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Why study hh production?

a Higgs potential largely unknown

= Trilinear Higgs coupling accessible in hh
production

m However, BSM deviations should enter in
systematic way!
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Two distinct EFT systematics: HEFT vs. SMEFT

HEFT: m BSM: can be strongly coupling New Physics
u non-linear theory (EWxL), chiral counting of operators d, (0, Ui, g, y) =1
a light Higgs is EW gauge singlet h(x), Goldstones have non-trivial transformation properties
® expansion in /’\2 o=z (= loop counting):

Lygrr ~ »Cdx_z + Z Z (

SMEFT: a BSM: lightly coupling New Physics
light Higgs contained in EW doublet field ¢(x)
a canonical counting (expansion in %):

Ci
Loverr =Lsu+ Y Y Aen ofFren

n=1 |

) old=2+2L)
I
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Relevant Lagrangian terms for hh

HEFT: h h? 3
Luerr O — my Ct; + Cnﬁ it — Chhh*h

a h h?
- Qs (ngh + Cgghn V2) GZV G& v

SMEFT: c - c 3
Lo 5= (010) 0(6'9) + — (61Du) (67D"9) + Z (¢'¢)
C _
( 2 (o'0) quoct + h.c.)
CHG > (¢'0) G2, G HEFT Warsaw
c 1-22 % Ct3% Chiin
Naive translation SMEFT «s HEFT after field hhh R m " . o
redefinition up to O (7> ) in Lagrangian Ci 1+ x Crkin — ;2 5 CuH
(CH,kin = Cxo — 4Chp) Cit —ﬁ%gml CuH + %z CH.kin
c v 8r o
However, formally: ggh /\2 a HG
ci ~ O(1) possible  + ,E\—§C,- <1 Caghh i o, CHe
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SMEFT truncation AT

Karlsruhe Institute of Technology

Dimension 6 operators in amplitude (% =G —C Sm):

1+%
D000 - - - -
M: A
00— - -
<

+ ..
1 1
= MSM + ﬁMsi + ﬁMdl
dim6 dim62

= Double operator insertion same order as (neglected) dimension 8 operators (and field redefinition)!
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SMEFT truncation AT

Karlsruhe Institute of Technology

Several possibilities for SMEFT truncation of final result:

Truncation at leading order in 1/A

OSM T+ TsMxdim6 (a) of cross section (commonly used, if SM unsuppressed)

Truncation at leading order in 1/A
O (SM+dim6) x (SM-+dim6) of amplitude (commonly used, if SM suppressed)
o~ = investigate uncertainty

(c) Truncate cross section at O (1/A*) from all dimé

O (SM-+dim6) x (SM-+dim6) + TgMx dim6? operator insertions (ambiguous definition)

Complete insertion, naive translation

U(SM+dim6+dim62) % (SM+dim6+dim6?) SMEFT < HEFT
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POWHEG code ggHH_SMEFT

built on NLO HEFT code with full my dependence ggHH [Borowka,Greiner,Heinrich,Jones,Kerner,et al. '16]

m available at http://powhegbox.mib.infn.it as [Fiinrich,lanee, KemenLussani iyanicou 7]

[Heinrich,Jones,Kerner,Luisoni,Scyboz '19]

User-Processes-V2/ggHH [Heinrich,Jones,Kerner,Scyboz '20]

m modified for SMEFT Warsaw input and truncation options (a)-(d):
m modified GoSam 1-loop files interfaced to POWHEG for reals

= HEFT virtuals available as function of 23 grids a; T T e

|MNL0\2 =aq - c? + ap - c§ + ag - c,zc,%hh + ay - nghcihh + as - Cf;ghh + ag - c,tc,z +ay - cfch,,h
+ag - CitCtChhn + @g - CttCgghChhh + @10 - CttCgghh + @11 - szcgghchhh + a2 - C?ngnh
+a3 - thﬁhhcggh + @14 - CtChanCgghh + @15 - CggnChhnCgghh + 16 - C?ngh
+aiy7 - CtCitCqgn + ats - thsghchhh + a1g * CtCqghCgghh + azo - Ctzcggh

+ap1 - Cncsgh + a2 - nghchhh + ag3 - CSg),nghh
= virtual grids can be directly reused for SMEFT except for truncation (b), where additional
1-loop contibutions are added analytically
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POWHEG code ggHH_SMEFT

Usage of code (only new part of the input file is shown):

Karlsruhe Institute of Technology

! Choose EFT parametrizatien
usesmeft @ ! 0: use HEFT parametrization and ignore CHbox, CH, CuH, CHG (no truncation);

! 1: use SMEFT (Warsaw) parametrization and ignore chhh, ct, ctt, cggh, cgghh (with truncation);

! 2: use HEFT parametrization and ignore CHbox, CH, CuH, CHG (with truncation!, testing purpose/SILH-Lag. calculation)

! values of the Higgs couplings w.r.t SM: HEFT parametrization

chhh 1.0 ! Trilinear Higgs self-coupling
ct 1.0 ! Top-Higys Yukawa coupling

ctt 0.0 ! Two-top-two-Higgs (tthh) coupling

cggh 0.0 1 Effective gluon-gluon-Higgs coupling

cgghh 0.0 ! Effective two-gluon-two-Higgses coupling

! Values of the Higgs couplings using SMEFT (Warsaw) parametrization (Wilson coefficients enter as C/Lambda™2)
Lanbda 1.0 ! EFT counting mass Scale (in TeV

CHbox 0.0 ! Kinetic term of suU(2)_L singlet (with d'Alembert operator)

CHD 0.0 ! second Kinetic term

H 0.0 ! Additional term to Wiggs potential

CuH 0.0 ! Modified Yukawa term

CHG 0.0 ! Higgs-Glue-Glue operator

! Truncation options:

cross section based on |A_SH+A_dim6+A_dblding|"2

cross section based on |A_SH+A_dim6|~2+2*Re(A_SH x conj(A_dblding))
cross section based on |A_SM+A_dim6|"2

! cross section based on |A_SM|*2+2*Re(A_SM*conj(A_dim6))
nultiple-insertion 1

multiple-insertion O,...,3 &~ truncation option  (a), ..., (d)
= now available at http://powhegbox.mib.infn.it as /User-Processes-V2/ggHH_SMEFT  [Heinrich,JLScyboz

'22]
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NLO cross section

NLO HEFT cross section parametrised as function of coefficients A; (similar to |MNLO|2)

9BSM

asm

Karlsruhe Institute of Technology

4 2 22 2 2 2 2 3
=Ay ¢ +Ax-Cyt+ Az cChpy t+ A CaghChhh + As - Caghh + As - cttC; + A7 - Cf Chin

2 2
+Ag - CitCtChhh + Ag * CitCgghChhh + A10 * CitCgghh + A11 * Ct CgghChhh + A12 * Ci Coghh

2 3
+A13 + CtChpnCqgh + At4 - CtChhnCgghh + A15 * CgghChhhCgghh + At6 * Cf Cagh

2 22
+A17 - CtCitCggh + Atg + CtCognChhn + Atg - CtCaghCaghh + A20 * Cf Cygn

2 3
+A1 - CitCygp + A2z * CygnChhn + Aza -

w Translation:

HEFT Warsaw
1_22 2o 132 G
Chhh TP M + 32 CH.kin
v Ve v
ct 1+ 32 CH,kin — N Vom CuH
2z
v 3v 1%
Cit N2 2vom, Cun + 2 CH,kin
ve 8
Cagh 22 g CHG
z
4
Cgghh /VT o, CHe
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= Truncation:
OsM + TSMx dim6 (a)
T (SM+dim6) X (SM+dim6) (b)
o~
O (SM+dim6) x (SM+dim6) T Tsmx dim62 (c)

(d)

7 (sM+dim6-+dim62 ) x (SM+dim6-+dim62 )
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NLO cross section

Generated at /s = 13 TeV with A = 1 TeV

s x5+ st xcim, | Osw for SMEFT

O + dim) x (54 + dimy) | st fOr SMEFT .
[

option (a) option (b) option (d)

m large area of negative cross section for truncation (a) a flat directions differ substantially

a non-trivial shape for HEFT-like option (d)

o = = =)r E|l= Har
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NLO cross section A“(IT

Consider benchmark points for characteristic mp, shapes in HEFT
® benchmark 1: enhanced low my, region
a benchmark 3: enhanced low mp, and second local maximum above mp, >~ 2m;
a benchmark 6: close-by double peaks or shoulder left

(*binr(:ggi;:itd) Chhn Gt Cit | Cogh | Coghh || ChHkin Ch Cun Cha A
SM 1 1 0 0 0 0 0 0 0 1 TeV
1* 5.105 1.1 0 0 0 4.95 —6.81 3.28 0 1 TeV
3 2.21 1.05 —15 0.5 0.25* 13.5 2.64 12.6 | 0.0387 | 1 TeV
6" —0.684 0.9 —15 0.5 0.25 0.561 3.80 2.20 | 0.0387 | 1 TeV

(compare [Capozi, Heinrich '19], new benchmarks fulfilling current constraints by Ludovic Scyboz)

= SMEFT expansion based on Ez% < 1 justified?
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NLO cross section

Generated at /s = 13 TeV

Motivation
o

Jannis Lang — gg — hh at NLO QCD comparing HEFT and SMEFT with truncation effects

benchmark onLolfb] K-factor ratio to SM | onvo[fb] | onvLo[fb]
option option option option (a) HEFT
SM [2r94 %] 167 1 - -]
A=1TeV |
1 74.29" 5% 2.13 2.66 -61.17 94.32
3 69.20" 107 1.82 2.47 29.64 72.43
6 72.517208% 1.90 2.60 52.89 91.40
A=2TeV
1 14.037120% 1.56 0.502 5.58 -
3 30.817750% 1.71 1.10 28.35 -
6 35.397175¢ 1.76 1.27 34.18 -

HEFT and SMEFT
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Invariant mass distributions at NLO QCD (/s = 13 TeV)

[ ¢

Karlstuhe Institute of Technology

. Chhh Ct | Ct | Cggn | Cyghh || CH,kin CH Cu | Cua
m HEFT benchmark 1:
5105 | 1.1 0 0 0 4.95 —6.81 3.28 0
2 modified benchmark point 1 at NLO modified benchmark point 1 at NLO 016 modified benchmark point 1 at NLO
R + su 0.150 + sm + sm
10 +OSMEFT oy SMEFT  osarsar + osst s 014 | FOSMEFT oo + mentn
o] = SMEFT SMEFT o5+ dms 012 | SMEFT o
ol [ B + SMEFT SMEFT o5, - . - 4 suer
- T Al L il
= 04 = HEFT 008 =
04 — o=
EE & E = = — =S ' ——
— e ot e ———— e ™
i, B e Aac hi —_— S
! ™ " A" ™ P S ™ P o 0 ! " p P o0 0
el o el
AN=1TeV AN=2TeV A=4TeV

a truncation (a): negative cross sections

a shape approaches SM for increasing A

= valid HEFT point invalid in SMEFT after direct translation
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Invariant mass distributions at NLO QCD (/s = 13 TeV) AT

Karlsruhe Institute of Technology

Chhn Ct Ctt | Cogh | Coghh Ch ki CH Cut Cha
m HEFT benchmark 3: 7 9 9 — .
221 | 1.05 | —3 | 05 | 0.25 13.5 2.64 | 12.6 | 0.0387
modified benchmark point 3 at NLO modified benchmark point 3 at NLO modified benchmark point 3 at NLO
B SM 0150 + M e + M
04 4 SMEFT ag,, = 4 SMEFT oy + msar 014 e + SMEFT o
- SMEFT - T SMEFT o, - » = SMEFT
5 - 4 SMEFT o — 0100 - = + SMEFT oy ) (SM +dim it = B | 4 SMEFT oy
E 02 HEFT . - 0.08 =
e =- S - —_
T Y F ‘=_“-—=\

ni— B —

ol = N, e . I,
T _ e N = t

- "N — " fonl

A=1TeV AN=2TeV AN=4TeV
m truncation (c): double operator insertion quite a shape close but distinguishable from SM for
substantial increasing A
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Invariant mass distributions at NLO QCD (/s = 13 TeV)

AT

Karlsruhe Institute of Technology

Chhh Ct Ctt | Cogn | Cgghh || CHxkin | Ch Cur Cha
® HEFT benchmark 6: A 99
—0.684 | 0.9 | —= 0.5 0.25 0.561 3.80 | 2.20 | 0.0387
o0 modified benchmark point 6 at NLO 00 modified benchmark point 6 at NLO modified benchmark point 6 at NLO
i + s o + s
035 o= + SMEFT ogy 0175 o1 o + SMEFT auy
030 T SMEFT 0150 == SMEFT
= + SMEFT i 0125 = + SMEFT
0% =1 _ = + SMEFT o5, = 01% F o ) = d SMEFT isarsaimasdinetys(siti
= 020 - === HEFT - - ==
- ok )
o L et et 4
AN=1TeV AN=2TeV AN=4TeV

® no negative cross section

Motivation HEFT and SMEFT
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m shape indistinguishable from SM for A = 4 TeV within scale uncertainties
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Summary A“(IT

® NLO QCD code ggHH_SMEFT for SMEFT (and HEFT)
a comparison of HEFT and SMEFT and of different SMEFT truncation options
m naive translation from HEFT — SMEFT can lead out of validity of # expansion

m valid SMEFT points close to SM, often hardly distinguishable from SM within scale
uncertainties

m Outlook: running Wilson coefficients and inclusion of loop-suppressed chromo-magnetic
operator Oyg, 4-fermion operators, ...
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Loop counting in SMEFT and chromo-magnetic operator ~ S|T

Following the procedure of Loop counting matters in SMEFT [Buchalla, Heinrich, Miller-Salditt, Pandler '22]

Cie
A2
Q200099 - ---
- 1
41 (= "z t —
O ~ [£"] (Quo™ T?tr) ¢ Gf“, with d, =6 = \ v Ne(1672)2
999998 -« -----
: dy—4)/2
with C (6,dy) = (161772)( )/
= Enters with overall loop factor suppression 1617 compared to
1
N2(1672)

si
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