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Setting the framework

Whys and wherefores

’ WHY NEW PHYSICS? ‘

@ Voice from Experiments: A, ~ O(10%) & EXP-TH mismatches
@ Voice from Theory: naturalness, DM, vacuum stability, »’s, Baryogenesis . ..

@ Too many misteries still surrounding EWSB ‘ V (H) describes, rather than explains ‘

@ The Higgs portal to new physics: ‘ O (@ ®) (new physics) ‘

We are building on the evidence ‘ ...of ; Or rather g
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Setting the framework

Whys and wherefores

’ WHY ELECTROWEAK PRECISION? ‘

RPRENTIGESOVANT|  NEWPHYSICS|  [susiiE (oRecy)
@ LHC searches have so far come up empty-handed =- ‘ a gap between Apew and Agw. ‘

@ Expected accuracies| O(1 — 0.1)% |for precision Higgs and EW observables

@ Promising window to indirectly exploring the BSM theory space

@ E.g. assuming Anew ~ TeV, we should be able to learn about the parameters of an underlying
New Physics (NP) model by performing global fits to precision measurements, e.g. setting bounds
on Apew-

’ WHY EFFECTIVE THEORIES?

&  Fundamental: New Physics is SHY ... = Hierarchy of scales:ﬁ
*

@ ATH-EXP Lingua Franca

@ Minimizes theory input & computational effort

@ Maximizes model independence & scale separation
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Setting the framework

Our mindset

Light fields
low masses
Low-scale Lagrangian:

High scale
Heavy fields
Large masses My ~ O(Anew)
High-scale Lagrangian:  Lyv(¥, ¢; g, guv, m, Mg) =
Lsm(P, g, m) + Lnew(Y, guv; Mw) + Lnew—sm

David Lépez-Val @ ITP-KIT EFT methods for new physics searches in the Electroweak sector









HEFT in a nutshell HEFT in a nutshell

EFT basics

Building blocks

()
C; ({guv}, 1)
Lei(d,m) = Lom + Z Dt — o5y

d=5 1ig

 Short-distance physics: is averaged
& Effective coupling strength ¢; encoding {guv } through matching

[ I8 16) (fow ) e = A) = Tk [6] (fex}, s = A)

 Long-distance physics:
& light-field local interactions parametrized by @d>4

(Remainder of nonlocal interactions mediated by heavy-field exchanges)
& d > 4 operators dependent on ¢
& d > 4 operators fixed by light field symmetries

B ] - -
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HEFT in a nutshell HEFT in a nutshell

HEFT operators: a closer look

‘ LINEAR (decoupling) EFT: ‘LSM and {¢} include Hem explicitly

& Higgs fields only

1 1 <
Ou = S(@"|H*? . Or = S(H'D,H)’ , O, =|HPIDHP, O =AH.

’ & Higgs & weak bosons - CP-even

Opp =g ?|HI?BwB" | Occ =g |H*G,G*",

Ouw =ig(D*H) c*(DYH)W}, , Oup =ig' (D*H)'(D"H)B,.,
1 v 1 Av

Oszw = gg%bcws WSPWCPM » Osg = EgszBCGN Gprc ",

& Higgs & weak bosons - CP-odd

Suy A FAuv
Oy5 =92 HI’BLB" |, Ogis =g |H’G], G,

O, = ig(D*H) a®(DVH)WS, ., Oyp =ig (D*H)(D"H)B,.,

v o

1 —~ b ) 1 ~Av B ~C
Oy = ggeabaWSuW,,pW“w , Oz = igszBcGu vG,,GTR,

All these operators originate whenever heavy fields directly couple only to the SM gauge fields and a
SM-like Higgs. There are referred to as universal or oblique, as they universally affect all quarks and
leptons via fermion couplings to the SM gauge fields.
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HEFT in a nutshell HEFT in a nutshell

HEFT Lagrangian

HEFT parametrization  SILH basis  Giudice, Grojean, Pomarol, Ratazzi ['07]

c c Ce A
Lerr =Lom + 515 0" (67 ) 0,(8" ) + o5 (6" B* 9) (8" Do 9) - 25 (6 9)°

- -

gc v g ¢B v

4+ ngv (o' "B e) D W + 2 (6" B* ¢)8" Buy + ...
W

+“"’”W (D" 6" o* (D” $) W, + T 2HE (pugty (pv g) B
W

® C v sc 17
+2 2 (41 ¢) By, B* +g—;<¢*¢)G;LG“ A
my, my,

~ [ v @ O o) + v 07 )6 Qa) dr + e (6T DG Ta) tr+he |

1
Lww =W} (9'g" - 0*0"0" ) W, <—F02W)

2
_2myy

+Wj( 9> “"+0“a)

2
— m
+miy W qu CrR — " (3,4,811)W+"—A‘;V ¢p
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HEFT in a nutshell HEFT in a nutshell

The two BSM portrays

’ Given a UV model with heavy BSM states; how do these affect H & EW observables?

© IDEAS?? |/ .
° IDEAS??

© IDEAS?? | . .
© IDEAS??
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HEFT in a nutshell HEFT in a nutshell

’ Given a UV model with heavy BSM states; how do these affect H & EW observables?

UV—complete picture

@ Retains the complete BSM field content & interactions .

@ Fully accurate - to a given loop order

@ Case-specific calculations - error-prone, uneasy to automate/generalize

@ Better accuracy irrelevant for many practical purposes/realistic scenarios

EFT picture

@ Model independence - minimizes theory input .

@ Universal computational effort

@ Limited accuracy to both loop & O(A ;) expansions .

@ Delicate cases require careful treatment (light states, unitarization, nondecoupling)
& Expected exp. precision: ©(0.001) & EFT VS full-model error: O(Agw/Anew)>t™

Linear d6 EFT is a reliable tool for probing weakly coupled, Anew ~ O(few) TeV new physics.
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HEFT in a nutshell HEFT in a nutshell

HEFT in use

Connecting UV models to EW observables in the EFT:

7
1. Matching
uv 3
AT model o)
2. Running
de,(p) v 1
dlogu Z}: Tor2 =7
1 0(0.1%) - 0(1%)
- s Precision
" ¢ (my) observables
3. Mapping

Taken from Henning, Lu, Murayama arXiv:1604.01019
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HEFT in a nutshell HEFT in a nutshell

HEFT in use

’ Connecting UV models to EW observables in the EFT: ‘

@ A number of 1PI light-field correlation functions | I'[{psw}]'™ | are computed (at a given loop
order) in terms of both UV-complete model parameters and EFT Wilson coefficients.

@ Techniques available: Feynman-diagrams, path integrals

The EFT results are expanded in powers of Agw /Anew
@ One identifies

Tigl = T({g;}, {¥, dsm}, 1t = Anow) Iife =T({c;}, {dsm}s 1o = Anow)

at the high-energy scale Anew, order by order in the perturbative (loop) and small parameter (ratio
of scales) expansions.

with

@ Doing so, the S-matrix elements in the effective and the UV-complete models are the same at
1 = Anew, up to higher orders in the two simultaneous power series.

@ Thereby the (scale-dependent) Wilson coefficients at 1 = Anew get fixed in terms of the full model
parameters
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HEFT in a nutshell HEFT in a nutshell

HEFT in use

’ Connecting UV models to EW observables in the EFT:

@ ¢(A) are RG-evolved down to the EW scale.
@ The RG flow of the Wilson coefficients is governed by the @4~ 4 anomalous dimensions

6Zci,cj
_)Ci:Zci,cj cj = 1+T cj

C(14¢) (4mp®\° ~ij -
0L, ¢, = ———— finit t
i) (1n)2 ( 2 . (+ finite parts )

o©

2 dej(ci)
dlog(p)

1 I
iy = (4m) €i1) = cs(ham) + 705 ¢ (how) Tog ()

(47‘(‘) new

@ The non-diagonal ~y;; implies both operator running and mixing.

@ for TeV-scale BSM,

@ EW observables are written in terms of ¢; (Agw) and SM parameters.
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Key aspects of Electroweak physics Custodial symmetry

Custodial symmetry

1
Liggs = Etr(DuQT D' Q) —V(tr(Q'Q)) where |Q=(icoH", H)
& Liiggs is SU(2) 1, ® SU(2) g-invariantif| Q@ — LOQR'

& Both the global SU(2) 1, and the accidental SU (2) g are exact in the symmetric phase, while
separately broken by (H) = v.
& However, Lyggs is still invariant under SU(2) 14 r (2 — LQL') even when (H) = v

& G*, G° as Goldstones for SU(2), x SU(2)r — SU(2)r+r

& WE, Zforma SU(2) 14 r triplet to all orders

1 1 m? g’
5 2 2 2 2 2y 2 w
= — = — = — =
My = 197 my 4(9 +9)v m, g2 + g2 g’ =0
1o2] 2
m2 > | Ti(Ti +1) — 2V | vi
o= 2w2 _ : (+higher orders) .
mZCw
5Zi Y7 o7

& Any number of singlets & doublets respects custodial symmetry at tree-level
& Loop-induced contributions naturally remain small.
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Key aspects of Electroweak physics Electroweak Precision Observables

Electroweak Precision Observables

& Virtual exchange of heavy particles as an indirect footprint of TeV-scale new physics

Unew
N Do
N SN v
A~ AA@ A AN EAAAAA
v v v % T bt

dIIXY (p7) =i (g,w - p‘;f”) H¥Y(p2)+z'p;#nfy(p2) = / diz e (J1 JY)

Y (p%) = 1Y (0) +p” 'Y (p%)
h\,—/
static part

& The QED Ward identities fix I~ (0) = II,z(0) = 0; another three combinations are absorbed in
the definition of g, g’ and v

& Up to p? order, the remaining combinations define the Peskin-Takeuchi STU parameters:

Qem S = —45121)0121, HéB (0) = 484y cw [sw Cw H/ZZ(O) — S Cw l_[fy,y 0) — (ci) — 512”) H;Z(O)]

em T = I35 (0)] = —5 [HWW(O) — A Tz 2(0) — 82 T, (0) — 2cu 50 H’yz]
My My
2 ’ ’ 1 ! ’
dem U = 45y, [y (0) — I55(0)] = 2 [HWW(O) — ¢, T 5(0) — 3, I, (0) — 2cusw sz]
w
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Key aspects of Electroweak physics Electroweak Precision Observables

Electroweak Precision: experimental perspective

& Experimentally, STU can be linked to a small subset of accurate data:
@ Flavor-diagonal (oblique) processes involving the weak gauge bosons (e.g. Z-pole observables)
@ LEP2 eTe™ data at various v/S between m. » and 209 GeV

& Confronting BSM predictions to SM fits, STU can be used to probe & constrain the parameter space
of new physics models.

& Either directly on model-specific {g, M} - or through EFT Wilson coefficients.

10T mmmm an@0%cL) |v
e R

|- asymmetries
PV === My Ty |
1
|
\

05| — — e &v scattering i
- —-= APV .

-0.5

T B S

Y

2]

o

M. Baak et al. [Gfitter Group] arXiv:1407.3792 [hep-ph]

David Lépez-Val @ ITP-KIT EFT methods for new physics searches in the Electroweak sector



Key aspects of Electroweak physics Electroweak Precision Observables

Electroweak Precision: EFT perspective

STU in the EFT follow from the ¢;-modified weak boson vacuum polarization:

. . ptp” 1 2m?
iy, (p°) = i (!JW - 7) : [P4 (_FC2W> +p? A2W (deww + cw)

2 wov 2 2
2 v PP 2 My 2 v
+mWFcR} +1p72 . (p A2 cp +mWFcR> s
P N v ppY 4 1 72 2
gt =3 (5 = ) (o[- (o a0

2m?
+p° AQZ [4 (Cécww +sycpp + C2ZSZZCWB) + (C2ZCW + SECB)]

v? php¥ v?
+ mzzF (=2¢p +cg) ¢+ Qs m%p (=2¢p +¢g),

452 c2 m? v
demS = %Z(%wa-lww-i-q;) ; aem T = et
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Case example @ tree-level: a heavy Higgs triplet

UV complete model

Lagrangian & field content
P 2

‘ LD 3 (DAY — L MR (A")? + kvadl 0% d A — 5 (2T @) (A%)?

Dy A® = (8, +igta W®) A°

L [0 1 0 L [0 —i o L /1 0 0
th=— | 1 0 1 to= — | i i ts=—|( 0 0 0O
V2o 1 o V2o i o v2\ o 0o -1

o+ At

o= v+4¢°+ix° A= A°

V2 —AT

& Simplest p # 1 extended Higgs sector
& Benchmark for exotics (H'H')

Chen, Dawson, Jackson arXiv:0809.4185 [hep-ph]
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Case example @ tree-level: a heavy Higgs triplet

Tree-level matching - diagrammatic calculation

. ‘1’<—p3},/ S Plps) -7
& N . Ppy S ot
(p1)  e—t( P
P \3(—;@ S Py
. ~ T Dy Saa
s > - (r2) >
EFT result
o —
& Feynman rule for Or: e = i;/; [<I>T<B>”<I>] [@' D, ®] + Fourier Transform
. . . d4p —ipL T T ipLT
ield expansion in normal modes: k= | — |ap, e al e
# Field I mod P D [ pp €7PET + af etk ]

& 1Pl tree-level amplitude

64

o EFT

M =
ehei—eles ~ 5olsoliw, s,

ic
{TT@E(—im) ®1 — @] (ip2)®1] [2](—ips) ®s — ] (ipa) ®s] + perm}
—icr )
= —5— l(pr-p2) + (ps - pa)] + perm =| —2ier (p1 - p2)

& Momentum conservation = ‘ p1+p2+p3+ps=0 ‘
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Case example @ tree-level: a heavy Higgs triplet

Tree-level matching - diagrammatic calculation

\\\\ (1,(71:3}/, sl
<I:‘(pl) S——— o

. A N (=pa)
A AN

S >

Full model result

& tree-level amplitude describing the s-channel A exchange:

A = k202 1
of &1 a] @5 A (p1+p2)? — MZ
.o o 27 . 2 2
= URTTA (p1 + p2) 4 — 2iK VA
= 1+ +O(ML™) = (p1 - p2) |
M3 { M3 Ma

& )| Expand | ii) | Truncate | to d6; ii) | Match |

MM +
@, P -@) @3

EFT
i t = er =
o) o o) @3
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Case example @ tree-level: a heavy Higgs triplet

Tree-level matching - Path Integral calculation

Functional formalism - general setup

& Starting from a generic UV model Lagrangian:

LW, ®] = Loy + [T B(z) + he] + ¥ [-D? — M? — U(2)] © + O(T?)

B(z), U(x): generic functions of the light fields {®}
i Seff[®] — I[qu]eis,u"[\p,@] _ f[D‘I,]eif dtax Loy [V, @]

& Effective action:

14628 g 3
Sul[¥ = ¥, + 1, @] = S[¥ C]+26\1/2 n°+0(n°)

T=¥c

AV - V. +n(z) =

& Classical solution:

oS[v, 91 =0 = [-D*—-M>-U(@)]¥.=—B(z)+ 0¥
S
—1
I B(m) { ( U(m)) B(x) _
p2 — M2 — U(z) M2
= ]i/(;;) BM(;C)[ ) [recall: p, =1iD,]
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Case example @ tree-level: a heavy Higgs triplet

Tree-level matching - Path Integral calculation

Functional formalism - triplet model

& Triplet model Lagrangian:

1 1 . “
[::LstrE(DHA“f = §MZA2+MA<1>*U”¢> A% — A p(@F @) A,
N e’

N——
B(=) U(x)
& Euler-Lagrange Equation:
oL oL
6.8 " sas| T P4 =-MAA+kva (@00 ®) —m@Te)A°
s

T La

— koA PT o D
Triplet scalar classical background: Al —— ———————

S v ¢ p2-—MZ-2noT®

& Tree-level Effective Lagrangian:

2 2
1 [ kva b @ 2 1 [ kva a
— = — 40
£> 5 (MZ) [Du (@' o <1>)] 4 5 |72 (207 +40p) +
il R =PV f. 1412.1837 [hep-ph]
= = em = —— CI. 5 ep-|
TT M2 * M4 1
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Case example @ loop-level: a heavy Higgs singlet

UV complete model

Lagrangian & field content

G+
‘£=[/sm+(’9“50u5—u§52 LA PYE K Xk ‘ Q= v+e¢n+iG°
V2
Vs + bs mp mpy sina
S=——- i Vs
NS sina v tanf = —
v
Salient parameter relations:
2 2 2 2 2 2
.2 mp —2A1 v 2 v my +mE —2 v 2 2
sinf o= Zl tan® B = 2§ = — = — mi; & 2A2 0

Interactions

Goay = Gomy(L+Agy)  with  14+A,, = {

COos &

y=nh
sinae y=H
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Case example @ loop-level: a heavy Higgs singlet

STU: full model prediction

0 /170 0 /110
/e , W/ c W
- TR ol W WY
0 0 L T N
z z Z wow v ho‘/iH“ 1h0/HO
.2 2 2 2
Qem Sin” a 2 2 my  dmy, — myy
II 0) = ———<3myyAe —4myy log — + ——
WW( ) 167‘(3121) { w e w 1og e + 5
2 my my 2 2 m¥
+ myy log—z— 5 5 (4mW —mH> log —
% my — My, miy
;2 2 2 2 2 2
sin” « m m A v m
S & —log —8 +log —& | & 22— —log —&
127 mzz mZZ 247 \o mr‘}_l i
7= —3sin? « m2 1o m?_l om0 m,‘;{ - —3)\§v2 m% _ m%v
T 167 52, m2 z 108 o T Mw 08 o | N ao s Apm2 m?2 m?
w My h h w N2 My H H
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Case example @ loop-level: a heavy Higgs singlet

Tree-level ffective Lagrangian

eSSl = [(DB]esS100) = [[DyeH (51 Pemal o) |

[20) = Pas@) 0] | 22 ~o
P=Polass
Singlet model EFT
G ciss = — _aj?f;éﬂﬁw) _ X v;(;%) + 0()
e D W, 28 @190 (676)| & | LaD oaz 0. (610) 0" (679)
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Case example @ loop-level: a heavy Higgs singlet

Effective Lagrangian at one-loop

8“s

2
i Slp,® +1
etSeftl?] — /[D‘:I)}ei's[d)’q)] = /[Dn]e < (0 Pelassl 3 se? 'Cb:q’class

-1 2 o

. 2 2 iS¢, P ]—;Trlog(— ‘,70 S

ezS[d>,<I>c|355] |:det (_ 6°S ):| ~e olass1™ 2 o=
2=Pelass

n2+0(n3>)

<I>:<I>class)

Q

Functional methods available: Henning, Lu, Murayama ['14,16]; Ellis & al. ['16]; Zhang ['16];

£1-Ioop ) 1 1U3+ 1 (P U)2 _ )‘g é + 1 >‘§ @
ot 2(4m)2 M2 ) 6 12K T T oa(amz Az T T agamzaz \xen/) °

@)@ Cw, Cp, CT ?7?
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Case example @ loop-level: a heavy Higgs singlet

EFT Renormalization

malizing the Effective Lagrangian

LEUE™) = Lan(fen)) + SLen(dr) |

Zejo; =1+0%s;

de; (1 +e) [4np? € i
—— =ijc 0Zcic; = — 5 5 =L (4fin)
dlog J (4m) 1553
h
eu{ SV CH v v & v der v,
v 1% Vo Vo %
G h
aemCh [, mj, | 5my —mj,
Mww(0) = Tomez 3miy A — 4mW log — T f-‘r
2 2 2
2 Myy mw 2 2 h -
i log = (4miy —m?) log %} +E0Zeyy 7]
_ _ 3e? v? ( ) = 3aew tan? Oy /\§ v? \ (2>\2 w2 )
YTH = TH-T = 22 AZCT mz (an)? 22 (2X202) og )

z
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Case example @ loop-level: a heavy Higgs singlet

Parameter space constraint

T
? 0.3 T T T35 0.1 U :
Io
m, = 125.7 GeV. Ic
r B =12
400 GeV 025 ol m,=1257GeV |
-0.05 600 Gev 200 GeV. 02
800 GeV :
0.0 4
o1 1000 GeV 015 1000 Gev
- 1000 GeV
m, = 125.7 GeV o1 800 GeV P
600 GeV sm”
0IS) g 0.05 200 GeV
-0.05F ]
2
02 1 1 1 1 1 1 1 L 1o
1 05 0 0. ) -1 05 0 05 -1 05 0 05
sinot sinot sinot
T 3 T . T Y 0.1 U
0.25 S| 1o
% 120 GeV N
m,, = 1257 GeV 90 Gev o m,, = 125.7 GeV
02F 4 e
' 0.05F =60 GeV i
) <30 GeV
013 — 7 125.7 GeV. 0051 4
\ 011 4
01F 4 _120Gev
6QGeY ot 30 GeV—"
0058 90 GeV, 7 -
I -0.05F 4
120 GV
SM . 02 ) ) 2 o ‘ ‘
T 05 0 05 By 05 0 05 -1 05 0 0.5
sinot sinat sinot

DLV, T. Robens arXiv:1406.1043 [hep-ph]
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Summary & References

Take-home ideas

@ Ongoing and future experiments may access Higgs & EW precision physics to © (0.1)%
@ Higgs & EW precision physics probe & constrain BSM physics
@ EFTs provide a model-independent, renormalizable handle the BSM theory landscape

The EFT approach to Higgs& EW precision:
@ | Construct the EFT: i)‘ Integrate out ;ii)‘ Select Operator Basis ‘; i) | Truncate |; iv) | Match

@ | Link scales: ’ ci(Auv) — c¢i(pp = Agw) through RG running & mixing ‘

] ’ Map Coefficients onto Observables: ‘ ‘ (S, T,U) = {(ci) ‘

(*] ’ Compare to data, fit, constrain! ‘ ci =

ei( {gw}) |

Virtues & limitations

@ Accurately reproduces full model predictions for weakly-coupled scenarios & well-separated
scales

@ Challenged by i) strong BSM-Higgs couplings ii) mass splittings iii) v-induced and/or light scales
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Summary & References

Selected reading - to learn more

‘ Lecture notes & pedagogical reviews ‘

@ C. G. Krause, Higgs Effective Field Theories - Systematics and Applications, arXiv:1610.08537
[hep-ph].

@ B. Henning, X. Lu, H. Murayama, How to use the Standard Model effective field theory,
arXiv:1412.1837; One-loop Matching and Running with Covariant Derivative Expansion,
arXiv:1604.01019.

@ W. Skiba, TAS/ Lectures on Effective Field Theory and Precision Electroweak Measurements,
arXiv:1006.2142

HEFT: theory & applications

@ J. Elias-Mir6, J. R. Espinosa, E. Mass6 and A. Pomarol, Higgs windows to new physics through
d=6 operators: constraints and one-loop anomalous dimensions, arXiv:1308.1879 [hep-ph].

@ J. Brehmer, A. Freitas, DLV, T. Plehn, Pushing Higgs Effective Theory to its limits
arXiv:1510.03443; A. Freitas, DLV, T. Plehn, When matching matters: Loop effects in Higgs
effective theory, arXiv:1607.08251

Extended Higgs models

@ Higgs Triplet: M. C. Chen, S. Dawson and C. B. Jackson, arXiv:0809.4185; Z. U. Khandker, D. Li
and W. Skiba, arXiv:1201.4383 [hep-ph]

@ Higgs Singlet: T. Robens, T. Stefaniak, arXiv:1501.02234; DLV, T. Robens, arXiv:1406.1043
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Bonus track - Nondecoupling

A historical perspective

’ The notion of decoupling and the road towards EFTs

o [TIMEFRANE] rs0s)  [JEONTEXT! GUT model building

Kazama & Yao Phys. Rev. D 25 (1982) 1605

& A central idea behind the unification of forces of vastly different strength is that such an apparent
hierarchy arises not from the difference of the fundamental coupling constants of the theory but rather
from that of the masses of the exchanged patrticles.

& In constructing a viable unified theory, these heavy particles must be incorporated into the structure
with due caution. Among the most important requirements are:

@ that superheavy particles must effectively decouple at low energies;

@ that correct effective light-particle theory must emerge at low energies;

© that the mass hierarchy, arranged at the tree level, should be stable against radiative corrections.
As we shall see, these requirements are deeply interrelated. None of them is trivial to satisfy.
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Bonus track - Nondecoupling

Key concepts: decoupling

] Oan) vinsosite for 1 - .
» [oEcoupuna| {
#_heavy fed efects undetectable for 1 — oo

A more formal defin

The property by which field theory amplitudes computed from Lig and Lyy are coincident in the in the
asymptotic heavy mass limit — up to at most a redefinition of the renormalizable parameters in Lig
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Bonus track - Nondecoupling

Key concepts: nondecoupling

e s ne e v At

L

g T ]

[y fek effcts emeln for M — oo
A more formal definition

Remainder of the UV—scale dynamics in low—energy observables for asymptotically large heavy field
masses

& | NONDECOUPLING {
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Bonus track - Nondecoupling

QFT formalism: Appelquist—Carazzone

’ & K. Symanzik (1973), Infrared singularities and small distance behavior analysis ‘

’ & T. Appelquist, J. Carazzone, (1975), Infrared Singularities and Massive Fields ‘

Phys.Rev. D11 (1975) 2856

We examine some problems associated with the low-momentum behavior of gauge theories and other
renormalizable field theories. Our main interest is in the infrared structure of unbroken non-Abelian
gauge theories and how this is affected by the presence of other heavy fields coupled to the massless
gauge fields. It is shown in the context of a simple model of gauge mesons coupled to massive fermions
that the heavy fields decouple at low momenta except for their contribution to renormalization effects.

Generalized conditions:

@ A separably renormalizable light sector, which remains so at each possible stage of symmetry
breaking

© Asymptotically weak couplings

Kazama& Yao ['82]; Senjakovic & Sokorac ['80]
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Bonus track - Nondecoupling

QFT formalism: Appelquist—Carazzone

>, - Simplified model of massless gauge bosons coupled to massive fermions:

1 v e —
Lu = —F"Fo +WDy+My + Lo,y
N — —_— N —
light sector ” heavy sector light-heavy cross—talk
L = Lir(o.{g}) +Luv(¢,{g,9* M}) +Ly, —v

_ generic n—point light field Green’s function computed from Ly
o [Siatement in the limit {p:} < {M},

G (1, pnip) = 22 G (pr, . pnip) +O(Q/M),
— N— ——
from qu" from Leff

Let = Lr({gi}), with §; = §:({g:, M}) and Z = Z({gi, M }).

Proof keypoints:

£
P
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Bonus track - Nondecoupling

Nondecoupling in BSM Higgs

& An example with a colored scalar partner £ D —p% |S])? — X, @1 @[S,

As 02 2(m% — p2)
mie) =+t | [Lass o acwlsPH] A = ZEEDES)
Lo+ G AGA H|  with __ % > dim(ry) Ca,s(r )’\S”A(T)
4 9ghGaG % 9ghGaG An2 = L 2,s\rc 2mg s\Ts

B0 it . — coas us — oo while A ~ O(1)

’I'VLS
!if ms — oo while g < m.

& Non-decoupling contributions are connected to LETs

as 9 log(m(v)) n
———— | HG"Y K
LD Tom o |:S Cs(re) B1og(v) ] G GWJA

P as a_ to which the (dynamical) heavy fields couple as Mg = Mg (v)
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Bonus track - Nondecoupling

The EFT reflect

Back to History: Kazama & Yao Phys. Rev. D 25 (1982) 1605

& tis clear in the case of theories without spontaneously broken symmetry one cannot talk about
decoupling without the existence of an effective light-particle theory, because in its absence we cannot
absorb the large mass effects by redefinition of the parameters of the light theory. These two concepts
are, therefore, two sides of one and the same subject.

(D)
L= Lsw+ ZiD z:D>4 A;D2 O<D)

@ Decoupling: Ci(g) ~ O(1) ‘ power-counting obeys canonical dim. ‘

@ Screening: Ci(g) ~ log(A)

@ Non-decoupling: Ci(g) ~ O(A) ‘ spoils canonical power-counting ‘

& Strongly-coupled EWSB <« Non-linear EFT _

= double expansion: chiral loops & mass dimensions
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Bonus track - Nondecoupling

The HEFT reflect

& The plain (linear, d6) HEFT is jeopardized by _I

& Non-unique choices - Let’s try to be wise!

‘ & Amatching ‘ ‘ & unbroken VS broken phase ‘ ‘ & d6 or beyond? ‘

& Default matching

@ Matching scale: A = Mheavy
@ Unbroken phase matching: (M > pewss)
@ O(A~?) truncation

= Hazards!
(] ’ Mphys ~ Mheavy + gv ‘ = spoilt scale separation & sizable mass splittings

@ Large v-induced, eventually d > 6 contributions’ 0% x ©04=6 (pTp)i-6

o\ 4—6 . o
absorb O A terms into Lgi " |

’ & v-improved matching: ‘

@ Matching scale A = Mphys
@ Wilson coefficients written in terms of mass-eigenstate & mixing

A2 0? 2(1 — cos a) v?
P =R ot @) o?pu(@t @) | ve =X —— 2 o @) or (0T @
On g A2 [0, ( ) 0% u( )| Vs ™2, [0 ( ) o ( )]
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