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Motivation - Higgs Physics

2/15

® Run2 measured couplings of Higgs to heavy fermions

® Run3 and HL-LHC are expected to give even more precise
measurements

® Precise theoretical predictions needed

& Want to distinguish BSM effects from higher-order
uncertainties in Higgs pr spectrum
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History

Has been studied by
@ [Grojean et al. 2014]
@ [Battaglia et al. 2021]
@ [Maltoni, Ventura, and Vryonidou 2024]
@ [Di Noi, Gréber, and Mandal 2024]
but not at NLO with full top mass dependence!
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Effective Field Theory - Formulae

Linear EFT - Standard Model Effective Field Theory (SMEFT)
® SM symmetries - Poincaré and gauge group SU(3)c x SU(2). x U(1)y
® Higgs part of SU(2);, doublet
® ordering via canonical mass dimension

(5) (6) (7) (8)
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f=tat 3 500+ Y %ol 3 o+ Y S o ()
i i i i

Non-linear EFT - Higgs Effective Field Theory (HEFT)
@ EW symmetry breaking is realised non-linearly

® Scalar doublet splits into EW singlet h and Goldstone Bosons, which satisfy SU(2)
® counting via chiral dimension: d, (A%, ¢, h,v) =0, d, (0", WW¥,g,Y) =1,
® Weinbergs Power counting formula [Weinberg 1979]: dy, =2+ (D — 2)L+ > =, 2(k — 1) Vax
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Effective Operators for Higgs plus Jet

Effective operators up to d, = 4:
e
@ Rescaling of top Yukawa coupling (¢;): Oy = —m, Lt
® Effective Higgs-gluon coupling (cg): Og = §= Ga G&Hv

8T v
oina(Ct, Cg)
kg =3/2¢q : T L= = (et + Kg)? + O(‘Ct s 4m2 )1
g

incl

¢+ kg =~ 1£10% Measured in inclusive Higgs production in gluon fusion

[Grojean et al. 2014]
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Heavy Top Limit (HTL) vs HEFT

® ¢, diagrams not just rescaled HTL-diagrams!
& Only at Born level and for real radiation

@ Virtual corrections can have top-loops!

® HTL corresponds to ¢, = 2/3 excluding virtual
top-loops.
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Calculation

Leading Order
® calculated analytically

@ one-loop part based on SM calculation [Baur
and Glover 1990]

@ cross-checked via GoSam [Cullen et al. 2012;
Cullen et al. 2014]

Real Radiation

@ calculated with GoSam, ninja [Peraro 2014]
and OneLOop [Hameren 2011]

® |Implemented into POWHEG-BOX-V2 (does
subtraction of IR divergences, PS
integration) [Nason 2004; Frixione, Nason,
and Oleari 2007; Alioli et al. 2010]

715 25.09.2024

Benjamin Campillo: Anomalous Couplings in Higgs plus Jet Production

KIT

Karlsruhe Institute of Technology

CRC - TRR 257



KIT

Calculation

Virtual Corrections

@ one-loop part done with GoSam , ninja and A ty
OnelLOop YT MR G

& two-loop part based on SM calculation
[Jones, Kerner, and Luisoni 2018] using
ReDUzE [Manteuffel and Studerus 2012] and
SECDEC-3 [Borowka et al. 2015]
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Calculation

Two-Loop Virtuals
& two-loop form factors computed in [Jones, Kerner, and Luisoni 2018] for 2000 points

Use: do¥ ~ 2R [(Mif + MlgL) ' (Ml,L + Mgﬁ)?

T T
=2 M2 (Mt )t (g a)'|
M, = ctMsu
= Rescale [Jones, Kerner, and Luisoni 2018] by ¢; and add Born ¢, form factors

;
Add two-loop part [Mif (Ml,f + M2L> } at the end to the rest
9

T
Calculate Mg - (M;L - ME’,QL) via GoSam and implement into POWHEG - BOX - V2
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Results - Cross Section
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pr,n cut [GeV]

oeut(Ct = 0.9, ¢g = 1/15) [fo]

Ucut(SM) [fb]

LO NLO LO NLO
50 (4.670%)-10% | (9.379%)-10% | (4.6737)-10% | (9.3799)-10°
400 1318 2812 1215 25115
600 1.6.%7, 3.37%4 1.3+38 2.7+02
800 0.2879 58 0.575 0.2079 6 0.4179%

" Scale given by: pp = 7 = 3 <\/m+ 2 |pT,i|>,

(sum i over final state partons)

a Difference only exceeds scale uncertainties for highly boosted Higgs bosons, pr 1y > 600GeV

25.09.2024
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Results - Cross Section
pr i cut [GeV] Ucut,HEFT/O’cut,SM
LO NLO
50 0.9966 4+ 0.0006 | 0.99 £ 0.03
400 1.118 & 0.007 1.11 £ 0.01
600 1.251 £ 0.012 1.23 £ 0.01
800 1.407 +0.016 1.37 £ 0.02

= Ratio increases for higher cuts
= Monte-Carlo uncertainties
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pr,u distribution

Results - Transverse Momentum Distribution
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& Only for boosted Higgs is BSM outside SM scale uncertainty

® Cannot use HTL!
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Resu Its - Fits Karlsruhe Institute of Technology

| o= C,2A—|- 2C[CgB+ CSC , OsMm=A , ogmL = (2/3)ZCHTL
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Results - Fits
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| o= C,2A—|- 2C[CgB+ CSC , OsMm=A , ogmL = (2/3)ZCHTL

13/15

pr,» cut [GeV] Alpb] Bipb] Clpb] Cur[pb]

50 9.3540.13 13.4+0.3 19.240.6 18.94+0.4
400 (2.54 £0.01)-1072 | (5.6140.08)-1072 | (13.6 +0.1)-1072 | (13.6 £0.4)-1072
600 (2.66 +-0.01)-1072 | (8.194+0.11)-1073 | (28.34+0.2)-10"% | (28.2+0.3)-1073
800 (4.1440.02)-10* | (16.8+0.2)-10~* | (78.34+0.5)-10~* | (77.7+0.2)-10~*

aC>B>A

® C/Aincreases with cut
® CymL~ C
@ Uncertainties = Monte-Carlo + Fit
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Results - Heat Maps
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® Bounds inspired by [Celada et al. 2024] ® Ratios can vary considerably
® Higgs pr cut of 400GeV ® Inside grey band: Negative c,: Lower ratio, higher K-factors
® g = cfA+2¢cgB+c;C, C>B>A Positive ¢,: Higher ratio, lower K-factors
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Conclusion and Outlook

Higgs plus jet at NLO QCD

@ First study of NLO Higgs plus jet production with HEFT operators and full top mass dependence.

® Studied the total cross section and transverse momentum (pr 5) differential distribution

® Shown that high pTH regime is very sensitive to BSM effects
® Still a lot hidden in scale uncertainties

@ Studied heat maps of ratio to SM
a Fit of coupling coefficients allows for fast evaluation of cross section

Outlook
@ Higher order HEFT operators
@ Higher order QCD corrections
@ Other SM uncertainties

Thank you for your attention!
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Backup - Chromomagnetic Operator
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7
/ ’ non-hermitian (LR)
/ 6: X H + hc. [LG|
Quw (Ere ) HWL [Qua (@0 TAu) HGA, |Quc (g0 TAd,) HGE,
Qep (L,o"e ) HB,, |Quw (@0 u )T HW], | Qaw (G0 d, )T  HW],
\ Qus  (Gpo* ur)HBy |Qap  (Gpo"”d)H B,
\
AN Table taken from [Isidori, Wilsch, and Wyler 2024]
(c) LG = Loop generated
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Backup - Form Factors for g(p:)g(p2) — 9(ps)h(ps)

MHYT = FaTHT + R T 4 FeTHT + Fg T

b NV T T 1
T = (s120"" —2p5py) (S23PT — S13P3) 2513
vT VT Y T s !
T = (sea0”" — 205p3) (s1aP — s12P) 5~
T = (s139™ —2p7 L) (S12P5 — S23pY) 2%
T = (9" (sesp] — s13p;) + 97 (S13P5 — S12p5) + 97" (S12P5 — S23py)

;
+2p3pip; — 20 P5pT]
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Backup - Form Factors for g(p:)g(p2) — 9(ps)h(ps)

Pi. e MPYT = Fy
Kk, pvt

1 D. D—4 D—4 D—2
Péuﬁ' — (D — 3) . (_ 2313 T:m— + 5 Téum- + TCHVT + Tll«l/‘r)
23 S12523 Sp3 S12513 S12523
pHrT 1 (D —4 THVT _ Dsi3 Tgu/‘r + D—4 THYT 4 D-2 Té“/T>
b (D—13)s12 \ S12523 *° S13S55 s2, ¢ S13S23
pHrT 1 (D 4 THYT 4 D—-4 Té“jT _ Dso3 THYT L D-2 T#UT>
¢ (D—3)s3 513523 S1285, ¢ 512513
D-2 S13 Si2 S23 D vr
pHrT T 4 212 TWT THVT 4 TH
a (D — 3) s12 513 S23 <S12 S23 Siz ¢ D-2"
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Backup - Form Factors for g(p1)q(p2) — g(ps)h(ps)

Mpﬁp = F1 T1 + F2T2

Ty = U(p1)psv(p2) (p2-€3) —TU(p1) ek v(p2) (P2 P3)
T, = T(p1)msv(p2) (p1-es) —U(pr) s v(pz) (p1-ps)
> PiMPe, = F;

spins
D—2 D—4
Pro= 2(D — 3)8128123 T;r B 2(D — 3)312813823 TZT

- + T,
2(D—3)S12$13$23 1 2(073)312353 2

477 25.09.2024 Benjamin Campillo: Anomalous Couplings in Higgs plus Jet Production CRC - TRR 257



Backup - Scale dependency of couplings A“(IT
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@ Why is there no scale dependency in the anomolous couplings?
® = Only at LL and without c,.

2
oe, = —4m—; as Cig
v
o i
tc_g - ﬁ Ct_q )
Tag
8tct_g = 6 Ctg -

Taken from [Baitaglia et al. 2021] where t = log(Q?/u?)
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Backup - HEFT Lagrangian
1 v 1 N 1 b b, v r
Lo= — BuB" — JWi, W™ — 2 G) G + > Vipw

V=Q,L,Ur,Dr;Er

+ V;Tr [D,.QTD*Q] (1 + Fa(h)) + %(@Lh)(a"h) — V(h)

o o h n o oo h n
OL<YU+;y5n)(V) )QP+QR+QL<Yd+;y§n)<V> >QP_QR
4L YﬁiYé”) mn’ QP_ Ly + he.

n=1 v

-V
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Backup - HEFT Lagrangian

o,

v

. ) (W (0 . (1 0 _ (0 O
Right-handed Doublets: Qg = <DR> , Lg = <ER> with P, = <O 0> , P_= (0 1)

o0 h n o h n
Higgs Potential: Fo(h) =Y fon (v) , V) =v*D v, (V)
n=1 n=2

Goldstone Bosons: ) = exp (2/ ) with D,Q=0,Q+ igW,Q —ig’'B, Qo3

2

2
m m
Standard Model: fo1 =2 , fao=1, fyo=frz=—2 . fya=—0 . yf(1): Y,
’ ’ ’ ’ 2v2 ’ 8 v2

Chiral Dimension: d, (A", ¢, h,v,fan) =0 , d (0", WW,g,Y) =1, d\(fyn) =2
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