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Towards precision SMEFT

@ Top/Higgs measurements are becoming precision measurements.

Run-Il analyses are underway. Theoretical predictions at the same level
are mandatory.

@ NNLO QCD + NLO EW is becoming standard in SM. For NP, i.e. dim-6,
it’s likely that NLO QCD is relevant.

» |n fact even NLO EW at dim-6 can be relevant: [G. Degrassiet al],
[M. Gorbahn, U. Haisch]
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https://arxiv.org/abs/1607.04251
https://arxiv.org/abs/1607.03773

Why NLO QCD

Large correction = better sensitivity

@ Large QCD corrections to inclusive cross sections (i.e. large K factors)
often increase the sensitivity to SM deviations at the O(1) level.

> |t is well known that the ggH operator — used in gg — H in the SM — has
a K factor of ~ 2 at NLO.

» Chromo-dipole operator in tt production, K ~ 1.5 at the LHC. Limits can be
improved by more than 50% due to improved precision. [D. Franzosi and CZ]

» Even larger effects in top-FCNC searches. [Degrande, Maltoni, Wang, CZ]

» This is often not related to the large log terms log[A/m4].
BROOKARUEN,
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Why NLO QCD

Shapes = avoid misidentification of NP

@ EFT analyses have started to become sensitive to differential distribution of key
observables, e.g.
Higgs: [T Corbettetal] [A. Butteretal]...

EFT fit to single top shapes cz
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Why NLO QCD

Better understanding of the theory

@ “Loop-induced” scenarios: new operators enter at NLO, e.g.

[C. Degrande et al.]

0 0y =7 (o5) G, M P D S > :3>'J

NLO: Opp = P (¢>‘\¢>) (Qt) ¢

= A 7 AA
O = 119s(Qa" T )Gy,

@ RG effects: dC;i/dInp = v;Cj, ~vj = 2499 x 2499 matrix.
[E. Jenkins et al.] [E. Jenkins et al.] [R. Alonso et al.]

» How well do they represent higher-order corrections?

@ TH uncertainties.

> In particular, scale dependence of C; on the EFT scale
induces new TH error. [Maltoni, Vryonidou, CZ]

> |s uerr scale uncertainty a good estimate for TH error?
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Some higher-order results in SMEFT

@ Analytical (for the decay)

» NLO top decay [czi4), [cz F matoni 15 (S€€ @ISO  [Drobnak, Fajter, Kamenik 10],
[Drobnak, Fajfer, Kamenik 10], [Drobnak, Fajfer, Kamenik 10], [J. J. Zhang et al. 70])
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Some higher-order results in SMEFT

@ Analytical (for the decay)
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@ Event generation (for the production)

» VH, VBF (SILH) [c pegrance et a1 167 (S€€ also Higgs Characterisation
€.9. [F Demartin et al. 15])
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VH and VBF

W, Higgs transverse mass W+, Higgs & leading jet transverse mass Total Er
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@ 5 Higgs operators in the SILH basis are included. Modifications of couplings and
shifts in input parameters are considered.

@ K factor independent of operators, but reduction of TH uncertainties helps to
disentangle BSM effects.

@ EFT validity: Run-Il has the ability to set limits within the range of validity. *****##



Some higher-order results in SMEFT

@ Analytical (for the decay)
» NLO top decay [czi4), [cz F matoni 15 (S€€ @ISO  [Drobnak, Fajter, Kamenik 10],
[Drobnak, Fajfer, Kamenik 10], [Drobnak, Fajfer, Kamenik 10], [J. J. Zhang et al. 10])
» One-loop h — vy [c. Hartmann, M. Trott 15]
» One-loop (4-fermion) h — bb, 77 [Gauld, Pecjak, scott 151, h — bb
[Gauld, Pecjak, Scott 16]

@ Event generation (for the production)
» VH, VBF (SILH) [c pegrance et a1. 161 (S€€ also Higgs Characterisation
€.9. [F Demartin et al. 15])

> t?Z prOdUCtion [R. Rontsch and M. Schulze 14], [R. Rontsch and M. Schulze 15]
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Why NLO

ttZ
@ pp — ttZ/v* — bjjbl~ &I~ I*, using the following Lagrangian

iochv qy
Mz

Liz = eu(pr) {7“ (C1Z,v + VSCJ,A) + (sz,v + i'Y5CZZ,A):| v(ps)Zu

@ Cross section/distributions are computed. LHC (and ILC) potential is studied.
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Some higher-order results in SMEFT

@ Analytical (for the decay)
» NLO top decay [czi4), [cz F matoni 15 (S€€ @ISO  [Drobnak, Fajter, Kamenik 10],
[Drobnak, Fajfer, Kamenik 10], [Drobnak, Fajfer, Kamenik 10], [J. J. Zhang et al. 10])
» One-loop h — vy [c. Hartmann, M. Trott 15]
» One-loop (4-fermion) h — bb, 77 [Gauld, Pecjak, scott 151, h — bb
[Gauld, Pecjak, Scott 16]

@ Event generation (for the production)
» VH, VBF (SILH) [c pegrance et a1. 161 (See also Higgs Characterisation

€.9. [F Demartin et al. 15])

> t?Z prOdUCtion [R. Rontsch and M. Schulze 14], [R. Rontsch and M. Schulze 15]

» 4-fermion operators in dijet and tt 1 Gaoetal 11] D ¥ Shavetal 1]
» All top-quark production channels (including ttH)
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Why NLO QCD

Our goal:

Extending SMEFT framework to NLO precision in the
top-quark sector, by automating it the
MADGRAPH5 AMC@NLO framework.
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Framework

NLO implementation

Implement the effective operators as an “UFO” model.
[C. Degrande et al.]

@ Despite that NLO UFO generation has been automated to some extend,
SMEFT is a different theory—at dim-6—and serveral things need to be

considered for an NLO automation.
@ UV counterterms
» Coming from the renormalization of SMEFT.

» Running&mixing of coefficients: charatersized by 2499X2499 matrix.
@ First computed by |R. Alonso et al.] (and refs therein) but we always check.

» Wave functions and masses, gs etc. e.g. from Oy

BROOKHAVEN
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Framework

NLO implementation

@ R2 counterterms
» Loop amplitude: - fdda%, Di=@+p)?-—m

(2m)*
> Problem: numerical technique only evaluates the 4-dimensional part.
» Solution: isolate the e-dim part of numerator: N(g) = N(q) + N(g, g, <)

Then calculate ¢ part analytically, once and for all.

: 1 d= N(g)
R2 =1 dq=—= 2
Ll (2m)* / qD0D1 200 D g

@ Need to be computed at dim-6 (NLOCT could help) [c. begrande;

BROOKHAVEN
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Framework

NLO implementation

@ R2 counterterms
; .1 d= N(@) D: — (5 )2 2
> Loop amplitude: 57 [ d qﬁ, Di = (g + pi)? —
> Problem: numerical technique only evaluates the 4-dimensional part.
» Solution: isolate the e-dim part of numerator: N(g) = N(q) + N(g, g, <)
Then calculate ¢ part analytically, once and for all.

: 1 d= N(g)
R2=Ilim —— [ dg=—="%—
Ll (2m)* / qD0D1 200 D g

@ Need to be computed at dim-6 (NLOCT could help) [c. begrande;

@ There are also other sources, e.g. 4-fermion operators
» Fermion flow at one loop: v*P; & vuPr = Y*v* P PL @ YuvvYp PL
> Problem: Cannot be reduced to the standard 4-fermion operator basis (which is not
complete in D dimension)
» Solution: Need to define E="evanescent” operators,
YAV PL @ Yoo PL = 4(4 — (X)) PL @ vuPL + E
> Result: Scheme dependence enters R2. 'BROOKHRVEN
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Framework

For the users

@ Get MG5_AMC, and the EFT UFO.

@ Type MG_DIR>./bin/mg5
MG5_aMC>import model TEFT
MG5_aMC>generate e- e+ > t t~ EFT=1 [QCD]
MG5_aMC>output some_DIR
MG5_aMC>1launch

@ MG will generate codes for:
T R RaNEas
x PS o 5500 o
T

@ i.e. with virtual & real corrections, parton shower (MC@NLO), and decays with
spin correlation (MADSPIN). [S. Frixione and B. Webber] [P Artoisenet et al.]

NATIONAL LABORATORY
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Framework

pp — ttH

ROOKHRVEN
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SULIOUL HAHAMM EHHIA AR RAKKA EHMHA P MM
SO MMHIHM AR M AL RR AR NN M4
SR MR RS AR ARRAA ITAHA MM AR
S HMMB M IHMAK RARRA NARRR ARFAMMMMH
OGS MM AR AR A RASKR XA MM AR
SO MMM AP A A A RS RR XIS M4
UL AP MMM A ARRRA HAAKA LR X XL MA
COCOMABAR MMMAA AR AR R SRARK GO SR
SCCOCOMMBER L MMMACR S AR AR ARSI
FURF AR AN HAMUAAKRRA RAASH XXX LI
FORCHOL AR BOMM P A A R AR S SO XXX
FORRORH MR A s P P AR SR AR RS SOCOCOCE K
HRHAR MEHIMH ) AMMEARARABRAHA RRRAK AAR L
FOHORCKH MMM BBtk AR AR HON KRR H AL
PR PR MM A AR ARRIE RERHXOCKAS X
FURA A AMHIAR HAMMAMAAAAA AU RRARR MALAA
FUOROHOK R R EOR I R A RN U AR AR
FOCH R SN R HOR MM DA A POK
LKA A KFME AHMMPULR AR MR RRRAR L LS A
SOCCRSTHPIR PO KRR RIS RRAR SR
SOOCKR MMM MM AROCHEX R AR A OO
DUCCOUCICOO UMM R AR AR AR HARR AR KRR LA
XSO M EH ORI AR
bOS TR PGB BB Uyl alalliah2d=020:0 GLR AR GV DARHNOS
UOCOUCOUOCHPMIIM AARRR AR ANSAR LHHA L
XU MAMH ARHA MRS AR R
XOCOECK MR RO AR R RS RIA
SCSOUIOUSCIOUIOU MM A HIRIAFH AN ARRRE XA L
XSO MMAK A AT GURCAN N
SCRCCRRCCUM A AR RO HHAXN AR
LTSOCCULX IO MHAMM HAHE SRR RAMAA HAARA
XSO AMAIM AR RN AR A
XU AMATM ARG AR AN ARAR
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Framework

pp — ttH

»»%»yrzzrzz:zm;r>x»1y1;;;»zzjwzzzzf
OB M EAM KRR AA RASKR CRININA M AR
SOOY T LM UM RO RO OR R SO MON A

R W N

PR ININ

SOUUOUKLIOUHPAME AR RR HAMIR AN LAHE
XU MAMH ARHA MRS AR R
XOCOECK MR RO AR R RS RIA
SOOI SO MPAMA IR AR AR RRA XA L
XSO MM A MU OURKAR KN

SCRCCRRCOCHM A M AL HHAX N ARN

AU MMM RIS AR SARAR ARAAA
XSO AMAIM AR RN AR A
XU AMATM ARG AR AN ARAR
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1. Top-EW operators

@ Electroweak operators:

> For testing tbW /tZ / ttr couplings. _
» Key processes: single top, pp — tt + V, pp — tj+ V,and ete™ — tt.

@ [Bylund, Maltoni, Tsinikos, Vryonidou, CZ]
for tZ see also: [R. Rontsch and M. Schulze] [R. Rontsch and M. Schulze]
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Full set of top-EW couplings

@ {ty/ttg, EM/color dipole
O = (Qo* 1)¢Bu, O = (Qo* TA1)G],

@ bW, V/A/dipole
> V/A

O, = (¢ Dur'o)(@r'v#Q)  Opy = i(3' D) (Brb)
> Weak dipole
OfW = (OU#VTII)SZWLV ObW = (OO-HVTIb)SDW!iV

@ ttZ, V/A/dipole
> V/A

0% = (¢! Dup)(@1#Q)  Opu = i( Dug)(Br1)

> Weak dipole Oy

Cen Zhang (BNL) SMEFT @ NLO October 26
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Single top at NLO

St i & i W] 7 GHEniels pr distribution in ¢-channel (normalized)

t t t t
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pp — ttV and ete~ — tt at NLO

tty /HZ tt~y, pr () distribution and K factor
ete” =t
thy, LHC13  pr)>20GeV oo\ o
u=m;, Cig=4, A=1TeV oMo -
E TE SsunLo*Colilo— 3
3 s 0+Cold -
k=S
& 3
£ o1} £
) o
© B
0.01
tt cross sections at ILC 315
g 4
@ ol 0S| .
500GeV SM O Og5) Oy Opt  Owy  Oip ~ 15F 3
B, 56 0 153 -153 -13 272 191 T 1 -
Do 647 622 180 -180 -1.0 307 216 et =
K-factor L14 N/A 117 117 078 113 113 L d =
o 0 072 071 072 604 272 Mip L Tt ——
oBio 0037 083 082 08 688 310 0 50 100 150 200 250 300 350
= pr(y) [GeV]
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2. Top+Higgs: O:g, O, Or

@ In this case we are interested in operators
involving t/H/g fields.
O =¥ (¢79) (@1) &
Od)G _ J’rz (¢T¢) GﬂVGAw/

O6 = 1igs(Qe™" TAdaH,

@ In particular, Higgs cross section
constrains only a combination of Oyg,
O, and Oy,. Need other processes to
resolve.

[C. Grojean et al.] [Q.-H. Cao et al.] [A. Azatov et al]. . .

@ Key processes:
> (NLO) tt production, constraining Oyg
> (NLO) pp — ttH, all 3 operators
» (LO) Loop-induced processes:

@ gg — H, all 3 operators
@ g9 — Hj,HH,---

pp — tt: Oy
I <
pp — ttH: O, Oy, Ot

LT3 >
T >

T e

October 26
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pp — tt: O
Top chromo-dipole moment Ojg in tt production:

@ Cross sections

; 2 _ 2 p— ’
Oy cross sections (Cig /A" = 1/TeV<) Decayed top: spin correlation
Bi| LO[pbTeV?] | NLO [pb TeV?| K factor os——

Tevatron| 1.61°3:8 (9% 118105098 (50550 | 112 [ pp-ttatLHC13
LHCS [ 50.73173 (3% 72627828, T2 70 [ 143 [ (N)chnHERstGe

(429.7%) 29.0 (+12.1%) L » -
LHC13 |161.67359 (7 a% 239.5737% Ciasn 148 0451-C IN=1TeV

- S0 (T30:0% S
LHC14 [191.3%338 (729001 283.07335 (100 | 1.8
0.4f

TSM(NLO)+O _(NLO)

Limits on C,G//\2 z E T SM(NLO)
gaas—
LO [TeV~2][NLO [TeV—2] -
Tevatron | [-0.33, 0.75] | [-0.32, 0.73] 2 [ 9
LHC8 |[-0.56,0.41]| [-0.42, 0.30] o3 3
LHC14 |[-0.56, 0.61]| [-0.39, 0.43] L %
025; 2'
@ Distributions r g
E.g. Arg = 0.095 + Cig x 0.021(TeV/A)? P N N I B
@ Spin correlation taken into account by 8 gin] )
MADSPIN.
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ttH production

2 4
o=ogy+ 2 %CIGI + i< w%cicjaij
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o ~0.055% 3 01570005 6.001 ~0.119% 5 00t 00675000 ~0.062% 8- 00310001 75,001 ~0.128%8-001 000275500 113
Toc 0.627+ 0 3250 060 008 1351 G O A RE o 00k 0.872 G ISR O0Ne 1722t et O 0ae 0 00s 1.39
o 0.47040 13773 00510 0e 1.01418: 308130040 001 0.508+0 030 T8 00510 0k 0.901 40 00T 8 et o 00 1.07
Tegee  0-00161 G 00t OO 50000 0-00351 G 00t O O00a 60000 0-0019F G BTt Oo06 00000 0-0087 10 O0TL Y G030 0000 117
sea,ea 064670 TTEHOIGTON0 1.392F 0 0t 0 2515 0t 1021 1t G GRE 0 0% 201635 35T 0T 0 0% 1.58
saee 0645 0 IRTO TR0 1.3901 00851 003175 016 0.674 080 L0 0070010 132870 0t 0 00a 0 018 1.04
Tigec  —0.087IG 0T GO0 500 —0.081+ 3 05160155500 ~0.053% - 00800047 6:001 ~0.105%8-005 300775500 1.42
segec  —0.028TG R0 OONTE N —0.060%3: 00030055000 —0.031+3: 005130003000 —0.061+3- 0001300315 %00 1.10
soa,ec 062710 R8T 0RO dos 134070 0381 01057 0.000 0.850 0 10T G 50T 0 0ne 1691 g 18Tt O Osa T 0,00y 1.7

@ We quote three TH errors: g F scale uncertainty,
nerr scale uncertainty, and PDF uncertainty.

@ .er7 scale uncertainty is due to scale dependence
of operator coefficients — including operator

mixing effects.
> Cig — C¢G — C[¢

g (BNL)

Mixing of { O, Op» Ot}

dCi(n) _ as
= 2 G
dlog 1 - Yij /(l")
16 8
~ = —-7/2 1/2
0 1/3
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New scale uncertainty from EFT running

@ Apart from running of as, the running of C; introduces additional scale uncertainties. Let
et be the scale where we define an EFT.

1Te

1Te
o =osy+ Z C (nerr)oi(perr) + Z
ij

Ci(MEFT) Ci(perr)oij(err)

@ The TH uncertainty due to ugrr (around a central scale ) is estimated by

ai(pos 1) = Tji(p, po)oj(ue) 5
aji(po; 1) = Tril, o) (e, o)ow (1) -

varying p from g /2 to 249, and I is the running matrix:

Ci(p) = Tj(p, o) Cj(po)
\BROOKHAVEN
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New scale uncertainty from EFT running

E.g. consider Oy contribution to loop-induced pp — H, HH (setting other
operators to 0), the uncertainty is characterized by o(m;; perr).

pp — H, HH
T T T T 0.06 T T T T T
60+ pp~HLHCI3 | [\ pp—~HH LHC13
0041 ]
40 [ \C;oo
0.02} )
20 [
— — 000" —— - 1
2 o Ic [ ~
b 5 -0.02- / 1
-20 Py T 004 ]
-40p 1 006!
60t mp2 2m, S -008), m2 o m
20 50 100 200 500 1000 2000 20 50 100 200 500 1000 2000
prrr(GeV] prrr(GeV]
v
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ttH: RG vs full NLO

@ How much of the full NLO corrections are coming from renormalization group
(RG) running?

@ Are NLO dominated by log(A/my) terms?

@ Or QCD corrections can be much more important than logs?

———1
; ; TFUTNCO | —

18[ 0y6 NLO]
3
K
5
LS o)
T o140 1
g . 0y NLO
$ L T
12 g0 e - 1
I B 0O NLO

100 TS

Oc LO LO af2TaV |
150 200 300 500 700 1000 1500 2000
HerT[GeV]
v
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Suppose a full theory is matched to
an EFT with OY¢>7 O(;M;7 OiG at 2 TeV.

We can compute o at LO p =2 TeV,
where we normalize results to 1.

We can also improve these results
by running the theory to m;, and do
another LO calculation. This
increases o by 0 ~ 50% depending
on operators.

However the full NLO corrections
are much larger.
DROMRATEN,
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3. Top FCNC

@ FCNC operators:

» For testing qtg/qtZ/qt~/qtH couplings.
» Key processes: q+9g —t,q+g—t+2Z/y/H,and ete” —
[Degrande, Maltoni, Wang, CZ] [Durieux, Maltoni, CZ]

BROOKHAVEN
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https://arxiv.org/abs/1412.5594
https://arxiv.org/abs/1412.7166

FCNC operators
Q @roz.

o148 _; (waIDHW) (EWLT/Q)

©Q
O$g+3) — (quDmp) (av* Q)

00s® =i (o¥Due) (@v*1)
Q@ @ qu)V,., “weak dipole”

1 = 5
01(1V|3/) = (qo'HVTIt)APWLU

o) = @ @By
e (Uo*¥ qu t)Gy,, “color dipole”
13 = -
ol = @ Tneah,

Q utn. vukawa’

o = (pte)ans

Cen Zhang (BNL)

SMEFT @ NLO

FCNC ¢ decay

e

/

FCNC ¢ production

v
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FCNC cross sections

pp — ty
Some cross sections have been validated with
[J. Gao etal.] [Y. Zhang etal.] [B. H.Lietal] Lo NLO
[Y. Wang et al.] Coefficient  o[fb] Scale uncertainty o[fb] Scale uncertainty
546 +14.4% — 11.8% 764  +6.9% — 6.4%
100 +12.0% — 102% 234 +152% — 115%
0.739 +11.50% - 9.8% 1.19  +7.7% — 6.5%
pp — tZ 152 +10.6% —9.6% 258 +6.8%—6.0%
0.590 +12.1% — 11.1% 195 +16.4% — 12.3%
LO NLO C2) veto 0457 +122% - 11.2% 1.04 +10.3% — 8.9%
Coefficient  o[fb] Scale uncertainty o[fb] Scale uncertainty -
CO =10 905 4129%—109% 1163 +62% — 5.6%
CV =09 1737 +11.5%—9.8% 2270 +6.6% — 6.2% pp — tH
3) 301 +17.5%— 138% 360 +3.8%—52%
294 +17.7% - 13.9% 349 +34%-5.1% LO NLO
732 +104%—-93% 107 +6.5% —5.9% Cocfficient  o[fb] Scale uncertainty ¢[fh] Scale uncertainty
172 +1.5%-172% 255 +6.1%-52% Cly) =35 2603 +13.0%— 11.0% 3858 +7.4% — 6.7%
692 +113%-99% 106 +5.8%—54% Ci' =004 40.1 +16.5% —13.2% 507  +4.0% - 5.2%
658 +11.5%—10.1% 100 +5.7% —53% 2 171 497%—87% 310 +73% —6.3%
Cl2) =009 953 +11.0%-97% 166 +55%—5.1%
v
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https://arxiv.org/abs/0910.4349
https://arxiv.org/abs/1101.5346
https://arxiv.org/abs/1103.5122
https://arxiv.org/abs/1208.2902

Summary

@ NLO predicitons in SMEFT are needed for precision pheno, have
impacts on global analyses, and improve our understanding of the
theory.

@ They have started to appear in the past several years, in both the
Higgs/EW and the top-quark sectors.

@ Systematic developments have started, based on the automatic
MADGRAPH5_AMC@NLO framework. Main production channels
of top and Higgs are becoming available. Results can be directly
used in experimental analyses.

BROOKHAVEN
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Backups
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MEM
Operator | Uncertainty on c,-/\:2 (TeV'_z)
Yields only | A¢(/*,17) | Variable D;

Orc 0.0057 0.0057 0.0057
O¢ 0.072 0.071 0.049
Osc 0.19 0.18 0.17
o0&l 0.32 0.31 0.24
02%3 2.23 2.06 1.29
0® 0.55 0.46 0.36
o® 0.73 0.63 0.50

[Vincent Lemaitre, Sebastien Brochet, Sebastien Wertz]
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http://agenda.irmp.ucl.ac.be/getFile.py/access?contribId=1&resId=0&materialId=slides&confId=2218
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