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Dark matter exists

Stellar motions

@ First hint was from the
observation of stars in the v (kmvs)
observed 4}/}

Milky Way by Jan Hendrik el
Oort in 1932. Wl

expected

@ Similar results came out in i from

—__ luminous disk

the observation of the nearby
Coma cluster of galaxies by
Fritz Zwicky in 1933.

@ More direct evidence is the . M33 rotation curve
rotation curves of galaxies
(1970s, Vera Rubin).
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Dark matter exists

Gravitational lensing
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Dark matter exists

Cosmology

Energy pie of our Matter pie of our
universe universe

m Dark Matter

# Dark Matter
m Ordinary
Matter ® Ordinary
Matter

m Dark Energy

From PLANCK
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Dark matter searches

indirect detection

@ Relic density D

@ Direct searches
(PANDAX, LUX,
XENONLIT, ...)

@ Indirect searches

@ Collider searches:
directly, indirectly

direct detection

DM

production at colliders
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SM EFT

Standard Model (SM) Effective Field Theory (EFT) is an EFT
composed of Standard Model (SM) fields.

1
geff:gSM‘i‘ZmCiﬁi- 1)
|

1 dimension-5 operator &),
59 independent dimension-6 operators @(6).
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Model vs Measurements

model <> operators <> measurements

cross sections

parameters in . <> 59 Wilson coefficients <> o
angular distributions
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How does SM EFT work?

Huayong Han (ITP, CAS)

1. Matching

uv

model c(A)

2. Running
de, () 1
—re=% ——y.c,
dlog p 211671'2 Yo
J’ O(0.1%) - O(1%)
Precision
@ —_—
() observables
3. Mapping
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Matching

Lo, ¢] = L[] ?

Feynman diagramatic mathcing

I. Write down all possible operators in Zef
Il. Calculate Feynman diagrams
[1l. Matching to EFT operator coefficients

Functional matching, covariant derivative expansion(CDE)

|. Start from path integral, and directly derive effective operators
Il. Preserve gauge invariance in intermediate steps via CDE
lll. Can obtain all operators at the same time
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CDE of tree- and 1-loop effective action

The effective action can be obtained by integrate out ¢
oiSeilo]  _ / DoeiSle®] @)

where S[@,®] = [dx-Zuv [, P]. Expand S around ¢, where
o0S[p,d]/0d =0,

5

Thus we have
Stree — S[¢C]7
1-loop _ I_ _ 62_8
Sert | = 2Trlog ( 502 N . 3)

B. Henning, X. Lu and H. Murayama (HLM) [arxiv:1412.1837]
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CDE of tree-level effective Lagrangian

A UV Lagrangian with heavy field ¢
Zv[®,¢] O (¢'B(X) +h.c.) +&T(~D?—m?—U(x))d+ O(3). (4)
Solve the equation of motion for ¢
(PZ—m2—U(x))® = —B(x) + 0(¢?) (5)

we get

b=y B(x). (6)

where P, =Dy =10, +Au(X).
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CDE of tree-level effective Lagrangian

Expand ¢, with

1 (o]
—_— = AB)"A 7
Afl(l_AB) nZO( ) ? ( )
1, ., !
1 1 5 1 1 5 1 5 1
(8)
Tree-level effective Lagrangian is
1
sztl’ee__ T B CD3
eff PZ_m2—U(x) +0(%7)

1 1 1
Lt =Bl 3B+BI5(PP-U) B4+ 0(0)  (9)
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CDE of 1-loop effective action

UV Lagrangian
Zwv[®,9] D (¢'B(x) +h.c.) +oT(~D? —m2—U(x))® + (%)

2
gq)sz (PZ—m?-U(x)) (10)
= S Moo — iETrlog (—P2+m2+U(x)) (11)

Insert a complete set of momentum and spatial states
T4 = [dan@li e (fda= [0
d)I = [ dqur(q|i(X,q)[q q= 2n)°

/dx|x>(x\:1 (/dx:/d4x)

we get
S = 2/dxdq (q|x)(xJtrlog(—P2 +m? +U)|q). (12)
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CDE of 1-loop effective action

S Lo /dxdq (@x)(x|trlog(—P?+m?+U)[q).  (13)

Since

(x|a) =€ (x|G(%,p)|a) = O(x,id)e"
(@lx)(x|Pyla) = e 9*P,e""* =Dy —qy = Py —qy

we obtain

S’ = /dxdqtrlog( (P u—q“)2+m2+u). (14)
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CDE of 1-loop effective action

Covariant Derivative Expansion (CDE) with:
Gaillard-Cheyette transformation®

1I00p 2 d
Se dxdq tre” o Iog( (Py—0qu)+m +U) (15)

and Baker-Cambell-Hausdorff (BCH) formula

[ee]

~ 1
efAeP=Y ngA, LgA =[B,A] (16)

n=0

INPB268:669 (1986)
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CDE of 1-loop effective action

The non-commutator term is n=0 term, which could be canceled as

P. _p.2 p.2 _p.2 p. 92 _p.2
e (Pu—Qu)e 0 =e aaPye  9a—e daque
1 1

(LP-o/oq)nPu— Z — (Lp.a/aq) " au

HM 8 g\w

nl

1 n
—{QM+Pu+ > H(LP-d/ﬁq) qu}
n=2""

00 n n
=—Qu+ n; CESO]] (Lp.a/0q) Pu

® n+1 A i
== 3 gy P [+ P 000 | 5T
(17)
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CDE of 1-loop effective action

With
~ ® n+1 o"
G =2, (n+ 2l P“v[P“Z’['“["“"’[D“‘D“”]H 300,000, 0,
oo dn

~ 2 _p.2 1
U :ep ddq Ue P dz = Z m|:Pa17 [Paz,[...[Pan,U]]]}

n=0

09q,94q, - .. 09, ’

the 1-loop effective action becomes

oop | ~ 3 \? ~
Selff' P |§/dxdqtrlog [— <q“+G"“dqv> +m?+Ul. (18)
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Expansion in mass-degenerate case

Expand in A = (g2 —m?)!

2
glloop |cs/dqtrlog[ <q”+GV”0Z > +m?24+U
v

= —iCs /dqtrlog {Al [1 — A(— {Qu,Guud"} — GouGZaHaY + G)] }
(19)

with cs =i/2 and d, = d/dq* for short.
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Expansion in mass-degenerate case

Introduce an auxiliary integral as

dlog(m? + X 1

The 1-loop effective Lagrangian becoms

1-loop
Lot

— —|cs/dq/dm2tr{ — 1

Ati-a(- {qu,evuav}—éauégauauﬂ)}}
= —icg z /dqdm tr{ —{ay. Gvud }— Gg“GGd“d"JrU)] A}

(21)
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Universal results

o| 1 2 1. m2
+m [ o (Iogy2>G EIogFU

1 1 2 1 1 > 1.3 1
+ﬁ[—@(PuG;ﬂ,) 906’ G(,GGLW—E(P“U) —EU —EUGLVGLV

101 4 20024 L (U2e
bt |72V 13 VPHU)? + g5 (P2U)" 4 o (VPG G)

135 [(Pu0). (PYL)]Gly — 125 [UIU.GJu ]G
120 NHES K 120 v

1 5 2 1 2
+F[7@U 7fu (PuU) 7%(upuu)}

171 ¢
+ﬁ[ﬁu ]} (22)

Huayong Han (ITP, CA:

CDE@MSSM June 6, 2017 20/ 40



Expansion in non-degenerate case

In this case

M = diag(m;) # M1
= [M,U]#0 (23)

Introduce other auxiliary parameter & as in [arXiv: 1512.03003] 2.
Let M = &diag(m;) and Ag =1/(q% — EM?), and set & = 1 in the end.

Thus the Z,;°* becomes

ge:_f-loop:_ics z /dqutr{ I:AE(—{qu,évllﬁv}—éguégﬁudv—f—g)]nAsz}
n=0
(24)

2or u parameter as in [arXiv: 1509.05942].
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UOLEA

After the integration, one can get the universal one-loop effective
action (UOLEA).

L‘]‘ff]uop [O] ) -_'“5{’{ =+ f'.;[’rii = f;GLZI/U s fij(')Zj

+ [ (PGl i) + 18 (Crui) (Coo i) Glpgi) + 7 1Pus Uyl® + [ (UisUpnUhs)
+ 15 (UGt G i)

+ 3 (UUnUUs) + F3°U 5 [Pu, U] [P, U]

+ f1ba [P (B U] [P, [P, Unll + 13 [Bus [Py, Ugll [P, [P, U]

+ fhe [P [P, U] [P, [P, U]

+ FUGUG, G si + F13 [P, Uil [Py, Uk] Gy

T (f T U] — £ P C’;.;W,A-) (B Gl

+ F™ U UinUniUimUnni) + 35U Ui [P, Unt] [P, Usl + 537035 Py, Uie)Una [P, Usi]

ijkl L
+ fl){) m”(Lij['"jk(/kll/hn[’/mu[/ m)} .

fisin 1512.03003

Huayong Han (ITP, CAS) CDE@MSSM June 6, 2017 22/40



How to deal with fermions in CDE?

Lagrangian contains Dirac fermions as
LY. ¢ = P(iB —m—M(x))y. (25)

The 1-loop effective action S1/°°P = —iTrlog (P — m—M)

could be treated with a trick as
1-] i
SeHOOp:—E[Trlog(—l?—m—M)+TrIog(I?‘—m—M)] (26)

This is because the trace is invariant under changing signs of gamma
matrices.
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How to deal with fermions in CDE?

With PM = [P, M] then

) i
Selffloop:_E.mog(_P2+m2+2mM+M2+PM> (27)

We also have

Wy =y I YD /2 =R —ioh

;»l?z:P2+'§aW[D“,DV]:P2+'§o-G’ 28)
Then
. i
Selﬁloop _ _ETrIog (— PZ24m?+ Uferm> (29)

where Uperm = —50HYG),,, +2mM + M2 + PM. Then

1- i G i U
240 =~ [datriog| - (au-+Guudy) +m?+Uem|.  (30)
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Neutralino-Chargino sector in the MSSM

The Lagrangian with left-handed spinor field 5

1 o S
—5(MiBB+ MWW +c.c)

—u(AJeAg +c.c)

2 ~ . 2 . .
_[%g(HJUaHu+HJUaHd)Wa+§g’(HJHU—HJHd)B—I—C.C],
(31)

where HT = (Hg,H), AT = (HO,H), WT = (W, W2 W3) and B are higgsinos
and electroweak gauginos.
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The effective action

e!Ser :/DXTDX exp i/dx [ixTﬁ“D“x—%(xT(M+U(x))x+c.c)]
(32)

with T = (B,WT HT ,AT) = (B,W1,W2 W3 Hf HI HO H]), and

M, 0 0 0 0 0 g/HTSﬁ/\/E 7q/HTCB/\/§
M—| O Mlss 0 0 | 0 0 gH'Gsp/v2  gHTdcg/v2
0 0 OT HE g'H*sg/V2  go*H*sg/V2 0 0
0 0 HE 0 —-g'H*cg/V2  go*H*cg/V2 0 0
0 0 0 0
o i| O owia 0 0
n=0ou=1{ o 0 gW30?/2+¢'By/2 0
0 0 0 gwWjio®/2-g'By/2
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Transformation

With a few steps of fields transformation 3, one can obtain

/ 1 i
Zett = Q(iy'Dy —M' —U'PL-U"PR)y (33)
where
My 0 0 0 0 0 o'Hisg/v2  —g'fiTcs/V2
M = 0 Mylgys 0 0 U= 0 0 gH'Gsg/v2  gRTacs/v2
N 0 0 Hlzyo 0 - g'Heg/V2  gBHcg/v2 0 0
0 0 0 Hl2x2 ~g'Asp/v2  gofsg/v2 0 0

and @' = (¢, Yp).

3Mark Srednicki, "Quantum Field Theory", Chapter 36.
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A few more tricks

Then
eZiSeff = /D(pr eXp{(pOVHDu _ M/_ U/PL_ U/TPR)(,U}
=det[iy*D, — M’ —U'P_—U"TPg]
= Seff = —%Log[det[iy“D“ —M' —U'P_— U/TPR]]
= —%Tr LOg[Iy“Du M = U/PL _ U/TPR)]
(34)
With
ut4u’ ut—u’
NV (35)
one can get
Seft = _IETrLOQ[l?—M/—/\—Vyg]. (36)
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A few more tricks

Seff

—%TrLog[? —M = A=V
= —%Tr(Log [-P —M'—A+Vys| +Log [P —M —A—Vg])

i
~7TrLog [—PZ M2 Uferm}

= _'_/dx/dq tr Log [— (qu+é"“dz >2+M/2+0ferm:| (37)
v

4
Uem = (A2=VZ4[BAIH ML)+ (AV - VA+[B,V]+ M V]) s - 5 0% Gl
- n+1 , "

G = ——_[Pa,,[-[Pan, Ghpll] s———

VH ngo (n+2)![ ap [ an» vu]]] dQGlm‘hn
Oem = 3 ~[Pay.l[Pan . Urermlll o

ferm nZo i (Pay [ Pan- el 50—

=} 5 anen{ (a0~ (a 6o} - Goifor0"- ) acu)
n=0
(38)
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Operator bases

18 dimension-6 SM EFT CP-even bosonic operators.

Occ = QZHTHGE,GaH On = L(auH™H)?
Oww = G2HTHWA,WaRY or = L(HD,H)
Ogg = Q°H'HB,,BHY 0r = H'HD,H'DHH
Ows = 29g’'H"t*HWZ BH 0p = D?H'D?H
Ow = ig(Ht2DFH)DYW3, Oy = (HTH)3

0 = igYa(HDHH)3"B | 626 = -1(DHGR,)?
O = L0sf°GHGH G O = —3(DHWR,)?
O = 2gePWHWEWP | o = —1(04By)?
Ouw = 2ig(DyH)"t3(DyH)W3aH

Ous = 2ig'Y(DyH)T(DyH)BHY
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Operator bases

This is a redundant basis, in the sense that & and &g can be
switched into O\ww, Oge, Owe, Ow and Og, by using the relations:

1
Ohw = ﬁw—z(ﬁwarﬁws);
1
O = ﬁs—z(ﬁBBJrﬁWB)- (39)
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Analytical results for coefficients

Non-logarithmic Contributions

Logarithmic Contributions

= —— >
WL“—G)'(“ F13uM} — 2 M3 B
. o2 n . ug
) +20M; sin 28(— it + 2M} +5y‘1uf)) ﬁr (W + M7 + 2p0 sin 28) In 3F
(4m)Peww s ¢ i ;
m(ﬂ\m (mm 3 — 1017 M3 + 534 m(“—mr (4p® + M3) (n® + ME + zuMn sin28) In 22 ”2
: ~25in 23 (~164° + 6ALS — 25,2 M + 5y Mg))
a" 3 M — 232
W(” - 13uM — 2p5 M2 o B
oy +2Mysin2f (it + 20) + 50017 ) WE (w* + M7 + 20y sin 28) In
dm) esn n 5
e & (; +13pMF — 3t M2 +(u,*‘“22)r (W + M3 + 2uMy sin 28) In 2
4= — K
+2Mz sin28 (—u* + 2M3 + 5p° M3) )
P 5 a5, 3472
T (i + 13— 200
+2My sin 28 (—p* + 2M{ + 5 M7 o204 Vel
() ews ) o { P )) M (2 + M7 + 2 sin 28) In T
+A\rl)‘( — 25p% + LM + 20° M} ('21( i i
—M3 97 (M3 -2 2 2 4 g i !
528 (—aMf + a8 Mg —a6piae) ) | F ﬁ(—".u_z_w) (w* + Mz + 2Dy sin 28) In 27
. — M (M + 4T — ' M
rrcatonrys (S0 + 23MS — 1My — a5t M2 sy (M SR S
et ok . s +2usin28 (M - 3u") ) In 3
. T4y sin 28 (—2pt + T — 112 M7 )) . RN o oo
(4m)2ew o4 s g i ++ﬂ( — 48 + M+ 42 M + 270 M7 — 1605 M3
,ﬁr(, 2048 + ME + 412 M + 110 M7 12(MZ-1.?) . N
. h +2uMysin 28 (—4p® + M§ + 124 M3 — 3t M3) }
My sin 28 (—104* + 5M3 + 11p2M3) )
In 22 “A
%}F(S“B +23M¢ — 17p? My — 350 M n(‘(,f a7 (M, 4+ M = 9t My
2 +4p My sin 23 (=2p* + 7MY — 112 M) ) +2psin 28 (M} - 34%) } In %L
(4m) en . . . , 3 s , 3
P ryw (51 + 23M5 — 1707 M3 — 35" M7 —t = (M5 4+ 42 M3 — 9p My
24(p*=M3) 4(MF-p2) i ;
2 i 3
My sin 23 (<20 + TME — 11208F) ) +2pusin 28 (M - 3p) ) n 2%
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Analytical results for coefficients

Non-logarithmic Contributions

7

Logarithmic Contributions

sty (W0 — 1LME + 3502 M{ — ' M}

+m¢ (u“ — 11M$ + 3542 ME — M2
+2uMy sin2B (u* + M + 104°M3) )

LML (w4 M) (M — 3% My — 242° sin26) In 2
s oMy (it + M3+ 1042 M) sanﬁ) )
(4m)%cmw s . (42 + M) (7 4 + M§ — 32 M}
+m—(;uz — 13Mip® + ATMEpt — 15, ) . o s
i 1208 ME + 6° M3 sin 28) In 24
+2Map (M2 +10M242 + )5111213) Ghaliil s )“Tf
W{T,‘_ﬁ(,w —11MP + 352 ML — piM? ,
g2 M3 g M}
N +2uMy sin 28 (1t + M} + um%\l?)) 4(",3 ’Q)J (1 + MT) (M} = 3u* My — 2% sin 26) In 7+
(4m)*cup

+T\‘,{—‘f%—)— (12 + MZ) (M3 — 352 My — 24 sin 28) In l’f-
7

1

(4Tf)gtu

F10ME? + ) sin‘Zﬁ)
(M;‘ — TMEp? = TM2p® + p® — Map (M3
+10MZp2 + p*) sin 2/&)

+m]g% (M{’ — TMip? — TMEp + 8 — Myp(M}

-
AL (zul/ur (M} + 4 )sinZﬂ) M

39208 M3 . M2
o e (2Mzu + (M3 + ) sin 2@) In 25

DE@MSSM

June 6, 2017

33/




Check our results

hyy effective coupling

EFT result (Wlth Cww ,Cwas,CwB ):

g-%sin?(8y )v sin(23)
Chyy = — . 41
hvy 247212 UM, (“41)
With low energy theorem:
g-*sin?(8y )v sin(2pB) 42)

Chyy = 24+/212 (go2v2sin(2B) — UMy)
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Check our results

Compared with loop calculation result, with A = cE':T/cIOOp

M=M,10.5 (GoV)
L

Mo=M/3.3 (GeV)
W=1,33 GoV)

1000
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Collider measurements

The uncertainties expected at each experiments, for the EWPT experiments (T and

S), the TGC experiments (Agf, Aky and Ay) and 2 representative channels of 7 Higgs
experiment channels [1] .

Observable 10°T 103S 10°Ag 10%Ak, 10%), Al02B) A0S
Oz Brpp Oz Bfw

CEPC 9 14 159 2.30 1.67 0.32% 9.1%

[1] J. Fan, M. Reece and L. T. Wang, JHEP 1509, 196 (2015).
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Electroweak precision test observables
S =4mv?(4cyg +Cy +Cg), T =vZcr/a (43)
TGC Parameters
397 = —m3cy,, Ok, =4mcwe, Ay=—mF Caw (44)

Deviations in Higgs related processes

oznBr;
= (45)
SMRSM
05,"Br;
Bri = Brbb,Brcc,BrrT,Brup,Brw,BrWW*,Brzz*

)
I

e(cww, ) [1]

[1]  B. Henning, X. Lu and H. Murayama, JHEP 1601, 023 (2016).
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Expected constraints from CEPC with tan 3 = 2.

1000
= =
8 8
s s
S w0 S
Y 4
= =
100 b , o
B 100 500 1000
1(GeV]
1000 b o
= =
8 )
) M.
Q 4
3= 13-\ 3
3 L
= { =
100 L

uIGeVvl
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Expected constraints from CEPC with tan 3 = 20.

1000
s s
8 8
s s
S 3
N i
3 s
0 k } Ao
100
s s
8 )
o M.
2 2
s s
L N
s s
0
0 w00 o0
uIGeVl uIGeV]
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Summary & Outlook

Summary

@ With measurements in hand, mapping to dim-6 operators, one can
thus probe the model.

@ Lepton collider will be useful to detect the neutralino dark matter in
the MSSM.

Outlook

@ Combine the sfermion-sector and neutralino-chargino sector
together.

@ CDE @ Composite Higgs models.
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