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Where are we"”

10 years since the start of LHC run 1 1o

* No clear sign of TeV scale new physics

* Direct searches have saturated the energy frontier
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ADD Gkk +g/q Oeu 1-4j  Yes 361 Mo i ' .7 TeV in:Z 171103301
ADD non-resonant yy 2y - - 36.7 Mg I I I 8.6 TeV I n = 3HLZNLO 1707.04147
ADD QBH - 2j - 37.0 My, 89TeV “n=6 1703.09127
ADD BH high 3. pr 2leypu >2j - 32 |Mu 1 1 pP-2TeV. gn=6Mo=3TeV otBH 1606.02265
ADD BH multijet 2— =3j - 36 My, 9.55TeV ™ n = 6 Mp = 3 TeV, rot BH 1512.02586
RS1 Gkk = yy Y - - 3 k/Mp; = 0.1 1707.04147
Bulk RS Gkx — WW/ZZ multi-channel 1 1 1 k/Mp) = 1.0 1808.02380
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HVT W’ - WZ - (vqgmodel B 1 e pu 2j/1J  Yes Igv:3 2004.14636
HVT V' = WV - qqqq model B 0 e, u 2J - 8v = 1906.08589
HVT V' - WH/ZH model B multi-channel lgv =3 1712.06518
HVT W’ - WH model B Oep =1b=22J 8y = CERN-EP-2020-073
LRSM Wy — tb multi-channel 1807.10473
LRSM Wy — uNg 2pu 1J - m(Ng) =0.5TeV, g = gr 1904.12679
Cl qqqq - 2 - 8 218Tev 1703.00127
Clttaq 2en - - n CERN-EP-2020-066
Cl tett 2teu 21b21j Yes |Ca| = 4 1811.02305
Axial-vector mediator (Dirac DM) Oepu 1-4j Yes l l l 84=0.25, g, =1.0, m(y) = 1 GeV 1711.03301
Colored scalar mediator (Dirac DM) 0 e, u 1-4j Yes £=1.0, m(y) = 1 GeV 171103301
Wy EFT (Dirac DM) Oep 14,€1] Yes | | B0y <150 Gev 1608.02372
Scalar reson. ¢ — ty (Dirac DM) 0-1e,u  1b,0-1J Yes Toy n g =04 4= 02 m(y) =10 GeV 1812.09743
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Scalar LQ 2™ gen 124 22)  Yes 361 |LQmass 6 Tev | 1 | P 1902.00377
Scalar LQ 3" gen 2t 2b - 36.1 LQy mass 1.03 Te' B(LQY = br) =1 1902.08103
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VLQY — Wb + X leu =21b 21 Yes 36.1 Y mass 1.85TeV B(Y = Wb)= 1, cp(Wh)= 1 181207343
VLQ B - Hb + X Oem2y 21b21 Yes 798 |Bmass 121 v 1 1 B rs=05 ATLAS-CONF-2018-024
VLQ QQ — WqWq 1epu 24] Yes 203 _ _ ] 1509.04261
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Excited lepton ¢ 3epu - - 203 1 JA=30Tev 1411.2921
Excited lepton v* Beurt - - 203 A =1.6TeV 1411.2921
Type Il Seesaw lepu =22j Yes 798 | N°mass 560 GeV i i i 1 ATLAS-CONF-2018-020
LRSM Majorana v 2u 2j - 36.1 Ng mass 1 3.2 1'.‘ 1 1 m(Wg) =4.1TeV, g, = gg 1809.11105
Higgs triplet H** — (¢ 234e,u(SS) - - 36.1 H** mass 870 GeV DY production 1710.09748
Higgs triplet H** — (1 3eut - - 20.3 l 1 1 1 DY production, B(H;* — (t) = 1 1411.2921
Multi-charged particles - - - 36.1 multi-charged particle mass 1.22 TevV DY production, g = 5e 181203673
Magnetic monopoles - - - 34.4 monopole mass ' 2.37 TeV 1 1 DY production, [g| = 1gp, spin 1/2 1905.10130
V5 =13 TeV ....|1 N N ......I N n .....:i. . M
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What do we know"?

BSM states are either too...

Weakly coupled

rate limited

Exotic

we aren't looking in
the right place

Heavy

kinematically
out of reach
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Room for improvement with increasing
luminosity
Still 20x more data to come

Limited by our creativity

Work for theorists & experimentalists to
motivate & enable searches for new
signatures

Worst-case scenario from direct search
point of view

Forced into the business of indirect
searches

3 SMEFT and searches for new physics



Not only direct searches...

LHC's (Higgs discovery) has been achieved

We are in the midst of a huge programme of precision
measurements of SM interactions up to the TeV scale

Thanks to the efforts of th. and exp. colleagues, the LHC
can equally be used as a precision machine

Big question: Origin of the Electroweak scale
Where to look: Interactions among the key players

Higgs, , top quark,...
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Pinning down EWSB

Independent of the outcome of direct NP searches

LHC legacy = precise set of measurements t
of the interactions that govern EWSB
| | | (HtV ttH
Gauge/Higgs: all components of Higgs field EWSB
« Connects gauge and Goldstone boson interactions
| o . W, Z h
Equivalence of longitudinal modes at high energy VH. VBF

v+ h+iG° 0,G°  Z,

. 1 Gt 0,GT = W,
V2

Ihe top Is special yet relatively poorly measured
* Being most strongly coupled to the Higgs has strong BSM implications

* The LHC is a top factory
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Marrying energy & precision

Paradigm shift at the energy t
frontier for BSM searches

Direct (bump hunts)
ndirect (measuring tails) SM

= New physics Is heavy =

Heavy new physics Standard Model
Precision measurements Effective Field Theory
High energy (SMEFT)

A parameter space for BSM
interactions between SM particles
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Marrying energy & precision

Paradigm shift at the energy t
frontier for BSM searches

Direct (bump hunts)

ndirect (measuring tails)

>

= New physics is heavy = E > Einc
Heavy new physics Standard Model
Precision measurements Effective Field Theory
High energy (SMEFT)

A parameter space for BSM
interactions between SM particles
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CZOZD

SMEFT: SMv2.0 ce=% 5%

We have access to a low energy effective description

« SM: all relevant & marginal (D < 4) operators

- + EFT: tower of irrelevant (D > 4) operators SU(3)c x SU(2)L x U(1)y

(G N,
SM gauge symmetry & linear EWSB - <v+h+iG0> 2

More than ‘just’ a parametrisation of ignorance

* Unlike ‘Anomalous Couplings’ « Renormalisable QFT (order-by-order)
* Finite energy range < A (NP) * Well-defined matching procedure
X% e W, WHPPWES XPH? : (plp)?GY, GhY
alGL s H® : (') oD (o Dyt iy 99NN Oz
An ff\/ VPH? (SOTZ)2(@: uj P) VX H : (30" uj @) B, ‘dipole’ AF
Y H?D : (9'Dy ) (@i7" ¢5) Ot (@ @) (@ v @)
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Energy growtn

Higher dimensional operators mean energy growth

SM

Dim-6 5 5
v vE E ) ‘Energy helps accuracy’

A~ A l+ci—lHe— toa—
sM "M AZ T PARl)  [rarinaetal; PLB 772 (2017) 210-215]

Rate measurements will become systematics dominated
Increasingly high-energy measurements scale with lumi.

QOutlines a systematically improvable process for improving
our understanding of the D>4 parameters of the SM

Slightly complicated by interference structure w/ Asw

« Cross sections contain terms up to order 1/A4
- Different energy growth/symmetries can mix the hierarchy in EFT expansion
* Dim-8 operators generally not studied

K. Mimasu - LHCP 2020 - 28/05/2020 8 SMEFT and searches for new physics



Global Fits

SMEFT seeks model independence

* Only requirement: BSM physics lives sufficiently above experimental energy

* Don't know a priori which operators NP will generate

Ultimate goal: complete likelihood for general SMEFT

« Start small.. realistic subsets of measurements/operators (exploit symmetries)

EWPO, Higgs, Diboson, top, DY, flavor,...

LS2 is an opportune time to take stock

* Legacy papers coming out with full Run |l dataset

SMEFT fit is a fantastic benchmarking & data preservation exercise

Progress in many complementary directions Where do we stand and

Good to have several groups working in parallel where to look next?
hints, blind/weak directions,...

* Expect many fit papers in 2020/21!
K. Mimasu - LHCP 2020 - 28/05/2020 9 SMEFT and searches for new physics



see also [Hartmann, Shepherd & Trott; JHEP 03 (2017) 060]
& Will Shepherd'’s talk from Monday

EWPO at NLO in SMEFT

[Dawson & Giardino; PRD 101 (2020) 1, 013001]

QCD & EW corrections to Z & W pole observables

* First ‘complete NLO” SMEFT fit result

10 operators®

8 constraints NLO

-p

LO

32 operators
10 constraints

* LO blind directions closed by adding in Diboson/Higgs data

* NLO fit nowhere near self-contained

0(20-30%)

[Giardino; talk @ HEFT 2020]

corrections in
marginalised fit

0.100 -

00%0¢ ] Single

B Marginalized

0.010

0.005

Cou Cat" C

Coefficient LO NLO
Cop | [~0.034,0.041] | [-0.039,0.051]
Cowp |[—0.080,0.0021] [~0.098,0.012]
Coa  |[—0.81,—0.093] | [~1.07, —0.03]
¢ | [-0.025,0.12] | [~0.039,0.16]
Cou [—0.12,0.37] | [~0.21,0.41]
¢l |[~0.0086,0.036]|[~0.0072,0.037]
Cu | [~0.085,0.035] | [~0.087,0.033]
i) | [-0.060,0.076] | [~0.095,0.075]

Cep Cow Cod Co®
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Combined Higgs/EW

[Ellis, Murphy, Sanz & You, JHEP 06 (2018)146]
Recent global analysis of LEP + LHC Run | & || data

« LO & linear; flavour universal assumption U(3)°> + Yukawa operators

Includes ditterential information for Higgs
« Stage 1 simplified template cross sections (STXS) for Higgs production

* High-pr WW measurement 95% CL limits LEP -+ LHC Run 1+2
Marginalised 181 i ] Individual
Lr ) 16} B Marginalised| |
0.8 i 14+
I i r—
k , > 12¢
0.6 - ICI_)
— - Eag
B i Q
0.4P ] IB 8_
~—
020 ] < 6/
V 4r
0. | | | | | | | | | | | | | | | | | | |
T oZ [ g R & UVISEsroSes @22 M OUoOxTmo=
STFTSTOFTTETBOCOS § 50550 27
Lt L = © S Ls
— — 0
Improvement after adding Run |l data 08 03NN T 0, FT 0 FeHes
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[Ellis et al.: JHEP 06 (2018)146]

Map to UV models

Tree-level. scalar EW triplet & vector-like quark doublet

0.04F

0.3

“mass = 1 TeV| ~ Fitresults are interesting &
L useful in and of themselves

015 * Real interpretation starts here

' | . UV matching quasi-automated

G 0.02)
=Y

2
Y|

USIT o EEEEEEEEL s .« Complete tree-level dictionary
0. 0.001 0.002 0.003 0.004 0.005 0.006 0. 0.05 0.1 0.15 0.2
e o [de Blas et al.; JHEP 03 (2018) 109]
* Universal 1-loop effective action
LOOp"etVﬁell' MSSM w/ degenem:ﬁa_tf Stops [Henning, Lu & Murayama; JHEP 01 (2016) 023]

[Drozd et al.; JHEP 03 (2016) 180]

UV interpretations will usually
iInvolve subsets of full basis
» Better constrained than full SMEFT

0.8+ 0.8+

m; [TeV]

0.6

m; [TeV]

0.6

0.4+ 0.4+

7N

-3, =2, -l 0. 1. 2.
X /m

Xi/my
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—3 —2 —1

* Need to retain likelihoods to re-fit

* Important to have an ‘agile’ framework
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Flavorful Higgs/EW fit ==

Cag —0.017 + 0.014 1.2
. C.0O 4.9 £ 6.2 0.8
[Fa/kOWSk/ & Stran.,' JHEID 04 (2020) 066] Can —0.6 + 0.63 1.0
: . ' Csa —12.0 £ 16.0 0.8
Relaxation to non-universal flavour assumption ;. 049415 03
. i ) ) 51’ —0.09 £ 0.053 1.7

An important evolution direction for global analyses ity 02050083 29
sgWl, 0.26 + 0.1 2.6

Separate 3 fermion gens. b9751  —0.0074 & 0.0052 14
0.75 6gL 22  —0.0014 = 0.018 0.1

° 19 — 31 parameters 8975, —0.0054 + 0.01 0.5
0 T —0.17 £ 0.66 0.3

. . 3973, 0.43 £ 057 08
Custodial vector triplet | 5gZd. 0.052 + 0.027 1.9

. : 5g%4, 1.5 + 1.0 1.4
Interpretation ey oo 073 oa

1 8gE%, 0.33 + 0.11 3.1
LoV} (igHHTTID“H —igy D, H'T'H 5945,  —0.0086 + 0.0056 1.5
2 6gR22 —0.0018 £ 0.021 0.1

B 5925, 0.0084 + 0.01 0.8

+ ZgzilﬂIW“ l;i + quﬁﬂlv“ qi) \ 5gZ%, 0.14 + 0.5 0.3

i i 5974,  —0.027 + 0.072 04

5g2n, 1.3 + 0.85 1.5

I — 0.2317097 Tev—, I = 0.0544£0.040, 2 =0.100+0.060, = = 0.009+0.068, ogriy —0.056 + 0084 07
M gu gH gH [Cuglss  —0.18 £ 2.7 0.1

) gq1 gq2 gq3 [Cdgp]j}(i 0.016 :t 0049 03
multi-TeV o= m0.05£0.25, B = 0114027, B = —0.027£0.004, Coles 0004 £ 00054 08
[Ceplss —0.0018 + 0.019 0.1

[Culi2z2z —0.68 £ 0.2 3.3

Results & likelihood available through smelli

. . [Aebischer et al.; EPJ C79 (2019) no.6, 509]
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* (N)NLO QCD predictions for SM

TO p Seé CtO I - Mostly NLO QCD for SMEFT

[Hartland et al.; JHEP 1904 (2019)100] * 34 Wilson coefficients (many 4F)

. SMEFIT analysis of LHC top quark data

— SMEFiT .glofaafl (marginalised) ‘rare’ tOp modes ttV, th, 4t, ttbb
1 MM SMEFIT individual (inclusive)

| M LHCtopWG EFT note

oy tt+single-top (diff.)

I

N Ck
oY
<§b “»

0.3 TeV

109 -

-1 TeV

-3 TeV

10'1:

95% Confidence Level Bounds (1/TeV?)

10—2 .

S" 3 & N
PR RTXR RO

O

See also [Brivio et al.; JHEP 02 (2020) 131]
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HIgNer Oraers ©=oms+ % 3o +X 5o

SMEFIT analysis of LHC top quark data

102 -
| mmm SMEFIT NLO, ©(A~%)

| mmm SMEFIT LO, O(A~%) pure 1//\4

| mmm SMEFIT NLO, O(A~2)

10! 4

10° 4

1071 4

95% Confidence Level Bounds (1/TeV?)

1072 -

o O & &

0\'

(o)
A A o
RS

Impact of NLO and 1/A4 LO vs NLO 1/A\2 vs 1//\
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see talks by:
Efe Yazgan (Tues)
Elizaveta Shabalina (Tues)

Experimental fits

Giacomo Zecchinelli (Tues)

[CERN-EP-2020-034] & [CMS-PAS-HIG-19-005] Luca Fiorini (Weds)
Enthusiasm for SMEFT percolated to the exp. community

* Joo many results to cover here
= One Higgs example here (honorable mention to the many top results)

SMEFT interpretations of STXS measurements  dedicated session (Fri)

* Experiments typically consider smaller parameter spaces 359137 15" (13 TeV)

C M S ® Observed O Observed (other cj =0)
. . . —_—+1o - +10 (other ¢ = 0)
. . ]
- Better handle on uncertainties/correlations Preliminary —.c. o o
Py, =89% ’
»
CMS-PAS-HIG-19-001] ——
CMS Preiiminary 137.1 b (13 TeV) ATLAS Expected: Stat+Sys B
fld T T T T T T T T T 1T T T T T T T T | H— ZZ* — 4] a— Observed: StateSys (e, - Cp) X 10° oze
012 100 H=2z-4 /s =13 TeV, 139 fb”
-0.01-0.50 1.00 . ’ [ ] Observed: Stat-Onl B
0.05 0.14 -0.02 1.00 mH proflled ] SMEFT ’ c x10 l l'
EM 0.19 0.08 0.15 1.00 : d
0.02 0.15 -0.31 0.23 0.07 1.00 . — :
L — Best-f % CL :
[0.04 0.00 0.24 -0.21 0.13 0.1 1.00 ] eatft  86%C
[0.04 0.04 0.14 0.22 -0.12 0.14 0.18 1.00 | B ' _ ¢ x10 i -
0.02 0.06 0.15 0.24 0.26 0.19 0.25 0.27 1.00 | CHW : i 0.5 [-3.4,2.1] |
|0.00 0.00 -0.00 -0.00 -0.01 -0.01 -0.01 -0.01 0.00 1.00 ] — : 1
|0.05 0.14 0.06 0.1 0.07 0.04 0.07 0.09 0.19 -0.51 1.00 ] CHB i. -0.03 [-0.62,0.59] C, X 10* ——
0.02 0.04 0.05 0.08 0.04 0.05 0.07 0.08 0.11-0.39 0.19 1.00 ] - . N
|0.06 -0.03 0.10 -0.02-0.01 0.03 -0.01 0.02 o.os- 0.35 0.04 1.00 ] CHWB :. 04 (1.4.1.0 -
-0.00-0.06 -0.46 10180 -0.35 -0.17 -0.28 -0.38 J018 -0.00 -0.16 -0.19-0.04 1.00 ] i : | Co X 10° e
[0.00 0.00 0.00 -0.00 0.00 0.00 0.00 0.00 -0.06 -0.00 0.00 0.00 0.00 -0.00 1.00 | '
|0.13 -0.37-0.04 -0.11-0.02-0.04 -0.03 0.01-0.00-0.00 0.02 0.01 0.03 0.02 0.01 1.00 | CHG . -10? -0.001 -0.008,0.007] —
0.00 -0.00 0.00 0.00 -0.00 0.00 0.00 0.00 -0.02 -0.00 0.00 0.00 0.00 -0.00 -0.00 -0.00 1.00 - ' -1 -
E.oa 0.11 -0.05 0.01 0.03 -0.08 -0.17 -0.21 -0.16 -0.00 0.00 -0.01 0.03 0.03 0.01 -0.02 0.00 1.00 : CuH ™ ' ™ .5.102 -6,18 [-18,30] Cu X 10 . :
0.01/0.00,0.02)0.04  0.02)0.00|-0.03,:0.02:0.04|0.03 | 0.00 | 0.03 f0.20,-0.010.01-0.04 0.00 006 100| | |, . . 4 . . I T S S S SN | I B (R ST R
-2 0 2 4 6 20 -5 -10 -5 0 5 10

Parameter Value Parameter value

K. Mimasu - LHCP 2020 - 28/05/2020 16 SMEFT and searches for new physics



Going forward

Fits are not ‘fun’... a slog of data creation/curation
« Beware of statistical overlap between datasets, correlated uncertainties

Legacy stage 1.1 STXS papers are out = next gen. fits
* Represent a controlled evolution towards combined, fully differential data
- Best compromise for ease of interpretation and global sensitivity

« Caveat: SM kinematics/acceptance assumed

Important to study their information content w.r.t SMEFT
[Brehmer et al.; JHEP 11 (2019) 034]

x10

X
0.6 2
——  Full Kin.

Imp. STXS

—— Rate

L =300fh!

0.4 1

Compare WH STXS
to ‘perfect’ info

0.2

| proposal for
improved STXS

-0.24

041 Clily =0

L =300fh!

L =300fh"! “| —— Rate

0.6 . - ; - , ' - -
15 0.75 0 0.75 15 0.5 -0.25 0 0.25 0.5 0.2

CHD CHD
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SMEFT & BSM today

SMEFT-UV connection is model dependent by construction

* Implications on heavy new physics & validity of EFT is a posteriori
* Depends on sensitivity & energy scale probed by data
* Bottom-up philosophy: new physics scale unknown

| | | C \? | |
arbitrary dimensionful parameter S coupling/mass scale of new physics

A2 M2
Difficult to address in a general way

* Today we are probing leV scale new physics

constraint: c/A2< X

Non-pert. |

Hierarchies in sensitivity EWPO > Higgs > top (EW)

Moderate-to-strong coupling scenarios most safe

Generic NP in loops looks challenging for the LHC

Concrete models should be better constrained

We should widen enough to test realistic models
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Conspicuous split between top & Higgs/EW sector fits
Several such results will appear soon

Dedicated ‘top+Higgs’ parallel session at this workshop

It we are thinking about the origin of the weak scale, we
should fit to SMEFT for full EWSB sector

Especially timely given recent measurement of relevant
processes connecting the three sectors i

EWSB

ttH + ‘rare’/EW top production (itZj, 4top,...)

Unclear to what extent the two sectors will talk beyond ttH

Top measurements are important for H, Hj, HH

LHC should observe tHj process toward the end of its lifetime
K. Mimasu - LHCP 2020 - 28/05/2020 19 SMEFT and searches for new physics



SMEFT in the proton

[Carazza et al,; PRL 123 (2019) 13, 132001]
Q: Can the PDF extraction procedure absorb NP effects?

» Slew of LHC data being used to determine them, some at high energy
* In principle, one should fit them together with the Wilson coefficients

* Proof of concept using DIS data & qgll contact operators

NNPDF3.1 NNLO DIS-only

1201 '3 .
! -+- Total (pre-fit) Marginalized
100 A 'u' - Total (post-fit) Individual no PDF unc w PDF unc
& s i ' a, ~0.1,+0.4] 2.3, +14] -3.6, 4+2.7] fixed PDFs
| 3 ay (1.6, +0.4] [—13,+3.9] (19, +11]
NS 60 i ? b a, [-2.8,+4.2] (—18, 429] [—36, +47]
n ? ‘3 h ] a, [-2.6,+1.2] (—13, +7.0] [-21, +15]
- 40 :b‘ ‘3 * rsl '
£ i, e 4 B ;
~NG f [ ) 1 k3 H
X 201 1 o2 AN A G YE ! Individual Marginalised '
<L $ oagt bl 5| simultaneous
0% ‘.,m.., L. B M * a, 00,40.5 ~0.4,+2.4]
N ¢ o6 v a, [—1.1,40.8] [-4.4, +4.5] extraction
-20¢ 7 a, (—4.5,+43.6 (—61, +39]
[-2.4,+40.7] [-29, +2.7]

SMEFT Benchmark Point (BP) b etter fit

Related issue: impact of SMEFT on as determination

* Not yet studied: Lattice, ete, PDFs, ....
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see also Will Shepherd's backup slides from Monday

Adding flavor constraints

[Aoude et al,; arXiv:2003.05432] & [Hurth et al,; JHEP 06 (2019) 029]
Imposing flavor symmetry in SMEFT avoids tree-FCNC

* Flavor violation induced by SM interactions at loop level

* Down type FCNC processes at low energy: B-decay/mixing and some Kaon

Minimal Flavor
Violation

SMEFT (A) = WET (v) = Flavour experiments

» Translate existing constraints on WET coefficients to SMEFT
« Combined with fit to EWPO/diboson/Higgs

* 5 new constrained directions

1//o; [TeV]

5 10 15
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B including flavour data
not including flavour data
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21

25

CuW

(1)
chg) Cquqd
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SMEFT in loops

Recent progress: top operators in EW loops

» Relatively poorly-known EW top quark interactions contributing to precisely
measured observables

* Loop suppression overcome by ‘large’ allowed values for Wilson coefficients

/-pole observables Top pair production

t

W\N\N\/Q\/WVWW [Zhang, Greiner & o
’ Willenbrock; PRD 86 e+ + +
z,y@w ,, (2012) 014024]

tb

EW Higgs production & decay l I %

[Zhang & Vryonidou; JHEP 08 (2018) 036]

. - [Martini & Schulze; JHEP 04 (2020) 017]
1) competitive sensitivity
2) marginalisation headache

See talk by Till Martini on Friday
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Tools for SMEFT in loops

One-loop predictions in the SMEFT
« NLO QCD corrections / loop induced predictions

* Precision & scale uncertainties / new sensitivity

* Non-flat K-factors in EFT space

Recent results on NLO QCD corrections

« DY & VH [Alioli et al.; JHEP 08 (2018) 205] http.//oowhegbox.mib.infn.it
« VH& VV [Baglio et al.;, PRD 100 (2019) 11, 113010 & arXiv:2003.07862]

Automated framework for Madgraph5_aMC@NLO

[Degrande et al.; in preparation]
SMEFTatNLO http://feynrules.irmp.ucl.ac.be/wiki/SMEF TatNL O

* Process independent, complete SMEFT, in top-specific flavor limit
* 4 fermion operators not yet public
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SMEFTatNLO

[Degrande, Durieux, Maltoni, KM, Vryonidou & Zhang; in preparation]

Preliminary results for di/triboson production @ NLO QCD
* Recent evidence for tri-boson by ATLAS & CMS

* Like VBS, sensitive to quartic gauge couplings (dimension-8)

» Potential additional probe of gauge fermion and TGC at dimension-6

WH+W+W-

o[fb] LO NLO K-factor
TsM 79.38(5) T0- 1% 142.8(9) 875 1.80
Tyw s 0.192(2) "0 9% 0.403(3) 835 2.10
Oow B.ow s 0.04959(6) T2-3% 0.0591(1)F27% 1.19
T 2.93(2)19:0% 4.07(3)F39% 1.39

T oo 2.517(3) 182 2.522(5) F1- 1% 1.00
Twww 0.4(2) 5%, ~10.8(2) 241k -26.52
Twwwwww | 254.6(3) 71007 215.7(4) 05k 0.85
Tun —0.0746(8) T2 ~0.016(1)F56-2% 0.21
T4p,sp 0.005286(8)*0-%% | 0.00696(1)*3 3% 1.32
Tus 0.43(1) 315 0.606(2) 547 1.41

O aio 0.01668(2)T07% 0.02057(3)F2-0% 1.23
e 1.55(5) 180 1.99(6) 5 7% 1.29
01 ) 36.03(3) 550 34.04(5) 1) 5% 0.94

0 44.11(9) 10 4 66.3(1) 50 1.50
0,00 4 121.2(1) 9 1% 111.7(2) 4% 0.92
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See talks by Alessandro Da Rold & Ruchi Gupta

LL\NH

olfb] LO NLO K-factor
osM 19.15(2) 719 37.43(2) T8 T 1.95
Oows 2.176(2) "1 1% 4.308(6)T85% 1.98
O swp.owB 0.1859(3) "5 2% 0.2634(6) 537 1.42
T pw 0.687(4) "1 9% 0.996(7) "5 7% 1.45
T ow.ow 1.029(2)T7-5% 1.072(2) 1 4% 1.04
Ton ~0.017(1)*09% —0.0305(2) "7 0% 1.79
Oyp.08 0.0004755(7)712% | 0.000555(1)F23% 1.17
Twww 0.65(4) T 19 —4.52(7)128.5% -6.95
Twwwwww | 120.0(2)TEL3% 117.5(3)F32% 0.98
Top 0.84(1)F12% 1.831(1)728% 2.18
Copob 0.0215(5) ] 1% 0.04175(5)F55% 1.94
Tas 0.0789(3) 0-9% 0.1193(7)*5- 1% 1.51
T s 0.005092(8) *9-57% 0.00598(1) "% 2% 1.18
e 1.801(4)55% 2.477(5) T3 0% 1.38
T 10 0y 0.4757(8) 055 0.729(1) 535 1.53
e 15.94(5)T2-1% 23.79(6) "5 T 1.49
0, e | 42.53(9) 70 43.8(1)F 50 1.03
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Improving fits
[Ellis, Madigan, KM, Sanz, You; in preparation]
STXS for ggF: one-loop is LO for the SM

* [ree-EFT x loop-SM and loop-EFT x loop-SM interference terms

* Heavy top limit OK for O-jet, breaks down for high-pr

ggFoj ggFij BSM  ggF2jlow mj; ggF2j high mj; BSM
| . i e | ¢ Cpe =100
04l el o * 6 o e o o o " (o
; vy v M o
| v i
0 22 v E v v v i i v CtG +5
e | i i Co
] * | * * * * | % * * * * * * | %
0.0 i X oV |
-0.2 | i i
» ) M) ) & Q Q Q \) O O \) Q
£ & & & ¢ @I
R SN NI S - N U ORI O
K N < AR X R X
NN & ¥ & SR
SIS SRS CHE S N P O SN
X N S \ e N &
AP P N L
N N X i N S
$ g & &8
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Higher orders in /\

[Li et al.; 2005.00008] & [Murphy; arXiv: 2005.00059]
EFTs are systematically improvable in 1/A

* Dimension-6 is the LO for baryon/lepton number conserving operators

Important to think about possible dim-8 effects

» Theoretical uncertainties / validity of the EFT expansion
* Some measurements are dominated by quadratic dim-6 effects (1//A\4)

« Small/no interference due to symmetry, helicity selection, color structure, ...

Operator counting known to arbitrary dimensions

2, 84, 30,M560, 15456, 11962, 261485, ...:  [Henning etal., JHEP 08 (2017) 016]
higher dimension operators in the SM EFT [Lehman & Martin; JHEP 02 (2016) 081]

New result: complete dimension 8 basis written down

« 44807 operators encoded in 1029 Lagrangian terms
« Paves the way for more exploratory studies of importance & unique pheno

First-principles positivity constraints applicable (e.g. VBS)
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HIgh energy & multiplicity

How can we improve with increasing statistics?

more differential
higher multiplicity

Dim-6 operators don't guarantee energy growth

» Target energy growth (energy helps accuracy)

Operator contribution to a given process:

(2) May not grow maximally with energy (E2) () Have suppressed interference w/ SM
[Azatov et al.; PRD 95 (2017) no. 6, 065014]

There will always be some scattering amplitude that
displays maximal (E2) growth w.r.t the SM

on-shell Longitudinal WW
Gt N
<—> — \
(' D) (fin"f;) 4 o o SM
i LN\ interference
G- 7°
D=4 D=6

K. Mimasu - LHCP 2020 - 28/05/2020 SMEFT and searches for new physics



[Maltoni, Mantani, KM; JHEP 10 (2019) 004]
Top-EW couplings: rare top production

Processes that embed high-energy EW top scattering g t

W= b/b W+ b/b t/t
t
S h Z/ Z/y
%% W
—»>—— 1/t g —»>—— /)t ———— |44

q —— — ('

b/b
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HIgh energy & multiplicity

[Maltoni, Mantani, KM; JHEP 10 (2019) 004]
Top-EW couplings: rare top production

Joco = - (1) Iog(ri) tz 1 (1)log(ri.i) e 10g(riot)
=621.3 fb O - O tot
[Zﬁ- 794.8 ab] %0 PP J 9Q ¢ 10g(rye)
* max lim

...........
.....
-------
'''''
-

Ow tions O Enefgy growth
Oss Ors C =1
Expected growth from 2—2 absent! gﬁgivgoo GeV
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HIgh energy & multiplicity

[Maltoni, Mantani, KM; JHEP 10 (2019) 004]
Top-EW couplings: rare top production

o log(ri) pp->tZW O&glog(r,-, i)

* log(reo)
¢ Jog(rue)

Ooco =~
Oew=1146fb
* max lim

oye =85.3 ab

.
~—

O tions O
O Very interesting process 9# Ci =
Expected growth is there! that should be Inclusive
measured at the LHC pr (W,Z)> 500 GeV
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HIgh energy & multiplicity

[Henning et al.; PRL 123 (2019), no.18 181801]

O, = [HP0,H'0"H 0, = Y, |H[pLHir

Higgs couplings... without the HIQQS  0ss=g?1HPB.LB"  Oww =g*|HPW, W

» Operators that affect Higgs signal strengths contain

2
|H|
HC HwH Growth

}Q{ ﬁ E2

Kt Oyt ’ A2

KA Os \:;j)“"' ~ E X—]g

kz~ | Oww .

kyvy | OBB T %
RV Or

2

Kg Ogg }---- % L
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Oce = g3|H|*GS, G Og = |H|°

_ % (v2 +2hv + h? + 20197 + (¢O)2)

0.4

Constraints from pp - jtVV at HL-LHC

0.2} - —

0.0r

oy,

-0.2F

Modified EWSB sector interactions
Energy growth in high-multiplicity final states
of Higgs, top & longitudinal gauge bosons

Promising avenue for the future
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Conclusions

SMEFT is truly well established in the HEP community
* On the path to measuring the SM parameters up to dimension-6

» Extend the reach of the LHC beyond nominal energy

« Multi-TeV scale within reach, next step: more realistic models

Much work to do towards the global SMEFT likelihood

* Precision tools available Big part of the LHC legacy
* Progress in many directions

« High energy & multiplicity as a roadmap for the future

Other important topics

e B-anomalies & SMEFT/BSM  talk by Admir Greljo on Tuesday
Overlap of signal & background in global analyses

Interplay between Di-Higgs & other measurements in global fits
CPV violation in SMEFT see Elina Fuchs’ talk just now

Applying on-shell techniques (basis construction, RGEs, non-renormalisation)
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L HC EFT working group
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Clear interest in EFT interpretation across multiple existing
LHC working groups (HXSWG, Top, EW,...)

New, dedicated working group in the pipeline
Centralised forum for exchange & discussion
General aspects & common methodologies across WGs

Tools, benchmarking, theoretical aspects,...

Leading to recommendations on coherent & consistent EFT interpretations

A natural & welcome development
Reinforces the global nature of the EFT approach

Coordinated effort among all groups will lead to better scientific outcomes

Facilitate combinations measurements for experimentalists and/or theorists
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CMS exotic summary

CMS preliminary

Overview of CMS EXO results

36-140 fb~1 (8,13 TeV)

String resonance M 1912.12238; 1604.08907 (2j) 137 fb!
Zy resonance M 1712.03143 (2p + 1y; 2e + 1y; 2j + 1y) 36 fb~!
Higgs y resonance M I 072=3257] 1808.01257 (1) + 1y) 36 fb~!
Color Octect Scalar, k7 =1/2 M s =3 191212238, 1604.08907 (2)) 137 fb!
Scalar Diquark u 1012.12238; 1604.08907 (2j) 137 fb!
tt+4, pseudoscalar (scalar), g7, x BR($—2) > =0.03(0.004) M 1911.04968 (3¢, = 4f) 137 fb!
44, pseudoscalar (scalar), g7, x BR($-21) > =0.03(0.04) M 101104968 (3¢, = 4f) 137 fb~!
quark compositeness (gg), nuyss=1 N 1803.0803 (2j) 36 I’b'1
quark compositeness (1), n.uss = N 1812.10443 (28) 36 !
quark compasiteness (gg), Nws Nism 1803.0803 (2j) 36 fb~!
quark compositeness (1), n.uss = N 1812.10443 (26) 36 fb!
Excited Lepton Contact Interaction M I 02=51611 2001.04521 (2e + 2§) 77 fo~!
Excited Lepton Contact Interaction " 0225070 200104521 (2 + 25) 7707
(axiak)vector mediator (xx), 9o =0.25, gou =1, my= 1 GeV .. 171202345 (= 1j + EF=) 36 b1
(axiak)vector mediator (gg), g =0.25,gom=1,my =1 GeV. u 1912.12238; 1604.08907 (2j) 137 b1
scalar mediator (+4/6f), gy = 1 goy =1,m, =1 GeV u 100101553 (0, 1f + =3j+E7=%) 36 fb!
pseudoscalar mediator (+8/tf), gq=1,gou= 1. m, =1 GeV M 1901.01553 (0, 1f + =3j + ET™%) 36 fb~!
scalar mediator (fermion portal), Ay = 1,my = 1 GeV u 1712.02345 ( = 1j + EF=) 36 fb-!
complex sc. med. (dark QCD), My, = 5 GeV, €Ty = 25 mm » 1810.10069 (4j) 36 !
Baryonic Z', ga=0.25,gou = 1, my =1 GeV M 1908.01713 (h + E7=%) 36 fb~!
Z'- 2HDM, gz =0.8, gou =1, tanB =1, m; = 100 GeV M 05320 1908.01713 (h +EFSY) 36 fb~!
Vector resonance, gq=0.25, gou = 1,my=1GeV » [ 035-07  1911.03761(=z3j) 18 fb!
Leptoquark mediator, B =1, 8=0.1, A ou = 0.1, 800 < Mo <1500 GeV  ar 0 03-06 181110151 (1p+ 1j+E7T) 77 b1
RPV stop to 4 quarks M T o0e=052  1808.03124 (2} 4j) 36 !
RPV squark to 4 quarks M o072 1806.01058 (2)) 38 bt
RPV gluino to 4 quarks M o= 1806.01058 (2)) 38 fb!
RPV gluinos to 3 quarks M 1810.10092 (6j) 36 b1
40D (i) HLZ neo = 3 “ 1803.0803 (2j) 36 fb!
ADD (yy, #) HLZ, neo=3 M 1812.10443 (2y, 2) 36 fb~!
ADD Gex emission, n=2 M 171202345 ( = 1j + E7=%) 36fb-!
ADD QBH (jj). neo =6 M 1803.0803 (2j) 36!
ADD QBH (ep), neo =6 M 1802.01122 (ep) 36 bt
RS Gexlyy), kiMin=0.1 M 1809.00327 (2y) 36 fb-!
RS QBH (jj), neo =1 » 1803.0803 (2j) 36 fb!
RS QBH (ep), neo =1 M 1802.01122 (ep) 36 fb~!
non-rotating BH, Mo = 4 TeV, neo = 6 M 1805.06013 ( = 7j(L, y)) 36 fb!
SpILUED, p = 4TeY w =216 1803 11133 (£ + E) 36 fb-!
RS Gxx(94. 99). kM =0.1 M 05 =206 1912.12238; 1604.08907 (2j) 137 fb~!
excited light quark (qy), fs=f=Ff=1A=m; M 1711.04652 (y +j) 36 b1
excited b quark, fs=f=f=1A=m M =g 1711.04652 (v +j) 36 fb!
excited light quark (qg), A=m; M oS 6ia N 1912.12238; 1604.08907 (2j) 137 fo7!
excited eledron, fs=f=f=1LA=m; M 0 25=307 1811.03052 (v + 2e) 36 fb~!
excited muon, fs = f=f =1, A=m; M s 1811.03052 (v +2) 36!
" WISM, [Vey2 = 1.8, Vo2 =18 M <12 1802.02965 (3(p, e)) 36 b1
WASM, VeV (Ven? + Vi) = 1.0 M 002-16 1806.10905 (24, = 1j) 36 b1
ig Type-lil seesaw heavy fermions, Flavor-democratic M <0.88  1911.04968 (3, = 4f) 137 fb!
Vector like taus, Doublet M 012-079  1905.10853 (3£, =41, 21, =17) 77 b1
scalar LQ (pair prod.), coupling to 1% gen. fermions, 8 =1 M <144 181101197 (2e +2j) 36 fb~!
scalar LQ (pair prod.), coupling to 1% gen. fermions, 8 =0 M <127 181101197 (2e +2j; e + 2j + EF'=) 36 fb~!
scalar LQ (pair prod.), coupling to 2™ gen. fermions, B=1 M <153 1808.05082 (2p + 2j) 36 ﬂ}b'l
scalar LQ (pair prod.), coupling to 2™ gen. fermions, B=1 M 08-15 181110151 (1p+ 1j+E7=) 77 !
scalar LQ (pair prod.), coupling to 2™ gen. fermions, 8=0.5 M <129 1808.05082 (2p+ 2j; p +2j + E7=) 36!
scalar LQ (pair prod.), coupling to 3" gen. fermions, 8 =1 u <1.02 1811.00806 (27 + 2j) 36 fb!
scalar LQ (single prod.), coup.to 3% gen. ferm., f=1,A=1 » <0.74  1806.03472(2r+b) 36 bt
Zo. namow resonance | ooms—oors 191204776 (2p) 137 bt
25, namow resonance M 1912.04776 (240) 137 fb!
ssmz’ M EX0-19-019 (2e, 2p) 140 fb~!
SSMZlqg) u 055291 1912.12238; 1604.08907 (2) 137 b7}
Zqq) s 001-0125 1905.10331 (1, 1y) 36 fb!
Superstring Z, M 02406 | EXO-19-019 (2e, 23) 140 fb~!
LFV Z, BR(ep) = 10% - 1802.01122 (ep) 36 bt
Leptophobic Z/ M o5 =045 1909.04114 (2)) 78 fb!
SSMW(tv) . 1803.11133 (£ + EJ'=) 36 fb~!
SSMW/(tv) - 1807.11421 (T + EP=) 36fb~!
SSMW'(gg) M 1912.12238; 1604.08907 (2j) 137 fb!
LRSM Wa(tNz), M, = 0.5Mu; M 180311116 (2£ +2j) 36!
LRSM Wa{ T=), My, = 0.5Mw, M 1811.00806 (27 + 2j) 36 fb~!
Axigluon, Coloron, cotd =1 M 1912.12238; 1604.08907 (2j) 137 fb!
1 1 1
01 10 10.0
LHCP 2020

Selection of observed exclusion limits at 95% C.L. (theory uncertainties are not included).
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D=6 operators

‘Warsaw’ basis

X3 ©% and ¢*D? P23 (LL)(LL) (RR)(RR) (LL)(RR)
Qc | fABCGAGErGSr | Q, (ptp)? Qep (ot o) (lperp) Qu (Lo Yulr ) LsyH1e) Qee (pyuer) (€7 er) Qre (lpYulr) (Es7"e2)
~ ABC (YAv (YBpCh f i i 7 1(1}1) (T Vuar)(@s7"qt) Quu (Upyuur) (s us) Qu (l_p’Yul ) (s us)
a | ARG GIPGHE || Qe (@Te)O(e"e) Quy () (@purp) . k -
> * _ ) (Gs v dyy,d,)(dsyHd l dsy*d
QW EIJKWI{ W’;IpW;{p anD (‘PTDMQP) (‘PTDMSO) de ((PT(P)(qur(P) 1(1;1) (Qp'YuT q )(q YT Qt) Qad (_p')’u )(_ Y t) Qua (p'Y,u )( Y t)
Q cLIKY vy Jopy K Quq (Lovlr) (7"gs) Qeu (Epvuer) (Usy ur) Qe (TpVuar)(Esv er)
w p v Yo - ~
X252 02X V202D Ql(g) (p7uTIlr)( P gy) Qed (pvuer) (dsy*dy) S;b) (T YuGr) (UsyHur)
2 2 Y _ 7 _
oA A ; ot o0 | ond l Qui | (@) (derd) | Qe | @ T gr) (@ Tw)
pv e e aid . %% s D © B _ _
Qec PP ?uuG Qew ( pff e)T P © Qg) (¢ i’_) B QO)E Y r) Q,(z) (Up’YuTAUr)(ds’Y“TAdt) Qgi) (@ uar) (d s’Y#dt)
Qe | oG | Qe | (Bo™e)pBu | Qu | (#'iD; @)L y"Lr) Q%) | (G1uTAq.) (A" Tdy)
©
v = vA ~ MA .
Quw gngoW/nyI” Que | (3o™T u’”)(pGl“’ Qe L D“ UCEED (LR)(RL) and (LR)(LR) B-violating
. t 7l i Y I~wi/1 1) ti D M — — :
Q‘PW ¥ LPWIWW g Q"W (qpa UT)T SOWIW <(;;q) (('0 3_) » (P)( q'r) Qledq (l;{;er)(dsqg) Qduq e*Pe ik [(da)TCU’B] [(q;”)Tle]
Qe | ¢'0BuwB” | Qus | (40"u)? Bu ei | (WD O @GT ) | | QW | @uden(@d) | Qu e%e . [(g2?) 7 Cqf*] [(u7)"Cel]
~ <>
Qup ' B, B Quc | (@o* T ) e G, || Qeu | (P'iDu@) (@ ur) || | @9, | (@Tu,)esn(@TAdy) | QS e j1emn [(457)TCeP*] [(@7™) T ClY]
> — _ .
Qows | PITIOoWLBY | Qaw | (Go*d)T'oWy, || Qea | ('iDy9)(dpy"dr) | | Qi | (Ber)en(@ur) an | €PN () mn [(057)TCa¥] (7™ O]
QwWB QDTTISOW;{VB#V QdB (q_po'lwd'r)(PB;w Qcpud Z(("\D’TDH(P)(_pfy#dr) qu (l auuer)gjk(QsUu ut) Qduu g [(dg)TCUE] [(Uz)Tcet]
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SMEFT

Direct ttH measurement breaks
degeneracy among v:, ggH and dipole in

gg-fusion

Pin down heavy coloured
particles in the loop

K. Mimasu - LHCP 2020 - 28/05/2020

» | HL-LHC 3000 fb~!

1 i pp—H

[Maltoni, Vryonidou & Zhang, JHEP 10 (2016) 123]
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Single measurement 20|

Blind directions

" ppottH

pp—Hj
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[Azatov, Grojean, Paul & Salvioni; JHEP 09 (2016) 123]

" | HL-LHC 3000 fb~!
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tZ] total & high energy xs

interference/SM square/SM
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Expected growth from 2—2 absent!




tZW total & high energy xs

interference/SM square/SM
Oocp = - / (I) / ( i,i) e [0g(riot
O I d pp-tzW o R
* max lim
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O Very interesting process Ci =
=xpected growth is there! that should be measured Inclusive
at the LHC/FCC pt (W,2)> 500 GeV
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Yukawa operator

CLIC VBF /s (GeV)
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ttZh: LHC vs FCC-hh High energy: pr(Z,h) > 500 GeV

| . - | - o
o1s = 1.2 fb oy " pp-tizh oy 2 el

¢ log(rue)
* max lim

o
Interference: Quadratic:
phase space Ogto % energy growth
cancellations & O(1-10)
Ow
N |
Ot
o100 = 130 fb 0 pp-ttZh (100 Tev) o9\ : oot
Interference: Quadratic:
energy growth % energy growth
& O(1) effects & O(10-100)
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