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Introduction



Motivation

BSM physics needed to explain e.g. Dark Matter, baryon asymmetry, etc.

Many BSM models predict extended scalar sector (e.g. singlet extensions, 2HDM, MSSM).

If a new particle is discovered, its characterization will be of foremost interest.

Precise theory predictions will be needed to discriminate between different possible realization of
BSM physics = calculation of loop corrections crucial.

One of the main challenges: large logarithms.

This talk: identify a new source of large logarithms related to external leg corrections.




Large logarithms in precision predictions

* In many calculations, large logarithms appear spoiling the reliability of the perturbative
expansion.

» Different types of large logarithms are known (non-comprehensive list):

1.

Logarithms containing heavy mass scale appearing in prediction of low-scale observable
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e E.g. prediction of SM-like Higgs mass in the MSSM — In—=2*

* Resum by integrating out the heavy particles.

Logarithms involving light quark mass

* E.g. heavy Higgs boson decay to fermions.

* Resum large logarithms by involving Yukawa coupling to heavy mass scale.
Sudakov logarithms

e E.g.thrust T distribution in QCD — In?(1 — T) appears in integrated distribution.
* Resum by exponentiation or using Soft Collinear Field Theory (SCET).



Recap: infrared divergencies

Considere.g.ete™ - utu~.

2 2
1L virtual QED correction is IR divergent; i.e., contains In? % and In? % terms

(m,: photon mass, Q: ren. scale).

Real emission contribution of photons with energy below detector resolution
also contains IR divergencies.

m) 0y o=o0(eTe” s pTpT)+o(eTe” = putuTy) }E<E OF 010 <Ores

Sum of virtual and real corrections IR finite.
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Electroweak Sudakov logarithms

» Sudakov logarithms also appear in electroweak corrections in the form
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where My, is a gauge or Higgs boson mass.

« Example: heavy Higgs boson decay into bb (see e.g. [Domingo,Palehr, 1907.05468]).
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* Sudakov logarithms related to infrared limit (My, — 0); cancel in combined h; = bb, h; = bb + Z /h;, h; = tb + W~ amplitude.

* If additional Z/h;/W radiation can be resolved analytically — large logarithms remain in result.

mmmm)  This talk: Sudakov-like logarithms arising from external leg corrections.



External leg corrections: LSZ factor

* Need to ensure that external particles have correct OS properties = LSZ formalism!
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* For non-mixing particles, this accounts to multiplying the amplitude by factors of ,/Z4 for every external
particle ¢,

\/ 1+85.5(205)

where féqu is the momentum derivative of the ¢ ¢ self energy.



External leg corrections: Z-matrix formalism

[Fuchs,Weiglein,1610.06193]

In general, we also need to consider mixing: @ X

rv(j)ghysical — Z Za‘]’r‘(;)j ¢1 ¢2 X

. A 1 A A, (p?
With Z,; = Z;IZZ“ and Z!'=—— : i = - il ‘))
/ 1+ Xt (p2 = M2) Ay (p?) p2=M2
A;j is the ij element of the propagator matrix, M2 is the complex pole and
5 Ai;i(p? ) & Ai(p?) : ..

voff(p ) = En,(]ﬂ) 4 =Y o (1)2) i o ¥ (p ) for three particles i, j, k.

Azz(])z)
e.g. for three Higgs boson h, H, A:

Aii(p?)



External leg corrections as a
source of large logarithms



Toy model

* Three real scalars and one Dirac fermion: ¢4, ¢,, $3 and x

* Zy symmetry: g > — ¢y, Py & — Py, P32 P3, x 2 X
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* For the present study, we are mainly interested in the trilinear couplings (especially A;,3).



The ¢p; — yx decay process

X 2. 3/2
Tree-level: 0 _ 1 am? 5
""""" I - =—m (1 — )
s \ (¢3 = xx) o 43 m2 Y3
®1,2,3 T
One-loop virtual: Y A
(k = (4m)7?) O3 - O3 X O3
®1,2,3
1 d SO | d o
ATW > —=kysRe|(A;13)* = By (p? -mf. mf) + 2(A193)%2 = By(p?, m?, m2)
FBIXX 2 dp* dp? s
o d & bk d
— (‘-4-223)2(1])2 Bo(p?, m3, m3) + (Asasz)’ 02 Bo( ,m3, 7713)]
! p2=m3

No mixing & no vertex corrections proportional to A;jy, !



Infrared limits

1. ¢, and ¢5 are almost mass-degenerate, ¢, is light (m, - m3, m; — 0)

1 1. m?2
2m2 = ‘)(‘ In ‘; +O(e)>

=™M3 m3 \2 mj

d
dp?

(p?, m3,m3)
with e = m5 — m3 and m? ~ .

2. ¢, and ¢3 are almost mass-degenerate, ¢, is massless (m; = 0,m, - m3)

2
d Bo(p 0, 7712) = 12 (ln Ms _ +(’)(€))

dp? =M3 mg ‘

mmmmm) |nfrared divergencies appear in external leg corrections



Regulating the IR divergency |:
resummation of ¢, contributions

Idea: give ¢;an effective mass by resuming ¢, self-energy insertions (like for the Goldstone boson catastrophe).
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m3 2 ms

‘ IR divergence regulated, but physical interpretation unclear.



Regulating the IR divergency Il:
soft ¢p; radiation

Include soft ¢, radiation (here: my; # 0 with m, = m3; € # 0 with m; = 0 case follows analogously):

9

: — soft ‘ _ (44123)“ E{ 1 ;

I9(¢gg — \\(Dl)| T =T(¢3 = xx) - k—| — — 5~ 5 In m?
m3 VE; +m7 4

detector
resolution

+In(E, +/E? + m‘f)]
(Aga3)?

=TO(¢h3 = \X) - k—=s [— 1— %ln m? + In(2E,) + (”)(ml)]

m3

= sum of virtual and real corrections is infrared finite:

(¢ = xX) + T (69 — xx61)[*™

A03)? . 2E,

2
m3 ms3

‘ Infrared divergencies are regulated with clear physical interpretation!



The appearance of large logarithms

If the mass of ¢, is large enough (or the mass difference €), $3 = xx and ¢p3 = xx¢p, processes
can be distinguished experimentally.

Then, we will have terms like
2 2
Afp3 . m3
In

2 2
ms; My

appearing in our amplitude.

For many BSM theories trilinear couplings are of the order of the BSM mass scale (41,3 ~ m3).

‘ Large unsuppressed logarithms appear in the prediction of the decay width!

How large is the impact of these logarithms at higher orders?




External leg corrections at the 2L level |

* Resummation could be feasible using SCET approach (see e.g. [Alte,K6nig,Neubert,1902.04593]).

* We take a more direct approach by explicitly evaluating 2L corrections.
[(¢3 — xX) =T (g3 — \\){l — ReXy)'(m?) — Re¥Y (m?)

+ (Rezgg)/(mz))z + (IlnSé?'(nF))z + (’)(l{3)}

with the two-loop diagrams (including only corrections leading in powers of A;,5)
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External leg corrections at the 2L level |
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With m? = ¢, m4 = m% = m? we obtain

25 () = k(A123)*Bo(p, e, > ,
2(7 genume)( )

= Lz(Algg) [T“)g;(p m? , €, m? )+T11234(])2,6,€, 772.2,7712,772‘2)

+ 112345 (p .m?2 e, m? e, mz)} _
T11234 and T;,345 are the finite parts of

Tii034(p? 2,9, 2, u,v) =

— 2 / / dqd’q
B (gf —2)(@ —y) (@ +p)* = 2) (@1 — )* —w)(g5 —v)
Tioaus(p? 2,9, 2, u,v) =

— CZ // d (Ild q2
(@ —2)(n+p)?—y) (@1 — ¢2)* — 2)(¢3 —u)((2 + p)? —v)’



Evaluation of 2L integrals

e 2L integrals can be evaluated numerically using e.g. TSIL [Martin,Robertson,0501132].
* We want to extract the large logarithms = analytic expansion in infrared limits.

(using expressions from [Martin,Robertsion,0312092,0307101,0501132])

 Example result for Ty 1,34 (With m? = €, m4 = m% = m?):

d 2 > & &

y =T1234(p°, €, €, m*, M*; M*) =

P p2=m2
e e sosy . sy s ool e et o
Inm? i 3rlnm? i —50 + 672 + 3lne — 12Inm? + 18lnelnm? — 18In m?
2m2e = 8m3,/e 36m?

+ Terms of 0(/e, 1/ ) appear! (Inx = Inx /Q? and ren. scale Q)



MS ZI_ I”eSU‘t (form% = e,mé =m

We obtain

m2 €

. ) 2
D(¢s — xx) =T (g5 — Xi){l MAr)" [ In - — 1]

N E2(Ai93)* [m?Inm?  mm(4 + Inm?)
m? 2€ 8,/€
17 =% 1 21—
o ? 3 In® 77; Elne + Ilnm

Terms enhanced by 0(Y/e, 1/\/E) appear in result! Can we absorb them into the renormalization of the

masses and 4,37

o (¢ : o (200 A
2, subloo ( 123
Sé} p)(]—)z) = k(Ajg3)? [(4— +6WZ >Bg( ,m2,m3)
41123
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Mass renormalization

Renormalize m; and m, in the OS scheme:

6Wm? = k(Aj3)*ReBy(m?, m3, m2)

6Wm2 = k(Aja3)*ReBy(m3, m?, m2)

‘ Cancels O (Y/, 1/\/5) terms!

OS mass renormalization essential to avoid unphysically large corrections!

Similar issues are known to appear e.g. in the MSSM: non-decoupling of gluino corrections.
(see e.g. [9812472,0105096,1606.09213, 1912.04199, 1912.10002])



Renormalization of A3

* Three options for renormalization of A;,3 (CT is scale independent at leading order in A;,3):
* Agpz MS:

- ll‘ 4"1 - 2 J_ J 2
m 2 €
k?(Ag3)* [1 2 m2 7. m® 71 3xn?
——— - ———-In— + — —
* mA s e 5 + 36 3
)
+7°In2 — ;Q(B)] }
* Ajz3 OSvia ¢, = ¢1¢3 amplitude:
i k(Ap3)2 1. m?
Fln — 10) = T%n > ) {1 - S8 [‘ I l]
m# 2 €
k2 (Agag)* [ 1 9 M 31, m?2 19 372
, —In*— — —In— + — —
m4 8 ‘ 24 € 18 8

 Choose 44,3 counterterm such that In? € in ['(¢p3 — x i) cancels (“no-log-sq” scheme):

m2 €

k%(Aj93)* 110 m2 71 372 3
g A L20 ] o N m2In2 — =¢(3
T ol " 35~ g T 12— 5¢0)

- k(Ao 2k 92
F((S):3—>\()=F(°)(03—>\Y){l_Mléhli—l}




Numerical analysis — 1L level

AP

¢3 — Y\ decay width

0.0 =

—0.2

—-0.4

0.6} .- IL |
- w11, w. soft real radiation, E; =1 GeV
-~ mmm [, w. soft real radiation, E; = 10 GeV
. wonne J1 w. soft real radiation, Ey = 20 GeV
—0.81 = 1L, w. Tesummation, Q = ms ]
=== 1L, w. Tesummation, @ = 2mg
------ 1L, w. soft+hard real radiation
1 L1l L L1l 1 L1 a1l 1111
10—3 101 107 10! 102

m; [GeV]

Large logarithm if no real

radiation is included.

(mz = ms3 = 1 TeV, A123 =3 TeV)

If ¢, radiation can be resolved
experimentally, large 1L corrections are
possible!

Resumming ¢, contributions results in
substantial scale dependence (also no clear
physical interpretation).



Numerical analysis — 2L level o, =ms = 17ev 4, =37y

¢3 — x\ decay width

TTTIT T T T TTTTIT T T T TTTTI0 T T T T T T TTTTIT T T TTTTTT T T TTTTTT T T TTTTTT T T TTTTTT

0.0 1010 B, OS scheme for A;23 4

'\ —=—= MS scheme for A;23
—0.1

S no-log-sq’ scheme for A ;53
N full MS scheme (Q = mg3)

/

10°
—0.2

N, —-= full MS scheme (Q = 2ms)
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10% -

| (0)

2, —0.4
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- —0.5

[

10°

AT® /(1 4+ ATD)

—0.6

10"

0.7 — 2L, OS scheme for A;25
=== 2L, MS scheme for A;a3

102

—(.R e 2L, 'no-log-sq’ scheme for A;23

105 102 107 10 100 10? 1075 102 100 10° 100 10?
m, [GeV] m; [GeV]

2L corrections can have substantial impact close to IR limit.
Only moderate differences between A;,3 schemes.



Numerical analysis — 2L level

¢3 — x\ decay width

(my = 0TeV, mg = 0.5TeV, A123 = 1.5TeV)

e~ 0.12} ; -
0.0 f—=2 !
0.10F [ i
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T 01t 2 0 I
= — 0.06F Al 7
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& =027 Z. . i
A 0.04F /././. | i
— oL P |
— 1L 0.02F .
—0.3F === 1Lw resum., () = mg 7] “\ ----------- —
smann | w. resum., Q = 2ms T
== 2L 0.00
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2L corrections can have substantial impact close to IR limit.



Applications



Stop-Higgs couplings in the MSSM

Higgs bosons: CP-even h, H bosons, CP-odd A boson, charged HE boson:s.
For simplicity: neglect all contributions proportional to the electroweak gauge couplings.

Then, the stop mass matrix is given by (X; = A; — u/tan )

¢ a) -
mf[ + my M Xy
M; = :

e m;:zR - m;z
In the unbroken phase of the theory (v = 0 - m; = 0), the stops do not mix (£, and £z are mass eigenstates).

In this approximations, the stop-Higgs couplings are given by (Y; = A; + utanp)

1 iy -y i (Bt A Bt L F N arir i h¢: top-Yukawa coupling,
c(Hirtr) = C(h;thR) = c(Atrty) = c(Atgtr) =0 c(htpty) = (’(1/17‘1?1‘1?) = c(Gtrt) = co(Gtrtr) =0, t::nﬁ: 10 Of veus
(Htrtg) = ——=hscgYs, c(htptp) = —=hsz X, cg = cosf,

e \/iltpd i AAfiztn) \/511‘%5 t sp = sinf

o) 3 5 1 - e 1 .
c(Atptr) = —c(Atgty) = Ehtcg}/}, o(Gtrtg) = —c(Gigtr) = ﬁhts‘ﬁ‘\t' -~

Lo = 5 s 8 - lines involvi

c(HYtrbg) = c(HYtpby) = c(H trbg) = 0, c(Gtigbr) = c(GHiLbr) = c(GtiLbg) = 0, ?v?/:?:epn[c?f:“;\é%:mg

C(H+£RBL) = —h;cpYs, (’v((¥_fni)L) = —Iysp X



Gluino decay in the MSSM: Y; terms —

lLr

Consider first corrections leading corrections in Y;:

ZLR,L bL
s~ s
\ \
- ———— ———— F———
-~_’ 4 \\ Vs
lr.R -7 1LR tRr - IR
) H=*

Non-SM Higgs bosons H, A, HX have the mass my, which plays the role of m; in the toy model (and Mg, . © My3).

Assuming mz, = mg, = Mgysy and renormalising all masses and Y; on-shell, we obtain (Y, = Y, /Msysy ~ O(1))

- _ 1(0) (1) 2 $(2) 2 : (V) (1) 2
Loini, = Fg—n—il‘{l ReV‘t i, (m&) — ReX X, (m{[‘) b = Fg_ﬂ_'_{R{l - ReSt 2I‘R(mm) Re_t m{( m3, )
S \2 N2 ) 2 : 2 .
+ (Re i )t (mfll)) (Imzil){’ (mf[‘)) - O(A"j)} (Re_‘tm: (mfR)) — (ImS 1{){' (mfR)) + (9(1;3)}
2
_ 1) 22 1 \[SQUSY . _ (0 ’ 1.2 2772 VSUSY i
- Fg—>t—f,4{l — khic 3} [_) In m?, -1 - r§—>t+t}e b =mizge ‘3}t - 1712_1 =2
ey ( 1 2 ‘[SUSY 9 Msusy n b, E — E2R4 43} il 2 USZUSY _ ol Mgysy Fi —1—T7r2 _ £
m? m? 12 12 . my m? 12 6

ma 3 A 3
+ 0 + Ok . J—O( )J—O(/{ }
(‘\fsusy ) ( )} Mguysy )



Gluino decay in the MSSM: Y; terms

Lo |

N /Ft.rvc level

0.00

T

—0.02

—0.04

T

T

—0.06

—0.08

g — t+tr g leading Y; terms

Y, = V6, M,y = 500 GeV, tg =2

§g—t+1t, @I1L “\
§—t+t, Q2L .
g—t+itp Q1L
g—t+1tg Q2L

-

103

108
Msusy [GCV]

We set M, = 500 GeV = § — t + £, 5 probably
distinguishable from § —» t + £, r + H, A, HE.

Large logarithms have sizeable impact at the one-
loop level (i.e., for right-handed stop); two-loop

corrections only moderate.

Suggests that fixed-order treatment is sufficient.



Gluino decay in the MSSM: X; terms —

\
- \
tLr N\
Next, consider corrections leading corrections in X;:
tR,L bL
- - N
i ~\ ,’ \
——--- F---- atettl] r----
trr ~-7 tLr th  ~-" tr
h,G G*
In the gaugeless limit, SM-like scalars h, G, GT are massless and € = m%R —m%L.
Renormalizing all masses and X; in the OS scheme, we obtain (X; = X;/Msysy ~ 0(1))
. .z =TO 1 —ReSY (m2) — ReS® (m2 b = g el Y (a2 A RetY! a2 )
gt T T gttty TN "I{L) i 'e_lfoL(ITI{L) gt+ir g—tt+tp T trip tr ~triR iR
" RS i o a R . T Tt o I ;
+ (Rer-i)t-’L(me)) + (Illliji)t-L(777fL)) + (9(],--‘)} . - (Rezgg{n(mi)) - <Inlzf.;)ER(m,?R)) + O(l;‘)} =
~ M2 .. 9 92 O 1\.[2,
= F,f}o—)>t+t'L{1 — kh}s% X} {ln —JIS;'ISY — 1} = Fé‘i,HR{I — 2kh?s% X} {ln % - 1}
— k?h3s1 X4 |In? —A@U N _ L In —A@USY + 1ln ﬂ 17.'2 L = A'.Zhris‘%a:\'? [1112 L[S?USY == Zln LI&U -+ 1ln %
ERETE € 4 € g & b 12 ' € 2 € €

o (-‘VSL'S\') " (’)(A-Z‘)} ' T (J\[gusy) U )} '



Gluino decay in the MSSM: X, terms

G — t +1t; g leading X, terms (case 1)

0.0 ___,--u'—']

—0.1 1

—0.2 1 Large logarithms have sizeable impact at the one-

| 03 | loop level close to IR limit; two-loop corrections

‘E‘ -t
£ - only moderate.
I —0.4 -
: . .
= _o5f i 1+ Suggests that fixed-order treatment is sufficient.
~ l —— g —t+1tr @ 1L ]

=06 — Got+i,@2L T

—0.7F ===- g}—)f+f,;» @ 1L ! |

| =--- gort+ig@2L |
—(0.8F ! X¢ = V6, Mgygsy =2 TeV, tg = 10

0.8 ' 0.9 ' 1.0 1.1 1.

mg, [mz,

o



Gluino decay in the MSSM: X; terms (v # 0 )

We can also consider leading corrections in X; for v # 0 (assuming my, = my, ):

« stops mix — t; and £, mass eigenstates,

2 _ 2 2 2 __ 2 2
i mi.l —_ MSUSY + mt - mt Xt and mi.z —_ MSUSY + mt + mt Xt

 For Mgygy > m,, stop mass difference € = 2m,X, will be small with respect to MZ;¢y.

+ Bo(p’ B M35y + m:X; + m?)
(1) > (1 107 ]' g2 Dl rd
_J;[ig (1) ) = 24{221 (1) ) = SA}I‘tlS‘{j)/\t BO( HIIR \'[SI S\)

e Additional infrared divergency because of couplings involving two identical stops.

= need to introduce infrared regulator mass mz.

| v C (}Iilil) = —(,‘(Iligiz) \/Lshté';u‘{g
((}liliﬂz) = (,‘(h:gfl) = ()
((Gilil) = ((Giziz) =i();
S el 1
c(Gtyity) = —c(Giaty) = %/l,sﬁ)x,
1

4




Gluino decay in the MSSM: X; terms (v # 0 )

Virtual amplitude:

- : (1)
A (V) 0 &) 2 ReEt to(m ) (0) _
Fg—>t+t1 TR, 1 - R.ea?Zh;l (I) ) Pz:’"z”f] -2 7”? 1_ th s F§—>t+fz =
L 1 2
M2 1. M2
(©) 1-— —l.ht 53 In gU;Y —In qggy 3—In2—-2In |Xt|
got+h m; 2 Mg
M2 :
o V2 SUSY __ ’ (0)
£ Aht 52 X (h - 21n I/\ |> e A
. ReSl) (m2)
— 1) d y of £ (0)
Ff}_)t+{2 T T gt L= RQBIT'Z 2 ) p’= nt-g] -2 ,”2 _l ,n? . Ff]—)t-{-fl
= 2 1
M2 1z M
© 1 - —Aht stz In —23X —ln# - 3—1112—2111|Xt|
gttt m; 2 Mitxs
- —khzszXz In Msusy _ 2In|X,| ) - T®
4 B m? gttt

Real emission amplitude:

r =19
g

(0)
(3—>t-+-f~ o+h —>t+{1,2

1 s |1

E
ln—,/_f -1+ 1112]
M

Note:

Real emission of h boson does
not affect large logarithms.
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Gluino decay in the MSSM: X; terms (v # 0 )

G — t+ t1(+h) leading X; terms (case 2)

v .

— E;=1GeV
— FE; =10 GeV

—0.1¢ — E;=100 GeV ]
| _0.9 Large logarithms are not an artifact of
z assuming v = 0, but also appear in the
I_ broken phase (v # 0).
= -0.3
—0.4}

[ X, = V6. tg =10

103 | ..“.1(.)4 10
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Heavy Higgs decay in the N2HDM

* Extend SM Higgs sector by second doublet as well as a real singlet ®g:

VO = m2 |®, )% + m2,|®,|* — 771?2((5{(1)2 + h.c.) v = a1s — ass

]. ]. ‘ ‘ + ¢ ]. + ¢ . == A
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* No Z, symmetry transforming ®¢ imposed = trilinear couplings.

* Consider decay of heaviest three CP-even mass eigenstate h; (which is mostly doublet-
like) to tau leptons.

e h, - 771~ decay width will receive external leg corrections proportional to trilinear
3
couplings; focus on X, here.



h, = 777~ decay in the N2HDM
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Considered scenario with
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and chose

tanf = 1.26,sina; = 0.94,X, = 3m.

= Sizeable one- and two-loop corrections.

m

2



Conclusions



Conclusions

If a new BSM particle is discovered, precise theoretical predictions will be a crucial to unravel its nature.
|ldentified new source of large Sudakov-like logarithmic contributions:
* Appear on external legs of heavy scalar particles.
* At least one light scalar particle needs to present.
e Large trilinear coupling between scalars needed.
Discussed toy model containing one light and two heavy scalars at the one- and two-loop level:
* Occurrence of large logarithms related to infrared limit.
* Infrared divergencies can be regulated by including radiation of the light scalar particle.
* |If additional radiation can be resolved experimentally — large logarithms appear.
* On-shell renormalization of masses crucial at the 2L level.
Exemplary applications: gluino decay in the MSSM, heavy Higgs decay in the N2HDM
* Found sizeable 1L corrections; only moderate 2L effects = no resummation needed.

Thanks for your attention!



Mass configuration 1
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Mass configuration 2
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N2HDM: analytic results
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