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Experimental evidence —0
e Neutrino mass \@/ o

e Dark matter, Dark energy
 Matter-antimatter asymmetry

e Gravity
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Supersymmetry Public Results

ATLAS SUSY Searches™* - 95% CL Lower Limits

LHCSCIG 4,

ATLAS Preliminary

June 2021 Vs=13TeV
-1
Model Signature  [Ldr (') Mass limit Reference
3. G—qt) Oe.p 2-6 jets Ep™ 139 1.85 m(i})<400 GeV 2010.14293
@ mono-et  1-3jets EP™  36.1 § [8x Degen.] 0.9 m(g)-m(t))=5GeV 2102.10874
8. i—qat) Oep 2:6jets  Ep 139 3 23 m(t})=0GeV 2010.14293
3 Forbidd 1.15-1.95 m(¥})=1000 GeV 2010.14293
28, BqqWi| lep 2-6 jets 139 2 2.2 m(t})<600 GeV 2101.01629
Q 33 B-qdlOY) ee.up 2jets  EP™ 361 |& 12 m(@)-m(¥})=50 GeV 1805.11381
‘g %, —gqWZX} Oe.p 71jets  ERs 139 F3 1.97 mit}) <600 GeV 2008.06032
-g SSe.u 6 jets 139 3 1.15 m(g)-m(t})=200 GeV 1909.08457
= 33 3ot 0-1 e 3b EPs 798 |#& 2.25 m(i})<200 GeV ATLAS-CONF-2018-041
SSe.u 6 jets 139 | & 1.25 m(g)-m(¥})=300 GeV 1909.08457
byby Oep 2b  EP™ 139 | B 1.255 m(i})<400 GeV 2101.12527
ll 0.68 IOGeV<s\'n(/r|.f.')<ZOGeV 2101.12527
byby, by—b¥3 — bhY) Oep 6b  Ep 139 |y Forbidder 0.23-1.35 Am(F?,1)=130 GeV, m(¥})=100 GeV 1908.03122
g 27 26 EMs 139 B 0.13-0.85 Am(E, ¥9)=130 GeV, m(¥})=0 GeV ATLAS-CONF-2020-031
§ iy, By -tk 0-1e.u >ljet Eps 139 | i 1.25 m(t))=1GeV 2004.14060,2012.03799
2 Tiy, i —WbY] leu 3jets/t b EP™ 139 |7, Forbidden | 0.68 m(¥})=500 GeV 2012.03799
§g iy, =% by, }1 =16 127 2jets/t b EP™ 139 i Forbidden 14 m(#)=800 GeV ATLAS-CONF-2021-008
) iy, -] 1 &8, k] Oep 2c  Ep™ 361 |2 0.85 m(E])=0GeV 1805.01649
«% Oep mono-jet  EP™ 139 | 0.55 mif) .&)-mit))=5GeV 2102.10874
iy, iy =3, X3 —2Z/h¥] 12e.u 1-4b  EPS 139 |G 0.067-1.18 m(i%)=500 GeV 2006.05880
hiy, =i +Z 3ep 1h Ep™ 139 i Forbidden 0.86 m(t})=360 GeV, m(f, )-m(i} )= 40 GeV 2006.05880
Vivs viawz Multiple ¢/jets ‘ Eps 139 |Ee 0.96 m(¥?)=0, wino-bino 2106.01676, ATLAS-CONF-2021-022
e, ppt >ljet EPS 139 | &N 0.205 m(it)-m(t))=5 GeV, wino-bino 1911.12606
T viaww 2ep Eps 139 |k 0.42 m(¥})=0, wino-bino 1908.08215
i V2 via Wh Multiple ¢/jets EP 139 |i%%} Forbidden 1.06 m(P))=70 GeV, wino-bino 2004.10894, ATLAS-CONF-2021-022
= Y vial /v 2ep ET™ 139 | & 1.0 m(l,7)=0.5(m(¥})+m(i}))) 1908.08215
28 4
W . r-rh) 27 Eps 439 | * iR NOHE0E] 0.12-0.39 mid)=0 1911.06660
B 7 niin. e 2ep Ojets  Ep~ 139 |7 0.7 m(E))=0 1908.08215
ee pp 2ljet EP™ 139 i 0.256 m(l)-m(¥])=10 GeV 1911.12606
HH, H—hG/|ZG Oep 230 EF™ 381 i 0.13-0.23 0.29-0.88 BR(Y — hG)a1 1806.04030
dep 0jets Ex> 139 | & 0.55 BR(Y} — ZG)=1 2103.11684
Oepn 2 2large jets £ 139 | @ 0.45-0.93 BR(Y, — ZG)=1 ATLAS-CONF-2021-022
Direct ¥, ¥ prod., long-lived ¥ Disapp. trk  1jet  EP™ 139 Pure Wino ATLAS-CONF-2021-015
:§ 8 Pure higgsino ATLAS-CONF-2021-015
= I Stable ¢ R-hadron Multiple 36.1 1902.01636,1808.04095
2 §. Metastable g R-hadron, z—ggt| Multiple 36.1 m(¥))=100 GeV 1710.04901,1808.04095
S8 i i Displ. lep Eps 139 15 =0.1ns 2011.07812
rf)=0.1ns 2011,07812
Vi X X sze—eee 3ep 139 Pure Wino 2011.10543
' ViU /05 - Wwzeeeey dep Ojets  EP™ 139 m(¥})=200 GeV 2103.11684
22, 2—qq¥). X > qaq 4-5 large jets 36.1 Large .}, 1804.03568
S i ik, K] - tbs Multiple 36.1 m(¥))=200 GeV, bino-like ATLAS-CONF-2018-003
& if, i—bY| X} — bbs >4b 139 m(¥})=500 GeV 2010.01015
iy, [y —bs 2jets +2h 36.7 1710.07171
niy, =g e b A BR(f, —be/bu)>20% 1710.05544
fiv, i1—ql 2 2 36 i
Tu bV 136 BR(f —qu)=100%, cosl,=1 2003.11956
Vi /03 V, Y —oths, X] —bbs 12epu  >6jets 130 | 0.2:0.32 Pure higgsino ATLAS-CONF-2021-007
10°! 1
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Mass scale [TeV]
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LHCSLIG 45 R

[S. Rappoccio 1810.10579]

LQ1(e]) x2
LO1(g))+LQ1(v)) B=0.5
LQ2(up) x2
LQ2(uj)+LQ2(v)) B=0.5
LQ3(tb) x2

LQ3(vb) x2

LQ3(tt) x2

LQ3(vt) x2

Single LQ1 (A=1)
Single LQ2 (A=1)

RS1(jj), k=0.1
RS1(yy), k=0.1
RS1(ee,pp), k=0.1

CMS Preliminary

SSM Z'(t1)

SSM Z'(jj)

SSM Z'(ee)+Z'(up)
SSM W'(j))

SSM W'(lv)

SSM Z'(bb)

B 13 TeVv

— Leptoquarks
—1
—1
]
—
0 1 2 3 4 TeV

= RS Gravitons

e’ M=A)
H* (M=A)
q* (q9)

q” (qy) =1
bt

0

2 3 4 Tev

Excited

Fermions

1 2 3 4 5 6 TeV

8 TeV
coloron(jjx2 [___]
coloron(4j)x2 [T Multijet
gluino@j) 2 [ Resonances
gluinojib)x2 1]
0 1 ) 3 4 TeV

ADD (y+MET), nED=4, MD
ADD (j), nED=4, MS

QBH, nED=6, MD=4 TV
NR BH, nED=6, MD=4 TaV
String Scale (j)

QBH (j), nED=4, MD=4 TaV
ADD (j+MET), nED=4, MD
ADD (e i), nED=4, MS
ADD (yy), nED=4, MS

Jet Extinction Scale

dijets, A+ LL/RR
dijets, A- LL/RR
dimuons, A+ LLIM
dimuons, A- LLIM
dielectrons, A+ LLIM
dielectrons, A- LLIM
single e, A HhCM
single p, A HhCM
inclusive jets, \+
inclusive jets, N\-

Large Exira
Dimensions

TeV

Compositeness

01234567 8 910111213141516171819 TeV

CMS Exotica Physics Group Summary — ICHEPR, 2016

2B EFIERBM SN F, WNEREM T LR Mass > 1TeV
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1. New particles are heavy.
2. Top-down (from high energy to low energy ) is good, currently
down-top (from low energy to high energy ) is better?

Model-dependent Vs. Data-driven

JdoldM >< >/\/v<




BRMiHiL
sdoldM >{ >vw<

2025%

adoldM >< M

1934~

Lr =—Gp(py"n)(eyuve) + h.c.
|
1T EET

1 : >
10 GeV 80 GeV m

10
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s BRI EHEEHER, AR
twE L EEFTAEER,

Cht o s
gEFTDgSM_Fﬁ(H H) +"'

| |
162 M

In A.

6 R ikIBR B BT ES RIRIEAMIMIE, MRILSLIH,

XNTREE

BZ,

11

SEET, e.q. O(1/M?), TIFTEHH

dim-6 SMEFT

SAXFW, BIArIEE

A

=3

IlE“ A E

1\l

R4 »
=

(o)

2012.11343, I. Brivio

£ xo £O -~ y2XH £ ~ (RR)(RR)
Qo | JeGwalrGe Qew (Lo e, )o' HW}, Qee | (Epyuer)(@sver)
Qs | freGoraieGer Qe (l,o" er)H By, Quu | (TpYuttr) (57 1)
Qw | Wi WirWhn Que (Gpo™ Tou,) H Gy, Qaa | (dyyudy)(dsy™dy)
Qw | Wirwrwhe Quwv | (@0 u) HW}, Qe | (@uer)(@nu)
£ - He Qun (30" u,)H By, Qea | (Epyuer)(deydy)

O ‘ (H'H)? Que (@o™Tod,) H G, QW) | () (deyds)

£9  gap? Qaw | (Gt d,)a HW], Q% | (v Tou,)(dn T dy)

Quo | (H'H)O(H'H) Qan (@po*”dr)H By,

Qup (D*H'H) (H'D,H)

L0 x2p2 £ — ¢?H?D £$ ~ (LL)(RR)

Que | H'HGY,Gw Q| D L)) Qe | Galo)@Eer)

e | HTH éZuG"W g? (HTLD H)(Lo'y1,) Que | (Lpyule) (@)

Quw | HHHW!, Wi Qe (Hfz D, H)(&yv"e,) Qua | pvule)(dsy"dy)

Quy | HIHW, W Q| HD )@ ) Qo | (@war)(E"er)

Qup | HH B, B QSZ (HTi%)LH)((jpaiw“qr) G (TpYuar) (s ue)

Qus | H'H B, B* Quu (HW(B;LH)(%"/“W) | @I e (@ T ur)
Quws | Hioi HW}, B Qua (HU’?,LH)(JW“ d,) Qf,? (@) (dsydy)
Quivp | HioHW, B Qtrug + hoc. | i(H D, H)(upy"d,) QW | (@ Teq)(dsy T dr)

O _p2prs £$ _(LL)(LL) 8 — (LR)(RL), (LR)(LR)

Qe | (H'H)(lpe,H) Qu Tyl ) Tsy1e) Qreaq | (Ber)(dsary)

Qur | (H'H)(gyu,H) QL (@) (7" 01) Qb | (@ur)ejn(@sdy)

Qan | (H'H)(q,d, H) | @woie) @ oia) Qo | @ T ur)eju(@ETdr)

Q) (vl ) (@571 Qleve | Ber)ein(@u)
Qgs) (LpYuo 'l (@70 ar) Q%u (Bower)ej(@sot ur)
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from J.H. Yu’s slide

D THE MEN WHD MATE I ! ciume 1 sodii. ..
DYSON, y :

S[HWE:E‘[‘:“ . | erson & -:_'3 ™ : S T R I NG

AND TOMONAGA . : ‘Texxel - *‘ T H E O RY

KenWilson

MemorjalVolume:
Rendrmallzafien, Laimce Gauge
Theory, alor Product

pam| - (uantum Felds

.‘ WD i e

1949~1970 X 1970 1979 1984 Renormalization and Effective Lagrangians
QFT should be Wilsonian EFT Folk theorem EFT should be - Polehinski. Nucl. Phys. 5 231, 265 (1984)
Renormalizable Renormalizable

"What bothered me was that the proofs that renormalization works seemed extremely
combinatoric and technical, but the results in the end came down to dimensional
analysis. What I realized was that things would become nearly trivial if, instead of
describing the path integral order by order in perturbation theory, as nearly always done,
we described it scale-by-scale in energy. As soon as I thought those words, T knew I could
prove them...It took just three weeks for me to work out the proof and write it up.”
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EFT: 3SEX

UV: Ultra-Violet, £249F, S&EEFR

hing

UV models

1. Construct a complete basis.

[H. Sun, M.-L. Xiao, and J.-H. Yu, 2206.07722]

2. Data analysis: simulation and fitting.
Global fitting.

. 3. Matching: relate the Wilson
coefficients to the masses and

couplings of UV models. EFT-UV[/L
FC e &,

e G MEFIT

== HL-LHC + FCC-ee =0— HL-LHC + CEPC

From Jaco ter Hoeve, ICHEP 2024

14



Complete Basis

(n=1,n = 3) Traditional method

WecLH' D? #L =3, #2 = #3 =2, #4 = 1. BW HHT D2
[ Hays, Martin, Sanz, Setford, 2018]

(D*H"YHBy,, W, (D"D,HYHB,,W}°, (D,D"HYHBL,,W;°, (D, H")(D"H)BL,,W}°,
1 1 1 2 1 1 1 3 (D, H'Y(D"H)By,,W#*, (D*H"(D,H)BL,,W&, (D, HYH(D"By,,)W;’, (D, HYH(D"Bp,,) W,
(D"HYH(DpBr,,))WH?, (D,HYHBL,,(D*W}*), (D H)HBr,,(D*WE), (D*HYHBL,,(D, W),
2 3 3 4 2 2 3 4 HY(D2H)By,, W, H'(D"D,H)By,,W", Hi( W W2P . HY(DFH)(D,Bp,,)W,
HY(DYH)(D,Br.,,)Wi*, HY(D,H)(D" BLUP)W”pj@L )Bruy(D,W1?), HY(DYH)Bry,(D,WE),
L. HY'(D,H)By,,(D*W#), H H(D?By,, )W, H'H(D"D,By,,\W;", H' H(D,D"BL,,)W}*,
€y g €y az €azag € 0 HYH(D" BL,,)(D,W1*), HVH(D* BLo,)(D,WE?), H'H(D,BL,,)(D*WE?), H'HBy,,(D*W}),
H'HBp,,(D"D,W/"), H'HBy,,(D,D"W/"). (14)

EOM

(x3 0y
€y €y Capay €

Fyf'y3 (D V3)ape (Doa), & F D 20 (DY3) 5 e (Do), ¢

(DHY)aa(DH) 35 BLivs}Wirien 0B B € dn

W M ag B caB A b
B HHT D2 #1 — 3, #2 — 3, #3 == 1, #4 p— ]_ (-DH )aaH(DBL){ﬁ76}ﬂWL{§77}€ € E’y n
(DH o H Breny (DWA) 5.5y 5 € B B 7€ (O
H' (DH)aa (DBL) (g sWrien) BB et
E{T(1)11)6ui13L{5n}(1)vvb){576}J§eaﬁeaﬁevéean
HYH (DBL){apy),6(DWL) (57,5 € €251

1]1]1]2

W~ | Qo

2122

12 60&1(12 6(13(14 102 €a1a3 €a2a4

€azcay € €ags €

o ~y : . oy
BL**Wiap (DH')' 4 (DH), BL*Wy," (DH'),, (DH), * BL""Weas (
BLQJ“'Lnﬁ, (

" & (DH)_°

2o (DH).

Young tensor method (No need EoM&IBP)

From J.H. Yu’s slide
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Dimension-

Gijémn(LiCLm)Han

[Weinberg, 1979]

SMEFT

Complete Basis

o am D

Oy » (D'

Oy (DO ' B
Qg » (D' 'O (0" D)
X't

O = (D' ONG)LGV
04 = (D' DIGAC™
Ogw = (D' D)Wy, W
Oy = (D D)W2, W
Ogp = (D' D) D
Oy = (O'D)B,, B
Ogup = (0 P B)WS, B
Oy = (0 PO B

Dimension-

N n i) Subclasses
1 (4,0 F+ b
(31 | FEow'D + he
D b b
Fuv?oD® 4+ ha
FIo* P 4 he
(2.2 | FFi
FLFwev'D
. I‘ 'II‘A
Fae?oD? 4 he
FiFwo®D?
ve'e’D?
o'Dt
5 (30) [
+
(2.1
Fuew'o’D + M
VoD 4 b
Fro'lD? + he
6 (2.0 v’ + ha
Fuede® + he
Fio' 4 he
' s T 3 3.3

From J.H. Yu’s slide

) —

%

2n}
T

1208 40} (50,

¥2n}

820 +2n) (0,
m}
3
(50w}
Win}
wy (1350,

"nn

Win}

+1

2)+24n)

1)+n} (2, +3)

Lquations

(4.19)

Dimension-

v'e'
O
O
Om

Oui
O
O
Oun
O
Ow
O
Ou

[Buchmuller, Wyler, 1986] [G

[ Li, Ren, Shu, Xiao, Yu, Zheng,
[Murphy,

X'
(G O » ~f"™GVGYG,”
(' OO, w07 ) Oy » =" ™*GrGNG”
(@' SN, o ) Ou SWwrwr

Oy = e Wrwrwr
ki (RRWRR) (LLYRR)
Op » Uyl iy L)) Oy » by eyt O w Ly by iy
Oty » Qi O N0y Q) O, = By, w0, by ¥ ) Op » Ly, L0y w)
Oty * Q" QN P Q) O » (y,d Wiy o) Ors = Loy b Wiy d)
O = Lon X Qo Q) Oy = (hy Xy w) Qo = (Qy Lyl
O » Ly LNQiy r Q) Oy » iy My 00w Q@ My )

O w (y, o iy o) 05 (0 5 Q) (y S m)

(LRNRL) amd (LRNLRY

Qg » LS
Ol = Q7w eard Qlat)
"v.Lw (O Fw) o (O 1)
(1,'4._ (LA

o AL M AL )

rzadkowski, Iskrzynski, Misiak, Rosiek, 2010]

Of » (i, Sw )y &) ()"u' w (O, @yl
0L = (0 5 Q) (o §a)

Heviokating

Oup » e, [iol“ l'('-l"“q)" g l'('lf]

Opn = Meyy ll("'l'('(,/'"“m,'b'(‘l‘l

Ogog = ety (@ Q) [ O]
O » -""||d")'('./“]||u,'|'(’."|

Warsaw basis

2020]

Dimension-7

1: 92X H? 4 he

2:0*H* 4 he.

Qrewnr [ Can(TT (I Cio" I ) H H W, Qe | Cant ' CIYH"HY (H'H)
Qummn G Cla™ YH" H* B,
3(B) : v*H + he. 3(B) : ' H 4 he

Quen | Gutmnled)dCy™ 1" Qi oyl )l Cd Y H

Qrewttt Culdt)(u,Cey ) HY Queran | Comsu(lp ) g Cof " YA

Qi | Gnemndy )G ClM H" Quon oy (Lt )2 Cd) ) H

Qv | Gmennldytl)ghCty 1" Qg | ComtnlEpgtNdiCd) )

Qrgunt g u )L ClEHHY

4: 9 H3D 4 he. 5(B) : ¢ D 4 he.
Quarn | ComOully Cy e JH"HIDHY  Qpoap N Guldpy™u, )(LCIDIY)

6:*H*D? 4 he.

5(B): ¢'D 4 he

Qiiyrpa | Ceemn(LCDEVH™ (D H")

Qe | Gmean(LCD YY) H™ (D H")

Dimension-

[ Li, Ren, Xiao, Yu, Zheng, 2020]
waen [T 120, Ma, 2020

Queird
Q.op

[Lehman, 2014]

Casy ()N} CiD,d])

Cags (€0 a2 ) (d) CiD,d] )

16

2020] N (md) Classes Nope Nem Nogerse

I (3.2) | ¢"'D 4 ha 0444240 | 10 fni(Tng < 1) (5.50)(5.51)

oD 4 he 0404240 [ Ing(ng+1) 5.21)
5 (3.0 ARYe'Dahe | 04104640 'y 320} (5.50)(5.00)
vielD? 4 he 444440 | 100 10n} (545.5.4%)
FL2 e D 4 b D404440 R 1] 1Tng ~ny (5.28)(5.29)

4 4

(2.2) | Fa*e'D 4 ha O+ 104640 1] In;(l..,, +1) (5.59)5.60)
vietien? 0444440 8 ny(40ny 4+ 1) (5.45.5.45%)
Fav? o’ D 4 he 0404440 20 2ny(0ny -~ 1) (5.28)(5.29)

vele’'D? 0404240 6 Gng (5.19)
6 (3.0 LY 2444640 | 16 | {nf(415n] 4+ 5630 4 5005 + 1390, 4+ 6) | (5.63-570)
Fuv'to + ha 041241040 102 20}(20ng + 1) (5.54.5.56)

FiPo? 4 he 0404840 | 20 2ny(5ny 4+ 2) (5.32)
2,1) viel? b 142042044 | 204 In}(382n] « Onf 4 2np + 21) (5.63-5.69)
Foe'% s he. 042042040 92 52n} (5.54.556)

Flee? + ha 0404840 12 \ 2ny(3ny +2) (5.32)
ED 4 he |041241840 | 186 | 2nd(146n3 + 1) (5.39-5.42)

Fe'o'D s he. | 0404840 | 12 ‘ 120 (5.25)

o' D? 4 he. 0404440 24 J 2ny(6ng + 1) (5.17)

{ 4 {

T (2.0 ¢'o* + hee. 0464640 | 32 | in3(10n3 1) (5.35-537)

Fuvdol + hae 0404440 B 2ny(2ny - 1) (5.23)




Global Fitting

-

Diboson
e

p v TV \

(C(HD \ CHt
CHWB CHD Cll

Cuo C,. co on | Cmal] O
CHW 0(3) C(l) C C CtB
Cuo | | | \o Cra G Ce) o3
o |\ EWPO W,
Con o Ok C3: Ch. Ca
Crn Co C3 C5 C

\_ tt W,

2.5

2.01
1.51
1.01
0.5;
0.0
-0.51
-1.0
-1.51
-2.01

-2.5

Higgs

X2 (Ci) = (§ — @(Cy))" V71§ — fi(Cy))

2012.02779, John Ellis,Maeve Madigan,Ken Mimasu,Veronica Sanz and Tevong You

FitMaker

I SU(3)%: EWPO+Diboson+Higgs

2
‘ 95%CL marginalised; C; (ATev)”

M SU(2)? x SU(3)3: EWPO+Diboson+Higgs+top N2
' Top operators: EWPO+top (incl ttH) _
bt H i H H )+ H H +H b ) | tt
EWPO :Bosonic éYukawa Top 2F éTop 4F
@ Q ':a'\:;\ 'q: ;?,‘c-’:.'c- 5 3 X Q) S o O T T T E;;IO’,_,‘O 3‘:' &2 % ’E"'_IUQIUQ'G 3 "0008' oo‘E oo'E
:3YTTITTAOG 863GV GGUTTOOSOEEFETTO U0
Q I_C‘D O ~ T - A4 e~ — i OO0 - =~ 7
= 35 o 9o oL 5 o TTLLoo0o0
5 7 — = = =g — — S 9 S S A A~
—




Global Fitting

Theory Data
/(N\NLOQCD + NLOEWSM XS

|
)

,'g Higgs data (inclusive, diff, STXS)

| NLO-QCD, linear and quadratic, EFT

‘ Top quark data
(SMEFT@NLO)

Qiboson production (LEP + LHC)
. PDFs, avoid redundancy (notop) J

Methodology

';‘Two independent fitting methods: MCfit
and Nested Sampling

'," Validation statistical toolbox: Fisher
information, PCA, closure tests

Posterior probabilities in EFT

Modular structure: easy to add new
Lparameter space, CL intervals

theory predictions and data

From Luca Mantani’s Slide, HEFT2021

A Monte Carlo global analysis of the Standard Model Effective Field Theory: the top quark sector, N. P. Hartland, F. Maltoni, E. R. Nocera, J.
Rojo, E. Slade, E. Vryonidou, C. Zhang

SMEFiIT: a flexible toolbox for global interpretations of particle physics data with effective field theories, T. Giani, G. Magni and J. Rojo,
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Matching

SMEFT matching procedure (Covariant Derivative Expansion)

EFT Lagrangian EFT Lagrangian
UV Lagrangian Fluctuation Operator (partially simplified) (minimal basis)
Func}t‘io(l;al 52 Identification and . Re(;iuction of
methods uv evaluation of ) redundant operators
) [ — DA > (1) [ ] 1) [ ]
gw [ﬂH : ﬂL] & 5ﬂj 5’7,’ = supertraces (CDE) QEFT r’L IbP, Fierz identities, g(EFT ”L

n=n Field redefinitions, ...

Tree-level matching

EOM~— SuperTracer

19



UV-EFT Matching chtlonary

JUFir15) B2

Name S S S © = =1 ©, O3
Irrep (171)0 (171)1 (171)2 (172)% (133 0 (173)1 (134)% (1a4)%
Name Wy Wy Wy IT, II7 ¢

Irrep  (3,1)_1  (3,1)z GB1_s 3,2)1 32z 3)_s

Name Ql QQ 94 T d

Irrep  (6,1). (6,1)_z (6,1)s (6,3)1 (82)

Table 1. New scalar bosons contributing to the dimension-six SMEFT at tree level.

1711.10391 J. de Blas, J. C. Criado,
M. Pérez-Victoria and J. Santiago

1. M\LI1SE

2. MUVIE AL

JBYEFT coefficients

20
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Automation of SMEFT

UV model

\ FIATCAETE | o

[2212. 04510]

‘ \[2112.10787]
‘c [1808. 04403]

[2111.05876]
I [2108.01094]

I [2012.02779]

[2303.16965]
[2412.14253]

[2302.06660] 5 MEFIT
[2208. 08454] ~Sfitter Global Flttlng

2012.02779] Fitmaker

[1910.14012] IIEifitl

atching
Match2fit

SHTY [2012. 11343]

SMEFT@NLO [2008. 11743]

S [1405.0301]

Simulation

Observables and Data

From Alejo N. Rossia’s Silde, SMEFT-Tools,2025
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B & 3 FRIER TR

Landau-Ginzburg Higgs

AR Y

*

V(¢) = —m?¢'d + A(¢'¢)

Pseudo-Goldstone Higgs Coleman Weinberg Higgs Tadpole-induced Higgs

B R \ | /

VR <=

V(@) = —asin®(¢/f) + bsin(@/f)  V(6) = A(618)? + (61 6)? 1og¢f V($) = —1Pv/d1 o+ m24Te

V(h)=1/2\n}§h2t/1mL/Ewh3+1/4/lh4+... i [—

HL+LCFsso
P HL+LCF1000

-~
-~ HL+CLIC3s0
Ao
-~

_____ < HL+CLIC1s00

~ HL+FCC-ee24

h HL+FCC-eess

HL+FCC-hh

HL+MuC1o

0 5 10 15 20 25 30

22 e o Tao Harrs Slide @ NOPP2025



EFTs at electroweak scale: SMEFT and HEFT

e SMEFT, linear realization of the Higgs and Goldstones, canonical dimension
2

1 Gt | m C
—_— — T ﬂ — T — T 2 _H T 3 eeoe
H —\/5 <v+h+iG0>’ QSMEFTDzDﬂHDH+ 2HH AH'H) +A2(HH) +

e HEFT, nonlinear realization, chiral dimension

_ L7,0; LO 1 " VEw .y
ha U= cXp E . gHEFT 2 EDﬂhD h — V(h) + TF(h)TI'(DﬂU D U) + -

O(2) sym. axis

h h
1+ (1 + Ay — + |, F(h)y=1+2(1+ Aa)— + -
VEwW VEwW
[H. Sun, M.-L. Xiao, and J.-H. Yu, 2206.07722]

1
V(h) = Em,fiﬂ

You are her

O(2) fixed point

SMEFT/HEFT

HEFT

HEFT encompasses SMEFT.

|
from N. Craig, HEFT2021 R. Alonso, E. Jenkins, A. Manohar [1511.00724,1605.03602]
only HEFT 23



Matching a same model both to SMEFT and HEFT

e SM with a singlet extension.

[G. Buchala et al, 1608.03564.

e 2HDM (i.e. SM+ another Higgs doublet ).

[G. Buchala et al, 2312.13885], [S. Dawson et al, 2205.01561, 2311.16897],[F. Arco et al, 2307.15693]

* The Real Triplet Model (i.e. SM + a triplet Higgs).

[Huayang Song, XW, 2412.00355(JHEP 06 (2025) 021), 2503.00707(JHEP 06 (2025) 249)]

Linear form

Gt 1 1 0 I3+
H(l >, E:—Zigi_ <UZ+ \/_ ),?:1,2,3,

7 (v + R +iG°) 27 T2 | V2mT —uy — 0

ZrureH, ) D D,H'D'H + (D XTDFE) — V (H, 3),
V(H,X) = Y/H'H + Z,(H'H)* + YZ(£'E) + Z,(X'2)* + ZZH'H(Z'E) + 2V, H'=H

Z:s are dimensionless, Y;s are dimensional < ... > denotes trace

24



Matching Real Triplet Model to SMEFT

ZrureH,Z) D D, H'D'H + (D Z'D'L) —

| =7 u 2 IS 3 . Hyi= L, 5 5y
v=52 (-D, D" —M* - Z;HH)Z + Y, X -HaH—ZZz(Z - X)

EoM of X:

(=D, D" - M? - ZZHH) T, = - V;H'GH+ Z,(Z .- T )=,

- 1 I -
S, = - Y;H*GH + (X, T)X,
-D,D+ — M? — 7, H+H -D,D+ — M2 — Z; H+H

Expansion with 1/M? (Assume M 2> Véw)

L vertzy . wiz fop T b 7 T HT2
gSMEFT=WYHO'H H'eH + — (H oH) V( D,D Z3HH)WH oH + ---

T. Corbett, A. Helset, A. Martin, M. Trott, [2102.02819]
J. Ellis, K. Mimasu, F. Zamperdri, [2304.06663]

25



Matching Real Triplet Model to HEFT

Gt 1 1 fvg +XY V28T
H = - 9 2= =20 = = 7.:172737
(\% (UH + h + ZGO)> 27T < V23T —ouy — X0 !

Ggw [ coso —sino G* h\ [cosy — SIn y ;0
Ht | \sinéd cosé ¥t K)  \siny cosy 370
tan d = 2vy /vy.

e Integrate not 2 as a whole, but the K and H* particles.

. Gﬁ—LW, Ggw should be written into a U matrix.

N}

.0 1 Véw
h,U = exp <m—d) Zyiprr O =D,hDFR — V(h) + —F(h)Tr(D U'D*U) + -
VEW 2 4

20



A non-linear framework

Huayang Song, XW, 2412.00355(JHEP 06 (2025) 021)

( \
1 * 7,0, 1 1 |vsg+ ¢° 2¢7
\/5 VH+h +l){ VEW 2 2 \\/§¢— _VZ_CbO)

V
rE=2—=¢%,"=0
VH

L = (D, H) (D*H) + (D, XTD'Y) -V,
V =Y H'H + Z,(H H)? + Y2(XTE) + Zo(XT18)2 + Zz HTH(XTY) 4+ 2Ys HTS H,

o = PMEBENFHUERREDE, EEAMMEEER., FRIEENF
SFEIHEFTIEAZGHE, #5TRE.

o ANKEMSHESUQR)ZERS, EHT—MBSEST RAJUVIREL,

( P )

1 0 - 0
— (vg+h" +
vz s i)

g — Uk ukum .
@z‘yklm... — U U UklUllUklUml ¢Zl,71k'1llml'"

17 n

H = Ulj[,., h=

27



SMEFT Vs. HEFT

do/dgIEs ™™ (pb)
35.00 - UV Model
S HEFT(£?)
34.98/— - HEFT&)
Y, > 2TeV === SMEFT-6
........ SMEFT-8

34.96 -

34.941 \[s =300 GeV
" Op=n/4

T

34.92

34.90 0.005 0.010

T

0.015

0.020

dor/d6l5"™ (pb)

0.045

- UV Model
- - -~ HEFTGX

— - HEFTE) N, <. .
0.0441 .. SMEFT-6 S, =,
~
-------- SMEFT-8 AR
\
L ‘&
0.043 /s =800 GeV Y,
: Bo=n/8 A‘X
>
.
0.042f -,
0.005 0.010 0.015 0020 ¢

HEFT converges faster, which is same as in
WW — hh,ZZ — hh process

28

Similar results also from 2504.02580,
Yi Liao, Xiao-Dong Ma, Yoshiki Uchida



HEFT #A 353 BI¥E X

e HEFT %, A[EHIPower counting XN ANERIHEFT,

o BFEMHEFTS SMEFTHEAUVIREL ST B EAN—2X,
1B BEBIYHEFTS SMEFTRIEES B A[E),

» HEFTSUV=E BIRYILAC,

29



EFT-Hadron spectroscopy

30



EFT % (running and matching)

~ 10'® GeV
ARG—IRE, BRERIRE
~1.TeV BT e.g. EAHiggs

LHC/ ~246 GeV SMEFT
CEPC HEFT
EE LT --:.8.Q-(.3.?y ..... W.‘.-.Z.I.&E:ET 5t§%
Low-Energy EFT(LEFT)
_________ '_"_1 _O_ _C_i _e_\_/_ L l_J_, Sj_ ,_S_ ,-(_-) ,-t-) -;%?E 1709.04486, E.E.Jenkins,A. V. Manohar, P.. Stoffer
....... ~300 MeV(A)__u.d;sE5 HQEFT, NRQCD
- CHPT(FLINIEIR)

~ MeV

31



LEFT (QCD x QED)

1. B (LFV) dis, BRERTYH, RF, BF, KF
BlaNT — wy, u — ey,t = 3u, u — 3e

€ (muw
LEFT @dipole = — (/40'“ PL/RT) FMV + h.c.

t _m’c

SMEFT @Z; — (Lﬂ i TR> R @’” = <ZM o't TR> o'H W//Iw

o T — uy IFE, u — ey I, muon g-2(loop), B FHIFEEIRIE
o LHCL pp — CCyidi=z

32



T REPFIFE

i LEFT %4 SMEFT B/  Bi/suiust:
T — WY dipole OeB, Oew LFV, leptoquark, SUSY
T — 3 (£040) Ore, Ope, Oce  Z', scalar mediator

T — um’, up (4lqq) (’)l(;), (’)l(j) LFV,Z' SUSY

T — VY (bvlv) (’)gl), 01(31) LUV, W' SUSY
T — Kv, Knv  0lsd Otd, Oledq Z' 2HDM

33



R FREPRIFE

N LEFT 54% NP ikt

D — utpu~ (Llqq) Z', leptoquark

D — mup (¢lqq), dipole FCNC, SUSY

c — uy(e.g. D — my) dipole SUSY, vector-like quark
D°-DO JR & (9999) AC =2 NP B4f

2410.00115, Hector Gisbert, Gudrun Hiller and Dominik Suelmann
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Summary

e EFT3EXR: EE¥E, /IS, [LEiEHE, SMEFTRIED]
* TEMWZEEHD T

e HEFTEZESSMEFT, AT ZETH AMNTRIERIAVLG]. X
MEEEWE TUVERRIRIEL HIES:, ERT—/in=17
I BRI SHEFTHIILEL .

e SMEFTELAMGHEILEFT. LEFTR BFGeVEEX iR Z 4
B H5TeVEEX I HRIASHR.
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Thank you for your
attention!



Backups

37



SMEFT Vs. HEFT

do/delgEs™ (pb)

150

UV Model
aen HEFT(&)

l— - HEFT(&)

.-« SMEFT=6

100} :
e SMEFT-8

/ SRATIESR

| \/s=300 GeV

50 - 90=7l'/4

___A_A_YS_—_A_ 24-_,.‘55_(;:]!&&! i_’_%_—__ J],’J_ZIS_A__A_ I‘ l é_‘

0.005 0.010 0.015 0.020

NF BB SHIHEFT, SMEFT&

EIEFBAIHEFT A BEIR

REE
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dor/delty ™ (pb)
80 UV Model .
----- HEFT(2) ;‘:/
70/— - HEFT@) b

60+

40~

50 /s =300 GeV
: 90:71'/4

SMEFT-6(£2)
.. SMEFT-8(&%)

e R

i

0.005 0.010 0.015 0.620 3
Z; Z;—hh
do-/dglgigoL (pb)

U=

—_—t N

IS A= B S H—

ERZIZEE]

pA
-

@



While Y5 < O (A Geometrical View)

) . N?{ : '5TV1

T. Cohen, Nathaniel Craig, Xiaochuan Lu, Dave Sutherland 2008.08597

Y22 < 0 represents there exists another source of spontaneously symmetry
breaking, which cause the breakdown of SMEFT. Only HEFT works.
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SMEFT matching procedure (Covariant Derivative Expansion)

EFT Lagrangian EFT Lagrangian
UV Lagrangian Fluctuation Operator (partially simplified) (minimal basis)
Functional 525 Identification and Reduction of
methods Uv evaluation of . redundant operators
il HA X £O [ > 20 [n,]
gUV ["H ? ”L] y 57]j 57],- ) ‘ & supertraces (CDE) ”L IbP, Fierz identities, ’7L

n=n Field redefinitions, ...

Tree-level matching

EOM — i,

SuperTracer

How to use the Standard Model effective field theory, Brian Henning, Xiaochuan Lu, and Hitoshi Murayama, 1412.1837

The Universal One-Loop Effective Action, Aleksandra Drozd, John Ellis, J er’emi Quevillon and Tevong You, 1512.03003

STrEAMIining EFT Matching, Timothy Cohen,: Xiaochuan Lu,-and Zhengkang Zhang, 2012.07851

From the EFT to the UV: the complete SMEFT one-loop dictionary
Guilherme Guedes, Pablo Olgoso, 2412.14253

Linear Standard Model extensions in the SMEFT at one loop and Tera-Z,

John Gargalionis, Jérémie Quevillon, Pham Ngoc Hoa Vuong, Tevong You, 2412.01759
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https://arxiv.org/search/hep-ph?searchtype=author&query=Gargalionis,+J
https://arxiv.org/search/hep-ph?searchtype=author&query=Quevillon,+J
https://arxiv.org/search/hep-ph?searchtype=author&query=Vuong,+P+N+H
https://arxiv.org/search/hep-ph?searchtype=author&query=You,+T
https://arxiv.org/search/hep-ph?searchtype=author&query=Guedes,+G
https://arxiv.org/search/hep-ph?searchtype=author&query=Olgoso,+P

Effective field theory
A linear form under canonical dimension.

P = O(AY E@ 52@

e At each order in E/A, all terms consistent with the symmetries are included.

* Renormalizable order by order, higher order become less relevant.

o | / d'k 1 1
—H qtHY ~ — ~ In A.
Az H) %()é MY 2r)t kT 1672 M

A non-linear form under chiral dimension. E.g. ChPT.

SU(Ny)r x SU(Nf)r — SU(Ny)v

U(x) = exp (ngém)) , ¢ = Zwa/\a

n

Tr[9,U'0"U] FIE Tr(0,Ut0*U)]* 1-loop[E
['ChPT :£2+£4+£6+"‘
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