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Outline

e Top and Higgs from the EFT perspective. With a focus on:
e Their interplays at the LHC
¢ New theory ideas/tools
¢ Global approach

e Will not cover the BSM perspective (see talk by Jia Liu) and the SM
theory progresses (see talk by Jian Wang)



Top Quark: A Unique Particle

* Top quark is the heaviest elementary particle: 172.9+0.4 GeV ->
y=0.994+0.002 (near-unity Yukawa)

* Decays (1,~0.5x10-24s) before hadronizing & spin-decorrelation >
Bare quark properties, maintains spin-correlation in decay products

« Uniqueness of its phenomenology basically comes from its large mass.
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The top Is special

- Rtisrich. It is the elementary particle with the largest mass so far.

o Itisstrong. m, = vv//2 =174 GeV= v, = |

!

o Itisnaked. Thu=h/Acco = 21075
Tap = h mt/ Aocp ? >> Thad

Tiop = h/ Top =1/(GF me [Vip|¥/8TT4/2) = 5+ 1025

© Itis popular. oftt)~1nb @ LHC13

2 A2 f
~ It goes beyond (the SM). dm; = — 3G Fm; A

A(Mp;) = —0.0113 — 0.0065(m; /GeV — 173.10)



The top Is special

1. Itis rich m—~173GeV
2. Itis strong y~|
3. Itis naked tdecay™thad
4. It is popular Ouw~Inb @ LHCi3  top is sensitive to QCD&EW
272
>- It goes beyond smy = — SCEMA” y (Mpy) = —0.0113 — 0.0065(m, /GeV — 173.10)

24/272

1. He is rich
2. He is strong
3. He is (often) naked
4. Heis (un)popular -
5. He goes beyond (reason)

C/zr/siop/]e Grcejean Beyonc/ Zhe Z‘op 3 Bad Newenahr, ¢ Sept 2018



The Top-Higgs coupling in SM
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e Mass generation with gauge invariance

o Top is a window to EWSB: enhanced couplings to Goldstone. Higher-dim terms give effects growing with energy.
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The Top-Higgs coupling beyond SM
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See [Ren, Wu, Yang, '19] [Cao, Xie, Zhang, Zhang, ’20]
for CP test in ttH
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Global SMEFT approach

6)(6) ®0®)
LEFTZESM-i-z:f’A2z +Zsz47’ +---
BSM; BSM, BSM; a
Dim-6 operators are present in different sectors: '
Higgs, Top, Electroweak, Flavor... -
/s?\
A global SMEFT allows to: measurements

¢ Maximize the information from measurements, and at the same time
keep some model-independence.

e Investigate the interplay between different measurements (from
different SM sectors, e.g. Higgs and Top).

energy
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In reality:
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Start from two interactions

O = v (#10) (Q1) .

Osc: = i ( ¢T¢) GA GA

Use with multiple channels to
break degeneracy, and extract
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Differential iInformation
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More possibilities

Other gg-initiated channels that resolve the loop / break degeneracy

HH ZD,/ Sensitive to ttH (ttHH contact term)

[Goertz, Papaefstathiou, Yang, Zurita, 1410.3471]

H7 ::D/\/k Insensitive to ggH (and dipo|e); [A. Azatovet al., 1608.00977]
Probe ttZ with energy enhancement ., . pewe
> ZM Probe t#Z (and ggH) with - / \\ |
less (more) energy enhancement Y] -\ N o
(See talk by Bin Yan) [ om0 4 v,
/“‘I' 1 ;, 7,
& 0.0 : + > :
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N Tt foff-shell]
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More possibilities

Other gg-initiated channels that resolve the loop / break degeneracy

HH &./ Sensitive to ttH (ttHH contact term)

[Goertz, Papaefstathiou, Yang, Zurita, 1410.3471]
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Connecting top, Higgs, and EW in SMEFT

SM Lagrangian is the most general renormalizable one. Couplings are all fixed by a few
input parameters (Gr, mw, mz, as...)

e To deviate from SM couplings, need the Higgs vev to reduce dim-6 terms down W.Z
to dim-4 SM-like couplings. 1

. . _ 1 [ —i(g"—Gig?)
o Vev <-> H <-> Goldstone <-> Longitudinal modes of massive boson. ¢ = NG (v s+ (h+(igd)
o Non-Higgs measurements (through vev) are connected to Higgs couplings.
e Higgs can be used as a tool to probe EW/top sectors.
e Activating vev -> H/Goldstone gives rise to energy-enhanced sensitivity. v2 -> E2

o Top has a strong coupling to Goldstones and is a window to EWSB.

o More interplay in loops.

15



Higgs as a probe of

-\ sector

. <= _
qaZ O, = (zHJr D, H)(uy"u)

Constrained in EWPO, by H — v/\/§
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What if H is active, by H — h/\/§ ?
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FIG. 2: We show in light blue (dark blue) the projection
for the allowed region with 300 fb~! (3 ab™!) data from the
pp — Zh process for universal models in the dxy — S vs 897
plane. The allowed region after LEP bounds (taking the TGC
Ay = 0, a conservative choice) are imposed is shown in grey.
The pink (dark pink) region corresponds to the projection
from the W Z process with 300 fb~* (3 ab™!) data derived in
Ref. [20] and the purple (green) region shows the region that
survives after our projection from the Zh process is combined
with the above W Z projections with 300 fb~! (3 ab™?) data.

[R. Franceschini et al. 1712.01310]
[S. Banerjee et al. 1807.01796]
[C. Grojean et al. 1810.05149]

16



ttZ vs ttW

ttZ coupling
from tt+Z production

s
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ty tHY'D  H

H—>\/Aev/

H -> Goldstone § ~ =—

>-

i.e. tW>tW scattering?
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ttZ vs ttWj
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ttZ vs ttWj
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ttZ vs ttWj
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More high energy tops

Single-top Two-top (tt) I '
w/o Higgs | bW — t(Z/7) (4.1.1) [tW > tW (5.1.1) t
t(Z/y) = t(Z/y) (5.1.4) W
w/ Higgs |[bW — th (4.2.1) | t(Z/v) = th (5.2.1) 4
th—th (5.2.4) ! I
Helicity amplitudes computed, and energy-growing ’ t ! t
channels identified W+ t
W Z[v
Z[v
< tZW and tZj optimal to access b W to t Z. g t q q

+ tHW and tHj optimal for b W to t H.

 ttX processes are challenging because suppressed by s-channel
propagator.

% Adding a jet increase the sensitivity (J. A. Dror et al. arXiv:1511.03674).

 ttXY and VBF-tt are promising but rate-limited (e+ e- collider for VBF).

+tZtotHandtH totH are the most difficult (future colliders).

Mantani, talk at EPSHEP 2019
[Maltoni, Mantani, Mimasu, 1904.05637]
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Single top+Higgs/Z: helicity amplitudes

[Degrande et al.; JHEP 1810 (2018) 005]
tHj 2>2 sub-amplitude: bW>tH
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Single top+Higgs/Z: helicity amplitudes

' i D d l.; JHEP 1810 (2018) 005
tZj 2>2 sub-amplitude: bW>tZ [Degrande et a (2018) 005]
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Single top+Higgs/Z: helicity amplitudes

oz, PP > 250 GeV
== Existing individual limit
LO sensitivity
== NLO sensitivity
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More high energy tops (t+2V!)

Cross section measurements of processes with a
single top quark and two vector bosons with the

[Tommy Tschida]

CMS experiment

g t
F q
T z a
W+
b W~ VA
b
c Limit on C; (TeV~2)
" | individual [37] marginalised [37]  Run-II Run-I11
Ciz | [2.8,4.5] -2.1,4.0] -2.95,3.03] | [-2.33,2.42]
Cow | [0.4,0.2] -1.8,0.9] 1.32,1.87] | [-1.00,1.56]
Cypr | [6.4,7.3] -13.0,18.0] | [-20.70,11.68] | [-17.67,8.65]
Cow | [-9.4,9.5] -27.0,8.7] -7.97,7.95] | [-6.33,6.32]
¢ | 09,06 [-5.5,5.8] -5.52,1.66] | [-5.02,1.15]
Cro | 42,39 -3.5,3.0] 12.72,8.57] | [-10.63,6.48]

Table 8.1: The Run-II and Run-III limits of the Wilson coefficients in comparison with

the individual and marginalised limits of a recent global EFT fit [37].
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Higgs at off-shell

HC HwH Growth
2
I"' E
--.‘ R — v
K 06 \\\ ~ Az
kz~ | Oww
KZV Or
kg Ogg % ~ AT

[Henning, Lombardo, Riembau, Riva 1812.09299]

(See talk by Junmou Chen)
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Top loops

ttZ @ HL-LHC:

Recall the ttdP term from opening the ttZ operator:
5CA g 0.2

tytH D 0wy > =)

Instead of embedding in pp>ttWj, could also use loops:

Y

FCC
0.06 ———————————————— T

0.04}
0.02]

0.00}

-0.02}
~0.04f - ff {4

-0.06}

__87"l||-."|.|| T R S
-0.06 -0.04 -0.02 0.00 0.02 0.04 0.06

6CA

[Azatov, Grojean, Paul, Salvioni ’16]
[Englert, Rosenfeld, Spannowsky, Tonero ’16]



Top loops

Recall the ttdP term from opening the ttZ operator:

tytH D 0wy > =)

Instead of embedding in pp>ttWj, could also use loops:

ttZ @ HL-LHC:
5CA 5 0.2

ey
ey

Using Z boson polarization to identify the Goldstone modes [Cao, Yan, Yuan, Zhang '20]

6 ||||||||| [TrrrTITITT | L L L T
- 7
1 -

& | [—6a,=—04 6at_0.4 I
§ SE—bv=-04 —ov=04i 7
oo 4F ' .
2 3¢
= . f
52
& 1F
200 400 600 800 1000
1.0¢ )
e —6a;=—04 Jat_04 E
= (0.8F —dv=—04 = ovi=04 =
Q = —SM ;- :
5 0.6
< : _
& 0.4;~ (b) sed
a 0.2 _ﬁ
0. 8'—' R E
00 400 600 800 1000

myy [Ge V]

02

~0.4f

-0.8

—1.2k

0.8

| 5 t7j _

Wzze13 | ZZe100

0.4

o.o;

D

e e T e e e T e S S

— e e

. e e e -

R T S

—O4 OZ 0.0 0.2 04
OV

(See talk by Bin Yan)

See also

[He, Wan, Wang ’19]
Constraining HZZ couplings

[Lee, Park, Qian ’18]
Other BSM scenarios in VL VL mode
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Top loops: EW

Most Higgs channels involve top 1) Indirectly constraint top couplings [Vryonidou, CZ 18]
couplings through loops, and some top-
EW couplings are not well constrained. : —

g N

q:i - R . O Current individual

Al

2 40

% [ = . [0 Loop—induced individual ygpr=125 GeV

— 30 B [1 Loop—induced individual ugrr=1000 GeV

8 - [0 Loop—induced marginalized pgpr=125 GeV
20+ M [0 Loop—induced marginalized ugrr=1000 GeV

—_
o

N HWHH wrl LT Il

| C¢t Cq(bg C¢(5_Q) C¢tb 10 CtW 10 CtB 1 OCt¢

2) Degrading the Higgs precision (within current limits)

0%} ~vZ bb WW* N TT [LLL

gg |(-100%,1980%) (-88%,200%) (-40%,48%) (-40%,47%) (-40%,46%) (-40%,48%) (-40%,48%)
VBF |(-100%,1880%) (-88%,170%) (-6.1%,5.3%) (-6.8%,6.7%) (-8.8%,9.2%) (-6.2%,5.9%) (-6.2%,5.9%)
WH | (-100%,1880%) (-88%,170%) (-5.5%,4.2%) (-6.1%,5.6%) (-7.8%,7.9%) (-5.8%.,5.1%) (-5.8%,5.1%)
ZH |(-100%,1880%) (-87%,170%) (-6.5%,5.9%) (-7.1%,7.1%) (-9.4%,9.9%) (-6.8%,6.7%) (-6.8%,6.7%)

See also [Vryonidou, Gu, Vryonidou, CZ, ’18] [Jung, Lee, Perello, Tian, Vos, '20]
for future CEPC and ILC cases
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“Higgs loop™: The trilinear Higgs coupling K
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[G. Degrassi et al., ’16] [Gorbahn&Haisch, ’16]

-----------------------------------------------------------

s Using EWPO at 2 loop --------- o emmmmemmeees “Loop-exclusive observables" ------------ .
(b/l/,‘\\(bl ¢1/,_?\\\¢1 ' E z / N /6*
! W / \ W W ,/ | \\ W : 1 AszZn | X O
AVAVAVAVAVA MAA AN 191 nAAAAS ' g N N
1 \\ // \\ I // : ' f n n ;
T R
¢+ : : Z 'vvvvw A et W ~SAN—<— t
a) b) ! v = X IL'Tww< + ”Vvii X + [ X >-v~<
: . : H ----- S o e - W Aanw—s— e 7
: d)l P ¢1 ¢1 ) . ¢1 : : s12 > my, +my /2 > omy, 52 > om,
E W // |¢ \\ W W //’ \\\/// \\\‘ W : : NN —— NP
: % VAVAVAVVVAVAV] /9\ JAAAVa : T y >M<
E W gy or e 1T N

: c) ] ] d : :
: [Degrassi, Fedele, Giardino 1762.01 737] ' [J. Nakamura & A. Shivaji 1812.01576]

---------------------------------------------------------------------------------------------------------



The way ahead

o Pattern of deformations : ;
enter many observables TMFT° a global picture

_ o\)i33i _
in a correlated way. g)ml: . {05;)”33(:38()1 e 02,’8),}
o3)ii33 : 0,7 > Ouu
o Global fit is the only way 2 I
to capture all info and at — ——— -
the same time providing 1 E !

truly model-independent
iInterpretation.

o Will need precise

|

prediction for a wide ﬁ : T J
range of channels. |
_oillyl di)ul)le_ irlsei'ti(_)n_ /I

¢ Which incorporate
predictions in SM (for

reach) and in SMEFT (for
Interpretation and loop-

» this is a LO picture

» NLO has more connections directly and through
operator mixing

> arrows show contributions at O(A~2) and O(A™*)

. P.Galler(University of Glasgow) TopFitter ICHEP2020, 31.07.2020 4
induced channels).
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Th

e way ahead

e | 41513 Tey
¢\ | = Others Profiled (1o) - CMS
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Wilson coefficient Cl / A2 [TeV'Z]

CMS PAS TOP-19-001

ATLAS Preliminary — 68 % CL
Vs =13TeV, 13907t e 95 % CL
—e— Linear
my =125.09 GeV, lyy| < 2.5 Linear + quadratic
SMEFTA =1 TeV
[ o1 | PO
CHG,uG,uH,tOp (x10)
B) | ————
c;iq *—
Juo P
HW ,HB,HWB,HDD ,uW ,uB —_— P
-0.25 -0.2 -0.15 -0.1 =005 O 005 0.1 0.15 02 025
J ) N —— 4 ...................
HW ,HB,HWB,HDD ,uW ,uB ——
Ju -
Hu,Hd,Hq" el
A —e
HG,uG,uH ¢top : °
-2 -1.5 -1 -0.5 0 0.5 1 1.5 2
| U A — P E—
HW ,HB,HWB,HDD ,uW uB —
L e
HG,uG,uH ¢top
AU ——
HI®
[1] Y P —
cHl“),He (XOI) . Ij ..
-10 -8 -6 -4 -2 0 2 4 6 8 10

Parameter Value

ATLAS-CONF-2020-053
See also talk by Xuyang Gao and many others
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The way ahead

Pattern of deformations G. Durieux,! M. Miralles,? V. Miralles,> M. Moreno Llacer, 2 A. Pefiuelas, 2 M. Perell6,2 M. Vos,? C. Zhang,?
en‘ter many Observables 1 Physics Department, Technion-Israel Institute of Technology, 2 Universitat de Valéncia and CSIC, 3Institute of High Energy

. Physics, Chinese Academy of Sciences
In a correlated way.

] S L _________ A A S <{Inclusfve ZW_\)
Global fit is the onIy way Copr | | | . ! —— Inclusive 2020_—
to capture all info and at S _— Diff. (EXPECTED)
the same time providing Con| ] | | ; | | ‘
truly model-independent N SRR SRR o o I D SRR
interpretation. < ('"Z: _________ - - ~— _______ - - - |

S o | | —

Will need precise 5§ R B REeE R e e ——— e
prediction for a wide £ o | T =
range of channels. s (t/?_ """""" I
Which incorporate Cro : | |
predictions in SM (for B I roTTTT T rTTTTeeees A I I
reach) and in SMEFT (for | i | § | | | ? |
interpretation and loop- | L o ("””m . o
. -10 =5 0 5 10
induced channels). Values (TeV~*) \/. Miralles, Poster at TOP2020
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Precision iIn SM

®

®

®

®

®

®

®

NNLO spin correlation [Czakon, Mitov, Poncelet '20]

ttbar coulomb corrections in [L.-L. Yang et al. ’20]

NLO ttW [G. Bevilacqua et al. '20] [Denner & Pelliccioli ’20]

NLO tt+gamma [G. Bevilacqua et al. "20]

Higgs 3 loop finite mass [Czakon, Niggetiedt '20] [Praise, Usovitsch 20]
Higgs 4 loop large mass expansion [J. Davies et al. "19]

Talks by Jian Wang, Tao Liu, Yang Zhang, Xiao Liu, ...
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Precision iIn SM

Automatic NLO+PS for all processes/operators

MG5_aMC>import model SMEFT
MGS5_aMC>generate pp >t t~ H NP=2 [QCD]

MG5_aMC>output
MG5_aMC>launch

ANCEVOH YO
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B0 020 80705030l 3 R gl atl:

TN RO O

i 70NN ORON ) Chelal i
MY WA NSO A el et

Y

o

<

—FT: automatic NLO

arXiv.org > hep-ph > arXiv:2008.11743

Help | Advance(

High Energy Physics - Phenomenology

[Submitted on 26 Aug 2020]

Automated one-loop computations in the SMEFT
Céline Degrande, Gauthier Durieux, Fabio Maltoni, Ken Mimasu, Eleni Vryonidou, Cen Zhang

We present the automation of one-loop computations in the standard-model effective field theory at
dimension six. Our implementation, dubbed SMEFT@NLO, contains ultraviolet and rational

counterterms for bosonic, two- and four-fermion operators. It presently allows for fully differential
predictions, possibly matched to parton shower, up to one-loop accuracy in QCD. We illustrate the
potential of the implementation with novel loop-induced and next-to-leading order computations

relevant for top-quark, electroweak, and Higgs-boson phenomenology at the LHC and future

=
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b —— a7 [GeV'] ttH production
0.006¢ odp.(H) LHC13, (N)LO
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MadGraph5_aMC@NLO
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Non-universal K-factors

F tiy, LHC13 Pri>20GeV o

A T .
MadGraphS_aMC@NLO

r ~ in rates and distributions [ e, Cig=4, A=1 TeV oo - ]
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[Degrande et al., 2008.11743]

0.08
: : — SM/1000 ~ cb,/10
[ pp -> 4 top 4.3 sigma evidence, ATLAS-CONF-2020-013 ) 0.06. & -
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FIG. 1. tt invariant-mass distribution of the interference be-
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(Ioop-sensitivity, gg -> H/Hj/HH ﬂ

:D.__
\Z>"

[Maltoni, Vryonidou, CZ; JHEP 1610 (2016) 123]

[Degrande et al., 2008.11743]

( gg -> H/HH/HHH \

7
SM oo

Shbhbhioanmwbwiv-
a —

1/0; doy/dp” [bin™"] H:l &rgduction gq:: T T T T T T T :
¥ = I _1
20 | HL—LHC 3000 fb A
_ 10t )
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\ . J | -0.04 -0.02 0.00 0.02 0.04
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FIG. 3. Linear and quadratic contributions of the five rele-
vant operators to H, HH, and HH H production at a future
100 TeV pp collider, normalised by the corresponding SM pre-
dictions.

The projected FCC-hh reach: 1%, 5% and 50% on H, HH and HHH
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Towards global SMEFT fit @ NLO

10% 5
BN Top (NLO, A™%)

=+ e (00,1 PRELIMINARY

e Global fit in the top-quark 10
sector: SMEFIT '

[Hartland et al. ’19]

o Exactly where
automation is crucial

(1/TeV?)
\

—

[}
—

nl

[=]
l

e Level B

N

o Now being extended to add
Higgs/diboson data

Opdi | _O
Otap 4 (D s

h Y

\ QD

—

\\ Ocp O

Ospi2 { 2

gREQS 85385945
2028 % s°c g g8’
I O P

—— —

boces | Daisset | vi | o | Obserble | N | R Ethier, Maltoni, Mantani, Nocera, Rojo, Slade, Vryonidou and CZ in progress

_ do/d| do /dpT 5, 8,
tt ATLAS_tt_8TeV_ljets | 8 TeV lepton-+jets o/ digl, do/dps, [94] Process | Dataset | Vs ‘ Info ‘ Observables ‘ N, Ref
do/dmuz, do/dlys| | 7,5 det
doJdye, do JdpT 10 8 Single ¢ ’ CMS_t_tch_8TeV_inc ’ 8 TeV ‘ t-channel ‘ Otot (t), oot () (Re) ‘ 2 (1) | [111]
7 CMS_tt_8TeV_ljets | 8 TeV lepton-+jets Yty GO/ 0Ps » »2 | [95] -
do /dmyz, do/dyz | 7,10 Single ¢ | CMS_t_sch_8TeV | 8 TeV ‘ s-channel ‘ oot (t + 1) ‘ 1 | [112]
d*c [dy.dpT 16, Process I Dataset | \/5 | Info | Observables I Naat I Ref Single ¢ | ATLAS_t_sch_8TeV | 8 TeV | s-channel ‘ oot (t + ) ‘ 1 | [113]
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Towards global SM

—FT fit @ NLO

o Global fit in the top-quark

102

BN Top (NLO, A™%)
Bmm Top + Higgs (NLO, A™%)

PRELIMINARY

sector: SMEF
[Hartland et

o Exactly w
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BN Top + Higgs (LO, A‘4)1

o Now being ex
Higgs/diboso
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Summary

With Run Il finished, and Run lll, HL/HE-LHC, future CC/LC waiting ahead, we are entering a phase
where we can better see how top and Higgs are connected with each other and with the rest of the
SM, even in the context of searching for BSM.

New ideas to benefit from these connections, including but not limited to:

o Exploring the E2/A2 effects by activating H/Goldstone fields, and embedding the core process in
multi particle production.

e Loop-induced channels further open up new possibilities.

SMEFT framework well understood, (NLO) tools are available, with which many new ideas/
observables/calculations have been proposed and investigated, in case studies, with certain TH
assumptions or restrictions, to demonstrate that how and what we can learn by connecting different
sectors in the SMEFT.

Yet, we should keep in mind that a global perspective is very important in such a situation, and we
need it to quantify the actual benefit, to answer more realistic questions, and to provide useful
inputs for future strategies.
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Thank you

39



Higgs self-coupling

157
Constraints from pp - jj /“v/*v h at HL-LHC
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Talk by M. Riembau



HL-LHC projections:
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HL-LHC projections:
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HL-LHC projections:

Talk by M. Riembau
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SMEFT

AObs, = ObsEXP — 0bsSM =

r@Pattern of SM

deviations enter many
observables in a
correlated way.

e To be identified with
global fit methods

~

1 1
— (6) (6)
7 247w +0 ( A4)
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SMEFT
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e To be identified with with uncertainties and
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e Most precise SM predictions
for observables: NLO, NNLO,
N3LO...
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SMEFT

AObs, = ObsEXP — 0bsSM =

r@Pattern of SM

deviations enter many
observables in a
correlated way.

e To be identified with
global fit methods

~

-

rSensitivity:

~

Most precise/accurate
experimental measurements
with uncertainties and
correlations.

Most precise SM predictions
for observables: NLO, NNLO,
N3LO... y

slc;|[/IN* < 6

A2>s|cl-|/5

I

Vs <A

1 1
_ Z: (6) (6) _
7 2 a,. () c, (uw)+ 0O ( 4)

flnterpretation:

o relies on sizes/
correlations of the c®)’s.
Their determination

SMEFT predictions.
-

requires the most precise

W,
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SM

—FT at higher order

Higher orders in SMEFT allows

e Accuracy

o

%NLO _

In case of no deviation found:

LEP
%LO

0.100 -

0.050 -
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0.005 -
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[] Single
[ Marginalized
Co' Cond 'Caa  Co® 'cC Cah Ci a

o Coa

%NLO _ %LO

0.050 [

0.010

0.005 |-

&LO

0.100 -

Cep

|

Cows

Cou

ILC GigaZ [1908.11299]

ca®

Cou

Ca

Ci

Ciq

(1

[] Single
[ Marginalized

EWPO fit
[Dawson, Giardino ’19]

( Even EW corrections lead to ~20% difference J
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SMEFT at higher order

Higher orders in SMEFT allows

e Accuracy

e In case of a deviation, changes our interpretation of the nature of BSM

e QCD corrections to shapes can lead to
bias in fitting results.

o E.g.insingle top, in case of 15%
(hypothetical) deviations observed in

future, LO/NLO lead to a different
direction of deviation from SM.

Ciw

03

*| O Scenario 1,NLO

[0 Scenario 1,LO
[[] Scenario 2, NLO
[1 Scenario 2,LO
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SMEFT at higher order

Higher orders in SMEFT allows

e Accuracy

e Precision: scale uncertainty improved order by order.

e Only if all operators along with their mixing/running taken into account.

(NLO)
O, = y2 (01 0) (QN)g

(LO)
Och = yt2 (SOT‘P) G':VGAMV

(NLO)
O = y19s (QoH TAt) gGf,

o[pb]

60 - pp—~HLHCI13
i [OO;O
40 —
20 o(total) 7
0 — V\ |
: Cy0g T~
-20+ ]
_ant §©
40 : oS
—60 - m/2 2m, .
20 50 100 200 500 1000 2000
HerT[GeV]

e Contribution from one
operator may become
the contribution from a
different operator, as
the scale changes.

e Only a global (fitting)
approach could make
sense.

[Vryonidou, Maltoni, CZ, ’16]
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SMEFT at higher order

Higher orders in SMEFT allows

e Accuracy

e Precision: scale uncertainty improved order by order.

e Only if all operators along with their mixing/running taken into account.

LO \U/ 200

L e T

((I)(I)Q<I)q (I><I>(( Q1P aqrG

but master integrals known

—100

NLO 1

—150

|

2-loop 1-loop 2Ioop
j:{ 0
' . —50
As in SM s in SM-HEFT Harder

pp — H LHC13

solid: NLO, dashed: LO

1.

~
SMEFT prediction can be
Improved order by order,
provided that all relevant

operators are summed up.

J

100

| iOOO
KEFT [GGV]

[Deutschmann,

Duhr, Maltoni, Vryonidou, ’17]
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SMEFT at higher order

Higher orders in SMEFT allows
e Accuracy

e Precision

¢ Improved sensitivity

e Accurate knowledge of the deviations (shapes, correlation between
observables, etc.) can be the key to disentangle the (SMEFT type)
indirect BSM effects from SM.

e Multi-variable analyses always benefit from accurate knowledge of
the signal.

o Loop-induced new sensitivity.
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Loop-induced sensitivity, e.g. to trilinear H coupling

O

o

O

Some times operators could first show At the LHC:

up at 1-loop. ! ! :
: . o et
This could imply new chances to : .

measure certain coefs. that are difficult

- @--x ,__H ‘.~——H
The trilinear Higgs coupling, K, ) o NS —,

is a well-known example.

[G. Degrassi et al., ’16] [Gorbahn&Haisch, ’16]

At the ee colliders: Using EWPO at 2 loop:
9’51/,[,‘.\ ¢1 o1 - ?1
W/ R wow S W
ANV NV AN :¢1 NNV
‘¢+’ ¢+ 77 o+
a) b)
¢4 N ¢1 ¢1
w0 wow T N W
:¢1 MAE A
W W gy 65 T s
c) d)
[M. McCullough, ’13] [S. D. Vita et al., ’17] [Degrassi, Fedele, Giardino 1702.01737]
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Loop-induced sensitivity, e.g. to trilinear H coupling

e Some times operators could first show At the LHC:

up at 1-loop. ! ! :
: : PR et
e This could imply new chances to / -

measure certain coefs. that are difficult

R ,__H ‘.———H
e The trilinear Higgs coupling, ), ) L, NS —,
is a well-known example. : oy N .
P ' Aren’t these “indirect”? 'al-, ’16] [Gorbahn&Haisch, ’16]

At the ee colliders: Using EWPO at 2 loop:
9’51/ -@ - b1 ¢1//1,_\ b1
W/ R wow W
ANV PN AN :¢1 NNV
?451 ¢+ 77 o+
a) b)
¢4 N ¢1 ¢1
w0 wow T N W
AGRVVVREVVY S S VYV
W W gy 65 T s
c) d)
[M. McCullough, ’13] [S. D. Vita et al., ’17] [Degrassi, Fedele, Giardino 1702.01737]
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Loop-induced sensitivity: from indirect to direct

®

Two “solutions”.
global fit.

et et
A VA
>w’/ >-/ ~20% sensitivity
A e Lo T
€ €

FIG. 1: NLO vertex corrections to the associated production
cross section which depend on the Higgs self-coupling. These
terms lead to a linear dependence on modifications of the self-
coupling 4.

-2 -1 0 1 2 3

HL-LHC

CEPC™

FCC-ee|™

ILC

CLIC|

bounds on 6k, from EFT global fit

........................

e+ 68%,95%CL bounds, lepton collider only
B | 68%,95%CL bounds, combined with HL-LHC

XX XX 8% CL bounds (combined with HL-LHC)

v == 68%,95%CL bounds, 1h only (w/ HL-LHC 1h)

[M. McCullough; 1312.3322]

(partially NLO) global fit
to include H loops

[S. Di Vita et al. 1711.03978]

14TeV(3/ab), rates & distributions

240GeV(5/ab) only (CEPC)
240GeV(5/ab)+350GeV(200/fb)

o0 240GeV(5/ab)+350GeV(1.5/ab) (FCC-ee)

FCC-ee with zero aTGCs

250GeV(2/ab) only

11952 1250GeV(2/ab)+350GeV(200/fb)
047 |above + 500GeV (4/ab)
4o |above + 1TeV(2/ab)

*0331350GeV/(500/fb)+1.4TeV(1.5/ab)+3TeV(2/ab)

+Zhhat1.4 TeV

*028hinned My, in vivhh (4 bins)

e or clever observables
[J. Nakamura & A. Shivaji 1812.01576]

r

.

If T (or equally CP) is

conserved, T-odd observables
are proportional to the

absorptive part

D

J

31/2>mz+mH 12 > om

AN\ pmge— NP

------- —— NP

512 > 2myp

4 )
Heavy NP particles / tree level
EFT operators are filtered out

\ ,

si2 > 2m,
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More loop-induced sensitivities

Diboson sensitivity to top couplings

ek g T

[Azatov, Grojean, Paul, Salvioni ’16] [Q.-H. Cao et al. ’20]

Cy.A
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>

Y

ttbar sensitivity to EW top couplings (via EW loops)
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[T. Martini and M. Schulze’19] And many more...

Higgs/EW sensitivity
to top couplings (EW loops)

[Durieux, Gu, Vryonidou, CZ 18]

Top decay sensitivity
to four-fermion interactions

W+

u

b

[Boughezal et al.; 1907.00997]



Single top+Higgs/Z

@

@

Ou: (p10) (QY) &

) <= —
Oy i(0" D o) (E7"1)

0% i(¢! D) (Qrho:Q)
Contact terms
Oz (Qopuut) g B*

0% : i(pt Dip)(Qrho:Q)
Witb vertex
O 2 (P Do) (byHt)

The tXj channels access the 2 — 2 sub-amplitudes, probe the energy
dependence due to unitarity cancellation spoiled by BSM effects, and reveal
the rich interplay between EFT operators from different sectors.

See also [Maltoni,Paul,Stelzer,Willenbrock,’01] [Biswas,Gabrielli,Mele,12]
[Farina,Grojean,Maltoni,Salvioni,Thamm,’12][Demartin,Maltoni,Mawatari,Zaro,’15]
[Dror,Farina,Salvioni,Serra,’16]
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