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We’ve always been doing EFT

 QED EFT = QED + Euler-Heisenberg + Fermi theory
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 EFT fits to experimental data established V-A structure
* (Light-by-light scattering observed 80 years later)

D’Enterria, Silveira 1305.7142
ATLAS 1702.01625
CMS 1810.04602
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EFT including weak gauge bosons

* 1980s-2012: Discovery of weak bosons. Non-linear effective Lagrangian for
spontaneously-broken global symmetry (breaking mechanism unknown!)

* Global symmetry-breaking pattern gives low-energy effective theory regardless of
UV mechanism responsible for it

SU(2) x SU(2) — SU((2)y (p= My /Mzcos, ~1

’U2

L=+ TrD, YT DHY — mya) Xabh, + h.c.
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[EWSB mechanism?]

» A priori many ways to break electroweak symmetry!

"2HPM e Higgs + SUSY * NMSSM

* Composite 2HDM

* Technicolor

<

* Fundamental Scalar * Composite Higgs " Extra

Dimensions
(SM nggS) * Walking

Technicolor
* Little Higgs

» New scalars could also be something other than a Higgs
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EFT including weak gauge bosons

* 1980s-2012: Discovery of weak bosons. Non-linear effective Lagrangian for
spontaneously-broken global symmetry (breaking mechanism unknown!)

* Global symmetry-breaking pattern gives low-energy effective theory regardless of
UV mechanism responsible for it

SU(2) x SU(2) — SU((2)y (p= My /Mzcos, ~1
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L=+ TrD, YT DHY — mya) Xabh, + h.c.
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EFT for weak bosons + scalar

e 2012: Non-linear electroweak Lagrangian + general couplings to
singlet scalar

v? s h b - h »
[:: ZTI‘DML D#L 1+2(1—+b—2 4. —miwLL 1+C—+... wR+h.C.
()] v v

1 1 1 (3m? 1 (3m;
+§(8u.h)2+§mih2+(136 (ﬂ) h + dy (mh) W )
v

o
Y = exp (z )
v

* (c.f. HEFT)
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EFT for weak bosons + scalar

* Could have had very different coupling patterns to SM!

Global combination

B March 2012 pre-discovery
J. Ellis and T.Y. [arXiv:1204.0464]
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EFT for weak bosons + scalar

* Could have had very different coupling patterns to SM!

Global combination

) [\/Iarch 2012 pre-discovery]
J. Ellis and T.Y. [arXiv:1204.0464]
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EFT for weak bosons + scalar

* Could have had very different coupling patterns to SM!

GLOBAL Combination

July 2012 post-discovery
J. Ellis and T.Y. [arXiv:1207.1693]
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EFT for weak bosons + scalar

* Could have had very different coupling patterns to SM!

GLOBAL Combination

Peeudo-Dilaton/MCHM4
-0 Anti-Dilaton
Fermiophobic
MCHM3

Moriond 2013
J. Ellis and T.Y. [arXiv:1303.1879]
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EFT for weak bosons + scalar

* Could have had very different coupllng patterns to SM!

L
A2
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ATLAS and CMS
LHC Run 1

[ — 68% CL

I 95% CL

[ 4 Bestfit
L Y% SM expected
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ATLAS+CMS Run 1 combination
[arXiv:1606.02266]
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EFT for weak bosons + scalar

* Could have had very different coupling patterns to SM!

= IR ' R ' R

= |§ 1E ATLAS and CMS

“ [ LHC Run 1

o

cl> 107F E
5éLI.

ATLAS+CMS Run 1 combination
[arXiv:1606.02266]

¢ ATLAS+CMS 1
------- SM Higgs boson

1073 E , -
- — [M, €] fit
[ 168%CL
[ ]95% CL
104 o =
107" 1 10 102

Particle mass [GeV]



The Standard Model

£5M=£m+£g+£h+£y y

L., = Qriv*D:Qr + qriv"D,lqr + Lriv* DLy, + lgiv* D1y
1 Lf 1 L O LY
Lo =—;BuB" — Wi W

Ly = (D:¢)(D™¢) — V(¢)
Ly = yaQréqs + yuQré’qp + yrLrdlr + h.c. :
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SM to SMEFT framework

* New physics appear to be decoupled at higher energies
* Given particle content, write down all terms allowed by symmetries...

SUB). [ SU2). [ U1y Lsy=Lm+ Lo+ L+ Ly
QL 3 2 %
QEZ g i 3 L. = Qri*D.Qr + qriv*Dqr + Liiv*DLLy, + lgiv*Dily
di =HI FON S
Ly 1 2 _% La= —EB’WJ.B’M _ EW‘”‘“W s
lr | 1 1 —1 Ly = (D}¢)'(D™¢) — V(9)
¢ 1 2 1 Er o _

2 Ly = yaQroqr + yuQrd°qr + yrLrplr +h.c.

* ...Including higher-dimensional operators!

C;

dim-6

* Generated by new physics at scale A > v



Operators

* Lagrangian dim-6 operator coefficient normalization: reerr = Lon + Z

 Warsaw basis

[1008.4884 Grzadkowski et al]
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2499
C

A?

Input scheme:

agl = 127.95,

my = 91.1876 GeV, my =

Gy =1.16638 x 107> GeV 2,

125.09 GeV, m; = 173.2GeV



Operators
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e 20 operators relevant for Higgs,

Higgs

diboson, and EWPO:

EWPO:

Bosonic:
Yukawa:
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Operators
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e 20 operators relevant for Higgs,
diboson, and EWPO:
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Can only be constrained by Higgs physics

J . Triple-gauge field strength operators

OHad @Hu:] Can be constrained setting |H|* — v°




Operators

* Top-specific flavour symmetry:

SU(3)° — SU(2)* x SU(3)*
= SU(2)g x SU(2)y, x SU(3)qg x SU(3); x SU(3).

* + 14 Top operators

See 1802.07237

Top 2F: | 0%, O4). OHt][Ofg, Owv . O

. 8 8 8 8
Top 4F: [OQq ’ OQQ ’ qu ’ OQu ’ on? otQ ) Otu ’ Otd]
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diboson, and EWPO:
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Can only be constrained by Higgs physics

J " Triple-gauge field strength operators

OHad OHu:] Can be constrained setting |H|* — v°
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Can only be constrained by Higgs physics



Measurements

* Higgs, diboson, EWPO:

EW precision observables Nobs ‘ Ref. ‘
Precision electroweak measurements on the Z resonance. 12 1]
Pz, O—Ea,d.’ Rg. A%‘B> AE(SLD). Aﬁ(Pt), Rg. R? A%‘B! A%B’ Ah & Ac

Combination of CDF and D0 W-Boson Mass Measurements [6]
LHC run 1 W boson mass measurement by ATLAS [57]
Diboson LEP & LHC nobs | Ref. |
W* W~ angular distribution measurements at LEP II. 8 5]
WT W~ total cross section measurements at L3 in the fvév, fvqg & qqqq 24 3]
final states for 8 energies

W W™ total cross section measurements at OPAL in the {vfv, fvqq & 21 [4]
qqqq final states for 7 energies

W* W~ total cross section measurements at ALEPH in the fvfv, fvqq 21 2]
& qqqq final states for 8 energies

ATLAS W+ W~ differential cross section in the evur channel, ﬁ%, 1

pr > 120 GeV overflow bin ' [225]
ATLAS W+ W~ fiducial differential cross section in the evur channel, 14 [58]
(;i—%

ATLAS Zjj fiducial differential cross section in the {74~ channel, 5 ‘,_ff;” 12 [60]

* + Top
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LHC Run 1 Higgs nobs | Ref. |
ATLAS and CMS LHC Run 1 combination of Higgs signal strengths. 21 [8]
Production: ggF', VBF, ZH, WH & ttH

Decay: vy, ZZ, WTW—, 7t~ & bb

ATLAS inclusive Z+v signal strength measurement 1 9]
LHC Run 2 Higgs (new) Tobs ‘ Ref. ‘
ATLAS combination of signal strengths and stage 1.0 STXS in H — 4¢ 16/19|25 [10]
including ratios of branching fractions to vy, WW*, 7tr= & bb

Signal strengths|coarse STXS bins| fine STXS bins

CMS LHC combination of Higgs signal strengths. 23 [11]
Production: ggF, VBF, ZH, WH & ttH

Decay: vy, ZZ, WTW—, 777~ bb & ptu~

CMS stage 1.0 STXS measurements for H — . 13|7 [12]
13 parameter fit | 7 parameter fit

CMS stage 1.0 STXS measurements for H — 77~ 9 [13]
CMS stage 1.1 STXS measurements for H — 4/ 19 [14]
CMS differential cross section measurements of inclusive Higgs produc- 5|6 [15]
tion in the WW* — fvéy final state.

dne | G

ATLAS H — Z~ signal strength. [16]
ATLAS H — ptpu~ signal strength. [17]




Measurements

* Top:

| Tevatron & Run 1 top Nobs ‘ Ref. ‘

Tevatron combination of differential tt forward-backward asymmetry, 4 7]

App(mag).

ATLAS ¢t differential distributions in the dilepton channel. 6 [18]
do

dmyp

ATLAS tt differential distributions in the ¢+jets channel. 7|5|8]5 [19]
do do do do

ang | aa | a7 | aha

CMS ¢t differential distributions in the ¢-+jets channel. 7108 |10 [20,
do | do | do | do. 226]

dmyz dyir dp! dy;

CMS measurement of differential tt charge asymmetry, Ac(my;) in the 3

dilepton channel. [227]

ATLAS inclusive measurement tt charge asymmetry, Ag(myz) in the 1

dilepton channel. [228]

ATLAS & CMS combination of differential tt charge asymmetry, 6 [21]

A (myg), in the £4jets channel.

CMS ¢t double differential distributions in the dilepton channel. 16|16 [22,

d do d d

dmtgdllt ‘ dmidyy; | dmtgadpg ‘ dy: gp;r : ‘16| 16 229]

ATLAS & CMS Run 1 combination of W-boson helicity fractions in top 3 [23]

decay. fo, fr & fr

ATLAS measurement of W-boson helicity fractions in top decay. 3 [24]

f07 fL & fR

CMS measurement of W-boson helicity fractions in top decay. 3 [25]

fo. fr& fr

ATLAS tiW & #t7 cross section measurements. oy |04z 2 [26]

CMS ¢tW & ttZ cross section measurements. o, |0z 2 [27]

ATLAS t-channel single-top differential distributions. 4|4]4|5 [28]
da | do_ | _do_ | da_

dpT dpT d|ye| dlyz

CMS s-channel single-top cross section measurement. 1 [29]

CMS ¢-channel single-top differential distributions. 616 [30]
do do

dp/, ¢ | d|ys 47|

CMS measurement of the ¢-channel single-top and anti-top cross sections. 1111 [31]

ot | og| opui | Ry

ATLAS s-channel single-top cross section measurement. 1 [32]

CMS tW cross section measurement. 1 [33]

ATLAS tW cross section measurement in the single lepton channel. 1 [34]

ATLAS tW cross section measurement in the dilepton channel. 1 [35]
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| Run 2 top Nobs ‘ Ref. ‘
CMS tt differential distributions in the dilepton channel. 6 (36,
e 230]
CMS ¢t differential distributions in the £+jets channel. 10 [37]
ATLAS measurement of differential tt charge asymmetry, Ae (my;)- 5 [38]
ATLAS ttW & ttZ cross section measurements. oy |07z 2 [39]
CMS ttW & ttZ cross section measurements. o, |04z 11 [40]
CMS ttZ differential distributions. 4/4 [41]
Y
dp dcos 0
CMS measurement of differential cross sections and charge ratios for t- 5]5 [42]
channel single-top quark production.
dﬁif | R (pl0)
CMS measurement of ¢-channel single-top and anti-top cross sections. 4 [43]
o, 01, e 7 & Ry
CMS measurement of the {-channel single-top and anti-top cross sections. 1111 [44]
Tt ‘O‘gl OH_,?‘ Rt.
CMS ¢-channel single-top differential distributions. 44 [45]
ATLAS tW cross section measurement. 1 [46]
CMS tZ cross section measurement. 1 [47]
CMS tW cross section measurement. 1 [48]
ATLAS tZ cross section measurement. 1 [49]
CMS tZ (Z — 1) cross section measurement 1 [50]
ATLAS four-top search in the multi-lepton and same-sign dilepton chan- 1 [51]
nels.
ATLAS four-top search in the single-lepton and opposite-sign dilepton 1 [52]
channels.
CMS four-top search in the multi-lepton and same-sign dilepton chan- 1 [53]
nels.
CMS four-top search in the single-lepton and opposite-sign dilepton 1 [54]
channels.
CMS ttbb cross section measurement in the all-jet channel. 1 [55]
CMS ¢tbb cross section measurement in the dilepton channel. 1 [56]




Measurements

| EW precision observables

Precision electroweak measurements on the 2 resonance.
Tz, 0p.q. RY, A% g, A¢(SLD), A,(Pt), RY, RY A%, A%p, Ay & A,

° EW PO . Combination of CDF and D0 W-Boson Mass Measurements
LHC run 1 W boson mass measurement by ATLAS
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Revised QCD uncertainties on
AL not included:
[2011.00530 d’Enterria & Yan]
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| Diboson LEP & LHC | nobs | Ref. |

W+ W~ angular distribution measurements at LEP II. 8 5]
W+ W~ total cross section measurements at L3 in the fvfy, fvqq & qqqq 24 3]
final states for 8 energies
W+ W~ total cross section measurements at OPAL in the {vlv, frqq & 21 [4]
qqqq final states for 7 energies

° Di bOSO n . W+ W~ total cross section measurements at ALEPH in the fvfv, frqq 21 2]

. & qqqq final states for 8 energies

ATLAS WT W~ differential cross section in the evur channel, (g]—%, 1
pr > 120 GeV overflow bin ' [225]
ATLAS W+ W~ fiducial differential cross section in the evur channel, 14 [58]
i
ATLAS Zjj fiducial differential cross section in the £t¢~ channel, dg,g” 12 [60]

e Conservative approach to unknown bin correlations at LEP: fit to subset of angular

distribution bins

1606.06693 Berthier, Bjorn, Trott

(+ WZ)

By =[-1.-0.8], By = [-0.4,—0.2], B3 = [0.4,0.6], By = [0.8,1] for \/5 = {182.66,205.92} GeV

e LHC WW suppressed linear term

e Zjj recovers interference:

2006.15458 ATLAS

Ratio to SM
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0.0
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-»-ATLAS+CMS
ATLAS and CMS = ATLAS

Eoualitih —CMS ATLAS and CMS LHC Run 1

Measurements ooz g TR Byl
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N cr{oo aor om ozmom o o1 -2 020 00 os o0 0 001 60 oo

ATLAS and CMS LHC Run 1 combination of Higgs signal strengths. 21 18] — L oo o0 ' _nw_nn&f:m
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Measurements

* Top:

CMS tt(l+jets), 13 TeV

2.0

do'j 1.5-

dO'SM

1.0

CYvyvwv v
‘1.9-)_
A -“r.A.)‘

T4y :

4+ Data Co = -1.58
SM v éra = 0.35

Bestfit ® Co+Cic

v v v v
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M [GeV]

| Run 2 top Nobs ‘ Ref.
CMS ¢t differential distributions in the dilepton channel. 6 136,
it 230]
CMS 1t differential distributions in the ¢+jets channel. 10 (37]
T
ATLAS measurement of differential tt charge asymmetry, Ac(my;). 5 138
ATLAS W & t1Z cross section measurements. ooy |0z 2 [39]
CMS #tW & ttZ cross section measurements. oy |07z 11 [40]
CMS ttZ differential distributions. 4]4 [41]
e
dp dcosB
CMS measurement of differential cross sections and charge ratios for ¢- 5[5 [42]
channel single-top quark production.
dﬁi{ | Ry (P;ﬂg)
CMS measurement of ¢-channel single-top and anti-top cross sections. 4 [43]
Oty 07, 0117 & Ry
CMS measurement of the ¢-channel single-top and anti-top cross sections. 1111 [44]
o | ot| ovii| Re.
CMS ¢-channel single-top differential distributions. 44 [45]
| e
ATLAS tW cross section measurement. 1 [46]
CMS tZ cross section measurement. 1 [47]
CMS tW cross section measurement. 1 (48]
ATLAS ¢Z cross section measurement. 1 [49]
CMS tZ (Z — £T£7) cross section measurement 1 [50]
ATLAS four-top search in the multi-lepton and same-sign dilepton chan- 1 [51]
nels.
ATLAS four-top search in the single-lepton and opposite-sign dilepton 1 [52]
channels.
CMS four-top search in the multi-lepton and same-sign dilepton chan- 1 [53]
nels.
CMS four-top search in the single-lepton and opposite-sign dilepton 1 [54]
channels.
CMS ttbb cross section measurement in the all-jet channel. 1 [55]
CMS tbb cross section measurement in the dilepton channel. 1 [56]
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S I\/l E FT flt Ellis, Madigan, Mimasu, Sanz, TY [2012.02779]

* Combine Top, Higgs, diboson, and electroweak data
e Simultaneous linear fit at leading order to 34 operators

* Matched to simplified models at tree-level and one-loop stop
example

* Analytical Hessian method and numerical MCMC algorithm
 Easily extendable database and modular capabilities

* Fitmaker public python code to be released



SMEFT fit

Ellis, Madigan, Mimasu, Sanz, TY [2012.02779]

* Fitmaker: modular library of observables and theories

: "W_mass",

: "W mass measurements from Tevatron & ATLAS found in 1701.07240 (Fig.

[

: "W _mass",
: "W _mass_Tevatron",

: "1307.7e27",
: "FERMILAB-PUB-13-28%-E",
: "10.1103/PhysRevD.88.052018",
: "2013/07/29",
: " CDF, DO collaboration(s).",

: "Combination of CDF and DO SW$-Boson Mass Measurements",

: 80.387,

EE

: 0.01e,
: 0.006

: "Tevatron",
: "1701.07240"

i "W_mass"™,
: "W_mass_ATLAS",
: "1701.07240",
: "http://cds.cern.ch/record/2242923",
: "CERN-EP-2016-305",

0
"10.1140/epjc/s10052-017-5475-4",
"10.1140/epjc/s10052-018-6354-3"

1,
: "2017/01/25",

: "CERN LHC experiment. ATLAS collaboration.”,
: "Measurement of the $Ws-boson mass in pp cellisions at $\\sqrt{s}=73

: "LHC run 1 W boson mass measurement by ATLAS",

: 80.370,

HER

: 0.019,
: 0.006

: "LHC",
: "1701.07240"

29).

"
’

TeV

: "mu dsig dptZ ttZ 13TeV CMS",
"mu_dsig_dptZ ttZ 13TeV CMS",
: "1907.11270",
: "http://cds.cern.ch/record/2684052",
"CMS-TOP-18-009",
: "10.1007/JHEFP03(2020) 056",
"2019/07/26",
"CERN LHC experiment. CMS collaboration.”,
: "Measurement of top quark palr production in
: [1.063, 1.153, 1.11 , 0.943],
L
: [0.198, 0.171, 0.173, 0.206]

: 1,
: true
{
¢ "ggFO3j",
: [ "CHG", "CuH", "CuG", "CHbox"
: 1.0,
: [ 35.8, -0.122, 0.959, -0.121
:o [
[ 321.0, -1.095, 8.45, -1.085 7],
[ -1.095, 0.00371, -0.02925, 0.003695 ],
[ 8.45, -0.02925, 0.23, -0.0291 71,
[ -1.085, 0.003695, -0.0291, 0.00367 ]
Iy
: 1000.0
}

1,

I,
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S I\/l E FT flt Ellis, Madigan, Mimasu, Sanz, TY [2012.02779]

* Fitmaker: modular library of observables and theories

#hmport fitmaker
from fitmaker.fitlib.fitter import FitterChiSquare
from fitmaker.theories.SMEFT_fit_full import SMEFT as SMEFT_full

#load observables
odir = '../fitmaker/observables/'

EWPO_data = ObsGroup({'observable_group_name':"EWPO_data", 'description':"Z pole & W mass data"})
EWPO_data.add_obs(
ObsGroup.init_from_json(odir+'EWPO/Zpole.json'),
ObsGroup.init_from_json(odir+'EWPO/Wmass.json')

)

Diboson_data = ObsGroup({'observable_group_name':"Diboson_data", 'description':"LEP & LHC Diboson data"})
Diboson_data.add_obs(
ObsGroup.init_from_json(odir+'Diboson/LEP2_Diboson.json'),
Obs.init_from_json(odir+'Diboson/fidmu_WW_enumunu_ptl_ATLAS13.json')

)

Higgs_data = ObsGroup({'observable_group_name':"Higgs_data", 'description':"Updated Higgs signal strength and STXS data"
Higgs_data.add_obs(
ObsGroup.init_from_json(odir + 'Higgs/Run_1/LHC_Runl_Higgs_SignalStrengths.json'),
ObsGroup.init_from_json(odir + 'Higgs/new/CMS_Run2_Higgs_SignalStrengths.json'),
ObsGroup.init_from_json(odir+'Higgs/new_ATLAS/ATLAS_STXS_fine/ATLAS_Run2_STXS1p®_H_ZZ_41_comb.json')
)

EWPO_Diboson_Higgs_data = ObsGroup({'observable_group_name':"EWPO_Diboson_Higgs_data", 'description':"EWPO, Diboson & Hi
EWPO_Diboson_Higgs_data.add_obs (

EWPO_data,

Diboson_data,

Higgs_data
)

#Load fit

fitter_U3_5 = FitterAnalyticalChiSquare(
arg_obsgroup = EWPO_Diboson_Higgs_data,
arg_theory = SMEFT_U3_5,
arg_theorykwargs = {'Lambda':1eee.}

)

#Get fit results
marg_bestfitc_list_U3_5 = [fitter_U3_5.get_bestfit(c,marginalise=True)[@] for c in coeffs_U3_5]
marg_sd_list_U3_5 = [fitter_U3_5.standard_deviation(c, marginalise=True) for ¢ in coeffs_U3_5]



Map operators to observables

EWPO:

W_mass_ATLAS

W_mass_Tevatron

* Keep onlycoefﬁcient dependence

* (For each observable X, normalised such that largest a;*

Linear C dependences: EWPO

X
M x

C;
Xsm 1++%AZ4)

=1)

AFB_b

Rc_0

o

Log scale:

W_mass_ATLAS

log(Linear C dependences): EWPO
W_mass_Tevatron

Rb_0
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Al(Pt)

AI(SLD)

AFB_|

RO

sigma_had_0

Gam_Z
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Chi+
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Map operators to observables

 Diboson

mu_dsig_dphijj_Zjj_ATLAS_13TeV
fidmu_WW _enumunu_ptl ATLAS13
WW xs qqqq ALEPH

WW _xs_Ivqq_ALEPH

WW _xs_Iviv_ALEPH

WW _xs _gqqq_OPAL

WW _xs Ivqq OPAL
WW_xs_Iviv_OPAL
WW_xs_qqgqg_L3

WW _xs_lvgg_L3

WW _xs_Iviv_L3

WW costheta LEPII

Linear C dependences: Diboson

Chws

c
c
Chd
Chu
ChiBox
Chc
Chw
Chg

Cw
Cs
Cen
-
ChbH
Cin -
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fidmu_WW_enumunu_ptl_ATLAS13
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Log scale:

log(Linear C dependences): Diboson
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-0.5

WW_xs_qqqq_ALEPH

WW_xs_lvqq_ALEPH

WW_xs_Iviv_ALEPH

-1.0

WW_xs_qqaq_OPAL

WW_xs_lvaq_OPAL

WW _xs_Iviv_OPAL

WW _xs_qqaqq_L3

WW _xs_Ivgq_L3
WW_xs_lviv_L3

WW _costheta_LEPIl
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Map operators to observables

* Higgs signal strengths

Linear C dependences: Higgs signal strengths

mu_pp_H_mumu_ATLAS_Run2

mu_H_Za_13_ATLAS_Run2

mu_ttH_H_bb_ATLAS_Run2

mu_ttH_H_tata_ATLAS_Run2

mu_ttH_H_VV_ATLAS_Run2

mu_ttH_H_aa_ATLAS_Run2 .

mu_VH_H_bb_ATLAS_Run2

mu_VH_H_ZZ_ATLAS_Run2

mu_VH_H_aa_ATLAS_Run2 .

mu_VBF_H_bb_ATLAS Run2

mu_VBF_H_tata_ATLAS_Run2

mu_VBF_H_WW_ATLAS_Run2

mu_VBF_H_ZZ_ATLAS_Run2

e

mu_VBF_H_aa_ATLAS_Run2 .

mu_ggF_H_tata_ATLAS_Run2

mu_ggF_H_WW_ATLAS_Run2

mu_ggF_H_ZZ_ATLAS Run2

mu_ggF_H_aa_ATLAS_Run2 .
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Log scale:

log(Linear C dependences): Higgs signal strengths

mu_pp_H_mumu_ATLAS_Run2

mu_H_Za_13_ATLAS_Run2

mu_ttH_H_bb_ATLAS_Run2

mu_ttH_H_tata_ATLAS_Run2

mu_ttH_H_ W_ATLAS_Run2

mu_ttH_H_aa_ATLAS_Run2

mu_VH_H_bb_ATLAS Run2

mMu_VH_H_ZZ_ATLAS_Run2

Mu_VH_H_aa_ATLAS_Run2

mu_VBF_H_bb_ATLAS_Run2

mu_VBF_H_tata_ATLAS Run2

MU_VBF_H_WW_ATLAS_Run2

mu_VBF_H_ZZ_ATLAS_Run2

mu_VBF_H_aa_ATLAS_Run2

mu_ggF_H_tata ATLAS_Run2

mu_ggF_H_WW_ATLAS Run2

mu_ggF_H_ZZ_ATLAS_Run2

mu_ggF_H_aa_ATLAS_Run2
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Map operators to observables

C.
=——=14+) |at= +0O
* Higgs STXS HX = Xom A2 A4

Linear C dependences: Higgs STXS

1.0
mu_H_tataOverZZ_ATLAS_Run2 - L I
™1 ‘ og Scale:
mu_H_WWOverzz_ATLAS_Run2 g :

0.9 . "
mu_H_bbOverzz_ATLAS_Run2 log(Linear C dependences): Higgs STXS
mu_H_aaOverZZ_ATLAS_Run2 1 mu_H_tataOverzz_ATLAS_Run2

mu_ttH_H_ZII_ATLAS_RunZ 0 8 mu_H_WWOverZZ_ATLAS_Run2 0.
) ) mu_H_bbOverzz_ATLAS_Run2
mu_ZH0j_ptV_250Tinf_H_ZIl_ATLAS_Run2
T E— T mu_H_aaOverZZ_ATLAS_Run2
mu_ZHOj_ptV_150T250_H_ZII_ATLAS_Run2 W 1 2 ATLAS Runa -1.0
mu_ttH_H_ZIl_ _Run
. 0.7
mu_ZH0j_ptV_0T150_H_ZII_ATLAS_Run2 mu_ZHOj_ptv_250Tinf_H_ZII_ATLAS_Run2
mu_WHOj_ptV_250Tinf_H_ZIl_ATLAS_Run2 _ZHOJ_ptV_150T250_H_ZI| ATLAS_Run2
WHOI DtV 1507250 H ZIl A funz mu_ZHOj_ptv_0T150_H_ZII_ATLAS_Run2
mu_WHOj_ptV_ _H_ZII_ATLAS_Run
0.6 mu_WHOj_ptv_250Tinf_H_ZIl_ATLAS_Run2 -2.0
mu_WHOj_ptV_0T150_H_ZIl_ATLAS Run2
- RtV - - mu_WHOj_ptv_150T250_H_ZIl_ATLAS_Run2
mu_qgqH_ptjl_200Tinf_H_ZII_ATLAS_Run2 mu_WHOj_ptv_0T150_H_ZIl_ATLAS_Run2
mu_qqH_rest_H_ZIl_ATLAS_Run2 0.5 MU_qaH_ptil_200Tinf H_ZIl ATLAS_Run2
. mu_qqH_rest_H_ZII_ATLAS_Run2
mu_qqH_mjj_60T120_H_ZI|_ATLAS Run2
— : mu_qqH_mjj_60T120_H_ZI_ATLAS_Run2
mu_qgH_VBFtopo_H_ZII_ATLAS_Run2
_gqqH_ po_H_ZIl_, | r0.4 mu_gqqH_VBFtopo_H_ZII_ATLAS_Run2
mu_ggF2j_mjj_400Tinf_ptH_0T200_H_ZII_ATLAS_Run2 mu_ggF2j_mjj_400Tinf_ptH_0T200_H_ZII_ATLAS_Run2
mu_ggF2j_ptH_200Tinf_H_ZIl_ATLAS_Run2 Mu_ggF2j_ptH_200Tinf_H_ZIl_ATLAS_Run2
i ‘ L mMU_ggF2j_ptH_120T200_H_ZII_ATLAS_Run2
mMU_gaF2]_ptH_120T200_H_ZIl_ATLAS_Run2 0.3
mu_ggF2j_ptH_60T120_H_ZIl_ATLAS_Run2
mu_ggF2j_ptH_60T120_H_ZII_ATLAS_Run2 "A1_gaF2L_ptH_OT60_H_ZIL & Aunz
mu_ggF2j_ptH_0T60_H_ZIl_ATLAS Run2 0.2 mu_ggF1j_ptH_200Tinf_H_ZI|_ATLAS_Run2
mu_ggFlj_ptH_200Tinf_H_ZII_ATLAS_Run2 mu_ggFlj_ptH_120T200_H_ZIl_ATLAS_Run2
. mu_ggF1j_ptH_60T120_H_ZI_ATLAS_Run2
mu_ggF1j_ptH_120T200_H_ZII_ATLAS_Run2
- - by mu_ggFlj_ptH_0T60_H_ZII_ATLAS_Run2
mu_ggF1j_ptH_60T120_H_ZIl_ATLAS_Run2 r0.1 0. 6970, H_ZIL ATLAS. Runz
mu_ggFlj_ptH_0T60_H_ZII_ATLAS_Run2 E S &) EU:-_ EJ_- U£ %ﬁ' %‘:’ d‘e &” 3 L? é 3 g ¢§ J- L::i é 3
: g I
mu_ggFoj_H_ZII_ATLAS Run2 o
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Ci |
i
Ciil 1
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Map operators to observables

* Higgs STXS

2 jet 2 jet
0 jet 1 jet 0<m;<350GeV  0<p{<200GeV high-pr
STXS 1.1
0.4+ [ ggF prediction
MW Cuyc X 10_2
0.31 ' ' [ M Cyx0.2
O 0.2 - = Co
Oom | Cy
0.11 ! - M Cribox
0.01 : {
-0.2+— - " T " " 1 1 -
Q 60 (\) Q QDQ Q Q QQ QQ QQ QQ QO
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K 3\‘ A2 & NN~ __\b S Y
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v © v \e) Q 9
~ » ,\Q @Q
™u_ggF2j_mijj_400Tinf _ptH_O'rzoo_H_zll_ATms_m\
mu_ggF2j_ptH_200Tinf_H_ZIl_ATLAS Run2
mu_ggF2j_ptH_120T200_H_ZIl_ATLAS_Run2
mu_ggF2j_ptH_60T120_H_ZII_ATLAS_Run2
mu_ggF2j_ptH_0T60_H_ZIl_ATLAS Run2
mu_ggF1j_ptH_200Tinf_H_ZIl_ATLAS_Run2
mMuU_ggFlj_ptH_120T200_H_ZII_ATLAS_Run2
mu_ggF1lj_ptH_60T120_H_ZIl_ATLAS Run2
mu_ggF1j_ptH_0T60_H_ZIl_ATLAS_Run2
mu ngOLHfZILATLRwa
o IQ = EI—. EI-.. LY 5‘? EU‘ o = Ia g ﬂlﬂ = (L] :'-E J:‘. I .::E
E&Uu"&@u“u‘&ﬁ e § SOV JIFJFvU
Q

1.0

r0.4

r0.3

0.2

0.1

Log scale:

log(Linear C dependences): Higgs STXS

Tevong You

mu_H_tataOverZZ_ATLAS_Run2
mu_H_WWOverZZ_ATLAS_Run2
mu_H_bbOverZZ_ATLAS_Run2
mu_H_aaOverZZ_ATLAS_Run2
mu_ttH_H_ZI_ATLAS_Run2
mu_ZH0j_ptv_250Tinf_H_ZII_ATLAS_Run2
mu_ZHOj_ptV_150T250_H_ZII_ATLAS_Run2
mu_ZHOj_ptv_0T150_H_ZII_ATLAS_Run2
mu_WHOj_ptV_250Tinf_H_ZII_ATLAS_Run2
mu_WHOj_ptv_150T250_H_ZIl_ATLAS_Run2
mu_WHOj_ptv_0T150 H_ZIl_ATLAS Run2
mu_qqH_ptj1_200Tinf H_ZIl_ATLAS_Run2
mu_qqH_rest_H_ZII_ATLAS_Run2
mu_qqH_mjj_60T120_H_ZI_ATLAS_Run2

mu_qqH_VBFtopo_H_ZIl_ATLAS_Run2

muU_ggF2j_mijj_400Tinf_ptH_0T200_H_ZI_ATLAS_Run2

mu_ggF2j_ptH_200Tinf_H_ZII_ATLAS_Run2
mu_ggF2j_ptH_120T200_H_ZIl_ATLAS_Run2
mu_ggF2j_ptH_60T120_H_ZII_ATLAS_Run2
mu_ggF2j_ptH_0T60_H_ZII_ATLAS_Run2
mu_ggF1j_ptH_200Tinf_H_ZII_ATLAS_Run2
mu_ggFlj_ptH_120T200_H_ZII_ATLAS_Run2
mu_ggF1j_ptH_60T120_H_ZII_ATLAS_Run2

mu_ggF1j_ptH_OT60_H_ZII_ATLAS_Run2

mu_ggFoj_H_ZII_ATLAS_Run2
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Impact of mea

surements

* Individual 95% CL bounds switching on one operator at a time

SU(3)°: EWPO + Diboson + Higgs
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* Which observables constrain which operators the most?
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Impact of measurements

* Individual 95% CL bounds switching on one operator at a time

EWPO Individual Bounds A/\/E [TeV]

W_mass_ATLAS 12
W_mass_Tevatron 11
Ac 10
A 9
AFB_c
8
AFB_b
;
Rc_0
6
Rb_0
Al(PY) S
Al(SLD) 4
AFB_| 3
RLO
_ -2
sigma_had_0
F1
Gam_Z
s @ = O T T T I
S 3 ¢ V0 Y ¢ G ¢ ¢

* Which observables constrain which operators the most?



Impact of measurements

* Individual 95% CL bounds switching on one operator at a time

mu_dsig_dphijj_Zjj_ATLAS_13TeV

fidmu_WW_enumunu_ptl_ATLAS13

WW_xs_qgqq_ALEPH

WW_xs_|vgqg_ALEPH

WW _xs_Iviv_ALEPH

WW_xs_qqqq_OPAL

WW_xs_lvgq_OPAL

WW_xs_lvlv_OPAL

WW_xs_qggg_L3

WW_xs_lvqq L3

WW_xs_Iviv_ L3

WW_costheta_LEPII

Diboson Individual Bounds ANE [TeV]
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* Which observables constrain which operators the most?
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Impact of measurements

* Individual 95% CL bounds switching on one operator at a time

Higgs Individual Bounds N\/E [TeV]

mu_pp_H_mumu_ATLAS_Run2

mu_H_Za_13_ATLAS_Run2

mu_ttH_H_bb_ATLAS_Run2

mu_ttH_H_tata_ATLAS_Run2
mu_ttH_H_VV_ATLAS_Run2
mu_ttH_H_aa_ATLAS_Run2 .
mu_VH_H_bb_ATLAS_Run2

mu_VH_H_ZZ_ATLAS_Run2

mu_VH_H_aa_ATLAS_Run2 .

mu_VBF_H_bb_ATLAS_Run2

mu_VBF_H_tata ATLAS_Run2

mu_VBF_H_WW_ATLAS_Run2

mu_VBF_H_ZZ_ATLAS_Run2

mu_VBF_H_aa_ATLAS_Run2 .

mu_ggF_H_tata_ATLAS_Run2
mu_ggF_H_WW_ATLAS_Run2

mu_ggF_H_ZZ_ATLAS_Run2

mu_ggF_H_aa_ATLAS_Run2 .

Chwa

* Which observables constrain which operators the most?
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Log scale:

Higgs Individual Bounds Iog(/\l\fE) [TeV]
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mu_pp_H_mumu_ATLAS_Run2
mu_H_Za_13_ATLAS_Run2
mu_ttH_H_bb_ATLAS_Run2
mu_ttH_H_tata_ATLAS_Run2
mu_ttH_H_VV_ATLAS_Run2
mu_ttH_H_aa_ATLAS_Run2
mu_VH_H_bb_ATLAS_Run2
mu_VH_H_ZZ_ATLAS_Run2
mu_VH_H_aa_ATLAS_Run2
mu_VBF_H_bb_ATLAS_Run2
mu_VBF_H_tata_ATLAS_Run2
mu_VBF_H_WW_ATLAS_Run2
mu_VBF_H_ZZ_ATLAS_Run2
mu_VBF_H_aa_ATLAS_Run2
mMuU_ggF_H_tata_ATLAS_Run2
mu_ggF_H_WW_ATLAS_Run2
mu_ggF_H_ZZ_ATLAS_Run2

mu_ggF_H_aa_ATLAS_Run2

(3)
Chig

(1)
Chaq

Chu

ChHox

Cra

CH w

Chp

Cw

Co

Crn

Cur

Con

Cen




Impact of measurements

* Individual 95% CL bounds switching on one operator at a time

mu_H_tataOverZZ_ATLAS_Run2
mu_H_WWOverZZ_ATLAS_Run2

mu_H_bbOverzz_ATLAS_Run2

mu_H_aaOverzZ_ATLAS_Run2 .

mu_ttH_H_ZII_ATLAS_Run2
mu_ZHOj_ptV_250Tinf_H_ZII_ATLAS_Run2
mu_ZHOj_ptV_150T250 H_ZIl ATLAS Run2
mu_ZHOj_ptv_0T150_H_ZII_ATLAS_Run2
mu_WHOj_ptV_250Tinf_H_ZII_ATLAS_Run2
mu_WHOj_ptV_150T250_H_ZII_ATLAS_Run2
mu_WHOj_ptV_0T150_H_ZII_ATLAS_Run2
mu_gqH_ptj1_200Tinf_H_ZII_ATLAS_Run2
mu_gqH_rest_H_ZII_ATLAS_Run2
mu_gqqH_mjj_60T120_H_ZII_ATLAS_Run2
mu_gqH_VBFtopo_H_ZII_ATLAS_Run2
mu_ggF2j_mjj_400Tinf_ptH_0T200_H_ZII_ATLAS_Run2
mu_ggF2j_ptH_200Tinf_H_ZII_ATLAS_Run2
mu_ggF2j_ptH_120T200_H_ZIl_ATLAS_Run2
mu_ggF2j_ptH_60T120_H_ZIl_ATLAS_Run2
mu_ggF2j_ptH_0T60_H_ZII_ATLAS_Run2
mu_ggFlj_ptH_200Tinf_H_ZIl_ ATLAS_Run2
mu_ggF1lj_ptH_120T200_H_ZII_ATLAS_Run2
mu_ggF1j_ptH_60T120_H_ZII_ATLAS_Run2
mu_ggF1j_ptH_0T60_H_ZIl_ATLAS_ Run2

mu_ggFoj_H_ZII_ATLAS_Run2

 Which observables constrain wh

Higgs STXS Individual Bounds A/VC [TeV]
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ich operators the most?

Log scale:

Higgs STXS Individual Bounds log(A/VC) [TeV]
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mu_H_tataOverzZ_ATLAS_Run2
mu_H_WWOverzZ_ATLAS_Run2
mu_H_bbOverZZ_ATLAS_Run2
mu_H_aaOverZZ_ATLAS_Run2
mu_ttH_H_ZIlI_ATLAS_Run2
mu_ZHO0j_ptV_250Tinf_H_ZII_ATLAS_Run2
mu_ZHOj_ptV_150T250_H_ZII_ATLAS_Run2
mu_ZHOj_ptV_0T150_H_ZIl_ATLAS_Run2
mu_WHOj_ptV_250Tinf_H_ZIl_ATLAS_Run2
mu_WHOj_ptV_150T250_H_ZII_ATLAS_Run2
mu_WHOj_ptV_0T150_H_ZII_ATLAS_Run2
mu_gqH_ptjl_200Tinf_H_ZII_ATLAS_Run2
mu_qqH_rest_H_ZII_ATLAS_Run2
mu_qqH_mjj_60T120_H_ZII_ATLAS_Run2
mu_gqgH_VBFtopo_H_ZIl_ATLAS_Run2
mu_ggF2j_mijj_400Tinf_ptH_0T200_H_ZII_ATLAS_Run2
mu_ggF2j_ptH_200Tinf_H_ZIl_ATLAS_Run2
mu_ggF2j_ptH_120T200_H_ZIl_ATLAS_Run2
mu_ggF2j_ptH_60T120_H_ZIl_ATLAS_Run2
mu_ggF2j_ptH_0T60_H_ZIl_ATLAS_Run2
mu_ggF1j_ptH_200Tinf_H_ZIl_ATLAS_Run2
mu_ggF1j_ptH_120T200_H_ZII_ATLAS_Run2
mu_ggF1j_ptH_60T120_H_ZIl_ATLAS_Run2
mMu_ggF1j_ptH_0T60_H_ZII_ATLAS_Run2

mu_ggF0j_H_ZII_ATLAS_Run2
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Impact of measurements

* Individual 95% CL bounds switching on one operator at a time

SU(3)%: EWPO + Diboson + Higgs
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* Individual bounds hardly affected by STXS

* Impact on marginalised constraints
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Impact of measurements

* Marginalised 95% CL bounds allowing all 20 operators to vary

2.5
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Impact of measurements

* Marginalised 95% CL bounds allowing all 34 operators to vary

2.5

W 5U(3)°: EWPO+Diboson+Higgs
2.01 m suU(2)? x SU(3)3: EWPO+Diboson+Higgs-+top
Top operators: EWPO+top (incl ttH)

(1TeVv)?
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95%CL marginalised; C; 5
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* Which observables constrain which directions in marginalised fit?



Impact of measurements

 Which observables constrain which directions
in marginalised fit?

* Principal component analysis: eigenvectors of
covariance matrix

Eigenvectors

N [TeV]
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Eigenvectors Tevong You

100
20 bound on A;, ajci=1
||IlpaCt of measurements .
5
[
. . . . . i
* Which observables constrain which directions
in marginalised fit?
EWPQ CHWE 1
. . . . CHD
* Principal component analysis: eigenvectors of O
HI
. . (1)
covariance matrix il
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i - 50 Yukawa . E
)
Can [ | £
| 8
C
T C(3J I
7 |
Com .
Cum 0 .
Yukawa CrH_ .
H
Chs 1 7 1 2.4+0.4 +10/+5, 3 42 0| 0 +0 0
CHG 7.4 3 3 0 ] 8 [ 6 1 7 ng
Bosonic CHBox 52 3 )0+6. ] 1 0.3+0.8 +0.1 0 ) 0 Ctaq
’ CHJ & L . 5 .5 [+4.440.740.1+0.1 ) 0 Crau
Crig B8 0 +2: +0.2+1.8+1.4+3.4+6.9 6 0 o0 +0.1 O -50 Cfd . Ly
¢ : % ' ‘ ‘ EWPO| 6 35]59] - [99/97/99[ - [73/25/75/ - [- - [o1 8 8|60/ - - -|90 - |- 3 - 3|1 - - - - —|-
c : : b : LEPWW - — - — - — = —|- —24- - - 2938 ---6--5-4/---- - - -
Crie & . FE5 +97)49 DiSFLL[¥eA Y o0 Runil, pyl1513/7 5 - - - 2112 7 - 6 - 116 33 - - - - 1|-25-12/106 - — — —|—
iy . i 2FLLYe ! Run 2, |29 28/16 94 — — - 45/ 5 17 — 90| - 14 2 14 6|5 - - 8 - 112 37 2 30/26/17 - - - |- |-
ci 1.5+10 o188 : : . - : STXS|50 23/18 1 |- — —[33(1950 — 2 - 6|3 2411(17 - - 4 1 4|- 12 — 19(12 8 - - - — |-
5 0|0 LHeww|- - |- - - =|- =|-1- === =[-8 t|3|-|- =|-/-|-l9 =|4|[- -|-|- -|-|-
Cro |5 1R 76 +52 ! 7 0]t LHC Zj|- = |- == = = =|= = = = = =/ =3066/2 - - - - -|- ==~ -----|-
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Impact of measurements

 Which observables constrain which directions

in marginalised fit?

* Principal component analysis: eigenvectors of

covariance matrix

18 correlations
Top 4F ' > 20%

T
Yukawa
0.4+10/+5
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Impact of measurements

* Higgs and Top complementarity:

e Fitto {Cuo.Cuc.Cuw,Cus.Cin,Con,Crir.Cunr Ci and Gy}

Marginalised 95% C. L.

Higgs data (no ttH)

Higgs data

Higgs & Top data

Higgs & Top data (+4F)
+ SM

~456-15-10=5 0 5 10 15

-0.04 —0.02 0.00 0.02 004 -20-15-10-5 0 5 10 15 -4 -3 -2 -1 0 1 2 3
Che Ctn Ci

e 2-D fits and marginalised over full fit

Individual 95% C. L.
ggF+0 jet STXS
T ttH
ggF+ =1 jet STXS
tt
ttv
1 Combined
{3 Marginalised

]
G o

-0.02 —0.01 0.00 0.01 0.02

2 )

S e

e ST

-0.02 -0.01 0.01

Che Ctn
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SMEFT fit to models

* Simplified models: renormalisable SM extensions

‘ Model H CHD ‘ C;l |013ﬂ| C}rﬂ CHe ‘CHEI ‘ CTH‘ CtH ‘CbH‘
S -1
Name | Spin | SU(3) | SU(2) | U(1) || Name | Spin | SU(3) | SU(2) | U(1) S, 1
b 3 3 Ur
1 1 8 16 1
S 0 1 ]_ 0 Al ? ]_ 2 —? Y _% _11% %r
= —_= N -7 7
S 1 1 1 As : 1 2 ! v = I _
@ 0 1 2 : b : 1 3 0 A B T i
= 0 1 3 0 %1 : 1 3 -1 Ay > | %
B 1 —2 -] [ 2
=1 0 1 3 1 U 5 3 1 5 - - R T v e
B 1 1 1 0 D : 3 1 —1 Wi -1 A
7S N N N T T R A 777 T
W 1 1 3 0 Qs : 3 2 -2 (@1.1) v
Wi | 1 1 3 1 Qr | 3 3 2 z  Modd | Cne | Chy | Oy | (Cihg)ss | (Chigss | Crru | Cra | G | o |
U 1 1 _1 1 Ut
N 3 1 1 0 3! 3 3 3 -3 B B e =z
2 % 23 D 4 4 4 4 ’2
FE z 1 1 -1 Ty 3 3 3 2 Qs = w
1 2 1 1 Q7 3 b1
1 1 2 TB 1 2 L 2 .
S A ; : | ° 6 7 I 5 | @
T 2 56| —=& | 1 1%
L 5t | i Wi

* Classification and tree-level matching dictionary  oesis criago, perervictoris

Santiago [1711.10391]
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SMEFT fit to models

e Streamlines process of interpreting limits on BSM parameter space

Mass limits (in TeV)

1 - - 3
N | 160
W | | 1.60

R2<11x10°(TeV) ] 6o

511 lys,><16x102  1.10
T (s4)% < 0.05
S K2 < 1.5(TeV?)
A3 1 | Aa,l? < 2.8 %102 |
01
71 } [ el <45x107 |
] l
E - | [Ag[* < 2.1 x 1072
U ] | Aol <7.0x1072 |

Zgcos d < 0.86

D
I

1 | |Ag.a.]? < 0.79
Q71 [Ag,|* < 0.14
D 1 | IAn[* <36 x 1077
BB ] (e, <041
B; 1 lgp, | < 7.7x 107 | |
T |
I | |Ag, [? < 2.7 x 1072
A | [Aa,? < 1.7 x 1077

T T T T T
0 2 4 6 8 10



SMEFT fit to models

e Streamlines process of interpreting limits on BSM parameter space

Boson-specific: (Cyp, Cuo, Cim)

Tevong You

. 1,3
Lepton-specific: (Cpe, C( 3) , Cor) Quark "
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# Combinations
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SMEFT fit to models

 Systematic search for pulls in all N parameter combinations of operators

10?

107

100 i

10°

10* 5

10°

2 parameters

m Only tt ops.
I No tt ops.
M Rest

L T 100‘

102 .

101 .

% occurrences
[y %] [5%] L
[ ] = ] =

(=]

3 parameters 4 parameters 5 parameters

104 4

[y
(=]
]

103 -

107 4

# Combinations

=
(=}
-

101 E

10° A 10° -

3
Pull

All combinations, top 10% pulls

W 2 parameter
M 3 parameter
| 4 parameter
B 5 parameter

1
il
Chg

Chu
Chgox



* Are we seeing the appearance of non-zero Wilson coefficients in
SMEFT four-fermion operators?



What are the B anomalies?

» Anomalies in charged (B— D v) and neutral (B—

K®u* ™) current B decays
o v
W '
10 2
()
D

* Focus on neutral current B decays

53
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What are the B anomalies?

* Anomalies in charged (B— D 1v) and neutral (B—
K™ u* u~) current B decays

* Focus on neutral current B decays

54



What are the B anomalies?

* Anomalies in processes involving b - s u*u~ transitions:

/« LHCb 3.4 ¢ in P5’ angular distribution of B - k* u*u~ (2 o for Belle))
* Various other kinematic observablesinb —» s u*tu~
* 3.20inNB,»outu”
« =~4 o non-zero Wilson coefficient in global fit to these “messy”

\_ observables )
\

(. 2.506 in “clean” observable Ry
* 2.50in “clean” observable Ry

= ~4 ¢ non-zero Wilson coefficient in combined fit to just these
two clean observables

o J

* Consistency of all these various anomalies is non-trivial

Tevong You



What are the B anomalies?

* Points towards new physics parametrised by a four-
fermion effective operator

OL; = (57" P) (17, Pyl)

56
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Historical Aside

* Fermi theory of radioactive beta decay:

a7,

57
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New physics behind B anomalies?

e Z’ or leptoquarks (at tree-level)

b—>—>—u" b [
Z!
/7 LQ
r §—<——=<—p 7 S ut

B * What are the prospects

a k“b for exploring directly this
new sector?

58
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Motivation for future colliders

» Can we definitely discover directly the source of the
anomalies at higher energies?

80 TeV unitarity limit = no general no-lose theorem at FCC-hh (Di Luzio, Nardecchia [1706.01868])

 Consider sensitivity to most pessimistic scenario: only
include minimal couplings required to explain b —
sutu~ anomalies

b—» —> I b I
Q R
5 —= < ut 5 ut

* More realistic models will typically be easier to discover
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Z’ Sensitivity : +

i
ZI
 Extrapolate current 13 TeV di-muon search: .
s T
101 95% CL lim.on 2" 101 , 95% CL lim. on Z’
— ATLAS 13 TeV, 3.2 fb! T — FCC-hh 100 TeV, 1 ab!
10 -- HL-LHC14TeV,3ab! | 1072} -- FCC-hh 100 TeV, 10 ab ! |

— HE-LHC 33 TeV, 1 ab!

2 107 HE-LHC 33 TeV, 10 ab! || o)
= .4 =
=~ 10 S
o o
X 107 "
o} 2 &
'l\—(l‘/
10°° o —
107 : S 10”7 . A
0 5 10 15 20 0 10 20 30 40 50
M [TeV] M [TeV]

Allanach, Gripaios, TY [1710.06363]

* Actual limits depend on Z’ couplings in signal x-section
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Z’ Sensitivity : +

i
ZI
 Extrapolate current 13 TeV di-muon search: .
s T
101 95% CL lim.on 2" 101 ' 95% CL lim. on Z’
— ATLAS 13 TeV, 3.2 fb! T — FCC-hh 100 TeV, 1 ab!
107 -- HL-LHC 14 TeV, 3 ab! ] 1072} -- FCC-hh 100 TeV, 10 ab ! |

— HE-LHC 33 TeV, 1 ab!

2 107 HE-LHC 33 TeV, 10 ab! || o)
- =
= 10 S
o o
X 107 "
. "\:r.« o)
10 e ‘
-7 A A S | | |
0% 10 15 20 o 10 20 30 40 50

M [TeV]
Allanach, Gripaios, TY [1710.06363]

* Actual limits depend on Z’ couplings in signal x-section
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J ° ° °
/' Sensitivity : -
Zl
 Extrapolate current 13 TeV di-muon search:

v
=

Naive o(pp—Z'—suji) [fb], |M,=1.5 TeV, vs = 14 TeV

-

Excluded
by Bs

mixing

Fat width

1

1
o
o
=
o

1

1

1

1

I

I

S 1010 2 0 R

b-anomaly
compatible

* Actual limits depend on Z’ couplings in signal x-section
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Z’ Sensitivity : -

Z’ coverage:
For each M,,
plot vertically

ZI
 Extrapolate current 13 TeV di-muon search: ) .
5 t
Naive o(pp—Z'—up) [fbl,[M,=1.5 TeV, /5 = 14 TeV
6} : Extrapolated
| 95% CL lim. Excluded
5¢F : by Bs
<|:> 'o mixing,
4:4 8 =
< = e
33 Fat width Summary of

b-anomaly

1t
the anomaly-
ol Py : : : compatible
0.000 0.002 0.004 0.006 0.008 0.010 0.012 0.014 region

sb
gr.

* Actual limits depend on Z’ couplings in signal x-section
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Z Sensitivity : -

 Extrapolate current 13 TeV di-muon search: )
5 t

35 Naive o(pp—Z'—pji), Vs =14 TeV|
B Fz'/ﬂfz' >0.1 6/
3.0} — 9% CLw/3ab'[{
— B, - B, excl.

Excluded
by Bs

Ty

b-anomaly
compatible

1 |
0- :l_____r____l— _ 1 n
0.000 0.002 0.004 0.006 0.008 0.010 0.012 0.014
g3’

1 2 3 4 5 6
M 7 [TEV]

* Actual limits depend on Z’ couplings in signal x-section
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, ° ° ° _
/' Sensitivity b :
 Extrapolate current 13 TeV di-muon search: 5 et

Naive o(pp—Z'—up), vs =(100 TeV

6 — Tz /Mz>0.1 i
— 95% CLw/10ab!

g,’g St -= 95% CLw/1ab!

— | N 95% CL 33 Tev10ab!
[l =

e 4 B, — B, excl.

2 4 6 8 10 12 14 16 18 20
My [TEV]

* 100 TeV can cover almost all (narrow width) parameter
space of most pessimistic scenario
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Z’ Sensitivity b .

ZI

|
=

 Extrapolate current 13 TeV di-muon search:

Narrow width Naive o(pp—Z'—uji), vs =100 TeV
approximation no 5)" ' ' ! T,
longer valid! z[Mz >0.
_ % CLw/10ab!
& -- 95% CLwW/1ab!
~ N R 95% CL 33 TeV 10 ab !
[l =
== 4 B, — B, excl.
w =~

c

Necessarily have
additional flavour
structure...

w

(g7 — gi)
N

2 4 6 8 10 12 14 16 18 20
My [TEV]

* 100 TeV can cover almost all (narrow width) parameter

space of most pessimistic scenario
66
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Z, SenSitiVity Allanach, Corbett, Dolan, TY [1810.02166]

* Improved MC study including large widths and two
benchmark flavour scenarios:

MUM Model, 95% Sensitivity MDM Model, 95% Sensitivity

il ,’ HE-LHC I — HL-LHC |
L © / r
= FCC , ~ HE-LHC
T R Bl

4l / Zmea L FCC

-~

Bs Mixing 1 Bs Mixing
.. Allapach, Carbett, Dolan, Yoy, 2018 ,] nach, Corbett, Dolan, You, 2018

5 10 15 20 25 30 5 10 15 20 25 30
mz [TeV] mz [TeV]

67



Tevong You

Leptoquark Sensitivity —_—
Q =~
* Extrapolate current 8 TeV LQ di-muon+di-jet search: , Q<i

102 95% CL lim. 2nd gen. leptoquark pair production 95% CL lim. 2nd gen. leptoquark pair production
T T T T J T T T T
v — CMS 8TeV, 19.6 fb ! 1021y - — FCC-hh 100 TeV, 1 ab !
1 .
3l B -- HL-LHC 14 TeV, 3 ab™! -- FCC-hh 100 TeV, 10 ab™!
o 10 HE-LHC 33 TeV, 1ab! || T 103 T oxzo x BR FCC-hh 100 TeV
o} o
= HE-LHC 33 TeV, 10 ab"" .y NLO LQ pair prod. code from
‘=107 oxo x BR HE-LHC 33 TeV SN Kramer et al [0411038]
3 VR u [ e oxio x BR LHC 14 TeV 5 10
E 1o Z
10 ¥ -5
v i « 10
S \ b
A\
10° o 6
10
2 4 6 8 10 20
M [TeV] M [TeV]

* Pair production for scalar LQ depends only on QCD
coupling

* Upper limit from Bs mixing constraint
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Leptoquark Sensitivity g

 Extrapolate current 8 TeV LQ di-muon+di-jet search: , 2

Excluded
by Bs

mixing

)

> b-anomaly

§ 101 compatible
See also Hiller
& Nisandzic,

Extrapolated 1704.05444
1015 n1
10 10 Max Mg = 37,41,18 TeV for Sz, Vi, Vs

Mg [TeV]
* Pair production for scalar LQ depends only on QCD
coupling

* Upper limit from Bs mixing constraint
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Leptoquark single production

o x BR(uuj) [pb]

0

— CMS 8TeV, 19.6 fb!
-- HL-LHC 14 TeV, 3 ab!
—— HE-LHC 33 TeV, 1 ab !
-~ HE-LHC 33 TeV, 10 ab !

o,-2 x BR LHC 14 TeV

o,-2 x BR HE-LHC 33 TeV |}

12

ox BR(upj) [pb]

FCC-hh 100 TeV, 1 ab !
FCC-hh 100 TeV, 10 ab !
o,-1 x BR FCC-hh 100 TeV
o, 2 x BR FCC-hh 100 TeV

0,12 x BR FCC-hh 100 TeV |’

—————
_______

- o - -

10 15 20

M [TeV]

25

70
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Take-home message

* First studies of direct search potential for source of B
anomalies at future colliders

* Points to accessible scale of new physics

* Await LHCb Run 2 update and Belle II...

* Even if anomalies vanish, motivates interplay between
direct discovery potential of future hadron colliders and
indirect sensitivity from precision physics

evong You
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Conclusion

* QED+Fermi theory = chiral electroweak+pion EFT
* Chiral electroweak EFT+Higgs - SM

* SM - SMEFT

* SMEFT > ?

* More data needed
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Conclusion

* “What would be the use of such extreme refinement in the science of
measurement? [...] The more important fundamental laws and facts of physical

science have all been discovered, and these are so firmly established that the
possibility of their ever being supplanted in consequence of new discoveries is

exceedingly remote. [...]”
—A. Michelson 1903
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Conclusion

* “What would be the use of such extreme refinement in the science of
measurement? Very briefly and in general terms the answer would be that in
this direction the greater part of all future discovery must lie. The more
important fundamental laws and facts of physical science have all been
discovered, and these are so firmly established that the possibility of their ever
being supplanted in consequence of new discoveries is exceedingly remote.
Nevertheless, it has been found that there are apparent exceptions to most of
these laws, and this is particularly true when the observations are pushed to a
limit, i.e., whenever the circumstances of experiment are such that extreme
cases can be examined.”

—A. Michelson 1903

* Keep pushing to examine extreme cases across all frontiers of
fundamental physics



