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General outline

Introduction to the Standard Model EFT Framework
General set-up
Compute h — bb at LO
e Computing h — bb at NLO
- General approach
» QCD corrections
- Vanishing gauge coupling corrections

e Other progress and conclusions
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Linear SMEFT
“Generic”’ theory of physics Beyond-the-SM (BSM)

L=Lsm+ L5+ L+ L7+ Ls+ ...
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Operators effectively fermions scalars
describe interactions field Booery 40 g, d% | H
between SM and NP hypercharge | —4 -1 1 2 1 !
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Linear SMEFT

“Generic”’ theory of physics Beyond-the-SM (BSM)

L=Lsm+ L5+ L+ L7+ Ls+ ...

“Wilson coefficient”
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Linear SMEFT
“Generic”’ theory of physics Beyond-the-SM (BSM)

AB=0 _
L =

lgnore operators involving baryon and lepton number violation
Truncate predictions for observables at order O(A7)

Operators effectively

fermions

scalars

describe interactions

field

HJ

between SM and NP

hypercharge

DN
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Basis choice (shouldn’t matter)

Warsaw: Grzadkowski, Iskrzynski, Misiak, Rosiek 1008.4884
Motivation: | -loop anomalous dimension calculation in VWarsaw basis™

[(Alonso) Jenkins, Manohar, Trott : 1308.2627, 1310.4838, (1312.2014)]

1: X3 2 H° 3: H4D? 5 2H3 + h.c.
Qo | fABCGAYGBrGSH  Qy ‘ (H'H)®  Quo (HTH)O(H'H) Qerr | (HH)(lpe, H)
& fABCé;j"’GprS“ Qup | (H'D,H)" (H'D,H) Qum | (H'H)(gyu,H)
Qw | VKWW IrwKn Qan | (H'H)(qpd,H)
QW EIJKW/{VWVJpwpK,u
4:X2H? 6: 92X H + h.c. 7:¢?H?D
Que | HIHGAGY™  Quay | (Lo™e)r  HWL, h (HYi'D \, H)(1,7"1,)
Qua | HHHGAGY Q.5 | (lo™e)HB,, ) (i D LH) (I,7141,)
Quw | HHWL W Quc | (@™ TAu,)H G4, Qe (HY'D  H) (@t e,)
Quiw | HHWLW  Quw | (g u)r HW, Q| WD) @)
Qup | H'HB,,B" Qus | (30" u,)H B, o (H'iDLH)(@,r"v"q,)
w5 | HYHB,,B" Qic | (Go"T4d,)H G2, QHu (i D, H) (7t )
Quwp | HITTHWLB®™  Quw | (Go™d, )t HWI, Qra (H''D  H)(d,"d,)
Quivp | HITTHWLB™ Qs | (30" dy)H By, Qrua + hec. | i(H'D,H)(u,n"d,)

H? = ¢ (H")"

classes |-7

59+h.c. operators (classified by field content, 8 classes)
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Basis choice (shouldn’t matter)
Warsaw: Grzadkowski, Iskrzynski, Misiak, Rosiek 1008.4884

Motivation: | -loop anomalous dimension calculation in Warsaw basis™
[(Alonso) Jenkins, Manohar, Trott : 1308.2627, 1310.4838, (1312.2014)]

1:X3 2: H 3: H*D? 5:?H3 +h.c.
Qc | fAPCGA*GErGSr  Qpy ‘ (H'H)*  Quo (H'H)O(H'H) Qerr | (H'H)(lpe, H)
& | FAECGAGBrGon i)
Qw | /KWWl rw ks . )
- Example (class 5):
QN EIJKWIVWJPWKM
W p v Yrp
4: X?H? -‘-
oms | mHGLG™ om Qan : (H'H)(gdH)
Qua | HYHGA G Qen
Quw | HIHW] Wi Qua :
_ o ~ = _
Quw | HHHWILW™  Quw | (go"u.)r HW], Q') (H'i'D ,H)(G,7"qr)
~ = _
Qus | H'HB,,B" Qup | (q0™u,)H By, Q%) (H'i D H)(gm" "4,
~ g _
45 | HYHB,,B"™ Qic | (Go"T4d,)H G2, QHu (H'i D\ H)(ayy"uy)
A= n
Quwp | HITTHW] B Qaw | (Gpo*”d,)T" HW, QHad (H'i D, H)(dyy"d,)
Quip | HITTHW], B Qap | (g0 d.)H By, Qrua + hec. | i(H D, H)(wyy"d,)

H? = ¢ (H")"

classes |-7

59+h.c. operators (classified by field content, 8 classes)
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Basis choice (shouldn’t matter)
Warsaw: Grzadkowski, Iskrzynski, Misiak, Rosiek 1008.4884

Motivation: | -loop anomalous dimension calculation in Warsaw basis™
[(Alonso) Jenkins, Manohar, Trott : 1308.2627, 1310.4838, (1312.2014)]

8:(LL)(LL) 8: (RR)(RR) 8:(LL)(RR)
Qu (Lpyule) (L™ 1) Qee (epyuer)(esyter) Qe (Lpyulr) (B er)
Wl @) @) Qua | (W) @y ur) Qua | (pyle) (@sy )
@ | @7 e @ T ) Qaa | (dpyude)(dirtdy) Qua (IpYulr) (dsy*dy)
QY | Gl @ a)  Qew | (Epruen) @y uy) Qoe | (@ruar) (@7 er)
Q0 | G )@ T @) Qe | (Epmen)(dsrdy) G @) @) class 8
QW | (@) (deydy) & @ T a) @ Ty :
QU | (@ TAu)(dy TAd) QLY (GpVugr) (dsy*dy) (four-fe rmlon)
QW) | (@ T ¢ (dsy"TAdy)
8: (LR)(RL) + h.c. 8:(LR)(LR) + h.c.
Quedaq | He)(dsay) Qg | (@ur)esu(dhdy)
QW o | (@Tu)ejn(@TAdy)
Qova | Ber)ejn(@hu)
QD | Howen)ejn(@ o u)

59+h.c. operators (classified by field content, 8 classes)
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Basis choice (shouldn’t matter)
Warsaw: Grzadkowski, Iskrzynski, Misiak, Rosiek 1008.4884

Motivation: | -loop anomalous dimension calculation in Warsaw basis™
[(Alonso) Jenkins, Manohar, Trott : 1308.2627, 1310.4838, (1312.2014)]

8:(LL)(LL) 8: (RR)(RR) 8:(LL)(RR)

Qu (Lp Yyl ) (L7*1y) Q (epyuer)(esyter) Qe (Lpypulr) (s er)

Qw | (@) @) d

(3) - nrle,

Z” (qpf:%q;((q;qt)q) Z Example (class 8):

0P | Gt @ 'a) g class 8
d
9

Qfﬁ;b : ((jjTAt)Ejk(qkTAb) (four-fermion)

8: (LR)(RL) + h.c. 8: (LR)(LR) + h.c.

Quedg | Be)(dagry)  QUna | (@ur)ein(@hdy)
QW | (@TAu)ejn (@ TAdy)
Ql(i;u (Fer)en(qhuy)
Q2 | Bower)en(@ o u)

59+h.c. operators (classified by field content, 8 classes)
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Let’s study h — bb

’ Fil\_{bg ~ 2.4 MeV
e )
; BR(h — bb) =~ 0.6

Experimentally, access through “o(pp — h) - BR(h — X)” data

Motivation:

- First and foremost, easy theoretically

- Can study QCD and EW corrections
- Largest partial width (in SM)

*Realistically, need a “Higgs-machine” for
7-level precision measurements

Interim Kappa-formalism defined in 1307.1347: Section 10

Rhorry Gauld - Higgs Parallel, QCD@LHC (25/08/16) |l

ATLAS and CMS Preliminary
LHC Run 1
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Parameter value

Fig. 14 of ATLAS-CONF-2015-044



Yukawa sector in the SMEFT

Consider the down-type Yukawa interactions in unbroken phase

L= [Yalrs HYd, Qsj + h.c.| + |Chy(H' H)H Vd, Qs + h.c.

Leads to an effective mass matrix in the broken phase

Mo = L (Wi - L) @

For simplicity, assume SM-like flavour structure
Leads to the following Feynman rule for the hbb—vertex

i (] 3 5
b _ﬁ ( _yb []- -+ CH,kin] — 57]%0[)}[_ Pr + hC)
T From (1), convert into broken phase
2
b ™y U
y — V2— + L Cy
(Vga 2

Rhorry Gauld - Higgs Parallel, QCD@LHC (25/08/16) 12



Compute the partial width

Ao
al’ = Z |Mh—>b5‘2

QmH

Compute the Born amplitude (use Feynman rule from last slide)
M;erbb _Zu(pb) (M%GGPL T Mgee*PR) U(pg)

y
m v
where MY = v; 1+ Cx kin] \/Tich + O(Ayp)

Rhorry Gauld - Higgs Parallel, QCD@LHC (25/08/16) 13



Compute the partial width

dg2
al’ = Z |Mh—>b5‘2

2mH

Compute the Born amplitude (use Feynman rule from last slide)
M;erbb —Zu(pb) (M%%PL T MtLree*PR) U(pg)

2
m v
where MY = v; 1+ Cx xin] \/Tich + O(Ayp)

1(4,0) _ Ncmhmiﬁ?’

>M 871'?}%

S R AR (QCH,kin
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Compute the partial width

Ao
al’ = Z |Mh—>b5‘2

QmH

Compute the Born amplitude (use Feynman rule from last slide)
M;erbb _Zu(pb) (M%GGPL T Mgee*PR) U(pg)

y
m v
where MY = v; 1+ Cx kin] \/Tich + O(Ayp)

(4 = SM, 0 = LO)

N mhmgQB *More realistic UV completion
C ~ —
> T 8wl Qorr = yo (H'H) (qbrH)
T see: |. Elias-Mero et al. 1308.1879
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Compute the partial width

dg2
al’ = Z |Mh—>b5‘2

2mH

Compute the Born amplitude (use Feynman rule from last slide)
M;erbb —Zu(pb) (M%%PL T MtLree*PR) U(pg)

2
m v
where MY = v; 1+ Cx xin] \/Tich + O(Ayp)

Evaluate numerically: {my, = 4.5, m;, = 125, vp ~ 246} GeV

*More realistic UV completion

SM F(4’O) ~ H MeV QbH = UYp (HTH) (CijRH)
see: |. Elias-Mero et al. 1308.1879

vr \° [ - Corr

NP ] Yo

Rhorry Gauld - Higgs Parallel, QCD@LHC (25/08/16) |6 Cb[—] — AQNP CbH



Compute the partial width
d
dl’ = “ Z|Mh—>b5‘2

2mH

Compute the Born amplitude (use Feynman rule from last slide)
tree =/ tree p_ treex _
M - = () (AqtYECE D, | AA D ) v(pz)

Can think of it as a shift of SM:
2 ) T O(Aié)

where A

[LO ~ 1(40) (1 +2 { TG
Evaluate numeri Anp 246} GeV
rorcrcamsae—o——cOMmpletion
SM F(4’O) ~ H MeV QbH = UYp (HTH) (C_?LbRH)

see: |. Elias-Mero et al. 1308.1879

2 — -
- C
EFT I‘(G,O) > < or ) QOH,kin 2 b

(40
Anp Yb |

Rhorry Gauld - Higgs Parallel, QCD@LHC (25/08/16) |7 Cb[—] — AQNP CbH



Are we done? Going beyond LO?

It’s not difficult to compute observables at LO in the SMEFT
Do a global fit to LHC/LEP/Low energy Observables at LO? NO!

1) E.g. this decay constrains: Chp (m ), Cx xin (5 )

- the Wilson coefficients are scale dependent and mix

- must be taken into account when performing a global
fit to data (full RGE is known*)

*|-loop anomalous dimension: (Alonso) Jenkins, Manohar, Trott : 1308.627, 1310.4838, (1312.2014)

Cz' (mb) CZ (mz) Cz (TTLH) CZ(% 200) Cz(ANP)
Flavour physics Higgs Differential LHC
EDMs, g-2 etc. LEP-| decays LEP-I distributions

Rhorry Gauld - Higgs Parallel, QCD@LHC (25/08/16) |18



Are we done? Going beyond LO?

It’s not difficult to compute observables at LO in the SMEFT
Do a global fit to LHC/LEP/Low energy Observables at LO? NO!

1) E.g. this decay constrains: Chp (m ), Cx xin (5 )

- the Wilson coefficients are scale dependent and mix

- must be taken into account when performing a global
fit to data (full RGE is known*)

*|-loop anomalous dimension: (Alonso) Jenkins, Manohar, Trott : 1308.627, 1310.4838, (1312.2014)

2) The SMEFT is like the SM (or other UV completions)

where are perturbative expansion is applied
- higher-orders give better precision™

- the Wilson coefficients which appear at one-loop
may not be present in tree-level observables
(e.g. maybe poorly constrained Wilson coefficients)

- new diagrams appear
*There is a substantial theoretical effort in this direction (QCD/EW) by many groups

Rhorry Gauld - Higgs Parallel, QCD@LHC (25/08/16) 19



Interim

e Computing / — bb at NLO (w/ B.D. Pecjak, D.J.Scott)
- General approach
- QCD corrections

- Vanishing gauge coupling corrections

e Other progress and conclusions

Rhorry Gauld - Higgs Parallel, QCD@LHC (25/08/16) 20



Renormalisation | (field/parameter)

Perform field and parameter renormalisation on-shell*

® Choose a set of independent parameters
{é7mH 7MW 7MZ 7mf70’i}

® Write bare parameters/fields as a combination of renormalised
parameters and renormalisation constants:

1
) = /2 fr = (1 + 552%) fr

® Fix the counterterms with renormalisation conditions (e.g. on-shell)
6ZF = — ReSk(m3) + £F(m?) — BF*(m3)

a i *
—m?—ﬁpgRe[Zf( p°) + EF(p )+ES( )+E]€ (p*)] o
p==my
® Express physical quantities in terms of renormalised parameters
> pny q P
3 52 33
1(4,0) _ thmbﬁ N.my, mb I5;

Smv? " 32r M2, (1 — M2, /M32)

® Fix input values for renormalised parameters with data

Rhorry Gauld - Higgs Parallel, QCD@LHC (25/08/16) 2l *see [Denner - 0709.1075]



Renormalisation | (field/parameter)

Perform field and parameter renormalisation on-shell*

G Usual SM piece
b
dmy ozSCFC'f MmpvUT
Z [ Wboc— - { 7 (%—I—l)Re{CbG}—F(%—I—l)‘
b Generated by Qv : gs(qo"* T b)HG,
t Generated by four-fermion operators (bbtt)

S m30t 1
b t Ue (7 4+ 1) [(QNC + 1)Re {Céi;b} + CrRe {Céf;b}}

0.6
my my €
- -
b b 1—1 In(4 C’f—l—l—eln_'u—2-
E—E—VEJFn(W) ¢ = m?

Rhorry Gauld - Higgs Parallel, QCD@LHC (25/08/16) 22 *see [Denner’ - 0709.1 075]



Renormalisation |l (Operators)

Fortunately, can use the results of the full one-loop anomalous

dimension calculation performed in the un-broken phase:
[(Alonso) Jenkins, Manohar, Trott : 1308.2627, 1310.4838, (1312.2014)]

0 s Ci(p) _ d
C1” = Ci(p) + 6C;i(1) = Cy() 216 fo;z) (478)2 =

Ci (1)

|. Check which operators appear at tree-level (e.g. Cry)

2. Take the relevant Lambda/Yukawa/Gauge dependent terms

3. Convert to broken phase using LO SM relations, e.g.
\/ﬁmf m%{

> Y
< VT 21}%

The combination of field/parameter/wilson coefficient
renormalisation allows to construct the necessary |-loop UV CTs

Rhorry Gauld - Higgs Parallel, QCD@LHC (25/08/16) 23



QCD corrections
See RG, Ben D. Pecjak, D. . Scott - 1607.06354

d d
dl’ = i Z|Mh—>b5‘2 | 2:;12|Mh—>bbg|2

th

Relevant operators

QHo (H'H)O(H'H)
Qup| (H'D,H)" (H'D,H) Appear at tree-level

QaiH (H"H)(gpd-H)

Rhorry Gauld - Higgs Parallel, QCD@LHC (25/08/16) 24



QCD corrections
See RG, Ben D. Pecjak, D. . Scott - 1607.06354

d d
dl’ = 2 Z‘Mh—wé‘z | s Z|Mh—>b5g|2

f277lh, f2771h,

Mh—)bE :Mone—loop_i_MC.T. _|_Mtree
b b

b G : b
b L
_____ G ——— b - __ --"" SR
h h noT G o H
b G b
b b

Rhorry Gauld - Higgs Parallel, QCD@LHC (25/08/16) 25



QCD corrections
See RG, Ben D. Pecjak, D. . Scott - 1607.06354

d d
dl’ = i Z|Mh—>b5‘2 | QTiiZ|Mh—>bbg|2

th

Mh_>b5 :Mone—loop_l_MC.T. _I_Mtree

Rhorry Gauld - Higgs Parallel, QCD@LHC (25/08/16) 26



QCD corrections
See RG, Ben D. Pecjak, D. . Scott - 1607.06354

(Answer in MSbar scheme for b-quark mass, and limit 5 — 1 )

Proportional to NLO SM result

Yo
a,Cr Ncmimb
| Cha
T 8/27ur
SC Nc —2 —2 2
| s F Mt OH(;<19—7T2—|-1112 {mg} -6 1n [’u—2}>
T S ms; ms

Contributions from new diagrams

Rhorry Gauld - Higgs Parallel, QCD@LHC (25/08/16) 27



QCD corrections
See RG, Ben D. Pecjak, D. ). Scott arXiv:1607.06354

(Answer in MSbar scheme for b-quark mass, and limit 5 — 1 )
*More realistic UV completion

Qvrr = yp (H'H) (qrbrH)
see: . Elias-Mero et al. 1308.1879

, =
Ty, = (;T ) <5-330H,kin - 5.33%> MeV
NP Yb Qqp —
v ? o= e
+< d ) (1.57Chc + 6.91CHc) MeV
Anp
C: = A2oC ! 60
©oTNET yb(mH)

® QCD corrections involving Cr¢ and Cyh important
® Cyr, Cgxin contributions - should scale by N4ALO SM QCD

o If Chy O(1), only sensitive to this effective operator

= 1
__ = 2
Rhorry Gauld - Higgs Parallel, QCD@LHC (25/08/16) 28 CH,km T (CHD 4 CHD ANP



Vanishing gauge coupling corrections

b

Again, proceeds in a similar way to the SM calculation

unbroken phase broken phase
{yivgiv)‘vCi} {éa gs,myf, Mw, Mz, mg, Cz}
l Apply vanishing gauge couplings l
{yia )\7 CZ} {mf7 é/MW7 é/MZ7 mrpg, C@}

Rhorry Gauld - Higgs Parallel, QCD@LHC (25/08/16) 29



Vanishing gauge coupling corrections
See RG, Ben D. Pecjak, D. . Scott arXiv:1512.02508
<L 38
S
< {j /E L K

b

2 —
_ O . .
Ty 2P = ( T ) (—5.331’H +1.57Chq + 6.91CHG> MeV Qu = myg
Yo

2 . _ (1)
- C _ ] c C
[y 2P TEw ( T ) <—5.46bH + 1.57Chq + 6.91C kG +0.02— 22 40,0822 ) MeV
Yo Yo Yt YoYi

assume operators scales as

thqb — YolYt (q3 )Ejk(q?) b)

Rhorry Gauld - Higgs Parallel, QCD@LHC (25/08/16) 30



Vanishing gauge coupling corrections
See RG, Ben D. Pecjak, D. . Scott arXiv:1512.02508

b b b b b
b b > . @ .
PR fi S 10 S i I I
I L S e N L N L N
b b t h #°
b b b b b
1 2 3 1 5
b b b , b b
¢ . b t @ . 9.
L A R VA W A A W VR -y
M [ h <Z h 4;\/ ) { 7 \I:
) b t z W
b b b b b
6 7 8 9 10
b i b b b h
z W z w '@
e
n 5 B h 6 h h
#° 6 z w b
b b b b
11 12 13 14 15
@ )
-~ 50 A

b

A\

L\

FoReD ( uT )2 <_5 SSCbH !
F=1 Anp T
) _
=(6)QCD+EW (% bH
I = —5.46— +
=1 (ANP) < Yb

QCD corrections N4LO
[PA. Baikov, K.G. Chetyrkin, J.H. Kuhn - 0511063

rQcp =1+ 0.208 + 0.039 + 0.002 — 0.001

V2GF

0.03
(4m)2

(12m% + (6N, — 3)

Rhorry Gauld - Higgs Parallel, QCD@LHC (25/08/16)
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Summary of QCD + ~EW corrections

o QCD correctlons for CyH = those in SM (known to N4LO)
[PA. Baikov, K.G. Chetyrkin, J.H. Kihn - 051 1063]

and implemented in eHDecay
[R. Cotino et al. - 1403.3381, 1303.3876]

® Yukawa and Lambda corrections for Cpgg ~ N2LO QCD ones
[RG et al.- 1512.02508]
® Under the assumption of MFV-like scaling of C%7,the NLO

corrections involving operators such as CraG, CbG important

A scaling of the effective Hbb-vertex (kappa) not appropriate
[RG et al.- 1607.06354]

----- Anp =1 TeV |
''''' - /\Np=2TeV ]

® FElse: Higgs signal strength 1 OF
measurement already |
constrains C, g (mg)

~
~
.\.
\.
\.
~

~
~a

- ~
§~~ ~.
~ ~ .
-~ Y

CoH(ANP)
o
o

~ -~
il
‘5.
-~ -
-~
-~

Can interpret this in terms of

Cor (Anp), Céi;b(ANP)

Rhorry Gauld - Higgs Parallel, QCD@LHC (25/08/16) 32 Cc(r:q)b(/\NP)

1111111111111111111111111111




Other progress in SMEFT at NLO

Automation: QCD corrections with MG5 aMC@NLO:

[O. B. Bylund, C. Degrande, G. Durieux, D. B. Franzosi, F. Maltoni, |. Tsinikos, E.Vryonidou, .
Wang, C. Zhang] - see ICHEP talk of Cen Zhang here (focus on top-quark sector)

Other QCD corrections:

Double Higgs production [R. Grober, M. Muhlleitner, M. Spira, |. Steircher - 1504.06577]
Progress in full/partial electroweak corrections:

H — €7y 'G. M. Pruna,A. Signer - 1408.3565]

h — Yy 'C. Hartmann, M.Trott - 1505.02646, 1507.03568]

h — VV(*) ‘M. Ghezzi, R. Gomez-Ambrosio, G. Passarino, S. Uccirati - 1505.0370]
h — bB(T%) RG, B. D. Pecjak, D. . Scott - 1512.02508, 1607.06354], vanishing gl, g2

qgq — h ‘M. Gorbahn, U. Haisch - 1607.03773], lambda dependence@?2-loop
h— 7y

... If | have missed some, apologies and please let me know!

Haven’t even mentioned:
® Several partial/complete SMEFT anomalous dimension calculations

® Global fits, and several important works on input parameter schemes choices
See yellow report for review [G. Passarino, M. Trott - cds.cern.ch/record/2138031]

Rhorry Gauld - Higgs Parallel, QCD@LHC (25/08/16) 33


http://cds.cern.ch/record/2138031%5D
https://indico.cern.ch/event/432527/contributions/1071258/attachments/1320043/1979278/topeft.pdf

Back-ups
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Relevant generalities of the SMEFT

Usual SM relations between parameters altered

For example, the 02\ 2 .
shape of the V(H) =\ (HTH > —~Cy (H'H)
scalar potential 2

2 2 2
Yielding the minimum: <H‘LH> _ % (1 I 362117){\@ > U

Higgs field in 1 < —V/2i¢™ (x) )

general gauge: A =75 \ 1+ Crpanl b 42 [1 — %CHD} ¢°(z) + vr

*Normalisation of fields in H (z) to fix Higgs kinetic terms

1
Crxin = | Cao — ~Cup | v3
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Choice of input parameters/vev

1 1 CWW CWW _
= Cuwp + —CHp | U
vr T Sw 45w
2 M Sy M?2
A - A2 - /\2 _ "2
where T — > ] Sw = 1 MMQ/ ] Coy = 1 — Sw

Renormalise vev with {Mw, Mz, e CHWB,CHD} RC

In practice, eliminate MWV dependence in favour GFermi
using the precise measurement from Muon decay

1 1 L (e® 4 e® L ( )
——=Gp — — C +C +—1C 5 +C y
V2 v7 V2 < o Hl) 2v/2 \ peen efipe

At NLO, must also compute

finite matching corrections!
Partial results in 1512.02508
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The running b-quark mass
In Higgs decay, resum the Log[mb/mh] with the running b-mass

® Convert decay rate into MSbar for b-quark mass (drop finite del m)
® Find the LL solution for the b-quark mass. Eg: for the QCD corrections

Pole/MSbar conversion: mp = mb(u) (1 — 5m(,u))

2 a,Cr vrm 2
5,,(,3)(,u):—aSCF (1—|—§ln [M—]) O (1) = — == ="Chq (1+31H [ﬁ_gl)

——7)

s 4 mj, T V2 my
SM EFT
dm a.Cr 3 _
Must solve: dln(,Z) I r 5 M (1 + QﬂUTmbeG) + O(a?)

Find solution for CbG, then we find simple analytic formula

i) = o) (22 (1 22 (i ) Cu ) — ) o) o) )

5Cr — 2N g 9
_ c _ 20
1 Tm Ty ME

Vo =
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Anomalous dimension example

QCD corrections

0Cyy = X (2772%05(; + vt (ﬂmbCHG — %Cb}[) )

v7 11 Crxin | 1
5ot = o | = (O ) S - T (20— ) Cinp

+ 2?% (10N, 4 21)m3? + 12m% + (6N. — 3)m?2 4 6m?)Cyu

3 — 2N, C
_ ( JormymCe +V2urmym, Crog — 4mbm3C§3
V2
—myp (4N.mj — 3m¥ + (4N, — 6)m;) C’S’; + mp (2mj + m3;) (CS; — CHb)
2
v
— my (—4Ncm§ + m3 + 2mf) Chrw| + 7%505;1;)
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