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Introduction

® Two main ways of extracting the Higgs self-coupling, <), at the LHC
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Introduction

e NLO effects give indirect access to interactions not easily accesible at LHC

v h3 contributions to single Higgs, e.g.

M. Gorbahn at al., JHEP 10 (2016) 094; G. Degrassi et al. , JHEP 12 (2016) 080 *
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v Used already in EXP analyses/interpretations...
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* First suggested in the context of future e+e- Higgs factories by:

M. McCullough, PRD 90 (2014) 1, 015001 (PRD 92 (2015) 3, 039903 [erratum]), arXiv: 1312.3322 [hep-ph]

Jorge de Blas

University of Granada May 24, 2022

Higgs probes of top-quark contact interactions at the LHC and interplay with the Higgs self-coupling

Ky,

600-61L0c-dNd-SAHd-11V



Introduction

® Two main ways of extracting the Higgs self-coupling, <), at the LHC

V(¢) = —p2 8" + Ap |9|" — V(h) = m2h? + Asvh® + I h?

Hadron
Collider
Already being implemented in EXP analyses
(see e.g. ATLAS-CONF-2019-049) but...
...not enough for a model-independent determination
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Introduction

® Two main ways of extracting the Higgs self-coupling, <), at the LHC

V(¢) = —p2 8" + Ap |9|" — V(h) = m2h? + Asvh® + I h?

Hadron ttH
Collider :

Not enough to add LO couplings (for the LHC)!... Why?
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Introduction

e NLO effects give indirect access to interactions not easily accesible at LHC

v h3 contributions to single Higgs, e.g.
M. Gorbahn at al., JHEP 10 (2016) 094; G. Degrassi et al. , JHEP 12 (2016) 080 *
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v Other new physics effects can also modify single Higgs processes at the same
order in perturbation theory! For instance,
4 N
/ e g\j\f\j\j\ ; b
ggh: b _ho tth: h—bb: h<><
p g X
TR 0000 P
4g-g1l-=°I;thor;ze—r>ab‘b:oar:clAhLi?y eé‘t:[g' Can difficult the interpretation of
and e)’( e:'imental bounds are weak single-Higgs processes as probes of h-
. J

Conversely, one can use Higgs data to probe such interactions, similar to what was proposed in
G. Durieux, J. Gu, E. Vryonidou, C. Zhang, Chin. Phys. C 42 (2018) 12, 123107 (at future Higgs factories)
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Extraction of the Higgs trilinear is only robust

when interpreted within a consistent (preferably model-independent)
theoretical framework

= Effective Field Theories

o —

A

We don’t need to know this to describe the physics here

Model-Independent interpretation requires to introduce all
interactions entering at the same order in perturbation theory,
unless experimentally very well constrained
(again, in a model-independent way)

In this talk we focus on the case of 4-Top operators, which is another set
of interactions that is currently weakly constrained and compute their
NLO effects in single Higgs observables

onversely, Orie dall USe Higo Jald (O Prope UCT INnter 0] Tilar 1O wihatl Wg PDroposeada i

G. Durieux, J. Gu, E. Vryonidou, C. Zhang, Chin. Phys. C 42 (2018) 12, 123107 (at future Higgs factories)
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The Standard Model Effective Field Theory
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The dimension-=six SMEFT

e We will work within the formalism of the EFTs...

O +—— €

We don’t need to know this to describe the physics here

® ... and,in particular,in the SMEFT: SM particles and symmetries at low
energies, with the Higgs scalar in an SU(2), doublet + mass gap with new physics
(entering at scale A)

Luv(?) — Lexr=) 44 ﬁﬁd = Lsm + %ﬁs + ﬁfaﬁ + .-

EFELA
L,=Y,Cl0, 0] =d —» (%)d“l

® |eading Order (LO) Beyond the SM effects (assuming B & L)
= Dim-6 SMEFT: 2499 operators

e |n this talk, we will follow the conventions of the Warsaw basis
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The dimension-six SMEFT: 4-quark operators

® We focus on the set of 4-fermion interactions between 3rd-family quarks:

-
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J

® |n particular, several of these mix under renormalisation with the operators
modifying the Yukawas (enter at LO in the relevant single-Higgs processes):

[ AL = (O“b HOQrodtr + bﬁ S OQrdbr + h.c.)

J

® We will discuss the interplay with the Higgs trilinear = consider the operator

[ AL:SMEFT
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The dimension-six SMEFT: 4-quark operators

® We focus on the set of 4-fermion interactions between 3rd-family quarks:
4 D ®) ™
Ct F oAk Cor 5 F oM Co A p
ALyppr = e —~— (LrYutr)(tRYtR) + F(QL%QL)@RV tr) + A2 2 (Q T, Qr) TRT " tR)

C(l) B B 0(3)
+ ﬂ(QJ;%QL)(QLWQL) +

Q2Q QLo QL) (QLoa" QL)

chth Cgt)c?b A TAL N\ (LA
(QLtR)ZU2(QLbR) ‘ (), T tR)ios(Q; T br) + h.c.

(1) (8)

Cy, C _
brubr) (0rY*br) + 5 (TRt ) (bry*br) + 5 (Tr T45,tr)(brRT7"bR)

A2 ( A2

Coy Con _
(QuQr) (bry"br) + A2 QLT QL) (brT"¥"bR) ,

Either because chirality or because they only enter in bottom loops,
° In Pa| these will have very small effects in Higgs observables and can be neglected 'S

mOdl < - TRAVV S - = - - = =T g — TTCTCE ):

Y —
[ AL = ( 2ot Qrotr + bj S OQrdbr + h.c.) ]

® We will discuss the interplay with the Higgs trilinear = consider the operator

¢ F N3 C¢U4
AESMEFT A2 — (079)”, — 0Ky = _Qm}glAg
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The dimension-six SMEFT: 4-quark operators

® We focus on the set of 4-fermion interactions between 3rd-family quarks:

[ Cit - - Cgt) = < Cgt) = <
AL rr = F(tR%tR)(tPﬁ” tr) + F(QL%QL)@RW” tr) + F(QLTA%QL)@RTA”V“ tr)
0 o)

C Va) - — _
i %(QL%LQLXQLVMQL) ™ /g@ (QLoaQr)(Qroa"Qr)

ob . o® .
+ it;?b <QLtR)7;O_2(QL bR) + it;?b (QLTAtR)iOQ(QLTAbR) + h.c.
(1) (8)

Chp ~ . Co 7 A Co_ b
i A—Z)(bR%bR)(bRW br) + ALg(tR%tR)(bRW” br) + ALZ(tRTA%tR)(bRTAV%R)

(1) (8)
CQb — - L CQb A A 1 A p
+ F(QL%LQL)([)R’Y br) + F(QLT QL) (OrRT 7"br)

L

® Note that these interactions are also relevant from BSM point of view, e.g.
v Composite Higgs : Ci/A2~ |/ f2. (Similar to single 4 couplings though)

v Can be generated in isolation, at tree level, by several SM extensions, e.g.

. (1) HB) A1) HB) (1) (8)
) NeW Scalars. Ql (6, 1)% > Oy, O4g Oud? Oud? Oquqd’ Oquqd
8,2)1 > oD B D) HE) HE)
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in LHC Higgs observables
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Effective Higgs couplings to gluons and photons

® Four-quark operators induce NLO 2-loop contributions to ggF;, h—yy, h—gg

g g

7
£
0 th ) _ho th | _h__. (
o g
3
O g g
c
g (a) (b) t/b | ho .
c
5 t g
LL t
2 b | o b ho ©)
£
(S
n
(c) (d)
Corrections to propagators Corrections to Yukawa Corrections to g, 7ty vertices
couplings (0 when on-shell)

e Results can be written as product of |-loop integrals

0(1),(8) (8)

® Relevant operators — (982’(8) OtOb 0 Contrib. suppressed by mp

e Also contribute to 41— Zy, but given the expected precision at (HL-)LHC and
the small BR this mode is of little relevance and we ignore it
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Higgs decays to bottom quarks

e 2-Top 2-Bottom operators also induce NLO |-loop contributions to 41—bb

" b

First computed in R. Gauld, B.D.Pecjack, D.J. Scott, JHEP 05 (2016) 080
Recomputed in our work and in agreement with their results

Contrib. suppressed by mp

* Relevant operators: 0} A
(1) (%)
Ly g, 1 M — 4?) (2Ne +1)Coigp + crCoigp
M 16m2 my - " t A2

X

Am? m?
2+ 4/1— — log(z —log(—t) :
\/ g, 0B i3,

e Note: similarly, decays 2—17 would be affected by analogous (semi-leptonic)

operators (Or:0:) that may not be strongly constrained
R. Gauld, B.D.Pecjack, D.J. Scott, JHEP 05 (2016) 080
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Higgs production in association to Top quark pairs

® {th can be initiated either via gg—tth or gg—tth, both of which are corrected at
|-loop by 4-quark operators

gg—ith

Example Feynman diagrams

(e) C Plus MANY more diagrams )

e Relevant operators: 0 05 0y, 05, O Other ops. contribute via b-loops
and corrections are suppressed by m;
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NLO effects of 4 Top operators in Higgs production

Some (brief) details of the calculation

e Dimensional regularisation + Mixed On-Shell (OS)-M_S renormalisation scheme:

v' Quark masses renorm. OS/dim-6 Wilson coefficients renorm. in MS

o ooF h—yy, h—gg, h—bb: Computed analytically using algebra tools such as
PackageX, Kira, Fire, FeynRules, FeynArts

v Analytical expressions provided, e.g.

[ 1 / 2 )
: — ) (8)\ ot Lo _Amy
TogF _ 1 4 D izt 2Re (Fio o) Fiio =3 aps (Cor + erCon) Fio | 2mi + 7 (mj, — ) (3 2y m3 1og(xt)>
SM T ; b (2 .
99F | Flo + Fol + = (m? — 4m?) log (’“‘R>
2 m?
1 0 ® o M (g0 oo
Fi 8m [1 1 1 ( ) (1 4m12 > :| " 32m2A2 ((2Nc T I)CQth + CFCQth) FLO 4m my — th
LO = ~— 3 |+t ;108 ) )
m3 4 my o 2
— (m3 —4m?), |1 — gy log(z;) — (m; — 4m?)log (m > +(t+b)|.
k h t i J

e tth: Analytical calculation, cross-checked using Madgraph_aMCNLO anc
SMEFTatNLO v1.0.2 model

v We modified SMEFTatNLO to include operators not available in public

1
version of the model, e.g. O

v Our analytical result available in FORTRAN code (on request)
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Results

® We evaluate the size of these corrections and provide semi-analytical
expressions (in the leading-log approx.) that can be used inside fitting tools:

mn o) 1
Operator Process LR 5Réi [TeV?] 5Rl 9 [TeV?] [ IR(C;) = R/RSM — 1
goF L 9.91-1073 2.76 - 1073 C; fm log W KR
h — gg . 6.08 - 103 2.76 - 103 0R(C;) = A2 0l +0R: log A2
(982 h — vy h ~1.76-1073  —0.80-1073
tth 13 TeV o, —4.20- 10! —2.78.1073 R=o0 I
tth 14 TeV P2 _430-1000 —2.78-.107° \- /
ggF o 1.32-1072 3.68-1073
h — gg 8.11-1073 3.68-1073
(8) mp,
Ot h — v —2.09-107%  —1.07-1073
tth 13 TeV. oy 6.81-1072  —2.40-107°
tth 14 TeV b2 7.29-1072  —248-1073
goF mh 2.84-1072 9.21-1073
oW h — gg 1.57-1072 9.21-1073
QtQb h — vy mp ~1.30-107%  —0.78-1073
h — bb 9.25- 1072 1.68-1071
ggF o 5.41-1073 1.76 - 1073
O h — gg 2.98-1077 1.76 - 103
QtQb h — vy mp, -0.25-107%  —0.15-1073
h — bb 1.76 - 102 3.20 - 1072
oW tth 13 TeV N 1.75-1073 1.84-1073
QQ fth 14 TeV % 1.65- 1073 1.76 - 103
3 tth 13 TeV m 1.32-1072 5.48 - 1073
o) . me + =5
QQ tth 14 TeV 2 1.24-1072 5.30 - 1073
O Gh13TeV oy 4.60-1073 1.82-107°
i tth 14 TeV b2 4.57-1073 1.74 1073
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Results

® We evaluate the size of these corrections and provide semi-analytical
expressions (in the leading-log approx.) that can be used inside fitting tools:

mn o \
Operator Process LR 5Ré7; [TeV?] (5Rl0ig [TeV?] (- OR(C;) =R/ RM 1
ggF L 9.91-1073 2.76 - 1073 C; f,m log W KR
h = gg . 6.08 - 103 2.76 - 103 OR(C;) = A2 Ol + 0l log A2
oS h = vy h 1761073 —0.80- 1073
tth 13 TeV o, —4.20- 10! —2.78.1073 R=o0 I
tth 14 TeV et 43001070 —278.107% J
ggF o 1.32-1072 3.68-1073
o h — gg . 8.11-1073 3.68 1073 Comments:
8 h -3 -3 _
Oui _:1—5%7\/ —g-g? ' 18 ; —;-2(7)' 18 , For A=1TeV, log effects usually ~ finite terms
it e 81107 —2.40 - 107 . .
Fh 14 Tev ™ T3 2o09.10-2  _o4s.10-3 (With some exceptions)
ggF i 2.84-1072 9.21-1073 ] o
o) h = gg 1.57-10-2 991.10-3  Ooiwpr Operators only enter via the combination
@b h =y mp, -1.30-107°  -0.78-10~°  appearing in the RGEs of Cip,5¢
h — bb 9.25- 1072 1.68-1071 D ®)
ggF M 5.41-1073 1.76 - 1073 CQth (2N, + )CQth + crCouqn
(8) h — gg 2.98.103 1.76 - 1073 :
Ogiqp h = 7y e _095.10-3 —015.10-3  Oce and Oy operators only cont_rl!oute to tt_h
h — bb 1.76 - 102 320-10~2  but, for A=1 TeV and O(1) coefficients their
o) fTh 13 TeV 4 1.75.10-3 184.10-3 effects are typically below SM theory
QQ tth 14 TeV t 1.65-1073 1.76 - 1073 uncertainty ~10%
OB tth 13 TeV my 4 T 1.32-1072 5.48 -1073 -
in —2 -3
9@ || tth 14 TeV ’ 1.24-10 5.30 - 10 = to good approx. #th only affected by Oy
O tth 13 TeV Lo 4.60-1073 1.82-107°
t tth 14 Tev "t T 2 4571073 1.74-103
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Results

® We evaluate the size of these corrections and provide semi-analytical
expressions (in the leading-log approx.) that can be used inside fitting tools:

mn o) \
Operator Process LR 5Réi [TeV?] 5Rlcf [TeV?] (- OR(C;) =R/ RM 1
ggF L 9.91-1073 2.76 - 1073 C} fm log W KR
h — gg . 6.08 - 1073 2.76 - 1073 0R(C;) = A2 0l +0R: log A2
(982 h — vy h ~1.76-1073  —0.80-1073
tth 13 TeV Lmy  —420-1070 278107 R=o01
h 14 Tev M2 43001070 —278.1073 s J
ogF m, 1.32- 1072 3.68-1073 Contrib. from h self-coupling (C,)
h = gg 8.11-1073 3.68 - 1073
0% h = vy h ~92.09-1073  —1.07-1073 Process 6Rf m
7 10-2 —240.10-3
tth 13 TeV L my 6.81-10"2 2.40 10_3 - T 310,10 o)
£Th 14 TeV 2 7.29.10 24810 ggk/ g9 — : =
> - I
egF m, 284-102  9.21.1073 R 104 - 1077 F
0(1) h — gg 1.57 - 10—2 9.2] - 10—3 tth 14 Te\/ —1.62-10 8
QtQY h — vy mh ~1.30-1073  —0.78-1073 h — vy —2.30-107° o
h — bb 9.25 1072 1.68 - 1071 h — bb 0.00 -]
geF T 5.41-1073 1.76 - 1073 h— WTW- —3.40-107? E
O®) h — g9 2.98- 1073 1.76 - 1073 h— 727 —3.90-107? m
-3 -3
QtQb h — Y mp, —0.25-10 —0.15-10 pp — Zh 13 TeV  —5.60 - 103 =
h — bb 1.76 - 102 3.20-1072 pp — Zh 14 TeV  —5.50- 1073 =
oW BTV, 1750070 L8107 op— WEh  —4.80-107% =
QQ tth 14 TeV 1.65- 1073 1.76 - 1073 VBF ~3.00.10-3 P
: (o]
OB @h13TeV oy 1.32-1072 5.48-107° h — 40 ~3.80-1073 ©
QQ tth 14 TeV b2 1.24-1072 5.30-1073
O tth 13 TeV Lo 4.60-1073 1.82-107°
t tth 14 Tev "t T 2 4571073 1.74- 1073
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Results

® We evaluate the size of these corrections and provide semi-analytical
expressions (in the leading-log approx.) that can be used inside fitting tools:

mn o) \
Operator Process LR SRL [TeV?] 5Rl0ig [TeV?] (- OR(C;) =R/ RM 1
gF L 9.91-1073 2.76 - 10—5 C} f,m log W KR
h— g9 6-08t=2=——7T70 - 10 > OR(Ci) = A2 0, + 00 log A2
oS h = vy M 1761073 —0.80- 1073
tth 13 TeV Lmy 420 10! —2.78.1073 R=o0 I
Ah14Tey  ™T 2 4301071 —2.78-1073 J
- égF m, 1.32-1072 3.68 - 10 2> Contrib. from h self-coupling (C,)
h — gg - 7 LV 3.68- 1073 .
0% h = vy h ~92.09-1073  —1.07-1073 Process SRL"
tth 13 TeV. oy 6.81-1072  —2.40-107° = o
fTh 14 Tev ™71 2 7.290.1072  —248-1073 ggF/ g9 —h  —3.10-10 o
0 s> Fr=t3-Fel/ et &
oF i 2.84-1072 9.21-10~ ' ' Ly 3
0(1) h — gg s K s A g7 . 103 tth 14 TeV —1.62 - 10 X 8
QtQb h— vy mp, -1.30-107%  —0.78-107° h — vy —2.30 - 10~ ®
h — bb 9.25 - 102 1.68 - 1071 h — bb 0.00 -]
agF ™ 5.41-1073 1.76 - 102> h—WHtW-  —3.40-107° <
0(8) h — gg 2.98 - 10 ; 1.76 - 10_3 h— 77 —390-10"3 %
QtQb h — Y mp, —0.25-10™ —0.15-10™ pp — Zh 13 TeV  —5.60 - 103 =
h — bb 1.76 - 102 3.20 - 1072 _3 >
pp — Zh 14 TeV  —5.50 - 10 S
oW tth 13 TeV S 1.75-1077 1.84-1077 pp — WEh —4.80-103 >
QQ tth 14 TeV 1.65-1077 1.76 - 1072 VBF ~300.10-3 P
: (o]
OB tih 13 TeV. 1.32-1072 5.48-107° h — 40 —3.80-1073 ©
QQ tth 14 TeV b2 1.24-1072 5.30-1073
o {Th 13 TeV Lm 460107 132.10-3  Sizable effects in ggF (dominant at LHC)...
t tth 14 Tev "t T 2 4571073 1.74- 1073
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Results

® We evaluate the size of these corrections and provide semi-analytical
expressions (in the leading-log approx.) that can be used inside fitting tools:

Operator Process LR 5Rgin [TeV?] 5Rl£ig [TeV?] [ 5R( ) R/ RM 1 h
ggF L 9.91-1073 2.76 - 1073 C} f,m log W KR
h — gg 6.08 - 1073 2.76 - 1073 OR(C;) = A2 0l +0R: log A2
o4 h— 7y T 176,107 0801077
Qt _ _
A TS TeV N ~420-1071 278" R=o0 1
<-MX : 4301070 —2.78.1072.0 . . /
ogF aca 3210 2 3.68-1073 Contrib. from h self-coupling (C,)
h — gg 8.11-1073 3.68-107 :
(’)gt) h — 4 i e t=s 1073 Process 5Ré7’£
<-’tth’13 TeV ,  6.81-1072 - o
dp 14Ty TR 7291072 ggt/ gg=hb =310 10 =
2aF ™ e 1. 10 tth 13 TeV  —1.64-10" :
. . v .
oW h— gg 1.57-1072  9.21-1073 {th 14 Tev ~ —162 10_3 A
Q@b h— vy mp, -1.30-107°  —0.78-107° h — vy —2.50-10 ®
h — bb 9.25 1072 1.68 - 1071 h — bb 0.00 -]
geF T 5.41-1073 1.76 - 1073 h— WTW- —3.40-107? E
O h — gg 2.98 - 10-? 1.76 - 10—2 h— 77 —~390-10"3 m
QtRb h — Y mp, —0.25-10™ —0.15-10" pp — 7h 13 TeV —5.60-10"3 =
h — bb 1.76 - 1072 3.20- 1072 _3 ~
pp — Zh 14 TeV  —5.50 - 10 S
tth 13 TeV 1.75-1077 1.84-1077 W=Eh —4.80-103 =
0(1) v my + mh _3 _3 pp — : 92
OB tth 13 TeV Lo 1.32-1072 5.48 - 1073 h — 4f —3.80-10"3 ©
QQ tth 14 TeV b2 1.24-1072 5.30-1073
o 1h 13 TeV 460-10-3 132.10-3  Sizable effects in ggF (dominant at LHC)...
t - . .
" h 1 Ty Mt A57.10-3 1.74-1073 .. and tth (strongest dependence on C))...
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and h3 in LHC Higgs fits
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(Toy) Fits to LHC Higgs observables

e Not attempting global fit. Only interested in studying effects of NLO
corrections from 4-quark operators in Higgs data and their interplay with
the / self-coupling

e Toy fits with few parameters to Run 2 data:

v We evaluated linear vs. leading quadratic effects from 4-fermion contrib.

» ~10% difference in the results = Ve keep only linear terms

v We compare finite and log terms:“fin” (C; renorm. at process scale) vs.
full result (C; renorm. at A)

v Interplay with & self-coupling: linear vs. quad. effects in Cy:

[ 2
5P = Rnio(As) — Rano(ASM) 5 Cyvt o A Cyvt A Co0® . o A
e Ri0 R L A2m? mind ) 2 2 20,01\ 2
Z b T - (1-525) 02,
h
\ G. Degrassi et al. , JHEP 12 (2016) 080 Yy

v We also compare the bounds with those from other observables:

» Top, EWPO, Flavour
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(Toy) Fits to LHC Higgs observables

e Toy fits to each 4-Quark operator Wilson coefficient, together with C,

e Results marginalising over C,

| (Cay o9 CH ] ()
fin 0.0 1.0, 1.0 .
IR, ~ O ), 9Re | 01 { X 17 X 2} SRy, ~ O(A2), 6RE" . = 033 [3.25, 2.59]
5R)‘3 ~ O( ) 5RC . Ty L !
SRy, ~ O(A1), 6RL" | 0.2 0.9, 0.6] dRy, ~ O(A?), 6Re, 9 0.0 [-0.33,0.32]
O R I 02 FLO08 T gRy, ~ (M), SRE") . | 106 [347, 131
~ —4 0.0 1.8, 19
top ~ O(A™%) | ; ] SRy, ~ O(A™), §Re, He— 0.11 [-0.16, 0.39]
top ~ O(A2) 2180 [195.0,159.00 0 T T e e e eeeesssssssecccncsssnn
EWPO fit I 0.4 [-2.2,1.4] top ~ O(A™) p 0.05 5.4, 5.5]
| | | | ! ! | ! ! ! ! ! ! | ! ! ! L L L |
—4 —2 0 2 4 —4 -2 0 2
(1) (1)
CQt CQth
T T T T T T T T T T T T T T T T <Cé28f)> 95% CI T T T T T T T T T T T T T [ T T <Cé28f)Qb> 95% CI
Ry, ~ O(A™2), 6RL" 3.3 [13.6,7.0] SRy, ~ O(A2), 6RL" 17 171,137
~ —2 0.2 4.6, 4.9
Ry, ~ O(A™7), 0R, 4.6, 4.9) SRy, ~ O(A72), 6Re, -0.0 [-1.7, 1.7]
SRy, ~ O(A™), 5Rfm 1.3 [-3.2,6.2] . .
5By ~ O(A-Y). 6R . 32, 4.7] 0Ry, ~ O(A™Y), 6R! 55  [183,7.0]
Ay C; . -J.4, 4.
top N O(A_4) ooooooooooooooooooooooooooo 04 [_4.2’ 3.3] 5R)\3 ~ O(A_4), (SRC’i. . 0.6 [_0.9, 2.0]
top ~ O(A?) 7.2 5.7, 20.1] top ~ O(A™%) 0.0 [-14.0, 14.0]
TR R R N R PR R N S KR S S R | | | | | | | | | | | . . | ! !
—10 0 10 20 —20 —10 0 10
(8) (8)
CQL‘ CQth
8)

(RGE) Flavor bounds: CQt ~+0.73, Cqt~+2.3
Cdtab ~+2.4, CBlap ~+10

L. Silvestrini and M. Valli, Phys. Lett. B 799 (2019) 135062

Yu diag. (If Yp diag — no bound)
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(Toy) Fits to LHC Higgs observables
e Toy fits to each 4-Quark operator Wilson coefficient, together with C,

e Results marginalising over Cy  £iice ve. Logs

(Wy  95% CI

o= (Chi) 9% CI

| v
- fin 0.0 1.0, 1.0 .
ORy, ~ O(A?), ORY | (1.0, 1.0) SRy, ~ O(A~2), §RI" : * = 33 [3.25, 2.59]
dRy, ~ O(A?), 6Re, 0.1 1.1, 1.2] : i
6Ry, ~ O(A), 6RL" 0.2 0.9, 0.6] ,~O(A\?), 6Re, ._.._.—/ 00 [0.33,0.32
ORy ~ O, 0Ra| o T 02 HLOO0EE sRy ~ O(ATT, B —te 106 [-3.47, 1.31]
~ O(A 0.0 1.8, 1.9 |
top ~ O(A™%) [ ] SRy, ~ O(A™), 6R¢, He— 0.11 [-0.16, 0.39]
top ~ O(A™2) 180 [-195.0, 159.0] ]
EWPO fit 0.4 (2.2, 1.4] top ~ O(A™) » 0.05 5.4, 5.5]
1 Il Il I Il Il Il Il Il Il I Il Il Il 1 1 1 | 1 1 1 1 1 1 |
—4 —2 0 2 4 —4 -2 0 2
(1) (1)
CQt CQth
T T T T T T T T T T T \\ <Cg)> 95% CI T T T T T T T T T T T T T [ T T <Cé28f)Qb> 95% CI
ORy, ~ O(A%), 6RE" 33 EB6TO sk~ om?), sRE 17 [17.1,13.7]
SRy, ~ O(A?), 6Re, 0.2 [-4.6, 4.9] i
' ! ORy, ~ O(A ), IR, -0.0 [1.7, 1.7]
SRy fin | ] 1.3 [3.2,6.2] .
’ o SRy ~ O(AY), SR 55 183, 7.0
5By, ~ O(AY), 6Re, | 07 [32 47 x o~ O, ol [ )
o © © © & 6 & & & O O 0|0 O O o o o O o O O O 0 0o o _4
top ~ O(A™) -0.4 4.2, 3.3] O, ~ ONT), 08y T, 0o F0.9, 20
top ~ O(A2) 7.2 [5.7, 20.1] top ~ O(A™4) 0.0  [14.0, 14.0]
1 I 1 Il Il Il Il Il Il Il I Il Il Il Il I 1 1 1 1 I 1 1 1 1 1 Il Il Il I Il Il
—10 0 10 20 —20 —10 0 10
0(8) 0(8)

(RGE) Flavor bounds: Co:~%0.73, Coi~+2.3

Cétop ~x2.4, C8lab~x10

L. Silvestrini and M. Valli, Phys. Lett. B 799 (2019) 135062

Yu diag. (If Yp diag — no bound)
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(Toy) Fits to LHC Higgs observables

e Toy fits to each 4-Quark operator Wilson coefficient, together with C,

e Results marginalising over C,
H?lggs vs. Top/EW/ Flavor

| 95% CI — - — . (Com 9% Cl
fin 0.0 1.0, 1.0 .
0y, ~ O(A2), dR¢ | | | SRy, ~ O(A2), SRS . | 033 [-3.25, 2.5
ORy, ~ O(A7?), 5Rc 0.1 1.1, 1.2] : ;
5Ry, ~ O(A4), SR 02 [0.9,0.6] SRy, ~ O(A™2), R, 4 00 [0.33,032)
6R)\‘} ~ O<A_4>7 5R g™ © o 0 0000000 4doo o ot 2 0 0 o _02 [ 1 07 06] 5R/\3 ~ O( ) 5szn : ¢ : _]‘06 [_3477 131]
—4 T . -1.8, 1.
~O(A™) 0 18,19 SRy, ~ O(A),_jBe a 011  [-0.16, 0.39]
top ~ O(A™2) I [195.0, 159.0] I T T
EWPO fit 0, 22, 14] top ~ O(A™) » 0.05 5.4, 5.5]
Il Il | I | | | | | | I | | | 1 1 1 | 1 1 1 1 1 1 |
—4 —2 0 4 —2 0 2
g )
Cor Comp
A B T T T T T <Cé38t)> 95% CI L R T T <Cé;)@b) 95% CI
Ry, ~ O(A™2), 6RL" -3.3 [-13.6, 7.0] SRy, ~ O(A2), 6RE" 17 [17.1,137]
~ 2 0.2 4.6, 4.9
OR, ~ O(A™), 0Rc, O e L0, ok, 00 L1717
SRy, ~ O(A™Y), 6RL" 13 3.2, 6. 5 OA-Y splm 5.5 18.3, 7.0
SRy, ~ O(A: i ; —— 0.7 [3.2,4.7] R, ~ O(A™), R, - 183, 7.0
o © & © &6 & & O 0 O O 00 O O O O O o o 0 0o 0o 0 0 0 _4
top ~ O(A™) 4 [42.33 N e 20 09, 20)
top ~ O(A2) 5.7, 20.1] op ~ O(A™) Dzm, 14.0]
I | | I Il Il Il Il I Il Il Il Il | | | | I | |
~10 0 10 —10 0 10
Cor Conap
(1) (8)

(RGE) Flavor bounds: Cqt~+0.73, Cat~+2.3
Cdtab ~+2.4, CBlap ~+10

L. Silvestrini and M. Valli, Phys. Lett. B 799 (2019) 135062

Yu diag. (If Yp diag — no bound)
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(Toy) Fits to LHC Higgs observables

e Toy fits to each 4-Quark operator Wilson coefficient, together with C,

e Impact on extraction of Cy : Results marginalising over 4-Quark operator

Ch). 6Ry, ~ O(A™?)
Chl. 0Ry, ~ O(A™Y)
C5)s 0Ry, ~ O(A2)
O/ 0Ry, ~ O(A™Y)
Cgt)Qb, ORy, ~ O(A7?)
Cgt)Qb, ORy, ~ O(A™H)

Gl 5Ty ~ O(A)

Cgt)Qb, ORy, ~ O(A™)

single param. fit IRy, ~ O(A™?)
single param. fit dRy, ~ O(A™)

ATLAS hh 139 fb~!

Jorge de Blas
University of Granada

LHC Run II:

b o o o o

perturbaf;ive unitarity
. | | 1 1 1 1

——— e —————————————

T R T T B N
230 —20 —
Cy

N
—40

10

(Cs)
-9.5
5.2
-8.0
-5.9
-8.6
-7.4
-8.6
-7.3
-8.5
-7.1

-3.4
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(Toy) Fits to LHC Higgs observables

e Toy fits to 4-Quark operator Wilson coefficients together with C,

e Impact on extraction of C : Correlations with 4-Quark operator

(1) (8)

Ch)=[2.98.1] Ot

Cb)=[13.3,35.1]

f SRy, ~ O
. : A=1TeV
kS ] (LHC Run II)
B TR : Cogn=1-32,3.7]
QL7947
IIIlIIIlIIIlIIIlIII_
e N: .
TO QN E aF =
) : ]
A0k ]
RTINS | 0 PR Cy = [—66.9, 27.0]
_IIIlIIIlIIIlIIIlIII___Ill | | |
N 1 FIE ;
Y 1 BIE :
O o qE 1E E
S ElS ElS E
C | | | |lll| lllll |llll|llll| lllll

\

¥ =
o
v =
(o4
)
[
o
%_
Z
-

o
[

[
\\D/\
J

g AP PO
1 8 +
Car Car Cap Co

Single operator fit: C,~[-22.0, 5.0]
Impact ~3.5x

Jorge de Blas
University of Granada

Co)=[-34,5.5)
1.00 0.98 FL0H6E) EORE! Cc(Qlt)
_ (8)
INOURN0I65Y -0.02 CQt
| C5)=-16.2,28.5] 0.05
T 05 Cdon
N ] SRy, ~ O(A™Y) o
By vf E A=1TeV C¢
SIS E (LHC Run II)
A L Akl Clho=l1.341]
M ] }
@ N B
+3 C
b® N ]
b A 0, =[-21.7,12.3)
T T T T =
\(0 r ]
S CF E
el E
BN A I
N
(1)
C’Qt

Single operator fit:  Cy~[-18.1, 3.9]

Impact ~1.5x
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(Toy) Fits to HL-LHC Higgs observables

® Projections at the HL-LHC:

v Same considerations apply in terms of the interpretation of single Higgs
measurements to obtain /3

v We illustrate the improved constraining power to bound 4-Top
operators at HL-LHC, via single parameter fits:

L L B R B <Cz> 95% CI T S[ 'l ] f‘it UL L <C¢> 95% CI
Single param. fit ingle param.
Run IT Cgt) -0.31 [:0.97, 0.34] Run IT Ry, ~ O(A2) -8.5 [-22.0, 5.0]
HL-LHC ¢ 0.0  [-0.29,0.29]
< <10 HL-LHC 6R,, ~ O(A~2) 00 [63,63]
Run 11 ) 158 [1.82, 4.99]
1 ~ O(N 7.1 -18.1, 3.9
HL-LHC CL3) o 00 148,147 Run IT6R), ~ O(A™) : |
Run 1T —o— 0.1 [0.14, 0.34] HL-LHC 6 Ry, ~ O(A™%) 10 [80,5.3
HL-LHC iy, T 00 [012,0.12] Run 11 hh 34 [122,53
(8) 0.52 0.74, 1.78
fn 1 Cany | | HL-LHC hh 15 [5.6,25)
HL-LHC Cfp, 0.0 [-0.63,0.63]
1 1 | 1 1 1 1 | 1 1 1 1 1 1 1 1 |
Il Il Il Il I Il Il Il Il Il Il Il Il I Il Il Il Il I Il Il Il Il I Il Il Il Il _2 _1 1
~10 —-05 00 05 10 15 20 . 0 C 0 0
C; 0

Roughly ~2x improvement

Warning: Remember, not a global fit! But can be relevant for BSM scenarios contributing dominantly through these
operators
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Comments on Future ete- Higgs Factories

® Production at ete- Higgs factories is via electroweak interactions:

Y Zh and WBF not corrected by 4-Top operators at NLO

v Above the tth threshold, however, 4-Top interactions will enter at NLO
(as in gq —tth)

e t e ;e
v, Z Y, Z B Y, Z
Q Q Q Q ~ h Q2 Q Q Q t
e’ Poet Th et

® Decay is however affected in the same way as in Hadron colliders...

e ...but the possibility of an inclusive measurement of the Z/ cross section
facilitates the interpretation of Higgs measurements in terms of the /3 coupling

v Currently studying whether is possible to obtain a model independent
determination in a global fit (LO + NLO from /3 and 4-Top ops)

v Still a partial result, since other interactions may “contaminate” the NLO
determination of the /3 coupling
» e.g.2-lepton 2-Top operators = Require 7 production at lepton collider
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Comments on Future ete- Higgs Factories

e ...but the possibility of an inclusive measurement of the Z/ cross section
facilitates the interpretation of Higgs measurements in terms of the /3 coupling

v Currently studying whether is possible to obtain a model independent
determination in a global fit (LO + NLO from /43 and 4-Top ops)

v Still a partial result, since other interactions may “contaminate” the NLO
determination of the /3 coupling

» e.g.2-lepton 2-Top operators = Require # production at lepton collider

f L ] ° . \
» Studied for (non-4 fermion) Top operators in
G. Durieux, J. Gu, E. Vryonidou, C. Zhang, Chin. Phys. C 42 (2018) 12, 123107
precision of the Higgs parameters at CC (global fit, Ax*=1)
— O 5 T Ter 3
Otw - tho(;i 90) +h.c., precision of top operator coefficients (global fit, Ax*=1) 0 JE GG 24000V + HL-LHC SR ) B0 0 ) 2 35 Gev (1.57ab)-
— _ circular collider with unpolarized beams L CcC e B ] light shade: marginalized over top parameters 1
O 50 1(3? — (SOT ZD N 90) (ny/i Q) , E glg §§8%2¥ CHLLH é4OGIeV (5/!13) + 35t(r)1(3evp EQLZIzb%b-SgsGevt(:'S(/)ab 1 2 Bcc 5:8;3532/:5256\6/ +V HL-LHC| solid shade: all top parameters set to zero
& _ 15 L B
. I ~ I eV + HL-
Ogo = ("D o) (Q'7'Q), ¢ 10k £ 1071 |
T A gy : 2
S v_1T ~ I
Ow = (Qo"'1°t) oW, +h.c.,
— . -3 —
OtB p— (Qo-uyt) SOB/JJ/_Fh’C‘? 10
OtG = (QO-MVTAt) @GAV _|_ h.C. . 10—4 AL
a 6c; Czz Gz Ty CTzy Cgg OV OY, Oy, Oy Oy, Az k1102
Changes the interpretation of LO/NLO results!
. Y,

Need more observables = Is it possible to close a GLOBAL fit in the d-6 SMEFT at NLO ?
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Summary and Conclusions

® Precision measurements provide a powerful tool to test indirectly physics
beyond the Standard Model in a Model-Independent (Ml) way = SMEFT

e SMEFT LO — NLO: increase in complexity but may bring sensitivity to several
interactions of physical interest, difficult to test directly:

v Most famous example is Higgs self-coupling in single Higgs
v Proliferation of SMEFT interactions at NLO difficults interpretation unless:

» It’s done within particular scenarios (e.g. only /3 is generated) + Not Ml
» All other operators are well constrained experimentally < Not the case

e Towards SMEFT@NLO interpretation: We evaluated NLO effects of 4-quark
operators in single Higgs observables (only another piece of the global picture!):

v Sizable effect in LHC observables + poor bounds — Need to be taken into
account in NLO SMEFT single-Higgs studies of 43

v Also relevant, via Higgs decays, for physics at future e*e- Higgs factories

® |n general, many interactions (in particular involving e.g. Top) enter at NLO in
single H (and EW) — Difficult to use, in isolation, as robust probes of a
particular interaction entering only at NLO (plus can affect LO results!)

1st compute = Need to close the global fit = What observables are needed?
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