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Introduction

® The Standard Model (SM) must be extended.
@ Effective Field Theories (EFTs): search for NP with minimal UV assumptions.
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Introduction

® The Standard Model (SM) must be extended.
@ Effective Field Theories (EFTs): search for NP with minimal UV assumptions.

® This talk focuses on Standard Model Effective Field Theory (SMEFT)
® Parametrise heavy NP effects with a tower of gauge/Lorentz invariant operators:

Lsverr = Ly + Z AQ—Z_4(9@-, O; ~ 0" "o AMa)™ | D, :nd+n¢+nA+§n¢,
D,;,>4
® ¢, A, : SM fields, gauge group: SU(3), ® SU(2), ® U(1)y.
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Introduction

® The Standard Model (SM) must be extended.
@ Effective Field Theories (EFTs): search for NP with minimal UV assumptions.

® This talk focuses on Standard Model Effective Field Theory (SMEFT)
® Parametrise heavy NP effects with a tower of gauge/Lorentz invariant operators:

C; né nki pni nt i i i3
ACSMEFT:ACSM_’_ Z WO“ Oz ~ 0 d(b o A Aw v, 91, :nd+n¢+nA+§n¢.
D,;,>4
® ¢, A, : SM fields, gauge group: SU(3), ® SU(2), ® U(1)y.
® Dominant effect in collider physics at ® = 6 (Warsaw basis,
[Grzadkowski, Iskrzynski,Misiak,Rosiek, 10], 2499 operators assuming B, L conservation).

Introduction Higgs-gluon coupling @ 2L Phenomenology Summary Back-up
@000 0000 0000 [e]e] 0000000000

2/15 16/07/2025 S. Di Noi: The Higgs meets the SMEFT at higher orders


https://arxiv.org/abs/1008.4884v3

SMEFT: how should we use it? ﬂ(".
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Figure: Courtesy of P. Azzi. Figure: courtesy of L. Alasfar
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Running effects

® Higher order corrections lead to scale dependent logarithms: running effects.
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Running effects

® Higher order corrections lead to scale dependent logarithms: running effects.

® Large separation of energy scales — large logs, resummed solving the
Renormalization Group Equations (RGEs):

4Ci(n1) = ! 5 L (10)C5 ().
du 167
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Running effects

® Higher order corrections lead to scale dependent logarithms: running effects.
® Large separation of energy scales — large logs, resummed solving the
Renormalization Group Equations (RGEs):

dCi(p) _ 1

® SMEFT dim=6 — linear system — [';;(;.), Anomalous Dimension Matrix (ADM).
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Running effects

® Higher order corrections lead to scale dependent logarithms: running effects.

® Large separation of energy scales — large logs, resummed solving the
Renormalization Group Equations (RGEs):

) TG, )

® SMEFT dim=6 — linear system — [';;(;.), Anomalous Dimension Matrix (ADM).

® [';;(p): known @ 1L [(Alonso),Jenkins,Manohar, Trott, 13] and automatized [Fuentes-Martin et
al.,20], [Aebischer et al.,; 18], [SDN,Silvestrini,22].

® Partial results @ 2L [Bern et al.,; 19], [Bern et al.,20], [SDN et al.,; 23], [Jenkins et al., 23], [Born et
al.;24],[Talk by U. Haisch @ EFT WG], [Duhr et al.,25],[Haisch,25] and this talk!.

® Partial results @ 1L dim8, e.g. [Grojean et al.,24].
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Running effects in the SMEFT A“(IT

® Several SMEFT studies show the importance of strong running effects: [Grazzini et
al.,;18],[Battaglia et al.,21],[Aoude et al.,;22],[Maltoni et al.,;24],[Heinrich,Lang, 24],[Haisch,25].
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Running effects in the SMEFT A“(IT

® Several SMEFT studies show the importance of strong running effects: [Grazzini et

al.;18],[Battaglia et al.,’21],[Aoude et al.,;22],[Maltoni et al.,;24],[Heinrich,Lang, 24],[Haisch,25].
® Top-Yukawa induced running can be important g o>t g tf
(pp — tth in [SDN,Grober,23]). t---h “i
® SM Tree-level, SMEFT tree-level g S99 e—<— ¢ g h
SM SMEFT
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Running effects in the SMEFT
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® Several SMEFT studies show the importance of strong running effects: [Grazzini et
al.,;18],[Battaglia et al.,21],[Aoude et al.,;22],[Maltoni et al.,;24],[Heinrich,Lang, 24],[Haisch,25].

® Top-Yukawa induced running can be important
(pp — tth in [SDN,Gréber;23]).
@ SM Tree-level, SMEFT tree-level

® hh/hj: SM One-loop, SMEFT tree-level
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Power counting in Higgs production

® Assumption on the UV completion: renormalizable and weakly coupled
[Arzt,Einhorn,Wudka, 95],[Craig,Jiang,Li,Sutherland, 20 ],[Buchalla,Heinrich,Mller-Salditt,Pandler,22].
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Power counting in Higgs production

® Assumption on the UV completion: renormalizable and weakly coupled
[Arzt,Einhorn,Wudka, 95],[Craig,Jiang,Li,Sutherland, 20 ],[Buchalla,Heinrich,Mller-Salditt,Pandler,22].
" A=0,,,=(Q Htg) (HTH): Tree-level generated but enters at one-loop level.

g 9994 ---h ] ]
C 1 1 C 1 1
tH tH
2 YAz A ~Moa o X e Y N
A A 167 A 1672 A
g 994 ---h
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Power counting in Higgs production

® Assumption on the UV completion: renormalizable and weakly coupled
[Arzt,Einhorn,Wudka, 95],[Craig,Jiang,Li,Sutherland, 20 ],[Buchalla,Heinrich,Mller-Salditt,Pandler,22].
" A=0,,,=(Q Htg) (HTH): Tree-level generated but enters at one-loop level.

g 99 ---h
Cy 1 I Cy 1 1
—_— ™~ A ~N e X =~ X ——
A2 A2 1672 A2 16m2 A2
g 994 ---h
" A=0pus=(Gh) (HH): but enters at tree-level
g h
C 1 2 C 1
A2 A2 . A2 A2
g h
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Power counting in Higgs production

® Assumption on the UV completion: renormalizable and weakly coupled

[Arzt,Einhorn,Wudka, 95],[Craig,Jiang,Li,Sutherland, 20 ],[Buchalla,Heinrich,Mller-Salditt,Pandler,22].
" A=0,,,=(Q Htg) (HTH): Tree-level generated but enters at one-loop level.

g 9994 ---h ] .
Cin 1 1 Ciy 1 1
Az A t AT R VR TR
[ANTIV - h
" A=0pus=(Gh) (HH): but enters at tree-level
g h
CHG 1 ,7 CHG 1
a2 e R j&ﬁ AR TR v
g h
® O,y, Oy contribute at the same order to /1/./hj production!
Iorgg%duction };I(i)%gos—gluon coupling @ 2L Egggomenology ggmmary
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Running in Higgs production
g s ---h o ,
. ] 1 1 low pr ) 1 . oL eff
® 1L running in C,p : A ~ 2162 08 he |z i 2Le ect.
g a5 --—-h
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Running in Higgs production
g 9991 ---h , , 5
o . l l loo pr) 1.
® 1L runningin C,y : A ~ e le2 8\ e e 2L effect.
ANITY ---h
I h 1)° 2\ 1
- : . 2 - [ MR
® We need 2L running operators in Cy; : ? ~ (167r2> log <2> e from
g h
potentially tree-level generated operators.
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Running in Higgs production
[ANTLN ---h , , )
® 1L running in C,p : A ~ 162 1672 log ek 2L effect.
ANITY ---h
| RO AT AR
® We need 2L running operators in Cy : ? ~ | 162 log 2 from
g h

potentially tree-level generated operators.

2L . . 2L
® C,, — Cpy computed in [SDN,Gréber,Heinrich,Lang,Vitti, 23], this work : C,;; — Cp .
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Two-loop running of Higgs-gluon coupling:
method Q(IT

1
® Determining the ADM = computing divergent parts: 6Cp ~ E”/NGMCtH-
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Two-loop running of Higgs-gluon coupling:
method Q(IT

1
® Determining the ADM = computing divergent parts: 6Cp ~ E”NIGMCtH-

® Computation in the unbroken phase: easier, J H J H
massless fermions. ’ ’
@ —»>— =RHfieldtg,bg, == =LH field Q;. . .
® Two families, 4 Master Integrals (Mls) each. g H' g H
® The result does not depend on the 5 scheme.  (a) Family 1 (b) Family 2
Laoduction Higs-gluon coupling @ 2L poenomenology Symmary B P 000
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Two-loop running of Higgs-gluon coupling:
method Q(IT

1
® Determining the ADM = computing divergent parts: 5CHG ~ =vucaCeg-

® Computation in the unbroken phase: easier,

massless fermions.
@ —»>— =RHfieldtg,bg, == =LH field Q;. it
® Two families, 4 Master Integrals (Mls) each.

® The result does not depend on the 5 scheme.  (a) Family 1 b) Family 2

m Differential egs for the Mls via the Magnus method.
® Solving the system, the MIs can be expressed in terms of Harmonic PolyLogarithms.
® Result cross-checked numerically with AMFlow [Liu, Ma, "22].
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Two-loop running of Higgs-gluon coupling:
KIT

result
g
® RGE@2L for Cy, combining the result in this work with the --h
result in [SDN,Grober,Heinrich,Lang, Vitti, 23] we have: g
dc 1)°
H dZG = <1672> 9: [ConYi + Cp Yy + CopYs + Coy Y] Su — 1 (NDR),
*7 Yo (BMHV).

L\ m 1@

u O,,, O, potentially tree-level generated if the UV completion is renormalizable and
weakly coupled
[Arzt,Einhorn,Wudka, 95],[Craig,Jiang,Li,Sutherland,20],[Buchalla,Heinrich,Muller-Salditt,Pandler,22].
® The four-top contribution depends on the continuation scheme for 5!
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Running of C;;,: 1L vs 2L
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S1: Cy(A) =1, Cya(A) = 1/1677%, C,(A) = —1/167%, Coyy 5 (A) = —10.

80t
— RGE@2L NDR
col RGE@2L BMHV |
S
< 40t 1
S 0'4_ I RGE@IL ]
— RGEe@2L NDR 20l 1
0.2¢ RGE@2L BMHV |
0.0_ L L L L - 0’ L L L L 17
0 200 400 600 800 1000 200 400 600 800 1000
u[GeV] u[GeV]
® Running computed with a private version of RGESolver [SDN,Silvestrini,22].
Back-up
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Di-Higgs: 1L vs 2L (NDR) XIT

— RGEelL O(1/A% U
- 0.15f — RGE@2L 0(1/A?) | -10p
g SR e RGEelL 0(/AY {  § -20f
2o AL RGEe2L 01/ | 5 g0 oo
~ E -.,"" » 4
é: : _s0f O(1/A™)
-c —
T 0.05} ] -0 7
e}
~60F 1
0.00 7o

300 400 500 600 700 800 900 1000 300 400 500 600 700 800 900 1000
mpy [GeV] my, [GeV]
® O (1/A*) terms are relevant! — higher order EFT may be larger than RG running!
® 1L-2L relative difference is larger in the linear case near the threshold!
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Di-Higgs: 1L vs 2L (NDR) A“(IT
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LA B L B B L B B L R | 07 !
— RGEelL 0O(1/A% )
5 O3 — RGEe2L 0/A%) | 3 -2 o/A) :
© A A O O(1/A%
Q : 3 RGEelL O01/A%) S _al ]
2010 C R T RGE@2L O(1/AY) | <
E 2 -6 ]
£ )
o N}
T 0.05} 1 2 -8 1
T _
= —10} 1
0.00 p I I I I | I R R R SN
300 400 500 600 700 800 900 1000 250 300 350 400 450 500
Mpp [GeV] Mph [GeV]

® O (1/A*) terms are relevant! — higher order EFT may be larger than RG running!

a 1L-2L absolute difference is similar to the linear case near the threshold!
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Di-Higgs: fixed vs dynamical renormalization

scale
® Estimate the size of running effects by comparing

pr = mpp/2  (dynamical) vs pugr = 2my,

dO’/mhh [pb/GeV]

0000

13/15

0.10+ — SM ]
0.08 —— Fixed scale O(1/A?)

’ — Dynamical scale O(1/A?)
0.06+
0.04+ A
0.02+ A
0.00t
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401

30

Dyn vs Fixed at 2L [%]
Y
=)

300 400 500 600 700 800 900 1000

Mhh [GCV]

® Same result when my,;, /2 = 2m;, — my, = 500 GeV.
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= We presented the two-loop running contribution to O, ~ h/h? x (G}},)? o< O,y.

® O, ([SDN,Gréber,Heinrich,Lang,Vitti,23]),0, ;- potentially tree-level generated (UV model
weakly coupled & renormalizable).
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= We presented the two-loop running contribution to O, ~ h/h? x (G}},)? o< O,y.

® O, ([SDN,Gréber,Heinrich,Lang,Vitti,23]),0, ;- potentially tree-level generated (UV model
weakly coupled & renormalizable).

® Phenomenological impact in di-Higgs production:

® threshold: up to ~ 70% difference 1L vs 2L, up to ~ 40% difference fixed vs dynamical
renormalization scale,
® peak: sizeable (few %) differences (1L vs 2L, fixed vs dyn).
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= We presented the two-loop running contribution to O, ~ h/h? x (G}},)? o< O,y.

® O, ([SDN,Gréber,Heinrich,Lang,Vitti,23]),0, ;- potentially tree-level generated (UV model
weakly coupled & renormalizable).
® Phenomenological impact in di-Higgs production:

® threshold: up to ~ 70% difference 1L vs 2L, up to ~ 40% difference fixed vs dynamical
renormalization scale,
® peak: sizeable (few %) differences (1L vs 2L, fixed vs dyn).

® Qutlook: full two-loop RGE for the Higgs-gluon coupling (WIP).

Introduction Higgs-gluon coupling @ 2L Phenomenology Summary Back-up
0000 0000 0000 [ le] 0000000000

14/15 16/07/2025 S. Di Noi: The Higgs meets the SMEFT at higher orders


https://arxiv.org/abs/2310.18221







KIT

Continuation to D dimensions schemes for v;
® | oop computations are performed D = 4 — 2¢, but 5 is a 4-dimensional object.
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Continuation to D dimensions schemes for v;

® | oop computations are performed D = 4 — 2¢, but 5 is a 4-dimensional object.

® Naive Dimensional Regularisation (NDR): assumes that the 4-dimensional relations
hold also in D dimensions:

{’YAL?’YV} - 29;“/, {7/“75} =0.
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KIT

Continuation to D dimensions schemes for v;

® | oop computations are performed D = 4 — 2¢, but 5 is a 4-dimensional object.

® Naive Dimensional Regularisation (NDR): assumes that the 4-dimensional relations
hold also in D dimensions:

{fy,u?’%/} - 29;“/, {'7;“’}/5} =0.

@ Computationally fast. a Algebraically unconsistent (loss of trace cyclicity).
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Continuation to D dimensions schemes for v;

® | oop computations are performed D = 4 — 2¢, but 5 is a 4-dimensional object.

® Naive Dimensional Regularisation (NDR): assumes that the 4-dimensional relations
hold also in D dimensions:

{’V;u 711} = 20w, {'Y,ua 75} = 0.
@ Computationally fast. a Algebraically unconsistent (loss of trace cyclicity).

@ Breitenlohner-Maison-'t Hooft-Veltman Scheme (BMHV): divides the algebra in a

four-dimensional part and a (D — 4)-dimensional one:

%(LD) _ %(L4) i ,yﬁD—4)7

{7/(;1)7 75} = 07 {,}/}(LD*@’ 75] =0.
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KIT

Continuation to D dimensions schemes for v;

® | oop computations are performed D = 4 — 2¢, but 5 is a 4-dimensional object.

® Naive Dimensional Regularisation (NDR): assumes that the 4-dimensional relations
hold also in D dimensions:
{7#7711} = 2g,uuv {'7;“’75} =0.
® Computationally fast. ® Algebraically unconsistent (loss of trace cyclicity).
@ Breitenlohner-Maison-'t Hooft-Veltman Scheme (BMHV): divides the algebra in a
four-dimensional part and a (D — 4)-dimensional one:
D—4
%S ) — %S ) 4 7( )
{7/& 775} = 07 {fy;(j, )775] = 0
@ Breaks Ward ids/chiral symmetries
a Algebraically consistent. ( [Larin, 93], [Olgoso,Vecchi, 24]).
@ Computationally demanding.
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Phenomenological impact: set-up |

® We study the two-loop running effects for:
d
—a(pp — hj) using the g h
dpr

results in @Q

[Grazzini,lInicka,Spira, 18].

g g
do
p— (pp — hh) using a g . h
private version of hpair §S
[Dawson,Dittmaier,Spira, 98]. g

\/ 2 f hj
AleeV, UR = fp = mh+pT/ or pp — hj,
mpp/2 for pp — hh.
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Phenomenological impact: set-up Il

® |nitial conditions at A = 1 TeV. ) .
CtH(A) =1, CHG<A> = W’ CtG(A) = —m7
CQt(Lg) (A) =—10, Cx(A) =0.

® Full set of operators included in pp — hh/hj
Opp = (HTH)D(HTH)7 Oup = (HTDHH)*<HTD“H)7 Oy = (HTH)37
O = (QuHtr) (H'H), Oy = (QrHbg) (H'H),
Ong = (HTH) GﬁuGW’Aa Oy = QLﬁUWTAtRGW’A,
OQt(l) = (QL’Y“QL) (ER’Y,utR), OQt(g) = (QL’Y”TAQL) (ER%TAQR) .
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KIT

Dynamical vs fixed renormalization scale

® RGEs connect different energy scales: A = O(TeV) — pug.
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KIT

Dynamical vs fixed renormalization scale

® RGEs connect different energy scales: A = O(TeV) — pug.

® How to choose 1 ? In hadron colliders 5§ = x,29E2 ;... varies event-by-event!
H collider

0.
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KIT

Dynamical vs fixed renormalization scale

® RGEs connect different energy scales: A = O(TeV) — pug.

® How to choose ugr? In hadron colliders § = 225 F?

0.

lider Varies event-by-event!

® Two possible choices:

@ Fixed scale : ur = Urixed (€-9-, Mp, 2mp...).
® Dynamical scale : ur = ur({p;}) function of the event kinematics (e.g.,

m% + p2./2, mpp/2...).

® Difference between fixed and dynamical scale — importance of running effects!
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Dynamical vs fixed renormalization scale

® RGEs connect different energy scales: A = O(TeV) — pug.

® How to choose ugr? In hadron colliders § = 225 F?

0.

lider Varies event-by-event!

® Two possible choices:

@ Fixed scale : ur = Urixed (€-9-, Mp, 2mp...).
® Dynamical scale : ur = ur({p;}) function of the event kinematics (e.g.,

\ /m,QZ + p2./2, mpp/2...).
® Difference between fixed and dynamical scale — importance of running effects!

® SMEFT evolution is complex: fixed scale faster (orders of magnitude) and simpler of
dynamical!
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Solving the RGEs A“(IT

1 Approximate solution (first leading log):

Ci(ur) = C(u) + Fz’j(ﬂl)@(ﬂl)%-

® Neglects dependence on i of I

@ Reliable if FZ](MI)CJ(MI)M&‘% <1
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Solving the RGEs A“(IT

1 Approximate solution (first leading log):

Ci(ur) = C(u) + Fij(/ll)Cj(,uI)%-

® Neglects dependence on i of I

@ Reliable if FZ](MI)CJ(MI)IOgl(g% <1

2 Numeric solution:

® More precise.

® Slow! Problem for extensive phenomenological analyses.
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Higgs+jet: 1L vs 2L (NDR) &(IT

dCpe; 1 1\’ W 1 )
20,V — 4 ¢ - ¢
o 33(167r2> g x 2CuY, (167r2) 6@

107" — SM —
— RGEeIL O(1/A?) 20¢ 1
> 107 — RGEe@2L O(1/A% 3 _
Qo 4 X 15+ 1
'E 103 - RGE@lL O(1/A%) 13
= - RGE@2L O(1/A% §
2 GEe2L (/A" 1%y ]
g 107 =
S 5L O(1/A%
10°5 ] — O(1/A?)
| | | | | | | ! 0Ot | | . I I I I =
100 200 300 400 500 600 700 800 100 200 300 400 500 600 700 800
pra[GeV] pry [GeV]
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Higgs+jet: linear vs quadratic order in 1/A”

[®))
—
I

[\
— T
I

O(1/A%) vs O(1/A*) [%)]
N

— RGEelL
L — RGE@2L |
07\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\7
100 200 300 400 500 600 700 800
pra[GeV]
Iorgg%duction gé%%s—gluon coupling @ 2L Egggomenology ggmmary Eggl&)%%.oo
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Higgs+jet: 1L vs 2L (BMHV) XIT

2 2
dcC 1 1
HG 2 2 [ (1) (8)
—HG 3 > x 2C,, Y, — 4 g - —C
2 du 1672 s tH 1672 st Qt
10-1f — SM " :
— RGEelL O(1/A?) o(1/A%
% 1072} RGE@2L O(1/A?) 3 - 3 — O(1/A%) ]
< - RGEeIL O(1/A%) | = 4}
2. 1073; 14
— RGE@2L O(1/A% 2 3L
E >
= 10 =2 ,f
g 2
e
1075 . Ir b
L L L L L L L L 0' 1 1 1 1 1 1 1 17
100 200 300 400 500 600 700 800 100 200 300 400 500 600 700 800
pr [GeV] pra[GeV]
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Higgs+jet: fixed vs dynamical scale

Introduction

0000

25/15

do/dpy, [pb/GeV]

pr = y\/mp +p7p/2 (d

10—1_

10—2 L

1073,

1074}

10—5 L

—'SM' ‘
—— Fixed scale O(1/A?)
— Dynamical scale O(1/A?)]
Fixed scale O(1/A%
Dynamical scale O(1/A%)]

ynamical) vs

100 200 300 400 500 600 700 800

pr [GeV]

® Same result when

16/07/2025
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=my (fixed)
20L ]
=
B 10f b
=
(a8
£ 0
>
A 4
_10L O(1/A™) |
— O(1/A?)
100 200 300 400 500 600 700 800
prj [GeV]
Back-up
O00000000e

\(p%h +m2 /2 =my — pry =~ 216.5GeV.
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