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L HC: the story so tar

Rediscovering the SM Searching for the unknown

ATLAS Heavy Particle Searches* - 95% CL Upper Exclusion Limits ATLAS Preliminary
. . Status: July 2021 [£dt = (3.6 -139) b V5=8,13TeV
Standard Model Total Production Cross Section Measurements  satus: varch 2021 Model 6y Jetst ET [raqm?) Limit Reference

— 11 50Q ub~t @ ADD Gkk +g/q Oeumty 1-4] Yes 139 | Mp 11.2TeV n=2 2102.10874
o) ]_0 A | .. .S ADD non-resonant yy 2y - - 36.7 | Ms 8.6 TeV HLZ NLO 1707.04147
o 80 ub™ ATLAS Prehmmary @ ADDQBH - 2j - 370 | Ma 8.9 TeV 1703.00127
() ADD BH multijet - >3j - 3.6 My, 9.55TeV n =6, Mp=3TeV, ot BH 1512.02586
b Theory E  RS1Gkk -y 2y - - 139 | Gk mass 45TeV k/Mp = 0.1 2102.13405
b \/— =7.813 T V S | BukRS Gux > WW/ZZ multi-channel 36.1 | Gkk mass 2.3 TeV k/Mp =1.0 1808.02380
106 = 1,0, € g gult 22 Gkk = WV = lvqq } e 121:{ / 11j/2 Yes 139 | Gkkmass 2.0 TeV k/Mp = 1.0 2004.14636
- ul - tt e >1b,>1J/2 Yes 361 |k mass 3.8TeV r/m=15% 1804.10823
LHC pp Vs =13 TeV W SUeo ) ree 1ok 52h33) Yes 361 |Kkmass 1.8 TeV T (1.0, B(AO) 1) =1 1803.09678
1 SSM Z' — &t 2epu - - 139 Z’ mass 51 TeV 1903.06248
O _ Data 3.2-139fb @ SSM Z' — 77 27 - - 36.1 Z’ mass 2.42 TeV 1709.07242
105 Ao S Leptophobic Z/ — bb - 2b - 36.1 |2 mass 2.1 TeV 1805.09299
o § Leptophobic Z” — tt Oeu >1b,>2J Yes 139 Z’ mass 41 TeV r/m=12% 2005.05138
- SSM W’ — tv Ten - Yes 139 W’ mass 6.0 TeV 1906.05609
Ao LHC pp Vs=8TeV © SSMW’' -1y 17 - Yes 139 [ W’mass 5.0 TeV ATLAS-CONF-2021-025
g; SSM W’ — tb - 21b>1J - 139 W’ mass 4.4 TeV ATLAS-CONF-2021-043
10* A Data 20fb! &  VTW o WZobggmodelB e 2 i1 Yes 139 | W/mass 43TeV av =3 2004.14636
HVT Z’ — ZH model B -2 e, 1-2b Yes 139 Z’ mass 3.2TeV gv = ATLAS-CONF-2020-043
HVT W’ — WH model B Oeu >1b>2J 139 | W’ mass 3.2TeV gv =3 2007.05293
‘/_ LRSM Wg — uNg 2pu 1J = 80 Wg mass 5.0 TeV m(Ng) = 05TeV, g = gr 1904.12679
LHC pp =7 TeV al i -
qqqq - 2j - 37.0 A 21.8TeV n, 1703.09127
103 . Clttqq 2e,u - - 139 A 358TeV. ., 2006.12946
O _ Data 4.5fb! O Cleebs 2e b - 139 [A 1.8 TeV & 2105.13847
: Cl uubs 2pu 1b - 139 | A 2.0 TeV & 2105.13847
A o Cl tttt >tep 21b21j Yes 36.1 A 2.57 TeV. |Cacl = 4r 1811.02305
O o Axial-vector med. (Dirac DM) Oepu,1y 1- 41: Yes 139 Mpped 2.1TeV 24025, g,=1, m(x)=1 GeV 2102.10874
102 FAS n s Pseudo-scalar med. (DiracDM) O e u, 7,y 1-4j Yes 139 Mined 376 GeV & =1, m(x)=1 GeV 2102.10874
s ik N oo a Vector med. Z’-2HDM (Dirac DM) O e, u 2b Yes 139 Mined 3.1 Tev . g2=0.8, m(y)=100 GeV | ATLAS-CONF-2021-006
Pseudo-scalar med. 2HDM+a multi-channel 139 | Mimea 560 GeV 1, m(x)=10 GeV ATLAS-CONF-2021-036
A VAN n A o Scalar reson. ¢ — ty (DiracDM) 0-1e,u 1b,0-1J Yes 36.1 my 3.4 TeV -2, m(x)=10 GeV 1812.09743
1 n total O Scalar LQ 1% gen 2e >2j Yes 139 | LQmass 1.8 TeV 2006.05872
10 B ~ Scalar LQ 2™ gen 24 >2]  Yes 139 |LQmass 1.7 TeV 2006.05872
2fb o A Q  ScalarLQ 3" gen 17 2b Yes 139 LQ; mass 1.2 TeV B(LQ§ - br) =1 ATLAS-CONF-2021-008
ICh VBF ~ ScalarLQ 3" gen Oeu  >2j,>2b  Yes 139 | LQ; mass 1.24 TeV BLQY - tv) =1 2004.14060
WH & Scalar LQ 3" gen >2eu,217t21j,21b - 139 LOa mass 1.43 TeV BLQI - tr) =1 2101.11582
[n} Scalar LQ 3" gen Oeu, 217 0-2j,2b Yes 139 LQ; mass 1.26 TeV B(LQS - bv) =1 2101.12527
1 “ (=] Ll VLQ TT - Zt + X 2e/2u/>3ep >1b,>1] - 139 [Tmass 1.4TeV SU(2) doublet ATLAS-CONF-2021-024
ZH VH [ = | n >S9 VIQBB - W/Zb+ X multi-channel 36.1 | Bmass 1.34 TeV SU(2) doublet 1808.02343
VN @™ 5 VLQ To;3Ts3(Ts;s > Wt + X 2(SS)/28ep>1b21] Yes 36.1 Ts/3 mass 1.64 TeV B(Tsj3 = Wi)=1, c(Ts;sWet)=1 1807.11883
Ln A £ 2 VIQT o Ht/Zt e >1b,>3] Yes 139 | Tmass 1.8 TeV SU(2) singlet, k7= 0. ATLAS-CONF-2021-040
TH VLQ Y — Wb leu 21b>21j Yes 361 |Ymass 1.85 TeV B(Y — Wh)=1, cg(Wh)=1 1812.07343
10—1 tt, VLQ B — Hb Oeu >2b,>1),>1J — 139 | Bmass 2.0 TeV SU(2) doublet, kg= 0.3 ATLAS-CONF-2021-018
(x04) T8 Excited quark g° — qg - 2j - 139 [4q*mass 6.7 TeV only u* and d*, A = m(q") 1910.08447
% E Exc!:eg quarll: zbz‘ - Zy 1y , 1 11 - 327 q° mass 5.3TeV only u” and d”, A = m(q") 1709.10440
n xcited quark b* — bg - 1] - Al b* mass 2.6 TeV 1805.09299
X = i "
_ Wi @ Excitedlepton ¢ 3epu - - 20.3 A=3.0TeV 14112921
10 2 "= Excited lepton v* et - - 203 A=16TeV 1411.2921
Type Il Seesaw 234epu >2j Yes 139 | N®mass 910 GeV ATLAS-CONF-2021-023
LRSM Majorana v 2u 2j - 36.1 Ngr mass 3.2TeV m(Wg) =4.1TeV, gL = gr 1809.11105
os Higgs triplet H** — W=W=* 2,3,4 e, (SS) various  Yes 139 H** mass 350 GeV DY production 2101.11961
_“:’ Higgs triplet H** — ¢¢ 2,34 e, u (SS) - - 36.1 H** mass. 870 GeV DY production 1710.09748
&  Higgs triplet H** — ¢r 3eput - - 20.3 DY production, H(H* — (r) = 1 14112021
pp W Z - t Wt H WW WZ Z Z t —W —Z WW2Z Multi-charged particles - - - 36.1 multi-charged particle mass 1.22 TeV DY production, |q| = 5e 1812.03673
tt tt tt WWW tEtE Magnetic monopoles — — — 34.4 monopole mass 2.37 TeV DY production, |g| = 1gp, spin 1/2 1905.10130
V=13 TeV V5=13TeV | . P | . Ll L M
t-chan s-chan i -1
partial data full data 10 1 10

Mass scale [TeV]
*Only a selection of the available mass limits on new states or phenomena is shown.

fSmall-radius (large-radius) jets are denoted by the letter j (J)

Good agreement with the SM predictions
No sign of new light particles
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What can New Physics be”

Possibilities and how to deal with them:

Weakly coupled: Small rates means that more
Luminosity can help

Exotic: Need new ways to search for it, going beyond
standard searches or even beyond high-energy
colliders

Heavy: Not enough energy to produce it

Need indirect searches SMEFT opens new
directions

E.Vryonidou Xmas@Athens



SMEFT: What is it all about?
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SMEFT: What is it all about?

-nerqgy
New Physics /
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yE
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How to find new physics with EFT?

Rate

Inaccessible (high-
energy) region

Energy

Effective Field Theory (EFT): The way to probe New
Physics beyond the direct collider energy reach
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How to find new physics with EFT?

Rate

=

Known particle
Effective Field

Theory region

Unknown heavy particle

bEnergy

Effective Field Theory (EFT): The way to probe New
Physics beyond the direct collider energy reach
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Effective Field Theory

Energy : .
UV physics (hea articles) L 7'.X,Q,S...
physics (heavy particles) Lnp (¢ Q )

new

Effective Field Theory Lsa(¢)H Laime(@)[+ - -

Standard Model Lsa (o)

—ffective Field Theory reveals high energy physics through
orecise measurements at low energy.

E.Vryonidou Xmas@Athens /



SMEFT basics

New Interactions of SM particles

0(6)0(6)

Leprr = Lsm + Z Az O(A™)

d|m_6 59 Operators Buchmuller, Wyler Nucl.Phys. B268 (1986) 621-653
Grzadkowski et al arXiv:1008.4884

X3 o5 and ¢iD? D23 (LL)(LL) (RR)(RR) (LL)(RR)
Qe | fAECGrGErGSH | Q, (ptp)? Qe (ete) (e ) Qu (T yule) (L") Qee (epyuer)(Ener) Qe (L yulr) (E7"€r)
Qz | FABCGHGEGS | Qu | (¢plo)O(e'e) Que (o'0) (GurP) QW | @) @e) | Quu | (@)@ w) | Qu (lipﬁrﬁlr)(-fiaﬁa'“'u[)
Qw | KWW iewEs | Qp, (‘pt Dp¢)* (¢'D,9) || Qs (0'0)(@,d, ) 57?7) (@, @)@ q) || Qua (dyyd, ) (dy*dy) Qua (Ll )(doy*dy)
Qw | KWW Iew e Qz(iz _(Ip'Tulr)(tL‘/‘“ ) Qeu (epyuer) (@ uy) Q(qle) (T 7uar) (7€)
X2 92X ¥20?D Q, | Gyr'l) (@ ' a) Q(c:; (Epuer)(dy*dy) ((,;,) (T ) (B 1ue)
o — o —= Qui (Tputtr)(ds7"dy) o | (@G0T e) (@ T u,)
Qec P ijm,G Qew (l,o*" e,) oW, Qu (¢ LD;; @) (") Qﬁ) (7T ur) (A T dy) nyfi) (@) (A7 de)
Qi | ¢eGLe™ | Q| (Go™e)pBuw || QF | (#' D:: ) (L' 71r) QP | @7,T7,) ([ TAd)
Qow | PeWLWE | Que | (40" T )G, | Que | (41 D, v)(E7"er) (LR)(RL) and (LR)(LR) B-violating
Qv | oW Wi | Quy | (@o™u)rgWL, | Q%) (sz o) (@ *"a.) Qreda (Ee,)(d.q) Qs eB7e . [(d2)TCuf] [(q27)TClE]
Qes | ¢9BLB* | Qus| (30™u)PB. | Q% | (¢t D;' ©)(g77a,) Q0| (@) @d) | Qua et [(¢29)7Cq] [(u1) Cey)
Q.5 o' B, B Quc | (G0 Td,)p Gy, || Quu (w*iliu @) (@ 7"u,) QY | @T w)en(@Tdy) | QL P18 mn [(427)T CqP] [(G™)7 CIp]
Qows | ¢'TOoWLBY | Quw | (G0 d) oWy, || Qe | (¢'iDup)(dyy"d:) Qv | (Be)einl@ue) o e (11e) (7' €)mn [(a57) Caf¥] [(a7™)7Cl7]
Qv 5‘91715‘;%;{:/3“" Qap (7,0"d,)p B, Qpua | UP'D,p) (a7 d,) QD | (Boue)ein(@ o™ u,) || Quu e [(d2)" Cuf] [(u])"Ce,]
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SMEFT@higher dimensions

10000000000 |- 7557360962
2795173575
1000000000 |-
100000000 | 75577476 175373592
10000000 |-
® 4614554 5474170
& 2092441 3472266
= 1000000 |
[0 . . .
g 214 257378 Dimension-7 Lehman arXiv: 1410.4193
Q.
[0
E 10000l Dimension-8 Li et al arXiv: 2005.00008
o
2 1000 Dimension-9 Li et al arXiv: 2012.09188
100
10L 12
For complex operators Henning et al
1k 2 complex conjugates counted arXiv:1512.03433
]\/} = 1 as separate operators

1 1 1 1 1 1 1 1 1 1 1
5 6 7 8 9 10 11 12 13 14 15
Mass dimension

Code to generate a basis (hon-redundant set) at arbitrary
dimension in SMEFT:

Li et al arXiv:2201.04639

E.Vryonidou Xmas@Athens 9



| et’'s take a tour of SMEFT

D)

|
Log = L& + 373" 1= OF
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| et’'s take a tour of SMEFT
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D>4 |
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| et’'s take a tour of SMEFT
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D>4 |
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| et’'s take a tour of SMEFT

(D)
B C; (D)
Log = LY + ) ) D4 O; - Processes and observables

D>4 |

Sensitivity “Cmm——gp Measurements === Constraints

!

UV

Huge effort to improve each one of these steps!

E.Vryonidou Xmas@Athens 10



EFT pathway to New Physics

“—¥ Precise EFT predictions

L— Precise SM predictions

L. Precise experimental measurements

E.Vryonidou Xmas@Athens 11



SMEFT@Aim6

59 operators in flavour universal scenario

2499 if fully general
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SMEFT@Aim6

59 operators in flavour universal scenario
2499 if fully general |@

Is there any hope?

* Not all operators enter in all observables
 Many observables available
* We can make “reasonable” assumptions
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SMEFT@Aim6

59 operators in flavour universal scenario
2499 if fully general |@

Is there any hope?

* Not all operators enter in all observables
 Many observables available

* We can make “reasonable” assumptions
no B,L violation

<’ Flavour (universality, MFV)
CP conservation

<100 operators for the LHC
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59 operators in flavour universal scenario
2499 if fully general |@

Is there any hope?

* Not all operators enter in all observables
 Many observables available

* We can make “reasonable” assumptions
no B,L violation

<’ Flavour (universality, MFV)

CP conservation
<100 operators for the LHC @
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E.Vryonidou

Global nature of EFT

HH
ttH
b H AR vHvBF  yy
H+] /7
4-tops ttH 1tV
Adapted from K. Mimasu
Xmas@Athens
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Examples of operators

Dimension-6 operators of the SMEFT:

V2 XH :

Class Example Interaction Impact
X3 €rax Wy, WP W";’“
H®: (p'p)?
WPH? : (©T0) (iu; @)
WPH?D: (¢' D)@ qy)
X2H?: (plp) G, GHY
H*D?: (¢ D) (" D* )
(
(

Pt

E.Vryonidou Xmas@Athens 14



Examples of operators

Dimension-6 operators of the SMEFT:

Class Example Interaction Impact
X% e WL W WS gauge boson self-coupling  diboson

HS . (ofe)? Higgs potential, self-coupling  di-Higgs
W2H? (0T ) (Giu; @) Higgs-fermion (Yukawa) ttH, H—=bb
W2H?D : (61D, o) (@ " ¢;) gauge-fermion (Z,W) Z,W production
X2H%: (oTp) Go,GH gauge-Higgs ggH, H—=VV
H*D? : (o" D*p)* (o D* o) Higgs-Z mz (LEP)
VEXH : (G o™ uj )B, dipole ffV, ffVH
W (@G ) (@ v @) four fermion ffff scattering

E.Vryonidou Xmas@Athens 14



Aspects of EFT predictions

* Higher Orders in 1/A\?
* squared dim-6 contributions
* double insertions of dim-6
* dim-8 contributions
* Higher Orders in QCD and EW
* EFT is a QFT, renormalisable order-by order in 1/A2

1 aS aew
0@, a,) + O 5 ) +0| 5 | +0( ==

E.Vryonidou Xmas@Athens
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Application: Top quark and SMEFT

Why study the top quark ?
1. Heaviest known particle: Strong coupling to the Higgs
2. Portal to new physics: e.g. EWSB, composite Higgs

3. LHC iIs a top factory: precise access to top properties
through a lot of production channels

E.Vryonidou Xmas@Athens 16



Tops at the LHC

Rich phenomenology:

pair production X single K
associated 4 tops
production T

top loops :D. jm :Il\/\. zﬁM

* connection to Higgs physics

E.Vryonidou Xmas@Athens




Operator map

TN AN
currents (' D p)(Or*0) Yukawa (G1@)e'e)
f f //h fr fr /,h
R G| e X
f / 1% fr JL \\h
« Shift SM ffV couplings  Decouple m, & y,
. ffVh contact interactions . tthh(h) contact interactions
dipole (G 0,,t IV 4 fermion  (q7,9)(Qr"Q)

fr fr ,h f t t t
Np //
>V“V - CtV >< X Cft
JL JL 1% f t t t

Contact interactions

. Chirality flipping ffV couplings
. ffV(V)h contact interactions
. W, B & G fields

2-heavy-2-light or 4-heavy
Numerous (~O(20) w/ top)

From K. Mimasu

E.Vryonidou Xmas@Athens 18



How to look for top operators?

3 1 = L
OEQC)Q = 2-5%3 (SDT D;[,.'“P) (QY TIQ)
1 1 ~ L
0L =iy (¢ Dup) (@1Q)

OB = yth(QO-HUt)'\faBuu
01 = yigs(Qo" T gGs,

7
I Y TN TAP
Otp = Y (@ C)) (Qt) &

see for example: Aguilar-Saavedra (arXiv:0811.3842)
Zhang and Willenbrock (arXiv:1008.3869)

1 — .
OWL’ - Z§yl‘2 ('“/-9]L DH.’“/Q) (t"/l't)
O = wgul @07 )GV,

E.Vryonidou Xmas@Athens



How to look for top operators?

OB = Y19y (Qo"t)p By ,

Oz = yth(Qa“’”TAt \,QG

e
Oty = y; (G)T ) (Qt) ¢

see for example: Aguilar-Saavedra (arXiv:0811.3842)
/Zhang and Willenbrock (arXiv:1008.3869)

1 <= . \/
Opt = z§y§ (ap‘” D mo) (ty*t) X
Iy A \_—
OtW — ytgw(QO"L It) VD‘V;{I/ <’

E.Vryonidou Xmas@Athens
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How to look for top operators?

1. — l
Oy =it (¢' D) (@7'Q)

1. — 1
chol()? e Z§’ljtz (&91‘ D,U,L/Q) (QA/IL Q)

OB = Y19y (Qo"t)p By ,

Oz = yth(Qa‘”’TAt QG

e
Oty = y; (cDT ) (Qt) ¢

see for example: Aguilar-Saavedra (arXiv:0811.3842)
/Zhang and Willenbrock (arXiv:1008.3869)

_ \/
Oyt = i-Y; (w* m?) (tv*1) “-
OtW ytgw (QO-# g It) H‘QVV;U/ 4"

Operators entering various processes: Global approach needed

E.Vryonidou Xmas@Athens

19



EFT In top palr production

SM EFT

Cross-section

4-termion operators C o)

' LO NLO

chu | 427755° 4.067 57

A . cha | 2797557 2.771 o

va" Q) (@ T" q;) e = (Q1.Q)(@7"a: ! &, | 699t 6.67+1%

A _T , { 3 4.267 07 3.93*" 1%

Q)T ) | o g -

At) (@ T us) Yul) (@iy s ; By | 69955y .82+ %

: 8,3 +10% o+1%

yH A 7y ; - 1.~ d.) - 3 €Qq | 150 gy 1.327 300
T t?‘(d!’)pT d) 'd ¢ ’ b Ctlu [067_+_i?-2] 0"'8( )431':;30 [O4l+13m]
YT Q)(u; !pT u; ) ety [_o_zlj;‘:fo] -0.306130% | [-0.15F19%]
~AHT™ 1Q)( AT d) .. —_ ] crg | [0.3919%) -0.4734% 1 0. 50*3]
CE : chu | [0.33F0%] -0.3591%2 3 (0.57F5%]
T Qz)(t'YpT t) ] cga | 011107 0.023(6)i;ég,:’° [-0.19FE%]
- e | sz | 02 anis)
Octets Smglets G| o) | oosset ] inosti

Different chiralities and colour structures  Interesting interference patterns

Degrande, Durieux, Maltoni, Mimasu, EV, Zhang arXiv:2008.11/43
E.Vryonidou Xmas@Athens 20



New observables in tt

LHC can probe more sensitive observables |

1.8 — . L .//
Oy = QT Q@)

8 _ (7~ TAN(FAHTA,, - ‘
th _ (tf)/MT t)(qu)/ 1 QZ) CLeTev2]
Different top chiralities Basan, Berta, Masetti, EV, Westhoff arXiv:2001.07225

An asymmetry observable o -
Optimised sensitivity

Ap0i) = S8 AE > 0) T 0 (0;, AE < 0) Broken degeneracies

E.Vryonidou Xmas@Athens 21



How to compute these results?

Computing tools for SMEFT: SMEFT@NLO

. : Standard Model Effective Theory at One-Loop in QCD
Automated one-loop computations in the SMEFT e e

Céline Degrande, Gauthier Durieux, Fabio Maltoni, Ken Mimasu, Eleni Vryonidou & Cen Zhang, =»arXiv:2008.11743

Céline Degrande,’»* Gauthier Durieux,? t Fabio Maltoni,!:3:% The implementation is based on the Warsaw basis of dimension-six SMEFT operators, after canonical normalization. Electroweak input

K Mi 1,8 Eleni Vrvonid 1,9 dC 7l 5,6, parameters are taken to be Gg, Mz, My. The CKM matrix is approximated as a unit matrix, and a U(2)q x U(2)y x U(3)4 x (U(1)| x U(1)e)?
€n Jimasu, " kleni vryonidou, an en Zhang ) flavor symmetry is enforced. It forbids all fermion masses and Yukawa couplings except that only of the top quark. The model therefore
implements the five-flavor scheme for PDFs.

A7, . : : L 3 . ser . A new coupling order, NP=2 , is assigned to SMEFT interactions. The cutoff scale Lambda takes a default value of 1 TeV-2 and can be
“.C' pres.ent the autorr}atloll of onejloop comPUtétlor}s‘}I}}h? ‘StandardimOdel eff?ctl\e field t‘h_eory modified along with the Wilson coefficients in the param_card . Operators definitions, normalisations and coefficient names in the UFO
at dimension six. Our lmplementatlon, dubbed SMEFT@NLO, contains ultraviolet and rational model are specified in definitions.pdf +.. The notations and normalizations of top-quark operator coefficients comply with the LHC TOP WG
counterterms for bosonie, two- and four-fermion operators. It presentlv allows for fully differential standards of =»1802.07237. Note however that the flavor symmetry enforced here is slightly more restrictive than the baseline assumption
. L. . “ . .. there (see the dim6top page for more information). This model has been validated at tree level against the dimétop implementation (see
predictions, possibly matched to parton shower, up to one-loop accuracy in QCD. We illustrate 1906.12310 and the > comparison details).

the potential of the implementation with novel loop-induced and next-to-leading order computa-
tions relevant for top-quark, electroweak, and Higgs-boson phenomenology at the LHC and future
colliders. UFO model: SMEFTatNLO_v1.0.tar.gz

Current implementation

e 2020/08/24 - v1.0: Official release including notably four-quark operators at NLO.

Support

Please direct any questions to smeftatnlo-dev[at]cern[dot]ch.

http://feynrules.irmp.ucl.ac.be/wiki/SMEFTatNLO

Degrande, Durieux, Maltoni, Mimasu, EV, Zhang arXiv:2008.11/743
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Probing top operators

4 L7
< =
>
S
B 2
| A\ | —4
_2920 —1018 0 10 20 4 9 0 9 4
; 2 ' .
Cly (TeV/A) CL3 (TeV/A)
Linear ) Quadratic
029’2 = (QTQ)(@"T"q)

Opa = QT Q) (@ T 7' qs)

Brivio, Bruggisser, Maltoni, Moutafis, Plehn, EV, Westhoff, Zhang arXiv:1910.03606
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A global top fit

Class I Notation | Degree of Freedom I Operator Definition
0GQ1 cho 208 — 203
0qes C&Q chéssaa) Top quark pair tw tz
0Qt1 L ci®#=) u p
0Qt8 e cg™ , W g _
QQQQ 0Qb1 che ci==) "
0gbs e (o3 ¢
Ottt e cfss) , b
0tbi el Cl) t Z
Otbs ('fb C:@['m) Single top (t-channel) Single top (s-channel)
0QtQb1 cougs i q /
0QtQbs g cee® q )
011qq Gy Caf™™ + Log*™ + 1o
083qg (__3:, C;éw:u) _ Cqs‘(zns-al)
01399 s G + L(CH™ - ™) , , 7 f :
osqt &, Comas)
Digt cly Clia3)
08ut o 208>
QQaqq ot 6:1: o :u.‘?;(_,“("‘;“"] tw 1z ttH
08qu S C . ;
Diqu chu Ce™ t
08dt & Cap) Z
01dt & clp - —H
osqd 'Y c ,
D1qd cha c™ t
0t ac Re{C3}
otW aw Re{Clw'}
ObW cuw Re{C5P}
0tz az Re{—swCly + ewCly'} R . h h |
wwves| ot | o s ich phenomenology
0fq3 o C
opaM = Cof™™ — CF
Opt Cot (..‘f_?.f' )
otp e Re{CL3}

LISt Of Operators Hartland, Maltoni, Nocera, Rojo, Slade, EV and Zhang, arXiv:1901.05965
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Global fit Setup

Theory Data

-CCrt'e’rCtin fr”te I\/Iahd “ ' - ifprCion 4 shle O‘ (iffrﬂhial
‘ the EFT {4 Associated production with W,Z,H ;’
SO/ U USUU—— | W helicity fractons |

Constraints on New Physics scale
i Fit results can be used to bound
| specific UV complete models  §

Faithful uncertainty estimate "
Avoid under- and over-fitting f
\/alidated on pseudo-data (CIquriest

Methodology Output
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Data

Top-pair production

W-helicities,
asymmetry

4 tops, ttbb, top-
pair associated
production

E.Vryonidou

lop observables

Dataset ‘ Nowe ‘ Info ‘ Observables Naat ‘ Ref
ATLAS_tt_8TeV_ljets ‘ 8 TeV, 20.3 fb~1 lepton+jets ‘ do /dm; ‘ 7 ‘ [46]
CMS_tt_8TeV_ljets ‘ 8 TeV, 20.3 fb~1 ‘ lepton+jets ‘ 1/odo /dy; ‘ 10 ‘ [47]
CMS_tt2D_8TeV_dilep ‘ 8 TeV, 20.3 fb—1 ‘ dileptons ‘ 1/od?c /dyzdm,; | 16 ‘ [48]

ATLAS_tt_8TeV_dilep (*) ‘ 8 TeV, 20.3 fb—1 ‘ dileptons ‘ do/dm; ‘ 6 ‘ [54]
CMS_tt_13TeV_ljets_2015 ‘ 13 TeV, 2.3 fb—1 ‘ lepton-+jets ‘ do /dm,; ‘ 8 ‘ [51]
CMS_tt_13TeV_dilep_2015 ‘ 13 TeV, 2.1 fb—1 ‘ dileptons ‘ do /dm; ‘ 6 ‘ 53]
CMS_tt_13TeV_ljets_2016 ‘ 13 TeV, 35.8 fb—1 ‘ lepton-+jets ‘ do /dm; ‘ 10 ‘ [52]
CMS_tt_13TeV_dilep_2016 (*) ‘ 13 TeV, 35.8 fb~ 1 ‘ dileptons ‘ do /dm; ‘ 7 ‘ [56]
ATLAS_tt_13TeV_ljets_2016 (*) ‘ 13 TeV, 35.8 fb~1 ‘ lepton+-jets ‘ do /dm; ‘ 9 ‘ [55]
ATLAS_WhelF_8TeV ‘ 8 TeV, 20.3 fb~1 ‘ W hel. fract ‘ Fo,Fr,Fr ‘ 3 ‘ [49]
CMS_WhelF_8TeV ‘ 8 TeV, 20.3 fb~1 ‘ W hel. fract ‘ Fo, Fp, Fr ‘ 3 ‘ 50]
ATLAS_CMS_tt_AC_8TeV (*) ‘ 8 TeV, 20.3 fb—1 charge asymmetry ‘ Ac ‘ 6 ‘ [57]
ATLAS_tt_AC_13TeV (*) ‘ 8 TeV, 20.3 fb~1 | charge asymmetry ‘ Ac ‘ 5 ‘ [58]
Dataset ‘ Vs, L ‘ Info ‘ Observables ‘ Nyat ‘ Ref
CMS_ttbb_13TeV | 18 Tev, 238 m1 | totalxsec | owor(tfd) | 1| [70]

CHS_ttbb_13TeV_2016 (¥) | 13 TeV, 85.9 b1 | totalxsee | owoc(tfB) | 1 | [79]

ATLAS_ttbb_13TeV_2016 (*) | 13 TeV, 85.9 fb=1 | total xsec | ovor(tibh) | 1 | [78]
CMS_tttt_13TeV | 18 Tev, 85.9 =1 | total xsec | owo(tl)) | 1| [71]

CMS_tttt_13TeV_run2 (*) ‘ 13 TeV, 137 fb— ! ‘ total xsec ‘ oot (ttt) ‘ 1 ‘ [76]

ATLAS_tttt_13TeV_run2 (*) | 13 TeV, 187 b= | total xsec | owe(tlth) | 1 | [77]

CMS_ttZ_8TeV ‘ 8 TeV, 19.5 fb~1 ‘ total xsec ‘ oot (t12) ‘ 1 ‘ [72]
CMS_ttZ_13TeV | 18 Tev, 85.9 =1 | total xsee | owor(tfZ) | 1| [73]
CMS_ttZ_ptZ_13TeV (*) ‘ 13 TeV, 77.5 fb— ! ‘ total xsec ‘ da(tt7)/dp ‘ 4 ‘ [81]
ATLAS_ttZ_8TeV | 8Tev, 208 m1 | totalxsee | owor(tfz) | 1| [74]
ATLAS_ttZ_13TeV ‘ 13 TeV, 3.2 fb~1 ‘ total xsec ‘ oot (tEZ) ‘ 1 ‘ [75]

ATLAS ttZ_13TeV_2016 (*) | 18 TeV, 36 b1 | total xsec | owor(tfZ) | 1 | [80]
CMS_ttW_8_TeV ‘ 8 TeV, 19.5 fb—1 ‘ total xsec ‘ ot (HEW) ‘ 1 ‘ [72]
CMS_ttH_13TeV | 18 Tev, 85.9 =1 | total xsec | owor(tiW) | 1| [73]
ATLAS_ttW_8TeV ‘ 8 TeV, 20.3 fb~1 ‘ total xsec ‘ ot (HEW) ‘ 1 ‘ [74]
ATLAS_ttW_13TeV | 18Tev,8.2m 1 | total xsee | owor(iW) | 1| [73]

ATLAS_ttW_13TeV_2016 (*) ‘ 13 TeV, 36 fb—1 ‘ total xsec ‘ ot (HEW) ‘ 1 ‘ [80]

tW, tZ

Dataset ‘ Vs, L ‘ Info ‘ Observables ‘ Nyat ‘ Ref
CMS_t_tch_8TeV_inc ‘ 8 TeV, 19.7 fb— ‘ t-channel ‘ Otot (t), otot () ‘ 2 ‘ [83]
ATLAS_t_tch_8TeV ‘ 8 TeV, 20.2 fb— ‘ t-channel ‘ do(tq)/dy: ‘ 4 ‘ [85]
CMS_t_tch_8TeV_dif ‘ 8 TeV, 19.7 fb~1 ‘ t-channel ‘ do /d|yt+D)| ‘ 6 ‘ (84]
CMS_t_sch_8TeV ‘ 8 TeV, 19.7 fb—1 ‘ s-channel ‘ oot (t + ) ‘ 1 ‘ [87]
ATLAS_t_sch_8TeV ‘ 8 TeV, 20.3 fb—1 ‘ s-channel ‘ Otot (t + 1) ‘ 1 ‘ [86]
ATLAS_t_tch_13TeV ‘ 13 TeV, 3.2 fb—1 ‘ t-channel ‘ Otot (t), Trot () ‘ 2 ‘ [88]
CMS_t_tch_13TeV_inc ‘ 13 TeV, 2.2 b1 ‘ t-channel ‘ Otot (t), Trot () ‘ 2 ‘ [90]
CMS_t_tch_13TeV_dif ‘ 13 TeV, 2.3 fb—1 ‘ t-channel ‘ do /d|yt+D)| ‘ 4 ‘ 89]
CMS_t_tch_13TeV_2016 (*) ‘ 13 TeV, 35.9 fb~?! ‘ t-channel ‘ do /d|y®| ‘ 5 ‘ [91]
.
Single top t-, s-channel
Dataset ‘ Vs, L ‘ Info ‘ Observables ‘ Niat ‘ Ref
ATLAS_tW_8TeV_inc 8 TeV, 20.2 fb~! nclusive Ttot (tW) ! [95]
(dilepton)
ATLAS_tW_inc_slep_8TeV (*) 8 TeV, 20.2 fb— ! inclusive oot (tW) ! [101]
(single lepton)
CMS_tW_8TeV_inc ‘ 8 TeV, 19.7 fb—! ‘ inclusive ‘ Otot (tW) ‘ 1 ‘ [96]
ATLAS_tW_inc_13TeV ‘ 13 TeV, 3.2 fb—! ‘ inclusive ‘ oot (tW) ‘ 1 ‘ [97]
CMS_tW_13TeV_inc ‘ 13 TeV, 35.9 fb—! ‘ inclusive ‘ oot (tW) ‘ 1 ‘ [98]
ATLAS_tZ_13TeV_inc ‘ 13 TeV, 36.1 fb! ‘ inclusive ‘ ot (1Zq) ‘ 1 ‘ [100]
ATLAS_tZ_13TeV_run2_inc (¥) ‘ 13 TeV, 139.1 fb~! ‘ inclusive ‘ ora(tlte=q) ‘ 1 ‘ [102]
OMS_tZ_13TeV_inc ‘ 13 TeV, 35.9 fb~! ‘ inclusive ‘ ora(Whete=q) ‘ 1 ‘ [99]
CMS_tZ_13TeV_2016_inc (¥) ‘ 13 TeV, 77.4 fb—! ‘ inclusive ‘ ora(ttTe—q) ‘ 1 ‘ [103]
Category ‘ Processes ‘ Ndat
tt (inclusive) 94
ttZ, ttw 14
. single top (inclusive) 27
Top quark production
tZ, tW 9
tttt, ttbb 6
Total 150
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Global top fit results

BN Top — only (Data '19), Quadratic NLO EFT .

N/; 103+ mmm Top — only (Data ’21), Quadratic NLO EFT C) MEFIT
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Bounds vary between operators
ttZ ones and 4-heavy ones loosely constrained

Ethier, Maltoni, Mantani, Nocera, Rojo, Slade, EV and Zhang arXiv:2105.00006
Hartland, Maltoni, Nocera, Rojo, Slade, EV and Zhang, arXiv:1901.05965
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Global nature of EFT

HH
ttH
b H AR vHvBF  yy
H+] /7
4-tops ttH 1tV
Adapted from K. Mimasu
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The top-Higgs interface

0000000 > Seias
O =y (#10) (Q1) . S 7 e 1Y TP
Osc =i (¢19) GG P Al S O
O = y1gs(Qat TH1) oG, 2:‘;
=T we o T I
Degrande et al. arXiv:1205.1065 T
Grojean et al. arXiv:1312.3317

Azatov et al arXiv:1608.00977 ttH H, H+], HH

See also

Use with 1) ttH and 2) H, H+] to break degeneracy between
operators and extract maximal information on these operators

Maltoni, EV, Zhang: arXiv:1607.05330
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SMEFT in Higgs production

T T T T T T T T T T T T T T T T T
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Deutschmann, Duhr, Maltoni, EV arXiv:1708.00460
Grazzini et al 1612.00283
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Extended top-Higgs interplay

Production process
- 5 gg—h

Ow = Yeguw(Qo™ T t)gW,,,
OB = yth(Qqut)@Buv
Oz = y9s(Qa* T4t) 3Gy, .

\
0us = 42 (#19) (Qt) & RN gg—hz
0gc = vt (819 Git, GA | |

gg — Z~Z
Top-Higgs are deeply connected
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Exploring the interplay further

Top EW couplings

Typically searched for Iin

% = i (1 De) @10 B
O ( T(ﬁu‘P) QAMQ)

QR 12%
1 -
Oyt = ’151%:2 (‘r'?]t(ﬁu@) (t*)

New Higgs interactions

relevant for tHj, gg>HZ
gg>ZZ, H>Zy

Aren’t these unconstrained from top fits”?
A clear motivation for top+Higgs fits

Ow = Yguw(Qao* 1 t) WL,
OB = y1gy (Qa*t)p B,
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Adding Higgs data to a global fit

New data

Run | & 2 signal
strengths (CMS+ATLAS):
gluon fusion

VH
VBF
ttH

H decays

New predictions

NLO QCD for all production
~ull decay width computation
ncluding corrections to V widths |, o
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New operators

Bosonic
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O,p i(QT*t) ¢ B,y + h.c L OEZ —sin Oy O, 5 + cos Oy O,w
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24 new d.0.f.s
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Ethier, Maltoni, Mantani, Nocera, Rojo, Slade, EV and Zhang arXiv:2105.00006
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Where i1s most information from?
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Tree-loop interface
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Fisher information table
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Ethier, Maltoni, Mantani, Nocera, Rojo, Slade, EV and Zhang arXiv:2105.00006

E.Vryonidou Xmas@Athens



HIgQgs and top Interplay

95% Confidence Level Bounds
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Ethier, Maltoni, Mantani, Nocera, Rojo, Slade, EV and Zhang arXiv:2105.00006
Top measurements break the degeneracy between Higgs operators
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Global fit results

| EEE Top — only, Quadratic NLO EFT
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Higgs data improves certain top operator bounds
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Ethier, Maltoni, Mantani, Nocera, Rojo, Slade, EV and Zhang arXiv:2105.00006
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What do we learn from global fits”

Bounds on new physics scale vary from
0.1 TeV (unconstrained) to 10s of TeV.
Bounds depend on:

® the operator

® assumption of a strongly or weakly
coupled theory

® ndividual or marginalised bounds
(reality is somewhere in-between)

® |inear or quadratic bounds

E.Vryonidou Xmas@Athens
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What do we learn from global fits”

Bounds on new physics scale vary from
0.1 TeV (unconstrained) to 10s of TeV.

Bounds depend on: o ST Ay
ounas aepena on: constraint: IV e
® the operator NN .
Non-pert.

® assumption of a strongly or weakly

coupled theory <

Allowed

® ndividual or marginalised bounds

(reality is somewhere in-between) Y

® |inear or quadratic bounds
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What can we learn from these fits?

 EFT bounds translate to

constraints on parameters
of UV models

 Simplest case: single-field oot —

extensions of the SM

E.Vryonidou

Mass limits (in TeV)
N - I ‘ IAn|? < 3.8 x 1072 ‘ 1.60
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1 | Zs cos 8 < 0.995]
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Q1 |
D - } | o> <3.8x 1072 |
1% — b <02
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A | | Ao, <17 x 1077
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Ellis, Madigan, Mimasu, Sanz, You arXiv:2012.02779
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Outlook

« SMEFT is a consistent way to look for new interactions
 The LHC gives a lot of opportunities to explore top
interactions through a lot of new top measurements

* First global fits results already available: important to

combine as many processes as possible to extract maximal
information

» Strong link between Higgs and top sectors

 Eventually global fit results give us a clear indication of the
scale of potential new physics
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