Higgs Decays in the Standard Model EFT at NLO

Darren Scott

October 26th
NBIA, Copenhagen
HEFT 2016

Based on collaboration with R. Gauld and B. Pecjak
JHEPO5 (2016) 080, [1512.02508]
PRD (to appear), [1607.06354]

1/25



Outline

Motivation
Standard Model EFT
h — bb at LO

NLO Calculation
m Renormalisation Procedure
m QCD Corrections
m Four-Fermion & O(a/Mg3,) Corrections

Impacts on Phenomenology

[@ Summary & Conclusion

25



Motivation

Higgs properties subject of intense study, especially as a link to new

physics

m Many decay channels available
for study within the SM

m Links to new physics?

m Portal to Dark Matter?
m Part of an extended
Higgs sector?

m Can use a bottom up EFT to
parametrise new physics
effects
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Investigating h — bb

We can begin tO app|y ATLAS and CMS Preliminary
LHC Run 1
this framework in the B %
. Kz -, <1 :
context of Higgs I = BRggy=0 i
decays to b-quarks. KW¥:§; ’
K ————
Recent results within -
e
the kappa formalism. K’_
Kp *
Combined ~
Kg —————
ATLAS+CMS results: L
%, ————
Kp = 0._6 +0.18 BR.. - '
(Assuming Brggym = 0) el T T T TR T A TR T T
0 02 040608 1 12 14 16 18 2
[ATLAS-CONF-2015-044] AL 18



Standard Model EFT

m The addition of higher dimension operators allows a bottom up
approach to encoding the effects of new physics into the SM

m “Model Independent” framework

m Considering only baryon number conserving operators

L="Lsy+ L +£06 4

59 A

- (L°H*)(ATL) (6) Ci
6 = gEHIHL) £ = O;
Anp ; Ap

Need to pick a basis for these operators, though the results should be
independent of this choice. Here we employ the Warsaw basis.
[Grzadkowski, Iskrzynski, Misiak, Rosiek; [1008.4884]]
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Standard Model EFT

At dimension-6 there are 59 independent operators which conserve

baryon number.
1:Xx3 2: HS 3: H'D? 5:¢2H% + h.c.
Qc | [*PEGIGIGTT Qu ‘ HH)  Quo (HTH)O(H'H) Qenr | (H'H)(lpe, H)
Qg | FAECGGEGo Qup | (HID,H)" (HID,H)  Quu | (HTH)(@yu, H)
Quw | EW W Qan | (H'H)(@,d,H)
Qﬁ/ EIJKf)F]{I/u/};]pVV:\'u
4:X2H? 6:9°XH +hc. 7:2H2D
Qua | HIHGALGY  Quy | (ove,)r HWL, o (H''D 1) (11,
Qug | HYHGLGM Qen (po" er)H By Q) (H *iﬁLH )(lpr'"1)
Quw | HIHW], Wi Quc | (@o™ T u,)H G}, Qe (Hi'D ,H)(epyer)
Qui | HHWLW™ — Quv | (@0 u)r HW), Qliy (B ) @ a,)
Qus | HUHBLB™  Qup | (@%0"™u)d B, QY | @D L) @G e,
Qus H'H B, B" Qic | (Go"'T4d,)H G, QHu (Hf i?“H)(ﬂM“uT)
Quws | HIT'HW], B Qaw | (qpotvd )T HW], Qna (HM“B’MH) (dpy*d,)
Quivg | HITTHWL, B Qap | (qo"d,)H By, Qirua + hec. | i(H'D,H)(u,y"d,)

as well as Class 8 four-fermion operators
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Tree-level effect of Dim-6 operators on Higgs Couplings

Inclusion of dimension-6 operators alters SM parameters at tree

level. For example:

m Q: (H'H)? — Alters Higgs VEV (denoted vr)
m Que: (HTH) G;‘VGA/“’ — Introduces coupling with gluons.
® Quu: (H'H) (g,d,-H) — Modifies Yukawa couplings

In particular, this last operator can introduce flavour violating

effects!
We do not consider any flavour violation beyond that already

present in the Yukawa couplings:

Minimal Flavour Violation (MFV)

6
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Exploring the Yukawa sector in more detail

New Yukawa and Mass matrix terms in broken phase.
MASS MATRIX:

M, = =2 (v9) = Gl ] + e

V2
YUKAWA:
V],s = _\}5 [ <Yd>m - ; (Cam) g ’UT] +h.c

From now on, flavour indices will be suppressed



Operators for Tree-level calculation

The following operators appear in Higgs decays at tree level

—L
m Qo = (HTH)(Q"HbY)
m Modifies Yukawa couplings (as well as introducing new
4 /5-point vertices which play a role at NLO)

m Quo = (H'H)O(HTH) Modify the Higgs
» Qup = (H'D,H)*(H'D"H) kinetic term
m We'll write Cy xin = (C’HD — iC’HD) v?
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Tree-level Higgs decay: LO

The Leading Order result for Higgs decay to fermions is now
straightforward

iMO (b — ff) = —iu(py) (MSP,)LPL + M}?)L*PR) v(py)

where f
h
N
m v _
MS«?}J - [1 + CH,kin] — leH f

vr \/§
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Input Parameters

m Choose to work with the following independent, physical parameters
L é7mH7MW7MZ7mfaOi

m In particular, the VEV can be expressed as,

1 € éu/ ~2
—=_° (1 C
or  2My 5y ( * 2. HWB”T)

Barred quantities (€, 5,,) appear in the covariant derivative in the broken
phase of the theory while hatted quantities have their usual definition as
in the SM; 07 is the usual Standard Model VEV

2Mw 54
€

vr =

m In practise, we'll choose to eliminate My in terms of the
Fermi-constant G .
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Going beyond Leading Order

m In principle, we could stop at this point and perform a global
fit. However...

m There may be operators which are introduced at loop level
which are poorly constrained at tree level in other processes

m Not all such terms can be anticipated from a straightforward
RG analysis

m It is important to correctly account for such operators

m Higher orders reduce uncertainty in the result

At most one dimension-6 operator per diagram.
Only interfere such diagrams with SM ones.

= Do not generate terms O(Ayp) <
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Renormalisation

Amplitude requires bare diagrams & counterterms
M(l—loop)(h N ff(g)) :M(l),bare+MC.T.

m Necessary to specify the renormalisation scheme

m We choose to renormalise the electric charge, masses and
wavefunctions in the on-shell scheme

m The Wilson coefficients are renormalised using
the MS scheme

m Using such a scheme for the Wilson coefficients allows the use
of previously calculated anomalous dimension matrices
[Manohar, Jenkins & Trott; [1308.2627], [1310.4838]]

[Alonso, Manohar, Jenkins & Trott; [1312.2014]].

m This will provide an additional check on the calculation
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Renormalisation

m The on-shell scheme gives our renormalisation condition for
e, mp, My, Mz and my (see [Denner; [0709.1075]])

m The renormalisation constants can be obtained from 2-point
functions

h h f f Wr/z w/z A A
(- ——O—— vy v OV
Zn Zy, dmy, OMz, §Mw e

m In general, the renormalisation constants will receive both SM and
dimension-6 contributions

o Dimension-6
SM contributions  contributions

1 ~ = ~ =
6Z=——(062z" 4+ 520
1672

m The renormalisation constants for C; are constructed using the
anomalous dimensions. ([Trott et. al], previous slide)
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Example: Four Quark Operator
Example contributions to mass (and wavefunction) renormalisation.

(4) (6)

omp = omy ~ + dmy

. 1[m3
6777,1(70> == [; ((2Nc +1) (C(tqb + Ct;;b)

CF3 (C(tqb + Céfqb) ) - 4m2 (Céll)) + CF,SCéi)) ? z
+

8 (Cur + Cing) | + 6 b b
Ag(s) = s —sln (S_H"O)
Smiin () = %Ao(mf) ((2NC +1) (thqb Cgt;b) +ers (thqb + Cgf;b))

+ 2my (mg - QAO(mg)) (C;b) + CF,gc;g) + e Ag(m2) (Clrog + Cy)

We can choose to convert this to the MS-scheme. (Will do this later
explicitly for the QCD results)
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Counterterm Construction

The counterterm for the h — ff decay amplitude can now be
written as

iMOT (h — fF) = —it(ps) (SM Py, + 6M} Pr) vo(p;)

The calculation of the two-point functions is straightforward and
will not be addressed.
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Counterterm Construction

Explicit form of the counterterm. Many of these terms are zero for QCD

corrections

om'® (4)
§M(L6) - (T;CH,kin> ( AL + 5Z(4 + 5Z (4.L 4 §Z (4), Fx

mf vr

; 5 1 .
~ Loy, (2 ( ZT + 5z<4> 52}4>’L + 502" )

V2

my 5m5c6) 6’1}(6) 1.6 , 1. 6.  1.,6),.R
+ | L = T+ 262, + 262 + 262

vp \ my vr 2 2 7f 2 7f

2
my (.
—L5CH xin — —=0C
+ v i V2 FH

We now turn our attention to the NLO diagrams from QCD in the
Standard Model EFT.

(1—loop),bare __ _ _
M = Mp_pp + My pig
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Going beyond Leading Order: QCD

We can compute the 1-loop corrections to the decay width. Here
we focus on the QCD corrections.
Real Emission:

b

Conr Cva, Cra
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Going beyond Leading Order: O(a/M7,) Corrections

m Had previously calculated the 1-loop corrections O(a/M3,).
Specifically includes non-logarithmic terms
O(m?a/Mp,) ~ O(Grm?)
[Gauld, Pecjak, DJS; [1512.02508]]

m Much more involved calculation. Subset of diagrams:

b b t h @
0 JE— E—
h h h 4 h ® h b h T b
b b t h @
b b b b b
1 2 3 4 5
b b b o b b
3 b t g o
T ! h z h W “h b “h !
¢ b t Z w
b b b b b
6 7 8 9 10
b b b b b
Z w Z w o
- R ST b
h b h ! h b h ! h
40 0 7 w b
b b b
11 12 13 14 15
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Going beyond Leading Order: O(a/M7,) Corrections

Resulting amplitudes:

AF = (vEGe)

(6,0)
Comr 444D AR

(6,0)_ (4,0)
A =4 CH’kin_ZGF b oGk

The one-loop results are

AI()4,1) _ Al(f’o)Gme <18+7N”) AR related to expressing
3V2 My in terms of Gp.
3G
Al(>671) _ Al(74,0)m? ( \@F( 24 N.)Chrin + (-1 4+ N.) C}f’;)
(~15+4N)mi Corr | 1 [, (40) m;
— A7 in — \
+ 12 /2 T |t O G 2G; G| 1o 2
1

(4a0) (6,1) (4a1) (6,0)
e (AP ARCD 4 34 ARED)
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Final Answer: QCD

d(bg d¢3
Z | h*)bb|2 Z | h—bbg |2

The leading order dlm—6 results are proportlonal to the SM ones.

o) _ Nemami?
8mug B=,/1-— 4m3
- 2
3 "
10 = <QCH,kin _ V2o CbH) 0
mp

For the NLO results, the presence of a large scale separation

(m << m3) can lead to large logarithms.

We convert the renormalised mass to the MS-scheme where such
logarithms can be resummed in RG evolution factors.
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Final Answer: QCD

The full answer is rather lengthy. However, we find good
agreement numerically between it and the result in the my — 0
limit. Equivalently 8 — 1. [Gauld, Pecjak, DJS; [1607.06354]]

=41 aCrl ( [/PD —(4,0)
T = 174+ 61n T
B*)l — mh B—1

—(6,1 V2v 41
F(g%% = <2CH,kin - TCbH) Eﬁ%

a,Cp Ncmhmb a,Cp NcmhmIf
Cha + C
T 8v2ror m 87 e

2
X <19—7r2+1n2[ g] +61n {%})
my, my,
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Final Answer

m The cancellation of UV divergences from more than 20 dim-6
operators in the full result gives a highly non-trivial check on the
calculation

m The logarithmic corrections could have been deduced from a
Leading Log analysis

1 1
Ci(pe) = Ci(Anp) +

: T
- Cl (ANp) ln ( >
2 1672 A}p

m However, calculation of the full NLO calculation illuminates terms
which would be missed in an RG analysis

6,1 V203 41
F,(Bai = <20H,kin - mbT CbH) F(ﬂﬁi

a,Cr Ncmimb a,Cr Ncmhmi o
bG HG
T 8 2mup ™ 8w

2
X (19 — 72 +1n? {mb} +61In {2} )
”Lh h




Impacts on Phenomenology: QCD

Scenario where 5% deviation from SM value is observed.

Fh—)bl;
SM_ — 1.00 4+ 0.05

Fhﬁb?) = L. . Such an effect would be
Exp measurable at the ILC!

— ILC Technical Design Report 2: Physics

Considering for a moment only the QCD corrections.
Inputs
mz = 91.1876 GeV

Ts1 =2.67 MeV
vr \* (5 346 1.57Ch¢ | MeV as(mz) =0.1184
+ . in . _ _
(ANP) ( Hykin + bG) ¢ my (1mp) = 4.18 GeV
2
- ( T ) (310@,}1 + 6.910HG) MeV my = 173.0 GeV
NP mp = 125.0 GeV
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Impacts on Phenomenology: QCD

Fhobh o\ 2 o\ 2
1 T ~ ~ T ~ ~
=2.67 —_— 5.34C'H ki 1.57C, - — 310C 6.91C

MeV * (ANP> ( Hykin bG) (ANP> ( o+ HG)

Attributing the 5% difference to the dimension-6 contributions:
7% ~ 0.13 MeV.

Only Cyp is relevant.
=(6) 2
Tov~ =310 (%) = Axp~10TeV

2) Cyour ~ ypChmr:

Many BSM models scale modified Higgs couplings (chirality
flipped couplings) by Yukawa terms, as done in related work.
[Elias-Miro, Espinosa, Masso, Pomarol; [1308.1879]]

Here, all coefficients same order of magnitude.

7(6) 2
fov ~854 (42 ) = Axp~2TeV
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Summary & Conclusion

m We have computed two different contributions to Higgs
decays to b-quarks from dimension-6 operators within the
context of Standard Model EFT:

m A) NLO QCD corrections
m B) 1-loop contributions enhanced by O(a/M3,) &
four-fermion operators

m Involved a non-trivial renormalisation scheme checked by the
cancellation of divergences from more than 20 different
operators

m Compared to LO, NLO corrections

m Reduce theory errors associated with higher order corrections

m Induce corrections proportional to coefficients which do not
appear at tree level (and are not necessarily well constrained)
and aren’t always accessible from an RG analysis

m It is important to remember that the phenomenological study
belongs in the context of a global analysis (at NLO where
available), possibly with partially model dependent

assumptions included
25/25



ADDITIONAL SLIDES
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Fermi Constant: Gg

m We said before we'd like to replace My, with the Fermi constant
G as one of our input parameters

m Defined and extracted from muon decay

Yy B

J21 w € nwo p2

P4

L1 3) <3>> 1 < >
—— =Gp—-—(CY) +C Cu +C
VauE T ﬁ( HET O TS e\ T



Fermi constant at one-loop

m Necessary to work out G to one-loop also
Finite
SMEFT

contribution

11
— (1 +Ar)=Gr+ AR®Y L ARG
V2 U% ( \,-/) —
1-loop Obtained by matching
non-QED with tree-level
corrections from before

m ARG Obtained from the following diagrams

m It is noteworthy that the counterterms take on a much simpler form
with this replacement
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Renormalisation: The VEV

m An interesting point is the renormalisation of the VEV, v

1 e v2é
—=_—° (1+2¢
vr 2My 5y ( * 9% HWB)

m Bare VEV, in terms of renormalised VEV
1 1 (S’UT

OBl

UT vT vT

dvr _ Mw N 83, 0 D2y

_— = = oC
v My, Sw e 25, HWEB
C éc 08 )
- CAw o5 (Acw :Sw + 20T> Cuwn
25, Cuw Sw o
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Wilson Coefficient renormalisation

We use the MS scheme for the renormalisation of the Wilson coefficients.
To one-loop order, we can write

O _ 0Ci(p) _ 1.1
¢, =Ci(p) + 1672 —Cz(ﬂ)+2€16ﬂ202(;“)

€ simply indicates we
. 9 d 5 subtract the universal
i = 1672 (s Cit) ) =162 (i) ) S and a(iny
a MS-scheme

Full 1-loop calculation of these anomalous dimension matrices recently
completed.

[Manohar, Jenkins & Trott; [1308.2627], [1310.4838]]

[Alonso, Manohar, Jenkins & Trott; [1312.2014]].
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