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Introduction



Motivation

> Numerous reasons to expect BSM physics (e.g. DM, baryon asymmetry,
hierarchy problem)

- BSM theories commonly involve additional scalars, e.g.
* Extended Higgs sectors - bottom-up extensions of the SM (singlet
extensions, 2HDM, N2HDM, ...), supersymmetric models (MSSM, NMSSM, ...)
* Scalar partners - SUSY, ...

> To correctly determine the viable parameter space of BSM models, and assess
discovery sensitivities of BSM scalars, precise theory predictions for the
production and decay processes of the new scalars are needed

> Lack of experimental results tends to favour heavier BSM states
(light states with small couplings to SM also possible, but we won'’t consider this in this talk)
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Large logarithms

* Calculations in QFT notoriously known to be plagued by (potential) large logs, when
widely separated mass scales are present

* Among the possible types of large logarithms:
* Logs involving ratio of high and low mass scales, in calculation of quantity/observable at
low scale, e.g. log(M_ .,/m) in SUSY Higgs mass calculations

— Solution: Resummation of logs via Effective Field Theory

* Sudakov logarithms in QCD
— Solution: exponentiation, or Soft-Collinear Effective Theory (SCET)

* Electroweak Sudakov logarithms (related to exchange of Z, W, h) eg. b
— Solution: SCET hi .

In this talk: we point out a new type of large, Sudakov-like, logarithms appearing in
external-leg corrections involving heavy scalars
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External-leg corrections

* LSZ formalism -, to obtain a reliable prediction for an observable, need to ensure correct on-shell
properties of external particles — LSZ factor

A Derivative of
* External scalar @, without mixing: include for each external leg a factor QM renormalised self-
VZg = (148, 0* = M2)) e
¢ a ¢ M Complex pole mass

Up to 2L order (1), 9 (21, 9 (1), 9
VZy=1-ReX;; (m”) —ReXy; (m”) + (Rezw (m?))
1 (1) 2y) 2 &5(1) 2 S, 2

—§(Im2¢¢ (m?)) +ImY 5 (m”) - ImX, ;7 (m”) + O(3L)

* Case with mixing —» we employ the Z-matrix formalism [Frank et al. ‘06, Fuchs and Weiglein ‘16, ‘17]
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Large logarithms from external legs I:
toy model example



A simple toy model

 Three scalars @, @, ®_, and a Dirac fermion x
« Z-symmetry (unbroken): ® - -®,®, - -® D - D, X - X
 Consider a hierarchy where m_ << m,, m,

1 1 1
Lint. =—§A113¢%¢3 — A123010203 — §A223¢%¢3 — 614333¢§

1 1 1 1 1

__>\ 4__)\ 3 __)\ 22__)\ 3__)\ 4
o 111107 ; 111207 2 1 11220705 : 12220105 o 99920
1 1 1 1

—1)\1133¢%¢§ — 5)\1233¢1¢2¢§ — 1)\2233¢%¢§ — ﬂA3333¢§

+Y303XX

« Only ®_ can couple to the fermions

e Main focus: trilinear couplings, in particular A__. (light-heavy-heavy coupling)

123
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The ¢, - Xx decay process

Consider the decay of @ into 2 fermions x (prototype of scalar - 2 fermions, or
fermion - scalar-fermion decays)

* Tree level:
X
¢ X
e 1L virtual corrections: P123
el
b5 " &
o125

Corrections involving A, — no vertex corrections, no mixing contributions

(1) L o d 2 2 2 o d 2 9 9
ALy oD —§k’y3Re (A113) d_p2B0(p ,mi,m7) + 2(Aqa3) d_p?BO(p LM, M) (k= 1/(1617))
d d
e P Bl )+ <A333>2@Bo<p2,m§,mg>] e
p*=mj}
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Infrared limits

Derivative of the light-heavy B, loop function can become IR divergent if:

* @, islight, and ®,,®, are almost mass-degenerate, i.e. m, -0, m,-m,

d 2 2

1 /1. m3 179
a2 Do ) m%,:_?(zl“ml 1+ />>

with € = mg — m%. IR divergence regulated by m..

« ®_is massless, and ®,,®_ are almost mass-degenerate, i.e. m =0, m,-m,

B 0. = o (I (—m—) ~140(9)

m3 €
IR divergence regulated by squared-mass difference ¢ = mg — m%
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Curing the IR divergences at 1L - inclusion of real radiation

* Inclusion of real radiation, following Kinoshita-Lee-Nauenberg theorem
- IR divergence interpreted as stemming from lack of inclusiveness of observable

el

@, radiation not possible from an initial ®, in ®_ - XX process (would break Z, symmetry)
... but KLN theorem requires summing on energy degenerate states and ®,can radiate a @,

['(p3 = xx) + (g2 — gle)Z)\SOft — finite

e (P, CDl)&)POft contains dependence on energy resolution E, but this can be removed when including
also hard radiation (3-body phase space computed numerically)
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Curing the IR divergences at 1L — resummation

« Resummation of @, contributions (inspired by one of the solutions to Goldstone boson catastrophe [Martin
‘14], [Elias-Miro, Espinosa, Konstandin ‘14], [JB, Goodsell ‘16], [Espinosa, Konstandin ‘17])

E¢31¢1 le
Qﬁ},‘@\fifl X qbll@- Do FX Qf’l@@ “@\¢1 X
- ‘\ - - ‘\ - - ‘\ -
\ / \ / \ /
N ” X L T X L T X
) oy o

- IR divergence interpreted as stemming from a bad perturbative expansion, because in scenarios with
large hierarchy, the mass of light scalar ®, receives very significant loop corrections, and thus diagrams with

2 o101 SUDIOOD insertions are very large

- resummation produces an effective mass for @,

. 1 1
Ami = Efbll)qbl (p* =0) =~k [§>\1122A0(m§) + §>\1133A0(m§) + (A113)°Bo(0,0,m3) + (A123)° Bo(0, m3, m3)
= O(km3)

(A, B, usual Passarino-Veltmann functions)
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Curing the IR divergences at 1L - results
In mass scenario where m_ -0, m=m,

0.0

—(0.2¢

I /PO)
S
N

N —

AT

—0.8f

107

3 — YY decay width

0.6

[ = % % = % 3%

. soft real radiation, By = 1 GeV
. soft real radiation, Ey = 10 GeV
. soft real radiation, Ey = 20 GeV

resummation, (J = mg

resummation, J = 2my

. soft+hard real radiation

EEE T

ny [GF‘VJ

(NB: at 1L, including the width of ¢, would also cure the IR divergence, but one can devise a model where the width is zero)
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A, =3TeV
(other A, =0)
Y=L,
m,=m,=1TeV,
m, =200 GeV,
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A...= 04
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Remaining large logarithms

> Divergences in IR limit can be cured
> Resummation (but physical meaning of resummed decay width is ambiguous)
> Inclusion of (soft) real radiation

- However, if m_ (or €) is large enough, then ¢3axi and CDZH)&CDl can be distinguished!

> 1L corrections to CD3_>)& decay width contain a term of the form

A 1. A2 m2

1 123 3
AT 5 —hys— 5 In —
3 1

- Trilinear couplings involving heavy states ®,, ®_typically of the order of the heavy mass A ,, ~m,

- Large, unsuppressed, logarithm remains in AT"!

> What happens at 2L?
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External-leg corrections at 2L

« Genuine 2L O(A

with

o _ _ A ~ 2 2
(g5 — x¥) =T (g5 — Xx){l —Re2l) (m?) — ReSy)' (m?) + (Re2y)! (m?))

1 A A .
—5 (mEg(m?)” + B (m”) - 5" (m?) + O(K?)
.,+") corrections involve derivatives of 2L self-energy diagrams (with mj =€, m3 = mj; =m”)

= enuine d
5 )/(pQ = m2) = /<32(A123) [T11234(p m?,m?* e,m’  €) -I-T11234(1D e, e,m”,m’ m2)

d2

& 6 e
3
/"'\

By [ \r- 0% o1 0 . P qﬁz"r‘\(pl
\\ ,\ ,\\ s\ / | \
oA AR e
553 03 ¢3 N ¢s3 553%‘\_!__/%(#53

qbl 0

9 92 9 9 2 29 2 9 2 9 2 2
Th1934(p”,m*,m* e, m* €)  Thia34(p%, €, €, m*,m* m”)  Thiasas(p*, m~, €, m*, e, m*)

)% d . ad
T11234(p2,$,yaz,u v) = ( 27TM UV) // d®qrd®qe . i
- 2) (@ +9)? - 2) (@1 — ¢2)% — u)(g3 - v)

T (P2 T,Y, 2, u,0) = ( il 26UV> // dd(hddq?
12345(p°, T, Y, 2,u,0) = 2 @@ —2) (@ + )2 — 1) (01 — 2)% — 2)(& — w)((q2 +p)% — )

DESY. | Loops&Legs 2022 | Johannes Braathen (DESY) | April 29, 2022 Page 15/27



MS scheme results at 2L

- (2, genui d
E§)3 genulne)/(pQ = m2) = k2 (A123)4W [T11234(p27 m2, m27 € m27 6) + T11234(p27 €, € m27 m27 m2) + T12345 (p27 m27 € m27 € mz)} ’p2:m2
* Analytical evaluation of derivatives of self-energy integrals at finite p2=m? using differential
equations and special limits from [Martin hep-ph/0307101] (in terms of MS quantities)
* Expansion in € to find IR-dominant terms
* Results cross-checked numerically with TSIL [Martin, Robertson hep-ph/0501132]
— [ —9 — —92 —
d 9 o 9 _ m(2—1nm?)  —6lnelnm?® — 3In"€ + 24Ine + 9In"m? — 24Inm? — 7
. sT11234(p?, m?, m?, e, m?  €) - RN + Y + O(e)
— — — — — — —2
d 9 9 9 9 ~Inm?  3mlnm? =50 + 672 + 3lne — 12Inm?® + 18Inelnm? — 18In" m?
dp2 T11234(p y €, 6T, M, ) - - 2m2 + Smg\/— + 36m4 + O(E)
2 2 .
iT12345(p ,m?,e,m?, e,m?) L 2+ n 2 —|— m2 ) T In2—3/2¢(3) + O(e) (Inz = Inz/Q?)
dp? p2—m? T Am* € m

(s — xx) =T (g3 = xx 1

€ m

){1 _ MAs)® Flnm_2 B 1] L (A"

{mzlnm2 mm(4 4 Inm?)

2¢ 8/¢€

—|_17 7T2—|_112m2—|_
- = — n
9 8§ 8 €

1 —
élne

_. unphysically large 1/ and 1We terms in addition to logg, logZe
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Choices of renormalisation schemes at 2L

(2, subloo 25(1)14123
Subloop renormalisation: Ez(a:a & (PQ) - k(A123>2 K— + 5(1)Z3 Bo(p2>m%,m%)

0 0
+5(1)W%WBO(P2> mi,m3) + 5(1)mngo(p2, my,m3)
1 5

OS renormalisation of scalar masses:

82
Z(2,subloop) DB B 2, 7 2 , , :
0Mm? = k(A123)*ReBo(m?, m3, m3) N N (€m",m )@p20x olp™ ,m >|P =m®,z=¢
82
0 m3 = k(A123)*ReBy(m2, m?, m2) and BO(mQ,E,7712)81028yB0(pZ,<—:,y)‘pQ:y:m2

_. cancels with 1/€ and 1/Ve terms in MS decay width result!

Different possible choices for renormalisation of A ,,

e MS - 6finA123 =0

« OS - fix 0™A_,, by demanding that OS-renormalised loop-corrected amplitude for ®, - ® ®_with momenta
on-shell remains equal to its tree-level value

« Custom “no-log-sq” scheme, adjusting ™A ,. to cancel the log®term in r(<D3_>xX)
NB: this only reshuffles the log? into the extraction of A . from a physical observable, e.g. (P, - ®,P,)

loge remains at 1L and 2L (log?e also unless special scheme) ! - full expressions in [Bahl, JB, Weiglein ‘21]
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Numerical results |

¢3 — yX decay width

—— OS scheme for A3
=== MS scheme for A3

‘no-log-sq’ scheme for Ajo3

1 OS

masses

full MS scheme (Q = m3)

‘N | == full MS scheme (Q = 2m3)

MS
masses

0.0 101
For OS masses
—0.1
108 L
—0.2
— 0.3 % w0
e <
% 04 i— 10*F
\ N—
= ~
T —05 10
<
—0.6
10°
_ortk —— 2L, OS scheme for A3 i
—== 2L, MS scheme for A;23 i)
—08F e 2L, 'no-log-sq’ scheme for Ajo3 A 10
10 102 1000 10° 100 10%
my [GeV]

withm,=m_ =1TeV,y,=1,A . =3TeV (otherAijk =0)
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Numerical results Il

3 — X decay width

0.05F ' '

> oo5¢ 9 77 ]
— 9L
0.00
04+ .
—0.05 0.0
~ —0.10 Z, 003} } :
| 4 'i
S —0.15 + ;
= = 0.02f i'! .
S -~ -|
rd —0.20 % |\ /"_,_,.—
< 0.01f I .
—0.25 1
/
—0.30 --. 1L w. resum., Q = m3 ] 0.00 /,/'/ <
----- 1L w. resum., Q = 2ms3 ///
— = 2L i "
0.35 | . . —0.01k . . . 1
0.8 0.9 1.0 1.1 1.2 0.8 0.9 1.0 1.1 1.2
mz/m3 m2/m3

with m, = 500 GeV, m =200 GeV, A,,,, = 1,A,,;=1.2,and A, = 1.5 TeV (A ,, renormalised MS)

1122 — ' '1133
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Large logarithms from external legs II:
MSSM



Decay of a gluino in the MSSM

t
Minimal Supersymmetric extension of the Standard Model
~ Higgs sector (assuming CP conservation): >
2 CP-even states h,H; CP-odd state A; charged Higgs H* ~ Y
(+ would-be Goldstones) 9 AN
- Stops — i.e. scalar partners of top quarks EL,R \\

Consider the decay of a gluino (fermionic partner of gluon) into a top quark and a stop
Stop-Higgs couplings important for corrections to this decay
— Involve X =A -p cotP or Y =A +u tanf3

(with A, trilinear stop coupling, p Higgsino mass parameter, and tan 3 = v, /v, ratio of vacuum expectation values of the two Higgs doublets)

Experimental limits -~ M must be large, potentially >> M, (scale of BSM Higgses)

SUSY

Neglect EW gauge couplings and set v~0 (<<M.,..) for simplicity — no stop mixing!

SUSY

Typical mass hierarchy: MSUSY >> |\/|A >> m., Mg, Mg, ~ 0

NB: case with v£0 also considered in [Bahl, JB, Weiglein ‘21]
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g-ttdecay - Y, terms

 Terms involving powers of Y =A +u tanf3
- stop—BSM-Higgs couplings

C(H{LfL) = C(HERER) = C(AtNL{L) = C(A{RLTR) = O,

C(HfoR) =

1

V2

hicﬁ}ga

c(Atptgr) = —c(Atgtr) =

co(H trbr) = c(H trbr) = c(H trbr) = 0,

C(H+£RZ~)L) = —htCBY;f,

« Heavy scalars: t , t_

my =M

MA¢Obut<<M

=M

SUSY

* Light scalars: H, A, H*

SUSY

1

V2

-~ €e.g. M, =500 GeV

(Same as m_#0, m,=m, in toy model)
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htCﬂY;fa

) /PO _

b
I_L\

o, .
n_g Lo lr
% I
. F 4
~

=t

g—t+ EL, r leading Y; terms

Y, = V6, My =500 GeV, t5 =2

0.00F
—0.021
—0.04r1
— Got+ip Q1L S
—0.061 ~ > AN
— g t+t; Q2L ~§~
———s §—ot4+1p Q1L S
—0.08+ ——-- g—t+ip@2L \\x*,«
10° 0 |
MSUSY [GGV]
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g - tt decay — X, terms (at v=0)

« Terms involving powers of X =A -p cotf3
- stop—Higgs + Goldstone couplings

C(hELEL) = C(thfR) = C(GELEL) = C(GERER) = O,

1

V2

C(h{LER) htSﬂXt,

c(Gtrtr) = —c(Gtrtr) =

C(G+tRbR) = C(GH_ELBL) = C(G_I_ELER) =0,

C(G+ERZ;L) = _htSBXt-

« Heavy scalars: t, t,
My # My ~ Mgysy

* Light scalars: h, G, G*

1

V2

> m_=0in gaugeless limit

> m,= mGi:O

htS[gXt,

frm /PO _ g

(Same as m_ =0, m,~m, in toy model)
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(;d:

g — t+1.p leading X, terms (case 1)

0.0 E‘EH;?““

—0.1} s

—0.2F

—0.3F

—0.4r

—0.5F . .
L —— g t+1, Q1L

—0.6r — §t44, Q2L 1

07k === o t+ig Q1L ]
[ - o t41p @ 2L )

—0.8F | | X :.\/6, MSUSIY:2T€'V‘7 tg =10 7

0.8 0.9 1.0 1.1 1.2
mg, /mg,

Page 23/27



Large logarithms from external legs llI:
N2HDM



Decay of a heavy Higgs boson in the N2HDM

« Extend SM scalar sector by an additional Higgs doublet (- 2HDM) plus a real singlet ®_

1 1 1
VO = iy @17 4 | 0ol — iy (@102 + he) + SA|@f" + SXal ol £ 2|01 |0 + Al @101 + A5 (@]02)" + hic)

1 1 1 1 1 1 1
+ im?g@’g + 6asq>g + ﬂAsychr* + §a15|c1>1\2<1>s + 5a251<1>2|2<1>5 - 6A15\<1>1|2‘<1>?g + 5)\25\@2]2@25.

« Z,symmetry often imposed to forbid trilinear couplings in Lagrangian, but not in our case

* For convenience, define X, = i(als —ags), Yy = 1@188% + a250% yZa = %S — Y

* Physical spectrum (assuming CP-conservation):
3 CP-even states, h ,h,,h; 1 CP-odd state A; 1 charged Higgs boson H*; (G, G*would-be

Goldstones)

r
* Consider a scenario with mass hierarchy my, ~ mp, ~mg ~ mg+ ~ Ve (light)
and myp, = mag = mg+ =m (heavy)
hs
« Investigate trilinear-enhanced contributions to h, - vt decay process
(h, being doublet-like), involving X_
-
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h, - T'T decay - trilinear-coupling enhanced X_terms

(Same as m_#0, m,=m, in toy model)

hy — 777 decay width hs — 777~ decay width
—0.015 o100
—0.020
- —0.15}
_ —0.025] ~
| ' | I
S —0.030 s —0.20
. £
—0.040}
_ ~0.30f
—0.045 |
0050k - 050 . -
08 101 10° 103 10 10°
m [GeV] m [GeV]
tanB=1.4, sina,=0.99 tanB=1.26, sina,=0.94

- Effects can be significant! (enhanced by deviation from alignment and by multiplicity of diagrams)
~ 2L corrections always well smaller than 1L ones
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Summary

Precise theory predictions are of paramount importance to properly assess BSM
discovery sensitivities, and to constrain parameter space of BSM models

= We pointed out the existence of a new type of large Sudakov-like logarithms, in
external-leg corrections of heavy scalars, in presence of mass hierarchy

= Can be further enhanced by large trilinear couplings

= At 1L, we showed how these logs are related to singularities in IR limit, and we discussed
how to address these divergences

= Computed large logs at 2L (derivatives of self-energies with non-zero masses and at
finite p?)

= Showed the importance of OS renormalisation of masses

= In MSSM and N2HDM examples: large effects at 1L; size of 2L effects well below that of
1L ones —» SCET resummation doesn’t seem compulsory
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Thank you for your attention

Contact

DESY. peutsches Johannes Braathen
Elektronen- DESY Theory group
Synchrotron johannes.braathen@desy.de

www.desy.de
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g - tt decay — X, terms (at vZ0)

e v£0 - stop mixing IR divergence cured by real radiation
. Heavy scalars: T, G — t +t1(+h) leading X; terms (case 2)
B 2 T T T T L T T T T 7
— - —— E;=1GeV
« Assume mTL - mfR - MSUSY — E; =10 GeV
e m2-m2?=2m X —0.1 — E; =100 GeV ]
o S 1
C(h 1 1) = —C(htgtg) = EhtgﬁXh ‘T 0.2
c(htita) = c(htaty) = 0, Z
-~ -~ ~
C(G 1 1) = C(Gtztg) = 0, 5 —0.3
. - 1 <
C(G 1 2) = —C(Gtgtl) ﬁhtESﬁXt,
e Jpe 1 —0.4
C(G+tlbl) = C(G+tzbl) = ——ht35Xt,
V2 |
Thba) = ¢(GHiabs) = 0 K==t L
c(GTtby) =c 202) = 0. 103 10% 10°
* Light scalars: Msusy [GeV]

>m #0 but << Moy

- Setm, ~mg ~mg, ~mg (IR regulator mass)
(Same as m_~0, m,~m in toy model)
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