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SMEFT

LSMEFT _ pSM Z Gi(p)Qi(1) + (dim-8 and higher)

@ Q; are 59 dimension-6 operators (2499 parameters with flavour indices)
o G~ 1//\2Np are Wilson coefficients. C; # 0 =BSM

o well defined QFT: renormalizable order by order in 1/Ap
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MOTIVATION FOR h — bb AT NLO IN SMEFT

1) Phenomenology:
@ h — bb largest Higgs branching fraction
@ can measure Higgs SM Yukawa at (sub)percent level at Higgs factory

@ = NLO SMEFT calculation sets long-term baseline for analysis in EFT

2) SMEFT development:
@ reveals many non-trivial features of SMEFT at NLO in (relatively) simple setting

@ analytic results useful for benchmarking automated codes for NLO SMEFT
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h — bb AS SMEFT LABORATORY

Some things we dealt with in full NLO calculation:
[Jonathan Cullen, B.P., Darren Scott: arXiv:1904.06358 |

@ renormalize e, Mw, Mz, my, G, plus external b-quark, h-boson fields
(45 C; appear at NLO, checks 100s of entries in 1-loop anom. dims. [Alonso,
Jenkins, Manohar, Trott])

@ gauge invariance: tadpoles and gauge fixing in SMEFT

@ hybrid renormalization schemes and decoupling relations
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OUTLINE OF NLO CALCULATION

Basic outline:
@ specify input parameters and renormalization scheme
@ write down LO and UV counterterm amplitudes for h — bb
@ calculate one-loop h — bb and 2-point functions for counterterms

@ calculate real emissions of photons, gluons, add together with UV-renormalized
virtual corrections to get IR finite answer

In general, every piece of calculation gets dim-4 (SM) and dim-6 (SMEFT)
contributions, dim-8 terms are dropped
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INPUT PARAMETERS

We use mass basis Lagrangian parameters:

Qs, O, Mf, My, Mw, Mz, V,'j, C,‘

C; are renormalized in the MS scheme

@ My, Mz renormalized in on-shell scheme

@ renormalization scheme for e and my # 0 kept flexible

® My, m:, m; kept non-zero but not renormalized at NLO. all other ms = 0.

@ we approximate Vi = §j;
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THE LO AMPLITUDE

@ LO decay amplitude

iMO(h — bB) = ~ia(ps) (M P+ MO Pr) v(pp)

@ split into dim-4 and dim-6 contributions
0 4,0 6,0
MP = M) 4 MmO
o Explicit results (V7 = 2My 8. /e, éy = cosOw = Mw/Mz)
MEO =T
vr
A2 ~ o C*
(6,0) _ e _CHD 1_67"‘/ Clc _ YT SeH
M myUT [ HO n ( 2 + 5, e = s
® Qv ~ (HTH)(bLbrH)+h.c. contributes to LO Feynman diagram
@ other Q;, where Q; 558 V%—Q‘-M) appear from rotation to mass basis

Quoy = (HTH)O(H'H),  Quws = H'o'HW/,B*",  Qup = (H'D.H) (H'D.H)
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THE COUNTERTERM AMPLITUDE

dimension-4 counterterm is

5/\4(4) _ M émi : 5‘/(4)
L \77‘ mgy

1 1
52( )4 Z6zMt 4 Z5ZRe
or o T T30 3%

dimension-6 counterterm is

6 5006
6) __Mp 5mb (SVT 1 6 1 (6),L 1 6),Rx*
M = ( -+ 5020+ 267+ 2ozl

vT
(4) o(4)
+ M(6 0) <6n7b + ﬁ

my

L@  Lo@e 1o )R
o or + 552,7 + 5zSZb + 562"
02 ~(4) (4) e Ao\ (4)
ve . [ 60r omy . |: } (Cw)
- —=C - C ¢ 6 —
2 bH ( o ™ + mpvr | Chwe + —— 25, CHP z,
§Chp &2 T 5CbH
01 | 6Cyo — 1- ¥ 6C - —
+ mpir ( HO 2 ( 2 HWB ms V2
where
oVvr _ dMw | 65, de
\77’ - MW Sw e
and
8w & <6MW_6MZ) 5<iw)(4)7 1 (68
5 2\ My Mz )’ Sy Ewdnw \ Sw
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CALCULATIONAL PROCEDURE

One-loop h — bb matrix elements and two-point functions for counterterms involve
many Feynman diagrams and dim-6 operators

@ automation: Feynrules (in-house model file, including gauge fixing and ghosts),
Feynarts, FormCalc, Package X

@ loop integrals obtained analytically in terms of Passarino-Veltmann integrals and
standard functions

Decay rate also requires real emission corrections h — bb(g,~)
@ squared matrix elements generated with automated tools

@ 3-body phase space integrals done by hand
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EXAMPLE: QCD-QED CORRECTIONS

@ QCD corrections by far simplest to calculate [Gauld, B.P., Scott '16]

@ UV-renormalized one-loop amplitudes have IR divergences canceled by real

emissions
b
b g b
h __ b G ) b
- b .- S~ [
b a h b h h G
¢ G
1 2 3 4
b
b
fffff G
h
b
b
1 2 3 4

@ most corrections involving photons can obtained analogously, exception is graphs
involving hyZ vertex
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ANALYTIC STRUCTURE OF hyZ CORRECTIONS

M2 2
Thyz & Vp [2(CHB — Chw)ewdn + CHWB(‘E\?V - §u2v)] Fhyz (7227 Lz’ 7;
my my my

2 3 339 =z 4 5 o 4 5, _ 2
Froz (2.02,b) = 188z =5) = B ( -+ ) — 382+ gn'zz +68( 4 - 3z

_ 2 Z2
+ %) In(b) +2(8 — 2)ZIn(x;)* — 4B,2Z In(x;)

+In(x) (—% (15 178" +82(4z — 7) + B2+ az)) +2(z — B)ZIn(xz)
+4(8% = 2)ZIn(1 — xx;) + 2(B* — z)EIn(xgz))

BBzz (B*(2b + z) — 2bz)
Y +2

+1In(xz) < (z— ﬂz)zm(xﬁz))

3 2 2
+ 4827 in(z) 4 0T 20)2 In(2) *jb‘;)z () _ 6g21n (%)

+4(8* - 2)z (Lig (%) + Liz (xn))
where

4b 1-5 1—8; B8—0B: _
=+/1—4b, , = /1— —, x=—"—, x,= , Xgr = , z=1—-2z
F=v g z 115 116 %= B+
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CROSS-CHECKS AND FEATURES

Results involve 45 different Wilson coefficients (generally complex). Cross-checks:
@ all UV and IR poles cancel (and p-dependence consistent with RG eqns)
@ SM results reproduced from dim. 4 terms

@ all results calculated in unitary and Feynman gauge with full agreement

Interesting features:
@ structure of wave-function renormalization of b-quark field
o Higgs-Z mixing
@ Ward identities and electric charge renormalization
@ structure of tadpole contributions

decoupling relations and hybrid renormalization schemes (mix of MS and on-shell)
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TADPOLES [

@ we used FJ tadpole scheme [Fleischer, Jegerlehner '80]

@ discussion in [Denner, Jenniches, Lang, Sturm '16] shows FJ scheme implemented by
simply calculating all tadpole contributions to n-point functions

@ tadpoles needed for h — bb in SMEFT

@ e e

(a) (b) (c)

@ we calculated tadpoles in Feynman and unitary gauge and verified:

(1) tadpoles cancel in on-shell scheme
(2) mass and electric charge counterterms, and matrix elements +wavefunction
renormalization separately gauge invariant after adding tadpoles

@ structure of tadpoles contributions in SMEFT richer than in SM
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TADPOLES 11

e {yy,vZ, WW, 2Z}

@ (a) contributes to §mp, in SM and SMEFT, but also to §Z} in SMEFT

. 2,\2
! > vT|m(CbH)T(4)
mHmb

L
5Zb,tad. =

@ (b) contributes to §Mw,dMz in SM and SMEFT, also to de in SMEFT (IJ = )

5ecl-4,(6) 1

e 16x?

@ (c) contributes to §Z, in SMEFT (through Chxp and Cyp), but not in SM
@ (d) contributes to h — bb matrix element in SMEFT, but not in SM
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ENHANCED NLO CORRECTIONS I: QCD

CORRECTIONS

@ QCD/QED corrections generate In my/my terms when p = my:

£ e (m) % :
raor S | o | o (CrasCus + Qpacs)
3(¢ 2 c .
+ CmyIn (:ﬁ’) = <FO‘S:Qba> [1+2\7%(ch7 e <1 C;v>
H 2
Ew o1 Con
e L)
e my 2v2

Sw

@ double logs of IR origin remain and are largest NLO correction
o Quc = Hf HG{;‘U GAHY gives hgg vertex strongly constrained from Higgs production
@ cm, = 1 in on-shell scheme, ¢, =0 (WS scheme) for my.

@ = QCD/QED prefers MS scheme for m;, (running mass resums single UV logs)
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ENHANCED NLO CORRECTIONS II: TADPOLES

@ QCD and QED corrections prefer MS scheme for my, and e

@ however, in MS scheme tadpoles contribute m? enhanced corrections.
Example: SM in m; — oo limit

=(4,1) 4
— r N,
MS scheme: LIV % ~ —15%
[(4,0) 272 03 mz,
[r]©-S- 1) m? 7-1082
-shell sch : = — Ne———% ) =~ -39
on-shell scheme @0 167r2\7§_ 6 + N ) 3%

@ similar behaviour in SMEFT contributions to decay rate

@ = EW corrections prefer on-shell scheme for m;, and e large corrections from
top loops (and heavy EW bosons)

Combining EW and QCD corrections is a non-trivial problem. Would like to
calculate QCD in MS scheme, but EW in on-shell scheme...
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DECOUPLING RELATIONS [

decoupling relations connect MS parameters in SM, with those in low-energy theory
where top and heavy bosons integrated out:

(1) = Co(1ts me, M, M, Mz)m (1)

decoupling constants (; contain contributions from heavy particles.

(p calculated by relating on-shell with MS mass in SM and low-energy theory:

-1
iy = 25 (1 iy e, g, My, MY (12) = [287 )] 7 (1)

Zb(u’ Mp, Mt, My, MW7 MZ)
4
24 (1, ms)

= Cp(p, me, my, My, Mz) =
mp—0

@ works analogously for electric charge. The connection between low energy
parameters and experiment are:

from B-physics: ﬁg)(ﬁg)) ~ 4.2 GeV
100«

from LEP:  a®(Mz) = a(My) (1 + 7) . a(Mz) &~ 1/129, o &~ 1/137
™
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DECOUPLING RELATIONS 11

@ dim.4 contributions to (i well known, we calculated dim.6 corrs. Example:

@n_oaf 1 7 @) Ne »”
¢ n[lz 8 \ M2, +g g mg
2 2
£6Y1) _a \@QTthcQt (EWRe(CtB) +5, Re(CtW)> In (MZ) +9C7W§WM In %
i e e my My
Secl-4(6)
+ —_
€ fin., my,—0

@ relation between NLO decay rate using low-energy parameters vs. SM params:
(4,1)

PN D) | oo (C(“ C“’”)7

— — — V
FE = FOD 4 oF @0 (o0 4 (lo0) 4 270D 4 v2 e — )) T (D 4 )
my

@ illustrative results: QCD-QED corrections and EW corrections in m; — oo limit:
Fl,gw = Fgﬁ'y ) Fl,t = [rt]O'S'

o interpretation: QCD-QED corrections in MS scheme (UV logs resummed),
heavy-particle EW corrections in on-shell (tadpoles cancel)
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NUMERICAL RESULTS

@ independent renormalization scales for Wilson coeffients (1c) and MS parameters (ug)
@ varying pc, ur = my by factors of 2 and adding in quadrature:

—(0))2
AV (my, my) = (1 +0.08) + (/"\2 ) {
NP
. . RO .
(3.74 =+ 0.36) Chw + (2.00 % 0.21) Gy — (1.41 £ 0.07) —5 Cons + (1.24 % 0.14) G
my,

+0.35Cuc £ 0.19€,) £ 0.18C, £0.11C) + ... }

—(0)y2

2 ~ ~

ANYO (my, my) = 113799, + (/\2 ) {(4.16t%%i) Cuwe + (2.4055%) Cum
NP

70
. v = 01\ & 10.49\ &
+ (-1.737%%) =5 Com + (1.33755,) Cup + (2.757 Crc
( 0A03) mgf) ( 0.04) ( 0.48)
- ~ - ¢
0.04 3 0.05 0.00 1 0.07 tG
+ (0.1255%) €8+ (—0.0855%) G+ (0.0655%) € + (000755, ) == + .. }
8s
@ in general, scale uncertainties in LO result overlap with NLO one, and scale uncertainties
decrease between LO and NLO
@ exception is Cyg, which gives large corrections unrelated to RG eqgns.
@ scale variation of Cyg gives rise to C;s, which is a significant contribution although it is
two-loop order
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CORRECTIONS TO LO RESULTS

SM Cuws Cuo Con Crp
NLO QCD-QED | 18.2% 17.9% 18.2% 18.2% 18.2%
NLO large-m; -3.1% -4.6% 3.2% 35% -9.0%
NLO remainder 22%  -1.9% -12% 0.6% -2.0%
NLO correction 129% 11.3% 202% 22.3% 7.1%

TABLE: Size of NLO corrections to different terms in LO decay rate, split into

QCD-QED, large m¢, and remaining components.

@ applying SM K-factor to dim.6 operators bad approximation for EW corrections
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h— ¢T¢~ AND h — ccC

@ can use same techniques to calculate [(h — ff) [Cullen, BP, to appear]
@ taking ratios of decay rates particularly useful in SMEFT, because C; related to
renormalization of v drop out
@ simple example: ratio of [(h — p*p™)/F(h— 7777)
Denoting A(h — ff) =

A;]?O(”Iru)

ALO(my) —

ANLO (myy) —14 (20)2
AN (my) Ny
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SUMMARY

o calculated full NLO corrections to h — bb in SMEFT
o forms basis for serious phenomenological analysis of h — bb in SMEFT

@ calculation involved many non-trivial conceptual issues in SMEFT, and can
be used as a template for future calculations combining EW and QCD
corrections
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Backup Slides




INPUT PARAMETERS 11

e many non-trivial SMEFT effects are involved in rotation to mass basis
e example 1: Higgs vev (HTH> =v2)2

1 1 ¢ M
= (1 + vT Cowe + - Cup| )i 01 =2Mwidw/e; &w= %
VT %5 45, Mz
@ example 2: covariant derivative in mass basis
L N
Dy, =0u— 1+ Cup + CHWB (VV'u T 4+ WM T )
Sw W w

e 282 —1)02 Ew V2
I[AA <1+( W,\2)TCHD+ " Chwe | (7* - 52Q)
CwSw 45, Sw
&y 02 .
+e 2, L Cup + 02 Cowg | Q| 21 — ieQA,

gauge fixing is also much more involved than SM




FERMION W.F. RENORMALIZATION IN SMEFT

@ Decompose two-point function of fermion f as
M(p) = i(p — m) + i [p (PERE?) + PRER(6)) + mr (EF(6)Pu+ £5°(P)Pr) |

@ In on-shell renormalization scheme

§Zf = — ReTf(m7) + £7(m7) — X" (m7)

k)
pr=m?

8 -~ *
= mh 5 Re [FHEP) + 2F (07) + 7 (57) + 77 ()

— 8 - *
02 = —Rex" " (mf) — mf 5 Re [ZH(P?) + TR + 7 (%) + T (7))

2__ 2
p2=m?

e ¥7(m?) — X7*(m}) vanishes in SM, but is proportional Im(C;) in SMEFT.

@ appears in many places in renormalization of amplitude — example:

1 m?
L_ | - L 1) _ o~(* . @®) _ ~®)* H
A.Q,; 7t = [ ((2th.+ D, - ) +ers (€8, CW))>] + finite

€ m,



Hicas-Z (GOLDSTONE) MIXING

@ unlike SM, in SMEFT Higgs can mix into Z and neutral Golstone boson Gy

@ h-Gp mixing is that between real and imaginary parts of doublet:

L1 ~V2i6" ()
= 5\ [+ Cun] () + i [1 - %TCHD] °(x) + vr

@ mixing is therefore proportional to imaginary parts of Wilson coefficients and reads
V2
5 = 0 Im [NcmbeH - NCthtH + mTC.,.H +.. ]
T

@ this term exac_tly cancels one appearing in renormalization of Qpy
(i.e. that in Cuy calculated in[Jenkins, Manohar, Trott '13])



ELECTRIC CHARGE RENORMALIZATION

SM: ff~y vertex related to two-point fcns through Ward identities:

@ result
Se® _ laz*}*‘(“)(l@) - (V£4) _ aff”) 212(4)(0)
e 2 ok? K2—0 Qr M2
o v _ g — — Q. /0 = 5e® independent of fermion charge
f f g

SMEFT: we find by renormalizing ff~y vertex directly (not using Ward identities)
@ result
5e(6) _ lazf‘rA(G)(kZ)
e 2 Ok?

=0 M3

1 2
+<A ©)(0) - —Cu z’*“)m))

o v\¥ —al® = 2¢,,0% /48,5, = Naive application of SM Ward identity is wrong, due

s _
to operators of form Qur = (Hi D ,,H)(Fv*f)



