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Where is the New Physics (NP)?

ATLAS Exotics Searches* - 95% CL Upper Exclusion Limits ATLAS Preliminary

Status: May 2020 [£dt=(3.2-139) fb V5=8,13TeV
miss - . .
Model (,y Jetst ET™ [rdi[fb™] Limit Reference
L] L] LI | I L] L) L] L] L] L] 1 3 L] 1 L] L] L} L] LI | L] L] L] L]
ADD Gkk + g/q Oe,u 1-4j Yes 36.1 Mp 7.7 TeV f n=2 1711.03301
‘é’ ADD non-resonant yy 2y - - 36.7 Ms 86TeV § n=3HLZNLO 1707.04147
-g ADD QBH - 2] - 37.0 | Mg 89TeV §n=56 1703.09127
&  ADDBH high ¥ pr >1leu > 2] - 32 | Mg 82TeV [} n=6, Mp=3TeV,rot BH 1606.02265
g ADD BH multijet - >3] - 36 | My 9.55TeV § n =6, Mp = 3 TeV, rot BH 1512.02586 . .
S  RS1Gkk —yy 2y - - 36.7 | Gkk mass 4.1 TeV k/Mp; = 0.1 1707.04147 D t t t k
© Bulk RS Gk —» WW/ZZ multi-channel 36.1 Gkk mass 2.3 TeV { k/Mp =1.0 1808.02380 esp I e I S grea S u Ccessesl We n OW
L?Llé Bulk RS Gk —» WV — (vqq 1e,u 2j/1J  Yes 139 Gkk mass 2.0 TeVv L k/Mp, = 1.0 2004.14636
Bulk RS gkk — tt 1e,u >1b,>1J/2) Yes  36.1 | &kk mass ' 3.8 TeV E T/m = 15% 1804.10823 h S d d M d I S M . : I .
2UED / RPP lepy >22b,>3j Yes 36.1 KK mass 7 1.8 TeV ¥ Tier (1,1), B(AMY) - tt) =1 1803.09678 t e ta n a r O e I S l ﬂ CO m p ete .
SSM Z’ — ¢¢ 2e.u - - 139 |2 mass ’ 5.1 TeV ; 1903.06248 .
SSMZ’ - 1t 27 - - 36.1 Z’ mass 2.42 TeV 1709.07242 -t d k tt b
w  Leptophobio 2/ —» bb _ 2b - 361 |2 mass 21 Tev 1805.05299 NeuUtrino MmMasses, dark matter, baryon
S  Leptophobic Z’ — tt Oe,p >1b,>2J Yes 139 | Z' mass 4.1 TeV £ r/m=12% 2005.05138
@ SSM W’ — ¢y e - Yes 139 | W’ mass 6.0 TeV ’ 1906.05609
8 SSMW’ -1y 17 - Yes 361 | W’mass 3.7 TeV ‘ 1801.06992 aSY| NN IEtry e
g HVT W - WZ — fvqgmodelB 1 e,u 2j/1J Yes 139 W'’ mass 4.3 TeV j gv =3 2004.14636
g HVTV > WV - qqqqmodelB  Oe,p 2J - 139 | V* mass 3.8 TeV 5 g, =3 1906.08589
O] HVT V' - WH/ZH model B multi-channel 36.1 V'’ mass 2.93 TeV * gv =3 1712.06518
HVT W’ — WH model B Oe,u >1b,>2J 139 W'’ mass 3.2 TeV gv =3 CERN-EP-2020-073
LRSM Wi — tb multi-channel 36.1 WR mass 3.25 TeV 1807.10473
LRSM Wgr — uNg 2 u 1J - 80 Wg mass 5.0 TeV m(Ng) =0.5TeV, g = gr 1904.12679
- Cl qqqq - 2] - 37.0 A ! 21.8TeV 1, 1703.09127
O  Clttqq 2e,pu - - 139 | A z 358TeV 1, CERN-EP-2020-066 :
o et e 2b211 Yo SBi | 257 Tev (ot == But direct searches suggest a mass gap
Axial-vector mediator (Dirac DM) 0 e, u 1-4j Yes  36.1 Mpmed TeV t 84=0.25, g,=1.0, m(y) = 1 GeV 1711.03301
> Colored scalar mediator (Dirac DM) 0 e, u 1-4j Yes 36.1 Mmed 67 TeV ¢ g=1.0, m(y) = 1GeV 1711.03301 o
B | Uiy EFT (DimcOM) oen  14<1j ver a2 [M. 700 Gev ) < 150Gov 08,0207 between the NP and the SM parti cles.
Scalar reson. ¢ — ty (DiracDM) 0-1e,u  1b,0-1J Yes 36.1 my 3.4TeV £ vy =04,1=02 m(y) =10 GeV 1812.09743
Scalar LQ 1% gen 12e >2j Yes  36.1 LQ mass L =1 1902.00377
O  Scalar LQ 2" gen 1,2 > 2] Yes  36.1 LQ mass 1356 TeV B=1 1902.00377
~  Scalar LQ 3" gen 27 2b - 36.1 | LQjmass 1.03 TeW L B(LQS — br) =1 1902.08103
Scalar LQ 3™ gen 0-1e,u 2b Yes 36.1 LQj mass 970 GeV § ¥ B(LQ - tr) =0 1902.08103
VLQ TT — Ht/Zt/Wb+ X  multi-channel 36.1 | Tmass i § SU(2) doublet 1808.02343
2 VLQ BB - Wt/Zb + X multi-channel 36.1 B mass £ SU(2) doublet 1808.02343
§ a VLQ T5/3 T5/3|T5/3 - Wt+ X 2(88)/23 e,u >1 b, >1 ] Yes 36.1 T5/3 mass ! U B(Ts;3 > Wt)=1, c(Ts;3Wt)=1 1807.11883 ° °
T S VIQY - Wb+ X 1epu >1b, > lj Yes 36.1 Y mass . 1.85 TeV E B(Y — Wh)=1, cr(Wb)=1 1812.07343 : F I I th Eff t F I d Th y
S VLQB - Hb+ X Oeu,2y >1b,>1j Yes 798 |Bmass 1.21 % f kg=05 ATLAS-CONF-2018-024 O OW e eC IVG I e eO r
VLQ QQ — WqWq Tenu >4j  Yes 203 [lOWESSIee0cew | 1509.04261
@ Excited quark ¢ — ag - 21~ 1e0 |anmass STmel  § oy v ano A — (@) 91008847 (EFT) a pproac h
E_ ‘Q: Excited quark ¢g* — gy 1y 1] - 36.7 q* mass 5.3 TeV § only u” and d*, A = m(q") 1709.10440
2 E Excited quark b* — bg - 1b 1] - 36.1 b* mass 1 1805.09299
w Ko} Excited lepton ¢* e u - - 20.3 L A =3.0TeV 1411.2921
Excited lepton v* Seut - - 20.3 A =16TeV 1411.2921
Type Il Seesaw 1epu >2j Yes 79.8 N° mass 560 GeV . ATLAS-CONF-2018-020
LRSM Majorana v 2u 2j - 36.1 Nr mass 3.2 TeV £ m(Wg) =4.1TeV, gL = gr 1809.11105
'5 Higgs triplet H** — ¢¢ 2,3,4 e, u (SS) - - 36.1 H** mass 870 GeV DY production 1710.09748
£ Higgs triplet H** — (1 Seurt - - 203 |H*¥*mass 400 GeV ; DY production, B(H;* — (1) = 1 1411.2921
@) Multi-charged particles - - - 36.1 multi-charged particle mass 1.22 teV ‘f DY production, |g| = 5e 1812.03673
Magnetic monopoles - - - 34.4 monopole mass g 2.37 TeV ¢ DY production, |g| = 1gp, spin 1/2 1905.10130
v; - 13 Tev ‘ﬁ = 13 Tev 1L 1 11 I 1 L [} 1L 1 1L 1 11 3 1 1 1 1 1 L 11 3 1 L 1 1L
artial data -
P full data 10 1 TEV 1 0 TEV Mass scale [TeV]
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The EFT description

From a UV theory & y(@y, ¢;) with a mass hierarchy my > my,

we can construct an EFT below m;; containing only light fields:
/number of operators at dimension d

d

max

Leer(@) = L@ + Z
d=5

|
— Z | C,.[d] Oi[d](qu)
mH

power counting parameter
e The operator basis {Oi[d]} is defined by

> the symmetries of the EFT (Lorentz, gauge...),
> the light particle content { ¢, },

> the truncation of the series at order d_.,

(<> precision required).

e The Wilson coefficients {Cl.[d]} are obtained by requiring that ZLrrr(¢; ) reproduces the IR dynamics of
Zuv( @y, @) = by matching.
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The EFT approach

E
T i | L@ |
ANP ........................................................................................................ A A A
Zsmerr |1 = Lsm [ #r] + Z C;0; 1]
RGE (running) C(E)
;
B ————

my, 'I' 2L EFT
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The power of SMEFT

All weakly coupled heavy NP models can be matched to the SMEFT:

Heavy singlet scalar Heavy Leptoquark Heavy 7', W’ Heavy vector-like fermions

SMEFT provides:
» Resummation of large logs (through RGE) see Samuel’s talk

» Universal framework between NP models and fits to data

< many fitting tools developed: HEPfit, SMEFiT, EOS, Fitmaker, SFitter...

and likelihood generators: ” HIghPT [Allwicher et. al.,

2207.10756]

[Straub, . [Aebischer et. al.,
1810.08132] G smelll ;o

Julie Pages — UCSD — Automated one-loop matching 5/30


https://flav-io.github.io
https://highpt.github.io
https://github.com/smelli/smelli

E
gUV
Agy e Matching--
ERGE
v A= Matching

T -
m, 'I' : RGE
'y

Observables

The EFT approach: recent progress

What is known (at dim 6):

® Tree-level matching to the SMEFT for generic NP mediators,

[de Blas, Criado, Pérez-Victoria, Santiago, 1711.10391]
MatchingTools [Criado, 1710.06445]

e One-loop RGE in the SMEFT,

Jenkins, Manohar, Trott, 1308.2627]
Jenkins, Manohar, Trott, 1310.4838]
Alonso et al., 1312.2014]

® One-loop matching of SMEFT to LEFT,

[Jenkins, Manohar, Stoffer, 1709.04486]
[Dekens, Stoffer, 1908.05295]

® One-loop RGE in the LEFT.
[Jenkins, Manohar, Stoffer, 1711.05270]

DsixTools

[Cellis et al., 1704.04504]
[Fuentes-Martin et al., 2010.16341]

wilson
[Aebischer, Kumar, Straub, 1804.05033]
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The EFT approach: very recent/future progress

E What remains:
o One Ioop matchmg to the SMEFT from any UV theory

| & some effects might only appear at one loop e.g.

gUV

¥
AUV ............. M atc h 1IN g .................... | R
L ERT | A t ¢
RGE QEFT ® TWO—IOOp RGE in the SMEFT — from amplitudes? [Bern, Parra-Martinez, Sawyer, 2005.12917]
— from field space geometry? Jenkins, Manohar, Naterop, JP,
% . e Two-loop RGE in the LEFT [Naterop, Stoffer, w.i.p.] 2308.06315 + w.1.pl
Vi = Matching: e U —
® | Higher dimension operators in the SMEFT §
> matchmg |
m, _I_ » RGE = from field space geometry? [Helset, Jenkins, Manohar, 2212.03253;
RG Assi, Helset, Manohar, JP, Shen, 2307.03187]
e [EFT above the electroweak scale is not necessarily the SMEFT \
ObSerVableS li.e. contains light states which cannot be integrated out, |

le.g. SM + ALP EFT, SM + DM EFT, ... see Linda’s talk
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One-loop matching automation

We need to automate the process to compare UV theories to data through (SM)EFT because of:
4 Big variety of NP models,

4 Complexity and repetitive nature of computation involved.

Automated one-loop matching has been achieved in

Partial Automation Full Automation

[STrEAbﬂ [MatchingToolsj

Cohen, Lu, Zhang [2012.07851] Criado [1710.06445]

Fuentes-Martin, Kénig, JP,
Thomsen, Wilsch [2212.04510]

=200UUFrFEry
[CODE}i] THRACER [diagrammatic technique] [functional technique]
Das Bakshi, Chakrabortty, Fuentes-Martin, Konig, Pages,

Patra [1808.04403] Thomsen, FW [2012.08506]
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Matching techniques



Functional v.s. diagrammatic matching

Matching procedure

Compute the Wilson coefficients { C;} such that

Lo (b br) P Loy

Diagrammatic approach Functional approach —<Zmzza=mmw

» Use background field method to compute path

> Equate amplitudes
integral in the UV and in the EFT

A ’Ij
— /¢ — » Equate the 1LPI effective action
-
A A, FL,Uv({/li }) — FEFT({ Ci })
Qyuv({/li}) — QfEFT({Ci})
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Functional v.s. diagrammatic matching

Matching procedure

Compute the Wilson coefficients { C;} such that

E<m
Zuv(@w P1) = Zepr(@p)
Diagrammatic approach Functional approach —<Zmzza=mmw
e Traditional procedure, valid to any loop order ® Recent developments

(only established up to one-loop)
e (Can be performed on-shell
(more diagrams/ no redundancies) ® ManifeStly gauge Invariant by construction

or < covariant derivative expansion (CDE)
(only TLPI diagrams, additional redundancies)

® EFT operators automatically generated
® EFT basis must be constructed by hand (up to redundancies)
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Loop expansion: functional method ez

Technique to compute the effective action I from the path integral:

! TI9] — J'@n exp (indxff[qg -+ 77]) Slop]| = Jd4x3[¢]
ey s . 0Z ]
1. Split field into background configuration ¢ and quantum fluctuation # where 5 =0
and shift ¢ — qg + 7 p=¢
| 2 ull ~— Fluctuation operator
2. Expand Lagrangian Z[¢ + 1] = L[] + —7. (£ 1 = -+ O(n° e ~1
p grang (¢ + 7] [¢] 2’71( D, 577,51, n+ On°) O, [p] = 5z'jJAi - X,
n=0 ,
tree level one-loop Inverse propagator /
particle interactions

L. (1) 1 L . ,
3. Perform Gaussian integral oI — (SDet 0)™2 Gene.rallzatlc.)n of the fgnctlonal dgter.mmant
for mixed spins (bosonic and fermionic)

At O(a), = | [¢?] =95 [qg] + éSTr log ©
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EFT power counting expansion ~cuszzmme

Replace heavy fields ng by equation of motion ng[qﬁL] and expand in m[j_,1

[[$] = S[d] + %STr log O

T —

%

o, 1
(D? + U)— + -

2 ) 2 2 ) 2
D=+ mg+U mg mg My Mg

\

Generic function of the light fields

-1
1 1 1 ,
heavy propagator — | 14 > (D +U)
My

o\

The matching formula [ epr [¢L] =  lpLuyy [&L] =1y [qu, Cngqu”

» At tree level: traditional tree-level matching procedure

' (1) — i (0)
with T2 = 5 STrlog @[EEFT]

l
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Method of regions

o\

| T 4 ) L1014
Provides a method for scale separation in dimensional regularization Jd X fZEFT +1, =1y [qu[qu”

Define regions: hard ( q2 ~ mé) and soft (g ~ mg < mé) [Beneke, Smirnov, hep-ph/9711391; Jantzen, 1111.2589]

soft \

+ Ty

1 (1)
Pg}\)f — PUV

Diagramatically P~
,/ I’,C 1"(1)

soft
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https://arxiv.org/abs/hep-ph/9711391
https://arxiv.org/abs/1111.2589

Method of regions

Provides a method for scale separation in dimensional regularization. -+ (1) QO 1O [s [A
v pardion I & | pHidzat Jd o 3EFT * FEFT - FUV [¢H[¢L]]
Define regions: hard ( q2 ~ mé) and soft ( q ~ mf < mé) [Beneke, Smirnov, hep-ph/9711391; Jantzen, 1111.2589]
(1) __ (1) (1)
PUV — uv + PUV

[Hessytetioons|  (Miixed field loops

The hard part, corresponding to short the short-distance contribution of the integrals, can be directly matched
to the Wilson coefficient of the EFT. [Fuentes-Martin, Portolés, Ruiz-Femenia, 1607.02142]

_ () Wi
- FUV +1,

In the effective action Jd4x Z ](glf):T
S iinics izt ) YA

hard
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https://arxiv.org/abs/hep-ph/9711391
https://arxiv.org/abs/1111.2589
https://arxiv.org/abs/1607.02142

Functional matching master formula ez

Fluctuation operator
4 ) () [P = 6.AT1 — X.
Jd Zerr =Ly - @IJ[¢] 51]?1 Xl]
. Inverse propagator /
Factoring out the inverse propagator, we obtain  [Cohen, Lu, Zhang, 2011.02484] particle interactions
(‘ - f‘ 0 -
Jddx SZ%;T —A—STr In A~} —|— Z —STr [(AX)”]
| 2 hard |2 I"hard
— = _
log-type supertrace power-type supertrace
» depends only > depends on
on propagator type Interaction terms

Covariant evaluation of the supertraces is a very systematic but very tedious task — need automation

DUFEry
STrEA M [Cohen, Lu, Zhang, 2012.07851] —— e |FUeNtes-Martin, Konig, JP, Thomsen, Wilsch, 2012.08506]
f FIMNMGETryY
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Matching method comparison

A Loop expansion: Evaluating the path integral in the UV Enumerating Feynman diagrams
with background field method in the UV and in the EFT
< evaluate supertraces < evaluate with Feynman rules
4 EFT expansion Hard region of UV 1LPI effective action/
(method of regions): directly match to tree-level EFT
4 Loop integration: After tensor reduction and partial fractioning,

only scalar integrals are left with known results

"% Y5 scheme: Naive Dimensional Regularization
|
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Automated matching tools

)\ FIATCHETE |\ .




L= 7NN is a Mathematica

generic weakly coupled UV theory to the corres

[ Define (gauge)

J—)[ Define fields ]
groups

S~

[ Write down LUV j

Input

[Fuentes-Martin, Konig, JP, Thomsen, Wilsch, 2212.04510]

Matchete

nackage aimed at fully automating one-loop matching of a

ponding EFT using functional methods.

Matchete proof of concept v0.]
already publicly available:

[ Define couplings ]

/

e Simple and intuitive usage:
input £, = output Lppr,

e (Can match any UV model with
heavy scalar, fermion, vectors®,

1) func. derivatives, 2 ) :

'.E EOMs CDE. STr vectors only at tree-level in vO.1
S

g Tree-level, unsimplified: Field redefs. 1-loop, unsimplified: ® Up to any EFT order*,

t LI(O) '4— - - §~ E,(l)

5 EFT R . - EFT

® A \ e Handles all representations of
g ¢ I/'l . . p .

o <« : any semi-simple Lie group™,
T . . e . L N Y 4 . . o

2 Full. unsimplifiec: > o Fulysimpiiiied *only limited by computation time
< L Simplifications Lerr Y Y P

e Partially simplified output

Julie Pages — UCSD — Automated one-loop matching

19/30



MatchMakerEFT

| MatchMakerEFT is a python+Mathematica package which fully automates one-loop matching of
- a generic weakly coupled UV theory to an arbitrary EFT using diagrammatic methods.

MatchMakerEFT v1.1 publicly available:

N - e ) °
9, https://ftae.ugr.es/matchmakereft)
®
MATCHMAKEREFT ®
®
®

[A. Carmona, A. Lazopoulos, P. Olgoso, J. Santiago, 2112.10787]

Matching performed off-shell,

Can match any UV model with heavy

scalar, fermion, vectors™,
*some subtleties for vectors at one-loop

Up to any EF

" order®,

*only limited by computation time

Output crosschecked through
kinematic and gauge redundancies

Can compute

RGE, compare basis and

check off-shell independence of operators
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Usage comparison

M}f’//, Pr()gramming |anguage; @ Mathematica P pl:lth()ﬂ

i " . Mathematica, QGRAF,

» Additional dependencies: None FORM, FeynRules
Dedicated user-friendly fr model files,

A Input: Mathematica commands symmetry and hermiticity files,
for defining fields, couplings gauge file,
and symmetries redundancy file

4 Output: Lagrangian in Mathematica replacement rules
Mathematica Niceform for Wilson coefficients
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Functionalities comparison

4 One-loop Matching:
- heavy scalar

- heavy fermions

- heavy vectors

< theory is w.i.p.

4p RGE (beta functions):

4 Comparison of basis:
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Operator reduction

The EFT Lagrangian obtained from functional matching or diagrammatic off-shell matching contains redundancies.
We can use the following tools to reduce operators:
4 Group theory: contractions of generalized Clebsch-Gordon coefficients

4p Dirac algebra: reduction of Dirac structure to a Dirac basis
4 Momentum conservation: Integration by parts — off-shell basis

4 Invariance of the S-matrix: Field redefinitions (“equation of motions”) — on-shell basis

4 Fierz identities and subtraction of evanescent operators.

< Evanescence-free scheme. [Fuentes-Martin, Kénig, JP, Thomsen, Wilsch, 2211.09144]

Role of evanescent operators known in RGE, but overlooked in matching.

[Dugan, Grinstein, PLB 256 (1991) 239-244]
[Buras, Weisz, NPB 333 (1990) 66-99]
[Herrlich, Nierste, hep-ph/9412375]
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Operators simplification comparison

4 Group theory:

4 Dirac algebra:

4 Integration by parts:
4 Field redefinitions:

4)pFierz identities:

Dedicated subpackage:
GroupMagic

Function:
GreensSimplity

Function:
EOMSimplity

x Currently in implementation

User input:

.gauge file

Main result

User input:
red file

User input:

red file
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Matching example

SM extension: singlet scalar

Ot — S(HTH)CDZ _ AHTHY®

with M, K, g > VEW-

[Henning, Lu, Murayama 1412.1837]

Ellis, Quevillon, You, Zhang 1706.07765]

Jiang, Craig, Li, Sutherland 1811.08878]

Haisch, Ruhdorfer, Salvioni, Venturini, Weiler, 2003.05936]

— Agree with the literature \/

Automated tools can deal with it in less than a minute.

"N Let us see how it works!

N FIATCHETE |\
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MatchMakerEFT demo
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Cham=amww Matchete demo

Singlet scalar extension of the SM

Load Matchete

in[ ]:= << Matchete’

Definition of the model

Loading the SM definitions
New field and couplings

Lagrangian

Matching to the effective Lagrangian

Tree-level

One-loop
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Conclusion



Conclusion

%* One-loop EFT matching is important for phenomenology.
¢ Automated tools are necessary due to the large number of new physics models.

+o* Complete automation (Langrangian in/ Lagrangian out) almost there:

\ HATCHETE [\
> Matching with method of regions diagrammatically or with functional methods \/

> Ongoing progress with EFT operator reduction

s Ultimate goal: direct evaluation of new physics models against data with one code performing

> Matching } Multiple steps
» RG evolution

> Interface to EFT phenomenological codes (providing fits to data)

Try out the matching tools!
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Thank you for listening!



