"' G, ) = —tr(P“P*) + tr(P*P"P,P,)

= This diagram gives rise to
. M; 1
e 1 — 1 T HY v
Lo D ( [487r2 og Q2> [ 4tr(G G, )]
= => gauge coupling threshold correction (by rescaling gauge fields
and couplings s.t. kinetic terms are canonically normalized).

geff(:u) 92 ‘M2
=1 T(R;)1
g% (1) + 4872 (£:)log Q3

Dynkin index  matching scale
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Threshold corrections from EFT
matching: general formulation

(Wells, ZZ [work in progress])
= Integrate out heavy BSM fields from path integral

/[DSOBSMHDSDSM] @ifddxﬁ[@BSMaSDSM] — /[DSOSM] eifddx:CSMEFT[¢SM]/

r . 1 v 1 v 1 Y
Csmprr = Lsm +0Zg|Dudl® + Y FRZ4ilf — 2dG,, G — 102w Wy, W — 521 B,,, B"

f=q7u7d7l7e

4“57” “(/5\2 +\¢\4 + (ﬂ@]q €O+ doydlqg - ¢ + eldyell - ¢ + h.c.) + dimension 6 ...

1 1 1
gg—g§ﬁ=§gg52c;, gz—gSﬁ:§gz5ZW, gl—gTH=§gl5ZB,

m? — mZ; =Y+ m*pZy), A — A =[N+ 2262y,

Yy — Yy :‘éyu + = (Yu0Zg + 0 2o} Yo + Yu0Zg)

Ya — Y = Eyd +

Yo — Yo" = 00e|+ 5 (ye[0Zi|+ 02 ye + y[0Zq)
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Threshold corrections from EFT
matching: general formulation

(Wells, ZZ [work in progress])
= Integrate out heavy BSM fields from path integral

/[DSOBSMHDSDSM] eifddxﬁ[s@BSM#PSM] _ /[DSOSM] e’ifdd’x:ESMEFT[‘PSM]:

r . 1 v 1 v 1 UV
Csmprr = Lsm +0Zg|Dudl® + Y FRZ4ilf — 2dG,, G — 102w Wy, W — 521 B,,, B"
f:q’u7d7l’e

4—‘(5m%\¢\2 +\gb\4 + (ﬁ@]q €. ¢+ doyalg - oF + eloyell - oF + h.c.) + dimension 6 ...
= These renormalizable terms are invisible in low-energy
experiment, but are important for inferring high-scale physics.
= In the specific case of matching the MSSM onto the SMEFT,

= What values of these renormalizable operator coefficients are needed
to achieve gauge and Yukawa coupling unification?

= Are they correlated with dim-6 operators (which we can see)?
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Computing 1-loop SUSY threshold

corrections with covariant diagrams
(reproducing Bagger, Matchev, Pierce, Zhang [hep-ph/9606211])

- Example: dominant contributions to y, — y&'
= Squark-gluino loop + squark-Higgsino loop

q q
. _ i i
g + X +he =—7 M T3 10 (Ug5U5aUsq) — yzgg; tr(UagUgqUga) + h.c.
d 0
tan3 |8 , ~111 /7 " —2 ~111 [ 7 T "
~ oz |39 MsTyg; (dyaq-¢" +he)+ 557 pAuLgaz (dYayyYuq- ¢ +hoc)
F111 _ 7111 7 . M7/2 10g]\4-7/2 Mj2 10g]\4j2 Ml? longg
where Zjc =i/ {g = (M7 — M?)(M? — M?) - M?)(M? — M?) - (M? — M?)(ME — M?)
yy — Yyt e
’ y—b ~ 0(10%) needed for b-tau Yukawa unification.
b

= Seee.g. Tobe, Wells [hep-ph/0301015]; Elor, Hall, Pinner, Ruderman [1206.5301].
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Relating bottom Yukawa threshold
correction to hbb coupling

(Wells, Z1 [work in progress])

q 7 q 5 m a a ~
S d i q
g + X +he.= g + X + X + X + h.c.
g g e 4] ~ q - ~ u
d q d q q q

= These diagrams give rise to dim-6 operator |[¢|*(dCa¢q-¢" +h.c.)

= hbb coupling modification

v? 2m? tan? e 2 1m>2 ——
Arp = =—Chp = =77/ - : T
2 7221 b 111 211 121 2 7221 b
o Idcig/ (“ qu‘g) IM (Idax + Iqax + A3 Im)

fF 2 2
W Yb — Yp  [cddg gux __ |93 tan 8 ~111] , ptan 5 =111
here T @0 = g gt MaTaagt g Ss 1 AuTa
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Summary >

= A new systematic approach to 1-loop EFT matching, which
(unlike Feynman diagrams) preserves gauge covariance:

/ddflf L}lﬂ—%‘(r){‘)p [SQL] = 'I:Cs log det QUV [@H,C[SOLL SDL} }hard

= CDE series (where derivatives are covariant)

= sum of 1-loop covariant diagrams

- ZZ [1610,00710].

= We have re-computed the full 1-loop MSSM threshold
corrections using covariant diagrams. EFT formulation
helps build connection between high-scale physics e.g.
unification (dim-4) and low-energy phenomenology (dim-6).
= Wells, ZZ [work in progress].
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